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I.A. Koncrantunosnu , A.B. KOHCTaHTHHOBUY

CneKTp BUIIPOMiIiHIOBAHHSA MOCJIIOBHOCTI €JIEKTPOHIB,
[0 PYXAKOTHCS B3/10B:K TBUHTOBOI JIIHII B cepeloBUIIIi

YYepniseyviuii nayionansuuii ynisepcumem, gyn. Koyiobuncerkozo 2, Yepnisyi, 58012, Vipaina,
e-mail: dj_kneo@ukr.net; aconst@ukr.net

Tnemumym mepmoenexmpuxu Hayionanonoi akademii nayk i Minicmepcmea oceimu i Hayku Ykpainu,
eyn. Hayxu 1, Yepnisyi, 58029, Vrpaina

VY 10CKOHATIEHUM METOAOM CHiln caMozii JIopeHIa 1ocii ke o 1HTerpaibHi BUPa3| CHEKTPalIbHO-KyTOBOIO i
CIIEKTPAIFHOTO PO3IOAITIB IOTY)KHOCTI BHUIIPOMIHIOBAHHS IIOCJIJOBHOCTI €JIEKTPOHIB, IO PYXAarOThCA B
MarHiTHOMY TIOJIi B IPO30pOMY i30TpPOIHOMY cepemoBuili. OcoOJIMBY yBary MpHIUICHO IOCHIIKEHHIO TOHKOL
CTPYKTYPH CIIEKTPAILHOTO PO3IOALTY MOTY)KHOCTI CHHXPOTPOHHO-YEPEHKOBCHKOTO BHIIPOMIHIOBAHHS OIHOTO,
JIBOX, TPHOX Ta YOTHPHOX TOYKOBUX EJIEKTPOHIB, IO PYXArOThCS B3JOBXX TI'BHHTOBOI JIiHII B CEpeIOBHILI.
Po3po0iieHM METOOM MPSMOro YHCIOBOTO PO3PaxyHKY (YHKII CIIEKTpaJbHOrO PO3MOIUTY IOTY)KHOCTI
BUIIPOMIHIOBaHHS BCTAHOBJICHO 1 IOCITIDKEHO e(peKTH KOrepeHTHOr0 BUIIPOMIHIOBAHHS TapMOHIK Ta OCIIWIALIT B
CIIEKTPaX CHHXPOTPOHHO-YEPEHKOBCHKOTO BUIIPOMIHIOBaHHS ITOCITIJOBHOCTI ABOX, TPHOX Ta YOTHPHOX TOUYKOBUX

€JIEKTPOHIB.

KiouoBi cioBa: CHHXPOTPOHHO-YEPEHKOBCHKE BHUIIPOMIHIOBAHHS, ITOCITIJIOBHICTh EJICKTPOHIB, TOHKa
CTPYKTYpa CHEKTpa, KOrepeHTHI e(peKTH, OCHMIIALIT B CIIEKTPi BUIIPOMiHIOBAaHHSI.

Cmamms nocmynuna 0o pedakyii’ 12.10.2018; npuiinama oo opyky 15.03.2019.

Beryn

Jlapmop [1-4] ymepiie BCTaHOBHB, MO OKpeMa

TOYKOBA 3apsDKEHa YacTUHKA, IO PYXA€eTbes 3
MPUCKOPEHHSM Y  BaKyyMi, 3aBXId BUIPOMIHIOE
enekrpomarHitHi  xBwii. @Dopmyna Jlapmopa s

MOTY)KHOCTI BUIIPOMIHIOBaHHSI TOYKOBHX 3apsIKEHHX
JacTHHOK [3, 4], 10 oTpuMaHa AJs HEpeSITUBICTCHKOTO
BUMaaKy, Oyna y3araigpHena Jliemapom [5] Ta
XesicaiinoM [6] Ha peATHBICTCHKUIT BUTAIOK.

lort [7-9] y 1907 porii ymepie CTPOro B paMmkax
KJIaCHYHOI ~ €JNEeKTPOAWHAMIKM  JOCTIIUB  CHEKTp
BUIIPOMIHIOBAaHHS €JIEKTPOHIB, IO PYXalOThCS B3JIOBXK
kona y BakyyMi. Llorr 3mificHuB cripoOy moOymyBaTu
TEOPII0 CIIEKTPIB aTOMIB, BUKOPUCTOBYIOUYM OTPHMaHI B
paMKax KJIaCHYHOI €JIEKTPOIWHAMIKU CITiBBIJHOLICHHS.
Moro cnpo0u TOSCHUTH BUIPOMIHIOBAHHS aTOMa Ha
OCHOBI Kjlach4HOi (i3uku He Maium ycmixy. PobGoru
lorra BHacmimok 1ux npuuuH nporsiroMm 40 pokis
3aJIMIIAJIKCS JIMIIE B 00JacTi akaJeMiuyHOro iHTepecy
npaktnyHo Oymu 3a0yti. Uepes 40 pokiB ¢opmyna
[lorra 3Halimula 3acToCyBaHHS TIPU  JOCIIKEHHI
CHEKTpa BUIPOMIHIOBAHHS 3aps/HKEHHX YaCTHHOK, II0
pyXaroThes B MaKpOCKOMIYHHUX Macmradax
(cuHXpOTpOHHE BUIIPOMIiHIOBAHHS). OcHOBHI
BJIACTHBOCTI CHHXPOTPOHHOT'O BUIIPOMIHIOBaHHS
3apsIHKEHUX YAaCTHHOK, IO PYXaroThCsl B MAarHiTHOMY

5

mom y Bakyymi, mpoanamizoBani B orsai [10] Ta
MoHorpadisx [11-14].

Toti dakr, mo Takuii Tpusanuii yac Gopmysa [llorra
[10] mama numie akageMivuHHN iHTEpec, 3yMOBJICHHIT
takox TiM, 1o lorr ynepmie mumie B 1933 pomi [15]
BCTAHOBUB YMOBHU, 32 SIKHX PO3MOALIH 3apsKEeHHX
YaCTHHOK, 10 pYyXalTbhCsi 3 IPUCKOPEHHAM Ta
3IIHCHIOIOTh TEPIOJUYHUN PyX, HE BHUIPOMIHIOIOTH
eNIeKTpOMarHiTHi xBWwii. [HTepec 10 Takoro Kiacy
PO3TONLTIB  3aps/DKCHUX YaCTHMHOK Ta IX IIOJNIB
3YMOBJICHUH TaKOX MOXJIMBICTIO iX 3aCTOCYBaHHS 0
KJIacHYHHUX, CTaOlIBHUX  MOJENedl  elneMeHTapHHX
YAaCTHHOK, aTOMIB, Ta B iHIIHX Bumaakax [16-20].

CnexTp BHITPOMIHIOBaHHS IIOCJIi JOBHOCTI
HEB3aEMOJIIOYMX 3aPSHKEHUX YACTHHOK, IO PYXaroThCs
B3/IOBX TBHHTOBOI  JIHII y BakyyMi, HOCITI[DKCHO B

npamsx [21, 22). Hannoryxue KOPOTKOXBUJIbOBE
KOTEpEHTHE CHUHXPOTPOHHE BHITPOMIHIOBaHHS
ITOCJT1 IOBHICTIO 3TYCTKIB 3apsHKEHUX YaCTHHOK

JIOCTTi[DKEHO B mpairsix [23-25].

Kiacnuny Teopito BHIIPOMIHIOBAHHS 3aps/UKEHHX
YaCTMHOK, I0  PYXalThCi 3  HAJCBITJIOBUMHU
HMIBUAKOCTAMH, Oyino HakpecieHo XeBicaiimom [26],
Konape [27] ta 3ommepdensaom [28-31]. Knacuuny
TEOPit0  SBHUINA YEPEHKOBCHKOrO  BHUIIPOMiHIOBAHHS
3apsjy B JIMCHEPIYIOUOMY  CEpENOBHINI  BIIEpIIE
copmynboBano @pankom i Tammom [32] y 1937 porii.
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BunpomiHtoBaHHS 3apsAiB 1 MYJIBTHIONIB, IO
pyxaroTbcs MPSIMOJTiHIHHO y cepeoBHIIIi,
MpoaHai3oBaHo B MoHorpadisx [33-36].

UYepeHKOBChKI  eekTH, 10 TIPYHTYIOThCS  Ha
4OTUPHOX  (YHAaMEHTAIFHUX  B3aEMOIIsNX,  OynIu
nociimkeHi it kiracudikosai y mpari [37].

CyuacHi pe3ynbraTu 3 YEepPEHKOBCHKOT O
BHUITPOMIHIOBaHHA TMOOJIHM3y YEPEHKOBCHKOrO Oap’ epy
[36, 38-40] Ta 3 aHOMaIbHUX YEPEHKOBCHKHUX Kinens [41,
42] cTUMYIOBAJIH HOBi TEOPETHYHI JOCTI/DKCHHS Y Hii
obnacri [43-44].

HuroBuy [45] ymepuie pO3INISHYB  BHIIAMOK
OCHWJISILIN Y CHEKTPl BUIPOMIHIOBAHHSI PENISTHBICTCHKOT
3apsHKEHOI YaCTHHKH, IO PyXaeThCs B3JIOBXK Koia, B
MOCTIHHOMY MAarHiTHOMY TIIOJi Yy CEpe’oBHII 3a
HasBHOCTI aucnepcii. Buiie yepenkoBckkoro 6ap’ epy B
MPO30pUX CEPEIOBUIIAX ISl €JIEKTPOHIB, IO PYXAOThCS
B3[IOBX TBHHTOBOI JIiHii, BCTAHOBJICHO BHHUKHCHHS
ocrmsrii [46-50] ta crpubkonomionux 3miH [51-53]
(GYHKIII  CIIEKTPAJIFHOTO  PO3MONUTY  TOTYKHOCTI
BUIPOMiHIOBaHHS.

Meroto naHoi poOOTH € OTPUMAaHHS YIOCKOHAJIEHUM
MeToa0M criu camomii JIopeHiia ocHOBHUX (HOpMYI JUIs
CIHEKTPaJbHO-KYTOBOTO ¥ CIIEKTPAIILHOTO PO3MOALIIB
cepeqHbOl 32 4YacoM IMOTY)KHOCTI BUIPOMiHIOBaHHS
MOCITiMOBHOCTI (CHCTEMH) €JIEKTPOHIB, MO PYXaKOThCs
B3JI0BK JIOBIJIBHOI 3a7aHOi TPaeKTOpii B IPO30POMY
130TponHOMY cepenoBuini. [lJisi 4acTKOBOTO BHIAAKY
TIOCITIZIOBHOCTI €JIEKTPOHIB, 1[0 PyXalOThCs 10 I'BUHTOBIH
JIiHIT B MAarHiTHOMy IOJi B IPO30POMY 130TPOITHOMY
CepeIOBHUIIl, PO3POOJICHUM YHCIOBUM METOIOM MPSIMOTO
YHUCIIOBOTO  PO3paxyHKy  (yHKmii  crexkTpaibHOro
PO3TONITY IOTY)KHOCTI BHIIPOMIHIOBAHHS €JICKTPOHIB
JIOCITIPKEHO TOHKY CTPYKTYPY CHeKTpa
BHITPOMIHIOBaHHS ITi€] TOCTITOBHOCTI. 3HAuHy YyBary
MPUAITICHO JOCIIIKEHHIO OCHMJILINA Ta KOTEPEHTHOMY
BUIIPOMIHIOBaHHIO [TOOJIN3Y YE€pPEHKOBCHKOT0 0ap’ epy.

. CepeaHsi 32 4aCOM MOTYKHICTh
BUIIPOMiHIOBAHHSI 3aPSIIKEHUX
YACTHHOK, 110 PYXalThCs B
MPO30poOMYy cepeaoBHUIIi

CepenHIO 32 YacoM MOTYXXHICTb BUIPOMiHIOBaHHS
ﬁrad

3apSAHKEHUX  YAaCTHHOK, IO PYXaloThCS B
MPO30pOMY  i30TPOIIHOMY  CEpEIOBHIII, MOYXHA
BU3HAYMTH 3riaHO [46, 47, 54, 55]:
1 1

Prad = |im — &P (t)dt = lim — ¥t

T!®¥2T 93 ()d TI ¥ 2T gi

b () IR0
A EATY ryE RN @

Tyt j(F,t) —I'yCTUHA CTpyMYy, I (} ,t) — I'YCTUHA 3apsany.

IHTerpyBaHHsl BeIeTbCS 3a BHUIUIEHHM 00 eMoM t .

. 1 .

. . . Di Di

3rigno Jlipaky [55, 56] morenmiaim F~'Ta  A°'

BU3HAYAIOTHCSA Yepe3 HAIMBPI3HMINO 3aIli3HIOIOYHMX Ta
BHITIEPEKAIOUHX ITOTCHINAIIB.

3ami3HIOIOYI  Ta  BUIEpemKaroui CKaJISIpHUM
Fra’adv(}’,t) Ta BEKTOPHMII Ara’adv({,t) MOTEHI AN
3apsIDKEHUX YacTHHOK, IO PYXaroThCs B IIPO30POMY
130TPOMHOMY  CEPEIOBUI, BpPaXOBYIOUH YaCTOTHY
JIUCIEPCiIo  AieTEeKTPHIHOL e(w) Ta MAarHITHOI rr(W)

MIPOHUKHOCTEH, BU3HAYAIOTHCS lIepe3 [54, 55]

ret,adv (¥ 1 ¥\ rﬂ;t
Freadvr ) = w7 91 ¢01t¢01k G'WTTe(w@
e><p{|ll<(rr2 Fd- |w(t-t } ?
K2 '”C(;N)(wﬂa)2
¥ Y ¥ ¥ rr
Aret adv(r,t):é C‘Ij}’q:c‘jjtq:c‘jﬂz c‘jjwn(w)J(qu:t@,
¥ ¥ ¥ -y

: 3

Tyr a —HeckiHUEHHO Majia BeJIMYMHA, SKa
MIEPETBOPIOETHCS B HYJb IICISA PO3paXyHKY IHTErpainy,

IIOKa3HHUK 3aJIOMJICHHS n(W) = ﬂetW ’I I (W’ .

MuTTeBa OTYXKHICTH BUIIPOMIiHIOBAHHS prad (t) , AKa
BHpP@XEHA 4Yepe3  CICKTPaIbHO-KYTOBHH  PO3MOILT
MOTY>KHOCTI BUIIPOMIHIOBaHHS V\/l(t,w,q,j ) 3apsIIKEHUX

YaCTHHOK, 3 ypaxyBaHHsAM cmiBBimHomeHs (1), (2), (3)
HaOyBae BUTIISLY:

¥ 2p p
P™(t)= Cyw (3l (inadaWi(twaj ). (4)
0 0 0

¥ ¥

witwad )= s oF of ¢01tw2n(w) nfw)

cos (C)WSH’]q[COSJ (x xtI)+st (y yG)]KV)

én(w)

" cose M w cosq(z- z%cosw(t- td
€ C y

S 01 Ferd-
e

MHUTTEBY TOTYXXHICTh BHUIIPOMIHIOBaHHS prad (t),

¢ (o Codh 5
W)’ g

SKa BHpaXKEHA Uepe3 CIEeKTPaIbHO-KYTOBHI PO3MOIiT
MOTY)KHOCTI  BHITPOMiHIOBaHHS Wz(t,w,q), MOKHa
orpumatu 3 (4), (5), BUKOPUCTOBYIOUYH CITiBBIJHOIICHHS

it ¢yakmii beccens miouncioBoro iHmexcy (auB.
crop. 416 B [57]):

2) , <
Gij cosg@w(sinq COS] (X- X‘I)+quSinJ' (y- y@)éz
0

= mJog@wsinW(X- X +(y- y§ g (6)
I JO(X) — ¢yHKIis Beccens HyIL0BOTO 1HICKCY.

Toxl 3HaXOAUMO:
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¥ p
P (t) = Cyw Cyinadaws (twa ) (7
0 0
1 Yt
Wo(t,w,q)=——5 (5 Cyr Cyttevmiw)n(w)
2pe ¥ ¥ ¥
J g¥wsmq\/(x x®? +(y- yd* =
‘ cosgn(w)wcosq(z- ztl)gucosw(t t9
e u
ér 2 u
el ifed- —r(rfeds, (@
6 n?(w) i
MHUTTEBY TOTYKXHICTh BUIPOMiHIOBaHHS prad (t),
SKa  BHPaXCHa  Yepe3  CIEKTPAIbHUA  PO3MOIiN
MOTY)KHOCTI  BUIPOMIHIOBAHHS W3(t,W), MOXKHA

orpumaru 3 (7), (8) 3a 10IOMOroro CriBBiJHOMIEHHS IS
¢byHKIii Beccens mio4ncioBoro iHmekcy (ouB. CTOp.

757 8 [57]):
P
2. . sinya?+b?
dgJ b = 9
gynq (@ sing )cos(b cosq) Taiin 9)
¥
P™(t) = CywWs(tw), (10)
0
Y ¥ ¥ sjngn(w)wﬁ- rrtﬁ;
1 rar
W3(t,w)=p?-91r-91rdf¥citwdw) |r°_ 5

coswt- 8} (1)) (Fotd- v (o) ¢ta}"’i, (1)
f n*(w)

Crissigromienss (11) 11t CIeKTpaIbHOrO PO3MOALTY
HOTYXKHOCTi BuTpoMiHIOBaHHA Wh (t,W) , OTpUMaHO U

nocmimkeno IlBinrepom Tta inmmmu [58] meromom
Teopii pKeper.

1. CrnekTpajibHUIl Ta CIIEKTPAJIBHO-
KYTOBHMH PO3NOALJIM CepeIHbOI
NOTYKHOCTi BUIIPOMiHIOBAHHS
MOCJIiIOBHOCTI €JIEKTPOHIB, 110
PYXal0ThCH B310BK T'BUHTOBOI JIiHil y
cepeoBHIILI

Lr 1
I'yctuna ctpymy J(r,t) Ta TYCTHHA 3apsay r(r,t)
N HEB3aEMOIIFOUUX TOYKOBHUX
BU3HAYAIOTHCS CIIiBBIIHOIIEHHIMH:

oA e (0, r(F0-A

r,(F,t),
I=1 =1

ri(r, t=ed(F- 1 (), (12)
ne ﬁ (t), \I/| (t) — 3aKOH pyxy Ta WBHAKICTH |-
YaCTUHKHU.

CJICKTPOHIB

Hocmigumo Bumajok mocaimoBHOcTi (cuctemu) N
eNIEKTPOHIB, IO PYXAIOTHCS OJMH 33 OJHUM B3JIOBXK
TBUHTOBOI JIiHIT y MPO30pOMY CepenoBuUllli. 3aKOH PyXy
Ta MIBUAKICTH |-rO eNeKTpoHa B LHOMY BHUIAIKY
BU3HAYAIOTHCSI CITiBBITHOIICHHIMHU:

rr|(t) = ro coslwy (t + Dy )]'l +rosinfwg(t + Dt )] i +V||(t +Dy )|I< ,

roy_ dnt)
\ (t)_T, 13

Tyt 1, =Vawgt, W, =ceB¥EY, E=cyp?+mic?,
BEKTOp MarHiTHOI 1HIYKIIT ée’“ I0Z, Vi, VvV -

. 1 = . .
KOMIIOHCHTH IIBUAKOCTI, P, E- IMITYJIBC Ta CHEPI1A

eJIeKTpOHa, € 1 MY, — Horo 3apsa i Maca CHOKOW, C —
LIBHKICTh CBITJIA Y BAKYYMi.

CepenHio MOTYXHICTh BUIIPOMIHIOBaHHS
MOCTiMOBHOCTI N ENIEKTpOHIB MM  OTPUMAEMO,
migcrasmsroun (12), (13) B (10), (11). Tomi 3Hafimemo
[54, 55]:

¥
prad — d\/(w)dw , (14)
0
26 h
W)= 22 s, (o) SR 0
0
. , -
’ 3/3 cos(Wox) +V? - 2_3 , (15)
g g
2 ..
ne h(x)=\/\/"2x2 +4V—Azsin2$gﬁ x2, W(w) — odynxuis
wo, €2 g
CIIEKTPAbHOTO  PO3MOMIIY  CEPENHBOI  MOTYXKHOCTI

BUIIPOMiHIOBAaHHS, n(w) — Mar”iTHa TPOHHKHICTb,
n(W) — IIOKAa3HUK 3aJIOMJICHHsS, W — UKJIiYHa 4acToTa,
c - cBila y BakyyMmi. DakTop

KOI'€pPEHTHOCTI Sy (W) BU3HAYAECTLCS CIIIBB1IHOLIEHHAM

N
Su ()= Q cosfw(Dy - oy,
L= : (16)
ne Dt —3cyB yuaci | -ro enexrpoHa.

MIBUIKICTE

Jlnst ABOX €1eKTPOHiB (haKTOp KOrepeHTHOCTI S, (W)
HaOyBae BUTIISLY.

S,(w) = 2+ 2cos{wDt,,) (17)
ne Db,— 3cyB y waci JPYrUM
€JIEKTPOHAMH.

Jns  TpbOX eNeKTpoHIiB (akTop KOrepeHTHOCTI
Ss(W) Mae€ BUTIIAL

Sy{w) = 3+2cos(wDt,, ) + 2cos{wDt )+
+2cos{w(Dty, +Dt )} (18)
— 3CyB Yy 4Yaci MDK JpYyrMM 1 TpeTiMm
€JIEKTPOHAMH.

Jlisi 4OTHUPBOX €NEeKTPOHIB (haKTOp KOT€pPEHTHOCTI
S4(W) HaOyBa€ BUTILALY:

S,(W) = 4+ 2cos(wDt,, )+ 2cos(wDt ;) +

MK IepmuM i

ge Dty
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+200s(WDt 5 ) + 2 cos{w (Dt ,+Dt 53 )} +

+2008{w(Dt 5+ Dtay )} + 2008{w(Dty,+Dt 5+ Dy )b, (19)
Tyr Dty — 3cyB y uyaci MiX TpeTiM i UYeTBEpPTHM
€JIEKTPOHAMH.

[Ticns nesxkux HeckimaaHux rneperBopeHs (14) ta (15)
BHECOK OKpPEMHUX TapMOHIK y CEpeIHI0 IOTYXHiCTh
BUIIPOMIHIOBAaHHS MOCIiZOBHOCTI N €leKTpOHIB MOKHA
MOJIATH Y BUTJISIL

2 ¥ ¥
prad :i_ é c‘)jwrr(w)n(w)NZSg(W)qudq
m=-¥ o 0

C
I .6 U o}
v 32 (a) (a8 & S2(q)y
8 88 "Wa b o
se q="My Gng, 3,(@), Ipla) - by
C W

Beccens 1inmouncnoBoro iHAekCy Ta iXHI TOXi[HI,
BIJIIOBiAHO.

KokHa rapMoHika sBJsie cO00I0 Habip 4acToT, IO €
PO3B’ I3KaMH PiBHAHHS

war:[- M\/II cosq 9 mw, =0, (21)
e c [

VY BUNAAKY CHCTEMH,
€JIEKTPOHA, Sl(W):l.

o CKIaga€TbCad 3 OJHOI'0O

[11. Ocuuasiuii B CieKTPi CHHXPOTPOHHO-
YepPeHKOBCHKOI0 BUIIPOMiHIOBAHHA
MOCJIiIOBHOCTI €JIEKTPOHIB, 110
PYXalThCH B3A0BK I'BHHTOBOI JIiHil
B cepeloBUILI

w(w)

OyHKITIT CHCKTPAIBHOTO  PO3MOILTY
MTOTY>KHOCTI CHUHXPOTPOHHO-YEPEHKOBCHKOT'O
BHUITPOMIHIOBaHHS  ITOCJIJIOBHOCTI  €JEKTPOHIB, IO

pyXaroThCs B3IOBXK TBHHTOBOI JIiHIT y TIPO30pPOMY
cepenoBuini, pospaxosani 3rigno  (14)-(15) npu
B =1T¢, m=1, n=13, Vi meg >/ N,
Vi meg =0,26” 10" entle, Vimea =015 10'% ewmle,
fo; =2984cm, Wp; =0,8112" 10°padle (=1, 2, ..., 12)
(puc. 1-9).

CnexTpaibHUi PO3TOALT MTOTY>KHOCTI
ENIEKTPOMArHiTHOrO  (CHHXPOTPOHHO-YE€PEHKOBCHKOI0)
BHUITPOMIHIOBaHHS €JICKTPOHA HA HHU3BKHX TapMOHIKaX
TPH Vg™ C/ N, N=1.3, Ve =0.15X0 em/c (puc. 1-9)

Ma€ XapakTep IUCKpPeTHHX cMyr. [lpu nopanbmiomy
3pOCTaHHI HOMepa TapMOHIK (YHKIis CIIEKTPaILHOTO
PO3IIOALTY MOTY)KHOCTI CHHXPOTPOHHO- Y€PEHKOBCHKOTO
BUIIPOMIHIOBaHHS €JIEKTpOHa HaOyBa€ MepioaUYHOrO
XapaxkTepy, IO 3yYMOBJICHE IE€PEKPHBAaHHIM CMYT
CYCiIHIX TapMOHIK Ta BHECKOM iHIIMX rapMoHik (puc. 1-

T W, (10 ergrs)

254
2
204

15+

10
1
5.
0+ y . : .
10 20 30 40 50
wiw

0

Puc. 1. CnexrpanbHuii po3moin MOTYKHOCTI
CHHXPOTPOHHO-UYEPEHKOBCHKOIO  BUITPOMiHIOBAHHS

Ha HHM3BKHX TapMOHIKax MpHU B =1r¢, n=1,
n=13, Vi meg = 0,26” 10" cule,
Vjmed =015 10 cule. Kpura 1 po3paxoBaHa s
BHUITAJIKY OJTHOTO €JIEKTPOHA 3
PN, =011201" 10 2 epelc, a xpuBa 2 — mBOX
CJICKTPOHIB TIpU 3CyBi y yaci Dt3 =0,0001" p /wg, 3
MIOTYKHICTIO

PN ,=3994" PM =0.44738" 10 2 epelc.

-15
Xi
ool W(w)>w0j (10 “xerg/s)
3
50
40
30
20
10 L
ol ; AWMI.\NVV\AMNV.WVWMN\.
0 10 20 Wiw 30 40 50
Puc. 2. CnexrpanbHuii po3moin MOTYKHOCTI
CHHXPOTPOHHO-UYEPEHKOBCHKOIO  BHITPOMiHIOBAHHS

HAa HU3BKMX TapMOHIKaX IIpU B™ =17 c, n=1,
n=13, Vameg =0,26" 10" cwilc,
Vjmed =015 10 cale. KpuBa 2 pospaxoBaHa mjis
BUMAJKy TPhOX EIIEKTPOHIB MpPH 3CyBaXx y 4daci
D}, =Dt3; =0,0001 p/wy 3
P =8987" P, =0.10066" 10 “epelc.

MOTYKHICTIO

9). 3rizHo cmiBBigHOmeHHs (21), po3UIUpPEHHS
JIUCKPETHUX TapMOHIK y CMYTH 3yMOBICHE e(heKTOM
JHommuiepa.

[TOTYy)XHICTh ~ BUNPOMIHIOBAHHS HA  YacTOTaX,
KpaTHuX Wo =Wo; (] =1- 4), 3MeHIIyeThCs NPAKTUIHO

10 HyJs Ha yacToTax 13wy —18wy, (puc. 1-3).
Komnu cucremu e1eKkTpoHiB pyXatoThCs [0 ITBHHTOBIH
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1204
W(w)w;, (10 “xerg/s)

1004

80+

404

204

Puc. 3. CnextpanbHuii  pO3MOAII  TOTYXKHOCTI
CHHXPOTPOHHO-UYEPEHKOBCHKOTO  BUIPOMIHIOBAHHS

Ha HU3BKUX TapMOHIKax IpH B =1r¢, m=1,
n=13, Vi meg = 0,26” 10" cule,
Vimed =015 10" cule. Kpusa 3 pospaxosaHa s
BHUIAJIKy YOTHPHOX EJIEKTPOHIB MpU 3CyBax y dYaci
Dt} = Dty, = Dtyy = 0,000 p/Wy, 3 HOTYKHICTIO
PN, =1597" P =0.17892" 10 " epelc.

-15

0. W(w)wOj (10™erg/s) 6 WWWWWWWMWWM

30 MWU

20+

5
el
0 “L”Hm!!!m“u[\l
0 20 40 whw, 60 80 100

Puc. 4. CnextpanbHuii  pO3MOAIII  TOTYXKHOCTI
CHHXPOTPOHHO-UYEPEHKOBCHKOTO  BUIPOMIHIOBAHHS

Ha HHU3BKHX Ta CEPeNHiX TapMOHIKaX MpH
B® =1lc, m=1, n=13, Vi =026 10" culc,
Vimes = 015" 10 cmlc. KpuBa 5 pospaxoBana s
BUIAJKY OJIHOTO
P s =054275" 10" 2 epelc,
CNIEKTPOHIB MpH 3CyBi y 4aci Dtf, =0,0001" p /Wy 3
HOTYKHICTIO
P = 3992

eJIEKTPOHA 3
a kpuBa 6 — 1BOX

P 5 =0.21668" 10" *epelc.

JHHIT OPU VA g™ C/ N, B CHEKTPi HOr0 BUIPOMiHIOBAHHS

CIOCTEpIraloThCd OCUWIIINIT (YHKII CIIEKTPaIbHOTO
PO3IIOALTY TOTYXHOCTI CHHXPOTPOHHO-YEPEHKOBCHKOTO
BunpomintoBanss (puc. 4-9). Ha BHCOKuMX rapMoHikax

IPH Vi peq =0.2640" culc  nepexpuBanHs — CyciHix
TapMOHIK MIPaKTHYHO HE MIPUBOJUTH bi(s)
KBa3ilepioJWYHuX  3MiH  (QYHKIII  CIEKTpasbHOTO

PO3MOIiNy MOTY)KHOCTI CHHXPOTPOHHO-YEPEHKOBCHKOTO
BUIIPOMIHIOBAHHS EIEKTPOHA, @ CIIOCTEPITAIOTHCS TINBKU
ocrrii el ¢ynkmii (puc. 7-9). Otpumani B pobori

100+
W(w)x_ (10™xerg/s)

60-
40
20

40 Wi, 60 80 100

Puc. 5. CnextpanbHuid  po3MOAI  HOTYXHOCTI
CHHXPOTPOHHO-UYEPEHKOBCHKOIO  BUIIPOMiHIOBAHHS
HAa HU3BKUX Ta CepelHIX TapMOHIKaX MpHU

B™ =17¢, m=1, n=13, Va,q =026  10%culc,

V”med =015" 100 cale. Kpura 7 pospaxoBaHa s

BUIIAQJKY TPbOX EJNEKTPOHIB IIPU 3CyBax Yy waci
Dt), = Dtj; =0,0001" p/wy, 3 HOTY)KHICTIO
PN =898l PN =0.48744" 10 " epelc.

1604 W(W)w, (10 xergls) WMWU\WWWMNWMWW

120+

: WMWNMWW

80 100
Puc. 6. CnextpanbHuid  pO3MOAII  HOTYXHOCTI
CHHXPOTPOHHO-UYEPEHKOBCHKOIO  BUIIPOMiHIOBaHHS

H a HHU3BKMX Ta CepelHiX TapMOHIKax IpH
B™ =17c, m=1, n=13, Vi =0,26" 102 cwle,
Vimed =015 10" cule. Kpusa 8 pospaxoBana s
BUIIAAKY YOTHUPBOX CJIICKTPOHIB IIPU 3CyBaX Yy qaci
Dt12 EIZS EIZS
PN ¢ =15961"

0,0001" p /Wgg 3 TNOTYXHICTIO
Ps =0.86631" 10 M epalc.

PE3YNbTATH Y3rOKYIOTHCS 3 pe3ynbTatamu podotu [50].

Ocuwmitiorounii - Xxapakrep (QYHKIIi CIIEKTPaIbHOTO
PO3IIOALTY TOTYXHOCTI CHHXPOTPOHHO-YEPEHKOBCHKOTO
BUIIPOMIHIOBAHHSI OJIHOTO, JIBOX, TPhOX Ta YOTHUPHOX
CIIEKTPOHIB, IO PYXalOThCA B3J0BK T'BHHTOBOI JIiHIT B
cepenoBuilli MPH Va g >C/ N, BU3HAYAETECA BHECKOM

¢byuakuiit beccens [59] (puc. 7-9). YucmoBuit meros
NpsSIMOTO  IHTerpyBaHHS  (YHKIII  CIIEKTPAILHOTO
PO3TONITY MOTYKHOCTI BUIPOMIHIOBAHHS OJHOTO, BOX,
TPbOX Ta YOTHPHOX EJIEKTPOHIB, IO PYXAIOTHCS B3IOBXK
TBUHTOBOI JIIHII Y CEpPEIOBWII, TO3BOJHMB BH3HAYUTH
TOHKY CTPYKTYpy CICKTpa BUIIPOMIHIOBAHHS IUX
CJICKTPOHIB.



W), (10™%erg/s)

100+

0O 2 6 9 10, 150 18 210
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Puc. 7. Ocrmrsimii byHKii CHEKTPaTbHOTO
po3moainy MOTYKHOCTI CHHXPOTpPOHHO-

YEePEHKOBCHKOTO BHIPOMIHIOBAHHS  Ha HHU3BKUX,
cepeHIX Ta BUCOKHMX IapMOHIKax MpH B =1r%,
nm=1, n=13, Vi meg = 0,26” 10" cule,
Vimed =015 10 cule. Kpusa 9 pospaxosana s
BHUITAJIKY OJIHOTO €JIEKTPOHA 3
PN =0,23923 10 Mepelc, a xpusa 10 — nBox
CIIEKTPOHIB HpPH 3CyBi y 4aci Dty =0,0001" p /w;, 3
MOTYXKHiCTHO

P =3,991 PI.s =0.95484" 10" M epelc.

W(w)x, (10xerg/s)

2004

1504

1004

120~ 150
w/woj
Puc. 8. Ocrmrsimii b yHKIii CHEKTPaTbHOTO
po3moainy MOTYKHOCTI CHHXPOTpPOHHO-

YCPCHKOBCHKOI'O BI/IHpOMiHIOBaHHH Ha HU3bKHX,

cepeHIX Ta BUCOKUX TapMOHIKaxX MpH B® =1/,

m=1, n=13, Vi meg = 0,26” 10" cule,

V||med =015" 100 cale. Kpupa 11 po3paxoBana s

BUIIAJIKy TPHhOX EJEKTPOHIB MpH 3CyBax y waci
11 _ 11 -

Dt =Dt} =0,0001" p /wWgy; 3

P =8974" P =0.21468" 10 Y epelc.

MIOTY>KHICTIO

CHHXPOTPOHHO-YEPEHKOBCHKE BUIPOMIHIOBAHHS
OITHOT'O, JIBOX, TPHhOX 1 YOTHPHOX EJICKTPOHIB SBJISIE
co0or0 eMHUH Tpoliec i Ha0yBa€e OLIBIII HEMOHOTOHHOT'O
XapakTepy TpH 30UIBIICHHI BEIWYMHU IONEPEYHOT
CKJIaJIOBOI IIBUIKOCTI €JIEKTPOHA.

BucHoeku

1. [nsa manoi Mo3A0BXHBOI KOMIIOHEHTH IIBHIKOCTI,
HA HHU3BKUX TapMOHIKaX, CMYTH BUIPOMIHIOBaHHS
€IIEKTPOHIB, 1[0 PYXAIOTHCSA B3I0BXK TBUHTOBOI JIiHIT
B CEpPEIOBHII, MAIOTh JUCKPETHHUI XapaKTep.

10
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4004 W(w)w, (10" xerg/s)
300

200 12

100+
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Puc. 9. Ocrmrsimii ¢byHKIiT CHEKTPaTbHOTO
posnoniny MOTYXXHOCTI CHHXPOTpPOHHO-

YCPCHKOBCHKOI'O BI/IHpOMiHIOBaHHH Ha HHU3bKUX,

cepeqHiX Ta BUCOKUX IapMOHIKax MpU B =1r%,

n=1, n=13, Vameg = 0,26" 10 eale,
Vimed =015 10 cule. Kpuea 12 pospaxoBana s
YOTUPHOX ENIEKTPOHIB TpU 3CyBax y daci
DtZ = D33 = D32 =0,0001" p /Wy, 3
MIOTYKHICTIO

P, =15,9347 P =0.38119" 10 epelc.

2. BrumuB edekry [onmiepa BH3HA4ae MeEXi CMYT
OKpEeMHUX TapMOHIK Y CIHEKTpax CHHXPOTPOHHO-
YEpPEHKOBCHKOI'0 BUIPOMIHIOBAHHS OJIHOTO, JIBOX,
TPbOX 1 YOTHUPHOX E€JIEKTPOHIB, MIO PYXaIOThCS
B3JI0BXK TBUHTOBOI JIiHIT Y CEpEIOBHIIII.

3. Ilpu mamomy 3cyBi y uHaci, y BHUNAAKy KOJIH

BUKOHYIOThCS YMOBH KOT€pPEHTHOTO
BUIIPOMIHIOBaHHS, TOOTO KOJIM MJOBXHHA XBHWII
BUIIPOMiHIOBaHHS OinbIna 3a po3Mipu
nocinioBHOCTI N eNeKTpOHIB, MOCHTIJIOBHICTH

€JIEKTPOHIB, IO PYXarOThCS B3JOBX TI'BUHTOBOI
JiHII, BUIPOMIHIOE SK 3apsDKEHa YacTHHKA 3

sapanom Ne i Macoro criokoro Ny, 10610 B N2

pasiB Oinblie, HiXK OZIMH €JIEKTPOH.

Ocuwmitorounii xapakrep (QyHKHIi CHEKTpaIbHOIO
posnoniny MOTYXXHOCTI CHUHXPOTPOHHO-
YEpPEHKOBCHKOI'0 BUIPOMIHIOBAHHS OJIHOTO, JIBOX,
TPbOX Ta YOTHPHOX EJEKTPOHIB, IO PYXaIOThCS
B3/I0BX T'BHHTOBOI JIiHII B CEpeNOBHUII IpH
VAmeq >C/N, BHU3HAYaeTbcs BHECKOM (DYHKIIH

Beccens.

5. TliaTBepmKeHO, IO CHHXPOTPOHHO-YEPEHKOBCHKE
BUIIPOMIHIOBAHHS OTHOTO, IBOX, TPHOX 1 YOTHPHOX
EJIEKTPOHIB SIBJIsiE CO0OK0 €anMHMI Tpouiec. Brums
edekry Jlommiepa Ha OCOOJUBOCTI CIIEKTPATHHOTO

pO3TOniTY ITOTY>KHOCTI BHITPOMIHIOBAHHS
€JIEKTPOHA CTa€ iICTOTHIM MOOJIN3Y YepEeHKOBCHKOTO
Oap’ epy.

Koncmanmunosuu I.A. - KaHauIaT ¢izuko-

MaTeMaTUYHHUX HayK, AOLEHT;

Koncmanmunosuu A.B. - JIOKTOP ¢izuko-

MaTEMaTHIHUX HAYK, JOLCHT.
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Radiation Spectrum of Sequence of Electrons Moving in Spiral in Medium

'Chernivtsi National University, Kotsybynsky Sr.,2, Chernivtsi, 58012, Ukraine,
e-mail: dj_kneo@ukr.net; aconst@ukr.net
2| nstitute of Thermodectricity NASand MES of Ukraine, Nauky Sir., 1, Chernivtsi, 58029, Ukraine

Integral expressions for spectral-angular and spectra distributions of the radiation power for the sequence of
electrons moving in magnetic fields in isotropic transparent medium are investigated using the improved Lorentz's
self-interaction method. Specid attention is given to the research of the fine structurre of the spectral distribution of
the synchrotron-Cherenkov radiation of one, two, three and four point e ectrons moving along the spiral in medium.
Using the direct numerical method for calculaion the function of spectral distributions of the radiation power are
established and investigated the effects of coherent radiation of harmonics and oscillations in spectrum of the
synchrotron-Cherenkov radiation of two, three and four point electrons.

Key words: synchrotron-Cherenkov radiation, sequence of electrons, fine structure of spectrum, effects of
coherence, oscillations in radiation spectrum.
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Meracrabinbanii  HaHoposmipHuii  kap6in CogC 31 crpykryporo Tumy Fe;C Bhepiue CHHTE30BaHO
MEXaHOXIMIYHMM CILUIABJICHHSIM B BHCOKOCHEPIeTHYHOMY IUIAHETAPHOMY MIIMHI LIMXTH, IO MICTHTb IOPOIIKH
K00aJIbTy Ta 6araTolapoBUX BYIVICLEBUX HaHOTPYOOK. J[OKJIa[HO NOCHIIKEHO KPUCTANIiuHy CTPYKTYpPY LIbOTO
KapOiZy 1 TOKa3aHO, IO MeXaHOXiMiuHa o0poOKka Beme 1O I CyTTEBOI BHYTPIIIHBOI jaedopmarii, sKa
HpOSIBIAETBCS K B 30UnbIIeHHI cryneHro nedopmanii okraenpy CCoOg, Tak i B ckopouenHi geskux Co-C
MDKaTOMHUX Bincraneil. [loka3aHo edeKTHBHICTh 3aCTOCYBaHHS BYIJICLIEBHX HAHOTPYOOK 3aMicTb rpadity mpu

MexaHOXIMidYHOMY cuHTe31 kap6ixy CosC.

Karwudosi cioBa: OaratomapoBa ByrieneBa HaHOTpyOKa, KOOaJbT, PEHTTEHIBChKa IU(PaKIIis,

MEXaHOXIMIYHUI CUHTE3
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Beryn

B Ham yac HaHOMaTepianu 3HAXOIATh BCE Olnblie
3aCTOCYBaHHS Ui Momudikamii CTPYKTypH MeTamiB i
CIUIaBiB 3 METOIO OJIepKaHHs IX OLIBII BUCOKHX (hi3HKO-
MEXaHIYHUX XapaKTepHCTHK, IO JO3BOJUTH 3HH3HUTH
Bary BHpOOIB 3 HUX NpH 30epexeHHI HEeoOXiJTHOro

KOMIUIEKCY BJIacTUBOCTEH. 30Kpema, 3HAa4yHa yBara
TIPUALIISIETHCS 3aCTOCYBaHHIO YIbTpagUCIepCHUX
MOPOMIKIB  XIMIYHHX  CHOJAYK (KapOimw, HITPHIH,

KapOOHITPHU/M TOIIO) MPH OACP)KAHHI HOBHUX MaTepiaiiB
Ta CIUIaBiB, & TAKOX BYIJICIICBUX HAHOTPYOOK. OcobnuBe
MiCIIe cepell TAKHX CHOIYK HaJIeKHUTh KapOiny KoOajbTy,
SKHH IIMPOKO BUKOPUCTOBYETHCS B PI3HOMAaHITHHX
rajy3siX IMPOMHCIIOBOCTI, CLIBCHBKOMY TOCIIOJAapCTBI Ta
menunuHi. KapOing kobanbTy 3acTOCOBYIOTH B SKOCTI
JIeTyo4oi 100aBKH B TYTOILIABKHX JKaPOMILHHUX CILUIaBaX
JUIsl aBiallifHOT TEXHIKU, eJeKTPOTEXHIYHOI Ta aTOMHOI
MIPOMUCIIOBOCTI, B pakeToOyIyBaHHi.

Meractabinpui  kap6imu Co3C  (cTpykTypa THIY
FesC) ta Co,C (CaCly) Bmepmie Oynmu CHHTE30BaHi
aBTopamMu pobotu [1] B TOHKMX IUTIBKax, sKi
YTBOPIOKOThCA Ha Harpitid mo 550 °C migkmammi npu
BUIIAPOBYBaHHI KOOaIbTy B aTMocgepi ra3oBoi cymimri
CO + H,. Hapauni 1i kap0ism oTpuMyBand B OCHOBHOMY
HUIIXoM KapOian3anii ko0anbTy, sKa Mae Micie abo npu
OCa/DKCHHI TOHKHX ILTIBOK, a00 IIpU NPSMOMY CHHTE31
®imepa-Tpomma B8 CO + H, rasoBoMmy cepemoBui
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[2-6].

ABTtopam poboTu [7] BIATOCS CHHTE3YBATH CIIONYKY
CosC 00poOKoI0 B IUIaHETAPHOMY KYJIHOBOMY MIIMHI
IIMXTH, IO MICTHTh CYMIll TOPOUIKIB KOOAJIbTy Ta
rpagiry. Bizomo, 1o MeTon MexaHOXiMIYHOTO CHHTE3Y,
SIKMA  3MIMCHIOETBCSA TIPU KIMHATHIA TeMmImepaTypi, €
OHHUM 3 e()eKTHBHHUX CIIOCOOIB OTpUMaHHS Martepiany B
HAHOPO3MIPHOMY CTaHi.

Mertoro ganoi podotu € cunte3 kapbimy Co;C B
BHCOKOGHEPTETHYHOMY  IUIAHETAPHOMY  KYJIHOBOMY
MJIMHI 3 IOUXTH KOOambTy Ta  0aratomapoBHX
Byraereux HaHoTpyook (BHT).

. MeToauka ekcriepuMeHTAJIBLHOT 0
JOCJTiZKeHHSA

3 mopomikiB kobansty (99,8 Bar. %, po3Mip 4acTok
< 80MKM) Ta 0araTomIapoBHX BYIJICIEBUX HAHOTPYOOK
OyJI0o MiArOTOBJNIEHO IMHXTY ckiaany 75 ar. % Co Ta
25ar. % BHT. Buxopucrani ByrieueBi HaHOTPYOKH
CHHTE30BAaHO  METOIOM  KaTaJIiTUYHOrO  XIMIYHOTO
OCa/DKEHHsI IMapiB Ta Malld Taki mapaMeTpu. cepeaHii
miamerp (10 - 20) uM, mroma mutomoi moBepxHi (200 -
400) m?/r, a ix mopysaricts 20 - 40 r/mv[8].

[liaroToBieHy MOPOIIKOBY CyMIllI IIOMIll[alld B
CTakaHW 31 craji 1 TpH KIMHATHIH TemIepaTypi
mignaBainy o0poOIli B BACOKOGHEPTETUYHOMY KYJIbOBOMY
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miuHi y  atMmocdepi aprony [9]. B mporeci
PO3MEIIOBaHHSI BUKOPUCTOBYBAJIM MAacOBE BiIHOIICHHS
kynmbok 1o mopomky 20:1. Ilpomec MexaHOXiMiYHOT
00poOKkM  OyB  IWMKIIYHMM, Ha  KoxHI 15XB
posmemioBanHs npumnanano 30 XB oxonomkeHHs. [lpu
OMY, IIBUIKICTH OOEpTaHHS CTakaHiB  csrajia
1480 06/xB, mpUCKOpeHHsS cTaHOBWIO Oim3bko 500, a
TUCK Ha YaCTHHKY pe4oBHHU aocsiraB 5 [Tla .
JocimimxeHHst (da3zoBUX  TEPETBOPEHB, ()
BIIOYBAaIOThCA I 4Yac MEXAaHOXIMIYHOI 0OpOOKH
BUXIJHOI CyMillli Y KyJbOBOMY MJIMHI, OyJIO NPOBENEHO
METOJIOM PEHTI'€HIBCHKOI AU(PaKIil Ha aBTOMATUIHOMY
muppakromerpi JJPOH-4 (BunpomintoBanust CoKa) B
JICKPETHOMY pexumi: iHtepBan 3iiomkxu 29° = (30 -
130)°, kpok ckanyBanHs 0,05°, excrosuilis B Touii 3 c.
Jns aHaymily ~ Ta  iHTepmperamii  OTPUMaHHUX
PEHTreHIBCHKUX JTaHUX OYyJI0 3aCTOCOBAHO OPUTiHAIBHHUNA
nporpaMHuii  KoMruteke (mipoOIi Ha eIeKTPOHHOMY
pecypci Www.x-ray.univ.kiev.ua), skuii BKIouae B cede
MOBHUH HaOlp craHmapTHUX mpouenyp Pireenbaa.

1. Pe3yJbTaTu ekcepuMeHTAILHOI O
AOCTiIKEHHS

3rifHO pe3y’abTaTiB  PEHTreHiBCbKoro (aszoBoro
aHamizy 1npoba, sika Oyma BimiOpana micins 60 xB
BUTPUMKH BUXiTHOI NIUXTH Y KYJIHOBOMY MJIIMHI, MiCTHUTh
BHUKJIIIOYHO BIJOWTTSA TI'eKCaroHaJbHOrO KOOAIbTy 3
nepiogamu rpatku a = 0,2508(5) um Ta ¢ = 0,4076(4) HM,
sIKi € Jento OiBIIUMM 3a Ti, IO MPUTaMaHHI Iepiojgam
IPaTKH BUXiIHOTO TOpomiky kobamsty: a = 0,2507(2) am
ta C€=0,40694(4) um. [udpakrorpaMH TECTOBUX
3pas3kiB, ski Oynam BimiOpani miciss 120 xB 00poOku

121,210
211,102

IHTEeHCUBHICTD
201

BHUXIJIHOI IIMXTH, OKpPIM BIJOWTTIB T'€KCArOHAJILHOTO
KOOAJIbTY B)KE€ MICTATH BIIOWTTS, IO NpUTaMaHHi (asi
CosC. Bwmicrt mporo kapOigy B 3pa3kax IIOCTYIOBO
30inbLIyeThest, 1 Bke micast 180 XxB BUTPUMKH MIMXTH B
KynboBoMy MimHI  kKapOinm CosC crae  ocHOBHOIO
(ha30BOIO CKIIAJOBOIO TECTOBHX 3paskiB. Tak, Ha Puc. 1

300pakeHO0  mpoiHaekcoBaHy B Ipatimi  CosC
mudpakrorpaMy mpobH, BimiOpanoi micma 220 xB
00pOOKM IIMXTH, sKa JTOJATKOBO MICTHTh JIWIIIC

HEBEJIMKY KUIBKICTh  CHJIBHO  TEKCTYpOBaHOTO B
nanpsMky (002) rekcaronajgpHOro kobansty (Ha puc. 1
BIIOWTTS IIi€l momaTkoBoi (hasw TOMIYEeHI MapKepoM
“X").

Crix 3a3Ha4YUTH TAKOX, IO BCl BIAOWUTTA, IO
NMPUCYTHI Ha OTPHMaHHMX IHU]paKrorpamMax TECTOBHX
3paskiB, CHIBHO yiupeHi (puc. 1). 3a BeTHIUHOIO IIHOTO
VUIUPEHHsI 3 BUKOPHCTaHHAM TIpa(iuHOro METOIY
BimpsimMcoHa-Xomta OyjI0 OILIHEHO CepefHiil po3Mip
KPHCTAJITIB. B pe3ynbrari 4oro BCTaHOBJIEHO, 110 KapOi
CosC B KIHIEBHX MPOAYKTAX MEXaHOXIMIYHOTO CHHTE3Y
mmxtd CO-BHT € HanoposmipHOlo (a3or0, BeTHYHHA
3epHa Kol ckiiangae ot 15 uwm.

YTOuHEeHHs KpHCTaIi4HOI cTpyKTypH Kapoimy CosC,
SK€ BpPaxOBYE YTOYHEHHS KOOPAMHATHUX, TEIIOBUX
mapaMeTpiB CTPYKTYpH Ta KoeQilli€HTIB 3allOBHEHHS
aTOMaMM BIATIOBIIHUX NPaBUWIBHUX CHUCTEM TOYOK,
NPOBEACHO B paMKax crpykrypHoro tuny FeC. 3a
BUXIiJHI KOOpJHMHATHI MapamMeTpu aTOMIB IPH LBOMY
Opasu 3HaueHHs!, HaBeseHi it kapoinxy CosC B poboTi
[1]. Tpu 1upoMy, 3BaXarOulM Ha Te, MO YTOYHCHHS
KpHCTaIiuHOI cTpyKTYpH Kap6iny CosC npoBeneHo HaMu
JUTS 3pa3ka, 10 MICTHTh He3HAYHY KUTBKICTh BUXiTHOTO

031,220
“ 112

131

40 42 44 46 48 50 52

54 56 58 60 62 64

20, rpan

Puc. 1. Tudpaxrorpama npoaykry cunresy mmxta Co-BHT micis 220 xB i 00poOKH B Ky;Ib0BOMY MITHHI
(mapkepom “X” BigmiueHO BiZOUTTS TeKcTypoBaHoi ¢aszu hcp-Co).
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MexaHOXIMIYHUH CHHTE3 KapOiy KOOAIBTY 3 BUKOPUCTAHHSAM BYTJICIICBUX HAHOTPYOOK

Taoauua 1

Kpucranorpadiuni gani ms kap6imxy CosC, cunrtesoanoro micist 220 xB 06po6ku mmxtd Co-BHT B miaHetapHOMY KyJ1b0BOMY MJIHHI (ripocTopoBa rpyna Pnma, No= 62)

Cywmimr Co-BHT o6po6iiena B mutnni 220 xBY JlitepatypHi nawi [1]
ATtoMm [Mo3wuis
3amnoBHEHHS X y z 3amnoBHEHHS X y z
Co(1) 8d 1,00(1) 0,183(4) 0,097(2) 0,142(3) 1,00(1) 0,183 0,069 0,166
Co(2) 4c 1,00(1) 0,005(4) 0,25 0,653(9) 1,00(1) 0,039 0,25 0,658
C 4c 1,00(1) 0,376 0,25 0,443 1,00(1) 0,376 0,25 0,443

[Nepioau rpatky,
a, b, c,nm

0,4982(3), 0,6715(6), 0,4457(7)

0,5033, 0,6731, 0,4483

TemneparypHa nomnpaska,
HM

B =3,82(2)-10°

dakTop HEOCTOBIPHOCTI

R = 0,065

MixatoMmHi BifcTaHi i ctyneni nedopmairii okraeapa CCog

ATomu Bincrani (um)  [dedopmanis (%) CCos Atomu Binacrani (M) Hedopmanis (%) CCos
C -2Co(1) 0,1881(8) 3,67 Cc -1 Co(2) 0,1952 155

-1Co(2) 0,1916(9) -1 Co(2) 0,1970

2Co(1) 0,1946(8) -2 Co(1) 0,1992

-1Co(2) 0,2073 -2 Co(1) 0,2029

Y Pospaxyrok 3po6neno as xBoasHoi cymiui, mo mictuts CosC 3 nobaskoro hep-Co (Puc. 1).
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Puc. 2. Kpucraniuna crpykrypa cunre3oBaHoro kap0oixy Co;C ta nepopmopanuii okraeap CCog
(4epBOHI KPYKKH — aTOMH KOOAJIBTY, 3€JI€HI KPY)KKU — aTOMHU BYTJIELIO).

KOOaJbTy, a TAKOX T€, IO BITOUTTS L€l (a3u 3HAYHO
YIIMpEHi, KOOpAWHATH aTOMiB BYIVICLIO NpHAMan 3a
nmaHuMH pobotu [1], a BapiroBaau JIHIE ITOJOXKEHHS
aTOMIB MeTaly.

B pesynbTari nmpoBeeHUX PO3pPaxyHKIB OTPUMAHO,
mo B kap6imi Co0zC, CcHHTE30BaHOMY METOIOM
MexaHoxiMiynoro crurasiieHHs muxtd Co-BHT, aromu
KOOAJIbTY CYTTEBO 3CYHEHI 3 TOJIOXKEHb, NPUTaMaHHUX
kap6igy CosC, oTpuMaHOMy iHIIMM MeTOAOM (TaOmuIlst
1). 3Beprae Ha cebe yBary Takox i Toil ¢akr, mo ioro
KpHCTajliuHa IpaTka Maibke Ha 2 % KOMIIaKkTHimIa, a
came, a = 0,4982(3) um, b = 0,6715(6) um, ¢ = 0,4457(7)
M, V 0,1491(2) um® gmms kapGinzy CosC,
CHHTE30BaHOMY B jaaHiii pobori; a = 0,5033 um, b =
0,6731 uM, ¢ = 0,4483 um, V = 0,1519 am°® s KapOiTy
CosC, cunreszoBanoMy B poborti [1]. Ciig 3a3HaunTH, 110
aBTOpU poOOTH [7] HE MPOBOAMIM YTOUHEHHS MEPiOIiB
KkpuctaniuHoi rpatku kapOimy CosC, cuHTe30BaHOTO
HUMU METOIOM MEXaHOXIMIYHOTO CHUHTE3Yy HIUXTH
Corpadir, a mnpu inmenrudixamii wiei ¢azu nmme
nocunanucs Ha PDF mami (kaptka PDF 26-0450, a =
0,4993 um, b = 0,6707 um, ¢ = 04444 um, V=
0,1488 uv®). M came mi mepio KpHCTANIYHOI IpaTKH
ONMu3bKi 70 THX, M0 oTpuMaHi Hamu A (asu CosC,
cuHTe30BaHoi 3 muxtu Co-BHT.

BimoMo, 1110 aToMu ByTJICIi0 B cionykax Ty Fe;C
MAarOTh OKTaeJpUIHE OTOYCHHS 3 aTOMiB MeTany (puc. 2).
HasigHicTh miteparypaux [1] i oTpuMaHHX HAMH JaHUX
00  pO3TAalllyBaHHA  aTOMIB B  KPUCTAJIYHUX
crpykrypax kapb6imy CosC (Tabmmi 1) maioTh 3Mory
BU3HAUUTU CTymiHp pgepopmanii okraeapie CCos B
3aJIeKHOCTI Bil CIIOCOOY CHHTE3Y ILBOro KapOiny.
PospaxyHku crymeHio gedopmarnii oktaeapy (B %)
BHKOHaHI 32 (hOpMYIIOIO;

S,% =

ne o — noexxunu 38’ s13kiB atomiB C-Co B okTaenpi, d —ix
cepenHe 3HaveHHs (11i maHi HaBeaeHi B Tabmui 1).

B pesynbTaTi mpoBeneHUX PO3PAXYHKIB ITOKAa3aHO,

1
100 [Z(di—d)z]E
d 5 ’
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mo  KpuctaymiuHii  cTpyktypi  kapOimy — CosC,
CHUHTE30BAHOI'O METOIOM MEXaHOXIMIYHOI  00pOOKH
mwmxtd  CO-BHT, mnpuramaHHa CyTTeéBa BHYTpIIIHS
nedopmariis. Tak, skio crymiab aedopmariii OKTaeapy
CCos B kap6ini CosC, skuil yTBOPIOETBCS B OCaDKEHHX
ToHKMX IuTiBKax [1], ckmamgae 1,55 %, To B miif crmomyi,
OTpUMaHiil B JaHii poOoTi, cTymiHp Aedopmarii BaBidi
6inpia (3,67 %). Ha »xams, BimcyrHicte B poborti [7]
JAHUX TPO PpO3TALIYBaHHS aTOMiB B KPHCTAJIUHIH
cTpykTypi Kapoiny CosC, oTpuMaHOr0 MeXaHOXIMIYHOO
00pobkoro muxTi CO-rpadiT, HE NAIOTh 3MOTY 3pOOUTH
BHCHOBOK I110JI0 BIUIMBY CIIOCOOY CHHTE3Y LILOTO KapOimay
Ha HOoro CTpyKTYpYy.

B mijzoMy, CHiBCTaBIICHHS YMOB MEXaHOXIMiYHOI'O
cunre3y kapOigy CosC mokasye, 10 BUKOPUCTaHHS B
sikocTi BuxigHoi cyminni Co-BHT e edexruHinmmM. Tak,
Ko npu oo0po6bmi mmxTH Co-rpadit kap6im Co;C
yTBOproeThest  micast  8roxa (480 xB)  00pobku B
KYJIbOBOMY MIHHI [7], TO BHUKOPHCTAHHS BYTJICIIEBUX
HAHOTPYOOK B SIKOCTI KOMIOHEHTH IIUXTH 3MEHIIYE I
gac 110 2 rox (120 xB).

BusiBrieHi  0CcOONMBOCTI  KPHCTaNIiYHOI CTPYKTYpH
HaHOpo3MipHOro kap6ixy Co;C, cHHTE30BaHOrO B MaHii
poborti 3 cymimi Co-BHT, MOXyTh BIUIMHYTH Ha HOTO
Mar”iTHi ~ BiactuBocti.  Tak,  pamime  [7, 10]
JIOCITIJPKEHHSIM TTopomkoBux cymimreit ¢pa3z CosC + Co,C
OyJ0 TMoKa3aHo, MIO 3HAYEHHS KOEPIMTHBHOI CHJIM TPHU
KiMHaTHIA Temmeparypi s Hux cknagae 100 —
270 kA/M i 3anexuTh K BijJ (Ha3oBOro CKIady, Tak i Bil
JcnepcHocTi Matepiany. Skmo O BapiloBaHHSM yMOB
CHHTE3y BJAJIOCh B KOHCONIJOBaHOMY Marepiaii
JIOCSITHYTH CTa0UTbHE 3HAYECHHsSI KOEPLUUTHBHOI CHIM Ha
pieai  240kA/M Ta  BHOmIE, TO  OTPUMAaHHUMH
MexaHoXiMiYHUM criocoboM kapOin CogC mir 6u Oyru
MOTEHIIHHUM KaHIUOaTOM B SIKOCTI Marepiamy s
MOCTIHHOTO  MarHiTy i3  XapakTepPUCTHUKAMH,  SIKi
CHIBBIIHOCATBCSL 13 XapaKTePUCTHKAaMH  QJIHIKO Ta
TBepauX (epuriB. Tomy nopaipiry poOOTy IIaHYETHCS
MPOBOJIMTA B HANpSIMKY JOCHDKEHHS MarHiTHHX



MexaHOXIMIYHHH CHHTE3 KapOily K0OaJbTy 3 BUKOPUCTAHHIM BYIJICIIEBUX HAHOTPYOOK

BJIACTHBOCTEH I[bOTO MaTepiaiy.

BucHoBku
Meronom MeXaHOXIMI4HOT 00poOKH B
BHCOKOCHEPTETHYHOMY  IUIAHETAPHOMY  KYJIHOBOMY

MJIMHI CyMilli, IO MICTUTh IOPOIIKK KOOaJbTy Ta
GararolrapoBux ByrieneBux HaHOTPyOok (75 ar. % Co
ta 25 ar. % BHT), cuHTe30BaHO HAHOPO3MipHHIA
MeracTaOuIbHuH  KapOifg CosC. [leperBopeHHs
KOMITOHEHTIB IIMXTH 3IiHCHIOBAIOCS 3a peakiiero hcp-
Co+ C® CosC (uac mporikanus peakiii 120 — 220 xB).
MeTonoM  pEHTIeHIiBCbKOI  AM(MPAKINI  JTOCIiIKEHO
KpHCTaIiuHy CTpYKTYpy Kap6iny CosC: crpykrypa tumy
Fe3C, a=0,4982(3) uM, b = 0,6715(6) um, ¢ = 0,4457(7)
HM, Tpocroposa rpyma Pnma, 8 Co(1) 8 8(d) 0,183(4),
0,097(2), 0,142(3); 4 Co(2) B 4(c) 0,005(4), 0,25,
0,653(9); 4 C B 4(c) 0,376, 0,25, 0,443. daxrtop
po3oixkHocti Rg = 0,065 mna 48 mnpucyrHix Ha

mudpaxrorpami BinoOurriB. IlokazaHo, mo KpucrajgiuyHa
CTpyKTypa Kap0Oimy kobanery CO3C, cHHTE30BaHOIO
MEXaHOXIMIYHOI 00poOkor0 muxtd CO-BHT, 3HauHO
BHYTPilIHGO  MedopmoBana  (cTyminp  gedopmarrii
okraenpy CCo6 ckmamgae 3,67 %) Ta MiCTUTh CKOPOYEHi
mixatomui Bigcrani Co-C (mo 0,188 mum). IlokaszaHo
TaKOXX, [0 BHKOPHUCTaHHS MPH MEXaHOXIMIYHOMY
CHHTE31 BYIJICIIEBUX HAHOTPYOOK B SKOCTI KOMIIOHEHTY

IIMUXTH 3aMicTh TrpadiTy CYTTEBO CKOpPOYYE Hac
orpumanns kapoixy CosC.
Haxoneuna O.. - xanaumpat (i3UKO-MaTeMaTHYHHAX

HAayK, CTapUIMii HAayKOBUH CITIBPOOITHHK, JOKTOPAaHT
¢iznaHOrO (hakynpTery;

Jlawescokuiit M.M. — IpOBiTHAN 1HXEHED;

Kypunwk A.M. - kanmunat pizsuko-MaTeMaTHIHUX HAYK,
MIPOBITHAH 1HXXEHEp, HAYKOBHUH CITIBPOOITHHK

binaeuna H.M. - kanmaupaT Qi3uKo-MaTeMaTHIHUX
HayK, CTApIINi HAYKOBUH CHIBPOOITHHK.
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O.l. Nakonechna, M.M. Dashevskyi, A.M. Kurylyuk, N.N. Belyavina

M echanochemical synthesis of CosC car bide with car bon nanotubes

Department of Physics, Taras Shevchenko National university of Kyiv, 64/13 Volodymyrska Str., 01601, Kyiv,
Ukraine, e-mail: |es@univ.kiev.ua

Nanoscaled (about 15 nm of size) metastable carbide CosC was synthesized in a high-energy planetary ball
mill by mechanical aloying of a mixture of powder cobalt (75 a. %) and multiwalled carbon nanotubes (CNT,
25 at. %). Phase transformation takes place at reaction milling according to the reaction hcp-Co + CNT ® CosC
(reaction time is 120 - 220 min). The crysta structure of the CosC carbide formed in the milling products was
studied by X-ray diffraction method. It has reveded that the CosC phase crystallizesin a Fe;C-type structure with
a = 0.4982(3) nm, b = 0.6715(6) nm, ¢ = 0.4457(7) nm, Pnma space group. The reliability factor Rg is equd to
0.065 for 48 reflections presented at diffraction pattern. It is found that the crystal structure of the CosC carbide
obtained by reaction milling of the Co-CNT charge is significantly internally deformed (distortion degree of the
CCos octahedron is 3.67 %) and contains the reduced interatomic Co-C distances (up to 0.188 nm). It was shown
that the use of carbon nanotubes instead of graphite substantially reduces the duration of the CosC carbide

synthesis.

K ey words: multiwaled carbon nanotube; cobalt; X-ray diffraction; mechanochemical synthesis.
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[IpoBeseHO MOCHTIDKEHHSI €IEKTPONPOBITHUX XapaKTEPUCTUK Ta CTPYKTYPH HOBEPXHI IONiETHICHOBHX
IUTIBOK, MOIM(]IKOBAHMX HANOBHIOBAYaMH. BCTaHOBIICHO 3alle)XHOCTI 3MIH MOBEpXHEBOrO Ta 00 €MHOro
€JIEKTPOOIIOPY BiJl KIJIBKOCTI HEMETAJCBOIO HAIOBHIOBAYa Ta YacOBi 3MIHM CTPYKTYPH Ta €IEKTpOQi3UIHKX

XapaKTEPUCTUK IIPOTATOM TPbOX pOKiB.

KurouoBi ci10Ba: nonmimepu, nosieTUICHOBI IUTIBKY, €IEKTPOOIIIP, CTPYKTYpA.
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Beryn

BukopucranHs moiiMepHUX IUIIBKOBHX MatepialiB
I TOTped  eNIEKTPOHHOI TEXHIKM IIOB's3aHE, B
OCHOBHOMY, 13 i MiHiTIoOapu3ami€o (CTBOPEHHAM
TPAH3KUCTOPiB, BUIPOMIHIOIOYHX MPUCTPOIB TOIIO) Ta
BUKODHCTaHHSIM B SKOCTI JOIIOMIXKHOTO MaTepiaiy
(i3omsImifiHUX ~ MPOKJIAAOK, THYYKHX [MIOKIAJ0K Ta
EKpaHiB). TaKUX
KOMIUTEKTYIOUHX TIEBHUM

XapaKTepUCTHKH Ta BJIACTHBOCTI
BIJIOBIIATH

IIOBUHHI

M 2 4 1 a3 @ @
1T, K*

rapamerpaMm eJeKTPOHHOI MPOIYKLIi Ta 3a0e3redyBaTh
CyMapHHH 4Yac eKcIutyatanii mpucTpoiB. OCHOBHUM i3
MONMIMEPHUX MatepiajiiB, II0 BHUKOPUCTOBYIOTHCS TpHU
CTBOpEHHI pIi3HMX BUIIB Oap €pHUX MaTepialiB €
MOJIICTUIICH, CKJIal SKOTO MOMUGIKYIOTh 3aJIeKHO BiX
noTped Ta TEPMiHIB eKCILTyaTallii.

Merol0 TpOBEICHHS IOCHIPKEHb OYJIO BHBYEHHS
3MiH €JICKTPOIIPOBIIHOCTI MONIETHICHOBHUX IUTIBOK IMPH
iX  HamoOBHEHHI  HEOpPraHIYHMMHU  HENPOBIAHUMHU
JIOJaTKaAMH.

T T T T T T
e e e 2 “2

D ek

Puc. 1. 3miHa MOBEpXHEBOr0 MUTOMOI'O €JIEKTPOOIIOPY MOJIETUIICHOBUX ILTiBOK:
a — BUX1HI 3pa3ky; 0 — crapinas npotarom 3 pokis; 1 —ITEHI; 2 — TIEHI'+16,6Bar.% minepaisHoOro
HanoBHioBaua; 3 — [IEHI +28gar.% miHepaibpHOro HallOBHIOBAYA.
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EnexkTponpoBiaHi XapaKTePUCTUKN TOHKOILTIBKOBHX KOMITO3UTHUX MaTepialiB. ..

|. ExcrnepuMeHTa/JIbHA YacTHHA

OO0’ €KTOM JTOCTIIPKEHb O0paHO IMOJIIETUIICH HU3BKOT
rycturn  (70- 80 Bar.%), Ui BHTOTOBJCHHS SKOTO
BukopucroByBanu rpanynar LDPE 15803-020 s
BHT'OTOBJICHHS IUIIBKOBMX BHpOOiB. JSIK  JomaTku
BUKOPHCTOBYBAJIN MiHepaJbHUN HAIlOBHIOBAY
“Kpemonen” i3 BMicToM 10 28 Bar. %. /[y 3a0e3ncueHHS
TEXHIYHUX NapameTpiB BUPOOHUITBA y CKIAA LIMXTH
BBOAWIM 70 4 Bar. % pI3HUX TEXHOJOTIYHHMX JONATKIB
(“cmin” Ha OCHOBI OJIeaMiay, aHTHOKCHIAHTH, CBIiTJIOBI
CTabiTi3aTOPH TOIIIO).

3pa3ku IUTIBOK BHTOTOBIISUIM HA IIPOMHCIOBOMY
pykaBHO-ILTiBKOBoMY arperari Tumy JIPII. ToBmuna
MONIMEPHUX IUTIBOK BHMIpIOBaNach 3a JIOMOMOTOIO
npwiagy MUP-12.

BumiproBanss TIOBEPXHEBOI Ta 00’ emHOT
€JIEKTPOIPOBIIHOCTI MOJIMEPHUX 1 KOMIIO3UTHHX TUTIBOK
MPOBO/IMJIM 3 BUKOPHCTaHHSM Tepaomerpa EG-13A.
[ToBepxHEBY eNEeKTPOIPOBIIHICTh BU3HAYAIH Ha 3pa3Kax,
MPOBOJSYM  BHUMIPIOBaHHS B  JBOX  HampsMKax.
BumipioBaHHsS TPOBOIMIOCH 32 YOTHPHOXKOHTAKTHOIO
CXEMOIO JUIsl YHUKHEHHS BIUIMBY KOHTaKTHOT'O OIOPY Ha

pesynbratn  [1,2]. 3pasku  aiud  BUMIpIOBaHb
€JIEKTPOIPOBITHOCTI OTPUMYBaJIH EKCTPY3i€I0
MONMMEpPHOI Mach 3  JIomaTKaMd Ta  HACTYITHUM

BHUT'OTOBJICHHSM 3pa3Ky I MEXaHIYHOTO 3aKPIIUICHHS
Ha BUMIpHIH KOMIpIIi.

O0'eMHY eJIEKTPOMNPOBIAHICTF BU3HAYATM 3TiTHO
pexomenaaniii crangaptie 'OCT6433.2 Ta ASTM D 257
IUIAXOM 3aTUCKYBaHHS 3pa3KiB MiX JBOMa MiIHUMHU
enektpogamu giamerpom 25 Ta 40 MM, ski Oynu
BCTaHOBJICHI CITIBOCHO.

EnekTpoHHOMIKPOCKOMIYHI JTOCTI IDKSHHS
MPOBOJIWINCH  HAa  CKAHYIOYOMY  CJICKTPOHHOMY
Mikpockormi EVO  40XVP. [Ins  3abe3ncucHHS
KOHTPACTHOCTI ~ 3pa3kd  MIISAraid  IONEPEIHbOMY
iOHHOMY TpaBlleHHIO Ha npwiaai BVYII-4 Ta
TIPOBOIMIIOCS I AIAIFOBaHHS ATFOMIHIEM TS

3a0e3MeueHHs] CTOKY 3apsiIiB.

[1. Pe3yJbTaTu ekcnepuMeHTy Ta iX
00roBOpeHHs

Bceranosneno, 10 MMUTOMUH TTOBEPXHEBU I
€JIEKTPOOITip MONICTUICHOBHX IUTIBOK 03 HAIlOBHIOBAYa
ckmagaB  rg» 2400 Om-m.  JlomaTki  MiHEpaIbHOrO
HamoBHIOBaua (mo 17 Bar. %) HE3HAYHO ITiJBHUIIYIOTH
OBEpXHEBHii enexTpoormip 10 s » 2,540 Omm.
[Ipore, HacTynmHe 30araueHHS MaTpUIll HOJIIMEpHOI
TUTIBKM HaNOBHIOBaYeM NPHUBOAUTH JO OLIBII 3HAYHOTO
3pOCTaHHS BETMYHHH [TOBEPXHEBOIO €leKTpooIopy (puc.
1,a). TepMOUMKIOBaHHS  3pa3KiB 1O  HH3BKHX
TEMIIEpaTyp MOKa3ajo JOCUTh 3HAYHUH PICT BEIWYHUHU
MIOBEPXHEBOT'0 €JIEKTPOOIIOPY.

Ilpu crapinHi nporsirom 3 PpOKIB y CKIAJICHKHX
YMOBax BENUYMHA MTOBEPXHEBOTO MTUTOMOTO
€JIEKTPOOIIOPY TTOJTiCTHIICHOBUX TLTiIBOK 0e3
HAIIOBHIOBAYa  NPAKTHYHO He 3MIHIOBaBCS, MpOTE
JIOAATKH  MIHEpaJIbHOTO  HANOBHIOBA4Ya  3HAYHO
I ABUIIYIOTH I s 3pa3KiB.
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Puc. 2. TemnepaTypHa 3aJeXHICTb 00 €MHOTO

MTUTOMOTO €JIEKTPOOIIOPY MOJIIETUIICHOBUX ILTiBOK:

1 — [IEHTI; 2 — TIEHI'+16,6Bar.% wmiHepaasHOro
HanoBHioBava; 3 — [IEHI+16,6Bar.% MiHepaibHOTO
HamoBHIOBaua (crapinas 3 poku); 4 - TIEHT+
5 -
MIiHEpaJbHOI'O HAIOBHIOBAaYa

28 Bar.% MiHepalbHOIO HAIOBHIOBAYA,
TIEHI'+28 Bar.%
(crapinns 3 pokwu).

2y BT = 15 LOKY P Cute 26 Ot 2012
= VIO 12 0rem Phots b, = 1473 Tow 184153 m
Puc. 3. CtpykTypa TIOBEpPXHi BUXiJTHOTO

nosierrienoBoro 3paska. X 2000.

[Muromuii 00’ eMHHI €NEKTPOOITP MOJTIETHICHOBUX
IUTIBOK, IO HE MICTATh HAITOBHIOBAYa Ma€ BEIMYMHY Ha
JIBa TOPSIAKK OUIBIIY, TOPIBHSHO 3 TIOBEPXHEBUM
omopom - r, = 440" Om-m. Ilpore, B 3aranbHOMY,
XapaxTep 3aJIEXKHOCTI MTUTOMOTO 00’ eMHOTO
€IeKTPOONOpY  Bill  KUIBKOCTI ~ HANOBHIOBAYa €
aHAJIOTIYHMUM, IO 1 MPU BUMIPIOBAHHIX IOBEPXHEBOTO
enexTpoornopy (puc. 2).

30ibIIeHHS BMICTY MIiHEpPaJbHOI'O HAIIOBHIOBAYaA Y
CKJIani  TOJICTHJICHOBOI  IUNIBKM  NPUBOAUTH  JO
OJTHO3HAYHOTO 3POCTaHHSI BEIMYMH SIK [TOBEPXHEBOT'O TaK
i 00’€MHOr0o THUTOMHX EJIEKTPOONopiB. BTiM 3MiHM
BEJIMYUHHA IMUTOMOTO 00’ €MHOTO E€JIEKTPOONOpPY OUIBII
noMiTHi.  30UIbIIEHHS  KUIBKOCTI  MiHEPaJbHOTO
HAIIOBHIOBa4a 00O0B’ I3KOBO IPHBOJUTH /IO BiJIIOBIIHOTO
pOCTYy MHTOMOTO €JEKTPOOIOopY, Ha BiAMIHY Bix
aHAJIOTTYHUX 3aJIEKHOCTEH TPH BBEACHHI Yy CKIIaJl TUTIBKU
iHTiOITOpIB Ta TIACTU(IKATOPIB, JIE TAKOI OJJHO3HAYHOCTI
He crocrepiraethes [3]. Taki mepeMiHH MOXYTh OyTH
TIOB’ sI3aHi 13 3MiHAMHU PYXJIMBOCTI HOCIiB, 10, B JaHOMY
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Puc. 4. Mopdororis moBepxHi NONIETHICHOBUX IUIIBOK 3 I0AaTKaMH MiHEPaJIbHOTO HATIOBHIOBAYA!
a—16,6 Bar.%; 6 — 28 Bar.%. X 2000.

BUNAJKY, € HACIiAKOM BUSBIECHHA JBOX PI3HUX Aif
Moaudikartopis [4, 5].

Jlonatku MiHEepaJbHOTO HAITOBHIOBAYA IPUBOITH 10
3MiH Y CTPYKTYpl IOJIMEPHOI MAaTpHIli, BHKIMKAIOYH
30inblIeHHsT KpuctaniyHocTi. Kpucramizaiis mnomimepy
NPU3BOAUTH 1O 3MEHIICHHS PYXJIUBOCTI CErMEHTIB
MakpoMmoJyieKyn Ta koedimieHra maudyzii. Tomy mis
10HHOI TIPOBiTHOCTI XapaKkTepHO 3MEHILIEHHS
€JIEKTPOIPOBIBAHOCTI MpH KpHUcTamizamii. Bimomo, mo
T IBUIIIEHHS CTyIeHs KPUCTaIYHOCTI
nomierwientepedranaty Ha 20 - 40% mnpuszBomUTH 10
POCTY HUTOMOTO €JIEKTPOOIIOPY Ha 2 - 4 MOPSIIKH.

Ha mnpoxoipkeHHI mpolneciB HepeHeceHHs HOCIIB Y
IUTIBKAax 3 JoflaTKaMy IHriOiTOpiB Ta IuiacTugikaTopiB
MO3HAYAIOTHCS ABA Pi3HOHAIPSIMIICHI TpoliecH. 3 oxHiel
CTOPOHU IE€BHA KiIBbKICTh MOAMU(IKATOPIB MPUBOAUTD 10
36iMbIICHHST KaHATIB MEPEHCeHHsI HOCIB (3 TOUKH 30py
Teopii MepKOIAIi), 3pOCTaHHS TYCTHHH KIacTepiB,
3HW)KEHHS BEJIMYMH MOPOTiB MEPKOIISALIT Ta 3MiH 1HIEKCIB
nepeHeceHHst [6]. 3 iHIIOI CTOPOHH CJiJ BpaxOBYBaTH
3MiHM XapaKTEPUCTUK CaMOl MOJIMEPHOI MaTpHli NpH ii
MouGikarii. 3-3a LIOTO MepIIONOYaTKOBHIA
€JIEKTpOoOMip 1HrOOBaHOI IUIIBKM 3HAYHO MEHIINH
Hemoaudikoanoi [3].

HusbkoMonekyssipHi pe4OBHHHU BBEJIEHI B IIOJIMeEp
3MEHIIYIOTh BHYTPILNIHBO MOJIEKYJSIPHY B3a€MOJIIO, IO
HPHU3BOAUTE JI0 30LNBIICHHS PYXJIMBOCTI MaKpPOMOJEKYII
Ta HU3bKOMOJIEKYJISIPHUX 10HIB. TomMy npu miactudikamii
TIOTIMEPIB Pi3KO 3pOCTAE IX ENEKTPONPOBIAHICTb.

EnexTponpoBiiHicTh TIPU CTapiHHI MOJIETHICHOBUX
IUIIBOK 3 MiHEPAJBHUM HAIIOBHIOBAYEM BU3HAYAETHCS

0COOJIUBOCTSIMA 3MiHH ix (hI3UKO-XIMIYHIX
BJIACTUBOCTEM, 11 (0) BUKJIMKaH1 BIITOBIIHUMU
CTPYKTYPHUMH TEPETBOPEHHSIMH, SIKi TIOB'si3aHi 13

BBeIICHHAM Monudikaropa. B ocHOBHOMY, 3MiHH Yy
TIepeHeCeHHI HOCIiB BiZOYBaroThCsl 3-3a 301UIBIIEHHS
KPUCTAIIYHOCTI MATpHIli (SK 3a paxyHOK 30iJbIICHHS
KIJTBKOCTI KPHUCTaliYHOrO HAIOBHIOBaua, Tak 1 3a
paxyHOK 3pOCTaHHSI KPUCTAJIIYHOCTI camol MaTpwui, i,
BIIMIOBI/THO, 3MEHIIICHHS KaHAJIIB IPOXO/DKEHHS 3apsity),
TaxK i 3a paxyHOK 30UIbIIEHHS IeeKTHOCTI MaTpHI, 110
BIJMIOBila€ 3MiHI TYCTMHM KJAcTepiB Ta 3HIDKEHHIO
e(peKTUBHOCTI IPOXO/IKEHHSI HOCITB.
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IlikaBo 3a3HaYMTH, IO Yy IUIBOK 3 HE3HAYHUMH
JIOAAaTKaMH iHTiOiTOpa TIPUYUHA 301IbILICHHS
€JIIEKTPOONIOPY ~ MpHU  CTapiHHI  TOB'S3YyeEThCS 3
JIECTPYKIIMHUMU IIPOILIECAMH, SKi BUHUKAIOTh Y MaTpHIIi
mig BrumBoM Momudikatopa. Ha mepmmx eramax e
BU3HAYAETHCS TPOLECAMH, IO BiIOYBAIOTHCS B MaTpPHII
HOJieTHIICHY 3IIMBKOIO JIAHIIOTIB, YTBOPEHHSM
JKOPCTKOI TPOCTOPOBOI  CITKM, 1 JIMINE Ti3HilIe
KpUCTANi3allifHUMHU [IpolleCaMH Ta pPYHHYBaHHAM Y
Mmatpuili [7]. Hatomicts, y mmacTudikoBaHHX 3pa3kax
BHACJIIOK HE3HAYHUX CTPYKTYPHHX 3MiH Yy IoJimMepi
EJIEKTPUYHI XapaKTePUCTUKHU CTaO1Ti3yIOThCS.

EnexTpoHHO-MiKpOCKOIIIYHUMU JIOCITIPKEHHSMH
TOBEPXHi 3pa3KiB BCTAHOBJIEHO HE3HAYHY Ae(EKTHICTh
MOBEpXHI BUXIJHUX 3pas3KiB, IO OB SI3YEThCI 3
TexHomoriero ix puroromieHHs (puc. 3). Ha moBepxHi
(OpMYIOTBCSI TOYATKOBI LIEHTPH KpHCTalTi3alii. 3araapHa
KPHCTAJIIYHICTh BUXIIHOTO 3pa3Ky He3HavHa.

JlonaBaHHs HEOPraHiYHOTO HAIOBHIOBAYA ITiABHUIIYE
3araibHy KpUCTANIYHICTh MaTepiany (puc. 4). CTpykTypa
TIOBEPXHi IUIIBKOBOI'O IIOJIMEPHOr0 MOAN(IKOBAHOTO
Matepiany Oe3nedeKkTHa, 3 PIBHOMIPHUM PO3MIIIEHHSIM
MiHepaJIbHOTO HAIIOBHIOBAaYa 10 00’ €My MaTpHIIi, OJHAK
KPHCTAJIIYHICT, TAaKOro MaTepialdy 3pocia. 3BHUYANHO,
BEIMKOI  PI3HHUII  BEJIMYMH  EJIEKTPONPOBiTHOCTI
IUIIBKOBUX MaTepialliB 3 HAllOBHIOBauYaMH Ta 0e3 HUX HE
noBUHHO OyTH. OfHaK HEIOBrOTpUBAjeE, IPOTIrOM 3
POKIB, [OCTI/[UKEHHS BUSABWIO 3HAyHE IIiABUIIECHHA
BEIIMYUH g TA [y, [0 MOXE CBITYUTH IIPO IMOYATKOBI
eTanm 3MiH Yy CTPYKTypi, BUKJIHMKaHI HECYMiCHICTIO
KoMIOHeHT. IIpu IbOMY CIIii BpaxOBYBaTH MOCTIHHY
PI3HHUIIO Yy BeNUYMHAX [g Ta [y, sKa IIOB's3aHa i3
CYTTEBOIO DI3HHLEI0 (PI3UKO-XIMIYHHX BJIACTUBOCTEH

[OBEPXHEBOr0  IIApy BiJ MAarpUYHOrO MaTepiary
nomiMepy  [8].  HasBhicTe  OiNbIIOI  KiTBKOCTI
HHU3bKOMOJIEKYJISIDHUX ~ TPYIl, HE3HAYHOI  KiJIBKOCTI
ajcopboBaHO  BOJOTM ~ Ta  3a0pyAHEHb  CIIPHUSE

HOHIKEHHIO ITOBEPXHEBOT'O €JIEKTPOOIIOPY.

Crij 3ayBaKHUTH, 110 BUKOPUCTaHI y JOCIIHKEHHIX
MaTepiaiu He OyJau aOCOJIOTHO YHCTHMH, OCKIUIBKH TPU
X BHTOTOBJICHHI JOJaBAJIMCh TEXHOJIOTIYHI JOIAaTKU Ha
OCHOBI  HH3BKOMOJICKYJSIDHUX  pPEYOBHH  (CIIiITH,
AQHTHOKCH/IAHTH, IUIACTH(IKaTOPU TOLIO). 3BHYAiiHO, IO



EnexkTponpoBiaHi XapaKTePUCTUKN TOHKOILTIBKOBHX KOMITO3UTHUX MaTepialiB. ..

BBEICHHA Yy TONIMEPHY MATPUII0 TaKHUX pEYOBUH
3MEHIyE BHYTPIIIHBO MOJIEKYISIPHY B3a€EMOIIIO 1
MIPU3BOJUTH JI0 30UIBIIEHHS PYXJIUBOCTI MaKpOMOJEKYJ
Ta HU3bKOMOJIEKYIISIPHUX 10HIB. BiAmoBimHo enekrpoornip
TaKUX 3pa3KiB 3HAYHO IOHWXYeEThcA. [l mpuxnanmy,
MIUTOMMUIA 00’ eMHU €JICKTPOOITIP OUMIIIEHOTO

noNMieTHIeHy MOBMHHO OyTH B Mexax r, = 10 —

10%° Om M [9-10].
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EyJ'[I/I OnKCcaHi reoOMETpU4HEe Ta
BHUCOKOIMCIICPCHOI'O KPEMHE3EMY B YMOBax

COJIbBATO-CTUMYJIbOBAHE
ra3oBOro zmcnepciﬁHoro cepeoBuIa.

MexaHocopOLiiHe — MoxudikyBaHHs

Taki cnocobu

Moan(iKyBaHHS JO3BOJISIIOTH OZIEPKyBaTH (DYHKIIOHAJI30BaHI HAINOBHIOBAYi IIOJIMEPHHX CHCTEM Ha OCHOBI

HAHOPO3MIPHOTO KpemHeszemy. Jlns

MozudikyBaHHS

MOXHa BHKOPUCTOBYBATH HEJIETKI

BHCOKO- Ta

HHU3bKOMOJIEKYJISIPHI OpraHiuHi CIONYKM — IojiiMepy, OlOJIOri4HO aKTHMBHI CHOJYKH, OpraHiuHi COMi, a TaKoX

HeopraHiuHi COJIi.

KirouoBi ciioBa: reomerpudne MomudikyBaHHS, MeXxaHOCOpOLiiiHe MomudiKyBaHHS, Ta30Be IWCIIEPCiiiHe
cepeloBHIIe, BUCOKoANCIIepcHUI kpeMHeseM, Jlencun, Con-JleHcn, HaHOHAIIOBHIOBAY.

Cmamms nocmynuna 0o pedakyii 30.01.2019; npuiinama oo opyky 15.03.2019.

Beryn

Pizni Bugm  aMOppHOrO0  BHCOKOJAUCIIEPCHOTO
KpEMHE3eMY, CHHTE30BaHi HITIXOM
BHCOKOTEMITEPATYPHOTO TiApoONi3y  TeTpaxJIOpHIy

kpemHito (SiCly), MOXyTh MaTH MUTOMY TOBEPXHIO B
. . 2, °. RV

miamazoni 50 —500 M7/ i cepe/Hiii AiaMeTp HEMOPHUCTUX

MEPBUHHUX HaHOYaCTHHOK Bix 50 mo 5 HM BiAmoBimHO.

OCHOBHUMH  aJCOPOLIHUMH  IIGHTpaMH  MOBEpPXHIi
KpEMHE3eMYy € BUIbHI CHJIQHOJBHI TPYIH, SIKI MOXYTh
3BSI3yBaTM  IEBHY  KiUIbKicTh  Bomu.  [lepBuHHI

HAHOYACTHHKA HaHOKpeMHe3eMy (OpMYIOTh arperatu
(< 1mkm™m) i armomepatu arperatiB (> 1mkm) (puc. 1),
YTBOPIOIOYM BHIUMI ITyXKi CTPYKTYpH 3 HACUIIHOIO
rycrunoro 0,04 - 0,06 lem® [1].

HaHokpemHe3eMH IIUPOKO BHKOPUCTOBYIOTHCS B
MIPOMHUCIIOBOCTI, CIIBCBKOMY T'OCIIOJAPCTBI Ta MEIUIIHHI
[1-3]. Hanokpemuesemu, 0coONMuBO (hYHKI[IOHATI30BaHI,
€ HalKpalyMu HAIOBHIOBAYaMH IIOJIMEpIB, XOPOLIMMHU
nmobaBkamMu 10 ¢Gap0, eheKTUBHUMHU 3aTyCHUKAMH Pi3HUX
mucnepcifinux cepemopuir Ttomo [3]. Jng HamaHHs
HAaHOKPEMHE3eMY HOBHUX BJIACTHBOCTEH BUKOPHCTOBYIOTH
METOAM XIMIYHOTO, afCOpPOIIMHOTO Ta T'€OMETPHYHOTO
MoH(DiKyBaHHS.

Ximiuni Metomy MoaudikyBaHHS HAaHOKpEMHE3EeMY,
Taki SK rigpodobizamis abo 3aMiHa (YHKIIOHAJIBHUX
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rpyn moBepxHi Ha iHmmn aktuBHI rpymu (C=C, NH,
COOR  romo), Yacto  BUKOPUCTOBYIOTHCS B
MIPOMUCIIOBOCTI IS oJlep>KaHHA eEeKTUBHUX
HAMOBHIOBAYIB JUTs pi3HuX cucteM [4]. OqHak y MeBHUX
BUIAKaX KpalluM € HexXiMiyHe MoaudiKyBaHHS
HaHOKpeMHe3eMy [5].

B Incruryti ximii nosepxHi iM. Uyiika po3po0ieHO
J1a00paTOPHY ¥ MUJIOTHY TEXHOJIOTII T€OMETPUYHOIO Ta
ancopOriiftHoro MoaudikyBaHHS HaHOKpEMHE3eMY B
yMOBaxX Ta30BOr0 JHMCHepciiiHoro cepenosuma [6].
Merolo JaHOTO JOCIHIKeHHs OyJo IpoaHami3yBaTh
CTPYKTYPHI 0COOJIMBOCTI MOIU(iKOBAHOTO
HAaHOKPEMHE3eMY, KU Moxe OyTH BHKOPUCTAHHU SIK
HAIIOBHIOBAY MOJIIMEPIB.

|. Marepianau Ta 061agHAHHSA

Bucokonucnepcaunii kxpemuezem A-300 3 muTOMOIO
nosepxuero 300 M2T i HacHTIHOMO rycruroro 0,05 rlem®
(Kamymr, VYkpaina) Oyg0 BHUKOPUCTAHO SIK BHXiJHHIT
Martepiai.

Sk mpocte TexHoJOriyHe  OONAAHAHHA  JUIS
MOAN(IKYBaHHS HAHOKPEMHE3EMY BHKOPHCTOBYBAITH B
THUIH KYJIHOBUX MIIMHIB, TAKUX SK JTaOOpaTOPHUN MIIHH 3
kepamiuyauM Gapabanom o6'emom (V) ~ 1 11, Ta mijoTHUI
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~1000 =

ArJronepar

Il b

Puc. 1. Cxemarnune, ACM- ta AOM-300pakeHHsI NEPBUHHUX YaCTUHOK HAHOKPEMHE3EMY,
sIKi (QOPMYIOTB arperat i arioMepaTH.

wima 3 V =200n (Ykpaina). IlIBumkicts obGepraHHs
MUTHHIB Oyna omuHAKOBO — 60 00/XB.

1. Pe3yabTaTn

l'azodazne  reomerpuune  MoaudikyBaHHS 3
3aCTOCYBaHHIM MEXaHIYHOI aKTUBALil.

IMepcniektuBHUit HamoBHIOBau «JleHcun» (puc. 2)
OyB onepkaHMH [UIIXOM  MEXaHIYHOI  aKTHBaLii
HAaHOKpEMHE3eMy B KyaboBOMY MimHi. “[encmr”
XapaKTePU3yEThCS OUIBIIOI HACUITHOK rycTrHOM0 (300 -
400 I‘/IlMs), HIDKYOI0 3JIaTHICTIO JI0 TeJIeyTBOPEHHS,

HIDKYOI0 ~OCMOTMYHOI0  aKTHBHICTIO Ta  MEHIINM
MJIOYTBOPEHHSAM, Y  TOpIBHSHHI 3  BHXITHHM
HAHOKpEMHEe3eMOoM [7].

BaxnuBoro  BnacruBictio "JleHcmmy" € #oro

BIJTHOCHO HHU3bKa 3aryllyBaibHa 3JaTHICTb. B ekcrpec-
3aryIlyBajgbHOL

METOAMII i1  OLIHKH 371aTHOCTI

00’ eMiB
«Jlencumy»

BHUXI1JIHOTO
(2) npu

Puc. 2. [opiBHsiHHS
HaHokpemuesemy (1) i
OJIHAKOBi# Ba3i 3pa3KiB S5T.
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@ - QHIOH; % - KaTIOH, O. MOJIeKyJia BOIU

Puc. 3. CxematnuHe 300pa)KeHHI HAaHOYACTHHOK
KpPEMHE3eMY 3 MOHOIIAPOM HEOPTraHIuHOI COJIi.

KpeMHe3eMiB BHKOPUCTOBYBAJIM 3HAYCHHS KOHICHTpALii
kpemHeseMy (% Mac.), mpu sKiff yTBOpIOBAaBCS TI€lb
(Touka reneyTBOpEHHS).

Pe3yapTaTi mOCHiIKEHHS MOKa3ajid, L0 TOYKa
reJeyTBOPEHHS BHXigHOro HaHokpemHezemy A-300
cranoBuna 10 % mac. y Bozi ta 5 % mac. y Bazemnini. s
"Nencwty" mi napamerpu manu 3HadenHs 50 1 26 % mac.,
BignoBinHO. lle o3Hauae, MO 3arymryBanbHa 37aTHICTH
HamoBHIOBaua "JIeHcwn" K B ONMApHOMY (BOIHOMY), TakK
i B HemoysipHOMY (OMifHOMY) cepeloBHIIaX MPUOIU3HO
B 5 paziB HIDKYE, HIK Y BUX1THOTO HAHOKPEMHE3EMY.

XapaKTepuCTHKA "Nencumy" JIO3BOJISIFOTh
BUKOPHCTOBYBAaTH HOro sk e(peKTUBHHH HAIIOBHIOBAY
UL OJep)KaHHS  BHCOKOHAIIOBHEHHX  ITOJIMEPHHX
cucteM. Ha  ocHOBI  Meromy — IeOMETpUYHOTO
Moau(ikyBaHHS OyJ0 PO3pPOOJCHO IIJIOTHY METOIHUKY
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Taomuns 1
Moaudikatopu HaHOKpEMHE3eEMY
Knac comyx Moaudikarop
[Monimepu [MoniBiHINMIPPOITIIOH, MONICTHPOI, Ba3esiH, XiTo3aH

KapOoHoBi kucnoru ta
HEeOopraHi4Hi coi

2-(4-i300yTundenin) npomionosa kucnota (i6ynpoden),
CTeaprHOBa KUCIIOTA, CTeapaT HATPiko

Bic-ueTBepTHHHI CIIONTYKH aMOHiIO

Etunen-1,2-6ic (N-aumeTHIKapOoaenIOKCHMETI ) - TUXIOPH/] aMOHI0
(etoniit), 1,10-nekameruien-6ic [N-aumeTnn- (kapOOMETOKCHMETHIT) -
aMOHII0] JUXJIOpH/ (JIeKAMETOKCHH)

[onidenonn

4-numernnamino-1,4,4a, 5,53, 6,11,12a-okrarigpo-3,6,10,12,12a-
MeHTariApokcu-6-metn-1,11-1iokco-2-HadrarieHkapOoKciami (TeTpaluKIIiH)

Caxapuau Ta IOJi0IH

I'nroxo3a, MaHiT, cOpOIT, rajlakTo3a, JIakTo3a, KpOXMallb, IIIIEpUH

AgNO,/SiO,

Puc. 4. Tepmiuni neperBopeHHs1 HaHoHaroBHIoBava "Con-Jlencun”.

SEM HV: 10 kV.
View field: 1.37 pm
SEM MAG: 422kx  Date(midly): 02/21/11

WD: 9.97 mm
Det: BSE

MIRA3 TESCAN|
200 nm

a

Ag/sio,

Puc. 5. ACM-306paxenns (@) Ta POA-crektpu (6) BUCOKOAUCIIEPCHOTO KPEMHE3eMY 3 HAHOCPiOIoM.

BupoOHuuTBa 'JleHcuny', a Takok  odopmieHO
HOpMaTHBHI  JokymMeHTH: Texwiuni  ymoBu  [8],
TumuacoBuit TEXHOIOTIYHM pernaMeHT [9] Ta BUCHOBOK
JlepkaBHOI ~ CaHITapHO-EMiJEMiOIOrIYHOI ~ €KCHEPTH3H
[10].

I'a3odazne COJIbBATO-CTHMYJIbOBaHE
MexaHocopOuLiiiHe MoauGiKyBaHHS HAHOKPEMHE3eMY
HEJCTKUMH OpTaHiYHHUMH CIIOTyKaMH.

Ilpn wmexaniyHid 00poOLi Cymimi  BUXiZHOTO

HAaHOKPEMHE3eMY 3 HEJICTKMMH OPTaHiYHUMM CIIONyKaMU
(monmimepamMu 260 HU3BKOMOJIEKYISIPHUMH CIIOIYKAMH,
HAMpUKIaa OIOJOTiYHO AKTHBHUMH) B PETYIbOBaHIii
aTMoc(epi, MOJIEKY/IHM OPTaHiYHOl CIIOIYKH HEPEXOAATH 3
KOHJICHCOBAHOr0  CTaHy  (Hampukiaj,  HOJiMEpHi
YaCTHHKH) Ha IIOBEPXHIO HAHOYACTHHOK KpeMHesemy. Lle
NPU3BOOUTH  JI0  ajcopOuiiiHoro  MoaudikyBaHHS
HAHOKPEMHE3eMY HENETKUMH cronykamu. OcKiTbkn
coNbBaTalis MOJEKYI-MoAU(IKaTOpiB 1 MEXaHIYHA Jisl €



I'eomerpuuHe Ta MexaHO-cOpOIIiliHe MOAU(DIKYBaHHS. . .

TOJIOBHUMHM YWHHUKaMH, IIell MeTon OyB Ha3BaHUH SK
razogasHe COJbBATO-CTUMYJIHOBAHE MEXaHOCOPOIiiiHe
moaudikysauus (TCCMCM) [11]. 3ayBaxkumo, 10 mpu
BukopuctanHi [ CCMCM BinOyBaeThes sIK cOpO1List, Tak i
reoMeTpuuHe MoAu(iKyBaHHS HaHOKpeMHe3eMy. Sk
MoaudikaTopu OyJ0  BHUKOPHCTAaHO pi3HI  Kiacu
OpraHivyHuX CIonykK (Tabm. 1).

Cepen croyk (tabi. 1) € Taxi, o MarTh OAHYy abo
JeKibKka (DYHKI[IOHAJIBHUX MOMJIMBOCTEH, SKIi MOXYTh
OyTH BHKOpHCTaHi /s Pi3HMX MLijJed NpU HaNOBHEHHI
MOMIMEPIB /ISl YTBOPEHHS XIMIUHMX a00 (i3udHUX
3B'SI3KIB Mi’K KOMIIOHEHTaMH.

I'azodazne COJIbBATO-CTUMYJIbOBaHE
MexaHocopOLiiiHe MoanuGiKyBaHHS HAaHOKPEMHE3EMY
HEOpTaHIYHUMH COJISIMH.

[Ticnst ocamkeHHsT HEOPTaHIYHUX COJIEH Ha TBEpAy
MTOBEPXHIO METOIOM CYOJIiMaIlil Y BAKyyMi YTBOPIOIOThCS
KJactepu ab0 YaCTHHKHU COJiel, a He okpeMmi ioHU. [HOmI
1Ie MOYKe OYTH HETOJIIKOM.

Bymno mokasano, mo Meroq 'CCMCM moxke Oytu
BUKOPHCTaHUM JUIs (hOpMYBaHHSI CyOMOHOIIIAPOBOTO 200
MOHOIIIAPOBOTO  ITOKPHUTTSI MOBEPXHI HAHOYACTHHOK
KpeMHe3eMy, SKE€ CKJIAIAa€ThCsl 3 BHCOKOTIAPaTOBAHMX
ioHiB. CxemMaTu4HO Take MOIU(IKYBaHHS MOXKHA
MPEeICTAaBUTH HACTYITHUM YHHOM (pHc. 3).

HanokpemHuesemy, MoudikoBaHi pi3HUMH
HEOPraHIYHUMH COJSIMH 3 BHUKOPUCTaHHSIM METOIY
I'CCMCM, oOymu wHasBaui "Con-Hencun". Ilpu
HarpiBaHHiI TaKMX 3pa3KiB, IO MICTATH Pi3HI COJi MpHU
atMoc(epHOMY THCKY, MOXKHA 3iHCHIOBATH TEPMIYHi
MePETBOPEHHSI Ha MIOBEPXHI HAHOKpeMHe3eMy (puc. 4).

PesysnpraTi mociikeHb 3pa3kiB METOAaMHU aTOMHOI
cwoBoi  mikpockomii  (ACM) Tta peHTreHO()a3oBOro
anamizy (P®A) cBiquats npo meperBoperns comi AgNO;
Ha HAHOYACTUHKH cpibia (puc. 5).

Byno mokazaHo, 1m0 SKIIO Ha  TOBEPXHIO
HAHOKPEMHE3eMy HaHecTH pi3Hi comi (Hampukian,
AgNO; i NaCl), To mpu IIiIBPHUX KOHTAKTaX MiX HUMH
BOHM MOXYTh pearyBatd iN Stu 3 yTBOpEHHSIM HOBHUX
conyk (Hampukian, AgCl i NaNOy).

Po3po0sieHO TMIJIOTHY TEXHOJIOTII0 BHPOOHHIITBA
"Con-/leHcun" Ta OTPUMaHO HOPMATHUBHI JOKYMEHTH:
Texuiuni ymoBu [12], TumuacoBWii TEXHONOTIYHUI
permament [13], a Takok BHCHOBOK JlepikaBHOI
CaHiTapHO-eMiIeMioNoriuHol ekcriepTu3u [14].

Taxum  ymnoMm, wMerogq I'CCMCM  no3Bonsie
MepeBecTH HEOpraHiuHi cojli B HAaHOPO3MIPHHH CTaH,
SKAA € OUIbII AaKTHBHAM, HIK MOHOJITHHH, 1 I
HAHOHAIIOBHIOBaYl MOXYTh OYTH BUKOPHCTaHI st
PI3HUX IOJIIMEPHUX CHCTEM.

BucHoBkn
Byno po3pobieHo METoaU razogasHoro
T€OMECTPUIHOI'O Ta COJIbBATOCTUMYJILOBAHOI'O

MeXaHOCOpOLIHHOro Moan(iKyBaHHS HAHOKPEMHE3EMY
Ui ofiepKaHHS eeKTUBHHX  (PYyHKIIOHATI30BaHUX
HAHOHAIIOBHIOBAYIB Ul PI3HUX TOJNIMEPHUX CHCTEM.
Jns MoaudikyBaHHS HaHOKpEMHE3eMy, SIK HaiOUIbII
€(pEeKTUBHOr0O HAaHOHAIOBHIOBaYa pI3HUX MOJNIMEpIB,
MOXXHa  BUKODUCTOBYBAaTH  HEJNETKIi ~ BHCOKO- 1
HU3BKOMOJICKYJISPHI opraHivni (momimMepu, 0ioakTHBHI
CITONTYKH, OPTaHiuHi COJIi) CIOIYKH Ta HEOpraHiuHi Coi.

Poboma euxonana sa niompumxu Mixcnapoonozo
Buwezpaocokozo ¢pondy (konmpaxm Ne 51810072).

Boponin €II. — noktop XIMIYHHX HayK, 3aBiayBad
naboparopii Moan(ikyBaHHS IOBEPXHI OKCHUIIB;
Hocau JI.B. — xaHmumar XiMIYHAX HayK, CTapIIdi

HAyKOBHH CHIBpOOITHUK Jaboparopii MoaudikyBaHHS
MIOBEPXHi OKCHUJIIB;

ITynbko B.M. — jokrop XIMIYHHX HayK, JOKTOD
ra0uriToBaHu#, npodecop, 3aBiayBad BiUIiTy aMOp(HUX
i CTPYKTYPHO BIIOPSITKOBAHHUX OKCHIIB;
Xapmac b. — jokrop raOiLTiTOBaHHN
XpomaTorpaivHUX METO/IB.
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Methods of geometric and solvate-stymulated mechano-sorption-activated modification of fumed nanosilica
in the gaseous dispersion media were developed and used to prepare functionalyzed nanofillers for polymeric
systems. Non-volatile high- and low-molecular weight compounds (such as polymers, organic bioactive
compounds, organic and inorganic salts) can be used as modifiers of nandfillers.
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I ntr oduction

The development of modern technology, especialy
high technology, creates the need for eaboration of
materials and coatings with improved physico-chemical
properties. The solution to this problem has led to the
creation of various methods for the production and
application of metal coatings, such as vacuum
sputtering, cathode sputtering, ion-plasma sputtering,
chemical deposition, etc. One of the most technologically
simple and cost-effective methods is e ectrodeposition.
Practice has shown that the most effective method for
obtaining electrolytic coatings in comparison with direct
current sputtering is the use of pulse current [1], which is
characterized by such parameters as frequency, duty rate
and shape of impulses.

The control of these parameters in the process of
electrocrystallization can influence the structure of the
coatings formed, which makes it possible to significantly
expand the spectrum of properties of alloys compared to
the alloys obtained using direct current, or significantly
improve the existing ones.

In the process of unsteady eectrocrystallization, the
formation of non-equilibrium and metastable structuresis
possible; they are similar to those that arise as a result of
quenching of alloys from a liquid state [2, 3]. These
metastable structures include the amorphous structure.
Alloys with such a structure represent a new class of
industrial materials intended for use in moden
technology devices.

27

|. Experimental technique

For the production of iron-nickd films, we used a
sulfate eectrolyte that had the following composition
(g/): NiSO,-7H,0O - 180, FeSO,-7H,0 - 60, H3;BO; - 8,
NaCl - 8, pH =3-3.5. The correction of acidity was
carried out by adding 5% solution of sulfuric acid. The
deposition was carried out at a temperature of 293 -
298 K by rectangular current pulses with a frequency of
30 - 1000 Hz and a duty rate from 2 to 32 with a congtant
average current density jo, = 1.5 A/md?. The registration
of the time dependences of the pulse current and the
electrode potential was carried out using a two-beam
oscilloscope C1-68 in the eectrochemical cell YCE-2.
The thin structure of the films was determined on an X-
ray diffractometer DRON-3 in monochromatic Co K,
radiation.

The alloy microstructure was investigated with the
metall ographic method using optical microscopes “MIM-
8" and eectron microscopy using scanning-electron
microscopes “REMMA  102-2", “JSM-35" and
transmission e ectron microscope “EMV-100L".

1. Results and discussion

One of the conditions for the emergence and growth
of film coatings from a liquid or gaseous phase is the
creation of non-equilibrium conditions at the crystalline
phase liquid (gas) interface A measure of
nonequilibrium  for such  conditions can be
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supersaturation. The magnitude and time variation rate of
which will affect the size and speed of the emergence of
new phase nuclel, and accordingly the structure and
morphology of the surface in theresulting films.

In the case of dectrochemical separation of metals
and adloys from eectrolyte solutions, cathode
overvoltage can act as supersaturation - # (V), which can
be numerically defined as the difference between the
values of the current (E) and equilibrium (E) cathode
potentials (

The connection between supersaturation and
overvoltage on the cathode [4] hasthe following form:

S==n 1)
RT
where z — valency of deposited metal; F — Faraday
constant.

From this relationship, it can be seen that with the
growth  of  overvoltage, and,  consequently,
supersaturation, the non-equilibrium of the crystallization
process increases; it will rise proportionaly to the
shortening of time for the cathode potential maximum
deviation from its equilibrium value.

The use of pulse unipolar current in the
crystallization process at a fixed average densty jg,
allows to obtain high amplitude (instantaneous) current

densities at the impulse moment, by reducing the pulse
duration and increasing the pause time. Due to the very
little time for the charge to flow through the electrolyte,
this leads to the fact that the discharge of metal ions
proceeds at more negative values of the cathode
potential, in comparison with the conditions of stationary
electrolysis. During the current pause, depending on its
duration, there is a complete or partid alignment of the
ion concentrations in the cathodic region due to their
movement from the eectrolyte volume. The shorter the
impulse, the closer the diffusion front to the surface of
the cathode, and the faster the alignment of the
concentration of discharging ions.

From the time-overvoltage dependencies on the
cathode (Fig. 1-3), it can be seen that with increasing
freqguency and decreasing pulse current duty rate,
overvoltage ripple dies out and the electrocrystallization
process becomes similar to stationary.

The higher the supersaturation, the smaller the
nuclesating centers at a faster rate arise on the cathode at
the impulse moment. The relationship between the
magnitude of the overvoltage and the size of the crystal
nucleus arisng [5] isasfollows:

n.VA
1
-0.3+
i/
-0.2
2
-0.1
/
10 20 30 40 50 60 7.0 tme
Fig. 1. Overvoltage change on the cathode during the pulse current period:
1f=200Hz, Q=8;2—-f=200Hz, Q=4.
n.VA
10 20 30 40 50 60 70 bme

Fig. 2. Overvoltage change on the cathode during the pulse current period:
1f=500Hz, Q=4; 2-f=500Hz, Q=2.
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Fig. 3. Overvoltage change on the cathode during the pulse current period:
1f=1000Hz, Q=4; 2-f=1000Hz, Q=2

20V

Ter = Somen )
where ¢ — surface tension coefficient; V — metal mole
volume emitted on the cathode.

The formula does not include the complete
overvoltage, but only part of it, connected with the
crystallization process, which, according to the authors
[6], isthe following of thetotal value:

Ner = 0,104 €)

Strongly non-equilibrium crystallization processes
leading to the formation of a fine-crystalline structure
can aso be observed in metallurgy in the quenching
process or at ultrafast cooling rates of metals and alloys
in a liquid state, with the possibility of formation of
metastable states in them. In this case, the size of the
critical nucleus formed in the liquid phase depends on the
degree of its supercooling [7] as follows:

2yTer
Ter = ap 4
where y — specific free surface energy; T — equilibrium
crystallization temperature, L — latent heat of
crystallization per unit volume; AT — melt supercooling
degree.

By equating the formulas (2) and (4) and taking into
account that o and y are numerically equal to each other,
arelationship can be obtained between the crystallization
overvoltage on the cathode responsible for the size of
critical nucle, the solid phase being formed, and the melt
supercooling degree, at which crystalline nuclei of the

same size are formed (5).
TerzF

AT == Mer (5)

Having determined the time interval of the
overvoltage rise from the oscillographic curves at the
impulse action moment for different deposition
conditions, we calculated the melt supercooling rate
equivalent to them. The calculations showed that the
critical nuclei formed (9-14 nm) a large cathode
overvoltages (0.4 - 0.5 V) correspond to the cooling rates
1.10° - 3-10° K/s. At such cooling rates, in the case of
quenching from a liquid or gaseous state, metals and
aloys are characterized by a fine-crystalline structure or
its compl ete absence (amorphous state).

According to X-ray diffraction analysis, on a direct
current, iron-nickel electrolytes on the cathode form
films with an equilibrium, low-defect structure, whose
mosaic block sizes are about 250 - 280 nm [8]. The

transition to pulsed current deposition, due to
ungteadiness of the processes of nucleation and growth of
crystals, led to decreased sizes of the coherent scattering
regions (CSR) (Fig. 4).

At frequencies of 1000 Hz for a duty rate of 2-4, the
block sizes were 180 - 200 nm, which is comparable to
the CSR size at a constant current. The increase in
supersaturation on the cathode as aresult of adecreasein
the pulse repetition frequency of unipolar current to 30 -
100 Hz and an increase in the pause between them
(Q=16-32) leads to the increased number of
crystallization centers on the cathode surface. The linear
growth of the formed nucle due to the concentration
limitations of the ions of the discharging metas and the
solution ion depletion in the surrounding crystal zone
decreases. This, in turn, leads to the formation of a fine-
crystalline structure, with decrease in block sizes to 40 -
60 nm.

In the framework of the classical theory of
nucleation, V.M. Kozlov [9] calculated the work of the
formation of two-dimensional nuclei in a normal and
incoherent position relative to its own substrate,
depending on overvoltage value. According to
calculations, it was found that, starting from some
overvoltage, exceeding a certain critical one, incoherent
nucleation becomes possible. The established
relationship between crystallization overvoltage and the
subgrain-boundary angle showed that an increase in the

D.nm

200
150
100

50

1.5 2 25 3 g £, H

Fig. 4. Dependence of iron-nickel aloy mosaic block
sizeon frequency: 1-Q = 32, 2-Q =16; 3-Q=4.
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Fig. 5. Structure of iron-nickel aloy in cross section
deposited with unipolar current at 1000 Hz
frequency.

Fig. 6. Structure of iron-nickel aloy in cross section
deposited with unipolar current (f = 100 Hz, Q = 32).

Fig.7. Surface of Fey,3Nis;; dloy obtained with
direct current.

metal deposition overvoltage on the cathode leads to an
increase in the boundary angle. In this case, the distance
between the did ocations forming the subgrain boundary
decreases, which should lead to increase in their density
in the cystal. The reason for the appearance of
dislocations in some cases is also the difference in the
lattice parameters of growing nucld. In the places where
these nuclei grow together, the appearance of defects, in
particular, didocations, plays the role of a compensator
for such discrepancies.

To establish the patterns and characteristics of the
internal  structure of the formed metal films under
ungteady nucleation, they were studied using the methods
of metalography and  electron  microscopy.
Metallographic studies of the end sections of dectrolytic
alloys showed that with an increase in supersaturation
(cathode polarization) at which the formation of metal
films occurs, the nature of their growth changes.

Normal growth (a close-packed face was located
normal to the substrate surface) of the nuclel was
observed in the coatings obtained at a constant current
and at frequencies of 1000 Hz and more (Fig. 5).

During the transition to the pulsed current
deposition, a change in the nature of crystal growth was
observed in the film structure. Due to the decrease in the
concentration of ionsin the cathoderegion, aswell asthe
occurrence of periodic processes associated with
hydrogen evolution and electrolyte alkalization in the
cathode region, followed by the formation of hydroxides
and their adsorption on the faces of growing crystals, the
columnar growth was suppressed and layer-by-layer
growth of coatings became dominant (Fig. 6).

The layering of two-dimensona nucle formed
under these conditions produced a multilayer or
“package’ of growth, the thickness of which depended
on the degree of supersaturation. As the devel opment of
this multilayer proceeded along the normal, its tangential
growth occurred aong the cathode surface. As the
“package’ reached the cathode edge, the formation and
growth process was repeated. The thickness of the layers
in the coating, with increasing supersaturation, varied

Fig. 8. Surface of FessgNigsy alloy obtained with
pulse current (f = 200 Hz, Q = 8).

Fig. 9. Surface of Feyp3Ni,g7 alloy obtained with the
pulsed current (f = 30 Hz, Q = 32).
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from 0.3-0.6 um t0 0.05- 0.1 pm.

The periodicity of growth processes resulted in the
formation of crystals consisting of many layered-type
sub-grains on the cathode [10]. Electron-microscopic
studies of the surface morphology with the help of coal
replicas indicate that small polarizations form alloys with
a clearly pronounced grain structure (Fig. 7), in which
crystallites of relatively regular form are found.

An increase in overvoltage leads to the fact that the
size of crystals decreases, their shape changes, and they
are fragments of irregular shape with stepwise faces,
which indicatestheir layer-by-layer growth (Fig. 8).

The subsequent increase in overvoltage leads to the
fact that the grain fragments are crushed to such an
extent that their sizes become commensurate with the
size of the mosaic blocks (Fig. 9), the structure is
characterized by high disperson with an implicitly
crystalline structure [11].

The study of the substructure of metal films showed
that with increasng supersaturation, the dislocation
density increases from 10° cm? with small overvoltages
(0.05-1 V) to 10" cm 2 in “hard” deposition conditions
(0.45-0.55). In coatings obtained on constant and
unipolar currents with a frequency of 1000 Hz, we
observed the formation of subgranular polygonal-type
boundaries, which consisted of edge-disocation and
screw-disocation network forming torsion boundaries,
the fragment-boundary inside the grain did not exceed 1°-

2°. Within the fragments, microtwins and packaging
defects were reatively rare. The bulk of structural
imperfections was concentrated in interblock and
intergranular regions.

Conclusions

1 The non-equilibrium crystallization processes
occurring during non-dationary electrolysis, and the
magnitudes and rates of change of supersaturation on the
cathode created by them at the time of the current
impulse, in their effect on the aloy structure are
equivalent to the supercooling rates that occur during
metal quenching.

2. While increasing the supersaturation degree at the
crystallization front, the cathode coating growth
mechanism changes from normal to tangential one.
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CTpykTypa 3a/1i30-HiKeJeBUX NOKPUTTIB, OTPMMAHMX IMIIYJIbCHUM CTPYMOM

Jninposcokuii HayionanbHutl yHigepcumem 3ani3HU4HO20 MpaHcnopmy, iM. akao. B. Jlazapsina,
eyi. Akao. B. Jlasapsana, 2 49010 [Jninpo, Yrpaina, art_vw@ukr.net

[pencraBneHi pe3ynbTaTH JOCTIDKEHHS CTPYKTYPH IDTIBOK 3aJ1i30-HIKEJIIEBOTO CIUIAaBY, OTpPHMaHi Ha
IMITyJIbCHOMY YHIIIOJISIPHOMY CTpyMi 3 pO34MHY enekTpoinity. [loka3zaHo, o B yMoOBax HecTalliOHapHOI
€JICKTPOKPHUCTANI3allil Ha KaTOAi NPOTIKAIOTh MIPOLECH, sIKi IPU3BOAATH 10 GOPMYBAHHS CHIIBHO HEPiBHOBAXKHUX
CTPYKTYp 1 3MiHHM XapaKTepy POCTy IOKPUTTS 31 CTOBOYACTOro Ha MOIIAPOBE.

KurouoBi ci10Ba: HecTalioHapHUI €JICKTPOIIi3, KATOIHE IIEPEHANPYKEHHS, II0IIApOBE 3POCTaHHS, IIIIBbHICTh
JIUCIIOKAILH, OJIOKH MO3aiKH.
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JocnimxeHo  0COOJIMBOCTI  CTPYKTYPHHX,

KIHETHYHHMX

Ta CHEPreTUIHUX XapaKTCpUCTUK

HAaIiBIPOBITHUKOBOro TBeproro pozumHy ZriVyNiSn (x=0-0,10) B inrepBani temnepatyp 80 - 400K.
ITokaszano, mwo yBexeHHs atoMiB V (ry =0,134 HM) y crpykTypy cnomyku ZrNiSn muisixom 3amiiueHHst Zr
(rz = 0,160 HM) CyIpOBOMKYETHCS HEOUiIKYBAHHUM 301IBIICHHSM 3HAUYCHb MEPIOLy €IEeMEHTapHOI KOMIpKU a(x)
Zr1.4V4NiSn, Bka3yrour Ha HEIIPOrHO30BaHi CTPYKTYpHi 3MiHu. Ha ocHOBI aHami3y mBuakocti pyxy piBHs ®epmi
Aeel Ax Zr1.,VNiSn y HampsiMi 30HM IPOBIAHOCTI 3p00JIEHO BUCHOBOK IIPO OJHOYACHE I'€HEPYBaHHS Y KPHUCTAi
CTPYKTYpHHX HAedeKTiB IOHOPHOI Ta AaKUENTOPHOI HPHUPOAM (TOHOPHO-aKLENTOPHI MapH) 3a HEBIIOMUM
MEXaHi3MOM, SIKi IOPOJKYIOTh BiANOBIHI €HepreTHyHi piBHI y 3a00pOHEeHil 30H1 HaMiBIPOBiJHHUKA.

KurouoBi ci10Ba: TBepMii po3unH, €IEKTPOIPOBIHICTD, KoedillieHT TepMo-epc, piBeHb Depmi.

Cmamms nocmynuna 0o pedakyii 24.01.2019; npuiinama oo opyky 15.03.2019.

Beryn

Baxxusicth JTOCITI JKCHHS MEXaHi3MiB
€JICKTPONPOBITHOCTI TEPMOCICKTPUYHUX MaTepialliB Ha
OCHOBI IHTEpMeTaliYHUX HamiBIpoBimHuUKiB N-ZrNiSn, n-
HfNiSh  ta n-TiNiSh moB's3ama 3 TuM, 110
TEPMOCTICKTPUYHI ~MaTepiaii Ha OCHOBI 3TraJaHHuX
HAITIBIIPOBIIHUKIB BOJIOJIIOTH BHCOKOIO €(PEKTUBHICTIO

MIEpEeTBOPEHHSI TEIUIOBOI €Heprii B €JIEeKTpUYHy, a
onTHMi3amisi  TXHIX ~ XapaKTEepPUCTUK  3IIHCHIOETHCS
BiJIMOBiIHUM JieryBaHHsM [1, 2].

Kpucraniuna CTpYyKTypa IHTepMeTaTIYHIX
HAITiBIPOBITHUKIB JIOCIIDKEHA aBHO. IIpore,
aHaJTI3yloun pe3ynbTatu JIOCITiJPKEHb

HAITIBIIPOBIIHUKOBUX TBEPJUX PO3YMHIB Ha OCHOBI
HamiB-I'eficnepoBux (a3 Mu BuUSBWIM pi3HHUIO (Ha
HOPSIIKM) MDK — pE3YIbTaTaMH  eKCHePUMEHMATbHUX
8UMIpIO6aHb, HANIPUKIAZ, 3HAUCHb EJIEKTPOONopy 1
Koe(illieHTa TEepMO-epC Ta 3HAYCHHAMHU MOOeT0BANHSI
LUX XapaKTEpUCTUK 3 PO3paxOBaHOI EJIEKTPOHHOI
CTPYKTYpH. 3a3HayMMoO, IO B OCHOBI PO3PaxyHKY
€JIEKTPOHHOI CTPYKTYPH OY/b-SIKUM METOJIOM € KOPEKTHA
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nobynoBa KoMipku Birnepa-3eiitna B 0OepHEHOMY
MPOCTOPI, 5Ka € MepIor 30H0r0 bpimmoena [1]. [HmuMu
CJIOBaMH, CTYIIHb BiIIOBITHOCTI MOIENI KPHUCTATIUHOI
CTPYKTYpH peasbHOMY CTaHy MIPOCTOPOBOTO
pO3TalllyBaHHS aTOMIB y By3iax peuntkd (abo IXHBOI
BiJICYTHOCTI BakaHCil) BH3HAYAaTHME CTYIIiHb
BIJIIOBIAHOCTI XapaKTEPUCTHUK HAITIBIIPOBITHUKA,
OTPUMaHUX NUIIXOM  MOJIENIOBAHHS,  pe3ylbTaramM
eKCIIePUMEHTAIbHUX BUMipPIOBaHb.

[lo € npuumHOM TaKoi HE NPOTHO30BAHOCTI Ta
HEB1INOBIAHOCTI?

Amnanizyroun giarpamy (a3oBUX pPiBHOBAI CHCTEMH
Zr-Ni-Sn aBtopu [3] 3BepHY/HM yBary Ha Te, IO MOPSA 3i
cionykoro ZrNiSn (¢asa wmamis-I'eficiepa, mp. rpyma
F43m) icuye cropimmena iii cromyka ZrNioSn (dasa
Teiiciepa, np. rpyna Fm3m) [4]. Bixcyrricts rentpa
cumetpii  y ZrNiSn  chnpuyuvHeHa — KOBaJCHTHHMHU
3B’ I3KaMU MK aToMaMy, 10 TIOPOJIKYE
HAITIBIPOBITHUKOBI BJIACTUBOCTI, a Takox (opMye B
eJIEMEHTapHIA KoMipii 00'eM, 1o ckiamae ~24 % Bin
3aralbHOTO, He3aWHATHH aToMamu  (TeTpaempuyHa
mycrora) (puc. 1, @). Ilig TepMiHOM «cnopioneHicmb»
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Puc. 1. Tpaunchopmarist kpucTatiunoi crpykrypu crionyku ZrNiSn (a) B ZrNi,Sn (6) npu akymynoBanHi
HaUTHIIKOBUX aToMiB Ni y TeTpaepuyHUX MycTOTaX CTPYKTYypH (3aitHsaTrs Vac aromamu Ni).

pO3yMitOTh HACTymHE. KOO0 NPUIYCTHUTH, MIO I
MYCTOTH 3aiHATI atoMu HaiiMenmoro posmipy Ni i
pO3IJIAIaTH MyCTOTY K Bakaucito (Vac) y moswmmii 4d
¢asu Teiicinepa, To 3anoBHeHHss atoMmamu Ni mosumii 4d
npuBelne 00 3MIHM CHUMeTpii 1 peawizamii 3a NHEeBHHX
kouteHTparii Ni corxyku ZrNi,Sn (puc. 1, 6).

Y  pe3ympTaTi  KOMIUIEKCHOTO  JOCIIDKEHHS
KPHUCTaTIYHOT Ta €JIEKTPOHHOT CTPYKTYD,
TEPMONUHAMIYHUX, KIHCTHYHMX Ta CHEPreTUYHHUX
XapaKTEePUCTHK HAITBIPOBITHUKOBOT'O TBEPAOTO

posunny ZrNip,RhSN BHsABIEHO CKIaAHI 3MiHH Yy
KPUCTaIiUHil Ta eNeKTPOoHHi# cTpykTypax [5, 6], ocHOBY
SKAX CKIIAJa€ OJHOYACHE TEHEPYBAHHS CTPYKTYPHUX
ne(heKTiB aKIenTopHOi Ta TOHOPHOI mpupou. [TokasaHo,
mo B ZrNipRh,Sn eHepreTHyHO IOIIIBHUM € 3aMHATTS
atomamu Rh (4d%5s') kpucranorpadiunoi mosumii 4c
aromie Ni (3d°49), mo remepye crpykrypri medextu
akrenrroproi npupoau (y Ni Oinbiie S-eneKTpoHiB) Ta
MOPOKYE Y 3a0OpOHEHIH 30HI JOMILIKOBY aKIENTOPHY
30HY eAl. OnHOYacHO 4YacThHA BUTiCHEHHX aTtoMiB Ni
AKyMYITIOEThCS Y TETPACAPUYHHUX MyCTOTaX (BaKaHCisx),
TEHEPYIOUYH CTPYKTYPHI JieheKTH TOHOPHOI IPUPOIH, a B
3a00pOHEHIH 30HI 3'SABISIEThCS TIIMOOKA JOHOPHA 30HA
SDZ.

3rigHO MONEpPEeAHiX AOCHIPKEHh BCTAHOBIICHO, IO
CTPYKTYpa 6a3o0Boi CITOTYKH ZrNiSn €
HEYTOPSAKOBAHOK y pe3ynbTari yacTkoBoro, no ~1 %
(z=0,01), saitusrrs atomamn Ni (3d%4S%) mosuuii 4a
aTtoMiB Zr (4d2 55 ), IO TeHEpYE CTPYKTYpHi aedeKTH
JIOHOPHOI TIPHPOIHM i BiATOBIAHY TOHOPHY 30HY £p" (y Ni
Oinbiie d-enexTpoHiB), a popMyIia CIIOIyKH HaOepe BUAY
(Zr1 Ni)NiSh [3].

OcranHi JIOCITiPKEHHS HAITiBIIPOBITHUKOBUX
TtBepaux posumHiB TiNiSn,,Ga, [7] ta ZrNiSh,.,Ga, [8]
BUSIBIJIM HEBIZIOMHH paHillle MeXaHi3M TeHepyBaHHS
CTPYKTYpHUX JIeheKTiB JTOHOPHOI MNPUPOAH, SIKHH
nepenbayae MosBY BakaHCii y mosuiii atomis Sn (4b).
BceranoBneHo, 1o y Bunajky jeryBanss N-TiNiSn ta n-
ZrNiSn atomamn Ga (4s4p') muisixom samimenss Sn
(55°5p?) B omwiii i Tiii e kpucTanorpadiumiii mosuuii 4b
OJIHOYACHO TEHEPYIOThCA K Je(eKTH aKIenTopHOl
npuponu (Ga Bonojiie MEHIIIMM YHCITIO p-eJIeKTPOHIB, HiX

Sn), Tak i JOHOPHOI Yy BUIJISA/I BaKaHCil y MO3MILT aTOMiB
SN, xoHIEHTpalis SKUX PocTe MpH 30UIBIICHHI BMICTY
Ga, a HamiBNPOBIJHUKU CTAlOTh CHJILHO JIETOBAHUMH Ta
cwibHo kommencoBanumu (CJICKH) [9]. Takwmii, Ha
MIepIIUi TOTJIS, HEOUiKYBaHUIM PE3YNbTAaT € JIOTTYHUM,

ajpKe CTIHKICTB CTPYKTYpH Ta TIPUHIIATT
eneKTpoHedTpanpHocTi  Kpuctamie - TiNiSn; Ga, Ta
ZrNisn,,Ga, 3a yMOBM TIOSBH 3HAYHOI'O 4YHCIIA
aKIETITOpiB (NA®?=~ 3-10% cv®) 3a0e31euyeThes
TeHEPYBAaHHAM  CTPYKTYPHHUX  Ae(eKTiB  JTOHOPHOI
NpUpoaH, ePEeKTUBHUIN 3apsaa SKMX € MPOTHIEKHUM. Y
TaKOMYy  BHIAAKY, (OPMYIH TBEPAUX  PO3UYMHIB

HaOyBatoTh BUy TiNiSny..,Gax Ta ZrNiSn,.,.,Gay ne y —
KOHIIEHTpAIIisl BakaHCiil y mo3utiii 4b atomis Sn.

Y naHOMYy KOHTEKCTI BHHHKA€ 3allUTaHHS, YOMY Y
BUMAAKy YyBemeHHs y croomyky ZrNiSn aromie Rh
(rrn = 0,134 HM) yacTHHA aTOMIB HAHMEHILIOrO PO3MIpy
Ni  (rni = 0,124 um) 3afiMae TeTpaeJpudHi MYCTOTH,
TeHEepYIOUM JIOHOPH, a Y BUNAJKy yBeneHHs atoMiB Ga
(rca=0,141uM) meit MexaHi3M He imeHTH(IKOBAHO?
Po3mipHui, 3apsaoBUi UM iHIII (haKTOPH BU3HAYAIOTH
croci0  reHepyBaHHS — CTPYKTYpHHX  AedekTiB y
HAITIBIIPOBIIHUKOBUX TBEPAWX pPO3YMHAX HAa OCHOBI
HamiB-I'eiicnepoBux a3, ¢opMyoun  eNeKTPOHHY
CTPYKTYPY Ta MEXaHi3MHU €JICKTPOTPOBITHOCTI ?

[Momryky BiAmoBieli Ha TOCTaBJICHI IHMTaHHS
MPUCBSYEHO  TEpUIMH  eKCIIEPUMEHTaJbHUK  eTan
JIOCII/DKEHHSI MEXaHI3MIB T'eHepyBaHHS CTPYKTYPHHUX
nedektiB 'y N-ZrNiSn mpu neryBanni atomamu V
(rv = 0,134 um) untsaxoM 3amimeHts Zr. OCKiJIbKA aToM
V (3d*4s”) mictuth Ha omuH d-eekTpoH Ginblie, Hixk Zr,
T0 y ZriVyNiSn ToBHHHI TeHepyBaTHUCS CTPYKTYpHIi
ne(eKTH JOHOPHOI MPUPOIH, a B 3a00POHEHIH 30HI MaB
Ou 3'SBUTHCSA BIIIOBIMHHHA JOMIIIKOBHHA JOHOPHUU
piBeHb. 3ayBaxkumo, 1o atomHi pamiycu Rh ta V €
OJTHAKOBHMH, OJTHAK PI3HHM € cHoci0 IXHBOTO YBEIECHHS
y MaTpHIIIO CIIOIYKH.

|. MeToauKH TOCTiKEHHA

3pasku TBepaoro po3unHy Zri4V«NiSn cunresoBano



I[OCJ'IiI[)KeHHH CTPYKTYPHUX, KIHETHYHHUX Ta CHCPTETUIHUX BJIACTUBOCTEH. ..

IDISXOM CIUTABIISHHS IMUXTH BHXIJIHUX KOMIIOHEHTIB
(BMicT ocHOBHOrO KOMIOHeHTa He MeHre 99,9 mac. %) B
eNIEKTPOAYTOBii Teuli B iHepTHI armocdepi 3
HACTYITHUM TOMOTEHI3YI0UUM Bi/IMATIOBAHHIM
Bopomoxk  720rom  3a  Temmeparypu 1073 K.
PentreHoga3oBuii  aHaji3 3pa3KiB  MPOBOTWIH 3
BuKopHucTanHaM mudpakromerpa DRON-4.0 (FeKa-
BUIIPOMIHIOBAHHS). Jus PO3paxyHKy
KpucTanorpaiyHuX  mapaMeTrpiB  BUKOPHUCTOBYBAIIU
komruieke mporpam Fullprof [10]. Ximiunuii ta da3oBuit
CKJNaM 3pa3KiB  KOHTPONIIOBAIM 33  JIONIOMOTOIO
MertanorpadiqHoro aHajmizy (CKaHyrOUYHil eIeKTPOHHHI
Mmikpockon PEMMA-102-02). Jlns 3paskiB TBEPAOrO
posunny Zr;V,NiSn BuMmiproBanu TeMmIepatypHi i
KOHIICHTpAIIIHI 3aJI&KHOCTI MUTOMOTO EJIEKTPOOIIOPY
(), xoedimienta Tepmo-epc (o) BiAHOCHO Midi B
intepBaini temneparyp 7= 80—400 K Ta xoHueHTpamii
Np’ = 3,8:10" em™ (x = 0,005) + 1,9-10% em™ (x = 0,10).

1. JocaimkeHHs1 KpucTagaorpagpivHux
XapakTepucTuk Zr1,V,NiSn

PenrreniBcbki (pa3oBUil Ta CTPYKTYPHUH aHalli3u
mokaszanu, 1o audpakTorpamu 3paskiB  ZryVyNiSn
IHAEKCYIOTbCsL Y  cTpykTypHomy Tumi  MQAQAS
(mpoctopoBa rpyma F-43m) [4] 1 He MicTaATh crifiB
nomimkoBux (a3. MiKpO30HIOBUI aHasi3 KOHIIEHTpAIlii
aTOMIB Ha TIOBEPXHi 3pPa3KiB MOKa3aB TXHIO BiIOBIIHICTh
ckmany mmxtd. Ockimbku atomuuit pamiyc Vo (ry =
0,134 um) € meHmmM 3a takuid y Zr (rz = 0,160 um),

OYiKyBaJoCs 3MEHILIEHHS 3HAYEHb nepiony
eneMeHTapHOi KoMipku a(x) ZriViNiSn. Omnak,
pe3yNbTaTH  CTPYKTYPHHX  JOCTimKeHb Zr1,V,NiSn

BUSABWIM YiTKy TeHJIEHIiI0 g0 pocty a(x) (puc. 2)
noHaimenie g0 3Havyens x = 0,07.

Taka mnoBenmiHKa mepiogy eIeMEHTapHOI KOMIipKH
a(x) Zri4V,NiSn BusBWiIacs  HEOUiKyBaHOW, a
YTOUHEHHS  KPUCTAJIIYHOI  CTPYKTYpH  BHACIIIOK
HE3HAYHOI'0 BMICTY JIOMIIIKH, KOHIIGHTpAIls SKOI €
JAJeKo 3a MeXaMH TOYHOCTI TpWiIamy, HE Jalio
OJIHO3HAYHOI BIJITOBIII HA CIOCIO BXOMKEHHS aToMiB V
y Matpumio cronyku ZrNiSn. Lleit excriepuMeHTaaIbHUI
pPE3YABTAT € TEPIIOK BAXKIMBOIO O3HAKOIO TOTO, IO Y

0.61154 Zr, V NiSn —

/7

0.6114- g

0.61134

0.61124

a (nm)

0.61114

0.6110+

0.6109 T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10

x (V)
Puc. 2. 3miHa 3HayeHb TMepiofy eJIeMEHTapHOL
KOMIpKH a(x) Zr1.4VNiSn.

CTPYKTYpi HamiBmpoBigHuka Zri4V4NiSn BigbOyBaroThcs
3MiHHM, SKIi HaMW He mependadamucs i ki OyayTh
JOKEPEJIOM CTPYKTYPHHX Je(EeKTiB, 10 BHU3HAYaTUMYTh
Horo BiactuBocTi. Tol ¢axT, M0 y KOHIEHTpauiiHOMY
miamazoni x =0,07—0,10 3HavyeHHs Tmepiogy HE
3MIHIOBAJIOCS, MOXKE  CBIJUHTH TIPO  OOMEKEHY
po3umHHICTH V' y MaTpHIi HaIliBIOPOBIJHUKA, IIO MOXE
CIPUYMHUTH TOSBY HE3HAYHOI KIJIBKOCTI MeTajJiuyHOl
¢a3y, Ky MU He ieHTU(IKyBaIH.

Pict 3anexnocti a(x) ZrixVi\NiSn MOXIUBHIA,
HAIPHKJIAJ, 32 YMOBH HEOUYIKYBAaHOTO 3aHHATTS aTOMaMHU
V kpucranorpadiqHoi mo3uiii 4c MEHIIUX 332 PO3MipOM
atomie Ni  (ry=0,124uMm). V' takomy pasi y
kpuctanorpadiynii nosunii 4c OymyTh TeHEpyBaTHUCS
CTPYKTYpHI Je(eKTH aKIeNTOPHOI IPUPOAH, OCKIIBKH Yy
Ni (3d°4s?) Ginbwe 3d-enexrponis, mix y V (30°4s9). 3
iHIIOTO OOKY, Y pa3i 3aitHATTs BuTicHeHMMHU atomaMu Ni
TeTpaeApUYHUX IIyCTOT CTPYKTYpH, SK me Oyno y
BUIIAJKY ZrNiy.4Rh,Sn [5, 6], y KpHCTai
TeHEpYBAaTUMYThCSI ~ TaKOX  CTPYKTypHI  nedektu
JIOHOpHOI Tpupomy. SIK pe3ynbTar, OTPUMaHi 3pa3KH
Zr1,V4NiSn 6ynyts CJICKH [9].

[11. JocainzkeHHss KiHeTUHYHHUX Ta

CHEPreTHYHUX XaPAKTCPUCTHK
Z r 1—XVXN i Sn

TemneparypHi Ta KOHIIGHTpAIiHI  3aJICKHOCTI
MTUTOMOT'O €JICKTPOOITIOPY p Ta KoedillieHTa TepMO-epc o
Zr1V«NiSn naseneni Ha puc. 3 ta 4.

Zanexuocri INp(UT) ta a(UT) Zr1VNiSh (puc. 3) €
TUIIOBUMHU  JUISi  CHJIBHO JIETOBAaHMX Ta  CHIIBHO
KOMIICHCOBAHMX  HamiBOpoBiAHWKIB [9], a HasBHI
aKTHBALlilHI JIJISIHKA BKa3ylOTh Ha KiIbKa MEXaHi3MiB
nepeHocy 3apsay. TakuMu MeXaHi3MaMHu € aKTUBallis
HOCITB cTpyMy 3 piBHSI DepMi &r y 30HU HellepepBHHUX
eHepriii  (BHCOKi  TemmepaTypu) Ta  CTpHOKOBa
MPOBIJIHICTh 10 EHEPreTUYHHMX CTaHax, OJU3BKUX [0
piBas @epmi &r (HH3BKI TeMIepaTypH). 3aleKHOCTI
INp(UT) Zri,VyNiSn omucye BimoMe CIiBBiAHOIIEHHS

[9]:

e, 0 _@e, O
r 1(T)—rl1exp(}-L:+r31(}- i: (1)

Jle TepIMid WieH 3a BHCOKUX TEMIIEpaTyp OIHCYE
AKTUBALIiI0 HOCIIB CTpyMYy &1 3 piBHs PepMi & Ha piBHI
NPOTiKaHHS 30H HENEepPEepBHUX CHEprid, a JIpyru,
HHU3bKOTEMIIEPATYPHHH, — CTPHOKOBY MPOBIAHICTD &7

TemnepatypHi 3alIeKHOCTI KoedillieHTa TepMO-epc
a(UT) ZriVNiSn omucyrotses 3aiexHicTo [11]:

kg &7 0
S P @

e gkgT &
Ie y — TapaMmerp, IO 3aJIeKHTh B MEXaHI3MiB
po3citoBaHHS. 3 BHCOKOTEMIIEPATYPHHX  JIISHOK
sanexxHocteir  a(L/T) o0umMcieHO 3HAYeHHS eHepril
aktuBamii &% SIKi TIPOIIOPLHHI aMILTITY/l

BenukoMacmTabHoi  QaykTyamii 30H  HemepepBHHUX
€HEeprii, a 3 HU3bKOTEMIIEPAaTypPHUX — 3HAYCHHs €Heprii
aKTUBAIll &3, AKi MPOMOPIHMHI aMIUTITYIi MOIYJSLIT
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TGS, o 4247Zr, V NiSn 1 5 i
a3l n-ZrNiSn o lxVx Zr, V NiSn g
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4] o 4.0
: A -100
I~ 1 o F-160 o I~ ~
= 4.6 ya ~ ‘E38 , <
d /s 5 = c f_...“..uw‘—‘—“‘- ; -1504
24.5- g, [20< 4 -
=7 £ R T3.61 3 = oo S
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- ' 3 2504 3
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e F-320 ; ' ' T : r - T T T T T
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Puc. 3. TemnepatypHi 3anexnocti muromoro enekrpooropy INp(L/T) (1) ta koedinienta Tepmo-epc a(UT) (2) n-
ZrNiSn (a) ta Inp(UT) (6) i a(UT) (8) Zr1V«NiSN: 1 —x = 0,01; 2—x = 0,03; 3—x = 0,05; 4—x = 0,07; 5—x = 0,10.
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Puc. 4. 3mina 3HaueHb MUTOMOTO eeKTpoonopy p(x) (a) Ta xoedirienta Tepmo-epc a(x) (6) ZrixVyNiSn
3a pizHux Temneparyp: 1 -7=80K;2-7=250K; 1-T7=380 K.

npibHomacmTabrol daykryanii CJIKH [1, 9].

3 BHCOKOTEMIIEpaTypHOI  TUISHKH  3aJIeKHOCTI
Inp(UT) Henerosanoro HamiBmposigauka N-ZrNiSn (puc.
3, @) obuucIeHO 3HAYCHHS €Hepril aKTUBAIIT eICKTPOHIB
3 JIOHOPHOI 30HH &p° HAa piBEHb MPOTIKAHHS 30HH
nposianocti g” = 97,6 meB. IIpo Te, mo Mae micie came
aKTHBALlisl EJEKTPOHIB y 30HY MpPOBIAHOCTI CBiIT4aTh
Bi eMHI 3HaueHHs Koedimienra tepmo-epc N-ZrNiSn 3a
ycix  temmeparyp. Ockinbku piBeHb Depmi &
(dikcoBaHMI Ha JIOHOPHIH 30HI epl, TO obumcieHe
3HAUEHHs €Hepril akTuBaLii eneKTpoHiB &’ Bimobpakae
TITMONHY 3aisiraHHs piBHS DepMi &r BITHOCHO KPato 30HU
npoBigHocTi. OTpUMaHui pe3ysbTaT CIiBIAga€c 3 paHille
orpuMmanuM [1]. HasiBHICTP HH3BKOTEMIEPATYPHOI
akTuBalii Ha 3ajexHocTi INp(U/T) BKasye Ha iCHyBaHHS
CTpUOKOBOI TPOBIJHOCTI IO EHEPreTUYHUX CTaHaX
JIOHOPHOI 30HU eDl 3 enepriero akruBanii e’ = 11,9 meB.
VY cBOI0O uepry, 3 BHCOKO- Ta HH3BKOTEMIIEpATYpHHX
ninsHOK 3anexHocTi a(1/T) obuucieHi 3HAUSHHsT eHeprii
aktuBauii ¢, = 83,8 meB 12 &3" = 11,5 MeB, BignosigHo.
OcCKiJbKH 3HAYEHHS €Heprii akTuBaiii &;” Bigobpaskae
aMIUTITYly MOJIYJSIIl 30H HENEepepBHUX  eHeprii
n-ZrNiSn [1,9], To Gmu3bki 3HayeHHs &1” Ta & €
03HaKOIO CHJIbHOI KOMITEHCAIi1 HaIliBIPOBIHUKA.

VYBeneHHs JIOMIIIKOBUX aToMiB V 'y CTPYKTypy
conykd  ZrNiSn  cympoBOMKYETBCS  3MIHOKO  SIK
xapakTepy moBemiHku 3anexHoctred [Np(UT) ta a(U/T),
TaK 1 3HAYEeHb MUTOMOI'O EIEKTPOONOpy Ta KoedimieHTa
tepmo-epc (puc. 3, 4). Ockinbku 3aMilieHHss aToMiB Zr
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Ha V TIOBMHHO TeHepyBaTH y Kpuctam Zr;VyNiSn
CTPYKTYpHI JeeKTH JOHOPHOI MPUPOAH, TO 301IbIICHHS
KOHLIEHTpalil BUIBHUX €JNEKTPOHIB Ma€e TPHBECTU 0
3MEHILICHHS 3HA4Y€Hb MHUTOMOro enekrpoonopy p(x,T),
mo i cmiaye 3 puc. 4a. Ilpu oMy 3HaK KoedillieHTa
tepmo-epc a(x,T) Zr;xVyNiSn sanumaerbes Bix eMHUM
3a yciX KOHIIEHTpAIliif Ta Temmepatyp (puc. 4, 6).

Sx  3asHaueHo Bumie, crpykrypa ZrNiSn €
HEBIIOPSIKOBAHOI0 Yepe3 4YacTKOBE 3alHATTS aTOMaMH
Ni mosumii Zr (4a), mo reHepye CTPYKTYpHi AedexTH
JIOHOPHOI ~ TIPUPOH. JlocnmiKeHHsT  CTPYKTYpH
HAITIBIIPOBITHUKOBUX TBEPIUX PO3YMHIB, 30Kpema, Zfj.
«RNiSn (R —atomu piaxicHozemensHux MeTamis), ZrNiy.
MSn, e M = Cr, Mn, Fe, Co, Ni, Cu, Rh, Ru Tomo,
mokasanu [1], mo 3a konuentparii x~0.01 Bci atomu Ni
MOKUAAI0Th TO3ULII0 4a: CTPYKTYpa yHOPSIKOBYETHCS, a
neheKTH JTOHOPHOI MPUPOIH «3ATiKOBYIOThCS». Takum
yuHOM, y  BHmaaky Zri,VyNiSn  wa  mimsHii
koHueHntpauiii x =0—0,01 BinOyBaeTbcs AWHaMiYHA
3MiHa CITiBBiIHOLICHHS JOHOPIB Ta akKIenTopi (CTymiHb
KOMIICHCAIIiT) uepes:

- picT KOHIEHTpamii eNeKTPOHIB 4Yepe3 IMOsBY
JTIOMIIITKOBOI JTOHOPHOI 30HU €D2 Ta 30UIBIIEHHSA YHUCIIa
JIOHOPIB TpH 3aMillieHHi aToMiB Zr Ha V;

- 3MEHIICHHS KOHIEHTpAllii eNIeKTPOHIB dYepes
SHUKHCHHS JIOMIIIKOBOI JIOHOPHOI 30HH &p' TIpH
YIOPSAAKYBaHHI CTPYKTYpH Zr1,V,\NiSn y pesynbraTi
puricHenHs aromiB Ni 3 mnosumii 4a aromiB  Zr
(«3asTiKOBYBaHHS» AE(PEKTIB JOHOPHOI IPHPOIIH).
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3a Oimpmux  KkoHmeHrtpamiin Vo (x>0,01) vy
HAMBIPOBIIHUKY  ITOBMHHI ~ TeHEpyBaTHCS  JIMIIE
CTPYKTYpHI Ae(EeKTH JOHOPHOI IPUPOJIH, 110 TPUBEAE 10
POCTY KOHLIEHTpALlii €JIEKTPOHIB Ta 3MEHIIIEHHSI 3HAYEeHb
MUTOMOTO enekTpooriopy p(x,7), o MH i croctepiraeMo
Ha puc. 3,a 1a 4, a.

HasiBHICTH BUCOKOTEMITEpAaTYpHHX aKTHUBAIlIHHUX
ninsHoK Ha 3anexuocTax [Np(UT) ZryVNiSn HasiTs 3a
«TITAaHTCHKUX»  KOHIIGHTpAlid  TOHOPHOI  JOMIIIKK
(Np” = 1,9-10% em™ s x = 0,10) (puc. 3, 6) Ta Bix emui
3HaueHHs Koedirienta Tepmo-epc a(x,7) 3acBimdyrOTS,
mo piBeHp DepMi & 3HAXOAUTHCS y 3a00pOHEHIN 30HI
Oins mHa 30HM mpoimHocTi. Ilel excrepuMeHTaTBHUAN
(dakT € Jpyror BaXJTUBOIO O3HAKOK TOrO, WLIO Y
HAMBIPOBIAHUKY  Zr1,V,NiSn, OKpIM JIOHOPIB,
3’ SIBJISIIOTHCS CTPYKTYPHI JIepeKTH aKIenTOpHOI MPUPOIU
3a HEBIJIOMUM MEXaHi3MOM, SIKI KOMIEHCYIOTh JIOHOPH
(3aXOMIIOITh BiUIbHI  €NIEKTPOHH, 3MEHIIYIOUH IXHIO
KOHIICHTPAIIi0), IO CMOBUIBHIOE pyX piBHA DepMi &F 0
30HH ITPOBITHOCTI.

Haramaemo, mo neryBanns N-ZrNiSn, manpukiai,
moHopHOWO  gomimkoo  Sb (4d™°58%5p°)  mumsixom
samimenns SN (4d'°55°5p?) nmpUBOAMIO 1O LIBHAKOTO
npeiipy piBus Depmi e 10 30HM TpoBimHOCTI Ta i
mepetuHy 3a  koHmentpamii  Sb x=0,02, mo
CYTPOBOIKYBAJIOCS MeTali3alli€ero MIPOBIIHOCTI
ZrNiSn,Sb, [1]. V wmamomy Bumaaky Zri,V.NiSn
MeTajizamii MpoBiAHOCTI (3HUKHEHHS AaKTHUBAI[IMHHX
IUITHOK Ha 3ajexHocTsax INp(U/T)) He crocrepiraerhbes
3a yCiX TeMmneparyp Ta KOHIEHTpamii.

3 iHmoro OOKy, HasBHICTh BUCOKOTEMIIEPATYPHHX
aKTHBAaLli HHUAX JIITSTHOK Ha 3aJIEKHOCTSIX
INp(UT) ZriV«NiSn (puc. 3,6) m03BONSIE OOYUCIUTH
3HAYEHHs eHeprii akTWBaIli eNeKTpOHIB &;”(x) 3 piBHA
depMi & Ha Kpall PYXJIMBOCTI 30HM NPOBITHOCTI i
MIPOCIIIKYBaTH JMHAMIKY TOJIOXKeHHS piBHS Depmi e y
3a00pOHCHIM 30HI HAIIBIPOBIAHUKA. 3 aKTUBAIIHUX
ok o(U/T) MoxxeMo orpuMmaTH iH(GOPMAIIIO MIOI0
3MIHH CTYIEeHIO KomreHcamii Zri,V,NiSn mnuisxom
OOYMCIIEHHsT 3HAUeHb €Heprii  axkrtuBamii &%  ski
MIPOITOPIIKHI aMILTITYi BEIUKOMACIITA0HOT (IIyKTyarii
30H HerepepBHUX eHepriii CJIKH.

Ha puc.5 HaBemeHo 3MiHYy 3HaueHb EHeEprid
aktuBamii £:°(x) Ta &"(x) ZrixV,NiSh. 3a nHailimenmoi
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KOHIIeHTpaIii goMmimku ZrVNiSn, x=0,01, pisens
Depmi eF 31 mBUAKICTIO As/Ax=77.8 MeB/%V crpiMko
HaOIM3MBCS 10 PiBHS NPOTIKAHHS 30HU MPOBITHOCTI Ha
Biacranp 19,8 meB, Tomi sk y N-ZrNiSn Bin 3Haxoauscs
Ha Bincrani 97,6 mMeB. 1 me mpu Tomy, 1m0 Ha IMmii
KOHLEHTpaliiiHid IinsHII  BigOyBanocs 3MEHIICHHS
KOHIICHTPAIIlii SIEKTPOHIB Yepe3 3HUKHECHHS TOMIITKOBOI
JIOHOPHOi 30HM ¢€p° TPU  YHOPSOKYBaHHI CTPYKTYpH
Zr1,VyNiSn, o mMano 6u raneMyBaté pyx piBHs Depmi
&F Y HampsIMi 30HH MPOBITHOCTI. 3 TAKOK X HIBUAKICTIO
pyxaBcsi piBeHb DepMi &r 10 piBHS NPOTIKaHHS 30HU
MPOBIAHOCTI Y BUMAAKY JieryBanHsa N-ZrNiSn moHopHOIO
nomimnikoro Sb [1].

OpHak, 3a OUTBIIMX KOHIEHTpalii V BigOyBaeThcs
CTpIMKE 3MEHILEHHS IBUIKOCTI pyXy piBHS Depmi ¢ y
HampsiMi  30HH  MHpOBigHOCTI. Tak, Ha  AUIAHIN
koHueHtpauiii x = 0,01 —0,03 mBuakictb pyxy piBHS
DdepMi er craHoBUTH Aep/Ax = 2,2 MmeB/%V, a Ha minsHIt
x=0,03-0,10 crac 1mEe MEHIIO 1 CTAaHOBUTH
AeelAx = 0,7 meB/%V. OcCKUIbKHA KOHIICHTpAITis
JIOMIIIKOBHX aTOMiB V, sIKi IOBUHHI T€HEPYBAaTU JIOHOPH,
YBOIUTHCSA y MAaTpHIf0 HamiBopoBigauka N-ZrNiS 3a
JHIHHUM 3aKOHOM, TO 32 TakKHM JK€ 3aKOHOM MaB OH
pyxatucsi piBeHb Pepmi &r 0 piBHSA HPOTIKAHHS 30HU
MIPOBIAHOCTI Zr1V,NiSn. IIlo € MIPUUHUHOIO
«raJbMYBaHHS» IIbOIO PyXy?

3 Toukum 30py (i3MKM HAMIBIOPOBIIHUKIB 1€
MOXIIMBO JIMIIE 32 yYMOBH OJHOYAaCHOTO 3 JIOHOpaMH
TeHepYBaHHS  aKIENTOpiB 32 TIOKM  HEBIIOMHM
MeXxaHi3MOM. TakMM  YUHOM,  EKCIIEPUMEHTAIBHO
OTpUMaHUN  pe3ynbTaT € TPETIM  He3alnepeyHuM
dbakropom, sikuit 3acBimdaye MosBY y ZryVyNiSn, okpim
JIOHOpIB, TIEBHOI'0 4YHWCJA AaKIENTopiB, IIBHIKICTh
reHepyBaHHs SIKHX MOCTYMAETHCS LIBHJIKOCTI
TeHepyBaHHs JOHOpIB, OCKIIBKU piBeHb DepMi & Bce K
HaOIKAETHCS 70 PIBHS MPOTIKaHHS 30HU TPOBITHOCTI,
Ha 1110 BKa3yIOTh BiJI' €MHI 3Ha4eHHs Koe(illieHTa TepMo-
epc.

JlaHuii BHCHOBOK Y3TOIKYETHCS 3 pE3ylbTaTaMH
3MiHM 3Ha4YeHb eHeprii aktuBaiii &,%(x) ZriVyNiSn,

x>001 (puc. 5,6), sxka BimoOpakae CTyIiHb
KoMIleHcalli HamiBrpoBigHuKa. OCKIJIbKH 3aJEXKHICTh
£1"(x)  BimoOpakae  CITiBBIJHOIIECHHS  iOHi30BaHHX
aKIIENTOPIiB Ta JIOHOPIB, TO 3a YMOBH BiJ' EMHOTO 3HAKy
100+ )
ZrI 'V NiSn
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Puc. 5. 3mina 3HayeHb eHepriii aktusalli £1°(x) (a) ta &,°(x) (6) Zri<xV«NiSn.
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Koe(illieHTa TepMO-epC 3arajbHEe YHCIIO JOHOPIB Yy
ZriVi\NiSn mepeBakae umcio akuentopis. I dmm
OUTBIIMM € II¢ TIepEeBaKaHHSA, TUM MEHIIUMHU € CTYIiHb
KOMIICHCAIIIT i 3HAUeHHs &;°(x).

Tak, y Zr1VyNiSn ciouatky mMae Miciie 3MeHIIEHHS
CTYNEHIO KOMIIEHCallli, Ha W0 BKa3ye 3MEHIICHHS
3HAuYEeHb eHeprii aktualii Bix £,”(x = 0) = 83,8 meB mMeB
1o &1%(x =0,01) =60,1 meB Ta &1*(x = 0,03) = 52,5 meB.
Take 3MeHIIEHHs 3HAYeHb &1”(x), AK i MIBUIAKICTH PYXy
piBast @epMi & OO 30HM TPOBIJAHOCTI, TaKOXK €
HenmiHiiauM. OpnHak, Bxke 3a KouieHrpamii x > 0,03
3AJIEKHICTD &1°(X) CTPIMKO 3pOCTAE, AOCATAE MAKCUMYMY
3a x = 0,07, mokazyrouu, Mo y KpHCTalli TeHEPYIOTHCS
AKIENITOPH 3 OUIBIION IMIBHIKICTIO, HiXK TOHOPHU (OTHAK
3araJlbHe YMCIIO 10HI30BaHMX JOHOPIB BCE XK IEpeBa)ae
KIJTBKICTh ~ 10HI30BaHMX  akientopis).  OTpumaHuit
pe3ynbTaT € JONAaTKOBUM (akTopoM, SKU BKa3ye Ha
oqHOUacHe reHepyBaHHS y ZriV,NiSn akienropis ta
JIOHOPiB. MU BBaXKa€EMO, IO B CHWIYy CTPYKTYPHHUX
JIOCIIIKEHD 3HAYEHHS eHeprii aKTHUBAL]
£1%(x = 0,10) = 50,7 MmeB He MOXe BBa)KaTHCS TAKHM, 10
BiJINIOBiIa€ peabHOMY CTaHy Yy HaIliBIPOBIJHUKY 4epe3
MOXITUBE HIYHTYBaHHS CTpYMY KaHaJlaMu Jpyroi ¢asu.

TakuM  4nMHOM, HaBeAEHI  EKCIEPUMEHTAIIbHI
pe3yNbTaTH KIHETHYHUX Ta EHEPreTHYHHX JOCIiIKEHb
MiATBEpAWIN  NPOTHO30BAaHMK  CKIAJHUM  XapakTtep
BXO/DKEHHsSI aToMiB V 'y MaTpHIIO HaIiBIPOBIIHUKA
Zr1xVNiSn, Ha 1m0 BKa3yBajao HEOUiKyBaHe 301IbIICHHS
3HAYeHb Nepioay enemeHtapHoi KoMipku a(x) (puc. 2).
EneMentapHuii aHaji3 MoKasye, IO JOCATTH, 3 OJHOTO
00Ky, 30LIbIIEHHS 3HAa4YeHb IEpiofy eJeMEeHTapHOL
KOMipkd a(x), a 3 1iHIIOro, MOSABH AaKIIENTOPIB Y
ZriViNiSn, MokHa Jume 3a yMOBH YacCTKOBOT'O
3afHATTS atoMaMu V Kpucranorpadiunoi moswmili 4c
MeHImux 3a posmipom atomiB Ni (ry = 0,124 um). SAxiro
® BuTicHeHi atomu Ni 3afiMaTUMyTh TeTpaempuyHi
MYCTOTH CTPYKTYPH, sIK 1ie Oymno y Bunaiaky ZrNi; RhSn
[5,6], To B Zr;4V,NiSn reHepyBaTHMYyThCS TaKOX

[1]

(BumaBHuUITBO JIBBiBCHKOI MOTiTeXHIKH, JIBBiB, 2011).

[2]
(3]

(2013). (DOI:doi.org/10.1016/j.intermet.2012.11.022).

[4]

CTPYKTYpHI Ae(eKTH JOHOPHOI IPUPOJIH.

HaBeneni MipKyBaHHS BUMAararoTh ITiJTBEPKEHHS
pO3paxyHKaMH EJIEKTPOHHOI CTPYKTYpH Uil Pi3HHX
BapiaHTIB IMPOCTOPOBOTO PO3TALIYBaHHS AaTOMIB Y
MaTpHIli HaMiBIPOBIJHUKA, SKi IMOKaXYTh pyX PpiBHS
®epmi er. CriBCTaBieHHS pe3yJbTaTIiB PO3PaXyHKIB 3
OITMCAaHUMU BHIIIE EKCIEPUMEHTAIFHO OTPUMaHUMH 1
JIaCTh OCTATOYHY BIAMOBIOb IPO MEXaHi3M BXOPKEHHS
atoMiB V 'y crpyktypy N-ZrNiSn. Came 1e Oyme
MPEZIMETOM HAIIUX HACTYITHHUX JIOCIHi/PKEHb.

BucHoBkn

TakuM YMHOM, Ha OCHOBI HAaBENCHHX pE3YJbTaTIiB
MOXEMO TMPHUIYCTUTH, 10 B  ZrViNiSn  mis
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CTPYKTYpHI Je(eKTH aKIENTOPHOI MPUPOAU, TaK i
JMoHOpHOI (e(DeKTHUBHUM 3apsi SIKMX € TPOTHIEKHUM),
KOHLIGHTpALlisl SKAX pocTe MpH 30inblieHHi BMicTy V.
BcraHOBJICHHS MeXaHI3MIB T'€HEpYBaHHS aKIICTITOPIB Ta
JIOHOPIB BHMarae JIOTATKOBUX JTOCTTIIKCHD
HAITiBIIPOBIIHUKOBOI'O TBEPAOro po3uuHy Zri,V,NiSh,
yomy OyJie IpUCBSYEHA Hallla HACTYITHA po0oTa.

Pomaxa B.A. —npodecop, 1.T.H., K.p.-M.H.

Pomaka JIII. - K.X.H., TpPOBITHAHA HayKOBHUH
CHiBPOOITHHK;
Cmaonuxk FO.B. - K.X.H., TpOBIIHMHA HAayKOBHUH
CHiBPOOITHHK;

Topuns A.M. - K.X.H., CTapIINi HAYKOBUH CIiBPOOITHHK;
Kpaiioecokuii B.A. - K.T.H., JOIIEHT, IPOPEKTOP;
Pomanie I.M. — acriipaHT;

I'apaniwok I1.1. - K.T.H., TOLIEHT.

B.A. Pomaka, B.B. Pomaka, 10.B. Cragnuk, [aTepmeraiuHi HaniBNIpOBiAHUKH: BIACTUBOCTI Ta 3aCTOCYBaHHS

JL.LU. Anaterayk, TepModeMeHThI U TepMOdJIeKTpuieckue ycrpoiictea (Haykosa qymka, Kuig, 1979).
V.V. Romaka, P. Rogl, L. Romaka, Yu. Stadnyk, A. Grytsiv, O. Lakh, V. Krayovsky, Intermetallics 35, 45

B.B. Pomaxka, JI.I1. Pomaka, B.f. KpatioBebkuii, FO.B. Cramuuk, CtaHinu piakiCHO3EMEIbHHUX Ta MEPEXiTHUX

MeTaiB (BUIaBHUITBO JIbBIBCHKOI MOMiTeXHIKH, JIbBiB, 2015).

(5]
6]
[7]
(8]

(DOl:doi: 10.15330/pcss.19.1.21-28).
(2018). (DOI:doi: 10.15330/pcss.19.2.151-158).

Tepmoenektpuka 3, 24 (2016).

JLII. Pomaka, }0.B. Craanuk, B.A.Pomaka, A.M. T'opunb, B.5. Kpaiiosebkuit, ®XTT, 19 (Nel), 21 (2018).
JLII. Pomaka, }O.B. Cragnuk, B.B. Pomaka, I1.-®. Porsib, B.A. Pomaka, A.M. Topuns, ®XTT 19(2), 151
B.A. Pomaka, P. Rogl, JL.II. Pomaka, }0.B Craguuk, B.SI. Kpaiioscekuii, J[. Kauapocekuii, A.M. I'oputb,

JLII. Pomaka, }O.B. Ctagnuk, B.A.Pomaka, A.M. T'opuns, I1.-®. Porns, B.S. KpaitoBcbkuii, 3.M. Puxaserrp,

®XTT 18 (1), 41 (2017). (DOI:doi: 10.15330/pcss.18.1.41-48).

[9]

B. I. Shklovskii and A. L. Efros, Electronic Properties of Doped Semiconductors (Springer, NY, 1984).

[10] T. Roisnd, J. Rodriguez-Carvajal, Mater. Sci. Forum, Proc. EPDIC7, 378-381, 118 (2001).
[11] H. MorT, 3. JI3Buc, DeKTpOHHBIE TIPOLIECCH B HEKPHCTAIUIMYECKUX BemecTsax (Mup, Mocksa, 1982).

38



I[OCJ'IiI[)KeHHH CTPYKTYPHUX, KIHETHYHHUX Ta CHCPTETUIHUX BJIACTUBOCTEH. ..

V.A. Romaka™?, L.P. Romaka®, Yu.V. Stadnyk®, A.M. Horyn®,
V.Ya Krayovskyy', .M. Romaniv®, P.I. Garanuyk®

I nvestigation of structural, electr okinetic and ener gy state properties of the
semiconductive Zr1.\V«NiSn solid solution

Yya. Pidstryhach Institute for Applied Problems of Mechanics and Mathematics National Academy of Sciences of Ukraine, 3-b,
Naukova Str., Lviv, 79060, Ukraine, e-mail: vromaka@polynet.|viv.ua;
2National Univergty “ Lvivska Politechnika”, 12, S Bandera Str., Lviv, 79013, Ukraine;
3lvan Franko National Univerdity of Lviv, 6, Kyryla and Mefodiya Sr., Lviv, 79005, Ukraine,
e-mail: lyubov.romaka@gmail.com

Structural, electrokinetic and energy state characteritics of the Zry.,V,NiSn semiconductive solid solution
(x =0-0.10) were investigated in the temperature interval 80 — 400 K. It was shown that doping of the ZrNiSn
compound by V atoms (ry=0.134 nm) due to subgtitution of Zr (rz = 0.160 nm) results in increase of lattice
parameter a(x) of Zr1.,V,NiSn indicating unforecast strucrural change. Based on analysis of the motion rate of the
Fermi level Aee/Ax for Zri,V,NiSn in direction of the conduction band it was concluded about simultaneous
generation of the structural defects of the donor and acceptor nature (donor-acceptor pairs) by unknown
mechanism and creation of the corresponding energy levelsin the band gap of the semiconductor.

Keywords: solid solution, dectrical conductivity, thermopower coefficient, Fermi level.
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Beryn

[ImomMOyM  Temypun  —  HaIliBIOPOBIJTHUKOBUH
Matepian rpyna A4B6, sSkuii BUKOPHUCTOBYETHCS IS
CTBOpPEHHSI TEPMOEJIEKTPUYHHX MEPETBOPIOBAUIB €HEprii
[1-3]. OcobnuBo eheKTUBHUMH € MaTepiajd OTpHMaHi
METOJIOM TIPECYBaHHs IIOPOIIKY, IO 3 OIHOrO OOKY
JIO3BOJISIE BIJIHOCHO HE3AJIEKHO KEPYBATH E€JIEKTPOHHOIO
Ta ()OHOHHOIO MiJICUCTEMOIO, a 3 IHILIOr0 — CTBOPIOBATH
3pa3skd MOTpiOHOro po3Mipy i ¢opmu. Kpim Toro,
MIpecoBaHi Marepianu Ha OCHOBI PbTe
XapaKTepU3yThCs KpammMu MeXaHIYHIMH
BJIACTUBOCTSIMH y MOPiBHAHHI 3 MOHOKPUCTATiYHUMU [4-
6].

[lpu BuKOpUCTaHHI METOAY INPECYBAaHHS IOPOIIKY
JUIE OTPUMAHHS TEPMOEJIEKTPHYHHUX MaTepiajiB 3HAYHO
3pOCTAa€ KUTBKICTh TEXHOJOTIYHUX OINepamii HeoOXiMHUX
JUIi  OTPUMaHHJ TEpPMOEIEMEHTa TOTOBOrO  JUIs
JOCHI/DKEHHS ~ YW  TNPaKTHYHOTO  BUKOPUCTAHHS.
HesBakatoun Ha Te, IO MEPEBa)KHO BCI IIi MpOLEAYPH
MIPOBOIATECA Y 3axWCHIN atMocdepi iHEpTHOro rasy,
MOBHICTIO  YHMKHYTHM  B3aeMofii  Marepiany 3
aTMoc(epHHUM KHUCHEM CKiIamHo. ToMmy mOCIimKeHHsS
BIUTHBY OKCHI'eHY Ha BiIacTHBOCTI PhTe € akTyaJbHOIO
3a1auero.

VY pobotax [7-8] moka3zaHo, 1m0 Audy3is OKCUTEHY Y
PbTe  moxe TIPU3BOJUTH bi(s) BUHHUKHCHHSI
MPUTIOBEPXHEBUX ~OONacTeld p-TUNY TPOBIJHOCTI 3
KOHIICHTpAIII€I0 HOCIIB = 10% em™®. ToBmmHA wBOro
miapy 3ajexaThUMe BiJl 4acy eKCIIO3MIii, TeMIrepaTypH i

MOXE CTaHOBUTH JIECATKM MIKPOMETpIB, M0 €
BEJIMYMHOIO CIIBMIpHOIO 3 po3mipoM 3epen PbTe, mo
BUKOPHCTOBYIOTBCS ISl NIPECYBAaHHS TEPMOEJIEMEHTIB.
3aBIaHHsAM [JaHOi poOOTH OylIO OTpUMATH 3pa3Ku
METOJIOM TMpPECyBaHHS 3 TMOPOIIKY BiANaJeHOro Ha
TIOBITPi, MPOBECTH BUMIiPIOBaHHs KOHLIEHTpALlii HOCIB Yy
HHUX Ta 3alpOIOHYBaTH MOJENb NePEKTHOI ITiJCHCTEMHU

JUTSL IHTEpIpeTallii OTPUMAaHUX TaHHX.

|. MeTonnka ekcriepuMeHTy

CuHTe3  JOCHI/KYBaHMX  HalliBIIPOBIIHUKOBHX
MaTrepiajiB  MPOBOIMIM  METOJOM  CIUIABJIIOBAHHS
KOMIIOHCHTIB Yy BaKyyMOBAaHHMX aMITyJiax 3 KBapIOBOT'O
CKIa Mapku Pirex. AMmyad BUTOTOB/SUIM 3 TPYOOK
30BHIMHIM fgiamMmerpom 20MM Ta TOBUIMHOIO CTiHKH
2 mm. Tlepen 3aBaHTa)KEHHSIM IIAXTH aMITYJIH ITiIIaBaJIH
TPaBJICHHIO CYMIIIIIIO a30THOI Ta COJNISIHOI KUCIOT. [{ys
CHUHTE3Y BHKOPHCTOBYBAIM pPCYOBUHU BHPOOHHIITBA
AlfaAesar  uucrororo 99,999 %. BinakauyBaHHs
spificaioBani 1o tHeky 10%Ila 3 BHKOpHCTAaHHSM
BakyymHoro mocta HiCubeEco.

BakyymoBaHy aMmmyiny 3 IIMXTOK  ITOMIIlaJId
ropusoHTambHO y MydenpHy mid Naberzem, 1o
O3BOJSUIa  TPOBOAMTH  BCI  MPOIEAYpH  HArpiBy-
OXOJIO/DKEHHS aBTOMAaTW4HO. CHHTE3 TPOBOAWIH Y
Kinpka eramiB. marpis mo 500°C i surpumka 1 rop,
marpis 1o 700 °C i Burpumka 3 rox, Harpis g0 1020 °C i
sutpumka 1 rog, oxonomkenns 10 900 °C i Bursarysanus
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Puc. 1. TemneparypHi 3a1eKHOCTI TUTOMOI eEKTPOIPOBIAHOCTI 6 (a) Ta koedinienta Tepmo-EPC o (6) 3paskis
[PECOBaHKX 3 TOPOIIKY BiznaiaeHoro Ha nositpi mpu 350 °C 2 roa. Tuck npecysanns 1.5 I'Tla (notanneal —
HeBiananeni 3pasku, anneal —3pasku Biananeni mpu 500 °C 15 xB, anned 1h —3pasku Biznaiexi
npu 500 °C 1 rom).

3 Hedi.

3pa3kn  As  BHUMIDIOBAaHHS  €NEKTPOQI3UUHUX
rnapamMerpiB ~ OTPUMYBAJIM  METOJOM  IPECYBaHHS
MOPOIIKY,  SKHH  OTPUMYBalH  PO3MENIOBAHHSM

CHUHTE30BaHMX 3JIUTKIB Yy araroBiii crymmi. Bimman
MOPOIIKIB HAa TOBITPI MNPOBOAWIM Yy TOCYAWHI 3
KBapIIoBOro ckia. [ mpecyBaHHs 3pa3KiB BiIOUPaIUCh
dpaxii posmipom (50 - 500) MxM.

Tuck mnpecyBanHs 3paskiB craHoBuB 1,51Tla
Hiamerp mpecoBaHux 3pa3kiB craHoBuB 5 a6o 8 mm (B
3aJIOKHOCTI  Bil  HEOOXiMHHMX  BHMIPIOBaHb), a
CHiBBIIHOIIEHHSI BUCOTH JI0 Aiamerpy — =~ 1:1. Orpumani
3pa3skd BiANATIOBAJIMCh B aproHi INpH TeMIiepaTypi
500 °C.

Meronuka BHMIipIOBaHHS eNEKTPOPI3UTHIX
napameTpiB Ta edekry Xoiuta AeTaabHo onucana B [9].

[1. Pe3yJbTaTu ekcnepuMeHTy Ta ixX
aHaJIi3

3pa3Ku IpecoBaHi 3 MOPOIIKY, IO BiMaTOBABCA Ha
noBitpi mpu Ttemmeparypi 200 °C  Bmpomosx 5 rox
JIEMOHCTPYBAJIM BiJMiHHI BJIACTUBOCTI, III0 MOXE OyTH
CBIUEHHSM HE3aBEPIICHOCTI Audy3iHHUX TpOIECiB 3a
Takoi TeMmmeparypu Ta dacy Bimmamy. IlinBuiieHHs
TeMmeparypu Bimnany mopomky g0 350 °C (vac — 2 rog,
TAKOX B TMpOIECI HArpiBy 1 OXOJOMKEHHS ITOPOLIOK
3HAXOAMBCA y T€Yi) 3HAYHO 3MEHIIYE HOro MHUTOMY
eIEKTPOIPOBIIHICTh, 6e3 3MiHu sKicHOI 3anexHocTi 6(T)
y TOpiBHAHHI 3 MpecoBaHMMH 3paskamu PbTe
OTPUMAHOTO 3 He BiamaneHoro mopouiky [7]. Koegimient
tepmo—EPC, mpu 1boMy, Maibke He 3MmiHuBes (y
MOPIBHAHHI 3 3pa3KOM i3 HE BIAMAJIEHOTO TMOPOIIKY)
(puc. 1).

[Micns  Bigmamy [BOX OJHAKOBO IPHUTOTOBJICHHX
3paskiB 15 xB npu temmneparypi 500 °C ix npoBigHicTh Ta
koedirienT TepMo-EPC memo Biapi3HUTUCS Mik COOOI0.
[Ticnst momoBykeHHsI yacy Bimnany a0 1 ron BiaMiHHOCTI
Oy BiACyTHI. BakimBo, 110 KOHIIEHTpalis HOCIiB Yy
3paskax Oyia omHaKOBa Bike Micis Biamamy 15 xB.

3 puc. 2. BUIHO, IO BiJaja MOPOIIKY HE 3MiHIOE
KOHIICHTpalii HOCIIB y 3pa3Ky, SKIIO0 CaM 3pa30K He
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BiZnasosaty. Ii TeMIepaTypHa 3aleKHICTh i KiJIbKICHO i
SIKICHO € aHaJOriyHOK 1O 3pa3KiB OTPUMaHUX 3 HeE
Bijimanenoro mopouiky [7]. IIpote, micis Biamamy caMoro
3paska TeMIlepaTypHa 3aJICKHICTh KOHIIEHTpPAIIi1 HOCIIB €
MOJIOHO 10 BiANMAJEHHX 3pa3KiB 3 HE BIAMAJICHOTO
MOPOIIKY, aj¢ YHCIOBI 3HAYeHHS Ny — Buml. Takwii
MIPHUPICT XOJLTIBCHKOI KOHIICHTPAITT, IPUIOMY IIPAKTHIHO
OMHAKOBHMU JUIsI JABOX TEMIIEPATyp BiANANy MOPOIIKY,
MOXXKE CBIMYMTH TPO MiABHINCHHA Je()EKTHOCTI 3a
PaXyHOK B3a€MOJIIT 3 OKCHTCHOM.

PentreHorpagiyno okcuaHux a3 Ha BiAMAJICHUX
MOPOIIIKaX HE BHSBICHO, a MapaMmerp eIeMEHTapHOI
KOMIpKHM TiCAs Bigmagy [eIlo 3MEHIIUBCA. [UIS HE
Biamanenoro mopomky PbTe — 6,45866(14) A, a
Bigmamenoro wa mositpi mpu  350°C  (3rom) —
6,45815(15) A. Otxe, Bifman NOpPONIKiB 15 TIpeCyBaHHS
Ha TMOBITPi, 3 OMHOrO OOKY, MPHU3BOJUTH O 3MCHIICHHS
iX nOUTOMOI EJNEeKTPONPOBIAHOCTI, a 3 IHIIOrO, [0
301IbIIEHHsT KOHIEHTpalii HOCIiB y HUX. 3MEHIIECHHS

IMPOB1AHOCT1 3pas3KiB BUTJIL A€ 3aKOHOMIPHUM 1
6.00E+18 - * XXXIX AP 1a
' XXXIX AP 1b
BXXXIX AP 1a after anneal
5,00E+18 - % XXXIX AP 1b after anneal
% ¥ XL AP 3a after anneal
4,00E+18 - ){VGT XL APHSb after anneal

)
i

ny, cm3
e o
-

3,00E+18 -
¥t
2,00E+18 - koo
&k
1,00E+18 | ? <
0,00E+00 ¥ : : :
0 50 100 150

Puc. 2. 3ajexHicTh XOUTIBCHKOI KOHIEHTpAIl HOCITB
BiJI TEMIIEPATypH JUTs 3pa3KiB MPECOBAHUX 3 MOPOIIKY
Bingnanenoro Ha mositpi mpu 200°C 5 roxm (3pasku
XXXIX AP:. 1alb — 3pasku He Bimmaneni, la
afteranneal, 1b afteranneal — 3pasku BimmaneHi npu
500°C 15 xB ) Ta 350°C 3 rox (3pasku XL AP: 3a
afteranneal, 3b afteranneal — 3pasku BimmaneHi npu

500 °C 15 xB). Tuck npecysanus 1,5 I'Tla.
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3YMOBJICHO, HaMBipOTiJHiIIe, 3MEHIIEHHSM PYXJIHBOCTI,
Yyepe3 MOTEHIlialibHI 0ap’ €pu Ha TPAHUISX KPHCTAIITIB.
Pict xoHIIeHTpaIlil HOCITB MOXke OYTH IHTEpPIPETOBAHO B
pamkax Mopmeni JedekTHOI MmiJCHCTeMH KpHCTalliB

PbTeO.

[11. Tepmogunamika TouKkoBHuX AedeKTiB
IIIOMOYM TeJIypuay 3 JOMillIKOI0
OKCHUTeHY

KoHnenTpanii TOYKOBUX NIe(eKTiB y KpUCTami p-
THUITY TPOBIJHOCTI MpH 3a1aHii temmepatypi T MoXyTh
Oyrn BW3HAuYeHI 3 YMOBU MiHIMyMYy BiUJIBHOI €Heprii
kpucrana [10]:

F=F,+(Ey +F

vib, 0,

Jio%1+(Ey +F,q IO+

+(Ev§‘; + Fvib,v,;; )[VF?b] - TS.-np (1)
ne Fo — BiNbHA eHepris, 10 HE 3aJICKUTh BiJ HasBHOCTI
nedexri, E — enepris yrBopenus aedexry, Fi, — BiibHa
KOJIMBHA eHepris fedekrty, [D] — koHneHTparii gedexty
D, p — xoumentpamii mipok, S — KoHQirypauiliHa
EHTPOIIIs, |l — XIMIYHHUI MOTEHITiaJ.

JlirepatypHi naHi npo eHeprii yrBopeHHs1 nedekTiB
samimenHs Or, BimcytHi. [ ix omiHkm  Oyso
BUKOPHCTAaHO (HOPMYITY:

E(O,.) =6(E;™ - EF”),

0
Ote

(2

E;bTe EZR)O ,
ne Ta — eHeprii oIHOro 3B’ S3Ky y IUIIOMOYM
TENypuIi Ta IUIIOMOYM OKCHreHi. MHOXHUK mepesn
Iy’KKaMU — KIJBKICTh 3B'SI3KIiB, SIKI yTBOPIOE aTOM Yy
crpykrypi  NaCl 3 HalibmmwkuuMu — cycizamm.
Bukopucrosyroun mani  [11], eHepris yTBOpeHHs
nedexriB 3amimenHs Or. E(O;,) =4,84- 5,02=-0,18(eB)

BisnpHa xonuBHa eHepris gedexry 3amimenns [10]
2w 0
Fip =X ><3kTIng—+,

©)
eWo g

Jle X — KUJIBbKICTh aTOMIB, IO 3MIHWJIM YacTOTy CBOIX
KOJIMBaHb 3 g HA ®. 3MiHA YacTOT KOJHMBaHb aTOMIB B

okom gedekry 3amimeHHs Orp, BU3Hayaiach 3a
dbopmymoro [12]:
ﬂ = TOquTe - 54,5>{|_25 » 0704 (4)
W, Tarelo 1190455

TyT To, Tpyte — Temmeparypu ImiaBieHHs, 0o, Oppre —
temriepatypu Jlebas Uil KpUCTaliB OKCHI€HY Ta
WIIOMOYM TeTypuy. 3BaKarouu Ha Te, Mo ®p / ® << 1,
10 Fip € BT €EMHOIO BEIHUYMHOI, a OT)KE, YTBOPCHHS
TakuX Je(EKTiB € SHEPreTHYHO BHUT1THUM KpucTany (mpu
T = 1000 K, Fi, = -5 eB).

Jns  MIKBY3JIOBOTO aTroMa OKCHUTEHY HpPOBECTH
aHAJIOTIYHY OIIHKY eHeprii  yTBOpeHHS Je(eKTy
CKIIaJTHO, TOMY JIaHa BEIUYHHA, a TAKOXK M/Mg BBaXKAIACh
BapiariitauMu napamerpamu. CIifl 3a3HAYWUTH, IO JUIS
BU3HAUEHHS! BUIBHOI KOJHMBHOI €Heprii MIKBY3JIOBOTO
atoMa y ¢opmym (3) cmpaBa Big 3HaKy piBHOCTI

MMOBHHEH OYTH BpAaxOBaHHWHA JOJAHOK 3kTIn§é|—_—|f'~2- KT
]

[10], e Tq— Temmeparypa [leGas PbTe.
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Minimizarito ¢ymrkmii (1) HeoOXigHO MPOBOIUTH 3
ypaxyBaHHSM YMOBH
[0%.]+[0]]= 0, ®)
KonoirypauiiiHa eHTpomist KpucTaty, Ipyu HassBHOCTI
nedekTiB y KaTioOHHIH Ta aHIOHHIH MiArpaTkax, a TakoX y
MIDXBY3JIOBUX IOPO)KHMHAX, BU3HAYaTUMETHCS SIK:
S( :S<,c +S<,a+S<,i (6)
ze:
See =KIN(NINN, - [V 1INVegT- (N - [V DIN(N, - [Vig 1))
Sca =KIN(N,INN, - [OF]IN[OF] - (N, - [OF.DIN(N, - [O%]))
S =kIn(N; InN; - [O”1IN[O] - (N, - [O;*)In(N, - [O;]))

XiMiyHHMHA TIOTEHIIIAT BUTBHUX HOCITB 3apsay MOXKHA

BU3HAYUTA 3  PIBHSHHA €JIEKTPOHEUTPATBHOCTI,
MIPEJCTABICHOMY Y BUTJISI:
Eg+m
-2 -2 = S
-qViy]- 4071 =- N2
3BiIKH:
V2] + -2
=-E, - kTinAYal*407]
h
Toni:

p=g-E,- lenWiaV;l +2077)
e h 2

Jns mpoBeneHHsS MpONEAypU MiHIMi3alii BiIBHOI
eHeprii HeoOXiMHO 3HalTH moXiaHi Bij (1) MO KOKHOMY 3
nedekTiB, TPUPIBHATH iX OO0 HYJAS Ta pO3B’s3aTH
OTpUMaHy CHCTeMY piBHSHb. OCTaTOuHI BUpa3u JUIs
PO3paxyHKy KOHIIEHTpAIliii TOYKOBUX Je(EKTIB MaIOTh
BUTJISI;

aeE,+F 0
[O}] = N, expg: S S
2 (7
2
(va)(2Avii1+207) =
NN Ei TR KT - 26,6
(] £
¢ KT : @
[O|] = Otot - [O'?'e] (9)
Takum uuHOM, 3 piBHsHHS (7) OTpUMYyEMO

KOHIICHTpAIIIF0 aTOMIB OKCHUTE€HY Y BY3JaX TeIypy;
3Hatoun i, a Takok Oy, 3 piBHAHHA (8) BU3HAYaEMO
KOHLISHTpPAIIl0 MIXBY3JIOBUX AaTOMIB OKCHIEeHY; TpH
BijoMmomy [O] 3 (8) BuU3HAUAEMO KOHIICHTpAILIIO
BakaHCiii mmoMOymy. PiBusiHHS (8), po3B’sByBann
yucenbHo, y cepemoBumi MAPLE 14. 3 Tppox
MOKJIMBUX KOpEHIB — onuH milicHu# ((iswunuii) i aBa
KOMIUIEKCHO CIIpsDKeHi. TepMonuHamiuHi mapamerpu
BaKaHCil IIoMOyMy BU3HaueHo y pobori [13].

Ha pucynxky 3 mpencraBieHO — pe3yiabTaTh
PO3paxyHKy 3aJIe)KHOCTI  KOHIIGHTpAI[iii  TOYKOBHX
nedekTiB Ta Aipok Bim Temmepatypu s PbTeO.
ExcriepuMeHTa bHI TOYKM — JaHI BUMIPIOBaHHS IS
3pazka XXXIX 1b orpumaHOro npecyBaHHsIM MOPOIIKY,
SKMA ~ BiInamtoBagd Ha MOBITpi. 3HaueHHA Oy
BapiroBaJOCh JJIsl JOCSTHEHHsSI HAHKPAIOro Y3rOoKEeHHS
PO3pPaxyHKOBOi KPHBOI 3 €KCHEPUMEHTAIbHUMHU JaHUMHU
p(T). OtpumMane HaffonTUMabHillIe 3HAYCHHS CTAHOBUTH
Owt = 1,6 10" em™.
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Tab6auns 1
IMapamerpu enementiB [11] Ta po3paxoBaHi AeopMalliiiHi BKIaau B €HEPril0 YTBOPEHHS KOMIUIEKCIB
Enemenr x, [T’ Fov, A lion(2-), A AE*, eB
Pb 0,025 1,47 1,12 (2+) 0.26
Te 0,048 1,40 1,92 (2-) 0’55
O 0,455 0,73 1,16 (2-) '
* — nBa 3HAYCHHS BiJMOBIMAIOTH PO3PAXYHKY 3 BUKOPUCTAHHSIM KOBAJICHTHOrO Ta ioHHOro (2-) pamiycis,
BIJIIOBiAHO.
MPOBEACHOTO PO3pPaxyHKy, € EeHEpPreTH4HO OibIl
19 BUTITHAM JUTS KPHUCTATY.
[pore, nana Monens He MOXKE TOSICHUTH 3MEHILICHHS
183 1 o > rnapamerpa  €JeMEHTapHOI KOMIpKM Juis  3pas3KiB
_ 18 | 1 OTpPUMaHUX 3 IOPOIIKY, HIO BiANaJIOBaBCS Ha IMOBITPIi.
"% BimMiHHICTE pajiyCiB OKCHUTEHY Ta TEIypy CTBOPIOE
= 17,5 - MePEAYMOBH U BAHUKHEHHSI BaKaHCIH y HAHOIMKIOMY
o, ZO aroMa  3aMilleHHs]  BY3i, To§To YTBOPEHHS
nedextHoro xommiekcy Ore-Vpy. Horo icHyBaHHST MOTIIO
16,5 | 0 TOSCHUTH CIIOCTEPE)XYBaHI 3aKOHOMIPHOCTI ISt
BEJIMYMHH a.
16 ‘ ‘ ‘ Eneprist yTBOpeHHsI KOMIUIEKCY «IOMIIIKOBHH aTOM
0 50 100 150

TC

Puc.
toukoBux gedexrie (1 —0O;?,

3. 3asexHiCTh KOHIEHTpamii MAipok P i
2 — 0%) sBin
TEMIepaTypu y KpHCTaJaX IUTFOMOYM TEIypuIy 3
nomimkoro okcureny (O = 1,6 10" emd).

KoHnienTpariii BakaHCii IIIOMOYMY Ha PUCYHKY HE
NPUBEJCHI, OCKUIBKM  JaHi  YHCJIOBI  3HAYCHHS
sHaxomwuck Ha pisai 10% cv® Omxke, nominyiounm
TOYKOBUM JIeEKTOM, SIKUH BHU3HAYAE TEMIIEPaTYpHY
3aJIeKHICTh BHMIPIOBAaHOI XOJUTIBCHKOI KOHIIEHTpAIl y
nianasoni temmeparyp (30 - 150) °C € MixkBy3110Bi atoMu
OKCUTEHY. 3 pOCTOM TeMIepaTrypd iX KOHLEHTpaIis
3MEHIIYETHCSI, a KOHIEHTpallis Je]eKTiB 3amilleHHs
Or. — 3pocrae. IIpu temmeparypi 150 °C xoHueHTpanis
OCTaHHIX  MOYMHAE  TIepeBaKaTH  KOHIEHTpAIIo
MDKBY3JIOBUX aTOMIB. IIpore, B JIAaHOMY
TEMIIEpaTypHOMY Jliana3oHi sl OinblI  KOPEKTHOTO
BU3HAUEHHS THITy JOMiHytouoro jedekty Tta Horo
KOHLIEHTpalii BapTo Oyino O BpaxyBaTu axkTUBHY
TeHepallilo BJIaCHUX HOCIIB 3apsy.

Ha ocHOBi oTprMaHKX pO3paxyHKOBHX 3aJIe)KHOCTEH
MOXHa IpPUIYCTUTH, IO IU(Y3isi aTOMIB OKCUTEHY
BIUIMO TPHUIIOBEPXHEBOrO IIApy 3JIHCHIOETHCA  TI0
MDKBY3JIOBUX  MO3MIISAX A€ W  JIOKaJi30BYIOTHCS
TEPMOJIMHAMIYHO piBHOBaXkHI jedekt O;°. Ilompu

3HAYHO MEHIIY SHEPTil0 YTBOPEHHS JAe()EKTH 3aMilllCHHS
Of1. HE MOXXYTh YTBOPIOBATUCH NpHU JaHIl TeMIepaTypi
OCKUJIBKH IS I[bOT'0 HEOOXITHUM € BHXiJ| aTOMa TeIypy 3
CBOIO BY3Jla, & EHEPris IbOr0 IPOIECY CTAHOBHTH
6mm3pko 3 eB [13], To6T0 € mocuth BHcokow. Takwmit
BHCHOBOK, 30KpeMa IJATBEPIXKYETbCA 1 HHU3BKOIO
KOHLICHTPAIIEI0 BaKaHCIH IUIIOMOYMY, JJIs SIKHX €Hepris
YTBOPEHHS TEK cTaHOBUTH ~ 3 €B [13]. 3 migsuiieHHsmM
TEMIIepaTypy, HMOBIPHICTh BHXOIy aTOMIB Telypy 3i
CBOTO BY3Jla 3pOCTa€, IO CHPHUSIE POCTY KOHIEHTpAILii
nedekTiB 3amimeHHs Ore, ICHYBaHHS SKHX, 3TiTHO BHIIC
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— BakaHcisg IUIIOMOYMY» MoXe OyTH BH3HAueHa 3a
TEeOpi€r0, 3anpornoHoBaHo y [14]. BkopiHeHHS JOMilKu
y BY30J IPaTKU CIOPUYMHIOE BHHUKHEHHS JIOKaJbHUX
nedopmaliiii HaBkojo JaedeKTy dYepe3 HEOIHAKOBICTH
padiyciB OCHOBHOI'O aToMa 1 aTtoma 3amimieHHs. Ili
nedopmariii 3MiHIOIOTh €HEpPril0 yTBOPEHHs BaKaHCII y
okoJIi AeheKkTy, 1 IF0 3MiHY KIIBKICHO MOYKHA BU3HAYUTH
3a opmysoro [14]:

__(@+h)Xrelo
T 2(1- h)Xofre
Ite, fo — KOBQJICHTHI pajiyCcH IOMIIIKOBOI'O aToMa Ta
aroMa IO 3aMIIIyeThCsA, Xo 1 Xre — CTUCKYBAaHOCTI
JOMIIIIKOBOTO aroMa Ta aToMa M0 3aMilIyeThCs,
N — kxoedirient IlyaccoHa OCHOBHOI PEYOBHHH (NpyTe =

DE » 6P(Ire - 10)°To

z(1- a)Xqe (19

1

0,67 [15]).

Sxmo  nmedextH, K  YTBOPIOIOTH  KOMIUIEKC
10HI30BaHi, TO HEoOXiTHO BpaxoOBYBaTH
€JIEKTPOCTATHYHY €HEPTilo X B3aeMOIii:

DE, = Veltng € o , (12)
4peeyr

Iie Zj — 3apsAaau nedeKTiB, I — BiICTaHb Mix HUMU. [Iporte,
OKCUTEH Yy BY3Ji Tenypy, HadiMoBipHille, nepeOyBae y
CIIEKTPOHCHTPAIBLHOMY CTaHi, TOMY JTaHUH JOIaHOK HE €
aKTyaJIbHAM.

3 iHmoro OOKy, y BWIIQJIKy MOJEJI YUCTO iOHHOTO
3B'S3Ky BIJHOCHO KpHUCTATiYHOI TIPATKU OKCUIEH Y
aHIOHHIN MIArpaTIi TOBUHEH MAaTH 3aps] -2, a OTXKE MiX
JTAHAM aTOMOM Ta JIBOKPaTHO HEraTHMBHO 10HI30BaHOIO
BaKaHCI€I0 CBHHIIO MOXXE€ BUHHMKATH EJIEKTPOCTaTHYHE
BiJIIITOBXYBaHHA. AJle, 3B)KAIOUM Ha BHCOKY CTaTHYHY
nienextpuyny nponukHicTe £(PbTe) =400 [16] (a mms
PO3paxyHKy  HEOOXiJJHO  BHUKOPHUCTOBYBATH  CaMme
CTaTHYHY JIEeNeKTPHUYHY MIPOHUKHICTh [14])
AEx=0,02¢B, mo mnpakTHYHO HE BIUIMBATUME Ha
pe3yapTaT PpO3paxyHKy. Bincranb Mix gedexTamu
npuiiMaack piBHOIO MDKATOMHIHN BIICTaH1 y iealbHOMY
kpucrani PoTe (r(Vp-Ore) = 3,23 A).



B.B. Ilpokomis, I.B. I'opiuok, T.0. Cemxo, P.O. I3ymenzeii, I"./]. Mareik, O.1. XmaHoBcbka

3rigHo TpoBeneHOro po3paxyHKy (Tabm. 1) enepris
YTBOPEHHS KOMIUIEKCY (TOOTO, €HEepreTHYHUH BHUrparl
npu  Horo yrtBOpeHHi) craHoBuTh 0,26 eB mpu
BUKOPHCTaHHI JJIsl pO3paxyHKy KOBaJEHTHOTO paiycy,
yu 0,55 eB npu BUKOpHCTaHHI ioHHOrO paaiycy. Taki
3HAYEHHsI €Hepriil YTBOPEHHS KOMIUIEKCIB CBiIYaTh IPO
Te, IO TX KOHIEHTpAIil MOXXYTh OyTH BUCOKUMH.

BucHoBkn

1. Tlpu sigmami mopomky PbTe Ha mnoBiTpi 3a
temneparypy  300°C  aToMH  OKCHI'€Hy aKTHBHO
B3a€EMOIIOTH 3 HHUM, audyHIyloun Brimd Ta
MiJIBUIIYIOYM KOHIEHTpalio aipok. JlaHuii mpouec
XapaKTepU3yeThCsl BUXOJOM Ha HACHYEHHS 32 IEBHHUX
TEXHOJIOTIYHUX IapaMeTpiB BiANaly, a MaKCUMallbHi
CIIOCTEePEKYBaHi KOHIICHTpAIlil HOCITB cTaHOBIATH (4,0-
5,0) 10* em™.

2. ExcrnepuMeHTanbHO BHUMIpIOBaHI TeMIlepaTypHi
3aJIeKHOCTI KOHIIEHTpallii HOCIiB MOXKYTh OYTH MOsICHEH1
B paMKax MOJENi, IO BPaxOBYE JIOKAJI3allil0 aTOMiB
OKCUTEHY Y MDKBY3JIOBHX IMO3HIIsX ab0 y aHIOHHHX
By3iax. [Ipu mpomy, ciabka TeMIepaTypHi 3aJeKHICTh
Ny(T) Moxke OyTH 3yMOBJECHA 3MiHOIO JOMIHYIOYOTO
MEXaHi3My BXOJDKCHHS aTOMIB OKCUI€HY 3i 3MiHOIO

TEMIIEpaTypH.

3. Jlnst riuOuioro ananmizy AedeKTHOI MiJCUCTEMH
kpuctamie  PbTeO HeoOXimHMM €  MPOBEACHHS
PO3paxyHKIB 3 BHKOPHCTaHHSIM MOJIElli, IO BpPaxoBYe
yTBOpeHHS JiepekTHOro Komiuekey V py-Ore, pO3paxyHOK
€Heprii yTBOpEHHs SKOro [a€ IiJCTaBH BBaXKaTH, IO
KOHLEHTpauii  JaHux  JgedekTiB  MOXYTb  OyTH
CHIBMIDHUMHU 3 KOHIIEHTPALisSIMH IHIINX IOMiHYIOYHX
TOYKOBUX JE(PEKTIB.

Poboma surxonana 6 pamkax 6UKOHaHHs NPOEKMIE 3d
oeparcasnum s3amoénenmuam MOH Vkpainu, Oepoicaeni
peecmpayiini Homepu 0117U006425 ma 0119U100062.
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Thermodynamic Analysis of the Defective Subsystem of
Lead Telluride Crystals with Impurity of Oxygen
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Electrophysical properties (specific conductivity, Seebeck coefficient, Hall effect) of the lead telluride obtained
by pressing of the powder were investigated. In this case, the powder was pre-heat treated a 300 oC in the air to
saturate it with oxygen. To interpret the experimenta data obtained, a model of a defect subsystem of crystals of lead
telluride with impurity of oxygen is proposed.

Keywords: Lead telluride, doping, pressing, Seebeck coefficient.
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The modul ation spectroscopy was used for defining band gap of monocrystalline Cdy.,Mn,Te solid solutions,
the properties of which vary with molar composition x and the surface preparation quality. It was found that for

such samples it is useful to measure differential transmission spectrum T4, the main peak of which is governed

by the composition x and the substrate thickness d. Therefore, it is important to measure Ey(d) for at least three
samples of the same composition and different thickness. Using these data, the band gap can be obtained by
extrapolating Ey(d) dependence in a logarithmic scale up to intersection with the energy axis at Ig d = 0, which

corresponds to the sample thickness of 1 um.

K eywor ds: semiconductor, band gap, modulation spectroscopy.
Article acted received 11.02.2019; accepted for publication 15.03.2019.

I ntr oduction

Band gap (Eg) is one of the most important
parameters of a semiconductor material that determines
its physical properties, establishing the possible
application ranges. Among the many methods used to
determine Eg, optical measurement remain the most
popular [1] by being non-destructive and alowing to
study the response of the material under different
external influences such as temperature, pressure, electric
and magnetic fields, presence of ionizing radiation, etc.
Many of optical methods consist in analysis of reflection
spectrum R,, ether alone or compounded with the
absorption spectrum K,, for the energies approaching the
expected value of material's band gap. The obtained
experimental curves are then fitted with a set of
theoretical models seeking to determine band gap value
with major precision, yet each such fitting may have its
subtle drawbacks. As absorption spectrum is usually
caculated from the transmission spectral data T,
measured close to the edge of intrinsic absorption [2], it
is important to ensure the reiability of T, measurement
using very thin samples (d < 100 um), growing of which
may be quite complicated from technological point of
view.

For thicker samplesit is more appropriate to measure
reflection spectra, which are independent on sample
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thickness. At the same time, the precision and reliability
of reflection spectra are defined by the structural
perfection of material and the quality of the sample
surface. To obtain material with high structural
perfection it is necessary to fine-tune many parameters of
growing process in order to ensure good control over
chemical composition and crystallographic orientation, to
reduce the concentration of point defects, etc., al of
which add quality constraints to both material growth
technology and sample preparation technology.
Therefore, it isimportant and timely to develop a smple
and reliable method for determination of semiconductor
band gap. For this purpose, we propose to use
modulation spectroscopy [3, 4], illustrating its potentia
with an example study of Cd;.\Mn,Te solid solutions.

|. Samplesand research methodol ogy

We have chosen Cdy,Mn,Te as an object of study
because addition of manganese to the solid solution
produces a diluted magnetic semiconductor with a
number of important physical properties — the Giant
Faraday effect and spin splitting, inter-center optical
trangitions, and non-linear tranamission [5, 6]. These
remarkable properties open promising application
perspectives for CdypMn,Te in the fields of magneto-
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optics, spintronics, lasers, and power optics. It is
important to mention that increase of manganese molar
content x leads to larger values of Ej enhancing
temperature and radiation stability of the crystals and
devices based on them. Unfortunately, the same high
molar content x deteriorates structura perfection of the
material, though solid solution is considered to be
homogeneous for x < 0.77 [6]. Reference [7] reports that
Cdy.xMn,Te may contain cubic-phase clusters of B-MnTe
as structural imperfections due to the presence of a UV
band in photoluminescence spectrum of the samples with
x=0.05-0.5 with its peak centered at 3.24¢eV that
corresponds to the band gap of B-MnTe a 300 K [8].

The present research was carried out for a set of flat
samples 4x4 mm? in size, cut from a Bridgman-grown
bulk Cd;xMn,Te. The melt used for crystal growth
contained different concentrations of Mn (x=0.04; x =
0.1; x=0.25 and x = 0.4). The samples obtained featured
p-type conductivity defined by intrinsic defects at room
temperature. Series of samples of the same composition
were produced; these were further polished to achieve
the required variation of thickness d. Firgt, the thickness
of the samples was adjusted by polishing them with
diamond paste AM5. The obtained plates were further
mechanically polished and chemically etched in bromine
methanol, completing the process with careful rinsing in
distilled water. The resulting samples featured mirror-
reflecting surface. Tree samples with different thickness
in the range 150-750 um were produced for every
composition x mentioned above.

The differentid spectra of reflection Rf and

transmisson Tf were measured using the universal

measuring Setup including the  diffraction
monochromator MDR-23 and a standard synchro-
detector. We used a halogen lamp with a smooth
radiation spectrum as a light source. The spectra were

Eg, eV
24 -

22

2.0

1.6

recorded with the photomultiplier FEU-112. The
A-modulation was achieved by oscillation of a flat mirror
of MDR-23 monochromator with a frequency of 33 Hz.
All measurements were performed at room temperature.

1. Results and discussion

The solid solution Cd;«\Mn,Te features zinc blend
gtructure in the entire composition range, decreasing its
lattice congtant linearly with increase of x [6]. Under
these circumstances, it is natural to expect that
dependence of Ey(x) should be linear as well, which is
confirmed experimentally by the empirical relation [9-
11]

Eg(x) = Ego +ax. (1)

At the same time, experiment measures deviate from
the values Eqo = 1.5€eV and a= 1.74 eV expected from a
straightforward application of linear band gap regression
carried out for the limit casesof x = 0 (CdTe, E;=1.5eV
at 300K) and x =1 (MnTe, Eg = 3.24 eV at 300 K). This
idealized linear dependence is plotted in Figure 1, curve
1. Severd experimental band gap values are displayed in
the same figure for comparison. The experimental points
after Refs. [9-11] are marked with triangles and circles;
our data are shown with squares, featuring very good
agreement with the theoretical curve.

As one can see, for low manganese content
0 <x<0.15, the band gap values matching the thesatrical
prediction were reported in Ref. [11]. These values were
obtained from reflection measurements performed over
freshly-cleaved surfaces. At the same time, the use of
absorption spectra provides considerably underestimated
band gap value for a wide range of x [9, 11]. This
problem is predicted by the Bouguer law, in accordance
to which the edge of fundamental absorption for a direct-

| | |

0 0.1 0.2 0.3 0.4 X

Fig. 1. Band gap variation Cd;.,Mn,Te solid solutions with molar content x. Theoretical curve 1 was calculated
using Eq. (1) with Ejo=1.5eV anda = 1.74 eV. The experimenta points were adapted from the following sources:
empty circles, Ref. [9]; filled circles, Ref. [10]; triangles, Ref. [11]. Squares plot our measurementsat T = 300 K.
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P ho, eV

Fig. 2. Differential optical reflection R§ (curves

1,2) and transmission T§ (curves 1',2) for CdTe

(curves 1,1) and CdogMngsTe (curves 2,2)
measured at T = 300 K.
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Fig. 3. Differential optical transmission T for the

samples of CdyggMnoosTe (curves 1,1 and
CdosMng4Te (curves 2, 2') with thickness of 750 um
(curves 1, 2) and 170 um (curves 1', 2), measured at
T=300K.

band semiconductor suffers red-shift upon increase of
sample thickness. The band gap values for Cd;xMn,Te
reported in Ref. [10] are adso underestimated, though
they were obtained from reflection measurements. This

problem, to our opinion, appears because the R§ curves
feature considerable sendtivity on sample structural
perfection and the quality of surface preparation. We
illugrate this point with Figure 2, showing that the curve
of R§ for CdosMno4Te, in contrast to that of CdTe, has

numerous peaks that consderably complicate definition
of the band gap. It is important to mention that the
samples used to measure the data for Fig. 2 were
prepared usng the same technological procedure and
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Fig. 4. Shifting of differential transmission peaks for
different thickness of Cd;Mn,Te samples, measured
for the following Mn contents: 1) x = 0.04, 2) x =
0.10, 3) x 025 (3) and 4) x 0.40. All
measurements were carried out at T = 300 K.

their surfaces were mirror-reflective upon  visual
inspection.

In contrast to R§, curves, the differential spectra of
optical absorption Tf; featured a single band centered at
hWrT1 ~ Eg for all samples produced in this study (Fig. 3).

As one can see from the figure, the position of hw-rl;1

shifts as sample thickness varies, in full accordance with
predictions provided by Bouguer law.

The empirical formula describing the experimental
dependence of band gap on the sample thickness d is
reported in Ref. [12]:

Eqd)=Eq- blgd [ev]. @)

Here parameter S determines the slope of a segment
plotted in coordinates E4(d) —Ig d, and the value of Eg is
obtained as an intersection of the aforementioned
segment with the energy axis for Ig d=0. The latter
corresponds to d=1pum, which is important value of
thickness as for semiconductor samples with d<1pum
optical transmission for energies lower than band gap
value becomes almost independent on #w. As one can

see from Figure 4, Eq. (2) holds well for all hw! (d)

data produced for the samples of solid solutions studied
in this paper. Linear extrapolation of the corresponding
segments up to intersection with the ordinate axis
provides the band gap value for solid solutions, which
fits well the theoretical prediction for the entire range of
chemical composition studied (Fig. 1, curve 1 for
theoretical data and squares for the experimentd data),
proving high potential of modulation spectroscopy for
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defining the band gap of semiconductor compounds.

Conclusions

We illustrate a successful application of modulation
spectroscopy to define band gap of semiconductors. The
suggested methodology has considerable benefits in
comparison with other optical methods. The precision of
obtained band gap values depends on the type of spectra
being measured, which in the first place is defined by the
quality of the sample surface. For the freshly-cleaved
surfaces, it is more convenient to use the differentia
reflection spectra. For less-perfect surfaces, the most
viable approach will be to measure differentid
transmission spectra for a set of samples with different

thickness. The linear extrapolation of Eg(d) plots is then

used to define the band gap of semiconductor material.
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B.I1. Maxiit', ILII. Topneii®, M.M. Bepe3oBchknii®

3acTocyBaHHSI MOAYJISIIHHOI CIIEKTPOCKOMII 111 BUSHAYCHHS IIHPUHH
3a00poHeHOoI 30HH TBepaoro po3uuny Cd,,Mn,Te

Yepuiseywiuii nayionansuuii ynisepcumem imeni FOpis ®edvkosuya, syn. 2, 58012 Yepnisyi, Yrpaiua,
e-mail: vpmakhniy@gmail.com
2ITenmp docnioocenns cyuacnux mamepianis, C.C. (CIMAV) Yixyaxya | Moumeppeii, As. Mizens de Cepsanmec 120,
31109 Yixyaxya, Mexcuxa

JUis BU3HA4YeHHS LIMPUHU 3a00pDOHEHOI 30HM MOHOKPHCTAIYHMX TBepaux posunHiB CdiMnTe,
BJIACTHBOCTI SIKMX 3MIHIOIOTBCA 3 MOJSIDHHUM CKJIAJIOM X Ta SIKICTIO IIATOTOBKU IIOBEPXHi, BUKOPHUCTaHO
MOZYJISILIMHY CIIEKTPOCKOMit0. BusiBieHo, 1o a1 Takux 3pa3KiB JIOLIIBHO BUMIPIOBATH JU(EPSHIIHHNI CcrieKTp
MPOITYCKaHHs, OCHOBHHUII MK SIKOIO PETYIIOETHCS CKIIAJ0M X Ta TOBLIMHOK miaknanku d. BinmosiaHo, moTpibHO
Bumipsiti EQ(d) mpuHaiiMHI 1 TpHOX 3pa3skiB OHAKOBOIO CKJIaay Ta Pi3HOI TOBIIMHU. BHKOpPHCTOBYIOUM Taki
naHi, excrpanosiiero 3anexuocri EQ(d) B norapudmivsii mkam y Todni neperuHy 3 Biccro eneprii Igd =0
OTPHMaHO 3HaYCHHs IIMPHHH 3200pOHEHOT 30HH, IO BiAIIOBIAa€ TOBIIHMHI 3pa3ka 1 MKM.

KurouoBi c/10Ba: HaniBNPOBiJHUK, MHMPHHA 3a00pPOHEHOT 30HH, MOAYIIALIHHA CIIEKTPOCKOMIs.

49


https://doi.org/10.1134/1.1393024)
mailto:vpmakhniy@gmail.com

®I3UKA [ XIMIS TBEPJIOTO TIJIA
T. 20, Ne 1 (2019) C. 50-55
DOI: 10.15330/pcss.20.1.50-55

UDK: 621.315.592

PHY SICS AND CHEMISTRY OF SOLID STATE
V. 20, Ne 1 (2019) P. 50-55

ISSN 1729-4428

0.V. Novosad', G.L. Myronchuk®, S.P. Danylchuk, O.V. Zamurueva’, L.V. Piskach',
V. Kityk*?, M.V. Piasecki*®, O.V. Tsisar!

Specific Features of Photoconductivity of Tl,In,Sn,Se,
Monocrystalsat Low Temperatures

'Department of Solid Sate Physics, Lesya Ukrainka Eastern European National University, Voli Ave 13, 43025 Lutsk,
Ukraine, zamurueva.o@gmail.com

?Institute of Electronic and Control System, Faculty of Electrical Engineering, Czestochowa University of Technology, Armii
Krajowgj 17, Czestochowa, Poland
3Institute of Physics, J. Dlugosz University, Armii Krajowej 13/15, Czestochowa, Poland

The photoconductivity spectra in the temperature range T = 36 - 200 K and the spectra of thermostimul ated
currents in the temperature range T~ 70- 300K of Tli4In;«SnSe, single crystals obtained by directiona
crystallization of Bridgman-Stockbarger have been studied. The induced photoconductivity and long-term
photoconductivity relaxation processes have been found. To interpret the found results, a model of two-center
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I ntr oduction

The ternary thalium compound, TIInSe, is a
structurally coordinated analog of the TISe binary com
pound, in which TI** ions are substituted with In®" ions,
relates to the group of low dimensional semiconductors
with a layered chain structure. The TlInSe, are
characterized by anisotropic physical properties. The
charge carriersin them can freely move inside the layers,
while their motion between the layers is limited because
of the van der Waals interaction and small overlap of
wave functions of neighboring layers[1].

The peculiarity of such crystals is that it is possible
to obtain semiconductor layers that do not contain
dangling bonds, that is, they are stable with respect to
adsorption, have a low surface recombination rate, and
aso have an increased radiation resistance, which
corresponds  to the requirements for modern
semiconductor structures. Due to the combination of
electrical and photoelectric properties, TlInSe, are
promising materials for the creation of radiation detectors
and receivers, devices controlled by an dectric field in
conditions of increased radiation [2, 3]. The importance
of using layered semiconductors as materials for sensors
was reported in [4-6].
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Recently, attention has been drawn to single-crystal
solid solutions between various semiconductors in order
to create heterojunctions that have become possible as a
result of the identity of synthesis technologies.
Application TlInSe, or creating heterostructures is due to
the prospect of layered semiconductors which have a
high sendtivity to visible, X-ray, ganmma and IR-
radiation [7, 8].

It should aso be taken into account, that Layered
crystals of thallium indium sulfide TIInS;, which belong
to the family of ferroelectric semiconductors, have been
actively investigated for several decades as model
compounds [9]. Numerous experimental data show that
the physical properties of the TlInSe, compound and
TlInSe,-based alloys are controlled to a large extent by
point defects of the crystal lattice. Data on the nature of
these defects, as well as the interaction of these defects,
are poorly studied to date [2, 9].

This study is aimed at comprehensive experimental
investigations into the electricdl and photoeectric
properties of new Tli,In;SN,Se, crystals at low
temperatures with the purpose of revealing the influence
of structural defects on the eectrica conductivity and
photoconductivity of these crystals and also to determine
certain parameters of these defects.
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|. Experimental

The Tl N, SnSe, crystal growth technology,
results of their X-ray sructural analysis and some
physical properties are presented in our previous
publications  [10-12]. We have investigated
TlixN1xSNSe, solid solutions containing x = 0.1, 0.2,
0.25. According to [10-12], the peculiarity of the
formation of the investigated solid solutions was the
cationic substitution of In** on Sn*, which caused the
partid filling of the crystall ographic positions of 4a with
Tl atoms. It was 0.9TI, 0.8Tl, 0.25TI for Tly,In.,SnSe,
single crystals with x=0.1, x=0.2, x=025
respectively.

Thus, taking into account the formation features of
single crystals of the Tly.In;.SN,Se, dloy, we can affirm
that their physical properties will be affected by
vacancies Tl (V), whose concentration increases with
increasing x. It isaso known that cation vacancies V+, in
cha cogenide semiconductors play the role of acceptors
that compensate shallow donors [10]. That is, an increase
in x will cause a redistribution of electrons at defect
centers of single crystals. The importance of Vy in
heterostructures based on TlInSe, is shown in [7].
According to [7], in p-TlinSe/n-TISe <Ge>
heterostructures, defects involving VTl can affect the
height of the structure barrier at various irradiation
intensities by gammarays.

The samples to be studied were obtained by
cleavingthe grown crystals in the central region of the
singlecrystal ingot along the (001) cleavage plane.
Thecrystal  surfaces were  specularly  smooth,
whichallowed their use for studies without any
additionaltreatment.

To perform photoelectric sudies, samples shapedas
paradldepipeds (4x1x0.2 mm) were cut from theplane-
parald cleavages. The eectrical contacts were appliedby
indium fusing to opposite surfaces of the plates.
Electrical measurements were performed with a Keithley
6430 Sub-Femtoamp SourceMeter.

Il. Resultsand Discussion

The results of invegtigations of TliInSnSe
single crystals at room temperatures are presented in our
papers [10-12]. A feature of photoproductivity spectra at
T = 300 K was the presence of one clearly pronounced
maximum, which was due to intringc optical transitions
and whose position depended on the composition of the
solid solution. The energy position of the
photoconductivity maxima was used to estimate the
bandgap (Eg) width of these single crystals.It is found
that with increasing x and increased value Ey; was
1.66eV, 1.79eV, 1.88eV for the single crystals at
x =0.1, x=0.2, x = 0.25[10, 11]. It should be noted that
the values of Ey determined in this way coincided with
the values of Ey determined from the absorption spectra
of light [10]. When the temperature was lowered to
200 K, a smooth shift of the photoconductivity maxima
to the short-wavel ength region was observed, which was
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explained by the increase in Ey; [10]. The most
photosensitive at T =300 K were single crystals of the
composition Tlg 75l Mo 7590, 255€y.

A feature of the spectral distribution of the
photocurrent a alower temperature (T = 200 - 36 K) was
that in single crystals with the largest Sn concentration,
along with the main maximum, a photocurrent maximum
was observed in the impurity region, whose position
corresponded to the energy of light quanta hv = 1.25 -
1.45¢eV. The photocurrent spectra in the temperature
range T =200—36 K for one of the investigated single
crystals Tlo7slNg7sSp255e; are shown in Fig. 1. The
decrease in Eg with increasing temperature causes the
shift of short-wave maxima to the long-wavelength
region of the electromagnetic spectrum. The therma
coefficient of the change in the position of the
photoconductivity peak is 4,3-10"eB/K, close to the

-10

10

Tl0,7511’10,7581’10,25862

0,5

1,0 1,5
Fig. 1. Photocurrent spectra of Tlgz51No. 75902556, solid
solutions at different temperatures. The energy of
photons of light increased during scanning.
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T=200 K Tl .JIn,..Sn
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14 L I L ! I
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hv, eV
Fig.2.  Spectra of the  photocurrent  of
TlozslNo 75902558,  solid  solutions  a  different

temperatures. The energy of light quanta decreased
during scanning.
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thermal coefficient of the change in the band gap Eg in
chal cogenide compounds [13-15].

In order to avoid excitation of the samples by high-
energy photons, photoconductivity was initially
measured with an increase in the photon energy of light
guanta from 0.5 eV to 3.5 eV (Fig. 1 indicated by an
arrow). Before each scan, the sampleswere heatedto T =
360 K, after which they were cooled to the temperature
indicated in Fig. 1. The samples were cooled at a voltage
of 0 V. After cooling, a voltage of 25 V was applied to
the samples.

Under the same experimental conditions, single
crystals were scanned with light quanta from high
energies to smaller ones (Figure 2), as aresult of which a
difference in the photocurrent spectra from those shown
in Fig. 1. The difference consisted in the decrease in the
height of the short-wave maximum, which could indicate
the participation of impurity levels in the formation of
this maximum photocurrent. It should be noted that this
difference was most clearly observed  for
Tlo751N075SN0.2558, Single crystals (Fig. 2).

A more detailed analysis and investigation of the
photoconductivity of Tlg7s1ng7sSN0255e, single crystals
showed that the difference in the photoconductivity
spectra in the forward and reverse directions was more
clearly observed when scanning from high energies to
smaller ones was carried out immediately after scanning
in the forward direction (Fig. 3.). When measuring the
photoconductivity spectra from from lower energies to
large ones, the location of the photoconductivity
maximum correspondsto 38 eV and 1.74 V.

Since the chortwave maximum became less
pronounced when scanning in the opposite direction,
while the long-wave maximum remained more intense, it
can be assumed that such a difference in the location of
the photoconductivity maxima can indicate the presence
of induced photoconductivity [16, 17]. Results thus
found cannot be interpreted within the context of a
smple theory, which associates the induced
photoconductivity with filling of the donor levels due to
the emptying of acceptor levels without the
recombination mechanism. Correspondingly, to interpret
the results, a mode of double center recombination is
suggested [16, 18], according to which, deep r centers of
slow recombination and s centers of rapid recombination
with various electron capture cross sections S0/S>>10°%,
where Sy, S, are the capture cross sections of eectrons
by sand r centers[16], as well as the attachment t levels
arranged near the conduction band bottom are present in
the crystal. Relative to r recombination centers, s centers
are more distanced from the valence-band top. The role
of t levelsisin determining the filling of sand r centers
with electrons and redigtribution of the photoconductivity
spectra, respectively. Induced photoconductivity is
governed by s centers of rapid recombination with ther
filling and quenching of the photoconductivity with their
emptying.

The presence of r recombination centers with low
Srn leads to a longer eectron lifetime, which was
confirmed by studies of the photoconductivity relaxation
of Tlixn.«xSSe, single crystals, and an increase in
photosensitivity. Moreover the long-lasting relaxations
with characteristic times~10%-10° sec were observed. An
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Fig. 3. Spectral distribution of the photoconductivity of
the solid solution Tl;.4In;4SNSey: 1 - photon energy
increased by scanning samples; 1'- photon energy
decreased upon scanning the samples.

abnormally long photoconductivity relaxation time
(t=10° ) in TlinSe, crystals was observed by the
authors of Ref. [19]. To explain the long-term
photoconductivity relaxation processes, the barrier theory
of a disordered semiconductor with high-resistance
inclusions in a low-resistance matrix was used in Ref.
[19].

The authors of [3] came to the conclusion that there
arer, s t-levels in TlInSe, single crystals, in which the
results of the passage of a current through TlInSe; single
crystals in strong eectric fidlds were analyzed. For Tl
N1, SNSe, solid solutions, some parameters of these
defect centers were determined in [10, 11], in which the
recombination and adhesion center distribution model
described above was used. The phenomenon of induced
photoconductivity and long-teem  relaxation  of
photoconductivity was observed by us in solid solutions
of CulnS,-Znin,S, based on CulnS; single crystals [15,
20, 21]. In[15], an analysis of the long-term relaxation of
photoconductivity was carried out on the basis of the
concept of capture of free charge carriers by point
localization centers (traps).

Acceptor levels, which are caused by Vq, play the
role of r-centers of dow recombination. The
concentration in CulnS;-Znin,S; of V¢, defects increased
with the increase of the ZnIn,S, content [15, 20, 21],
similar to the concentration of V1, in TlyIn.,SnSe,.

From the results presented in Fig. 3., it is possible to
determine the energy distance between r and s centersin
Tl SNSe, single crystals at x =0.25. It was E =
0.46eV. The role of r-centers, according to the
assumption made in [10], is performed by cation
vacancies of the TI. Shown in Fig. 1-3 the results support
this assumption, since the dngle crystals of
TlixnxSNSe, a x=025 have the highest
concentration of these defects in comparison with single
crystals at x=0.1, x=0.2, which is reflected in the
photoconductiveity spectra. It should be noted that in [7],
acceptor centers in single crystals of TlInSe, with an
ionization energy of E,+0.15 eV were reported. Also, the
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Fig. 4. Themaly dimulated currents
Tl14IN1xSNSe; single crystals at x = 0.25.
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Fig.5. Thermaly  simulated

Tl1xInxSNSe; single crystals at x = 1.

0,004 0,016

currents  of

role of acceptor centers in TlInSe, single crystals is
performed by intergtitial pin defects Se and In;, while TI;
exhibits donor properties [7]. The anti-structural defects
SNy in Tl «SnSe, single crystals act as donors[10].

To determine the energy position of traps in the
samples, to which the induced photoconductivity is
inherent, thermally stimulated currents (Fig. 4) were
investigated. It is known [16] that they are determined by
the thermal escape of eectrons from attachment centers
preliminarily filled via illumination into the conduction
band.

The TSC gpectrum (curve 3) is obtained by
subtraction of the dark current (curve 1) from the current
measured after preliminary illumination of the crysta
(curve 2). The crystals were illuminated for 30 min by
photons with an energy of hv=217eV, which
corresponds to the maximum of the induced PC.In the
temperature range under study, the TSC spectrum has
two maximum (Fig. 4, curve 3) at T=~150 K and
T ~ 220K as the photon energy increases or decreases
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relative to hv= 1.7, the TSC maximum becomes less
pronounced. It is seen from Fig. 3 (curve 3,) that two
gtraight-linear segments, via the dope of which the
therma activation energy of electrons from t levels was
determined, are observed in the TSC curve presented on
the semilog scale. The values of the activation energy in
various temperature ranges are mentioned in Fig. 4. At
temperatures T>200 K, the dark current (Fig. 4, curve 1)
increased exponentially with increasing temperature. The
conduction activation energy determined from the slope
was0.39 eV.

The results of d&milar studies of the TSC
TlixlnxSNSe, dloys with x=0.1 are presented in
Fig. 5. Asin the previous case, in the temperature range
under study, the TSC spectrum has two maximum at
T~80KandT = 180 K. The shift of the TSC maximum
to toward lower temperatures and, correspondingly, an
increase in the therma activation energy of electrons
from the t-levels can be explained by an decrease in Eg
upon with decreasing x in the Tl;4In.«SnSe, dloy,
which agrees with the assumption made in [10], about
the attachment of t-levelsto the valence band. At T > 250
K, a draight section with a dope of 0.49eV was
observed in TlgglngoSnp1Se, single crystals on the
spectra of thermally stimulated currents. The traps with
in TlInSe, single crystals with an ionization energy of
0.5eV, and 0.15 eV in TlInSe, crystals were reported by
the authors of [3]. Since the single crystals of
TloolngeSNg1Se, contain the lowest concentration of Sn
atoms, we can assume that the nature of the attachment
centersis identical with a of 0.49 eV and 0.2 eV depth
with those observed by the authors of Ref. [3].

Conclusions

The feature of the low-temperature (T = 36 - 200K)
photoconductivity of Tli.Iny.xSnSe, single crystals is
impurity- and induced photoconductivity. To interpret
the found results, a model of two-center recombination is
suggested, according to which, acceptor levels, which are
caused by Vq, play the role of r-centers of dow
recombination Energy distance between r centers of sow
recombination and s centers of rapid recombination in
Tl1xIN1xSN,Se; single crystals with the highest content of
Sn atoms was 0.46 eV. The thermal activation energy of
electrons from the attachment t-levels was 0.13 eV and
0.28 eV for Tlo7slng7sSNp25Se; single crystals. An
decrease in the Sn content in the Tl;41n.«SnSe, single
crystals leads to a decrease in the decrease the energy of
these levels. In the TlgglngeSne1Se; single crystals there
are three defect centers that act as t-levels at different
temperaturerange.

Novosad O.V.- Candidate of Sciences (Physics and
Mathematics), Senior Lecturer of the Department of
Experimental Physics and Information and Measurement
Technologies;



O.V. Novosad, G.L. Myronchuk, S.P. Danylchuk, O.V. Zamurueva, L.V. Piskach, 1.V. Kityk and other...

Myronchuk G.L.- Candidate of Sciences (Physics and
Mathematics), Associate Professor of the Department of
Experimental Physics and Information and Measurement
Technologies, Chief Scientist;

Danylchuk S.P.- Junior Research Fellow, Department of
Experimental Physics and Information and Measurement
Technologies;

Zamurueva O.V.- Candidate of Sciences (Physics and
Mathematics), Senior Lecturer of the Department of
Experimental Physics and Information and Measurement
Technologies, Senior Researcher;

Piskach L.V. — Candidate of Chemical Sciences,
Associate Professor, Department of Inorganic and
Physical Chemistry, Senior Researcher;

Kityk 1.V.- Doctor of Sciences (Physics and
Mathematics), Professor of the Department of
Experimental Physics and Information and Measurement
Technologies, Chief Scientist, Professor of Cz¢stochowa
Technological University;

Piasecki M.V.- Researcher of the Department of
Experimental Physics and Information and Measurement
Technologies, Chief Scientist;

Tsisar O.V.- Junior Researcher, Department of Inorganic

and Physical Chemistry.

[1] S.N. Mustafaeva, M.M. Asadov, A.l. Dzhabbarov,Phys. Solid State 56(6), 1096 (2014).

[2] R.S. Madatov,A.l. Najafov, Yu.M. Mustafayev, M.R. Gazanfarov, |. M. Movsumova, Semiconductors 49(9),
1166 (2015).

[3] RS Madatov, A.l.Nadzhafov, T.B.Tagiev, M.R. Gazanfarov,
Electrochemistry 46(5), 497 (2010).

[4] N.K. Tovstyuk, Sens. elektron. mikrosist. tehnal. 11(2), 53 (2014).

[5] Y.M. Stakhira, Sens. eektron. mikrosist. tehnaol. 14(4), 27 (2017).

[6] Y. Stakhira R. Stakhira, Sens. elektron. mikrosist. tehnal. 13(4), 44 (2016).

[7] A.Z. Abasova R.S. Madatov, A.l. Nadzhafov, M.R. Hazanfarov, Prikladnaya fizika, (5), 112 (2011).

[8] K.Mimura, K.Wakita, M. Arita, N.Mamedov, G. Orudzhev, Y. Taguchi, K. Ichikawa, H.Namatame,
M. Taniguchi,J. Electron Spectrosc. Relat. Phenom. 156-158, 379(2007).

[9] M.-H.Yu. Seyidov, A.P. Odrinskii, R.A. Suleymanov, E. Acar, T.G. Mammadov, V.B. Alieva, Phys. Solid
State56(10), 2028 (2014).

[10] G.E. Davydyuk, O.Yu.Khyzhun, A.H.Reshak, H.Kamarudin, G.L.Myronchuk, S.P. Danylchuk,
A.O. Fedorchuk, L.V. Piskach, M.Yu. Mozolyuk, O.V. Parasyuk, Phys. Chem. Chem. Phys. 15(18), 6965
(2013).

[11] S.P. Danylchuk,G.L. Myronchuk, M.Y u. Mozolyuk, V.V. Bozhko, Semiconductors50(1), 38 (2016).

[12] G.E. Davydyuk, M. Piasecki, O.V.Parasyuk, G.L. Myronchuk, A.O. Fedorchuk, S.P. Danylchuk,
L. V. Piskach, M. Yu. Mozolyuk, N. AlZayed, I. V. Kityk, Opt. Mater.35(12), 2514 (2013).

[13] V.A.Ivanov, V.F. Gremenok, E.P.Zaretskaya, O.N. Sergeeva, |.A. Viktorov, V.B. Zalesskiy, Opticheskie
svoystva tonkih plenok Zn,.,Cuyn,Se,, prednaznachennyih dlya primeneniya v solnechnyih eementah.
Sborn. tr. mezhdun. nauchn. konf. «Aktualnyie problem fiziki tverdogo tela», 26-28 oktyabrya2005 g. (Minsk,
2005). S. 426.

[14] L.L. Kazmerski, C.C. Shien, Thin Sal. Films 41(1), 35 (1997).

[15] O.V. Novosad, V.V. Bozhko, I.V. Kityk, V. Vertelis, A. Nekrosius, V. Kazukauskas, Sens. e ektron. mikrosist.
tehnol. 12(1), 53 (2015).

[16] V.V. Serdyuk, G.G. Chemeresyuk, M. Terek, Fotodektricheskie protsessyi v poluprovodnikah (Vyisshaya
shkola, Kiev-Odessa, 1982).

[17] Richard H. Bube. Photoelectronic Properties of Semiconductors (Cambridge University Press, Cambridge,
1992).

[18] Peter T. Landsberg, Recombination in Semiconductors (Cambridge University Press, Cambridge, 1991).

[19] N.D. Ismailov,Ch.I. Abilov, M.S. Gasanova, Semiconductors51(5), 632 (2017).

[20] V.V.Bozhko, A.V.Novosad, G.E.Davidyuk, V.R.Kozer, O.V.Parasyuk, N.Vainorius, V.Janonis,
A. Sakavicius, V. Kazukauskas, J. Alloys Comp. 553, 48 (2013).

[21] V.V.Bozhko, A.V. Novosad, G.E. Davidyuk, O.V. Parasyuk, V.R.Kozer, O.R. Gerasymyk, N. Vainorius,
V. Janonis, A. Sakavicius, V. Kazukauskas, Semiconductors48(3), 286 (2014).

Surface Engineeringand Applied



Specific Features of Photoconductivity of Tly4In;.4Sn.Se, Monocrystals at Low Temperatures

O.B.Hosocar’, C.H.JIaHHanyKl,F.H.MHpOquKl, O.B.3aMypyeBa1, JI.B.ITickau’,
I.B.KiTI/IKl’Z, M.B.HﬂceuLKHﬁl’s, O.B.I_[icap1

Oco6smmBocTi poTonpoBigHicTh MOHOKpHCTATIB T 1141 N1 SN S,
NPHU HU3BKHUX TeMIepaTypax

YCrionoesponeiicvruii nayionansnuii ynisepcumem imeni Jleci Ypainku, npocn. Boni, 13, JIyywk, 43025, Vipaina,
e-mail: zamur ueva.o@gmail.com
?Institute of Electronic and Control System, Faculty of Electrical Engineering, Czestochowa University of Technology, Armii
Krajowgj 17, Czestochowa, Poland
3Institute of Physics, J. Dlugosz University, Armii Krajowej 13/15, Czestochowa, Poland

OCHOBHI  pe3yabTaTH [JOCHIUKEHb IONATalTh Yy TOMY, IO OCOOJIMBICTIO HU3BKOTEMIIEPATypHOI
¢oromporinHocTi MoHOKpHcTaliB Tli4IN; SN Se, € nmomimkoBa Ta iHAykaBaHa ()OTONMPOBIAHICT, & TAKOXK
JIOBrOTpHBAJI Ipolieck perakcanii ¢orompoiguocti. OuiHeHe 3Ha4YeHHsS dacy penakcamii (oTonpoBiIHOCTI
cranosmio ~10%-10° c. Tepmiuna eHeprist akTHBALL{ eEKTPOHIB 3 t-piBHIB y MOHOKpHcTanax Tlo7s1Ng755M0 2556,
cranoBuna 0,13 eB ta 0,28 eB. 3meHmieHHst BMicTy SN B Tl1.4IN1.4SNcSe, npu3BoauTh 10 3MEHIICHHS TITHOHHH
3aJIIraHHs LUX PiBHIB. Y MOHOKpHcTanax TloolNggSng1Se; icHye Tpu nedexTHi HeHTpH, sIKi BUKOHYIOTh POJb t-
PiBHIB IPWINIAHHS y PI3HUX TEMIIEpaTypHUX 1HTEpBaJax.

KurouoBi ci10Ba: MoHOKpHUCTaNH, Ne(eKTH, HOTONPOBIIHICTE, TEPMOCTUMY/IbOBAHA IIPOBIAHICTb.
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I ntr oduction

The development of durable and reliable instruments
made on the basis of epitaxial heterostructures is one of
the most problems of semiconductor technology. The
technical characteristics of the device to a large extent
are determined by the profiles of the concentration of
implanted impurities and radiation defects and,
accordingly, the strain profile. The restructuring and
migration of defects in the crystalline lattice during the
operation and dorage of ion-implanted ferrite-
pomegranate films are the main factors that lead to
changes in the operational characteristics of the devices
where they are used. Thus, studying the time stability of
the dructural parameters of the disturbed layer,
establishing the regularities of the restructuring of the
crystalline structure at room temperatures and predicting
their behavior in the process of exploitation is an
important theoretical and practical task.

The aim of this work is to establish the patterns of
aging processes at room temperatures in films of iron-
yttrium garnet implanted by boron ions.

For the analysis of the processes that occur during
the natural aging of ion-implanted layers of iron-yttrium
garnet films, it is necessary to consider processes that
occur during ion implantation, and processes that
accompany low-temperature aging after ion implantation.
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Therefore, the structure of this article includes both parts
of theresearch in these areas.

I. Methodology of the experiment

In order to study the processes of |ow-temperature
relaxation (aging) of the implanted layer, films of iron-
yttrium garnet (Y1G) with a thickness of 5.11 mkm were
irradiated with B ions of 80 keV energy and doses of
340" and 10" cm™,

Films of YIG were grown by the method of liquid
phase epitaxy on the substrates of gadolinium-galium
garnet (GGG) monocrystals with a cut plane (111). lon
impl antation was performed on the implantator MPB-202
of the company "Balzers' in the mode, which excludes
channdling.

X-ray structura investigations were carried out using
two-crystal diffractometry a  the  DRON-3
(monochromator GGG or two-crystal monochromator Ge
(in mutualy dispersed positions)) using CuKa, radiation.

From the experimentally obtained rocking curves,
gtrain profiles Dd/d(Z) and defect parameters were
calculated. These calculations were made by simulating
X-ray diffraction in a nonideal crystal by means of the
statistical dynamical theory of scattering of X-rays. The
method used to analyze the rocking curves is described in
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detail in [1].

II. The processesthat occur duringion
implantation

During ion implantation an important role is
associated with eastic collisions of ion implantant with
the nuclei of the target and inelastic collisions with free
and bound electrons. Experimental confirmation of
defect formation by electron energy loss in materials
with garnet structure is shown in [2]. It is described in
this paper that in the films of ferrite garnets, which were
implanted with ions with an energy of 80 keV, two
disordering centers were observed in the disturbed layer:
on the surface and inside the disturbed layer. Disordering
inside the disturbed layer is associated with elagtic ion-
atomic interaction (nuclear energy losses of the ion-
implant). Near-surface disorder is the result of inelastic
collisions of an ion implant with matrix ions (electronic
energy |osses).

For a detailed study of the processes that occur

/?., T ] .l
!/(\Depth vg. Y-Axis {4
N

0A - Target Depth - 3000A

a

during the implantation of B ions in the garnet lattice,
the SRIM program was used. Radiation defect occurs
when the energy of displacement ions from their
positions in the matrix exceeds the value Ey. For the
single crystal YIG the value energy of displacement E4
according to [3] is. for ions O — 30¢eV, for Fe ions —
56 eV, for Y ions—66 eV.

On the basis of the theory of eastic collisions using
the SRIM program, the processes of interaction of boron
ions with YIG atoms were investigated. In fig. 1, and
shows 20 tracks calculated by simulating a complete
cascade of collisions. From the type of tracks, we can
conclude that the energy transferred by theion-implant to
the nuclear subsystem of the YIG in many cases reaches
the values necessary for the devel opment of the cascade
of secondary displacements.

The statistical processing of the simulation results of
the complete cascade of collisions showed that, with an
energy of 80 keV for boron, the most probable (= 54 %)
is the process of generating Frenkel couple (one
displaced atom). The probability of developing a cascade
of two recoil atomsis~ 15 %, of three ~ 8 % (Fig. 1, b).
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Fig. 1. Simulatetracks of ions B implanting in the Y1G (E = 80 keV) (a) and the probability (P,%) of the formation
of cascades of secondary displacements of atoms matrix with different number of displaced atomsn (b).
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Fig. 2. Profiles of the distribution ion-implants (a) and displaced ions of the matrix O, Fe, Y (b) versus depth when
implanted by B* ionsinthe YIG, E = 80 keV.
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It turns out that there are cascades that consist of 20 or
more displaced atoms of the matrix (3.5 %). There are
also cascades containing more than 160 knocked out
atoms (0.04 %).

In the simulation of the ion implantation process,
distributions of implanted ions and displaced atoms of
the matrix in depth were obtained (Fig. 2).

As can be seen from Fig. 2 a, b, the maximum of the
profile of the introduced boron ions is shifted to a depth
relative to the position of the maximum of the profile of
the displaced atoms of the matrix. This is due to the fact
that ion implants in the final stages of motion have not
sufficient energy to generate defects, and their collisions
with the atoms of the matrix result only in the increase of
oscillations of the atoms.

In the SRIM program, electronic energy losses are
taken into account, but they determine the process of
continuous slowdown of the ion implant and do not
affect the direction of movement of the incident particle
(ie, electrons form a "free eectron gas') and do not
created defects. However, as aready mentioned,
generation of radiation defects may occur due to
electronic losses of ions energy. Using the approaches
described in [4], calculations of distributions of defects
formed during implantation of boron ionsin YIG were
performed (Fig. 3). As can be seen from the figure, the
defects concentration formed due to nucler and
electronic losses of ions energy is commensurable;

7

therefore, in calculating the strain profiles, it is necessary
to take into account both methods of generating defects.

Generalized picture of the processes taking place in
the ferrite garnet films describes the dynamic model
implanted layer [2]. According this model, in smaller
doses 9:10™cm™ amorphization of disturbed layer from
the surface of the films starts and spreads in depth. At
doses greater than 9-10™cm™, the second amorphous
layer emerges in the region of maximum nuclear energy
losses. At a dose of ~ 3-:10%cm™, both amorphous layers
merge into one. With further increase in the dose of
implanted ions occurs increase the amount of the
amorphous phase. The maximum thickness of the
amorphous phase is determined by countervailing
factors: the propagation of the amorphous phase in the
depth of the film and spraying the film surface.

At low doses the strain profile proportiona to profile
defects, which, according to a dynamic model of the ion-
implanted layer is the sum of two components. the
defects that are formed due to nuclear losses of ions
energy and defects that are formed due to electronic
losses of ions energy. As the calculations showed [4, 5],
profile of defects (and therefore strain profile) has a
complex dependence on depth, so to obtain a simple
andytical formula without loss of accuracy, it can be
written as the sum of asymmetric and decreasing
Gaussians:

é 20 N
D:;!; DN epg (- R'B')Z/(Sl'\l) E it h<RY . RE)Z/(S E)Z]
%D,'}'m expg- (h- R'B')Z/(sg')zg, if h<R}

D= o , h—isthe distance from the surface, Ro" —isthe
d
2.5x10"
@ 2.0x10™ 2
o 21
= 1.5x10
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20 l
5.0x10°
0.0 - : .
0 1000 . 2000 3000
h, A

Fig. 3. Theoretica calculations digtributions of the
concentrations of defects formed as a result of
electronic losses of ions energy (1) and nuclear |osses
of ions energy (2) (B* ionsin the YIG, E = 80 keV,
D =8-10" cm™).
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merging point of two Gaussian curves, and s;", s," and
sF — are parameters that describe the Gaussian curve's
width a half maximum. The upper indices N and E
mean, that these parameters characterize the components
of the profile associated with nuclear and eectronic
losses of ions energy, respectively.

The dtrain profiles were determined taking into
account the defects of the crystalline structure in the
substrate, the film, and the disturbed layer [6]. Calculated
from experimental rocking curves strain profiles for
irradiation doses of 3-10" cm® and 1-10"° cm? are
shown in Fig. 4

An example of experimenta and theoretica rocking
curves from implanted B* ions with an energy of 80 keV
and a dose of 1-10™ cm™ of the film YIG is presented in
Fig.5. A good match between the theoretically
caculated and experimental rocking curves is a
confirmation of the correctness of the chosen model of
the defective system of the ion-implanted layer.

As can be seen from Fig. 4, the characterigtic form of
strain profiles for doses of 3-10" cm™ and 1-10® cm?is
different. At a dose of 3-10" cm™ the strain profile is
proportional to the defect profile and the dastically
deformed intermediate layer, which islocated outside the
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Fig. 4. The strain profilesin films of Y1G, implanted with B* ionswith energy of 80 keV and doses of 3-10 cm™®
(a) and 1-10™ cm™ (b) (1, 2 — components of the profile associated with nuclear and electronic energy losses
respectively, 3 —thetotal profile).
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Fig. 5. Rocking curves for reflex (444) from implanted B* ionswith energy of 80 keV and a dose of 1-10"°cm™ film
Y1G (1 — experimental, 2 —theoretically cal culated rocking curve with taking into account spectrometer broadening,
3 —theoretical rocking curve and its components: diffuse from the film (4), diffuse from the substrate (5), diffuse
from the disturbed layer (6) and coherent (7)).

layer with radiation defects, is not formed. In the film
implanted with a dose of 1:10”°cm? an dasticaly
deformed intermediate layer is formed a a thickness of
about 1000 A, which islocated outside the layer with
radiation defects. This is due to significantly greater
deformation a higher doses of implantation and the
spread of radiation-induced mechanica stresses in the
depth of film.

The maximum deformation (Fig. 4) is the result of
the total effect of both defects formed due to dastic
nuclear collisions and defects formed due to eectronic
energy losses. Dependence of deformation on the dose of
implantation is well described by the classica
dependence of the accumulation of radiation defects
within the framework of the model, which takes into
account their annihilation due to the possible occurrence
of this defect in the zone of instability of an already
existing defect (Fig. 6).

For the quantitative description of the process of
accumulation of structural disordering of the near-surface
layer of the feritegarnet films, experimenta
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Fig. 6. The dose dependence of the maximum
relative deformation Dd%j (D) (points) and
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w(D) (line) for YIG films implanted by B" ions,
E=80keV.
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Fig. 7. Experimental rocking curves (reflex (444)) which are obtained immediately after implantation (1) and after
15 years (2) from Y1G filmsimplanted by B* ions (E = 80 keV): a - radiation dose of 340™ cm?, b— 140" cm?.
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Fig. 8. Strain profiles calculated from experimental rocking curves, which are obtained immediately after
implantation (1) and after 15 years (2) from Y1G filmsimplanted by B ions (E = 80 keV):
a- radiation dose of 340" cm?, b— 120" cm?.

data(D%I )m( (D) were approximated by the dependence
of the species[7]:

& N 0 -
W(D)=1- expg %kr ;, Ny =spNgD,

where s n(x) — the differential cross section of eastic

defect formation, D — the dose of irradiation, No — the
average number of atoms per unit volume of the target
(for YIG No = 8,440% cm™), N, — critical value of the
concentration of defects at which the amorphization of
the structure begins. According to the calculations, Ny, is
» 0,6540% cm®, which corresponds to the radiation dose
» 240" cm?,

On the curve w(D) there are three areas that can be
interpreted in the following way. In the area of low
doses, ionic tracks do not overlap, the defect structure is
minimal. At intermediate doses, the rapid accumulation
of point defects begins, which is confirmed by the
experimental fact of the sharp increase in deformation. A
further increase in the dose leads to overlapping of ionic
tracks. Diffuson of defects causes the formation of
disordered amorphous zones, which leads to the gradual
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exit of the dependence w(D) on the Plateau.

At doses larger than 1-10" cm™, the crystal lattice is
s0 much damaged that it is impossible to estimate the
maximum deformation according to the X-ray
diffractometry.

I11.Processes that accompany the low
temper ature aging of theion-
implanted layer

A comparison was made between X-ray structural
anaysis results obtained for these films at intervals of 15
years after storage at room temperature. Over time, the
parameters of the disturbed layers undergo changes that
can be traced aready from the experimental rocking
curves obtained at certain intervals. In the firgt place,
this is manifested in the region of an additional
oscillatory structure. The angular length of additional
oscillating structure decreases with time, which is a
testament to decrease with time of maximum
deformation ion implanted layer.
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At relatively low doses of implantation to 140" cm™
the maximum value of deformation does not change
much, but there is a generd smoothing of strain profile.
The thickness of the disturbed layer remains unchanged.

According to the research of implanted films of YIG
by Rutherford's inverse scattering method, mainly
anionic sublattice is destroyed at low doses of irradiation
with B" ions (E = 80 keV), and significant disordering of
cation lattice was observed at doses 3 840™ cm? [8].
Thus, recorded after aging structural change probably
conditioned by the redigribution of anionic defects with
minimal energy of migration and migration of boron
atoms in anionic vacancies. The tendency to occupy
anionic vacancies by boron has been proven by method
of nuclear reactions “B(p,a)®Be [9]. Probably, the
restoration of the structure does not occur, and observed
changes in the structure of the near surface layer due to
migration of radiation defects and their disappearance by
joining to the didocation loops. However, for low doses
of boron implantation, the maximum relative
deformation of the lattice does not exceed 0,3%, and on
rocking curves it manifests itself as an additional peak
or an influx. Therefore, the resulting changes in the form
of astrain profile during aging can only be perceived in a
qualitative plan.

More detailed information can be obtained at higher
doses of irradiation. Doses of irradiation up to 140" cm
2 are on the flat section of the dependence of the
structural disordering of ferrite-garnet films on the
radiation dose w(D), therefore, the dose increasing does
not lead to significant deformations of the crystalline
lattice. In the case of higher doses of implantation, a
sharply increase in the disordering curve begins, and
therefore an increase in the dose of implantation by half
the order leads to quick increase in relative deformation.
On the rocking curves there is a complex oscillatory
structure.

Fig. 7 shows the rocking curves which are obtained
immediately after implantation and 15 years after
implantation.

According to experimental rocking curves, strain
profiles were calculated (Fig. 8). As we can seg
deformation with natural aging in all samples decreases,
and the thickness of the disturbed layer is practically
unchanged. In the maximum deformed layer the relative
deformation isreduced by 7-8 %.

The explanation of the indicated changesin the near-
surface layer of YIG films in accordance with modern
ideas about the process of implantation of ions in the
crystal is as follows. Radiation defects immediately after
emergence migrate, annihilate one with one, form
complexes of different types or remain unitary and
stable. Complexes of interdtitiadl atoms pass into

didocation loops of interditia type, and vacancy
clusters— in dislocation loops or vacancy pores [10].
Proceeding from the fact that the energy of the migration
of interditia atoms is less than the energy of the
migration of vacancies, during the cooling period, the
interstitial atom formed in the cascade may away from
the place of its formation for a greater distance than the
vacancy [11].

In the aging of films implanted with boron ions, the
process of the disappearance of point defects
predominates over the processes of diffusion, which
leads to a decrease in the value of deformation and
amost does not affect the thickness of the disturbed
layer. At the same time, some vacancies annihilate with
intergtitial atoms, and the remaining point defects
annihilate on the dislocation loops.

Conclusions

1. Parameters and characteristic features of strain
profiles obtained during implantation of YIG films by
medium-energy boron ions depend on the implantation
dose. In particular, the strain profile is proportional to the
defect one at implantation dose of 340 cm?, and the
elagtically deformed intermediate layer outside the layer
with radiation defects is not formed. Implantation of
boron ions (dose of 130" cm™) |eads to the formation of
an eadtically deformed intermediate layer outside the
layer with radiation defects about 1000 A in thickness.

2. The value of deformation aong the entire
thickness of the ion-implanted layer decreases with time
at the natural aging of Y1G films implanted by medium-
energy boron ions. The relative deformation is reduced to
7-8 % in the maximum deformed layer. The thickness of
the disturbed layer thus remains unchanged.
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IIpouecu crapinHg B IUIiBKaX 3aJ1i30-iTPI€BOro rpaHary,
IMIVIAHTOBaHMX iOoHAMH OOpPYy

1 o . o . . . .
JIBH3 «lIpuxapnamcuokuii hayionanoruii ynigepcumem imeni Bacuna Cmeganuka», eyn. Lllesuenxa, 57, m. Ieano-@panxiscwok,

76018, Vxpaina

2IBH3 «lsano-Ppankiscokuti nayionanbuuti meduunuii yuisepcumem», syi. Ianuyvia, 2, m. leano-@pankiscvk, 76000, Vipaina

SKewyscoxuii ynisepcumen, yn. Tadeywa Peiimana, 16C, 35-310, JKewys, Ilonviya

Ha ocHoBi pe3ynbraTiB X-IIpOMEHEBOr0 CTPYKTYPHOI'O aHali3y BUBYCHO 3MiHU KPUCTAIIYHOI CTPYKTYPH, SIKi
BinOyBaicst Ha NpoTA3i 15 pokiB B NPUIIOBEPXHEBHX IApax €MiTAKCIHHMX IUIBOK 3alli30-iTPI€BOro rpaHary,
imranToBanux ionamu BY. PosrisHyTO mpolecH, 1o BiaOyBaloThCs Mif Yac ioHHOI iMmianTamii B® y dpepurt-
IPaHATOBI IUIBKHM, Ta IPOLECH, SKI CYNPOBOMKYIOTh HU3BKOTEMIIEPATYpPHE CTapiHHS 10HHO iMIUIaHTOBAHHX
IUIBOK. 3 EKCIEPHUMEHTAIBHUX KpUBUX AU(DPaKiiHOro BiAOMBaHHS, OTPUMAHMX Biapasy Iicis 1OHHOI
iMmmianTamii ta wepe3 15 pokis, Bu3HaueHo mnpodini amedopmanii. BusBieHO, 1O 3HAaYEHHS BiIHOCHOI
MaKCHMaJIbHOI JiedopMaliii IPUIIOBEPXHEBUX LIAPIB 3MEHILYETHCS IPH HE3MIHHIH TOBILIMHI HOPYIIECHOTO apy.

KirouoBi ciioBa: npupopane crapings, npodins aedopmarii, X-mpoMeHeBa AuQpaxiis, i0HHa IMIDIaHTAaLis,
JeheKTH CTPYKTYpH.
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The paper presents the experimenta results of the hydrothermal synthesis composite materials based on the
MoS, and carbon using different types of detergents (cetyltrimethylammonium bromide and Triton-X) or
microporous carbon. The synthesized materid was studied by XRD, TEM, and EDS. The investigation of
structural and morphological properties of the obtained nanocomposite material shows that the nanoparticles (the
average size of about 40 nm) obtained by detergent-assisted procedure have a multilayer crystal ordered
superficia layers where quasi-two-dimensional MoS,; |layers aternate with amorphous carbon. The annealing at
500°C in argon caused the formation turbostratically stacked layers of crystalline MoS, with amorphous carbon
located in the interlayer space. The core-shall morphology (carbon nanoparticles on the surface of MoS, clusters)
was observed for composite materials synthesized on the base of microporous carbon.

K eywor ds: molybdenum disulfide, mesoporous carbon, hydrothermal synthesis, nanocomposite.
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I ntr oduction

The layered meta's chal cogenides MX, (M = W, Mo,
Ti, X = S, Se) due to a combination of structural and
electronic properties extensively studied for different
applications.  Nanostructured molybdenum disulfide
(M0S,) was successfully used as an electrocataysts for
splitting of water by the hydrogen evolution reaction [1],
photocatalyst for the reduction of organic molecules [2],
biomedical application [3], eectrode materia for lithium
[4] and sodium [5] power sources, supercapacitors [6].
The crystal structure of MoS, consists of SMo-S
packages stacked together in atomic layers bonded by
van der Waals interactions. As a result, the 2D (thin
graphene-like layers) and 3D (fullerenellike and
multiwall complexes) morphology of nanoparticles will
be thermodynamic preferable. The morphologica
properties of MoS, depend on the synthesis method —
from physical and chemical [7] vapor deposition and to
sol-gel [8] and hydrothermal [9] methods. The sphere of
practical application of ultrafine MoS, can be greatly
expanded by obtaining of composite systems with carbon
nanomaterials (carbons [10], graphene [11], reduced
graphene oxide [12]). The main reason for hybrid system
formation is the enlarging of eectric conductivity of
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MoS, as a wide band semiconductor that has great
importance for some applications. The synergetic effects
between chemically and electronically coupled MoS; and
carbon components of composites obtained a
simultaneous synthesis can cause nhovel properties
formation. MoS,/carbon has great potential as an active
electrode material for hybrid supercapacitors with
different complementary mechanisms of electric charge
storage — formation of dectric double-layer and
pseudocapacitive mechanisn with faradaic charge
transfer processes due presence of several oxidation
states of Mo ions. The development of effective synthesis
approaches of MoS,/ carbon materials obtaining with
controllable morphological and structural properties have
a great importance. In this work we have investigated
and compared different variants of nanocomposite
MoS,/C obtaining and the influence of synthesis
conditions on its characteristics.

|. Experimental Details

Three systems MoS, / carbon composite materias
(S1, S2 and S3) were synthesized. At the firg stage, the
ammonium molybdate (NH4),M0S, as an precursor for
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MoS, obtaining was prepared. The following steps were
redlized. (NH4),Mo00, (6 g) was mixed with 40 ml of
20% aqueous solution of (NH,).S with continuous
gtirring at the room temperature with the formation of a
dark yellow precipitate of (NH4),M0S;:

(NH,),Mo00, + 4(NH,), — (NH,),MoS, + 8NH, - OH

The obtained colloidal solution of (NH;).MoS, was
mixed with 2ml of hydrazine hydrate N,H,N,O and
100 ml of digtilled water. The fina pH=75 of the
reaction medium was adjusted by the adding of an
agueous solution of 0.01 M HCI. Different types of
surfactants  —  cetyltrimethylammonium  bromide
Ci9H4,BrN (cationic) and Triton-X (non-ionic) were used
as morphology-formed agents and carbon sources
(systems S1 and S2, respectively). System S3 was
prepared on the base of the gspecially obtained
microporous carbon. Colloidal solutions of components
for each system were loaded to Teflon autoclave and
treated at the temperature of 220 °C for 24 hours. The
black precipitates were centrifuged, washed with digtilled
water and ethanol and dried a 80°C. Additiona
annealing at 500°C for 2 hours in an argon atmosphere
was used for each materid.

The microporous carbon was obtained on the base of
plant feedstock using carbonization and chemicd
activation procedures. The dry apricot seeds (fraction
size of about 0.35-0.9mm, 50g) were mixed with
500 ml 30 % phosphoric acid (H3PO,). The resulting
mixtures were stirred for 2 hours, dried to the congtant
weight a 90 °C and annedled in an argon atmosphere at
600 °C (heating rate of 10°C min™) for 1hour. The
obtained powders were mixed with HNO; as nitrogen
source with the continuous stirring a 50 °C under N,
flow. The synthesized materials were washed to neutral
pH and dried at 90 °C up to constant weight. The average
nitrogen content in carbons was up to 2.0 wt%.

The crystal structure and phase composition of
obtained materials were investigated by XRD and SAXS

- (100)

Intensity, arb. units

(Cu (Ka) radiation). Morphological characteristics and
chemical composition were obtained by TEM and EDS
(FEI Technai G2 X-TWIN microscope).

1. Results and discussion

MoS, has ahexagonal sructure (P63/mmc symmetry
group JCPDS 37-1492). XRD patterns of obtained
materials are presented on Fig. 1. The state of al as
synthesized (dried at 80°C) samples are close to
amorphous and corresponds to powder diffraction of
turbostratically stacked layers [13]. The increasing of
X-rays intensity at the 2q ranges of 30 - 38° and 56 - 59°
correspond to (100) and (110) reflections of bulk 2H-
MoS;. The missing of the (002) reflex and the appearing
of diffraction response for (110) plane indicate the
presence of single atomic layers of SSMo-S structural
units without considerable interstacking between them
and the formation of graphene-like structure [9].

The annealing procedure causes the structura
transformation for al systems of samples. The shifts of
(110) reflex positions to higher angles at about 2q = 2.2°
were observed without change of (100) peak position.
This result indicates the decreasing of interatomic
distances within (001) crystallographic plane aong the
layers formed by trigonally linked S-Mo-S chains. At the
same time accordingly to XRD data annealing did not
significantly affect the nanocomposite morphology and
composition.

Transmission eectron microscopy (TEM) is a good
instrument to identify and study of low-stacked MoS,
layers. It was observed that S1 sample is formed by
spherical-like particles with an average size of about
40 nm. The superficid layers of these particles have a
crystalline ordering when the inner spaces are
amorphous.

Surface layers of the particles consist of 7 - 9 layers
formed by SMo-S packages. The average interlayer
distance is about 0.95nm that is much more than

(110)
$3-500

] s3
‘ $2-500
1 s2

$1-500
$1

20 30

50 60

20,°

Fig. 1. XRD patterns of MoS, / Carbon composite materias (system S1, S2 S3) before
and after annealing at 500 °C.
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0.62 nm for bulk MoS,. The most probable reason for ray spectroscopy data. It was determined that the average
this effect is the presence of amorphous carbon layer
between two planes formed by crystalline 2D-MoS, [14].
This hypothesis is confirmed by the energy dispersive X-

c) =i 5 Nm

e) =i 20nm f) i 5 NM

Fig. 3. TEM images of S2 (a, b, ¢) and S26500 (d, e, f) samples (synthesis with Triton X-100).



V.M. Boychuk, L.O. Shyyko, V.O.Kotsyubynsky, A. Kachmar

] 200 NM

Fig. 4. TEM images of S3 (a, b, ¢) and S3-500 (d, e, f) samples (synthesis with mesoporous carbon).
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Fig. 5. The TEM image of S3-500 sample and atomic content of C, Mo and S components for the material along
the line of 2 um obtained by energy dispersive spectroscopy.
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contents of molybdenum, sulfur, and carbon for
superficial layer of S1 sample are (15.8 £ 0.6) at. %,
(27.0+0.6) at. % and (46.8+0.4at. %). At the same
time, the presence of oxygen (about 10.4 + 0.2 at. %) was
detected. In any case, the surface layers are enriched with
molybdenum ions (the ratio Mo is 1.71), respectively.
Therma treatment a 500°C leads to increasing of
structural ordering for separate packages with the
simultaneous disordering and particle's destruction. Sl1-
500 sample consists of turbostratically stacked layers of
crystalline MoS, with amorphous carbon located in the
interlayer space. The average interlayer distance is about
0.90 nm but the range of its variation is very broad. The
relative contents of molybdenum, sulfur, carbon and
oxygen in the S1-500 sample are about
(13.0+0.6) at. %, (23.0+0.5) at. %, (53.9+0.5) at. %,
and (10.1+0.2) at. %, respectively. We can make a
conclusion about a little the annealing effect on the ratio
between sulfur and molybdenum (1.71 and 1.77,
respectively) that is evidence of temperature stability of
the structure.

The using of nonionic surfactant Triton X-100
(sample S2) leads to respectively lower crystal ordering
with the formation of a sponge-like morphology (Fig. 3).
As-synthesized sample consists of highly disoriented S
Mo-S packages without saving of interplanar distance
stability.

The relative contents of molybdenum, sulfur, carbon,
and oxygen for a superficid layer of S2 sample are
(11.2+0.3), (27.8+0.3), (529+03) and (81z
0.1) a. %. The annealing at 500 °C leads to decreasing of
average carbon content to (26.4 + 0.1) at. %. At the same
time relative contents of molybdenum, sulfur and oxygen
atoms for S2-500 sample are (18.3 + 0.3), (41.3 = 0.3),
and (14.0 = 0.1) at. %. The ratios of molybdenum and
sulfur are very close before and after thermal treatment.

The as-synthesized S3 nanocomposite consists of
packages of turbostratically stacked nanosheets of MoS,
with the respectively low ordering and the presence of
amorphous regions which corresponds to carbon
fragments (Fig.4). The annedling causes the
agglomeration of particles with the formation of carbon
shellsaround the MoS, spherica particles.

This conclusion is based on the results of EDS
analysis the relative content of carbon atoms along 2 pm.
It was determined that the average carbon content is

about 35 - 40 at %.

Conclusions

The three different types of MoS;/ carbon
nanocomposites were obtained via hydrothermal
synthesis in the close conditions at the presence of ionic
(cetyltrimethylammonium  bromide) and non-ionic
(Triton-X) surfactants and also microporous carbon.
Micelles of cationic and non-ionic morphology-
determined additives played the role of templates and
initial shape and size of molybdenum disulfide particles.
It is shown that the resulting material has consisted of
MoS, layers aternate with amorphous carbon. It was
determined the increasing the interatomic distances
within the (001) crystallographic plane for MoS,
nanoparticles and shown the presence of single atomic
layers formed by SMo-S structura units without
considerable interstacking. The annealing at 500 °C leads
to the destruction of crystal ordering for MoS, for
composite materials obtained by surfactant-assisted
methods. The atomic ratio between Mo atoms and S
atoms did not change indicating the temperature stability
of the materials. The nanocomposite obtained on the base
of microporous carbon consists of turbostratically
stacked nanosheets of MoS, with the respectively low
ordering separated by amorphous carbon fragments. The
annealing at 500 °C leads to the agglomeration of MoS,
particles and the formation of carbon shells around them.
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CtpykTypa i Mopdosiorisi HAHOKOMNO3UTHOTO MaTepiaiay M 0S, / Kap6on

YIBH3 " Ipuxapnamcvkuii nayionansnuii ynisepcumem imeni Bacuis Cmedanuxa”, ey, Illesuenka, 57,
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CrarTs NpHUCBSYEHA EKCIICPHMEHTAIbHOMY BHMBUCHHIO BIUIMBY YMOB TiJpOTE€PMalIbHOTO CHHTE3Y Ha
CTPYKTYPY Ta MOpP(OJIOTit0 HAHOKOMITO3UTHUX MaTtepianiB Ha ocHOBI M0S, Ta BYIJIEIfO 32 YMOBH 3aCTOCYBaHHS
IIPH OTPUMAaHHI Pi3HUX THUIIB [OBEPXHEBO-aKTUBHHUX PEYOBHH (LETHITPUMETHI aMoHi0 Opomin ta TpuroH-X)
a00 k Mikpornopucroro Byriuid. OTpyMaHi Marepiann BUBYAIMCS METONAaMH PEHTTCHOCTPYKTYPHOIO aHali3y,
TPaHCMICIHHOI eleKTPOHHOI MIKpOCKOMii Ta eHeproaucrnepciiiHoi crnekrpockomnii. BeraHoBieHo, mo Marepianu
OTPHMaHi 32 Y4acTIO [TOBEPXHEBO-aKTHBHUX PEYOBUH, (POPMYIOTHCS 3 HAHOYACTHHOK po3MipoM Omm3bko 40 HM,
MPUIIOBEPXHEBA 30HA SAKUX CKJIAJIAEThCS 3 KPUCTaTIYHO-BIOPsAKOBaHUX MapiB 2D-M0S,, po3ninenux amophHuM
ByrieneM. Binnan npu 500°C B armocdepi iHEpTHOro rasy BHKJIMKAe PYHHYBaHHS YaCTHHOK Ta yTBOPEHHS
TypOOCTPAaTUYHO-OPraHi30BaHUX MakeTiB MoS,, orodeHuX aMmopdHHMM ByrieueBuM MarepiamoM. Jlis
HaHOKOMMO3HUTiB MOS,/ Byrienp 3ahikcoBaHO YTBOPEHHS OOOJOHOK 3 HAHOYACTHHOK aMOpP(GHOrO BYIJICLO
HABKOJIO YaCTHHOK AUCYNb(inay MOniOeHy.

KnrouoBi caoBa:  nmucynsdin MoniOneHy, Me30MOPUCTHH — ByIJelb, TiJpOTEPMANbHUIl  CHHTES,
HAHOKOMIIO3HT.
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IBoTepmiuni nepepisu giarpam crany norpiiHux cucreM Lu-V—-Ge i Lu-V-Sn nobynoBani 3a TemnepaTypu
870 K B NOBHOMY KOHIIEHTpAalifHOMY iHTEpBali METOIAMH PEHTTCHO(A30BOr0, PEHTTEHOCTPYKTYPHOIO i
MiKpocTpyKTypHOro aainisis. B cucremi Lu-V-Ge Ha ocHoBi OiHapHOi cronyku LUsGes (cTpykTypHUI THIT
MnsSi3) BCTaHOBIIEHO YTBOPEHHS TBEPIOro po3uuHy 3amimeHHs LusGes..Vy no Bmicty 6 ar. % V. BriroueHHs
aTomiB V B CTpykTypy OiHapHoro repmaniny LuGe, (ctpykrypHuii tun ZrSi,, no smicty 5 ar. % V) npuBoguts
no yrBopeHHs TepHapHoi dasu LuVoisGe, (crpykrypumit tin CeNiSip, mpocroposa rpyma Cmem,
a=0,40210(4), b=1,5661(1), c=0,38876(3) HM), sika BiJIOBigae TpPaHUYHOMY CKJIaAy TBEPIOrO PO3UHHY

prmrouenus LuV,Ge,. Bsaemojis KOMITOHEHTIB

y cucremi

Lu-V-Sn 3a Temmeparypu JOCIIKEHHS

XapaKTepU3yeThCsl YTBOPEHHAM TEPHAPHOI cOIyku LUV eSng (cTpykTypHHil THII SMMNgSNg, mpocTopoBa rpyna

P6/mmm, a = 0,5503(2), ¢ = 0,9171(4) um).

KurouoBi ciioBa: inTepmeraniay, norpiiiHa cucrema, (ha3osi piBHOBary, TBEp/i pO3YHHH.

Cmamms nocmynuna 0o pedakyii 15.01.2019; npuiinama oo opyky 15.03.2019.

Beryn

BuBuenns §a3oBUX JiarpaM METaNTiYHHUX CHUCTEM
JIO3BOJISIE OTPUMATH BAXKJIMBY iH(OpMalil0 CTOCOBHO
YTBOpPEHHS,  TEMIEpaTypHOi 1  KOHIEHTpauidHOI
CTaOUIPHOCTI CHONYK /sl TOIIYKY HOBUX MaTepiaiB.
Cepen cucrem R-M—{Ge, Sn} (M-d-meran) 6igblricTs
cucrem gociimkeni 3 M=Mn, Fe, Co, Ni a6o Cu [1, 2].
AwHani3 nmiTepaTypHUX [OaHWUX II0Ka3aB, IO HaHOiIbIIA
KUJIBKICTh ~ YyTBOPEHUX MPOMDKHHX TepHapHHX (a3
cmoctepiraeteest B cucremax R-Ni-{GeSn}. Tlpu
Tepexoli BiJ HIKeNo 10 KoOaimbTy, epyMy i MaHTaHy
KUJIBKICTh ~ YTBOPEHHX TEPHAPHUX CHOJYK 3HAYHO
3MeHnryerbes, i B cucremax {Y, Gd, Dy}-Fe-Sn
BCTAHOBJICHO YTBOpeHHS ojHiel cionyku [3, 4]. Cuctemu
R-V-Sn nmocmimkeni tineku mis R=Gd, Er [5]. O6unsi
cuctemu GO-V-Sn i Er-V-Sn xapakrepusyroTbcs
YTBOPEHHSIM onHiel TepHapHOI CIOJTYKH
crexioMeTpuuHoro ckmamxy RVgSng (CTpykTypHUA THIT
SMMnNgSne). [30CTpYKTYpHI CHONYKH 31 CTPYKTYPOIO
Uy SMMngSng Oyiu 3HaiineHi Takox 3 Dy, Ho, Tm i
Lu, Tomi sx craHinm YVeSNg KpHCTami3yeThCsl B
crpykrypuomy Tum HfFesGes [5]. Cepen cucrem R-V-
Ge giarpama (a30BUX piBHOBAr MOOYIOBaHA TITBKH IS
cucremu Y-V-Ge 3a temneparypu 870 K [6]. Bzaemonis
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iTpif0 3 BaHAgiEM 1 TEPMaHIEM XapaKTCPU3YEThCS
YTBOPEHHSAM OJIHIE] TEPHAPHOI CIIONIYKH 31 CTPYKTYPOIO
tuty CeNiSi,. Ilpo  mocmipKeHHs — KPHCTATigHOI
CTPYKTYPH 1 MAarHITHHX BJIACTUBOCTEH IHTEpMETaiiB
RVGe; (R=La, Ce, Pr, Nd) 3i crpykrypoto THITY
neposckiTy BaNiO; moBigomisersest y npaii [ 7]. AHami3
JTEpaTypHUX JaHUX 3acBildye, IO y TOPIBHSIHHI 3
IHTEHCHBHUM BHBYeHHSIM cucteM R-M—{Ge, Sn}, ne
M=Fe, Co, Ni i Cu, cucremMu 3 BaHaIieM NOCIIKEHI B
3HAYHO MEHIIIN Mipi.

B mii mpaii MU MOmaeMo pe3yibTaTH AOCIIHKEHHS
noTpiiHux cucrem LU-V-Ge (870 K) i Lu-V-Sn (870 K),
a TaKoX aHalli3 BIUIMBY [-eJeMEHTa Ha B3a€EMOJII0
KOMITOHCHTIB.

|. MeToauKH TOCTIZKEHHS

CrmaBu st JOCIIDKEHHSI BUT'OTOBJIEHI METOIOM
€JIEKTPOAYTOBOTO  CIUIABJIIEHHS  HIMXTH  BHXIJTHHX
KOMIIOHEHTIB (BMICT OCHOBHOT'O KOMITOHEHTA HE HIKUIHI
3a 99,9 mac. %) B aTMoc(epi OUHIICHOTO aproHy 3
TUTaHOBUM T'€TEPOM Ha MIiJHOMY BOIOOXOJIOIKYBAHOMY
TIOJ. Hns Kparoi romorenizarmii 3pa3ku
NeperuIaBsuIiCh ABiUi. BTpatn BUXIAHOI IIMXTH Ticis
wiaBkn He mnepeunlyBamu 1 %. Tepmiuna o0poOka
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CIJIaBiB MoJsirajla y TOMOTEHI3yIOUOMY BiJmami mHpu
870 K y BakyyMOBaHHMX KBapLOBUX aMIIyJiaX BIIPOIOBXK
Micsug. [licnst Bianmamy crnaBu rapTyBajdd B XOJOAHIN
BoJi Oe3 po3OmBaHHs aMIysu. PeHTreHiBchkuil (ha3zoBuit
aHaJi3  CHHTE30BaHUX  3pas3KiB  IPOBOAWIM  3a
mudpakrorpamMamMu, — 3HATUMH ~ Ha  [TOPOIIKOBOMY
muppakromerpi JJPOH-4,0 (Fe Ko-BunpominioBaHHs)
METOJIOM MIOPiBHSHHS 3 TEOPETHYHUMHU
mudpakrorpaMamM  BiIOMHUX — TepHAapHHX, OiHapHHX
CHOJNIYK 1 YMCTUX KOMIIOHEHTIB. XiMiuHWH 1 ¢pazoBuit
CKJIaJ] BUTOTOBJICHUX 3Pa3KiB KOHTPOJIIOBAJIM METOOM

POMMA-102-02
minii). st
BUKOpHCTaHi

MiKpOCKOIIOM-MiKpOaHaJIi3aTOpOM
(Bukopucrani K- 1 L-cmekrpanbHi
PO3paxyHKy KPHCTANIYHOI CTPYKTYPH
eKCIICPUMEHTAJIbHI ~ MAacHBH  JaHHWX, OTPUMaHi y
KPOKOBOMY pEXKHMi 3HOMKH Ha aBTOMATHYHOMY
mappakromerpi STOE STADI P (Cu  Kap—
BUIIPOMIHIOBaHHs). Po3paxyHOK Kpuctanorpadidaux
napaMerpiB i TEOPETHYHUX TU(PAKTOrpaM POBOJUBCS 3
BHUKOPHUCTaHHAM Komiuiekcy mporpam WIinCSD [8]. [lns
pO3paxyHKy MeETOmOM PiTBenbia BHKOPHCTOBYBAJIH
komiuieke mporpam Fullprof Suite [9].

€HeproINCIIepCiHHOT
(EAPC) y moeaHaHHi

PEHTTeHIBCHKOT

CIIEKTPOCKOIIIT
3 PpacTpoOBHM EJIEKTPOHHHM

Puc. 1. [3orepmiunmii nepepi3 aiarpamu crany cuctemu Lu-V-Ge npu 870 K.
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Taoauus 1
Kpucranorpadiyni xapakrepucrrku 6iHapuux ¢a3 cucrem Lu-Gei V-Genpu 870 K
daza IIpoctopoa CTpyKTypHUIA Ilepioau rpaTku, HM Jliteparypa
rpyma THIT a b c
. 0,3987 1,5558 0,3851 [14]
LuG Cmcm ZrS
© =2 03997(2) | 15599(5) | 03878(3) | Jlani npami
0,383 0,405 [15]
LuG P6/ AlB
es mmm 2 0,3819(2) 0,4042(3) Jlani npari
LG e G 0,3968 1,0438 1,4040 [16]
I
3o 3o 03964(3) | L0441(5) | 140497) | Jlani mpani
Lu;;Gey 14/mmm Ho,,Gey 1,0668 1,5980 [24]
Lo T 1,0651(8) 1,5967(7) | Jani npari
. 0,8216 0,6158 [17]
L
UsGes Péy/mem MneSis 0,8233(1) 0,6161(2) | Jlaui mpami
VoG 5 o 1,3398 1,6135 0,5017 [18]
1156 nam 158 1,3395(4) | 1,6096(8) | 0,4999(2) | Jlami mpaui
. 0,9565 0,4867 [19]
VsGes 14/mem W:Sis 0,9569(4) 0,4861(3) | Jlami npari
V.G o3 oS 0,4783 [20]
e dad fs 0,4967(1) MJani npari
Ge
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Tabauuns 2
®dazoBuii ckilag okpeMux ciuiaBiB cucreMu LU-V-Ge 3a pesynsratamu EJIPC anamizy
dasa/BmicT KOMIIOHEHTA | Lu, ar.% | V, ar.% | Ge, ar.%
LusV 70Gezs
V3Ge 76,17 23,83
LusVGes« 63,23 4,02 32,75
L UgoV 10GEz
LusVGes.« 62,55 5,74 31,71
(V) 99,98
(Lu) 99,96
L U0V 30GE4g
Luy1Gegg 54,87 45,13
LusVGes.« 62,45 3,78 33,77
V3Ge 74,77 25,23
LUV 44G€s7
V1,Geg 56,97 43,03
VsGes 63,56 36,44
LuV,Ge, 31,87 4,86 63,27
L UpsV 25Gesg
LuV,Ge, 31,61 4,94 63,45
LuGe; 5 58,21 41,79
VsGes 64,03 35,97
L UspV 10Gesg
LuV,Ge, 31,74 4,88 63,38
LuGe; 5 58,25 41,75
VsGes 63,83 36,17
L UyoV 20GeEgo
LuV,Ge, 31,62 4,91 63,47
V1,Geg 56,83 43,17
(Ge) 99,98

20.00kV__ x600 100

Puc. 2. dororpadii mikpocTpykTyp cruiasis cucremu Lu-V-Ge:

a) LusV7oGexs —V3Ge (temHa asa); LusVGes« (cBiTia dasa);

6) Luz,V10Gess — LUV, Ge, (cipa dasa); LuGe, s (cBitiocipa ¢asa); VsGe; (temHa dasa);
B) LugV44Gey7 — V1:Geg (Temuocipa dasa); LuV,Ge, (ceitia dasza); VsGe; (cipa dasa);
1) LUuzoV30Ges — V3Ge (Temnua dasa); LuyiGey (cipa dasza); LusVGes 4 (cBitna dasa).
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Puc. 3. CnocrepexxyBaHa, po3paxoBaHa i pisHuIeBa auppakrorpaMu 3paska LUssVsGes,.

Ta6auusa 3
Kpucranorpadiuni xapakrepuctuku 6iHapHUX (a3 cucrem LU-Sni V-Snnpu 870 K
Dasa IIpoctopoBa | CtpykTypHUI [lepionu rpatku, HM Jliteparypa
rpyna ™ a b C
i 0,4343 1,5997 0,4273 [22]
LuSn, Cmem ZrSi, - -
0,4341(2) 1,5990(4) 0,4269(3) Jawni nparri
1,12953 1,6424 [21]
Luy1Snyg 14/mmm Ho1,Geyg - -
1,1291(2) 1,6389(4) Jani npari
i 0,8700 0,6355 [23]
LusSns P6s/mcm MnsSis X .
0,8678(3) 0,6351(3) MJani npari
0,9488 0,5485 1,8667 [24]
VSn, Fddd CuMg, - -
0,9487(4) 0,5486(1) 1,8675(3) Jawni nparri
) 0,4980 [25]
V3Sn Pm-3n Cr3Si - -
0,4967(1) Jawni nparri
temnepatypu 870K, nmpuBemeni B TaOmmmi 1.
Po3paxoBani mepiomu rpartku sl OiHApHHX CIIONYK
. PGByJII)TaTI/I Y3TOIDKYIOTHCS 3 JIITEPaTYPHUMU JTAHUMH.
da3oBi piBHOBaru B MOTpiiHil cucremi Lu—V-Ge
2.1. Cucrema Lu-V-Ge BCTaHOBJICHI pu 870K 3a pe3yabTaTaMu
Honsiiini cucremu Lu-Ge, Lu-V i V-Ge saki  penrrenopasoBoro i  MeramorpagiuHoro — aHaiisis
00MEXYIOTh JOCTIKyBaHy NOTpiiiHy cucteMy LU-V-Ge, CHHTE30BaHMX INOABIMHMX 1 HOTPiMHMX CIUIaBiB.

BHBYCHI B TMIOBHIM Mipi, BIIOMOCTI TpO BiAMOBIIHI
miarpaMu cTaHy mpuBeneHi B Jiteparypi [10-13]. B
nozaBikHIM cucremi V-Ge Mu miATBEpIMIM YTBOPEHHS
conyk V3Ge (ctpykrypuuit tunm CrzS), VsGe;
(ctpykrypuuit Tvn WsSiz) i V1,Geg (cTpykTypHHI THTT
Cr1;Geg). ®asoBuii aHami3 3paska, SIKHH BiMOBiJa€e
cnonyni V37Ges;, BkazaB Ha iCHYBaHHsA JABOX (a3 y
piBHOBa3i: V11:Geg 1 Ge. B mongiitHil cuctemi Lu-Ge B
XOMi JOCII/PKEHHS MiITBEPKEHO YTBOPEHHS CIOJIYK

LuGe,, LuGes LusGe;,, LujGep 1 LusGes.
Kpucranorpadiyni xapakTepucTUKH OiHAPHUX CHOIYK
cucreM Lu-Ge i V-Ge ki peani3yloThcsa  3a
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[30Tepmiunmii Tepepi3 miarpamu cTaHy cucremu Lu-V-—
Ge 3a BIINOBIHOI TeMIlepaTypu ITOKa3aHWi Ha puc. 1.
Pesynpratn EJIPC aHamizy okpeMHX MOTPIHHHX CIUIaBIiB
npuBeneHi B Tabmuni 2. dororpadii MiKpoCTpyKTYp
JIesIKAX CIJIaBiB ITOKa3aHi Ha puc. 2.

3rigHO JiTepaTypHHUX JaHUX B cucTeMi LU-V GiHapHi
CIIONYKH He yTBOproroThes [11]. B motpiiiniii obmacri
Lu-LusGes-V cucremn Lu-V—-Ge BiAmoBigHi MOTpitiHi
CIUTaBU MICTATH B piBHOBa3i LUsGezVy, LU1 V.
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A%

Puc. 4. [3orepMmivnmii nepepi3 aiarpamu crany cuctemu LU-V-Sn npu 870 K.

Ta6auusa 4
da3oBwuii ka1 OKpeMuXx cruiaBiB cuctemu LU-V-Sn 3a pesynsraramu EJIPC anamizy
daza/BmicT KOMIIOHEHTa | Lu, ar.% | V, ar.% | Sn, ar.%
L U0V 4050
LusSng 63,23 36,77
(Lu) 99,98
(V) 99,99
L U3oV 35935
Lu;Shyg 53,19 46,81
LusSn; 62,45 37,55
V3Sn 74,26 25,74
L UpgV 40940
Lu;Shyg 54,08 45,92
V3Sn 76,56 23,44
LuSn, 34,47 65,53
LusVgoSN4s
V3Sn 73,47 26,53
LuVgSng 8,21 45,43 46,36
VSn, 34,23 65,77
LU3oV5SNgs
LuSn, 34,66 65,34
V3Sn 73,30 26,70
LuVgSng 7,87 45,57 46,56
L UzoV 20960
LuSn, 33,87 66,13
LuVgSng 8,18 46,06 45,76
(Sn) 99,97

PO34MHHICTE TpPETHOrO0 KOMITOHEHTa B OiHAPHHX
cnonykax cucremu V-Gei B OUIbIIOCTI OiIHAPHUX CIIOIYK
cucremu Lu-Ge € menma HiX 1-2ar.% 3a ymoB
nmociimkenns. Ha ocHoBi OinapHoro repmasiny LusGes
(ctpykrypHuit Tun MnNsSiz) BCTAHOBIEHO YTBOPEHHS
TBEPIOr0 PO3YHHY 3aMIIICHHS B3J0OBX 130KOHIICHTPATH
62 ar. % Lu mo Bmicty 6 ar. % V (a=0,82522(9), c =
0,6171(2) um mys 3paska LUV eGesp).

3a pesynbraTaMH  PEHTTEHIBCHKOro  (ha30BOro
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aHayizy Ha OCHOBI OiHapHoro repmaniny LuGe,
(ctpyktypHuit THn ZrSi;) BCTAQHOBIEHO YTBOPEHHS
TBEpIOro po3umHy BkimtodeHHs LuV,Ge, mo Bmicry
S5ar.% V. I'panuuHuii cKiag TBEPAOrO PO3UUHY
BU3HAUYEHWH 3a aHaJ30M 3MiHM TMepiofiB TpaTKu 1
JMAHUMH PEHTTCHOCIIEKTPaIbHOrO aHamizy (Tabmums 2,
puc. 2,6,B). Po3paxyHOK KpHUCTATiYHOI CTPYKTYpH
3paska LugVsGes; mokasas, 0 BKJIIOYCHHS aTOMiB V B
TETParoHaJbHO-aHTUTIIPU3MATUYHI IYCTOTH CTPYKTYpH



JI. Pomaxka, M. Konuk, 10. Cragnuk, B.B. Pomaka, P. Cepki3

100pm

‘WD=24.7mm

20.00kV x600

‘WD=25.0mm
6

Puc. 5. dororpadii MikpocTpykTyp cruiasiB cuctemu Lu-V-Sn:
a) LUugV 4090 — LUsSn; (cipa dasa); (Lu) (cBitna dasa); (V) (temHa dasa);
6) LUunoV 40940 — LUs1 SNy (cipa dasa); VaSn (temua dasa); LuSn, (ceitna dasa);
B) LUxV 20Snep — LUV sSNg (TeMHOCIpa daza); LuSn, (ceitia ¢asa); Sn (cipa dasa);
1) LUzoV 35935 — LUy Snyg (cipa dasa); VzSn (temua dasa); LusSn; (cBitia dasa).

6inapHoro repmaniny LuGe, (ctpykrypuuii tum ZrSi,,
kpucranorpadiuna mosumis 4(c) 0 y 1/4) npusoauts 10
peamizarii crpyktypHoro tumy CeNiSi, (mpocroposa
rpymna Cmcm, a= 0,40210(4), b= 1,5661(1),
c=0,38876(3) um; Lu B 4(c) y=0,3965(1); V B 4(C)
y=0,190(2), G=0,149(2); Gel B 4(c) y = 0,0525(2);
Ge2 B 4(c) y=0,7532(2); Rerag=0.0348, R-=0.0234).
CroctepexyBaHa, po3paxoBaHa i pi3HHIIEBa
nmudpaxrorpamu 3paska LugVsGes; mokazani Ha puc. 3.

2.2. Cuctema LU-V-Sn

3 MeTol0 TepeBipKH JIITepaTypHUX BiIOMOCTEH IMpo
croyku moxsiitHux cucrem Lu-Sn i V-Sn [10, 12], ski
00MEXYIOTh JIociiKyBaHy cucremy LU-V-Sn, Oymo
BUTOTOBJIEHO CIUIaBM, CKJIAgW SIKHX  BIiJIIOBiJalOTh
OITMCAaHUM Y JiTeparypi OiHapHUM cnomykaMm. B cucremi
V-Sn migrBeppkeHo icHyBaHHs OiHapHHX crionyk V3Sn
(ctpykrypuuit Tun Cr3S) i VS, (CTpykTypHHi THI
Mg,Cu) srigno manux [10]. aui ctocoBHO cucteMu LU-
Sn BukopucTati 3 Jiteparypuux mrepen [10, 21]. B xoni
HAIIOrO  JOCHI/UKEHHS  MiATBEPMKEHO  YTBOPCHHS
OinapHux cmonyk LuSn, (ctpyktypuuii Tun ZrS),
LusSn;  (ctpykrypauit  tam MnsSiz) i LupSngg
(ctpyktypuuit  tunm  HOy;;Geyo). Kpucramorpagiusi
XapaKTepUCTUKH OiHapHHX croiyk cuctem Lu-Sni V-
Sn, sixi peanizytotees 3a remneparypu 870 K, npuseneni
B Tabmmmi 3. 3a YMOB JIOCITI/DKEHHS pPO3YMHHICTH
TPEThOro KOMIIOHEHTa B OiHApHHX croiTyKax cucrem Lu-
Sni V-Sn He nepesuinye 1-2 ar. %.

[30oTepmiunmii mepepi3 giarpamu crany cucremu Lu-
V-Sn npu 870 K, nokazanwuii Ha puc. 4, noOynoBaHuil Ha
OCHOBI ~ PEHTreHO(a3oBOro 1  MIKPOCTPYKTYPHOT'O
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aHaJIi3iB BUTOTOBJICHUX IMOJIBIMHUX 1 MOTPIHHUX CILIABIB.
Pesynpratn EJIPC ananizy okpeMux CIUIaBiB IpUBEICHI
B Tabmuii 4. ®ororpadii MIKpOCTPYKTYp JAESIKHUX CIUIaBiB
rokasaHi Ha puc. 5.

3rizHo mpUBE/IEHii B JiTepaTypi Aiarpami crany [11]
OiHapHi croixyku B cucreMi LU-V He YTBOPIOIOTHCH.
[MpoBenenuii Qa3oBuii aHami3 MNOTPIHHMX 3pasKiB B
obnacti LU-LUsSns-V 3acBimuuB Tpu ¢azu B piBHOBa3I —
LusSns, Lu i V. Otpumanuii pe3yapTaT HiATBEPHKEHUH

pe3ynpTaTamMu PEHTTEHOCTICKTPAIBHOTO aHaNizy
(puc. 5, @).
3a BHKOpHCTaHMX Yy Hamiid poOoTi  yMOB

JOCII/DKEHHSI B CHCTEMi YTBOPIOETBCS OfiHA TepHapHa
crnionyka LUV gSng, sika KpUCTaITI3yETHCS B CTPYKTYPHOMY
tumi - SMMnNgSNs  (poctopoBa  rpyma  P&/mmm,
a=0,5503(2), c=0,9171(4) um) [5].

BucHoBkn

Amai3 BUKOHAHOT'O eKCIEPUMEHTAIEHOTO
nocmimpkennss  cucremM  Lu-V-Ge i Lu-V-Sn 3a
temrnepatypu 870 K 3acBiguuB 3HaYHUI BIUTUB TPUPOAN
p-eeMeHTa Ha B3AEMOJIIO 3 JIOTEIIEM 1 BaHAJIeEM.
TTonibno mo cucrem R-M-Sn, ne M = Mn, Fe i Co,
cucremu R-V-Sn (R=Gd, Er, Lu) xapakrepusyrTbcs
YTBOPEHHSIM TepHapHHUX iHTepMeTaniniB RVgSng, ski
KPHUCTAJI3yIOThC B CTPYKTYpPHUX THHax SMMngSng
(mpoctoposa rpyma P6/mmm, R=Gd, Dy, Ho, Er, Tm,
Lu) i HfFe;Ge; (mpoctroposa rpyma P6/mmm, R=Y) [5].
Ha BimmMinmy Bim cucrem 31 SN repmasiam
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crexiomerpuuHoro ckinany RMgGe; yrBOproroTecs B
cucremax 3 M=Cr, Mn, Fei Co, Toxi sk y cuctemax R-
V-Ge He BUsIBJIEHI.

3 inmoro 60Ky, ocobmmBictio cucteM R—{Mn, Fe,
Co, Ni, Cu}-Ge € yrBopenus cmonyk RMi,Ge;.
I'epmaninu 3aranbhoro ckiany RMyGe, (cTpykrypHuit
tunt CeNiSi,, mpoctopoBa rpyma Cmcm) mociimpkeni 3i
3HAYHOI  KIJBKICTIO Tepexianux d-meranis  [26].
Crpykrypa tumy CeNiSi, mMoxe Oyru ommcaHa SK
pe3yabTaT BKIIOYEHHS O-Merany B TeTparoHaIbHO-
AHTUMPU3MATUYHI MMyCTOTH CTPYKTYpH GiHAPHHX CIIONYK
RGe,, ski HajexaTh A0 CTpyKTypHOro THIy ZrSi.
Bxirouennst M-enemeHTa B CTpYKTypy OiHApHHUX CHOJIYK

MIPUBOANTH bi(s) YTBOPEHHS JIOJIATKOBOI
kpuctanorpadivyaoi mo3mmii  4C, @O  BiAnoBigae
TepHapHoMy cTpyktypHomy Tuny CeNiSi,. Take

BKJIIOUEHHS 3aJIOKHUTH BiJl PO3MIPY aTOMIB MEpEXiJTHOTO
MeTally, IO BUSABJISAETHCS Y BIIXHWICHHI Bia cTexioMerpii
3 BaKaHCiAMHU B TIONOKeHHI O-meranmy abo B HasBHOCTI
CTaTUCTUYHOI CYMIllli aTOMIB IE€peXiJHOro0 MeTainy i p-
enemeHTa. OCKIJIbKM OUTBIIICT OiHAPHUX T'epMaHiiB
RGe, kpucrami3yloTbcss B IHIIMX CTPYKTYPHHUX THIAX
(ThSi,, ThGe,, ZrGay), B moTpiiiHiii 00MacTi CHCTEM
R-M-Ge peanizyloThcst TepHapHI CIIOIYKH CTPYKTYPHOTO
tuny CeNiSi,. Teprapua cronyka YVgi16Gess 3i
crpykryporo tumy CeNiS, BusBiena i1 B Xomi
nocmimkennst cuctemu  Y-V-Ge [6]. VYV Bumamky
nocnimpkenoi cuctemu LuU-V-Ge OiHapHuE TepMmaHin

LuGe, Hamexuth 10 CTpyKTypHOro Ttumy ZrSi, i,
BIJIMIOBITHO, B TOTPIiMHIA 00JaCTi CHCTEMH BKJIIOUCHHS
aToMiB V NPHUBOINUTH J0 YTBOPEHHS YaCTKOBO Ae(eKTHOT
dasu LuVg sGe crpykrypHoro tumy CeNiSi,, ska €
TPaHUYHUM CKJIQJIOM TBEPJAOrO PO3YHHY BKIIOYECHHS
Luv,Ge,.

Awnanorivno go cucremu LU-V-Ge yrBopeHHs
TBEPIUX PO3YMHIB BKIIOYCHHS HA OCHOBI OiHApHHUX
conyk RSn, (R- Gd-Lu) 3i crpykryporo tumy ZrSi;
CIIOCTEPITaeThCs I OLTBIIOCTI BUBUCHHUX cucTeM R-M-
Sn, e M = Fe, Co, Ni i Cu [27-30]. V Bumaaky cucrem
R-V-Sn posumnnicts V B OiHapHux cmomykax RSn,
carae g0 ~2 ar. %, mo Moxxe OyTH 00yMOBJICHO OUTBIITHM
atoMuuM pamiycom V (ry = 0,134 um) mopisusiHo 3 Fe,
Co, Ni a6o Cu.

Po6oma euxonana 6 pamkax epanmy Minicmepcmea
oceimu i Hayxu Ykpainu Ne 0118U003609.

Pomaka JIII. - K.X.H., TpOBITHAHA HAaYKOBHUH
CHiBPOOITHHK;

Konuxk M.b. - k.X.H., IOLIEHT,

Cmaonux IO.B. - K.X.H., TPOBIJHUH HAyKOBUH
CHiBPOOITHHK;
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L. Romaka', M. Konyk', Yu. Stadnyk’, V.V. Romake’, R. Serkiz®

Lu-V-{Ge, Sn} ternary systems

'Department of Inorganic Chemistry, Ivan Franko L'viv National University, Kyryl&Mephodiy Str.6, 79005, L' viv, Ukraine
Department of Materials Engineering and Applied Physics, Lviv Polytechnic National University, Ustyyanovycha Str. 5, 79013,
Lviv, Ukraine
3ientific-technical and Educational Centre of low Temperature Sudies, Ivan Franko National University of Lviv,
Dragomanova Sr. 50, 79005, Lviv, Ukraine,

The isotherma sections of the phase diagrams of the Lu-V-Ge and Lu-V-Sn ternary systems were
constructed at 870 K over the whole concentration range using X-ray diffraction and EPM analyses. In the Lu-V-
Ge system a formation of the substitutional solid solution LusGes,Vy based on the LusGes binary compound
(MnsSi3 structure type) was found up to 6 at. % V. Insertion of the V atoms in the structure of the LuGe, binary
germanide (ZrSi, structure type, up to 5 ar. % V) results in the formation of the LuV5sGe; ternary phase
(CeNiSi, structure type, space group Cmcm, a=0.40210(4), b=15661(1), ¢=0.38876(3) nm), which
corresponds to the limit composition of the interdtitial solid solution LuV,Ge,. The interaction between the
elements in the Lu-V-Sn system results in the formation of one ternary compound LuVgSng (SmM ngSng-type,
space group P6/mmm, a = 0.5503(2), ¢ = 0.9171(4) nm) at investigated temperature.

Keywords: Intermetallics, Ternary system; Phase equilibria; Solid solution.
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JlocnimxeHo 0coOMMBOCTI KPUCTANYHOI CTPYKTYPH, €JIEKTPONPOBIIHOCTI 1 TepMidyHOI cTaOLIbHOCTI
nomioproronyinuay (IToTi), oTpuMaHOro MeTOnOM OKHMCHOI IoJyliMepu3alii B cepeloBHINi Cynb(aTHOI Ta
tonyeHcynbdokucaory (TCK). Beranosneno, mo ms 3paskis I1oTi-TCK xapakTepHa BHCOKa KPHCTaTiYHICTb. 3a
JIAHUMH  (I3MKO-XIMIUYHUX JOCIIJUKeHB, JIETYBaHHS 3pa3KiB TONYEHCYIb()OKUCIOTOI CIPUYMHSE 301JIbIICHHS
TepMi4HOI cTabiIbHOCTI, eneKTponpoBinHOCTI i ceHcopHoi uyrnuBocti IToTi B mopiBHsAHHI 3 cynbdaTHO-
JIerOBaHUMH 3pa3kaMu. Ha OCHOBI TeMnepaTypHOI 3aJIeKHOCTI TUTOMOIO OIOpPY PO3paxoBaHi 3HAYEHHS CHepril
aKTHBAIl{ IPOBIAHOCTI, sIKi Jiexkath B Mexax 0,2 - 0,4 eB B 3anexxHOCTI B THITy JOMaHTA.
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Beryn

Cepell pOIUHY €ICKTPOIIPOBITHUX TTONIMEPIB BEITUKE
3alikaBJICHHS BUKINKAIOTH momiaminoapenu (ITA), siki €
00'exkTaMn 0araThbOX MAOCIHIIKEHb 3aBISKA I1X Maii
BapTOCTi, BHUCOKiA CTaOLIBHOCTI, MPOCTOTI CHHTE3Y Ta
MOXIIUBOCTI KOHTPOJIIO TPOBIAHOTO 1 HEMpPOBIIHOTO
CTaHy 3a JOMIOMOTO KHCIOTHO-OCHOBHOI B3aemomii [1-
5]. Bigomo, 110 eIEeKTPOMPOBIAHICTh MOTiaMiHOAPEHIB
Moxe GyTH 3MiHeHa B mHpoKoMy inTepsaii (six 10° 10
10° Cm/cM) 3a paxyHOK TaK 3BAHONO <«IIPOTOHHOIOY
neryBanus [1]. Tlpu o06pobui ITA npoTOHHUMHU
Kuciotamu abo B mporeci cunredy [1A B cepenoBuii
LUX KHCJIOT YTBOPIOIOTHCS BHCOKONPOBIMHI (hOpMHU
MONIMEpiB,  SKi  INEPEBaXHO  SBISIOTH  COOOIO
€MepaJIbIMHOBI COMI BiJIIOBIMHUX KHCIOT. [Ipu 1pomy,
MPUPO/Ia aHiOHA JIETYIOYOI KUCIIOTH CYTTEBO BIUIMBAE HE
TIIBKM Ha TPOBIAHICTB, ajle W Ha CTPYKTYpY,
Mopdororito Ta TepmiuHy ctabinbHicTe [IA. Tomy
BaXXJIUBUM TIMTaHHSIM € BUBYEHHsS BIUIMBY MPUPOIU
JIONIAHTIB Ha CTPYKTYpPY 1 (i3UKO-XIMiUHI BJIACTHUBOCTI
€JIEKTPOIPOBITHUX TONTIMEPIB.

[opsix 3 moOpe BUBUECHUM TOJTiaHITIHOM B TaHUW Yac

aKTHBHO JTOCTI K YIOTHCS Horo IOX1/1H1 -
mosliaMiHOApeHH, 30KpeMa, MONiopToaHi3uauH [2],
nomoproronyigua [3,4] Tta immi [5]. OcobiuBuii

IHTEpeC BUKIIMKAIOTh iXHi (Pi3MKO-XiMiUHI BJIACTHUBOCTI,
Taki SK ONTUYHE TOTJIMHAHHS, eJEeKTPHYHA MPOBiIHICTH
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Ta CEHCOpHa dyTIUBiCTH [6]. 3aBmsku HasBHOCTI
aJKITPHOTO ~ 3aMICHMKA apOMAaTUYHOTO  KiJbIld, IIi
€NIEKTPOIPOBIIHI ~ TOJIMEPH  MAalOTh  IMOKPAIICHY
PO3UMHHICTh TOPIBHAHO 3 TIOMIAHIIIHOM, 1 3aBISKH
0COOJIMBOCTSIM  CTPYKTYPH  CIIPSDKEHOT'0  IOJIMEPHOTO

JIAHIIOTa MOXYTh BHUSBISATA HOBi  (DYHKIIOHAIBHI
BJIACTUBOCTI.
Momi-opro-tonyinun  (I[1oTi) Mae  cTpyKTYpy

€JIEMEHTapHOI JIaHKU JIOCUTH MOJIOHY /10 MOJiaHiIiHy
(puc. 1), omHak  HAsBHICTH  EIEKTPOHIOHOPHOTO
3aMiCHUKa, METHJIbHOI TpyNH, B OPTO-TIOJIOKEHHI 0
aMIHOTPYNH, 3YMOBJIOE P  IIKaBUX  (i3HYHHX,
eNEKTPOXIMIYHUX Ta CJIEKTPOXPOMHHX BIACTUBOCTEH [ 7-
10]. Tak, noimomusieTbest npo Bukopuctanus I1oTi B
miomHMX — CTpyKTypax [4], SK  eNeKTPOXpOMHOTO
MaTepiaiay opraniyaux guciuieiB [9, 10], koMmoHeHTIB
CEHCOpIB I JieTeKTyBaHHs ras3iB [3, 6] Ta cTBOpeHH:S
KOMIIO3UII THUX 10HOOOMiHHHX Matepiais [6].

3 iHmoro OoKy, KepyBaTH ()YHKIiOHAJIEHUMHU
BJIACTHBOCTSIMH  MONIOPTOTONYiMUHY SIK 1  IHIIMX
€JIEKTPOIPOBITHAX TIONIIMEPIB, Ja€ MOXIIUBICTH BHOIp

CHs3 II{ CH3 PII
NpN NQNﬁn—
CHs3 CHs

Puc. 1. XiMiyHa CTpyKTYypa MONTiOPTOTONYiIHHY.
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jmeryoodoro areHra - gomnanra. Cepen  BimoMux
KUCJIOTHHUX JIOTIAHTIB JIOCUTH IEPCHEKTUBHOIO, MpOTE
Majio jgocmimpkeHoro € TonyeHncynbpokuciora (TCK).
[oBigomnsietsess mpo minactudikyrouy npito TCK B
MONIIMEPHUX KOMIIO3UTaX Ha OCHOBI momiaiminy [11],
ajyie BIUIMB LILOTO JIONIAHTAa Ha CTPYKTYPY 1 BJIaCTHBOCTI
[ToTi noBHICTIO HE BCTAHOBJICHHH.

Meroto poOOTH CTallo BCTAHOBJICHHSI OCOOTUBOCTEH
CTPYKTYpH 1  BJIACTUBOCTEH  IOJIOPTOTONYIAMHY,
nerosanoro TCK.

|. Pe4yoBMHH Ta METOIM:

Jns  cuHTE3y eKCIIepUMEHTaJbHUX 3pa3KiB
MOHOMeEp BHUKOPHCTOBYBAJIH O0—TONYiNH
(H3C-CgH4-NH,) — mapku ,x4u”; orpumanuii Bif ¢ipmu
«Coepa-Cim»), mepen BHKOPHUCTAHHSAM TEPETAHSIH Y
Bakyymi. BimmocHa momexymsipra maca - 107,16r/cm?
p = 0,449 r/em®. OxncuukoM GyB amowiii mepcymbhar —
(NH4)2S,0g — Mapku ,una”, sIKHii TOJaTKOBO OUHIIIYBaJIH
MepeKpUCTaNi3alli€lo 3 BOAHUX PO34YMHIB. SIK Jeryroui
areHTH BHKOPUCTOBYBAJHM  I-TOJYEHCYIb(OKUCIOTY-
CH3CsH,SOsH — mapku ,,xu” Ta cynbdaTHy KHUCIOTY —
H,SO, — MapKu L9 p20 =1,835 rlem®,
BukopucroByBaiuch 6e3 101aTKOBOT OUUCTKH.

Ximiynuii cunres IloTi 3pificHIOBaIM  BiJIOMUM
MerogoM okucHol momimepmzanii  0,1M  pozumnHy
O-TONYiIWHY TiJ  Ji€0  eKBIMONAPHOI  KUIBKOCTI
OKHCHHKA - aMoHili mepcyibdary [1, 7]. Sk peakuiitne
cepenoBuile BUKopucToByBasu BogHi 0,1 M po3zumnun
kucnotr: TCK a6o cynbdartaoi kucioru. [Tonimepuzanito
3IIHCHIOBAIIN 3a TeMmnepaTypu 293K pu
nepeMilllyBaHHI ~ peakumiiHOi  cymilli  MarHiTHOIO
MIIANKOI MPOTATOM 8 ToAWH,MICHs YOro 3aUIIaiy Ha
24 ropuHu ans 3aBepiueHHs npouecy. Otpumanuii ocan
BiAQiNbTpOBYBAIM 1  OpoMuUBaIM  Ha  (inbTpi
JUCTHJIHOBAHOIO BOJOIO JO OTPUMAaHHS HPO30pPOro
¢ingpTpary, Ta aI[eTOHOM IS BUJAJICHHS
HU3BKOMOJICKYJISIPHUX 3aJHIIKiB. [IpoaykT cymwmu mo
MOCTIHHOI Mach B yMOBaxX JMHAMIYHOTO BaKyyMy IpH
temrepatypi 60°C. B pe3yibraTi oTpuMyBanu JIeroBaHy
B mporieci cuaresy ¢popmy I1oTi-TCK a6o IToTi-H,SO, y

SAK

BUTJISIIII €MEepabJMHOBOI COJi, PO IIO CBiYUB SICKPaBO-
3€JICHUH Komip 3paskiB. JIs OTpHMAaHHSA HEJIEroBaHOI
¢dbopMu monimMepy, OTpuMaHi MOPOIIKK mpomuBaiu 5 %
PO3YMHOM aMiaky /0 HEWTpaJbHOI peakmii 1 cymmnu y
BakyyMi. OrtpumyBamu HenpoBigny ¢opmy IloTi vy
BUTJISIIII €MEepabJMHOBOI OCHOBH.

MortekyssipHa CTpYKTypa OTpUMaHHX 3pasKiB Oyna
MiATBEPIKCHA METOJIOM IY-criextpockorii 3
BUKOPHUCTaHHIM crektpodoromerpa Specord-M80 B
niamaszoni XBuiboBux uncen 400 - 4000 cm ™. 3pa3ku s

CHEKTPOCKOMii OTPUMYBallK Yy BHIJISAI  TaOJETOK,
cnpecoBanux 3 KBr micns meperupaHHs B aratoBiid
CTYIIIII.

®da3oBuii CKJIaJ 3pa3KiB Ta KPHUCTaJiuHa CTPYKTypa
[MoTi nocnimxyBamuch METOAOM PEHTTEHOCTPYKTYPHOT'O
aHaJTi3y 3a JIOIOMOTOI0 PEHTIeHIBChKOI AudpakroMerpil
MIONIKpHUCTaIly 3 BUKOpUCTaHHsAM audpakromerpa STOE
STADI P: Cu Ko;- BunpominroBants, 20/W-cKaHyBaHHS,
intepBan kytiB 260 4,000<26<109,585°20 3 kpokom
0,015°26, vac ckanyBanus B kporri 300 ¢. BumiproBauHs
MpOBeICHI y MiK(aKyIbTeTChKI HayKOBO-HaBYaJIbHIN

nmabopaTopii PEHTreHOCTPYKTypHOro anamizy JIHY
iM. [. ®panxka.
JlocmimpkeHHsT  TEepMiYHOI  TMOBEAIHKH  3pa3KiB

mpoBoauin Ha gepuBatorpadi ,Q-1500D" cucTemu
Paulik-Paulik-Erdey. BumiptoBaHHS —3[iliCHIOBaIH B
atMoc(epi TOBITpS MpHU BUKOPUCTAHHI KOPYHIOBHX
TUrIiB.  JIOCHiKEHHs  MPOBOMWIM B JIiana3oHi
temrepatyp 273 — 1073 K, npu mBuzakocri Harpisy 10
K/xB, sk eramon BukopuctoByBamun Al,O;. 3a TG
KPHBOIO, BH3HAYalIM BiTHOCHY BTpaTy MacH 3pasKa Ipu
(ikcoBaHii TeMIIepaTypi. Binnocna
CepeqHbOKBAIpaTUYHA  NOXMOKAa  BUMIDIOBaHb  HE
nepesuinysaia 5 %.

Enextpuunuii  omip QikcyBaqum 3a JIONOMOTOIO
aBTOMAaTUYHOIO  IMIYJIBCHOTO  OMMETpPa-BOJBTMETpA
B7-35, 3 iama3oHOM  BUMIipIOBaHHS 10-10° Om.
[Muromuii omip po3paxoByBasid, BHXOAS4U 3 (popmynu:
R = (px)/S, ne S — mioma MONEPEYHOrO IEpepi3y
MWIHAPUYHOrO 3paska, | — Bucora, R — BuMipsHe
3HA4YEHHsI ONOpYy, p — nUToMuil omip. Ilutomy 00'emMHy
MPOBIAHICT (G) BH3HAYANH SK BEIUYHHY, OOEpHEHY 10
MTUTOMOT0 Onopy. BifHocHa moxnuOka BU3HAYEHHS G VIS

08
06 VGRS
A
0,2 /\/\ \J\
O R S BV e el
3450 3050 2650 2250 1850 1450 1050 650
Vv, sm-1

Puc. 2. IY-criextp 3paska I1oTi, neroBanoro TCK.
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cepii mapajenbHUX BUMIipIOBaHb He NepeBuilyBaia 5 %.

1. Pe3yabTaTu Ta 06roBOpeHHS:

Jlns mociiJkeHHST MOJIEKYJISIPHOI Ta KPHCTaJiqHOI
CTPYKTYpH MOJIOPTOTONYI TUHY, JIETOBAHOT'O
cynb(aTHOIO Ta TONXYEHCYNb()OKHCIOTOI0, a TaKoXK
HeneroBaHoi ()OpMH, BHKOPHCTaHO KOMIUIEKC (hi3uKo-
XiMiyHHX MeTofiB: [Y-crieKTpocKomito, peHTIeHIBChKY
JIdpaxiiiro, TepMOrpaBiIMETPUYHUI aHAaI3.

Ha pucynxky 2 mnaegeno IYU cmexrp IloTi
neroBaHoro TCK. SIk Mo)xHa Oa4uWTH 3 PUCYHKY, CIIEKTP
XapaKTepU3yeTbCsl  HASBHICTIO  CMYr  TOIJIMHAHHS,
XapaKTepHUX Ui GiIbIIoCTi momiaMinoapeHis [3, 12].

3okpema, [Y-crektp neroBanoro momimepy (IToTi-
TCK) XapakTepu3yeTbCs  HAsBHICTIO CMYTH  IpH
3300 cm™, mos'szamoi 3 BomHeBuM 3B'szkoM (N-H) Ta
emyru mpu 2910 cm™, BimHecenoi no komuBamb (-CHs)
amidaTuyaoro 3B’ s3Ky. [IBi cMyru, 1o 3'ABISIFOTHCS TIPU
1590 ¢m™ ta 1480 cm?, MOXXYTh HAJIS)KATH J0 KOJIHBaHb
3B’ S13KIB XIHOIJHOr0 Ta OEH30IHOr0 KIJIBI, BIAIIOBIAHO.
Cmyru mpu 1375 cm™ o6ymoBieHi aeopmartiiiaumu
KONMBAHHAMH MeTwibHOI rpymu. Cmyrm 1320 cm™,
1210 cm™ Mok yTh GyTH BigHECEH] 0 KOTHBATBHOI MOJHU
C-N. BpaxoByroun Te, mo morauHanss npu 1150 cm™,
1110 cm™?, i 1105 cm™ e xapakrepunm mis C-H, Tpu
cMyrH, 1o 3'saBisioThes npu 810 emt, 880 em?t i
940 cm™, Gymu Bimmeceni no mosamtommHHEX (C-H)
KOJIMBaHb XIHOIJHMX Kijeub. HasBHICTH CMyr npu
1590 cmt i 1480 cmt IOKAa3ye, MO0 TOJIIMEP CKIATaEThCI
3 aMiHO-IMIHHMX JIaHOK. Y CHEKTpi CIIOCTEepIraeThest
3HIDKEHA IHTEHCHUBHICTH BomHEBOro 383Ky (-NH-rpyma)
npu 3300 cm™, BHACHIZOK YTBOpEHHS COMBOBOI (DOPMH
(-N"H,CH3CsHS05).

Binomo, 10 CrpsbKeHi noiaMiHoapeHu
XapaKTepU3yThCs aMop(HO-KpUCTATIYHOIO
CTPYKTYpOIO 1 SBJSIFOTH CO0OI0 amopdHy MaTpuiro 3
BKpAIUICHUMH <«IOMEHAMI» KpUCTaTidHoi (asu. Bwmict

bl

uiei ¢asu abo piBeHb kpucramiynocti [IA cyrreBO
3aJI©KUTh BiJ THIy [ONAaHTa Ta pIBHS JIEYBaHHS
nonimepy [2].

CtpykTypHi mociimkenHs HenmeroBaHoro IloTi Tta
JIETOBAHOTO CY/Ib(aTHOI KUCIOTOIO MOKA3aIH HAsIBHICTH
amopdHoro ramo i Jgexinbkox Mudy3iHHMX MIKIB, SKi
BKa3ylOTb Ha ICHYBaHHS KPHCTAJIYHUX BKIIIOYEHb,
CTYMiHb KPUCTATIYHOCTI SKUX € HEBHUCOKOW [2].
3uaiineno, mo mia 3paskiB [1oTi, ski 3HaXOmsTBCS Y
HEJIeTOBAaHOMY CTaHi, IepeBakae ONIDKHIA MOPSIOK B
oprasizaiii OyJoBM pEYOBMHH 1 BiJIIOBiIHAa aMopdHa
crpykrypa. Ilpu neryBaHHI Cyib(aTHOIO KHCIOTOIO
CIOCTEpIraeThesl MiABUIICHHS AU(PY3HUX MaKCUMYyMIB
mpu 20 =5.932°, mi0 BigNOBiZa€E MIKILIOMIMHHINA
Binctani d= 14,887 A. lle cBimuuth mpo YTBOpEHH:
MEeBHOI YacTKW KpHCTamiuHOi (a3u i3 HEBHCOKHM
CTYIICHEM KPUCTAJIIYHOCTI, ajie JOMiHYIOYO € amopdHa
CKJIaJIOBa.

IIpu neryeanni IloTi opraniunoto kuciororo TCK
BinOyBAIOTbCS  KapAWHAJIbHI 3MIHM B  OpraHizaii
CTPYKTYPHHUX  €JIEMEHTIB  mojiMepy. 3rigHO 3
OTpUMaHUMH JAudpakrorpamMamu (pucyHok 3), s
3paska [1oTi-TCK nomiHaHTHUM € JanbHIM MOPSIOK Y
po3TallyBaHHI CTPYKTYpHHX €JIEMEHTIB 1, BiAIOBiTHO,
BUCOKMH CTYNiHb KPHUCTAJIYHOCTi, TOJI SK BMICT
amopdHOi ckIamoBoi € ManuM, o A00pe y3romKyeThCs
3 pe3yNbTaTaMH OTPUMAHUMH B poboTi [3].

AwnanitTnane IHIEKCYBaHHS OTPUMAaHOL
mudpakrorpaMu  [MOKaszajgo, [0  HOJIOPTOTONYiUH
JIETOBAaHHUH TOJIYEHCYNB(OKHUCIIOTOI0, KPUCTATI3YETHCS Y
MOHOKJIIHHUH CHHTOHIi i3 HapaMeTpaMu ejeMeHTapHOI
xomipku a= 12,717(7), b = 6,938(4), ¢ = 8,069(5) A,
b = 106,71(1)°, o0’'eMoM eJgeMEHTapHOI KOMIPKH
V = 681,81 A% a moxmmsi mpocroposi rpymu — P2y,
P2,/m.

Crnix  3a3HauWTH, 10 KpUCTaliyHa CTPYKTypa
MOHOTIJIpaTy T-TONYCHCYIb()OKHCIOTH, BU3HAYeHA B
pobotri [12], Tex XapaKTepHU3YETHCS MOHOKIIHHOIO
CHHTOHi€l0, MpocTopoBa Ipyma P2;/C Ta mapamerpamu

I LA PO L LI L O L OV DL L 0 I L0 1 A

Puc. 3. Pentrenisebka qudpaxrorpama 3paska [1oTi, nerosanoro TCK.
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Puc. 4. (a) TepmorpaBiMeTpuuHi KpuBi 3pa3kiB Heseropanoro I10Ti (2), [ToTi serosanoro TCK (1)
ta I1oTi nerosanoro H,SO, (3); (6) Audepenniansui Tepmorpasimerpudsi kpusi (DTG) posknamy
uesteroanoro I1oTi (1) ta IToTi nerosanoro TCK (2).

Taoauus 1
3naveHHs BTpaTh MacH 3pa3kiB [10Ti B 3aye:KHOCTI Bijg TeMIiepatypu
IToTi (neneroBamwmii) [oTi-TCK [oTi-SO,

T,°C Dm, mr m, Mr T,°C Dm, mr m, Mr T,°C Dm, mr m, Mr

80 2,58 97,42 8l 1,98 98,02 80 1,66 98,33

101 3,29 96,71 100 2,73 97,57 100 3,33 96,66

150,6 4,13 95,87 150,6 4,26 95,74 160 7,5 92,5

200 4,98 95,02 200 5,98 94,02 215 10,83 89,16

250 5,93 94,07 250 10,31 89,69 250 14,16 85,83

300 8,65 91,35 301 26,09 73,91 300 19,58 80,41

350 14,17 85,83 351 38,73 61,27 350 23,75 76,25

400 20,51 79,49 401 42,32 57,68 400 27,5 72,5

450 27,97 72,03 450 45,77 54,23 450 30,83 69,16

500 36,57 63,43 501 50,95 49,05 500 35,83 64,16
emeMmentapuoi komipku a=»5881, b=7431, c= MOCTI/KYBaHI TONIMEPH sK Yy JIETOBaHid, Tak i
20,085 A, B=9795°, Ta o00eMOM eIeMEHTapHOL HEJleroBaHiii  (GopMi € JIOCTaTHRO  CTaOLIBHUMU.
KOMiEKH V = 868,49 AS, Herenuka BTpata MacH, 1oB’ si3aHa 3 BUIAAJICHHAM BOJIOTH
WNmoBipHo, 1m0 B mporeci Jerysands IloTi (2-2,5%), crnocrepiraetbcs B okomi temmepatyp 80 -
TOJTYEHCYNb()OKUCIOTO, ~ aMiHOTPpymd B OpTO- 100 °C (pucyHOk 4, a). 3 miIBUIICHHAM TEMIIEPATYPH 110
MOJIOXKCHHI ~ BUCTYMAIOTh  KAaTIOHAMH  KOMILUICKCHOI 150°C Bupanserbest anacopOiiifina (3B's3aHa) Bojora.

nosimepHoi comi I1oTi-TCK, ne aHioHaMH € KHCIIOTHI
3aJIMIIKK T-TOIYEHCYNb()OKHUCIOTH, K BCTaHOBJIeHO Y-
CHEKTPOCKOMIEIO. IIpocropoBa i reoMeTpuyYHa
noxpi6uicty ¢parmentie [loTi i TCK 3ymoBmoTh
YTBOPEHHS  YIOPSAAKOBaHOI 1 OULIBII ~ KOMIAKTHOI
CTPYKTYypH  JeroBaHoro rmoiimepy. Ilpu  upomy,
(parMeHTH TOJIMEPHOro JIAHIIOTa MOXYTHh BXOAUTH B
Pi3HI €JIeMEHTapHI KOMIpKH, IO JOBEICHO IS 1HINNX
eNIEKTPOIPOBIHUX moniMepis [1].

dopmyBaHHs YITOPSIIKOBAHOT KPHUCTaJII4HOT
crpykrypu [10Ti-TCK 3ymoBioe 0co0MHUBOCTI (hi3HKO-
XIMIYHAX BJIACTUBOCTEH IHOr0 MaTtepialy, TakuX SK
TepMivHa CTIHKICTh, TUTOMA €JIEKTPOIPOBIIHICTH TOLIO.

TepmorpaBiMeTpyyHi KpHBI BKa3ylOTh Ha Te, LIO

[{um mpolrecaM BiAITOBINAIOTh HEBEIHMKI €KCTPEMYMH Ha
DTG xpusux (puc. 4, 6).

CyrreBa BTpaTa MacH B 3aJIeKHOCTI BiJ CKIamy
3pa3KiB TMOYMHAETHCS TPH JOCATHEHHI TeMIlepaTypu
200°C i OGimpmie (tabmuns 1). Ilpu mpoMy TepMidHa
MOBE/iHKA JICTOBAHUX 1 HEJIETOBAHOTO 3Pa3KiB CYTTEBO
BiIpi3HIA€ThCS. B HeneroBaHoMy cTaHi BTpaTta MacH
cTaHOBUTH Oi1st 5 %, TOAI SIK JAJIsI JIETOBAaHUX 3pasKiB —
6% ([IoTi-TCK) Tta 11% (I10Ti-SO,4), iimMoBipHO
TIOB’ SI3aHMX 13 TOYATKOM BHJAJICHHS JIOMAHTA.

I3 3pocranHaM Temmepatypu Ha autsHI Big 250 10
350°C ans 3paska [1oTi-TCK crnocrepiraerbest pizkuit
neperud TG KpHBOI, SKOMY BiJIOBITa€ 1HTCHCUBHHIMA
ekctpeMym Ha DTG kpuBiii 3 MakcUMyMOM NpHU
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Taoauus 2
[TapaMeTpu MpoOBiTHOCTI KUCIOTHOIEroBaHuX 3pa3kis [10Ti
Hasga 3pasky r?% Om-m s2% Cmim ro,OM:-M E, eB r 293 afr 2%
IoTi-TCK 19,2 5.2-10? 1,8-107 0,206 + 0,005 —
ToTi-SO, 4398,4 2.27-10* 6,6-10* 0,376 + 0,005 —
IToTi-TCK+NH; 9020,6 1,110* 1,16-10° 0,708 £ 0,005 470
TMoTi-SO, +NH; 1-10° 1-10° - 0,564 + 0,005 230

InRIR,

,,,,,,,,,,,

,,,,,,,,,,,

77777777777777777777777777777777777777777

-1,6

2,7 2,8 2,9 3,0

3,2 33 3,4

1000/T

Puc. 5. Jlorapudmivyna 3anexHicTh Oropy Bijg obepHeHol TeMmepatypH st 3paska [ToTi-TCK (1)
ta [10Ti-SO,4 (2).

T = 296°C (puc. 4, 6)

Awnanizyroun i JaHi, Ta BPaxOBYIOUHM JiTepaTypHi
Jokepena [13-15], MokHa CTBEPKYBATH, IO HA MUISHIL
250 - 350°C ime mporec nemomyBaHHs, IIOB'I3aHU 3
BumanendsM Jerytouoi gomimiku (TCK). YV Bumamky
CyIb(aTHO JIETOBAHOTO 3pa3ka BUMILIN TG KpUBOI OUIBII

MOJIOTMHA, TIPOT€ Ha HIA MOXHA BHIUIUTH PsA
XapaKTepHUX TOYOK, SAKI BIJMOBIAAOTH JecopOrrii
neryrouoi cynbdatnoi kucmoru: 195°C — mouatok

BTpatu nomaHTta Ta 267°C — MakcHMMajbHa IIBHIKICTH
BUAaJeHHA CynbpaTHOi KucioTd. Jlis HenmeroBaHOTO
3pa3ka Taka /UISIHKA HEe NPOSBISEThCA. TepMiuHMi
PO3KJIaT BiOYBAa€ThCS 3 MOCTIMHOIO INBUAKICTIO ax IO
3nauenns T = 850°C.

HasiBHicTh  00'eMHOrO0 fgomaHta 3  PpYXJIHMBUM
MIPOTOHOM CYJIb(Orpyny Ta BHOPSAKOBAHA KpUCTaJIiYHA
CTpYKTypa Tmepeadavae MOKparieHHs (i3uKo-XiMIYHHX
BnacruBocrei noiimepy [1oTi-TCK, 1o nposiBnsieTses y
BHIII} €JICKTPONPOBITHOCTI Ta TEPMiuHIN CTaOIIBHOCTI
nmopiBHsAHO 3 cynbdatHo JseroBanuM IloTi. Sk MoxHa
O6aynti 3 Tabmuui 2, muromui omip I[1oTi-TCK npu
KiMHaTHIH Temmepatypi Maibke B 200 pa3 Hwxumit
nopiBHAHO 3 [10Ti-SO,.
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Ilpn 30inpmIeHHI  Temmepatypu  BiIOyBaeThCs
3MEHILIEHHsI ONOpY JOCHiPKYBaHUX 3pa3KiB B iHTepBali
293-373K 3a €KCIIOHEHIIaJIbHIM 3aKOHOM
r=r, >€Xp(Ea/2kT), ne E, — enepris axtusamii
MepeHeCceH sl 3apsy, I o — OIpuBeAeHui omip, K — crana
Bonbumana, T —temneparypa.

[IpencraBneHHss OTPUMaHUX JaHUX B KOOpIMHATAaX
piBasHuEs Appeniyca IN(R/Rg) = f(LU/T) mokaszano, 1o
Taka TEeMIepaTypHa 3aJIeKHICTh OIHMCYETHCS MPSMOIO
niniero (pucyHok 5, a, 6) B iHTepBani temmepatyp 303-
368 K, mo gae 3MOry BHU3HAYHMTH CHEPTII0 aKTUBAIi
MPOBIIHOCTI JOCTIKYBaHUX ToTimMepiB [16].

SIx MoXkHa 0auuTH 3 MPEACTABICHUX JAHHUX, CHEPTis
akThBallii nepeneceHHs 3apsany s [1oTi, meroBanoro
TCK, CTaHOBUTH 0,206 eB, TOA1 SIK ISt
cyib(aTHOMEroBaHoro 3paska e 3HaueHHs 0,376 eB.
[NopiBHIOIOUM TapaMeTpy MpPOBIAHOCTI MOXKHA JIHTH
BHCHOBKY, 1110 JieryBaHHs [10Ti TonyeHCYIb(pOKHCIOTO0
3a0e3rneuye JOCHTh BHUCOKI 3HAY€HHs MPOBiTHOCTI,
nopiBHsaHO 3 [10T1, JeroBaHoro iHIIUMY KUCIOTAMH, IO
3YMOBJIEHO, HMOBIpPHO, YTBOPEHHSM YIOPSAKOBaHOI
crpykrypu nix BruBom TCK.

Busienieno, 1o mig giero rasy (amiaky) BigOyBa€eThCs
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CyTTEBA 3MiHA ITUTOMOT'O OIOPY, BETHYUHM E, Ta CTAJOl
po nHochipkeHux 3paskiB. [lpum naii BumapiB amiaky
3HAYCHHSA IMTOMOTO oOmopy 3pocrae Bix 19,2 1o
9020,6 Om'M, TOOTO y 470 pasiB, IO CBIQYUTH MPO
Bucoky uyrnuBicth [loTi-TCK mo mii awmiaky. [us
cyabdarHoneroadoro  IloTi  3pocraHHs  omopy
BiIOYBA€THCA Maike BIBIYI MEHIIE, TOOTO UYTIUBICTB,
BH3HAYCHA SK BIJHOIICHHS OIMOPIB IICNA 1 JO il rasy,
cranoButh 230 pas3. B Toil ke wac eHepris akTHBamii
npoigrocti s [ToTi-TCK 3pocrae maiixe y 3,5 pasu y
BHIAAKY ii amiaky, Tomi sk st [10Ti-SOy11e 3HaYeHHS €
BunwM y 1,5 pasu (tabiuis 2).
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Features of the Structure and Physical-Chemical Properties
of Paoly-Ortho-Toluidine Doped with Toluenesulfonic Acid

Ivan Franko national university of Lviv, Kyryla | Mefodiia Sr., 6, 79005, Lviv, Ukraine,
e-mail: aks men@ukr.net, anastagie@gmail.com

Features of crystal structure, eectrica conductivity and thermd stability of poly-ortho-toluidine (PoTi)
samples, obtained with method of oxidative polymerization in the medium of sulfuric and toluenesulfonic
acids (TSA) were investigated. It was found that PoTi-TSA samples are characterized with high crystallinity.
According to the physico-chemical analysis, doping samples with TSA causes increase of PoTi thermal stability,
electrical conductivity and sensor sensitivity on the contrary to samples doped with sulfuric acid. Based on
temperature dependence of specific resistance, the values of the conductivity activation energy were cal cul ated,
which are within the limits of 0.2-0.4 eV depending on the type of dopant.

K ey words. poly-ortho-toluidine, toluenesulfonic acid, structure, specific resistance, thermal stability.
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Z[OCJ'[iZ[)KCHO BUKOPUCTAaHHA rajbBaHIYHUX TEXHOJIOI1i y Tepmoenempl/lui.

PosrnsHyTo

TEXHOJIOTiUHi 0COOIMBOCTI HaHECEHHsS aHTHIN(Y3iHHUX NMOKPHUTTIB Ha TepMoenekTpuuHuii Matepian (TEM) Ha
OCHOBI TelIypuly BICMYTYy rajbBaHi4HMM crocoOoM. Bu3HaueHO mnepeBaru Ta HENONIKM BIACTHBOCTEH
aHTUIU(Y31HHUX CTPYKTYP OTPHMAHUX €JIEKTPOXIMIYHIM METOZIOM.

KurouoBi ciioBa: TepMoenekTpudHUil MaTepial, BITKM TepMOEIEMEHTIB, aHTuaN(Y3iiHI mapy, rajabBaHiuHI

KOMyTarlii.

Cmamms nocmynuna 0o pedakyii’ 21.02.2019; npuiinama oo opyky 15.03.2019.

Beryn

TepmoenekTpuuHi MaTepialldi Ha OCHOBI TBEpPAHMX
po3unHiB BigsShsTe; p-tuny i BiTe7Se3 N-tumy

NPOBIAHOCTI 3HAMILIM [IMPOKE 3aCTOCYBAaHHS MU
BUTOTOBIICHHI ~ TEPMOENEKTPUYHUX  I[EPETBOPIOBAYIB
eHeprii [1], 0c00IUBO TEPMOEIEKTPUUHUX

OXOJIOMXKYBAUiB Ta TEPMOCIIEKTPUYHHX TeHepaTopis [2].
OcTaHHIM 4YacoM ICTOTHO 3pocTae moTpeda B
TEPMOENIEKTPUYHUX MOIYJISIX OXOJOMKEHHs 3 PoO0Y0I0
temrnepatyporo He MmeHme 200 °C. BpaxoByroum 1ei
ACIEeKT, aKTyallbHUM Ha ChOTOJHI € IUTAHHSI CTBOPCHHS

BHCOKOITPOTYKTUBHHX TEXHOJOTIH HaHECEHHsI
eQEeKTUBHUX aHTUANY31HHIX CTPYKTYD, 10
3a0be3neunTh  HajiiiHe  (QYHKUIOHYBaHHS  MOXYJIB

OXOJIOJDKEHHS TIPH MiJIBUIIIEHUX TEMIIepaTypax.

OpHUM 3 BaXKIHMBHX €TalliB IIPH BUTOTOBJICHHI
TEPMOENIEKTPUYHUX MOJYJIB € CTBOPEHHS HaJiHHUX
aHTUANY31HHIX i KOMYTaIiitHuX CTPYKTYD.
Komyraritist — ckiagHuii TEXHOJOTIYHHMH MpPOIEC, SKUH
BKIIIOYA€ CTBOPEHHS CYMICHHX 3a ()i3MKO-XIMIYHUMHU
BJIACTHBOCTSIMH KOHTaKTHHUX 3’ €IHAHb MIX BITKaMH
TepmoenekTpudaroro Matepiany (TEM) p- i n-tumis npu
MiHIMyMi BTpaT Ha eJIeKTpO- 1 TeIuionepexonax, IMpu
BUCOKIH cTaOlJIBHOCTI, JOCTATHIM MeXaHIYHIi MIIHOCTI 1
cTifikocTi 10 TeruoBux 3MiH (puc. 1) [3].

CrBopeHHst  eeKkTUBHOI ~ KOMyTalii  BUMarae
BUpILIEHHS MJIOT0 KOMIUIEKCY Marepialo3HaBYuX 1
TEXHOJOTIYHUX THTaHb. llepuioueproBuM € BHOIp
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MaTepiaiiB, sKi TpU3HAa4YeHI Ui Oe3rmocepeHbOro
KOHTAaKTy 3 HAITiBIIPOB1THUKOBUMH BiTKaMH.
Haiikpammmu 1 KoMyTalii BITOK € BHKOPHCTaHHS
METaJiB 3 BHCOKOI TEIUIO- 1 EJIEKTPOIPOBIAHICTIO,
Hanpukiaax Mini, cpioma. Ilpum BUKOpuCTaHHI MigHOT
KoMmyTamii HeoOXimHO HaHOocMTH Ha Bitkm TEM
aHTUANGY3iiHI  apH, SKi CIOPUSIOTH 3MEHIICHHIO
Judy3ii Mizl B TEpMOETIEKTPUYHUI MaTepial.

AHTUNQY3iiHUN Iap TOBHHEH OyTH iHEPTHUM MO
BITHOIICHHIO J0 TEPMOEJEKTPHYHOrO  Marepiaiy,
XapaKTepU3yBaTHCsl BUCOKOIO aAre3i€r0, HE CTBOPIOBATH
JIOAATKOBUX MEXaHIYHHUX HAIPYT y 30HI KOMYyTallii, MaTH
HU3BKE 3HAYEHHS KOHTaKTHOT'O oropy,
XapaKkTepu3yBaTHCsl BHCOKMMHU 3HAYEHHSMHM TEIUIO- 1
€JIEKTPOIPOBITHOCTI, MAaTH 3HAYEHHS KOe]illieHTy
TEIUIOBOT'O  PO3UIMPEHHS  OJM3bKe IO  3HAYeHHs
koedimieHTy TeroBoro posmmperas TEM.

ToMmy nns CTBOpEHHsS KOHTakTy 3 MiHIMaJIbHUM
MepexiJIHIM  OIopoM MOTPiOHO BUOMpaTH  OJIU3BKI
3HAYeHHsA MDK  poOOTO  BHXOAY  Meraly i
HaIIBOPOBiHUKA. TaKUMH METaaMu € HiKeJb, KoOaJbT,
3aJ130, a TAKOXK MOJIOJEeH Ta BONb(paM, OCKIJIbKH BOHU
XIMIYHO iHepTHI o BIIHOIIIEHHIO o
HAITIBIIPOBIIHUKOBOI'O MaTepiajly, MarTh JOCTaTHHO
Xoporii aHTHaAuGY31iHI BIACTHBOCTI, T00pe 3MOUYIOThCS
NPUMNOSAMH, iX KOe]ili€eHTH JiHIHHOTO PpO3UIMPEHHS
Omm3bki 70 KoedillieHTa  JTHIHHOTO — pO3LIMPEHHS
TEPMOEJIEKTPUYHOT 0 MaTepiaiy.
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BiTka Bi2Tel

Puc. 1. Cxema koMyTalii BiTOK TEpPMOEIEMEHTA.

|. Texnousoriudi cnocodu komyrauii
BiTOK TepMoeJIeMeHTiB

Bigomi pi3Hi criocoOu cTBOpeHHsT aHTUAN(Y31HHOTO
0ap’ epy, HAPUKIIA] METO MAasiHH:, CHUJIBHOTO raps4oro
MIPECYBaHHS TEPMOETIEKTPUYHUX BITOK 1 KOMYTAIIHHOTO
MaTepiaiy, 3ady)KyBaHHsS JIETKOIUIABKUMH MPHUIIOSIMH,
XiMiYHE OCa/DKCHHS METalliB 13 PO3YMHIB COJICH,
rajJbBaHiYHE HAHECEHHS IIOKPUTTIB, METOJ| yroBOTO
HamuieHHs [4].

Meron masHHs mnepenbavae Oarato omepamiid i
cTaniif, BUMArae JIETaabHOro Mmiadoopy (JItociB, MPHUIIOIB,
a TaKOoXX TIOBHOTO BHAAJICHHS CIIJIB (IIIOCY MiCHs MaiKH.
IIpu cnocobi 3amyxyBaHHS CIOCTEpIraeTbcsi piska
TepMivHa JIisl Ha TEPMOEJIEKTPUYHI 3pa3KH, sIKa IOTiplIye
iX BJIACTHBOCTI; BHCOKI TEIUIOBI 1 EJIEKTPHYHI OIOpH

NPUTIOI0, TPOHUKHEHHS  arpecMBHUX  (UIIOCIB Y
TepMOeNieMeHT, Audy3is IOMIMIOK 13 TPHUIOIB Yy
HAIIBIIPOBITHUK.

Bigomuii criocid6 xomyraiii BITOK TEPMOEIEMEHTIB
[5], sxmit Bkaroyae HacTymHi  omepamii. Ha
HAITIBIIPOBIIHMKOB] TUIACTUHM TAsUIbHUKOM HAaHOCSATH
map BiCMyTy, Ha Hboro — map npumnoto tumy I[10C,
MOTIM 4Yepe3 CBHHIEBY IUIacTuHy ToBumHOWO 0,5 -
10MM iX TPUTHCKAIOTH JO KOMYTAIlIWHHUX IIIMH.
HemonikoM 1poro croco0y € HU3bKa TEXHOJOTIYHICTH 1
HHU3bKa SKICTh BHACTIJIOK BEIHMKOI KIIBKOCTI PYYHHX
orrepariif i BiIHOCHO BUCOKHU MepeXiaHUM OITip.

Croci6 xoMmyTamii TEpMOCIEMEHTIB Ha OCHOBI
CIJIIU/IIB MaHraHy i KobanbTy [6], sSKuii BKITFOUa€e MaiKy
TEpPMOEJIEMEHTIB CpiOJIOM, BIAPI3HAETHCS THM, IO 3
METO0 301NIbIIEHHS! HAJIHHOCTI KOHTAaKTy, Ha TOBEpPXHI
CHIIIMIIB CTBOPIOIOTH aHTHAM(Y3iiiHMiI Oap'ep i3
TBEPIOr0 PO3YMHY BYIVICLIO B CHJIILIWAAX 1 IPHUIIAIOIOTH
TEPMOCJICMECHTH Ha IMOBITPI 13 3aCTOCYBAHHSAM 3aXUCHHUX
¢urociB 10 KOMYTalilHOI TUIACTUHM, BUTOTOBJIEHOI i3
CIUIaBY 3a1i30-HIKEIb-XPOM.

BimoMi TepMoeneMEeHTH, SKi MICTATh Ha CBOIX
TOPLIEBUX TpaHsIX aHTUAWQY3ilHI Wapu 3 HIKeJo, o
HAHOCATHCS ~ METOJAaMH:  BAaKyyMHOI'O  HallWJICHHS,
€JIeKTPOITi3y abo XIMIYHOI'O0 OCA/PKEHHS 3 IMOMEPEIHbOIO
00p00KOI0 MTOBEPXHI rpaHei JIa3epHUM

BUIIPOMIHIOBaHHIM, 200 0OpOOKOI0 TEpMOENEKTPUIHHIX
IUIACTUHHA 3 IIapaMH Y MAarHiTHOMY 1 €JIeKTPHYHOMY
NOJNAX Yy TMpoleci IiX MOAaJbLIIOr0 TeMIIEpaTypHOTo
Bigmany [7]. Taki mapu XapakTepu3yrOThCsi HEBEITHUKOIO
aZre3iffHOI0 MILHICTIO Ha BiZpWB, M0 He 3a0e3rnevye
HEOOXITHOrO PiBHSI MEXaHIYHOI MIITHOCTI Ta HAMIHHOCTI
poboTH TepMOeTIeMeHTa.

IMopsx 3 UM, BiIOMI TakKOX TEPMOCICMEHTH, IO
MICTATh BITKHM p- Ta N-TUIIB MPOBIIHOCTI 3 BiIOBIIHUX
TEPMOENIEKTPUYHHUX MaTepiaiiB, TOPLEBl ITOBEPXHI SKUX
4yepe3 aHTUIU(]Y3iiiHI mapu 3'€THAHO 3 KOMYTYIOUHMH
1IapaMu TajbBaHIYHUM METOJIOM, sIKi PO3TallOBaHI Ha
IUIACTUHAX 3 BHUCOKOTEIUIONpPOBiAHOI Kkepamiku. Taki

TEPMOENEMEHTH  IIMPOKO  3aCTOCOBYIOTBCS — JUIf
BUpILIEHHS  KOHKPETHUX  TEXHIYHMX  3amad 1
XapaKTepU3yThCs JIOCUTH BHUCOKUMHU

TEpPMOENIEKTPUYHIMHU TIapaMeTpamMH, NpU HEIOCTaTHIiN
HafifiHocTi [8]. B TepMoeneMeHTi, KU CKIANAEThCS 3
CIIeKTPOKOMYTYIOUHX INapiB Ta BITOK p- Ta N-THIIB
AHTHIU(Y3iHHI APy MOPSAA 3 TOPIEBUMH MiCTATHCS
TaKOX 1 HA YaCTHHI OIYHHUX TTOBEPXOHB BITOK MPHIETIIUX
10 TIEPUMETPY /0 TOPIIEBUX TpaHEil; MIX IOBEPXHIMHU
aHTUANQY3IHHUX Ta KOMYTYIOUHMX IIapiB, MICTSATHCS
HIApH MPHUIIO0; TOPIIEBI I'paHi BITOK MicTATh masu [9].
XiMiyHMHA CHOCIO CTBOPeHHA aHTUIU(Y3IHHOTrO
0ap'epy  CYINPOBOIXKYETbCS  Ta30BUILIICHHSIM, 5K
MOTipIIye  SKICTh KOHTakKTy Oap €pHOro Imapy 3
HamisnpoBigaukom [10]. KomyrariiiHi mapu i3 Hikemo
topmuHOI0 0,1 - 0,2 % 1 3aXUCHOr0 MOKPHUTTA i3 CIUIABY
Hikenb-Mige ToBIMHOW 0,3 - 0,5 % Bix HOBKHUHHA BITOK
HAHOCATHh XIMIYHUM METOJIOM i3 BOIHHX PO3YHUHIB, MPH
LBOMY HIKEIb 1 CIUIaB HIiKeNb-Mib OCAUKYIOTh i3
JMY)KHUX, aMiaqHUX pO3YMHIB Ipu Temneparypi 97 -
99°C i pH 85-95 a mnpomec mnpu HiKeTIOBaHHI
IHIIIFOIOTH KOHTAKTOM OJIOKY 3 aJIFOMiHIEM 200 METaJoM
niarpynu 3aiiza Ha npotssi 20 — 30 c., sSKuii po3puBaroTh
yepe3 4—5c. micng moyaTtky mporecy, (QiKCyroud IIo
OypxJIMBOMY BUIiNeHHI Oynbbaniok rasy [11].
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3acTocyBaHHS MeTOIB rajJibBaHIYHOI
KOMYTAIlil 1JIsi CTBOPEHHS
TEePMOEJEeKTPUYHUX MOAYJIIB
0XO0JIO’KeHHSI

HaneceHHst MeTaymiyHUX KOMYTAalidHUX IIapiB Ha
YHUCTY IIOBEPXHIO HAIIBIOPOBIJHUKIB 1 BUTOTOBIIEHHS
TEPMOEJIEMEHTIB MOXXHa 3J{IMICHUTH €JIEeKTPOXIMIYHIM
meromom [12, 13, 14]. EnextpomiTnuHuii METOI Ma€e psia
repeBar mepe]| IHIIMMU METOJaMH. JIETKa KEepOBaHICTh
nporiecoM (peryJroBaHHS TOBIIMHH 1 BIACTHBOCTEH
METaJeBOr0 MOKPHUTTA ULUIIXOM 3MIiHM IIUIBHOCTI 1
HaNpsIMy CTPyMY, CKIIQAy 1 KOHIEHTpALii eNeKTPOIITY,
TEMIIEpATypy) BHCOKA YHCTOTa 1  PIBHOMIPHICTB
TIOKPUTTS, XOpOILIE 3YeIUIeHHs], BiJCYTHICTh HarpiBy Ta
HE BUMarae 3aCcTOCyBaHHsI JOpororo odoianHanHs. Meron
3a0e3neuye 4iTKy MeXy MeTal-HalliBIPOBiJHUK, BUCOKY
€NIEKTPOIPOBIIHICT, ~ HAHECEHWX  IIapiB  MeTaly,
MoxuuBicte HaneceHHs mpu 20—-60°C wmeramiB 3
BHCOKOIO TEMIIEpPaTyporo IuIaBjieHHs. KoHTakTHHH omip
NPU BUKOPHUCTAaHHI JaHOTO CIOCcO0y He IepeBUIyE
10° Omxcem?

Crioci® crtBOpenHs anTuaudysiiiHoro Oap’'epy Ha
IUIACTUHAX  TEIYpUAY  BICMYTY  €IEKTPOXiMiYHUM
OCa/DKCHHSIM METaJliB, B TOMY 4YHCII 1 HIKEJII0
nepeabavae TMONEpEAHI0O OOpPOOKY IOBEPXHI IUIACTHH
pO3YMHAMH a30THOI Ta XJIOPUAHOI KHCIOT, MICJIsS 4YOro
HAHOCUTHCS HiKeJIb eIEKTPOTITHYHIM criocobom [15].

Crioci®6 Bkirouae XiMiuHy OOpOOKYy IUIacTHH,

CIICKTPOXIMIUHE TpaBJIEHHS i CNIEKTPOXIMiYHE
HiKETFOBaHHS. [oeananHs apaMeTpiB
CIICKTPOXIMIYHOI'O TPABJICHHS 1  EICKTPOIITHIHOTO

OCa/DKEHHSI HIKENI0 JI03BOJISIE HAa TIOBEPXHI IUIACTUH
CTBOPUTH aHTUAN(Y31HHMIA Oap’ €p y BUIIISAIL TOKPUTTS 3
aaresiHor Minmictro He Menme 100 kr/em? TS
MarepianiB P-Tumy mpoimHocti i mo 150 kr/em® s
MarepiaiiB N-Tury nposiaHocTi [16].

B sixocti anTHIMGY31HHOTO 6ap’ €py 3amporOHOBAHO
raJIbBaHIYHO OCA/KSHHH CIUIaB HiKeTb-3aJ1i30-BONb(pam
[17], sxuit panine He MOCTIIKYBaBCs, BIAMNOBITHO He
MIPOBO/IMIIMCH BUMIPH are3iiiHOi MIlTHOCTI TOKPUTTS Ta
Horo antuaudysiitHi BiactuBoCcTi. Enexrtpomit, Kpim
coJiedl HiKeJro, MOAAaTKOBO MICTHTh BOJb(paMar HaTpito
Ta cynb(dar 3aii3a, 1o 3HAYHO MOKpaIye aHTuanQ y3ikiHi
BJIACTHBOCTI TOKPUTTSl 1 TeMIlepaTypy eKcCILTyaTamii
anTuandy3iiiHoro Oap’epy. 3acTocyBaHHs TaJbBaHIYHO
0Ca/KEHOTO CIUIaBy HiKeJb-3aJ1i30-BONb(paM J03BOJISIE
CTBOPUTH Ha ITOBEPXHI TEPMOEIEKTPUYHOI'O MaTepiaiy
anTuandy3iiHui Oap’ep 3 aaresiiiHoro MinHictio 200 -
215 kr/cM?, 1m0 TIepeBHILye KOresiiiHy MilHICTh caMoro
Martepiaiy.

Y wmoHorpagii [18] meranbHO BUBYEHI METOIU
ofep KaHHs, MexaHi3MH (JOPMYBaHHS 1 pOCTY, CTPYKTypa
1 BJIACTHBOCTI HaHOCTPYKTYPHUX IUIIBOK TaJIbBaHIYHO
0Ca/DKEHOTO  CIUIaBy HiKeJdb-Bodb(pam. Merogamu
EJIEKTPOHHOT MIKPOCKOITIT ITOKa3aHO, IO €IEKTPOITITUIHO
0CaJDKEHI IUTIBKA Ha OCHOBI METaJiB MIATPYIH 3aii3a 3
no0aBKaMu  BONb(paMy MaroTh  pPEHTreHoaMop(dHY
CTPYKTYpY, IO BiJKpUBAa€ HOBI IIEPCHEKTHBH iX
BUKOPHCTaHHS y 0araTbox raiyssx.
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EnexTpomit 111 TanbBaHIYHOTO OCA/PKEHHS IUIIBOK
CYPMH XapaKTepH3yEThCSl THUM, IO U ITOKPAIEHHS
CTPYKTYpH Ocany Ta iHTeHcHpiKallii mporecy ocapKeHHSs
Ha TIIOBEPXHIO TEPMOENEKTPUYHOrO Marepiany, A0
CICKTPOJIITY HA OCHOBI KaJlil0 CypM SHOKHCJIOTO
BBOJIUTHCS TOBEpXHeBo-akTuBHa peuoBuna ([TAP) OC-
20. OmucaHi BIacTHBOCTI IUIIBOK CYpMH, OTPUMAaHHUX i3
3aIpOIIOHOBAaHOTO €JIEKTPOJITY, JIO3BOJISIIOTh
BUKOPHCTOBYBATH iX JJIsI CTBOPEHHS aHTUAN(Y3IHHOTO
6ap’ epy Ha noBepxHi 3paskie TEM p- tumy [19].

Astop [20] mocmimkye MOXKIMBICTH OTPUMAHHS
aHTUANQY3IHHUX TOKPUTTIB HAa MIJHUX KOHTAKTHHX
TUIACTUHAX 1 TEPMOENIEMEHTaX CIIOCOOO0M, 3aCHOBaHUM Ha

NPOBEAICHHI TeTepOreHHOi peakiii B OpraHivHOMY
posunHHuKy [21]. 3mificHeHa TakuM ~ CIOCOOOM
MeTalli3allil TEePMOENEMEHTIB  3ale3neuye  Xopolle

3MOUYYBaHHS MaTepiary OJOBO-BICMYTOBUMH MPHUITOSIMH.

JloinsHuM €  HaHeCEHH; OararonrapoBux
KOHTaKTHUX CcTpykTyp Ha TEM. Pesynpratu [22]
[OKa3ajad, IO MaKCUMaJlbHa JUHAMiyHa CTIWKICTH
TEPMOCNIEKTPUYHUX  TPHIANiB  CHOCTEpIraeTbcsi y
BHIIAJKy, KOJU CIUIABH METaliB IIATPYNH 3ajiza 3
¢dochopom Ta BoibPpaMoM 3 aMOP(HHOIO CTPYKTYPOIO
BHUKOPUCTOBYIOTHCS SIK anTuauy31iHI 1apu.
[IpoBommIMCh eKcrepUMEHTaIbHI pOOOTH 3 OCaKEHHS
aHTuANQY3iiHNX mapiB Ha 3pasku TEM Ha ocHOBI
TENypuay  BicMyTy, ofepIKaHIX TOCITiJOBHIM
HaHeceHHsIM TOHKHUX (1,5 — 3 Mkm) miapiB merainis (SnNi
(10 mxm) | SNBI (4 mMxm) — st auckiB N- i p-tumy, NiW
(3 MxM) | SNNi (10 mkm) | SNBi (4 MKM) — A71st IUCKiB N-
tumy; Fe ( 3mkm) | NiW (3 mxm) | SnNi (10 mkm) | SnBI
(4 mrm) — mis guckiB p-tuny; |Coxy.(3 MrM) | SnNi
(10 mxm) | SNBi (4 MKM) — a1 TUCKIB N- 1 p-THITY;)
MIATPYIHM HIKEMI0 Ta iX CIUIABIB 3 IHIIMMH METaJaMu.
BBenenns BoibdpamMy B MOKPUTTS Yy  BUIJISII
rajJbBaHIYHUX CIUIABIB 3 PI3HUMH METaJaMH JI03BOJISIE
CYTTEBO  MOKpAIIUTH  aHTUAMQY3iHHI  BIACTHBOCTI
OTPUMYBaHHUX KOHTaKTHHUX IApiB.

EnexTponitT HikenroBaHHS AJIsl HAHECEHHS TOBCTHX
HIKEJIEBUX MOKPHUTTIB 3 HHU3BKMMH BHYTPILIHIMHU
HANPY)KCHHSMH, SKUH MICTHTh B SKOCTiI 1HTIOITOPHOI
N00aBKM caxapuH Moke OyTH BHUKOPHCTaHUUM JUIst
301IbIIEHHsT 3HOCOCTIHKOCTI, KOpPO3iHHOI CTiHKOCTI Ta
TIONIIIIEHHST ~MEXaHIYHMX BJIACTHBOCTEW  IOBEpXHI.
BBeneHHs He3HauyHOI KiJBKOCTI caxapuHy 3HA4YyHO
3MEHIIyE BJIACHI HANPYr'd PO3TIry, a HpPH TOTPUMAaHHI
MEeBHUX  CHIBBIJHOIIEHh MIX TYCTHHOIO CTpPYyMY,
TEMIICPATYPOIO 1 YUCTOTOIO EJICKTPOJIITY, HABITH BEAC 10
MOSIBM BJIACHUX HAINPYT CTUCKYBaHHS HIKEJIEBHX IIapiB
[23]. TlpormoHoBaHHii eneKTPOMIT 3abe3medye OiIbII
BHCOKY IIBUJKICTb OCA/DKEHHS, [O3BOJISIE OTPUMATH
toBerimi  mokputts  (70—100MkM) 3a  BiAHOCHO
HEBEJIMKHH MPOMDKOK 4Yacy 1 3MEHIIUTH BIACHI
BHYTPIIIHI HANPY)KEHHS HIKEJIEBUX IIOKPHUTTIB.

Baratomiapopa antuaudysiiina cTpykTypa [24]
BUKOHAaHA 3 TPHhOX INApiB, MPH LHOMY IMeEpIIMK mIap
BUKOHAHWH 3 HaHOIApy Hikenb-hochop, Apyrui map
BUKOHAHWHN 31 CIUIaBy HiKeJIb-BOJNb(paMm, TpeTid map
BHKOHAHUH 31 CIUIABY HIKeIb-0I0BO. Ilepmmii map
HAaHECEHO 3 EJNIEeKTPONITY XIMIYHOrO HIKEJIOBaHHS,
JIpYrHd 1 TpeTii — 3 ENeKTPOJITIB TrallbBaHIYHOrO
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HIiKEJTIOBaHHSI.

Harmsnanm € crnocio BUI'OTOBJICHHS
TEPMOCJICKTPUYHOTO €JIEMEHTa, IO MicTUTh N-1N,Se;,
SIKMH BKIIIOYA€ (POPMYBAHHS BITOK 3 TEPMOEIEKTPUIHUX
MaTepiajgiB N- i P-THIB, HAaHECEHHS HAa TOPLI BITOK
TEPMOEJIEKTPUYHOr0 ~ Matepiany aHTUAHQY3IHHUX 1
KOMYTAIllHHUX CTPYKTYp, 3 €IHaHHS BITOK N-THIy 3
BiTKaMH p-Tumy. dopmyBaHHA BITOK 3
TEepMOENIEKTpUYHOro Marepiainy nN-1nySe;, HaHeceHHs
aHTUANQY3IHHUX 1 TepexiJJHUX MapiB 3/iHCHIOETHCS B
ONHY CTauil0 METOIOM  BaKyyMHOTO  Tapsdoro
NpECyBaHHS  IOPOWIKIB  BIQIOBIMHUX  MaTepiajiB.
KoHTakTHI mapu Ha TOpLi BITOK 3 aHTUAU(Y3iHHUMHU
[IapaMy HAHOCSATH 3 PO3YUHIB EJIEKTPOIITIB Ha OCHOBI Ni
i Cu ranmeBaniyauM MetonoM. Ha antumudysiiiauii map
Fe mocmimoBHo HanocsTh mpomikHi mapu Ni i Cu
TOBIIUHOK BiamoBiaHo 2—3MkM 1 10—15mrm. Il
IIapyd HAHOCATH B CICI[iaJIbHIA OCHACTIN T'aJbBaHIYHUM
METOJIOM 3 Bi/IMOBiTHUX €JIEKTPOIITIB [25].

VY martenti [26] 3amporoHOBaHO CIIOCIO KOMyTarii
TEpPMOEJIEMEHTIB, SKHH TIONsrae B HAaHECEHHI Ha
HAITIBIIPOBIIHMKOB] IUIACTUHM KOMYTAI[IMHUX MIapiB 3
HIKEeJIEBUM 41 KOOAJbTOBHM TPOUIAPKOM 1 3’ €IHaHHS X
MOCITIZIOBHO IMAMKOI0 3 METaJeBUMHU LIMHAMHU. 3 METOIO
T IBUIIIEHHS TEXHOJIOTIYHOCTI 300pKH,
HAITBIIPOBIIHMKOB] TUIACTHHH (OPMYIOTH B  OJIOKH,
3aTUCKAIOYM IUIACTHHU OJAHY MO 1HIIOI OOKOBHMH
noBepxHsMu. [licisi 3axpiruieHHs HamiBIIPOBIITHHUKIB B
pamii 1 BimnoBigHOi iX 00poOKHM (3HEKUPECHHS 1
TPaBJICHHS) HAHOCATH TaJbBaHIYHMM CIIOCOOOM Ha
poboui TOBEpXHI IIOCKOro OJOKY WIap HIKENI0 YH
€KBIBAJICHTHUH HOMY IIap KOOAJIbTy TOBIIMHOIO B MEXKax
0,1-1,05% Big TOBUIMHM HAMIBIPOBIAHUKIB, IIap
cBuHIfO  ToBuMHOIO 5-20%  Bim  TOBIIMHHK
HAIBIPOBIIHUKIB, 3aXUCHUN IIAp HIKeI0 abo Mimdi
toBmuHOKW 0,25 —1 % Bix TOBIIMHY HAIiBIPOBITHUKIB.
OcranHili  1map OJIOB' SIHO-CBUHIIEBUH  TNpHIIH,
nanpuknan — I[10OC-61, wmoxe  HaHOocHTHCS — abo
rajbBaHi4HO, 200 MasIIBHUKOM.

ArTopamu [27] 3anpONOHOBAHO CIIOCIO OTpUMAaHHS
aHTUANGY3IHHOrO Mmapy Ha MIJHAX KOMYTaliiHUX
IUIACTUHAX, SIKUA BIAPI3HAETHCS THM, IIO 3aXHCHE
TIOKPUTTS. HAHOCHUTBCS B 2 €TaIU 3 Pi3HUX EIEKTPOIITIB 1
Ma€ MiIBUINEHY aHTHAU(Y3iiHYy CTIHKICTh 3aBAsSKU
pi3HULI B CTPYKTYpHili OynoBi kKokHOro mapy. HrkHin
miap sBisie co6oro cmiaB Ni-P topmuaoro 3 —5 MKM,
BepXHili miap sBisie co6or0 MOKpUTTS 3 Ni TOBIMHOIO
40 MKM.

AnpoboBaHuii  Is  KOMYTYBaHHS  HH3BKO-
TeMIIepaTypHUX TEPMOEIEKTPUIHUX MaTtepiajiB
enektpoiit mictuts 400 kr/m® NiSO,7H,0, 30 kr/im®
H3BOs, 15 kr/m® NiCly6H,0 i 0,03 kr/m® CdSO,.
Bemuunna pH cxmamae  3,5-4,0. Ilpm rycruni
eIeKTpHYHOro cIpymy j, = 1,0-1,5 KA/M? ocapKeHHs
mapy TtoBumHOo0 10 MM 3pificHroBanmocs 3a 5-—
10 xBunun B Harpitomy g0 T = 330 K enexrponiti [28].
CBixKOOCQ/DKEHI IIapu HIKEII q00pe 3ModyBajucs i
3ay)KyBaIMCSA  JICTKOIUIABKMMHU — TIPHUITOSAIMH 1 0e3
BUKOPHCTaHHS (IIIOCIB, YOMY CHpHSIB aJICOpOOBaHHN B
ocasi BOJICHb. Hns KOMYTYIOUUX hEVIRON
TEPMOEJIEMEHTIB If0 SIKICTh TaJIbBAaHIYHUX IOKPUTTIB
JIOIJIFHO BUKOPHUCTOBYBATH, HIKEJIOIOYM 1 MeTalivHi
KOMYTAIliiHI [ITHHY.
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BuKOpHCTOBYETBCSI CTBOPEHHSI TEPMOENEKTPHYHHIX
MoayiB [29], mpu BUTOTOBJIEHHI SKHX 3aCTOCOBYETHCS
CHPOLIEHH Nporec 3’ €JHAHHA 3 IUIACTHHAMM 13 TEIuIo-
Ta  €JEKTPONPOBIAHOIO  Marepialy  HPOMIKHHUX
€JIEMEHTIB, TorepeTHHO 3’ €IHAHUX 3
TEPMOEJIEKTPUYHIMHU €IeMEeHTaMH. B SKOCTI BKa3aHOro
3’ €IHyBAILHOrO MaTepially Mo)Ke OyTH BHUKOPHCTaHUH
npunii. Take BUTOTOBIEHHS  MOXYJIS  JIO3BOJISIE
BUTOTOBIISITU MOJYJI B YMOBaX MacOBOTO BHPOOHUIITBA
i3 3aCTOCYBaHHSM 3BHYaliHHMX MarepianiB. Takox sK
3'€IHYBAILHUH Matepial Moxe OyTH BHUKOPHCTaHUH
rajJbBaHIYHO OCa/PKEHWH MeTal. MiX IUIaCTHHOIO 1
HAITIBIIPOBIIHUKOBHM TEPMOCJIEKTPHYHUM  E€IEMEHTOM
HAHECEHUH MIap i3 HIKEINo, SIKHH MepelkoKkae tudysii
MiJli B TEpPMOEIEKTPUYHHUIA MaTepial.

Bimomutit croci6 BUI'OTOBJICHHS
HAITBIPOBITHUKOBUX BITOK IS TEPMOECICKTPHYHOTO
Moayas i Ttepmoenekrpuunuii Momyib [30]. Cmoci6
BKJIIOYAE BUI'OTOBJICHHS CTEPIKHIB i3
TEPMOEJIEKTPUYHOTO ~ MaTepialy METOAOM  rapsuoi
exctpysii. Ilicns 4oro mpoBOAATH MiATOTOBKY OOKOBOL
noBepxHi crepxHiB. [loTiM Ha OOKOBY IOBEPXHIO
HAHOCATH  METOJIOM  KaTomHoro abo  aHOIHOTO
€JIEKTPOOCaKEeHHsI JIako(papOOBY BOJHY KOMITO3MIIIO 3
(TOpKAyIyKOM 3 OTPUMAaHHSIM 3aXHCHOT'O IOJIMEPHOTO
nokputTst [31]. CrepxkHi pO3pI3yOTh Ui OTPUMAHHS
HAITIBIPOBITHUKOBUX BITOK 3amaHoOl JoBkuHU. Ha
TOPIICBI  TMOBEPXHI  OTPUMAaHUX BITOK  HAHOCSTH
AHTHIU(Y3iHE MeTaliYHe IOKPUTTA KOMOIHOBaHHM
MmeromoM. CroyaTky HAHOCATH TajbBaHiuHuit miap Ni
59 —-71 %, Sn 29 —41 % ToBIMHOKO 2 — 3 MKM, a IIOTIM
ximiunuit map Ni 93 —97 %, P — 3 —7 % toButuHoO 2 -
3 MKM. Bimomutit croci6 BUI'OTOBJICHHS
TEPMOEJIEKTPUYHOTO MOZYJISL 3 IiJBHIICHUM TEPMiHOM
poboru [32]. Ha moBepxHi BITOK TepMOEICKTPHIHOTO
MOJIYJISl HAHOCSITh Oap'epHe MOKPUTTS, SIKE MEPEIIKODKAE
mudy3ii MaTepialy MPUIIOK 1 KOHTAKTHHX IUTACTHH B
Matepiaid  HamiBrnpoBigHuka. [lokpuTrs  HaHOCATH
METOJIOM BaKyyMHOI'O HalWJIEHHs, a TOTIM ajresiiiHe
MMOKPUTTS, SKE BIAPI3HAETHCA THM, IO IMIiATOTOBKY
TEPMOENIEKTPHYHOT BITKH 3a JIOTIOMOT OF0
IUTa3MOXIMIYHOTO TPABJICHHS 1 HAHECCHHS Oap'epHOro
TOKPUTTS 3IIHCHIOIOTh B €JUHOMY TEXHOJOTIYHOMY
LUKJTi 0e3 TOpYIIeHHs BaKyyMy B TEXHOJIOTIUHIH Kamepi.

Icuye crioci6 BuroroieHHs momymiB Ilenbthe [33],
npu  sikoMy eneMeHTH IlenbThe TpU BUTOTOBIEHHI
3'€HYIOTh Ha CTPYMOIPOBIJHIA CTOPOHI NUISXOM
CIIKAIYoro miapy ado 3BaplOBaHHAM 3 KOHTAKTHOIO
MOBEPXHEIO. KontaktHi  moBepxHi  3'emHaHi 3
CTPYMOIIPOBITHOIO CTOPOHOKO BIAMOBIIHOTO €JIEMEHTY
4yepe3 MPOMDKHUH [Iap i3 HIKEI0 TOBIIMHO MOpAAKY 1-
10 MkM. OcoONUBICTh TaKOTO 3’ €THAHHSI MONIATAE B TOMY,
IO HOro CTBOPIOIOTH OE3IIOCEPEIHBO MiX EIEeMEHTOM
[lenbThe 1 KOHTAKTHOIO IOBEPXHEH, TOOTO 0Oe3
BUKOPHCTaHHS M’ SIKOTO TpHIION. MOXIMBUE 1HIINEH
BapiaHT, KOJAM MDK NPOMDKHHUM IIapoOM i3 HIKENo 1
enemeHToM  IlenbThe  mepembayeHWii e OAWH
MPOMDKHUH map i3 30yota ToRmMHOK B Mexax 0,01 i
1,5 mxM. IcHye me omHe 3'€mHAHHSA, SIKE BiIPi3HAETHCI
BiJl IONEPEAHLOTO THUM, IO MK IMPOMDKHHM IIApOM 1 3
HIKEJI0 1 CTPYMONPOBIJHOIO CTOPOHOIO EJIEMEHTY
nepenOavyeHuii  CHIKAIOYMH map i3 METaJi4HOro
crikaro4goro Marepiaiy. el map BUTOTOBJICHHHA TaKUM
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YMHOM, IO Mae ToBHMHY B Mexax 10 —20 mxwm. s
LBOr0  CIIKAIOYOro  Imapy IMigXOOITh  MeTaJliuHi
MaTepiand, HANpPUKIAL, Milb, Cpi0JI0, CIUIaBH Mifi i
cpibina.

Jlis moKpaieHHs eKCIUTyaTallifHuX XapaKTepPUCTUK
TE wMoaymiB 3anpoNOHOBaHO THYYKI — aJIIOMiHi€Bi
eIeKTpOau, sKi Oyad BBemeHI B MOIYJdb 3
BUKOPHCTaHHIM TIPOIIECY TEPMIiYHOrO HammieHHs. Js
MIOJAJIBIIOTO I IBUIICHHS aHTUAnGY31HHOT
eexruBHOCTI TIepexinnux mapis Ni, TopumHa mapis Ni
migBuiyBagack 10 8 - 10 Mkm Ha xomojHii cToponi. Ni
HAHOCWJIM Ha TutacTHU Bi,Te; p-tumy (erosani Sh) i
N-tumy (JeroBaHi SE€) 3a MOMOMOTOK TalbBaHIYHOTO
HaHeceHHs. Takox IocmipKyBaiucs Mix(aszHi peaxii
Mik Sn i mnacturamu BiTe; 3 Ni mokputtsam. Binbin
BHCOKA IIBUJIKICTh POCTY HOKPHTTS CIIOCTEPIraeThCs IpU
nanecenni Ni wHa mactuny Bi,Tes n-tumy, 1o
MOSICHIOETBCS  OLJIBII  HU3BKOI CHEPri€l0  aKTHBAIii
BiJTHOBJICHHS Yepe3 BUIY T'YCTHHY BUIBHHUX €JIEKTPOHIB B
Mmarepianmi Bi2Te3 n-tumy. 3aransHa ¢aza NizSn,
YTBOPIOEThC Ha Mexi moainy Sn/Ni Ha mmactuHax
Bi,Te; p-tuny i n-tumy, Toxi sk pasza NiTe yrBoproeTsest
3 BHCOKOK MIBHIAKICTIO Ha Mexi mominry Mix Ni i
miactuHaMu BiyTey n-tumy [34, 35]. Ilpu mocmimkenHi
Jy3ii HIKEIIO Ta 0JI0Ba B TEPMOECIEKTPUYHHUI MaTepia
p-tuny (Bi,Sh),Te; i n-tumy Biy(Te Se); 3a nomomororo
eNeKTpOHHOI Mikpockorii [36] BUSABIEHO, IO HIiKeNb €
BiAMOBiMHUM JU]y3iiiHUM Oap’€pHUM MatepiasoM JUIs
ongoBa sk y Bumaaky (Bi,Sh),Te; tak i Biy(Te Se)s.
OpHak, HE3BaXKalouu Ha Te, IO Le He € MPOOJIEMOI0 Y

(Bi,Sb),Tes, o y Biy(Te,Se); Hikens y mporieci maiku
mudyHaye Ha JAeKidbka MIKpOH 1 Toripurye Horo
MIPOJYKTUBHICTb.

Astopom [37] 3anpornoHOBaHU#H TEPMOCITEKTPHIHHIHA
MOJYNb 3 TIiJIBUIICHOI HAMIWHICTIO, y SKOMY
eNIEKTPOIPOBITHAN 1ap cdopMoBaHMH y  BUIIIAII
0araTonrapoBoro raJbBaHIYHOTO MTOKPUTTS, SIKE MICTUTh
aHTUANQY3i1HI 1 METaJiYHi mapy.

BucHoBkn

TakuM 4YMHOM, OCHOBHUMH BUMOT'aMH JI0 OTPUMAaHHS
Hepo3'eMHHX 3'€IHaHb HaIMiBIIPOBIIHUKOBOTO MaTepiaiy
3 MIJIHOIO KOMYTYIOUOIO TUIACTHHOIO TPH BUTOTOBJIEHHI
TEPMOCJICMEHTIB € HEOOXIJHICTh HAHCCEHHS Ha BITKH
MOJYNSi ~ TOBCTHX  aHTUAMQY3IMHMX  mapiB,  sKi
MEepeNIKOKAOTh TUPY3iT Migl y TepMOEIeKTpHUIHUI
Matepiai. ['ajgpBaHIYHMIA METOA € HAMOUIBII MOIUPEHUM
i JIOCTYyITHUM METOZOM CTBOPEHHS aHTUAU(Y3iHHUX
KoMyTaliiHux mapiB. Lleii MeTom Mae psii mepeBar
nepe iHIIUMH METOJaMH, a caMe. JIeTKa KepOBaHICTh
MPOLIECOM, BHCOKA YHCTOTa 1 PIBHOMIpPHICTH ITOKPHUTT,
XOpOIIe 3UCIUICHHS 3 IiJUIOKKOIO, BiICYTHICTH BUCOKHUX
pobouux Temmeparyp Ta JOpPOroBapTiCHOrO OOJIaJHAHHS
NIPY HaHECEHHI.
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The paper studies the use of galvanic technologies in thermoelectricity. The technological features of
applying anti-diffusion coatings on bismuth telluride based thermoelectric material (TEM) by electroplating
method are considered. The advantages and disadvantages of the properties of anti-diffusion structures obtained
by the el ectrochemical method are determined.

Key words: thermoel ectric materia, thermoelement legs, anti-diffusion layers, gal vanic interconnects.
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Kaamiumi
Bosogumupy Muxaitjiopuuy

8i0nosioanvHomy cekpemapesi xcypuany «Dizuxa i ximis meepoazo mina»,
npoghecopy kaghedpu izuxu i MemoouKy GUKIAOAHHS.
JIBH3 «lIpuxapnamcokuil Hayionanrehull yHieepcumem imerni Bacuns Cmeganura»,
uneny memoouunoi komicii 3 ¢hizsuxu MOH Ykpainu,
NOCMItHOMY YileH) opekomimemy Midcnapoonux Kongepenyiil
3 Qi3UKU | MEXHON021i MOHKUX NAIBOK MA HAHOCUCTEM

Beavmuwmanoenuit Boarooumupe Muxaiiiosuuy!

Bawa 004 bazamo poxi6 nob’a3ana 3 oc6imoro i HAYK010, HABUAHHAM i
BuxoBannam M0400020 NokoAiHHA. Bawa myodpicms, wpupicme, uecHicme i
cuaa oyxy Bukauxarome nobaey 6 arodeil. Bu eapmoniiino noeonyeme
At00anicms, npuHyunoBicms, desmexny 6iddanicms y11004eniil cnpabi,
HummeBy mepnumicme i ONMUMI3M.

Mu osaxyemo Bam 3a poxu cniavroi npayi, aka o6yaa 3a6xx0u HAMXHEHHO1O0
i mBopuoro. Baxaemo, dopoeuii Boaooumupe MuxaiinroBuuy, miynozo
300p06’a i baa20noayuus, cimennot i poounHot 31a2o00u, mBopuux ycnixib,
niompumxuy i wpupocmi opy3i6!

Pepakuiitna xoJieria
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Kaaniuka Bosioaumup MuxaitsioBuu

Hapomuses 28 ciuns 1949 p. B ceni JloBre Tucmenenpkoro paiiony IBano-®dpaHKIBCBKOT
obOnacti. 3akiHuMB (i3uKo-MareMaTUyHui (akynbrer [BaHO-DpaHKIBCHKOrO I€NarorivyHoro
iHcTUTYTY ¥ 1969 p. [lpamroBaB Ha mocajni Buutens ¢izuku KpacHOWTBCHKOI cepenHboi MIKOJIN
BepxoBuHcbkoro paiiony IBano-®pankiBcbkoi oOmacti. HaBuaBcs B acmipantypi 3 1970 p. mo
1973 p. npu xadenpi peHrreHoMeTanodi3uku JIBBIBCAKOTO HAI[IOHAJILHOTO YHIBEPCHTETY IMEHI
IBana ®panka. Jlucepranito Ha 3100yTTs HayKOBOTO CTYNEHs KaHIuAaTa (pi3MKO-MaTeMaTHUYHUX
Hayk 3axuctuB y 1973 p. 3 1973 p. — BUKiIagad, crapmuil BUKJIaAad, JOUEHT Kadenpu ¢i3uku
¢i3uko-mMareMaTHYHOTO (PaKyIbTETY, 3aCTyHUK JnekaHa, 3 1982 p. [lo 2004 p. — nexaH ¢izuko-
MaTeMaTU4HOTO 1 ¢izuanoro ¢axympreTiB. 3 1991 no 2014 pik 3aBizyBad kadeapu TEOPETUIHOT i
eKcriepuMeHTanbHo1 ¢izuknu yHiBepcutery. 3 2004 mo 2017 pik — mupekrop IHCTHTYTY
pUpoAHUYMX Hayk [IpukapnaTchbKoro HalloHalIbHOTO yHiBepcuTeTy iMeH1 Bacuis Credanuka.

3a mepiog poboTH JeKkaHOM (aKyJabTETiB, IUPEKTOPOM IHCTUTYTY BHUSBHUB BEJIHKI
OpraHizaTopchbKi 3A10HOCT1 MpU BIAKPUTTI 1 CTAHOBJEHHI YHIBEPCUTETCHKHX CIEL1aIbHOCTEH:
¢i3uka, MareMaTuka, XiMis, paaioi3uka 1 eleKTpoHiKa, 00pa30TBOpPUE MUCTELTBO, KPECIEHHS 1
XyHOXKHS mpausd, (iHaHCHM 1 KpeauT, OOk 1 ayauT, ski (opmyBamuch Ha 0a3l ¢i3UKO-
MaTeMaTH4HOTO ¢akyapTeTy. I1in iioro kepiBHULTBOM 1 6€3MOCEPEAHBO 3 HOro y4acTrO BIKPHUTI 1
ycrmimHO (QYHKIIOHYIOTh HOBI Kadenpu — (GI3UKM 1 METOJMKM BHKJIAJAHHS, arpoximii i
I'PYHTO3HABCTBA, JICIBHULTBA Ta 1H. OOMagHaHO CydyacHI KOMII'IOTEpHI JlabopaTopii, HaB4aJbHO-
METO/UYH1 KaOlHEeTH, BIAKPUTO HOBI HAYKOBO-AOCHIIHI JJaOopaTopii 3 MEPCHEKTUBHUX HANPSMKIB
MPUPOJHUYUX HayK, CTBOPEHO HAyKOBO-HAaBYAJIIbHO-BUPOOHUYUN KOMIUIEKC, SIKUH IHTErpye
JSUIbHICTh [HCTUTYTY NpUPONHMYMX HAyK, HIANPUEMCTB, HaByaibHUX 3akianiB I i1 I piBHIB
aKpenuTalli, riMHa3ii, JieiB periony B CIpaBl MiArOTOBKU KBali(hiIKOBAHUX (paXiBIIiB.

3a 3aciyru y pO3BHUTKY BHILOiI OCBITHM Haropo/pKeHHMi Bim3Hakoio lIpesmaenta Ykpainum
opaeHoM "3a 3aciyru” |l ctynens.

Hayxosi iHTepecu npod. Kianiuku B.M. 3HaxonsaThest B ramysi (isuku metainis, (i3UKU 1
TEXHOJIOT1] TOHKMX HaMBIPOBITHUKOBUX ILIIBOK, XIMii TBEPAOIO TLIA.

Kepye HaykoBO-IOCHITHOIO POOOTOIO CTYACHTIB. Pe3ynbTaTH CTYAEHTCHKMX HAyKOBUX
JOCTIIKEHb 3aXUIIAIOThCS K TUIUIOMHI 1 MaricTepchKi MPOEKTH Ta MYOJIKYIOThCS Y HAayKOBHUX
xypHanax. OmyonikyBaB Oinpme 100 HaykoBUX mparmb, Y TOMY 4ducii MoHorpadii i HaBYaNbHI
nociOHUKU. BiH € MOCTIMHUM YIEHOM 1 CIIIBrOJIOBOIO OPrKOMITETIB psALYy MDKHAPOJHUX HAyKOBHUX
KoH(pepeHIlH 3 (QI3UKM 1 TEXHOJIOTHi TOHKUX IUIIBOK, fIKI MEPIOJMYHO MPOBOJATHCS Ha 0asi
YHIBEPCUTETY 1 B1IOM1 B HAYKOBUX KOJIaX SIK YKpaiHU TaK 1 3apyODioKsl.

[Ipod. Knaniuka B.M. € uieHOM HayKOBO-METOIMYHOI KOMicii 3 (I3UKHU YHIBEPCUTETIB
Vkpainu. Bin Oepe axkTHBHY y4yacThb Yy po3poOLll CTaHJapTiB BHUIOI OCBITH — OCBITHBO-
KBaJTI(IKAI[ITHUX XapaKTEPUCTUK, OCBITHBO-MPO(ECIHHUX Mporpam MiAroTOBKHU OakanaBpiB PIi3UKH,
K WwieH po0oydoi rpynu 3 po3poOKU rajly3eBUX CTaHIApTIB BUIIOI OCBITH 3 Hampsamy «Dizuka».
JloxnaB OGararo 3ycwib st po3poOku TpodeciifHMX 3aBaaHb, PO3MOALTY 3MICTY OCBITHBO-
npodeciitHoi mporpamu, (GOpMyBaHHS CUCTEMH 3MICTOBUX MOMYIIB, BUMOT JI0 CUCTEMH OCBITH Ta
npodeciiiHoi MiAroTOBKM (QaxiBuiB. Bomoaumup MuxainoBuy, BiAJAOYUCh I€JArorivHii,
OpraHi3aTOpChKid Ta BHMXOBHIM pOOOTI, 3aciayXHUB BEJIMKY IOBary y CTYAEHTIB Ta KoJier. BiH
BU3HAHUI OpraHizaTop OCBITHM NE€AAaroriYHUMH KoJIeKTHMBamMHu sk Hamoro BH3, Tak 1 iHmmx
HaBYAJIIbHUX 3aKiaJliB YKpaiHU. 3apa3 3HAXOJIUThCA Yy TBOpUYOMY HifHeceHHI. To *k Hexail Tak
MIPOJIOBXKYETHCS 1€ TOBTO!

JloGporo 310poB’ s 1 HacHaru Bam, Bononumupe Muxaitnosuuy! [lacrs 1 no6pal

/Jlpy3i, konezu.

90



®I3UKA I XIMIS TBEPJOI'O TUIA PHY SICS AND CHEMISTRY OF SOLID STATE
ISSN 1729-4428 (Print)
ISSN 2309-8589 (Online)

Indopmanis niast aBTopis

Yeaza! 3mineno npasuna ogpopmnenns cmamei!!!

3ATAJIbHA THOOMALIA

Kypunan “@izuxa i ximina meepoozo mina’ BuzHaHUN (PAxXOBUM BHIAHHAM i3 (i3UKO-MaTEMaTHYHHX,
XIMIYHMX Ta TEXHIYHHMX HayK. JKypHan BHAA€ThCS OAMH pa3 Ha KBapTal 31 CTaTTSAMM YKPaiHCBKOIO Ta
AHTIICHKOI0 MOBAMH.

XKypHnan iHAeKCYeTbCS Y MDKHAPOAHUX 0a3ax JTaHMX:

- Index Copernicus
Ulrich's Periodicals Directory
Directory of Research Journal |ndexing;
Cross Ref
Google Scholar
MIAR
VYkpaiHcbkui pedepaTuBHUM KypHan «/xepeno»
IMepenik ykpaiHchKuX iHIeKcOBaHUX xypHainis (http://ug.org.ual)

3eepnims ysazy!!!

Houunarwuu i3 2018 poky peecmpauyin ecix mamepianie 60yoe gi0Oysamucs MminbKU
A8MOMAMUYHO Yepe3 CUCHEMY e/1eKIPOHHOT peecmpayii.

http://journals.pu.if.ua/index.php/pcssabout/submissions#onlineSubmissions

Houunarouu 3 2017 poxy, sncypnan “ @izuka i ximia meepoozo mina’ euxooumv 00HOYACHO Y 060X
eepciax.

1) Ykpaincvkoro mosoro 3 anomauicto anzniiicokoro mosoro (1SSN 1729-4428 (Print), | SSN 2309-8589
(Online);

2) Anzniiicexoro moeoro (konis ykpaincwvkoi eepcii) 3 anomauicto ykpaincokoro moeoro (I SSN 2309-8589
(Online);

Penaxiis mparse sIkHaWImupIie MpeAcTaBUTH Bari opuriHagbHi HAYKOBI pe3yNbTaTH cepel CBITOBOI HAyKOBOi
CIIBHOTH Yepe3 iX MOMIMPEHHS Y MPOBIAHUX MDKHAPOAHUX HAYKOMETPHUUHUX 0a3ax.

B xypuani “ @izuka i ximia meepoozo mina” (OXTT) ApyKyroOThCsA CTATTi, SKi MICTATH BiIOMOCTI Mpo
HAYKOBI1 JJOCIIPKEHHS Ta TEXHIUH1 po3poOKH y HaNpsIMKax:

Kpucranoximis i TepMOIMHAMIKA TBEPIOTO TiNa;
di3uka, XiMis 1 TEXHOJIOTiA KPUCTAJiB Ta TOHKHX ILTiBOK;
di3mKa i XiMisl TOBEPXHi;
HanocTpyKTypH 1 HAHOTEXHOJIOT];
BumMiproBaHHS BIacTHBOCTEH MaTepiais,
da30Bi IiarpaMu piBHOBAry,
I'ereporenni cucremu Ta Mixkdas3Hi B3aeMoii;
Komrmo3uTHi Ta KOHCTPYKIiHHI MaTepiay;
. IndopmariiiHi Ta eTeKTPOHHI TEXHOJOTI;
10. ®izuka i Texnika HBY.

Ipu noaayi crarTi 10 Po3rIsiiy HEOOXiTHO BKA3aTH HANPSIMOK (3 BHIIE MEPePaXOBAHUX), a TAKONK /10
saKkux HayK ((pizuKo-MaTeMaTHYHUX, XIMIYHHX YU TEXHIYHUX) BITHOCHTHCSI CTATTS.

Bci HaykoBi cTaTTi, 0 HATIWIUIM 0 peAakiii, MiAsAraloTh 0OOB'SI3KOBOMY PEIICH3YBAaHHIO. PelieH3yBaHHS
[IPOBOMTLCS aHOHIMHO (JIeTaIbHi YMOBH — Ha CalTi )KypHAIY).

MMPABUJIA O®OPMJIEHHSA CTATTI
CrpyKTypa mogaHoi cTaTTi 0QOpMIISETHCS HACTYITHUM YHHOM.

1. Koau PACS a6o YIK.

2. Inimianu Ta npizeuine (a) aBropa (is).

3. Ha3pa cratTi Mae OyTH JTaKOHIYHOIO 1 BioOpaskaTH CyTh CTATTi, BiJ3HAYAETHCS HAMIBXUPHUM HIPHPTOM
(16 keryb),y Ha3Bi CTATTI HE JAOMYCKAETHCS 3AMUC CKOPOUCHD, HABITH 3arajbHOIPUMHATHX.

4. YcraHoBa, jie BAKOHAHO po0oTy (MMOBHA TIONITOBA ajipeca, ajpeca eNeKTPOHHOI MOMITH). SIKIIO KONEKTHB
aBTOPIB BKIIOYAE CIIBPOOITHHUKIB PI3HUX YCTaHOB, TO CIiJl BKa3aTH MicIle poOOTHM Ta EIEKTPOHHY aJpecy
KOXKHOTO aBTOpA.

5. Anorauisn: 06’'em — mo 200 cnig (Hamucana MoBoro crtarTi). KimrouoBi cimoBa: iX KijbKiCTh HE MOBHHHA
MIEPEBUILYBATH JECATH OJUHUIIb. JIOMyCKa€ThCS BUKOPUCTAHHS HEPO3IUIbHUX TEPMIHIB, IO CKIIAIAIOTHCS 3 IBOX-
TPHOX CIB.

CoNoU~MWDNE

Jlomawns cmopinka 6 mepeci Inmeprnem: http://www.pu.if.ualinst/phys che/start/pcss


http://www.pu.if.ua/inst/phys_che/start/pcss
http://usj.org.ua/)
http://journals.pu.if.ua/index.php/pcss/about/submissions#onlineSubmissions

[Hdopmanis amst aBTOpiB

6. Texkcr crarri. [locnminoBHicTh momaui Matepiany y CTaTTi - BCTYI, TOJOBHa YacTHHA (3 MOMKIIMBHM
pPO3OHTTAM Ha pO3mimu 1 mimposminu), BucHOBOK. Habupatu mipudtom Times New Roman 10 kermem 3
OJIMHUYIHUM MDKPSIKOBUM iHTepBanoM (BCi MOISI 3BepXy, 3HH3Y, 371iBa i ClpaBa — 110 2 CM). & TAKOX 3aroJIOBKH
migposainie (11 kernp). Tekcr Habupatd B OXHY KOJNOHKY. Bci ONMHHIN BHMIPIOBAHHS MOBHHHI OyTH y
Mixuaponsiit cucremi oguauip (CI).

3araipHUN 0OCST CTAaTTi, BKIIOYAIOUYM PUCYHKH, TAaOJIMIli, HE TIOBMHEH MEPEBHUIYBATH 8 CTOPIHOK, YKIAJICHUX
3riIHO BUMOT JKypHAaIy; 00csr orisiqoBux crateil — 1o 25 crop. Teker craTti npuiiMaetses y Gopmati MS Word
(*.rtf; *.doc; *.docx).

Pisnanns HeoOXimHO ApyKyBaTH y peraktopi popmyn MS Equation Editor. HeoOxinHo maBaTH BU3HAYEHHS
BEJIMYMH, IO 3’ ABJISIOTHCS B TEKCT1 BIIEPIIIE.

Tabauyi TOBUHHI OyTH BUKOHAHI HA OKPEMHUX CTOpIiHKaX y TaOIMYHHMX pefakTopax. BUKOpHCTaHHS CHMBOJIB
ncesnorpadiku s ohopMIICHHS TaOIUIb HE TO3BOISETHCS.

Pucynxu npuitmarotecst y ¢opmatax: TIFF, GIF, BMP, JEPG. Po3wmip daiiny K0XKHOTO pUCYHKa HE TOBHHEH
nepesutiyBatd 1 Mb. Bci rpadiuni 300paxeHHS MOAOTHCS OKpeMHUM (ailioM i3 3a3HaYEHHSIM MiINUCYy 10
PHCYHKa, MHPUHOIO 10 8 cM abo 10 16 cM koxkeH. Paiiny 3 MaTIOHKaMH HyMEpYIOTh 3T1THO 3 iX MOSIBOIO B TEKCTI
CTarTTi, Hanpukiaj, puc. 1. i T.a1. ToBumHa oci Ha rpadikax moBuHHA ckiagatu 0,5 pt, ToBmmHa kpusoi — 1,0 pt.
Pucynku moBuHHI OyTH SIKiCHi, PO3MipH MiAMHCIB 10 ocel Ta mkamu — 10 pt mpu BKasaHUX BHUIIE PO3Mipax
pHCYHKA.

Lnrocmpayii TpuiiMaroThes 10 APYKY TINBKUA BUCOKOSKICHI. [1imucy 1 CHMBOJIM MOBUHHI OyTH BIPYKOBAaHi.

7. BinomocTi mpo aBTOpiB: mpi3BuUIle, iM s, 1M0-0aTHKOBi, HAYKOBHH CTyIiHb, BUCHE 3BaHHS, Iocala Ta
CNIEKTPOHHA aJpeca KOXKHOro 3 cmiBaBTopiB. CiiJ BKazaTH ajpecy Ul JUCTYBaHHS 3 BiIOBiIATbHUM aBTOPOM
nozanoi crarTi (6axaHo BKka3ath MOOLIbHHI TeaehoH).

8. IlocujaHHs Ha JiTepaTypy. NMOBMHHI HyMEpyBaTHCh IOCTIOBHO y MOPSAIKY iX MOSBH B TEKCTi CTaTTi.
JliTepaTypa HOBMHHA OAAaBATHCh HA MOBI OpPUTIHATY Ta TPAHCIITEPOBAHO JIATHHHUIICIO OKPEMUM (haiiioM.

JJ1s1 mocuitaHk BUKOPHCTOBYIOThCS HACTYIIHI (popMaTu:

Kuuru: Asrop(u) (iHirianu, motim npi3suina), Hazsa kuuru (BuaaBHUIITBO, MIiCTO, PiK BHIAHHS).

Ipuxnao:.

[1]. B.K. Ridley, Quantum Processes in Semiconductors (Clarendon Press, Oxford, 1999).

Kypnuamu: Asrop(u) (imimiamu, motim mpissuina), Ha3sa xxypHany (BHKOPHCTOBYIOThCS abpeBiaTypu TilbKH
IUTsL BITOMUX JKYpHAIiB), HOMEp ToMy (HOMep BHITYCKY B IY)KKax), HOMEp MOYATKOBOI CTOPIHKK (piK BHAAHHS B
TyKKAX).

Ipuxnao:

[2]. N. Blutzer, A.S. Jensen, Opt. Eng. 26(3), 241 (1987).

Martepianu koHdepentii: Aprop(u) (iHirianu, norim mpizsumia), Ha3sa koH(epeHiii (BUIABHHUIITBO, MICTO,
PpiK), HOMEp CTOPIHKH.

Ipuxnao:

[3]. L. Stanko, XIV International Conference on Physics and Technology of Thin Films and Nanostructures
(Vyshha shkola, Lviv, 2013), p. 120.

9. AHoTalin aHIJIiCbKOK MOBOW. B KiHIi craTTi BKasaTd iHirianu Ta mpissuine (a) aBropa (iB), Ha3By
CTaTTi, YCTAHOBA, Ji¢ BUKOHAHO POOOTY, & TAKOX aHOTAIII0 3 KIFOYOBHMH CIOBAMH aHTIIHCHKOI0 MOBOIO (st
CTaTTi, 0 MOAAETHCS AHTITIHCHKOI0 MOBOKO — HABEIEH] IaHi BKa3aTH YKPAiHCHKOK MOBOIO).

OcHOBHI KpuTepii SIKOCT1 aHOTaNi{ aHTTIHCHKOI0 MOBOIO 10 YKPaiHOMOBHUX CTaTCH:

1. TnpopmaTuBHUMH (HE MICTHTH 3aTATBHUX CITiB).
2. OpwurinanbHiME (He OyTH KaTbKOIO YKPaTHOMOBHOI aHOTAIIT).
3. 3micTroBHUMH (Bi10OpakaTH OCHOBHHIA 3MICT CTATTI 1 PE3yJIbTATH OCIIKEHB).
4. CtpykrypoBa#i (CJTiLyBaTH JIOTIIi OMUCY Pe3y/IbTaTiB Y CTATTi).
5. «AHTTIOMOBHIMID (HAMHCAH] SKICHOIO aHTTiHCHKOI0 MOBOIO).
6. Komnaktaumu (ykiagatucs B 06'em Big 100 mgo 250 cris).
10. Jlo craTTi 1oxar0ThHeS.
1. VYrogma mpo nepenady aBTOPCHKUX NPaB.
2. Tlepenik MOXKJIMBHUX 2-X PEIICH3EHTIB, BKA3aBIIN iX €JICKTPOHHY aJpecy Ta 3aKial.
11. Cratti nonaThes JMIIE Yepe3 CHCTeMY eJIeKTPOHHOI peecTpailii:
http://journal s.pu.if.ua/index. php/pcss/about/submi ssi ons#onl i neSubmissi ons
12. KonrakTHi ampecu penakiiii xyprany “ @izuka i ximis TBepmoro Tina”: journal.pcss@gmail.com;

fess@pu.if.ua

Jlomawns cmopinka 6 mepeci Inmeprnem: http:/www.pu.if.ua/inst/phys che/start/pcss
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IlepeBipTe npaBu/bHiCTH 0hopmiIeHHs nepeanIaTH!

Ha aGonemeHTi moBHHEH OYTH MPOCTABJIEHUHN BIATUCK KACOBOI'O
amapara. [Tpu oopmiienHi nepeamuiaty (nepeaapecyBaHHs) 0e3 KaCOBOro
amapara Ha aDOHEMEHTI TPOCTABIISIETHCS BIATUCK KAJICHIAPHOTO IITEMIIES
BIJIUIEHHS 3B’ A3Ky. B 11bOMy BUNa/IKy NepeaIUIaTHUKY BUAEThCS
aOOHEMEHT 3 KBUTAHIIEIO PO OIJIaTy BapTOCTI MEepeAIIaTH
(mepeaapecyBaHHs).

[lepeamiaTHUK 13 CIJTAYEHUX HUM KOIITIB 32 MEPEAIUIaTy I0pydae
PO3MOBCIOKYBauy CILIaTUTH Buaasiio cymy B po3Mipi BUAaBHUYOT
BapTOCTI NEPEIIaYeHOT0 BUIAaHHS Ha YMOBaxX 1 B CTPOKH,

BHU3HAu€H1 PO3MoBCIOKYBaUeM.

[Minmuc nepeamtatauka (GismuHOT 0cOOM a00 KEPIBHUKA IOPHIUIHOT
YCTaHOBH, 3aBIPEHUII M1EYATKOIO)
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