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EBOJIOUIA ®NYKTYALINMHOI NPOBIOHOCTI MOHOKPUCTANIB
Y1Ba>CuszO7.a MIA BMJINMBOM CEPEAHIX AO3 ONMNPOMIHEHHA
ENEKTPOHAMU TA OONMYBAHHA NPASEOCOUMOM

M.O. AsapeHnkos®? @, I".A. Xapkain' &, A.B. Mauenynin! @,
M.B. Kopo6kos! ¢, A.O. Komicapos! (2, A.l. Pycanosuy!3 @ Junyi Du4 @,
C.M. KamyatHa'® @, O.10. Bparos! @2, 1.0. NauweHko! 0, B.}O. Mpecb! 2,
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Jociimkeno BB cepeanix 103 (Bix 102 cm? 1o 10%° ¢cM?) onpoMiHEHHS MIBUAKAME €JEKTPOHAMH Ta 3MiHH KOHIIEHTpALii
mpazeonumy B iHTepBani 0.0 <z <0.5 Ha HAAMMIIKOBY MPOBIIHICTH ONTHMAIBFHO JOMOBAaHUX KUCHEM MOHOKpHcTaliB Y1Ba:CuzOr-s.
IMoka3zaHo, U0 OMPOMIHEHHS €NEKTPOHAMH Ta 301IbIIEHHS CTYIIEHS JOMYBAaHHs MPa3e0IUMOM MPHUBOIHUTE JI0 3HAYHOTO PO3IIHPEHHS

TEMIIEPaTypPHOTO 1HTEpBATY iCHYBaHHS HA/JIMIIKOBOI MPOBIIHOCTI, THM CaMUM 3BYXKYIOUH 00JacTh JiHiIHHOI 3anexxHocTi p(T) y ab-

2 3HaueHHs BEJMYUHM TIOMEPEeYHOi JNOBXKUHH KorepeHTHocTi &c(0)

nomyHi. Beranosneno, mo mpu gozax 0 < D < 6.5x10%° cm-
301IBIIy€eThCs 31 3pocTaHHAM D mpuOnm3HO B 3 pasu Ta OUIBII HIXK Y YOTHPH Pa3H y Mipy MiIBUIIEHHS BMICTY MPa3eoauMy y 3pasKy
no z~ 0.42. Ilpn npoMy B 000X BHIAAKax 3CyBaeThes 3a Temieparyporo 2D-3D Touka kpocoBepa. Ha BigMiHy Bif BuUmanky
onpoMinerHst Maumu fo3amu (D < 10%° cm?) Ta momyBaHHS Mpa3eoAMMOM 710 KoHIeHTpanii Z < 0.39, onpomiHeHHs cepenHiMu
JI03aMH Ta JOIYBaHHS MPa3eoJUMOM HpH OUIBII BHCOKMX KOHIEHTPALSX IMPHU3BOJUTH A0 HEMOHOTOHHOI 3aJI€)KHOCTI MOHEPEYHO]
JIOBXMHH KorepeHTHOCTi Ec(0) 3 XapakTepHuMH Makcumymamu Tpu D ~ (7-8)x10° cm? ta z = 0.42, mo Moxe 6yTu HOB'A3aHe i3

3arajJbHUM NPUTHIYCHHSM HaAIPOBITHUX XapaKTEPUCTHK.
Knrouogi cnosa: monoxpucmanu Y1BazCuszOv-s, naomipna nposionicms, onpominenns, weuoxi enekmponu, 2D-3D kpocogep.
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Eeonoyisn pryxmyayitinoi nposionocmi monoxpucmanie Y1BayCuzO7.4 nio enausom cepednix 003
ONPOMIHEHHsL eIeKMPOHAMU MA OONYBAHHS NPA3EOOUMOM

BCTYII

Bigomo, mo cnonyku RBa,CusO7 (R = Y Ta inmi
piAKO3EeMeNbHI €J1eMEHTH) € TEXHOJOTIYHO BaXKITMBUMHU
CTPYKTypaMH Uil OTPUMAHHS HOBITHIX MEPCHEKTHBHHX
MaTepialiB 3 BHCOKOI CTPYMOHECYYOI0 3/aTHICTIO,
3a0e3neueHHs] KOMIIOHEHTIB JUI1 BUTOTOBICHHS OCEPEKIiB
nam'sTi, HaIYyTIMBUX  €JIEMEHTIB  3YMTYBaHHI 1
HAAMIBUIKICHUX JiHIH 3B'13ky Ha ocHoBi BTHIIL
XapakrtepHoto ocoonuBicTio BTHII-kympaTiB € HasBHICTB
LIMPOKOi JMUISHKK HAAIMIIKOBOI mpoBigHocTi (Ac) Ha
TeMIIepaTypHUX 3aexHOCTAX enekrpoornopy p(T) [1-11]

BimnmoBimHo 1m0 cydacHux  ysBieHb [1, 11]  mpm
Temneparypax 1* > T >>T; Ac 00ymMOBII€Ha IIPOSBOM TaK
3BaHOL TICEBIOIIITMHHOL (TTI11)-aHOMaUTii. [Tpu

TemrepaTypax mobnusy kputuynoi T > T. Bu3HauaeThbCs
MexaHi3MamMu (uiyKTyauiiiHoro napyBanHsi HociiB (PII),
JIETAILHO ONMCAHUX Y KIACHYHUX poborax [12-14].
BaxxuBy poiib MpH 1IOMY BiJlirpae CKJIAJ Ta TOIOJOTis
nedexTHOro ancamomro [1, 2, 15], mo BH3HA4Yae yMOBH
NPOTIKAHHA TPAaHCIOPTHOTO CTPyMy Ta MEXaHi3MHU

PO3CitOBaHHS HOCIIB. Ipn OMY cepen
eKCIIePUMEHTAJbHUX  METOAUK, [0  JO3BOJSIOTH
KOHTPOJILOBAaHUM  CIIOCOOOM  3MIHIOBaTH CKJIam Ta

Mopdororito nedexrroro ancam6ito y BTHII-maTepiamax
HEOOXiTHO OCOOJMBO BHIUIMTH METOJ| palialiiiHOro
BIUMBY [16, 17] Ta momyBanHs mpazeogumom [18, 19]. 1Ti
METOI¥ MAafOTh IIEBHI IEpeBaru B MOPIBHSIHHI 3 iHIINMHA
METOJaM{ BBEJCHHS B HAINpPOBIAHUK Ae(EKTiB, TakKi SK
30epeKEHHSI CTEXIOMETPUYHOIO CKJIally PEUOBHHHM Ta
CepeHbOl KUTBKOCTI €JeKTPOHIB Ha aTOM, MOXKJIHMBICTBH

30epeKeHHS MaKpOOIHOPIAHOCTI 3pa3KiB Ta
KOHTPOJIbOBaHA 3MiHAa KOHIGHTpaIii pamiariifHux T1a
nomimkoBux gaedextiB  [19,20]. BuB4YeHHS BIUIUBY

pamianiitanx edekriB Ha DIl y BTHII-xymparax e
NPUHIUIIOBO BXKJIMBUM 3 JBOX TOYOK 30pY: PO3YMIiHHS
MIKPOCKOIIYHOT MIPUPOIH BHCOKOTEMIIEPaTypHOi
HAAMPOBITHOCTI [21, 22], sika 3aiHIIaeThcs HE3'sICOBAaHOIO,
HEe3Ba)XKal0Ud Ha 36 POKIiB iHTCHCHBHHUX IOCHIKCHB, Ta
MOKpAIIEeHHs] HAJNPOBIJHUX BIIACTMBOCTEH IMX CIOJYK
U X TpakTHYHUX 3acTocyBaHb [23]. Cuin 3a3Ha4MTH,
110, HE3Ba)KarOuM Ha JIOCUTH BEJINKUH
eKCIIepUMEHTAIHUN ~ MaTepial,  HaKONMYeHUH 10
tenepimuporo  uacy [1-10, 15-20],
pamiaiitHoro onpoMiHEeHHS Ha Pi3Hi PeKUMH IIPOBITHOCTI
i, 30kpema, aykryauilinoi nposigHocti BTHII-cnomyx

MATaAHHA BIIJIUBY

3aITUIIAETHCS JOCI OCTATOYHO He 3'sicoBaHMM. OQYEBUIHO,
IIEBHY POJIb TYT BiJlirpae ToH (akT, [0 OCHOBHA KUIBKICTh
HasiBHUX EKCIEpHMEHTAIBHUX JaHuX Oyina oTpuMaHa Ha
TEKCTypOBaHUX [24] Ta kepamiuHuX [ 1] 3pa3kax 3 BHCOKHM
BMICTOM MIKIPaHYJISIpDHHX 3B'A3KIB, a TAKOX IUTIBKax [25],
0Ca/PKEHUX Ha TiJKJIAJKax Pi3HOrO BUIY 3a JIONIOMOTOIO
JIOBOJIi BiIMIHHUX TEXHOJIOTTYHHUX TPOIIECIB.

Bigomo, mo kputnyHa temmepatypa (T¢) crmomyk
RBa;CuzO75 (R = Y Ta iHIi piako3eMesbHI €JIeMEHTH),

ONTHMAJIbHO JOMOBAaHUX KHUCHEM, CTaHOBUTH T. =~ 90 K i
cmabko 3anmexkuth Bim nmpupomu R. Ilpu  1mpomy
CeBa,Cuz07.5 1 TbBach307.5 HE YTBOPIOKOTH OPTO-
cTpyktypy [26], PmBa,CusO7.5 € pamioakTuBHHM, a

PrBa,CusO7-s HE HaATIPOBOIUTH («aHOMAUTIS
MIpa3eoanMay), HE3BAKAIOUHU Ha HasIBHICTD
OPTOPOMOIYHOTO  €JIEMEHTapHOro  ocepeaky  [26].

OcoOnuBuil iHTEpec y HBOMY acHeKTi NpeJCTaBISIOTH
CHOJNYKH 3 4acTKOBOIO 3aMiHOI0 Y Ha Pr, mo, 3 omHOTO
00Ky, TPUBOOUTH JO  YacCTKOBOIO  IPUTHIYCHHS
HAJAMPOBITHOCTI, a 3 IHIOIOTO — JO03BOJIsIE 30epiraTu
MPaKTUYHO He3MIHHUMH IIapaMeTPH PELIiTKH Ta KUCHEBHI
iHAEKC CHONyKH. 30KpeMa, [OCHi/KCHHS BIUIMBY
ONPOMIHEHHS 1 JOMIIIOK Pr Ha yMOBH Ta pEXHMHU
peaizauii GJyKTyariifHoi NpOBITHOCTI y TAKHX CHOIyKax
[19,20] Bimirpae BaxkIMBY pOJb HE TUIBKH JUIS
MIPOSICHEHHS HPUPOIH BHCOKOTEMITEPaTypHOT
HAJNPOBITHOCTI, ajle ¥ s BU3HAYCHHS EMITIPUYHUX
OUIAXIiB TIABUIIEHHS KpUTHYHHX Napamerpis BTHII-
CIIOJIYK.

METOAUKA EKCHEPUMEHTY

VYV mukm Hamux momepenHix pobit [27-31] Oymo
Jochifxeno BMB Mamux o3 D Big 1.4x10% cm? no
8.8x10'® cm? i ciabkoro onyBaHHs paseouMoM Ha DIT
Ta  HAUIMOIKOBY INPOBITHICTE Yy  MOHOKpHCTalmax
Y1Ba,Cusz07.5 crexiomeTpuyHOro ckiamy. Y mid poboti
MPEJCTABICHI PE3yIbTaTU JOCHIPKCHHS BIUTUBY CEPEIHIX
103 (no 100x10%8 cM?) OIpPOMiHEHHS
BUCOKOCHEPTETUYHHMH SJICKTPOHAMH Ta BIUIUB JOMILIOK
Pr y mmpoxomy inTepBaini konnentpanii (0.0 <z<0.5) na
bnykryaniitny MPOBIHICTH y MOHOKpHCTAIaxX
Y 1-,Pr,Ba>;Cu307.5 npu npoTikaHHI TPAHCIOPTHOT'O CTPYMY
B 0a3ucHil ab-IUIOLIMHI.

JocmimkyBani y wnid  poborti
YBaxCuzO7-5 Oynu BupOIIEHi IUISIXOM PO3IUIAB-PO3YHH Y
3onotomy turii [1, 3, 5]. Kpucranu HacuuyBaiv KHCHEM B
aTMocdepi kucHio 3a 430°C mpoTsAroM 4oTHPHOX THIB. Bei
JOCIIJKeHI KPUCTANM OynH 3ABIMHUKOBI, a IBIHHHKOBI
IVIONIMHK Manu OJokoBy OyzmoBy. Omip BuUMiproBaiu

MOHOKpHUCTaIU

CTaHIAPTHUM  4-KOHTAKTHAM METOAOM. BiamosimHi
po3MipH  KpHCTaliB IIMX BUMIPIOBaHb  CKJIAHAIHN
(15..2)x(0.2...0.3)x(0.01...0.02) mm3, ne HaliMeHumii
po3mip BimmoBimaB oci c¢. s OTpUMAaHHS KPHUCTANTIB 3
YacTKOBOI 3amiHor0 Y Ha Pr, Yi1Pr,Ba,CuszO7.s,
NOYaTKOBY MKXTy nponaBanu PrsOi1 y BiAmoBigHOMY
BiJICOTKOBOMY CITiBBiTHOLIICHHI. Pe:XrMU BHPOIIyBaHHS Ta
HACHYCHHS KHCHEM KpHUCTaIiB Y1,Pr;Ba,CusOr;s Oymu
TaKUMH K, SIK 1 711 HEJIErOBaHUX MOHOKpHcTaiis [19, 20].
SIk moYaTKoBI KOMIOHEHTH JJIsl BUPOILYBAaHHS KPUCTAIIIB
BUKopHcTOBYBaiH croiyku Y203, BaCOs, CuO Ta PrsO1;.
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PE3YJBTATH TA IX OBITOBOPEHHSA
Tpancrioptauii ctpym a0 10 MA mpomyckamu 3a
HafiOLIPIIMM  po3MipoM  3pa3ka,  BiICTaHb
MOTeHUITHUMH KOHTaKTaM¥ ctaHoBmwia 1 MM. TexHomoris

MK

500 3

=
1

{)123456789'
D, 101% e/em?

P, uOhm*cm

Puc. 1. TemnepaTypHi 3aJIC)KHOCTI €JICKTPUYHOTO OIIOPY
pan(T) Mmonokpucrany YBayCuzO7s g0 Ta micis
eJIeKTPOHHOT0 onpomineHHs nozamu (0, 24.7, 55.7, 79.2,
86.3)x10'® cMm? — xpusi 1, 3, 5, 7, 8 BignosigHo.

Fig. 1. Temperature dependences of the electrical
resistance pan(T) of the YBaCusO7-s single crystal
before and after electronic training with doses (0, 24.7,
55.7, 79.2, 86.3)x10%® cm? — curves 1, 3, 5, 7, 8
respectively.

OTPUMaHHS eKCIIEPUMEHTAJBHUX 3pPasKiB Ta MPOBEICHHS
PE3MCTHBHUX BUMIPIOBaHb, @ TAKOXK aHai3 TPAHCIIOPTHUX
BJIACTHBOCTEH 3pa3KiB y HOPMAJILHOMY Ta HaJIIIPOBITHOMY
cTaHaX  JOKJIaJIHO OITUCaHi y [1,3,5,19, 20].
OnpomineHHs enekTpoHamu 3 eHeprismu 0.5 ... 2.5 MeB
npoBoamnu  npu  Temneparypax T <10K. [osi
onpominenHs ¢ =10'®cM? eneKTpoHaMH 3 eHEpriero
2.5 MeB BigmoBimae ycepegHEHa IO BCiX MiATpaTKax
KOHUEHTpalis  gaedekrie  10*  smim/ar.  [16, 32].
[MocninoBHicTh BUMipIOBaHb Oyia HacTynHOw0. CriouaTky
BHAMIPIOBAJIN TEMIIEPATYPHI 3aJIe)KHOCTI OTIOPY 3pa3KiB 10
omnpomineHHs. [lotiM 3HmKyBanu Temneparypy 1o 5 K
MPOBOJIMJIM ONPOMiHEHHs. [HTEHCHBHICTh myuka Oyna
TaKolo, IO TEMIIepaTypa 3pa3Ka y Hpoleci ONpOMiHEHHs
He nepesumtyBana 10 K.

[Ticns onmpomiHeHHS 3pa3Kka 03010 HOro HarpiBaiu
mo temmeparypu 300K i,
TEMIIepaTypy  3pa3ka,  IPOBOJAWIM  BHMIPIOBAHHS
TeMIepaTypHUX 3ajexHocTei omopy npu T <300 K.

TOCTYIIOBO  3HMIXYIOYH

CremianbHO  CKOHCTPYHOBAaHHMM  TeNi€BUHA  KpiocTaT

JIO3BOJISIB  NIPOBOAWTH  BUMIPIOBAHHS ~ OIOPY  MicCJIst
omnpoMiHeHHs B iHTepBasi Temneparyp 4.2 < T <300 K.
Bci  BUMIprOBaHHS ~ €NEKTPOOIIOPY  TPOBOAWIHA 32
¢ikcoBaHoi Temmeparypu. TemmepaTypy BHUMIpIOBaJIU
IUTATHHOBUM TEPMOMETPOM OIOpYy, a CTaOUIbHICTh
TeMIepaTypu CTaHOBIIA O1m3bpK0 5 MK.

2

p, 10" uQ-cm

O=_NWPrOOION

T, K
3aJIeKHOCTI
npoBigHOCTI pan(T) MoHOKpHcTamiB Y1.,.Pr;Ba,CusO7.s
st z=0.0, 0.05, 0.19, 0.23, 0.34, 0.43, 0.48, 0.5 — xpusi
1-8 BinnoBigHoO.

Puc. 2. TemnepatypHi HAJJIAITKOBOT

Fig. 2. Temperature dependences of excess conductivity
pab(T) of Y1.,Pr,Ba,CuzOz.s single crystals for z = 0.0,
0.05, 0.19, 0.23, 0.34, 0.43, 0.48, 0.5 — curves 1-8
respectively.

Ha puc. 1. 3aJIeKHOCTI
oTpuMaHi 10 i

MIpeCTaBICHI
miciast  ONpPOMiHEHHs

pab(T),
LIBUAKHMHU
eNeKTpoHaMu npu no3ax g0 100x10® cm2 Yacrumy
KpPMBUX Ha puC. | HE IMOKa3aHO, 100 HEe YCKJIaJHIOBATH
3arajgbHy KapTuHy. [leTalbHO KpHBI IMX 3aJIeKHOCTEH
aHami3yrThcs Hamu y [33]. Sk BumHO 3 puc. 2 Bei KpuBi
XapaKTepU3yIThCSI  KBa3iMETAIEBOIO  MOBEAIHKOIO 3
XapaKTepHOI JIHIMHOI MJUITHKOI —3alIe)KHOCTI MpH
BHCOKHMX TeMIiepaTypax. Y Toi ke 4ac pH MaKCUMaIbHUX
J03aX KpHBI IOYMHAIOTH HaOyBaTW XapakTepHoi S-
noAi0HOT (hOPMH, 110 CBIAYUTH MO TOSIBY HA 3AJIEKHOCTAX
Pab(T) TepMoakTUBAIIHHOT AUITHKH, PO IO TOKJIAHIIIE
OyInie ckazaHO HMXKYE.

CTpinKM TIOKa3ylOTb TEMIIEpaTypH IIepexoly B
MICeBAOIIIIMHHNN pexkuM T*. TIyHKTHpHEUMH JTiHIIMH
300paKEHO EKCTPAITOJIAIIIO JTiHIHHOI MITHKA B HYJHOBE
3HaUeHHs TemrepaTypu. Ha BcraBkax mokasaHi 1030Bi Ta
KOHIICHTpALIHI 3aleXHOCTI KpUTHIHOI TeMrepatypu T
(xBazpaTn) Ta eNEKTPOOIIOPY MPH KiIMHATHIA TeMIIepaTypi
p300 (KUTBIIS) JUTS IIMIX 3pa3KiB.

VY Toif ke Jac iCHYIOTb JIesKi BIIMIHHOCTI B €BOJIOIIIT
XapakTepy MOBEIIHKH KPUBUX IPH PafialifHOMYy BIUTHBI
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Ta JOIyBaHHI npaseoaumMoM. Sk BuaHo 3 puc. 1,
panianiiiHuil BIIIWB MPUBOJAUTH 0 AHOMAIBHO CHIIBHOTO
(mopiBHsAHO 3i 3MiHOIO ckiamy [1,34]) mpurHideHHS
HaJIIPOBITHOCTI (3MeHIIeHHS Te) y
BUCOKOTEMIIEpAaTYpHOMY HaanpoBigHUKy Y Ba,CuszOq7-s.
OpHak, XapakTep 3MIiHM €JIEKTPUYHUX Ta HAANPOBIIHUX
BiactuBocteit BTHIT mpu 3Mmini ckmany [34] Ta mig miero
OmpoMiHeHHS Jemo pi3HuiA. OCHOBHa BiIMIHHICTB
NoJIArae B HACTYITHOMY: y TOW 4Yac SIK IPH 3MiHI CKiIamy
3amkeHHsA T. 1o 86 K, sk mpaBwio, CyNmpoOBOIKYETHCS
3MiHOT0 BUAY KpuBuX p(T) Bix MeTaneBoro 10, Tak 3BaHOI,
«S-10110HOT KPUBOT» 3 XapaKTEPHUM TEPMOAKTUBALI HHIM
nporuHoM [1,34], mpu ompomiHeHHI Take K, 3a
a0COIFOTHOIO BETMYMHOIO, 3HIKEHHS T TP MOMITHOMY
3poctanHi B iHTepBami Temmneparyp T.—300K He
CYNPOBOIKYETHCS TOsIBOIO S-1moai0HOT 3anexHocti p(T).
TepmoakTrBamiiHa  MOBEAIHKA  EJIEKTPOOIIOPY Y
OTIPOMIHEHHX 3pa3KiB MpOSBISIEThCA JIHMIIE 33 IOCHTH
HU3bKUX 3HaueHHX T [33]).

OpnHi€l0 3 MPUYMH, IO HPUBOAATH O CHIBHOTO
3HMKCHHA T. ONpOMiHEHMX 3pa3KiB, MoOxe OyTH
BUHUKHCHHS, TiJ Ji€I0 ONPOMIHEHHS, MiCJICKTPHUUHUX
BKJIIOUCHb, OOYMOBJICHHX IEPEPO3NOAITIOM KHCHIO MiXK
no3unisMu (4) i O (5) 1 yTBOpeHHSIM JTOKaJIbHUX 00IacTen
3 TETPAaroHAIBHOIO CTPYKTYPOIO.

3 MigBMIICHHSIM JI03M KpUTHYHA Temmeparypa T
3MeHmyeThes Big ~ 92 K 1o ~ 24 K, a pap(T) 36inb1yeThes
Big p ~ 158 pOhm.cm no ~ 384 uOhm.cm, BiANOBiAHO, IO
Y3TOKY€EThCS 3 JiTepaTypHUME gaHuMHu [35, 36]. SIxicHO
noJi0HI 3aJIe)KHOCTI  CIIOCTEPIraloThesl NPU  JOIYBaHHI

[1,18]. [o3oBi Ta
T(D,z) Ta paoo(D,z),
BCTaBKax 0 puc. 1 Ta puc. 2.

Sx pummBae 3 puc. 1 Ta puc. 2, mpu 3HIKCHHI

temrepatypu T HIKYe JESKOro XapakTepHoro piBus, T*

Ipa3eoaUMOM KOHLICHTpALiitHi

3aJIe)KHOCTI, Npe/ACTaBICHI Ha

BiIOYBA€ThCSA  BIAXWICHHS  KPUBUX  BiJ  JIHIAHOI
3aJI©KHOCTI, [0 CBIMYUTH MNPO TOSBY, TaK 3BaHOI,
HAQ/UTHIIKOBOI  MPOBIIHOCTI, Ao, TeMIIEPaTypHY

3aJICKHICTh SIKOT MOXKHa OTPUMATH 3a (opMyIoro:
AG = G — Glin, I€ G = Pap + — EKCMIEPUMEHTAIILHE 3HAYEHHS
MPOBIAHOCTI y HOpMaidpHOMY cTaHi mpu T <T*, a
ciin = (piin 1) = (AT) ™.

Sk yxe 3azHavanocs Buile, moonusy Tc 3rimHO 3
icHytounmH ysieineHHsmu [1, 12-15] misa Bunanxy 2D i 3D

OIlKMCaHa BUpa3aMu:

1 [1 + (1 L HOR

GbnykTyariii AG y HOMIKPUCTATIYHUX CUCTEMAaX MOXe OyTH
167 d d?83,(0)

2 )

_ e 12
7 "m0 @

ne EciEap — MOBXKUHHA KOTEPEHTHOCTI BIIOTIEPEK Ta B3I0BXK

A62D=1/ 4{

6a3ucHOi TUTOIMHY, d-MIKIDIOIKWHHA BifcTaHb, € = (T—

T.)/T. — naBenena temmeparypa, a &(0) — edexruBna
XapaKTepUCTUYHA JIOBXKUHA KorepeHTHocTi ipu T = 0, sika
JaeThCs POPMYIIOL0:
1/Ep(0)=1/4[ 1/EL0)+(1/E2(0)+8/E22(0))V2]. )
Sk Oyno nokaszano B [37], y pa3i MOHOKpPUCTATIYHUX
3pa3KiB AC BU3HAYa€ThCs KJIACHYHUM piBHSIHHAM AJI [12]:
Aoc=Ceg% ne
g2
C e
321Z,(0)
d — B3aemomist MK QIYKTyallifHUMH HaJIPOBITHUME

rapamu peasi3yeThes y BCboMy 00€eMi HaanpoBianuka) (3)

e2

— B3a€EMOJIii MOXUJIMBA TIUIBKH B IUIOIIMHAX MPOBIIHUX
mapis)
Ha puc.3 Ta puc. 4 mpexncraBieHi TeMIepaTypHi

io=-0.5 mna 3D, (mobmu3zy T, mpu & >>

i a= -1 g 2D, (ommamik Bim T, mpu & <<d

sanexnocti Ao(T) y koopaunarax InAc(Ing). Buano, mo
B obOmacti Temmepatyp Mixk T i < 1.1T. (3amexxHO Bixg
BMiCTy KHCHIO) i 3aJIe)KHOCTI 3aJI0BLIBHO
AINPOKCUMYIOTHCS MMPSIMUMH 3 KyTOM Haxwiy o1~ -0.5, mo
CBIIYNTh TPO TPHUBHMIPHUN XapakTep QIIyKTyariiftHol
HAJNPOBIJHOCTI Yy LBOMY TEMIEpPATypHOMY IHTEpBaIi.
[Ipu nopanpuIOMy MiABUINEHHI TEMIIEPaTYpU MIBUAKICTH
3MEHIIeHHS AG cyTTeBO 3pocTae (02=-1), 10, CBO€IO
4eproro, MO>KHa SIK BKa3iBKY 3MiHy po3mipHocTi OII.

Puc. 3. 3anexuocti Ac(T) y koopaunatax InAc(Ing) s
103 0 (xinbusg) Ta 55.7x10' cm? (kBaaparu) Ta 79.2x1018
cm 2 (BcraBka (a)). Ha Berasui (D) mokasaHo 3alexHiCTh
&:(0) Bix mo3um ompomineHHs D.

Fig 3. Dependencies of Ac(T) in coordinates InAc(Ing)
for doses 0 (rings) and 55.7x10'® cm2 (squares) and
79.2x10%8 cm? (inset (a)). The inset (b) shows the
dependence of &:(0) on the radiation dose D.

Cnip 3a3Haudtd, mo s 3ajexsoctei InAc(Ing),
OTPUMaHUX TPH ONPOMIHEHHI MaKCHMAaIbHUMH I03aMHU
D =7.92x10"° c¢mM? Tta 8.63x10% cM?, cmocrepiraeThes
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HEMOHOTOHHA TOBEJliHKa KPHUBHUX, II0 XapaKTePU3YETHCS
JIOJIATKOBHM KPOCOBEPOM IIPH TEMIIEpaTypax € >¢&p 3
PI3KMM 3MEHIIEHHSM BEJIIMYMHM KyTa Haxuiay o. Taka
0COOINHMBICTD BKE CrIOCcTepiranacs pasime y podori [38] i
MOXE CBITYUTHU MPO MPHUCYTHICTh y CUCTEMI NEPEXOAY IO
Tak 3BaHOro pexxumy Maki-Tommncona [14] moBeniHkn
TEMIIEpaTypHUX 3aJeKHOCTEH HaaMipHOT TPOBiAHOCTI AG.
3 ommamy Ha OOMeXeHWH Xapaktep Iii€ei pobotm Mu
3aJIAIIAEMO JOKJIAMHIIINI a”Haji3 X OCOOIMBOCTEN I
PO3LIMPEHOTO MOBIIOMIICHHSI.
Sk cmigye 3 (3), B Toui 2D-3D kpocosepa:

£ =4[£.(0)/d] . 4)

. e . b

3aJI€KHOCTI

Puc. 4. TemneparypHi
npoBigHOCTI B ab-rutomuni 1yt MmoHokpuctanis K1 — K6
y koopauHatax InAc-Ine. Tlo3HaueHHs
BIINIOBiZla€ TO3HAYCHHAM Ha pwuc.l.
JMHIIMH TO0Ka3aHa aNpOKCHUMAIlSI eKCIIEPUMEHTAIbHUX
KPUBHX MPSAMUMH 3 KyToM Haxmity oy ~-0.5 (3D -
pexunm) 1 az ~ -1.0 (2D - pexum).

HaJJTMIIIKOBOT1

KPHUBUX
[ynxTupHUMHU

Fig. 4. Temperature dependences of excess conductivity
in the ab -plane for single crystals K1 — K6 in coordinates
InAc-Ing. The notation of the curves corresponds to the
notation in Fig. 1. Dotted lines show the approximation
of the experimental curves by straight lines with an angle
of inclination a;~-0.5 (3D mode) and a;~-1.0 (2D
mode).

VY 1npoMy BHUNAAKY, BU3HAUMBIIM 3HAYEHHA € Ta
BHKOPHCTOBYIOUH JITEPAaTypHi AaHi Mpo 3aexHicTs T, Ta
MDKIUTONIMHHOT BifcTaHi Bij 6 [39,40], MOKHA OOUMCITUTH
3HageHHSA Ec(0). 3anexHicTh E(0) Big 1031 ONPOMiHEHHS
npejacTaBieHa Ha BeraBmi (0) no puc. 3. Sk BUAHO 3
pucynka, BeimmuumHa E¢(0), pospaxoBana s3rigHo (3),
36inbuTyeThes Bif 1.3 10 Gimbm Hik 5 A i npoitmosimm
4epe3 MaKCUMYM Pi3K0 3MEHIYEThCS 0 3HaYeHb OJIM3HKO
2 A y mipy 36ibIIeHHS 1031 ONPOMiHEHHS Ta 3HIKEHHS

T, mo AKicHO Biapi3HsieThCs Bif 3anesxHocTi Ec(0) Big D,
oJlep>KaHOT Ha MOHOKpHCTaNiYHKX 3pa3kax YBaCuO [41]
TIPY ONPOMIHEHHI MaJMMH J103aMH IIBHJKUX EJICKTPOHIB
mo D =8.8x108 cm=2,

Crpinkamn moxka3zai Touku 2D-3D kpocosepa. Ha
BcTaBIi (a) puc. 4 oOKa3aHi caMi 3aJIe)KHOCTI JIIST 3pa3KiB
K7 1 K8. Ha BcraBui (b) puc. 4 nmokazaHo KOHLEHTpALiiHI
3aJIeKHOCTI JOBXKHHU KOTEPEHTHOCTI &c(Z).

7.5 o

7.0 .
a5
an
554
500 O O
— e ] ]
[ ]
— an
L&)
wr 15
30 4 ¥
25 4 / \\
20 4 O u
15 [ ] =
10 4
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20 1] 40 50 & 70 a0 o 100
Te

Puc. 5. 3anexuocti &(0) Bin Te s 3paskis Y BaxCuzOr-
s (xkBagpath) i Y1-Pr,Ba;CuzOr_s (kinbiis).

Fig. 5. Dependences of &(0) on T. for samples
Y Ba,CusO7_s (squares) and Y1_,Pr,Ba,CuszO7_s (rings).

SIkicHO noAiOHa TTOBeiHKA aHAJIOTIYHUX 3aJISKHOCTEH
&(0) Bim T. cmocrepiramacss 1 jansd  3paskiB
Yi1_Pr;BaCusO7_s mpu  pi3HUX  KOHIEHTpAI[isIX
mpazeognMma [42]. 3amexnocti &(0) Bim T. mokasaHi Ha
puc. 5.

HemonoToHHU#T XapakTep noBeAiHKu 3anexHocTi &(0)
Bix D Ta xoHuentpauii Pr, orpumanoi npu onpomiHeHHi
CepellHIMU J03aMM LIBHJKHX EJIEKTPOHIB Ta JIOMYyBaHHI
MIPa3e0JIMOM, OUYEBHJHO, IOB'S3aHUA i3 3araJibHUM
MPUTHIYCHHSIM HAINpOBiTHUX XapakTtepuctuk BTHII-
cronyk YBaCuO npu no3ax onpominenns D > 10% cm2? i
KOHILIEHTpalisiX mpazeonuMa z=>0.4, 1o aeTanbHIIIe
oOroBoproeTbest Hamu B [41-43]. OcrarodHa BiAMOBiAb Ha
e NMUTaHHA MOXe OyTH OTpHMMaHa IpH aHaji3l BIUIUBY
OUIbLI BUCOKMX JI03 OIPOMIHEHHS Ta KOHILEHTpAIliil
IIpa3eo UMy Ha TeMIepaTypHi 3JISKHOCTI JIEKTPOOIIOPY,
B TOMY 4YHCIIi, 0€3M0ocCepeIHhO 0 MOBHOTO MPHUTHIYCHHS
HaJIIPOBIZHOCTI LIUX CIIOJYK.

BUCHOBKHU
TakuM 4YMHOM, y3arajbHIOIOYM BHILECKAa3aHEe, MOXHA
3pOOHTH BUCHOBOK IIPO T€, II0 ONPOMIHEHHSI CepelHIMU
JI03aMH BHCOKOCHEPI'€TUYHHX EJICKTPOHIB Ta 301JIbIICHHS
CTyNeHs  JIONYBAaHHS  IPa3eoJMMOM  ONTHUMAJbHO
JOTIOBAaHMWX  KUCHeM  MoHOKpuctaiiB  Y1Ba,CuzOr.s.
MIPUBOJUTL 10 SAKICHO MOJMIOHMX 3MiH TeMIepaTypHHUX
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3anexxHocrert enexrpoonopy p(T) y ab-uromuHi, 30kpema
JI0 3HAYHOTO PO3LIMPEHHS TEMIICPaTypHOI'o IHTEpBAILY
icHyBaHHs HaamuImKoBoi npoBigHocTi Ac(T). IIpn pomy,
B 000X BHIAJKax, BiIOYBa€ThCS KpaTHE 301IbIIECHHS
BEJIMYMHH TIONEPEYHO] JOBXKHHU KorepeHTHOCTI &(0) Ta
ICTOTHO 3MIIIyeThcA 3a Temreparyporo Touka 2D-3D
KpocoBepa. Brepiie BCTaHOBICHO, IO HAa BIJAMIHY BiX
BUIIAJIKY OIIPOMiHEHHS MaJIIMH J03aMHU
BHMCOKOEHepreTudHuX enektpoHis (D <10¥cm?) Ta
JOTyBaHHS TIpa3eoquMoM 10 KoumeHtpamin z < 0.39,
OTNPOMIHEHHS  CEpemHIMH  J03aMH Ta  JIOIyBaHHSI
MPa3eoUMOM, TPH OINBII BUCOKHMX KOHIICHTPAIIISX,
NPUBOIUTL 1O HEMOHOTOHHOI 3aJIeXHOCTI IIOIEpeyHOl
JOBXHMHU  KorepeHTHocTi  &(0) Bim ~ KPUTHUYHOI
Temneparypu T. 3 XapakTepHUMH MaKCUMyMaMH IIpH
D ~ (7-8)x10% cm ta z = 0.42, 1m0 Moske OyTH NOB'A3aHe

i3 3arajlbHIM TIPUTHIYEHHAM HaJNPOBITHAX
XapaKTepUCTHUK.
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Esonoyisn prykmyayitinoi nposionocmi monoxpucmanie Y1BaCuzO7.4 nio enausom cepednix 003
ONPOMIHEHHSL eNeKMPOHAMU MA OONYBAHHS NPA3E0OUMOM

EVOLUTION OF FLUCTUATION CONDUCTIVITY OF Y1BA2CU307.a
SINGLE CRYSTALS UNDER THE INFLUENCE OF MEDIUM DOSES OF
ELECTRON IRRADIATION AND DOPING WITH PRASEODYMIUM
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The influence of medium doses (from 10 cm2to 10%° cm2) of irradiation with fast electrons and changes in the

concentration of praseodymium in the interval 0.0 <z <05 on the excess conductivity of optimally oxygen-doped
Y1Ba2CusO7-5 Single crystals was studied. It is shown that electron irradiation and an increase in the degree of doping with
praseodymium leads to a significant expansion of the temperature interval of the existence of excess conductivity, thereby
narrowing the region of the linear dependence of p(T) in the ab-plane. It was established that at doses
0< D<6.5x10% cm the value of the value of the transverse coherence length &(0) increases with an increase in D
approximately 3 times and more than four times as the praseodymium content in the sample increases to z = 0.42. At the
same time, in both cases, the 2D-3D crossover point is shifted by temperature. In contrast to the case of irradiation with
small doses (D < 10® cm?) and doping with praseodymium up to concentrations z < 0.39, irradiation with medium doses
and doping with praseodymium at higher concentrations leads to a non-monotonic dependence of the transverse coherence
length £:(0) with characteristic maxima at D ~ (7-8)x10° cm2and z = 0.42, which may be related to the general suppression

of superconducting characteristics.

Keywords: Y1Ba,CuzO7.ssingle crystals, superconductivity, irradiation, fast electrons, 2D-3D crossover.
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STRUCTURAL CHANGES IN CERAMIC CARBONIZED
HYDROXYAPATITE AS A RESULT OF LONG-TERM STORAGE
AT ROOM TEMPERATURE
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Carbonated hydroxyapatite (CHA) is the basic mineral component of animal and human bone. Therefore, it is widely used in
medicine to repair bone defects. In orthopedic surgeries, ceramic implants are usually used as a biologically active defect filler. In the
lattice of CHA carbonate ions can occupy two non-equivalent positions - A and B. A position corresponds to the position of OH- anions
in the lattice of hydroxyapatite (HA), and B - PO4*. It is well known that substitution of B-positions with carbonate groups leads to
significant distortions of HA lattice, which causes microstresses and crystalline defects in it. Therefore, CHA ceramics as a result of
sintering is characterized by significant internal stresses whose relaxation at room temperature can lead to a change in both its phase
composition and biological activity. By methods of chemical and X-ray structural analysis, infrared spectroscopy and electron scanning
microscopy the ageing process of pressed CHA at room temperature, sintered in an atmosphere of dry carbon dioxide at temperatures
800+1200 °C was studied. The phase composition and structure of freshly prepared and aged for two years ceramic samples were
compared. It is shown that relaxation of internal stresses arising during sintering of presses causes plastic deformation of crystallites
accompanied by redistribution of carbonate ions from B to A-position. As a result, displacement of OH- ions from channel (A) positions
and decomposition of B-type CHA on CaO and A-type CHA becomes energetically advantageous.

Keywords: carbonated hydroxyapatite, internal stresses, ageing process, bioactive ceramics.

In cites: M.V. Tkachenko. Structural Changes in Ceramic Carbonized Hydroxyapatite as a Result of Long-Term Storage at Room
Temperature. The Journal of V.N. Karazin Kharkiv National University. Series “Physics” Iss. 38,2023; 15-20. https://doi.org/10.26565/2222-
5617-2023-38-02

INTRODUCTION decompose with release from the sample in the form of

Among calcium phosphates, which have recently
been widely used in medicine to restore bone defects
formed in various osteopathologies, carbonated
hydroxyapatite (CHA) occupies a special place, since it is
the basis of the mineral component of animal and human
bones. Due to a number of reasons associated with
physiological processes leading to the “washout” of the
implanted material from the defect, during operations, not
powder, but ceramic implants are usually used as a
biologically active defect filler. In this regard, when
preparing ceramics, biological materials science is faced
with the problem of retaining carbonate groups in the
structure of hydroxyapatite, since, as is known, CO3? ions
at temperatures above 800 °C become unstable and

carbon dioxide. On the other hand, diffusion processes
leading to a significant compaction of carbonate-
containing hydroxyapatite compacts, depending on the
initial content of carbonate groups in the samples and the
atmosphere in which sintering is carried out, are activated
at temperatures above 900 °C. For this reason, carbonate-
substituted hydroxylapatite ceramics with satisfactory
density and mechanical properties can only be obtained in
a dry or humid atmosphere of carbon dioxide [1-5].
Moreover, carbonate ions can occupy two non-equivalent
places in the CHA lattice: when OH" groups are replaced,
A-type CHA is formed (in this case, one carbonate group
replaces two hydroxyl ions), when the PO.,* group is
replaced, we deal with CHA B- type (in this case, to

© Tkachenko M.V., 2023
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Structural Changes in Ceramic Carbonized Hydroxyapatite
as a Result of Long-Term Storage at Room Temperature

maintain the charge balance, a charged vacancy arises in
the cationic sublattice during substitution). When replacing
B positions, carbonate groups create significant lattice
distortions on the mirror plane of phosphate tetrahedra [6],
microstresses, and crystal defects [7]. Numerous CHA
studies have shown that, upon A-type substitution, the
lattice parameter a increases, while ¢ decreases slightly
relative to the stoichiometric value for hydroxyapatite.
Conversely, the substitution of carbonate ions for
orthophosphorus groups PO,* is accompanied by a
significant decrease in the parameter a and some increase
in the parameter c [8, 9]. In the case of AB-type CHA, the
values of unit cell parameters are affected by the degree of
substitution of A and B positions. However, the generally
accepted picture can be disturbed by the presence of
structural water, as a result of which a significant increase
in the parameter a is observed due to the replacement of
vacancies in the channel, oxygen tetrahedra, and, probably,
calcium positions by water molecules [9, 10].

Forced retention of carbonate ions in the structure of
hydroxyapatite (HA), provided by sintering presses in an
atmosphere of carbon dioxide, leads to the formation of
CGA ceramics with significant internal stresses, which
relaxation at room temperature can lead to aging of the
material, that is, changes in both the phase composition of
samples, and their biological activity. This issue, to our
knowledge, has not been studied in the literature so far,
although it is important both from the point of view of the
conditions and time of storage of implanted materials, and
from the point of view of fundamental research to elucidate
the mechanisms of aging of CHA ceramics.

In this regard, the task is to study the phase and
structural changes that occur in CHA ceramics during its
exposure to ambient conditions at room temperature for
two years.

MATERIALS AND METHODS

Sample preparation

The precipitate was formed by the wet method using
the reaction between calcium carbonate and phosphoric
acid. Finely dispersed CaCO3 powder (Merck, Darmstadt,
Germany, analytical purity) and HsPO. solution (Merck,
Darmstadt, Germany, analytical purity) were used, which
were quickly poured into the CaCOs suspension with
further continuous stirring of the reaction medium at 45 °C
for a day. The weight ratio of the reagents was chosen in
such a way as to obtain stoichiometric HA [11].

From the powder obtained by drying the precipitate
in an oven at 90 °C by pressing in a steel mold at a pressure
of 120 MPa, compacts were prepared in the form of tablets
3 mm high and 8 mm in diameter. The average porosity of
the compacts was 51%. The compacts were fired in a flow
of dry CO; (4 ml/min) at 800-1200 °C in increments of 100
°C for 2 hours at each temperature [12]. Five batches of

annealed compacts were prepared (10 samples per batch).

Structural studies

Structural measurements were performed on a Philips
APDW 40C diffractometer in copper K, radiation (A =
0.154056 nm) with a nickel filter in the range of diffraction
angles 20 20+70, scanning step 0.01 deg. and a scan time
of 0.6 s.

Spectroscopic analysis and electron microscope
studies

IR spectra were recorded using a Bruker-Vortex 70
spectrometer operating in the transmission mode of
wavenumbers between 4004000 cm™, averaged over 200
scans, with a resolution of 2 cm™ using the KBr technique.
The morphology and microstructure of the samples were
studied using an ESEM Quanta 400FEG scanning electron
microscope. To remove the charge induced by the action of
electrons, the samples were sputtered with gold. We
analyzed micrographs of fractures of freshly prepared
samples obtained at different sintering temperatures, and of
the same samples, but aged for two years.

Chemical analysis

The amount of calcium in the samples was
determined by atomic absorption spectroscopy (Thermo
Electron Corporation, M-series AA spectrometer). The
corresponding amount of orthophosphates was found by
colorimetry using the molybdenum blue method (Varian
Cary Win UV spectrophotometer, A =725 nm). Carbon and
hydrogen were determined by standard ashing analysis
using an EA 1110 spectrophotometer (CE Instruments).
All experiments on the study of elements were performed
twice.

RESULTS AND DISCUSSION

The studies included: comparison of diffractometric,
IR spectroscopic and electron microscopic measurements,
as well as chemical analysis of two batches of samples -
freshly prepared and aged for two years. The phase
composition and lattice constants of ceramics were
determined from diffraction patterns, the type of carbonate
substitution was determined from IR spectra, and the
change in the microstructure during aging was determined
from electron microscopy measurements.

Fig. 1 shows the diffraction patterns of freshly
prepared (a), obtained at different temperatures, and aged
(b) ceramic samples. It can be seen that in the initial
samples, as the synthesis temperature increases, the
intensity is redistributed between the lines (211), (112),
(300), which is apparently associated with the appearance
of a texture during sintering. In addition, ceramics obtained
at temperatures below 1100 °C is single-phase, and above
1100 °C a line (20 = 37.347 °) appears on the diffraction
patterns, which in the literature [1] is associated with
calcium oxide. After two years, the diffraction patterns of
the same ceramics differ significantly. First, the
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Fig. 1. X-ray diffraction pattern of freshly prepared (a)
and aged for two years (b) samples sintered at different
temperatures:

1-800 °C; 2 -900 °C; 3 - 1000 °C; 4 - 1100 °C; 5 —
1200 °C.

redistribution of line intensity becomes less pronounced
and the diffractograms are more in line with the JCPDS-
ICDD PDF-2 Data Base (Sets 1-46). Secondly, the phase
associated with CaO already appears in samples obtained
at lower temperatures (900 °C). Those, the aging process
of CHA ceramics is accompanied by the breakdown of the
CHA structure with the formation of calcium oxide.
Comparison of these data with previously published data
[7], where it was shown that the loss of carbonate ions from
the B positions leads to the formation of CaO, gives reason
to conclude that carbonate groups are preferentially
isolated from the B positions of the studied CHA.

Such changes in the phase composition of the apatite
matrix, depending on the synthesis temperature and aging
time, affect the behavior and values of its lattice
parameters. So, in freshly prepared samples, an increase in
the values of parameters a and c is observed with
increasing sintering temperature (Fig. 2), which indicates
an increase in the volume of the unit cell and, accordingly,

internal stresses, and with aging, due to the relaxation of
internal stresses, the lattice volume decreases, tending to
the equilibrium value.
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Fig. 2. Lattice parameters (a and c) of freshly prepared

(1) and aged (2) samples as a function of sintering
temperature.

The observed structural changes are also manifested at the
molecular level, as evidenced by the IR spectra of the
samples under study. Fig. 3 shows the characteristic
fragments of the spectra in the wavenumber range
4001600 cm™ of freshly prepared (1) and aged (2)
samples sintered at 900 °C (a) and 1100°C (b) and the
spectra in the wavenumber range 860900 cm™ of all
studied samples (c-g), sintered at temperatures of
800+1200 °C. The last range of wave numbers most clearly
reflects the type of carbonate substitution in the HA lattice.
It can be seen from the IR spectra that all the studied
ceramic samples belong to the carbonized HA of the mixed
AB type. Both in freshly prepared and aged samples, the
degree of substitution of A positions (OH ions) by
carbonate ions increases with an increase in the sintering
temperature, which perfectly correlates with changes in the
lattice parameters (Fig. 2). Comparison of the IR spectra
shows that during the aging of ceramics sintered at the
same temperature, the intensity of the band at 880 cm™
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increases with a simultaneous decrease in the intensity of
the band at 631 cm™, characteristic of the absorption of the
OH.
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Fig. 3. IR spectra of freshly prepared (1) and aged for
two years (2) samples sintered at different temperatures:
¢ — 800 °C; aand d — 900 °C; e — 1000 °C; b and f —
1100 °C; g — 1200 °C.

This may primarily indicate a redistribution of
carbonate ions from B to A positions and a decrease in the
OH- concentration in the structure. The process of
redistribution of carbonate ions was observed earlier in [6],
where it was found that when carbonized B-type apatites
are heated in the temperature range from 480 to 800 °C, the
position of COz> ions changes: some of them move from
PO, in the OH position (the appearance in the IR spectrum
of bands from CO3?, replacing OH- ions).

The HA line corresponds to the stoichiometric
concentration of ions in the HA structure.

It can be seen from the results of chemical analysis
(Fig. 4) that in the samples obtained at the same
temperatures, the concentration of Ca?*, PO,* and COs*
ions practically does not change during aging (the
exception is the change in the concentration of CO3% ions
at 1200 °C temperature). Those. the degree of
carbonization of ceramics is preserved. Only the content of
OH- ions changes, which are located in the channel
positions of the HA structure and have facilitated
conditions for leaving the lattice.
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Fig. 4. The results of chemical analysis for the content
of: a - OH; b - COs%; ¢ - POs*; d - Ca?* in freshly
prepared (o) and aged (®) ceramic samples synthesized
at different temperatures.

Fig. 5. Electron microscopic images of freshly prepared
(a) and aged for two years (b) ceramics.
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The above research results allow us to state that the
preservation of carbonate groups in ceramics sintered at
temperatures exceeding the decomposition temperature of
COs?% ions, provided by the atmosphere of carbon dioxide,
leads to a nonequilibrium substitution of A and B positions
in the CHA structure. As a result, the apatite lattice
experiences large internal stresses, the relaxation of which
causes the appearance of shear stresses that exceed the
critical stress for the start of dislocation slip, mainly in the
basal plane, which has the largest number of slip systems.
Plastic deformation begins in crystallites, which can be
judged by the presence of characteristic slip bands and
shifts of slip planes relative to each other, observed in
electron microscope images (Fig. 5). Moreover, during
aging, the concentration of carbonate groups in ceramics
does not change, therefore, the resulting structural changes
lead to a redistribution of carbonate ions over the A and B
positions, as well as the decomposition of CHA with the
formation of CaO.

It has been found that the intensity of the process of
structural and phase transformations increases with an
increase in the sintering temperature of the compacts.
Ceramic specimens sintered at temperatures exceeding
1000 °C are more susceptible to aging.

CONCLUSION

The studies allow assuming that the chain of phase
and structural changes during aging is as follows:
relaxation of internal stresses causes plastic deformation in
grains favorable for sliding, which results in energetically
advantageous redislocation of COs% ions from B to A
positions and displacement of OH" ions from channel (A)
positions. This process is accompanied by decomposition

of B-type CHAs into CaO and A-type CHAs.
Displacement of carbonate from B-positions leads to
formation of CaO in hydroxyapatite matrix which is
observed in X-ray diffraction analysis (Fig. 1). Since the
number of carbonate ions in the channel positions (A), is
limited by the number of hydroxyl ions in these positions,
the observed redistribution of carbonate ions leads to the
displacement of OH" ions from the CHA structure, which
is confirmed by the data of chemical analysis (Fig. 4).
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CTPYKTYPHI 3MIHK KEPAMIYHOI'O KAPBEOHISOBAHOI'O
MOPOKCUANATUTY BHACHIAOK TPUBAIIOIO 36EPIFAHHA
NMPU KIMHATHIU TEMMNEPATYPI
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Hapniitua no penaxuii 12 6epesus 2023 p. Ileperasayro 14 xBitas 2023 p.
[puitasaTo mo npyky 22 keitas 2023 p.

Kap6onizoBanwii rigpokcunanatut (KI'A) € 0CHOBOIO MiHEpaIbHOT CKIIQJ0BOT KiCTKH TBApHH 1 JIIOAUHU. ToMy Horo

IIMPOKO 3aCTOCOBYIOTH y MEIWIMHI JJIS BiIHOBICHHA KicTKOBHX nedekTiB. Ilin wac opromeandyHHMX omepamii sK
610JI0T1YHOAKTHBHI 3alIOBHIOBaYi Jie()eKTiB 3a3BNUaii 3aCTOCOBYIOTH KepamiuHi iMmanTary. Y pemitui KI'A kapbonarhi
10HM MOXYTbh 3aliMaTH JBi HeekBiBaJIeHTHI mo3ullii A 1 B. A mosuiis Bianosigae nmonoxkenHto OH™ aHioHIB y rpaTii

rigpokcuanarury (TA), a B - PO4*. Jlo6pe BijioMo, 1110 3amilieHHs B-no3uiiiit kapOboHaTHUMH IPyIaMK NPU3BOUTS JIO
CYTTEBUX CHOTBOPEHb I'paTku ['A, siKi COPUUMHAIOTH BUHUKHEHHIO B Hill MIKPOHANPYXEHb Ta KPUCTAINIYHUX Je(EKTiB.
Tomy KI'A kepamika B pe3ynbTarTi CllikaHHSI XapaKTePU3YEThCsl 3HAUHIUMHU BHYTPIITHIMU HANPYXEHHSIMH, peaKcaris
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SKHX TPH KIMHATHIH TeMmeparypi MoOKe NMpU3BECTH A0 3MiHM K 1i (a30BOro CKiamy, Tak i 0i0J0ri4HOI aKTHBHOCTI.
MeTomaMu XIMI9HOTO Ta PEHTTeHIBCHKOTO CTPYKTYpHOTO aHami3y, iH(GpadepBOHOI CIEKTPOCKOIi Ta EJIeKTPOHHOI
CKaHyI04Y0i MIKpOCKOMII JOCIHiIKEHO MpOIeC CTapiHHSA TPECOBOK KapOoHizoBaHOro Timpokcmmanatuty (K['A) 3a
KIMHATHOT TEMIICpaTypH, CIICYCHHX B aTMocdepi CyXOoro JABOOKHCY Byriemwp mpu Temmeparypax 800+1200 °C.
[IpoBeneHo mopiBHAHHS (Pa30BOTO CKIAAy Ta CTPYKTYPH CBDKOBHUTOTOBICHHX 1 3IiCTApPEHHX IIPOTATOM JBOX POKIB
KepaMmigHuX 3pa3kiB. [lokazaHo, mo penakcalist BHyTPIIIHIX HAaIPYXeHb, SKi BHHUKAIOTH i 9ac ofep KaHHI KepaMiKHy,
BU3UBAE TUIACTUYHY JedopMalilo KpUCTAJITIB, sIKa CYIPOBOJDKYETHCS MEPEpO3IOAiIoM KapOOHATHUX i0HIB i3 B B A-
no3uii. B pe3ynpTati H1bOro eHepreTHYHO BUTITHUM CTa€ BUTICHEHHS 3 KaHAIbHUX (A) no3unii ioniB OH™ 1 poznan KI'A
B-timy Ha CaO i KT'A A-Tumy.

Knrwuoei cnosa: syenexuciuil ciopoxcuanamum, GHYMPIUWHI HANPYJ CEHHS, Npoyec CMAapikHs, 6i0aKmueHa Kepamika.
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The paper discusses the conditions under which superconductivity of metals would be detected at atmospheric pressure and at
room temperature. One of the possible directions of research to achieve these conditions is to change the phonon spectrum of metals
in order to increase the Debye temperature, and therefore to increase the temperature of the superconducting transition Tc. According
to the idea of the work and to the estimates made in it, the maximum frequency of phonons vmax in metals can be increased by the
short-term action of an external constant electric field (electric pulse). The duration of the pulse should be (10-5-10"7) s. The voltage
of the constant electric field source is U = 1V. A decrease in the crystal lattice parameter should be accompanied by an increase in the
maximum phonon frequency vmax and, accordingly, by an increase in the Debye temperature. The characteristic size of the sample, in
which the change in electron concentration can be realized, should not exceed the length of electron shielding in metals, i. e. = 108 m.
The sequential action of a certain number of electric field pulses can maintain a superconducting state in a metal sample for some
finite time.

Keywords: metals, superconductors, change of the phonon spectrum of metals.

In cites: Yu.l. Boyko, V.V. Bogdanov, R.V. Vovk, B.V. Grinyov. Electroacoustic Effect and Electrical Superconductivity of Metals. The
Journal of V.N. Karazin Kharkiv National University. Series “Physics”, Iss. 38, 2023; 21-24. https://doi.org/10.26565/2222-5617-2023-38-03

INTRODUCTION
The electrical superconductivity of metals (zero
electrical resistance) is an unique physical property, the
study of which is extremely important, both from the point

state) is described by the following relation:

Te~0exp(-1/ ). (1)

of view of the development of fundamental science and
from the point of view of using this phenomenon in
practice [1]. Microscopic theory of superconductivity of
metals was published in 1957 (BCS theory) (Bardeen,
Cooper, Schrieffer) [2]. According to this theory, the main
mechanism of superconductivity of metals is the electron-
phonon interaction, which causes the formation of special
quantum particles — bosons (paired electrons), capable of
carrying an electric charge in a metal without energy loss.
According to the BCS theory, the critical temperature T, at
which bosons can be formed (a quantitative estimate of the
transition temperature of a metal to the superconducting

Here 0 is the characteristic temperature (Debye
temperature), the value of which is determined by the
maximum value of the oscillation frequency of atoms
(phonons) v™x: § = (hv™) / k, h is Planck's constant, K is
Boltzmann's constant, and A is the so-called pairing
constant. For most metals A ~ (0.1-0.3), 6=300K and,
thus, the temperature T. is characterized by the range of
values ~ (1-10) K, which is in good agreement with the
experimental data.

Such a small value of T. significantly limits the
possibility of using metallic superconductors for technical
purposes. Therefore, the most important task of researchers
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Electroacoustic effect and electrical Superconductivity of metals

and materials scientists is to search for conditions under
which the superconductivity of metals would manifest
itself at higher temperatures up to room temperature. In
accordance with the theory, it is obvious that one of the
possible directions of research to achieve this goal is to
change the phonon spectrum of metals in order to increase
the Debye temperature [see. formula (1)].

Previously, we considered the possibility of changing
the value of v™* and, accordingly, the value of T, under
the conditions of generation of a sound wave in metals by
a laser pulse (photoacoustic effect) [3]. In this paper, we
discuss the possibility of increasing v™* and, accordingly,
increasing the Debye temperature, and hence the
temperature T, as a result of a short-term action of an
external electric field (electric pulse).

CHANGES IN THE PHONON SPECTRUM OF
METALS AND THE TEMPERATURE OF
TRANSITION TO THE SUPERCONDUCTING
STATE UNDER THE ACTION OF AN EXTERNAL
ELECTRIC FIELD PULSE

It is known that the existence of a stable metallic
phase is due to the interaction between "collectivized"
valence electrons and a sublattice of ionized atoms. In other
words, "collectivized" electrons form a "gas" of free
electrons, the pressure of which ensures the stable state of
the metal crystal lattice. The value of this pressure is
described by the relation:

P = 0.1h?n/mr2. )

Here h is Planck's constant, m is the electron mass, r
is the radius of the electron orbit in the atom (Bohr radius),

n is the concentration of the electron "gas" [4, 5].
Substituting into (2) the numerical values of the constants,
and taking into account that n=ng where
na = 1/a%= 102 1/m3, a is the crystal lattice parameter, we
have: P = 102 GPa.

From relation (2) it follows that by increasing the
concentration of electrons in the metal, it is possible to
cause an additional pressure of the electron "gas" on the
atomic lattice. In turn, the action of additional pressure
should be accompanied by a decrease in the crystal lattice
parameter and, accordingly, an increase in the value v™,
It is possible to increase the concentration of “free”
(“collectivized”) electrons in a metal using an external
source of a constant electric field. In this case, it is obvious
that the characteristic size of the sample R, in which a
change in the electron density can be realized, should not
significantly exceed the electron screening length 3.

For metals, the average screening length is=~3-10°m
(Thomas-Fermi model). Using the simplest experimental
scheme shown in Fig. 1 (spherical capacitor), the increase
in the electron concentration in the sample per atom under
the action of an external source can be characterized by the
dimensionless coefficient y [6]:

x =~ 3eUQ/deR. 3)

Here ¢ is the permittivity of the electric field source
medium (capacitor), U is the voltage value, Q = a3, d is the
distance between the electrodes, and e is the electron
charge. Substituting in (3) the values of the constants and
the real values of the quantities: e = 1, d = 10° m, and also
assuming that U=1V, and R=356=10%m, we have:
x~0.1.

Fig. 1. Scheme of the experiment for the realization of the manifestation of the electroacoustic effect in metals, which
leads to an increase in the temperature of the transition to the superconducting state. a) Schematic cross-section of a
spherical capacitor. b) Scheme of the experiment, which allows changing the electronic structure of the sample, the

size of which is R=5 (3 is the shielding length).
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This estimate indicates that using a constant electric
field source, it is possible to increase the electron

concentration and, accordingly, to cause an additional
pressure AP in the metal sample, the value of which is
~ 10 % of the internal pressure of the electron “gas”, i.e.
AP =10 GPa. This pressure, in accordance with Hooke's
law, should cause the elastic deformation of the crystal
(Aa/a = AP/K, where K is the elastic modulus of the
crystal. Since for most metals the value of the elastic
modulus K is characterized by a value of = 10? GPa, then
(Aa/a)=0.1.

Thus, the action of a source of an external constant
electric field at a voltage of = 1 V can reduce the crystal
lattice parameter in metals by about 10 %. This decrease in
the crystal lattice parameter should be accompanied by an
increase in the maximum phonon frequency v™ and,
accordingly, an increase in the Debye temperature. At the
same time, it is obvious that the change in the Debye
temperature associated with the elastic deformation of the
metal sample as a result of the additional pressure of the
electron "gas" is not very significant in absolute value.

A more significant change in the value of v™ can be
realized using a short-term action of an electric field
(impulse). Indeed, a short-term action of the pressure of the
electron "gas" with a value of AP~ 10 GPa can cause the
generation of a "shock™ sound wave, the frequency of
which is determined by the relation: v~3 AP/hn.
Substituting the numerical values of the quantities included
in the written formula, we have: v=10s?, which is
approximately 5 times greater than the value of v™*
characteristic of metals in the absence of an external
electric field. Accordingly, for this reason, the Debye
temperature should also increase from the value of
0~ 300 K to the value of =~ 103 K. The duration time of the
pulse, which causes the generation of a "shock" sound
wave of the specified frequency, should be t= (105 —
10-7) s [7]. It should be kept in mind that this change in the
phonon spectrum is also accompanied by an increase in the
pairing constant to the values A > 1. For such values of 0
and A, the temperature of the transition to the
superconducting state T is characterized by a different
relation, which differs from relation (1) [8]:

Te =~ 020012, 4)

From relation (4) it follows that the impulse of the
electric field at the specified parameters can cause an
increase in the value of T. up to the value = (200 — 300) K.
In this case, it is obvious that the successive action of a
certain number of electric field pulses can maintain the
superconducting state in a metal sample for some finite
time.

CONCLUSIONS

1. The action of electric field pulses can cause the
transition of metals to the superconducting state at
temperatures close to room temperature at atmospheric
pressure.

2. The duration of the pulse must be = (10~ —107) s.

3. Electric field source voltage U~ 1 V.

4. The characteristic size of a sample that can be
transferred to the superconducting state should not
significantly exceed the electron screening length in
metals, i.e. R<35=10"8m.
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VY po0oTi 0OTOBOPIOIOTECS YMOBH, 3a SIKUX BUSABILUIACS O HAANPOBITHICTH METANIB MPH aTMOC(HEPHOMY THUCKY 1
KiMHaTHI# Temneparypi. OAHMH i3 MOXJIMBHX HAmpsMIB JOCIIIKEHb IJIsl OCATHCHHS 3a3HAYCHHUX YMOB — 3MiHa
(DOHOHHOTO CIIEKTPY METaJiB 3 METOI0 IiJBHIICHHs Temneparypu [lebas, a oTxe, i TeMmrepaTypd HaJIIpPOBiTHOTO
nepexony T.. BinmoigHo 10 imei po6oTH Ta 3po0JeHHX Y Hill OI[IHOK, MiIBUIIIMTH MaKCHMaJbHY YaCTOTY (DOHOHIB V™™
y MeTajax MOK€ KOPOTKOYacHa Jisi 30BHIIIHBOTO CTAJIOTO ENEKTPHYHOTO IO (ENeKTPHYHOTO IMIynbCy). Yac il
iMmysecy mae cranosutr (107° — 107) ¢. Hanpyra mkepena nocrilinoro enekrpuanoro nojs U = 1V. 3pobneni y po6oti
OLIIHKH CBiJ4aTh, 1110, BAKOPUCTOBYIOUHN JKEPENIO MOCTIHHOTO EIEKTPUYHOTO IMOJIs, MOKHA 30UIBIIUTH KOHIIEHTPALIII0
BIIBHUX €JIEKTPOHIB 1, BIIIOBIJHO, 3yMOBUTH B METAJeBOMY 3pa3Ky [iI0 JOAATKOBOro THCKY AP, BeaudmHa sKOTO
ctanoBuTh ~ 10 % Bix BHYyTPIIIHBOTO THCKY EIEKTPOHHOTO «Ta3y», To0To AP ~ 10 GPa. Ileii THCK Ma€ 3yMOBUTH IIPY>KHY
nedopmaiiiro kpuctana (Aa/a) ~ 0.1. 3MeHIIICHHS TapaMeTpa KPUCTATIYHOT IPATKH MA€ CYIPOBOKYBATHCS 301TbIICHHIM
MaKCHUMalIbHOI 9acTOTH (poHOHIB V™ i, BiTNOBITHO, 30iMbIIeHHSIM TemriepaTypu [ebas. XapakTepHuil po3Mmip 3pa3ka, B
SKOMY MOXXe OyTH peajli3oBaHa 3MiHa KOHIIEHTpaLii ENeKTPOHIB, HE Ma€ INEPEeBHUIIYBAaTH IOBXWHY EKpaHyBaHHS
elIeKTpOHIB y MeTanax, T06to =108 M. IocmigoBHa ais MeBHOI KiNbKOCTI IMIYJbCIB €IEKTPUUHOIO MOJS MOJKE
MiATPUMYBATH HAATIPOBIAHUH CTaH y METAIEBOMY 3pa3Ky IPOTITOM JIESKOTO KiHIIEBOTO dacy.

Knrouosi cnosa: memanu, HaOnposionuxu, 3MiHa (POHOHHO20 CReKmpy Memalis.
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An effective way to create self-organizing arrays of metal particles is to melt thin layers of substance on a poorly wetted surface.
Such arrays may improve the technological properties of functional structures, and are themselves functional elements of modern
devices and systems.

During the melting of a solid layer on a poorly wetted substrate, an array of spherical particles is formed, which are evenly
distributed over the surface of the substrate. The distribution of particles by size is determined by the thickness of the fusible layer and
conditions of the deposition. The location of islands, formed after the melting of vapour-crystal deposited solid films, is determined
primarily by the initial stages of de-wetting, when the thin continuous film starts to decay while remaining in solid state.

This work studied self-organizing processes during the melting of Pb films deposited on a Ta substrate. The films were deposited
on glass plates in a high vacuum and then after deposition were heated to a temperature slightly above the Pb melting point. After the
heat treatment the samples were removed from the vacuum chamber and examined using SEM microscopy and EDS analysis.

It was discovered that arrays of spherical particles are formed during the melting of micron-thick Pb films. The histograms of the
size distribution of such particles are quite wide and can be represented as bimodal with partially overlapping maxima. This can be
explained by active coalescence processes in thicker samples. This study demonstrated that small temperature gradients can cause
noticeable kinetic effects that allow separate particles to move macroscopic distances and capture the surrounding substance. The study
also estimated the energy associated with the optimization of the morphological structure of vacuum condensate and which is a physical
factor of de-wetting.

Keywords: de-wetting, self-organization, island films, melting, particle arrays, size distribution.
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Morphological structure of the Pb island films melted on the Ta layer surface

INTRODUCTION

Arrays of metal particles, chemical compound
particles, composites and organic particles are critically
important for modern technologies, such as catalysis, green
energy, medicine, etc. [1, 2, 3, 4]. Such arrays can be
produced in different ways [5, 6, 7, 8, 9]. Vacuum thermal
de-wetting of initially continuous films is a convenient
method for research purposes [10, 11, 12, 13, 14, 15]. This
method of nanoarray formation allows us to find out the
fundamental patterns of self -organization of the film
substance, that affect the technological features of the
production of functional layers.

Previous studies of the processes of self-organization
of substance of films under the temperature factor are
presented in [16, 17, 18]. Studies have shown that an array
of metal particles of a regular shape (a spherical segment)
is formed during the melting of metal films on a carbon
substrate. The formation of the spherical particles arrays
has been observed during the melting of binary alloys [17].
At the same time, for metal-metal systems that have
stronger interaction, significant differences from metal-
nonmetal systems [16, 18] are expected. In the study of
supercooling during crystallization of the Ag/Bi system
[19], it was found that in the case of Bi condensation on Ag
by the vapor-crystal mechanism, a connected system of
bismuth inclusions of irregular shape is formed, which is
not destroyed after cycles of melting and crystallization.
The arrays of particles formed during the melting of the Pb-
In alloy on a molybdenum substrate are separate particles
of regular shape and are similar to those observed during
the dispersion of metallic films on amorphous carbon. The
structures formed during the melting of bismuth on a
vanadium layer intermediate between these structures [20].
In this case, arrays of large separated particles are formed,
which do not form a bonded system. Such contact pairs,
which have an intermediate interaction between low-
melting and higher-melting point components, are
promising objects for research. In addition, layers of
refractory materials that allow forming ultrathin
electrically continuous films [21, 22, 23, 24, 25], are of
interest to applied researchers for modern nanoelectronics.

Note, that the formation of self-organized arrays is a
result of several simultaneous processes of decay,
complicated by a possible coalescence of particles.
Although the contribution of the coalescence process
decreases with sample thickness, this process can have a
significant impact on the formation of structures, which
may affect the properties of a functional layer. With this in
mind, the current study investigates self-organized arrays
formed during the melting of micron-thick Pb films
condensed on a tantalum layer.

EXPERIMENTAL
Samples were created by vacuum deposition to a

glass plate of the electron beam evaporated Ta and
thermally sputtered Ph. The chamber was pumped down to
pressure 107 Torr with a combination of turbomolecular
and ion pumps. The thickness of the samples was
monitored by the quartz balance method and, further, if
necessary, refined by SEM microscopy studies. After
deposition, the glass plate was heated to ensure complete
melting of the fusible component. As with decreasing film
thickness the influence of additional mechanisms of film
de-wetting, except for grain boundary de-wetting,
increases [16], thick films (6 microns) were chosen for
study.

A Tescan Vega 3 LMH scanning electron microscope
equipped with a Bruker XFlash 5010 X-ray spectral
analysis system were used for surface morphological
studies. The obtained images were analyzed with the use of
software developed in our laboratory.

RESULTS AND DISCUSSION
Fig. 1 shows the SEM image of the Pb/Ta/glass
sample, where the Pb film is completely melted. The traces
of thermocapillary motion of melted drops that captured
the substance and formed much larger particles appear on
the substrate surface (fig. 2). Similar effects were observed
in the study [26] during the melting of binary films.

Fig. 1. SE im.age of PE)Té film on a glass plate after
melting of a fusible component.

Note that, in contrast to [26], in the case of Pb/Ta
films, the direction of movement of these droplets appears
to be random. This is clearly shown in Fig. 2. Such
microstructures may be a result of uneven heating of the
film sample. Structurally, the substrate was a glass plate
pressed by a metal mask to the massive heater. The edges
of the plate have better thermal contact than the central
part, which causes a temperature gradient.remnepaTtypu
cTaHoBmJa 0au3bK0 5 MK.

This can explain why the detected capillary
phenomena appear due to small temperature gradients, the
presence of which can significantly change the
morphology of the formed structures when heated. Such
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Fig. 2. SE ‘ mage fthewélags plate with Pb/Ta
deposited film obtained after complete melting of Pb.

gradients can occur naturally in many technological
processes. Thus, the development of technologies for the
creation of self-organizing arrays should take into account
such phenomena, reduce their influence, or, conversely,
use such capillary motion.
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To prove this assumption EDS analysis of the areas
with particle motion traces (Fig. 3a) and ordered structure
(Fig. 3b) was conducted. In addition to Ta, the presence of
Si was detected in obtained spectra. Due to the small
thickness of the Ta layer, it was possible to see the
spectrum of the glass substrate even at the minimum
accelerating voltage. Taking the above into co nsideration,
it is possible to estimate the relative thickness of the Ta
layer. As seen in spectra (Fig. 3a, 3b), the thickness
variation is insignificant and cannot affect the melting
substance behavior.

Consequently, the capillary motion of droplets (Fig.1)
is caused by random factors and should be considered as
an influence of temperature gradients during film de-
wetting. This phenomenon should be separated from the
matter self-organization processes when structures of
regularly shaped spherical particles are formed (Fig.4).

Particle size distribution histograms for an area with
an ordered structure of particles were plotted using the
method applied in previous studies [16, 18]. The
dimensionless size W which is delayed by vertical axis is
4 iN(r)r®

SAr

determined by the formula W = and is

Pb_Ta 1306
Ch1 MAG:256x HV:5kV WD: 16,4 mm
Px: 1,00 pm

cps/eV

Blar%Ta

OO O
CRNRM RO R O®

= e T r
1,50 1,60 1,70 1,80 1,9 2,00
Energy [keV]

Fig. 3. BSE images of different areas of Pb/Ta film and the corresponding fragments of the EDS spectra. The
concentration of Ta, on fig. 3a and fig. 3b, calculated in %, as compared to Si, is a quantitative measure of the

thickness of the metallic layer.

An area of the ordered structure particles, similar to
those studied previously [16, 18] has been observed
together with the areas with molten particle motion traces.
We assume that the molten particle motion is a result of the
uniformity of the deposited Ta layer.

numerically equal to the mass thickness of the film (in units
of 4r), which would form N(r) is particles whose radius (r)
getinto the interval (r, r + 4r). Here S is the area of the site
on which the histogram is calculated, and 4r is the plotting
step.
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Fig. 4. SEM images of an area of ordered particles Pb/Ta
film after thermal treatment.

The shape of the resulting histogram is asymmetric with
one maximum (Fig. 5). This is in agreement with the results
of [16], which show that the bimodal appearance of the
histogram, observed in a narrow interval of mass
thicknesses, changes to a unimodal one as the film
thickness continues to grow.
The physical reason for de-wettings of a continuous film to
islands in the melting process indicates the system
tendency to minimize its energy. Energy gain of the de-
wetted film may be evaluated using coverage of the film on
a substrate or using the most probable radius of the formed
particles. Taking into account that the substrate coverage is
0.2 and the most probable radius of the formed particles is
30 um, the energy gain can be estimated as 370 mJ/m2.
The density of particles on the substrate is an
important characteristic of the sample, which provides
information about the evolution mechanisms of the film
morphology during the formation of the surface structure.
The determination of the particle density, the smallest
particles are excluded from calculations. The following
criterion is used: all particles in the image are sorted out by
size and only the first N particles that contain 90% mass of
the layer, are taken for calculations. Such particles affect
the main properties of functional structures and are easy to
observe. It was observed that Pb film on the Ta layer had a
density of 300 particles per mm?2. This value is noticeably
smaller in comparison with the particles density for lead
deposited on carbon [16]. This indicates a decisive role of
the tantalum layer in the formation of the studied
structures. It appears that despite poor wetting by Pb, a
layer of Ta simplifies the particles motion. This facilitates
coalescence, which is present both in the region of capillary
motion (Figs. 1, 2) and in the areas of the substrate where
ordered structures were observed. Taking into
consideration all the above, we can conclude that the
asymmetry of the obtained distribution histogram is natural
and can be explained by the presence of the two types of

particles in the heat-treated sample. Primary particles are
formed by grain-boundary dispersion and secondary
particles are formed by coalescence of primary particles.

w

0.8~

0.6

0.4

02

¥, um
Fig. 5. Histogram of the size distribution of particles
formed during the melting of a continuous film of Pb on
the Ta surface.
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CONCLUSIONS

1. This study shows that the Pb films of micron
thickness, deposited on thin layers of Ti, form arrays of
spherical particles after melting.

2.  The shape of the particles indicated the poor
wetting in the system.

3. The histogram of distribution by the size of Pb
particles is single-modal but has signs of asymmetry.
Asymmetry may indicate that the microstructure of the
studied samples is formed by the two mechanisms. The
first mechanism is the thermal decay of the initial solid
films, occurred on the boundaries of grains of the
polycrystalline film. As a result, primary type particles are
formed. The second mechanism is the coalescence of such
primary particles, due to which particles of a different size

type appear.
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[TnaBeHHS TOHKHX IIapiB PEYOBUHY, 10 3HAXOAUTHCS HA TOTAaHO 3MOYYBaHil MOBEPXHI, PO3MIISNAETHCS SIK e(heKTHBHHUN
cnoci0 CTBOpEHHS CaMOBIOPAIKOBAaHWX MAaCHBIB METaJeBHX YAaCTWHOK. Taki MacWBM 3JaTHI SK ITOKpallyBaTH
TEXHOJIOTI4HI BJIACTUBOCTI (DYHKI[IOHAJIBHUX CTPYKTYD, TaK i cami BUCTyNaTH (YHKI[IOHAJBHUM EJIEMEHTOM Cy4aCHHX
TIPWIIAIIB Ta CHCTEM.

[Tix yac naBIeHHS TBEPAOTO MIapy Ha MOTaHO 3MOYYBaHIH MiJKIAALI YTBOPIOETHCSI MACUB YaCTHHOK chepraHoi popmu,
10 PiBHOMIPHO PO3MOAIJICHI MOBEPXHEI0 MiAKIAIKU. Po3mozin 3a po3MipamMu OCTpIBIIB, IO YTBOPIOIOTHCSA IICISA
IUIABJICHHST CYIIbHUX IUTIBOK, OCA/DKEHHX 332 MEXaHI3MOM Iapa-KpHCTajl, BU3HAYAEThCS HACAMIIEPE] MMOYaTKOBHUMHU
eTaramy iX JUCIIepryBaHHs, 32 SIKMX JOCTaTHHO TOHKA CYIiJbHA IUTIBKA PO3IAAAETHCS 1€ Y TBEPAOMY CTaHi.

PoGora mpucesiueHa MOCTIDKEHHIO MPOLECIB CaMOBIOPSAKYBaHHS, sKi BigOYBAlOTHCS IiJ 4Yac IUIABJICHHS IUTIBOK
CBUHIIIO, 1110 OyNH OCa/KEeHI Ha TAHTAJIOBY MiAKIAAKy. [[I1iBKM KOHEHCYBaJN Ha CKIISTHI IUTACTHHH, Y BUCOKOMY BaKyyMi
ICIISL YOTO HArpiBajIM JI0 TEMIIEpaTypH, IO JIEUI0 MEPEeBHUINYE TEeMIIEpaTypHu IUIaBIeHHS cBHHINO. 1o 3aBepuieHHIO
TEPMIYHOTO BIUIMBY 3pa3KM JICTaBAIM 3 BAaKyyMHOI KaMepH Ta JIOCIIKyBanu 3 BukopuctanHsiM SEM Mikpockomii Ta
EDS anamizy.
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M.O. Azapenxos, I' Al. Xaoocau, A.B. Mayenynin, M.B. Kopookos, A.O. Komicapos, A.I. Pycarosuu,
Junyi Du, C.M. Kamuamna, O.fO. Bpaeos, JI.O. Ilawenxo, B.JO. I'pecwv, E.C. 'esopxan, P.B. Bosk

BcTaHoBNEeHO, IO MiA Yac IUIABJICHHS IUIBOK CBUHIIO MIKPOHHOI TOBIIMHU YTBOPIOIOTHCS MAaCHBH YaCTHHOK
cepuunoi dopmu. [icrorpamu posmofiny 3a po3MipaMH TakHMX YaCTHHOK € JIOCHTh LIMPOKHMH Ta MOXYTb OyTH
MpeACTaBIeHI AK OiMONANbHI 3 MaKCHMyMaMH, IO YacTKOBO IMEPEeKPHBAIOTHCA. lle MOXKHA TOSCHUTH aKTUBHIMH
IpoIiecaMi KOAJIeCIICHIIIT Y 3pa3kax BelWKoi TOBIIMHM. [loka3zaHO, II0 HE3HAYHI TEMIIEPaTypHI TPAami€HTH MOXYTh
BUKJIMKATH TTOMITHI KIHETHYHI €(EeKTH, 3aBJISKU SKUM OKPEMi YACTHHKH IEPECYBAIOTHCS HA MaKPOCKOIIIYHI BIJICTaHI Ta
3aXOIUIIOIOTh OTOYYIOUy pedoBHHY. OLIHEHO €Heprilo, sKa MOB’s3aHa 3 ONTUMI3ali€l0 MOPQOIOTIYHOI CTPYKTYpH
BaKyyMHOT'O KOHJCHCATY Ta € (i3NYHMM YHHHUKOM IHCIICPIyBaHHS.

Knrouosi cnosa: oucnepeysanms, camoenopsoOKy8aHHs, OCMPIEYesi NNIGKU, NIAGNEHHA, MACUBU HACWMUHOK, PO3NOOiN 3a
posmipamu.
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KOHLI,EHTPAL!IVIHI AHOMATIT TANTbBAHOMATHITHUX
BJTACTUBOCTEWN TBEPOAUX PO34YMNHIB HA OCHOBI Sh:Tes

B CUCTEMI (Bi1-xSbx)2Tes

K.B. MaptuHoBa "=, O.l. Pora4osa

Hayionanvnuti mexniunuti ynisepcumem “Xapxiecokuii noaimexuiunuii incmumym’, eyn. Kupnuuosa, 2, 61002 Xapxkis, Yxpaina
E-mail: Kateryna.Martynova@khpi.edu.ua

Hapiiimma mo penaxii 02 6epesns 2023 p. [Tepermsaryro 05 xBitas 2023 p.
[puitasaro mo apyky 15 ksitHsa 2023 p.

Ha cporozHi TBepAi po3YMHH Ha OCHOBI TEIYPHIIB CYPMH Ta BICMYTY € OJHUMH 3 HAHOUIBII MINPOKO BXKUBAHUX MaTepialliB I
p- TUIOK TEPMOCNEKTPUYHUX IEPETBOPIOBAYIB, SIKI BUKOPHCTOBYIOTH MpU KIMHATHIM Temmeparypi i Hmkde. B maniii poboti
NIPE/ICTABIICHI PEe3y/bTaTH JOCIIJDKEHHS TajbBaHOMArHITHUX BIACTHBOCTEH (€JIEKTpONpoBimTHOCTI ©, KoedimieHTa Xomma R,
XOJUTIBCBKOI PYXJIHBOCTI HOCIIB 3apsiay MH) TEPMOENEKTPHYHHX TBEpAuX po3umHiB (Bii-xSbx)2Tes B iHTepBami ckiamis mobimsy
guctoro ShaTes (x = 1 —0.96) npu temmneparypax T =80 K ta T =300 K.

JocimKkeHHs. TPOBEACHO Ha JTUTUX MOJIKPUCTANIYHUX 3pa3kaxX, OTPUMAHUX METOAOM KPUCTaNi3awii 3 po3IIaBy 3 MOAaIbIINM
JIOBI'OCTPOKOBHM BifnaioM y BakyyMi npu Temreparypi T = 650 K. 'anpBaHOMAarHiTHI BIaCTHBOCTI BUMIpPIOBAJIM CTaHAAPTHUM dc-
MeTonoM. ExcriepuMeHTansHa KOMipKa OXOJOKyBalach pigkuM a3oToM. I[loxmOka mpu BuMipioBaHHI RH Ta G He mepeBHIIyBana
+ 5%.

IMoka3zaHo, 110 BBEACHHS MEePIIUX HopwLii BizTes mpu3BoauTh 10 Pi3KOro 3HWKEHHS G, IO OB’ A3YEThCS i3 BUCOKUM CTYIICHEM
PO3YIOPSIKYBaHHS KPUCTATIUHOI penriTku. B inTepBani cknaniB X = 0.99 — 0.9825 Ha KOHIEHTPAIIHHUX 3aJIeKHOCTIX 0(X) 1 UH(X)
BUSIBJICHE aHOMaJIbHE 3POCTaHHA G Ta UH. HasBHICTh TaKMX KOHIICHTpaLiHHNX aHOMAJIiil MOB'I3y€ETHCS 3 EPEXOJIOM BiJl PO3BEICHHX
J10 KOHIIEHTPOBAHUX TBEPAUX PO3UHHIB. BHCIOBIEHO NPHUITYLIIEHHS PO MEPKOLIHY MPUPOAY 3a3Ha4eHoro (asoBoro nepexony. B
pamMkax 3amaqi cdep Teopil mepkomsLil HajgaHa OLiHKA paniyca aedopmaniiinol chepu Ro mis aroma momimku (Bi). Otprmane
3Ha4eHHs Ro y3ro/pKyeThes i3 KOPOTKOAIIOYMM IOTEHIIaIOM JOMIIIKH. BCTaHOBIEHO, IO MOJOXKEHHS aHOMaJii o(X) 1 UH(X) He
3MIHIOETHCS TPH 3HIKEHHI TemiiepaTypH Bix 300 K mo 80 K.

TakuM 9UHOM, CHOCTEPEKCHHSI KOHIIEHTPAI[IHHIX aHOMAJTiii BIACTUBOCTEH utst TBepaoro po3unty (Bii-xShx)2Tes B inTeppani
CKJIaJIiB MOOJM3y ynctoro Sh2Tes € 1ie oAHUM MiATBEP/PKEHHAM IIOTE3H PO YHIBepCaTbHHI XapakTep MOBEIiHKH TBEPAUX PO3YHHIB
3a MaJIoi KOHIIEHTpaLil JoMilIky. BusBieHi aHomanii HeoOXiTHO BpaxOBYBaTH IIPH pO3pOOLIi METOIB MiABUIICHHS TEPMOEIEKTPUIHOT
e(eKTHBHOCTI MaTepialliB IUITXOM CTBOPEHHS TBEPINX PO3UMHIB a00 JOAaBaHHS JETYIOUNX KOMIIOHEHTIB.

Knrouosi cnosa: tBepai pozunHu (Bi1-xSbx)2Tes, ckiaj, eIeKTpomnpoBiHicTb, kKoedilieHT Xouia, XONIiBCbKa PYXJIHBICTb,
MEPKOJIALLIS.
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K.B. Mapmunoesa, O.1. Pocauosa

BCTYII

Boxe Oararo gecaTupid HAWBaKIUBINIOI 3a7adeio
tepmoenektpuaaoro  (TE)  marepiamo3maBcTBa €
nigsumenns TE nobpotHocti Z matepianis (Z = S%6/), ne
S — koeoimienT 3eebeka, ¢ — €IEKTPOIPOBIAHICTE, A —
teronpoBinHicts)  [1-3].  Omgamm i3 mHpOKO
BUKOPHCTOBYBaHMX METOMIB IIJBUINEHHS Z JUIIAETHCS
MeToJ yTBOpeHHs TBepnoro po3unny (TP) mix nsoma TE
MaTepiayamMH.

Teepai  posumam  (BiiShy),Tes,  yrBopewi
samimennsamM Shb—Bi B kaTioHHiii miarparii, HalxeXaTh 10
mmpoko BxkuBaHux TE warepiamis ansa p-rinok TE
MIEpEeTBOPIOBaYa, MHI0 3aCTOCOBYIOTBCS 3a TEMIEpaTyp
mobnu3y  kimHatHOi [1-14]. HemomaBHo  BigkpwuTi
TOMOJIOTIYHI BIAacCTUBOCTI MatepiamiB Tumy VoVlz [15]
MIPUBEPTAIOTH yBAry M0 OLTBII AETANBHOTO TOCIIKCHHS
3aJIe)KHOCTEH iX BIIACTUBOCTEH BiJ| pI3HUX HapaMeTpiB
(Temmepatypu, ckiany Ta iHmn). EnekrponpoBimHICTE o i
PYXJIHMBICTh HOCIIB 3apsiiy 4 € OZHHUMH 3 XapaKTEPHUCTHK,
0 BI3HA4YatoTh TE e(eKTUBHICTE MaTepiamiB, y 3B 3Ky 3
YHUM JOCJIJDKEHHS IaJbBaHOMArHiTHUX BJIACTUBOCTEH Mae
CYTT€EBE NPHUKIIATHE 3HAUCHHS.

Temypun cypmu — 1ie CHIIBHO BUPOKCHUH NIPKOBHI
HAaMiBIPOBITHHUK 3 MIUPUHOIO 3a00poHeHoi 30HU AE = 0.2
eB [9]. SbyTes kpucranizyerscst B poMOOCAPUIHY PEIIITKY
3 mapamerpamu ar= 10.447 A, ar=23.55°[3]. OcHoBHUMHU
HOCissMu 3apsimy y SbyTes BucTymarote atomu Sb, mio
3aifiMarOTh AHTHUCTPYKTYpHI mo3uiii B perritii (Sbre)
[5, 10]. Koxxen atom Sbrte NMPUBHOCUTH OJHY IipKYy, IO
obymMoBIIOE p — THI TpoBigHocTi SbyTe; 3HaueHHs
KOHIEHTpaii aipok B ShoTes p ~ 102 cm® 3a kimuaTHOT
temrepatypu [3,5]. 3HaueHHs o Ta iy Sy Tes 3a KiMHATHOT
TEMIIEpaTypy 3a JaHUMH Pi3HUX POOIT CTAHOBWIN AJISL 0
2500 - 4500 (Om-cm™) [11-14], s w80 — 400 cm?/(B-c)
[13, 14] 3anexHo Bijx ciocoOy MPUTrOTYBaHHS 3Pa3KiB.

B opaniii i3 Hammx nomepenHix pobit [16] wmwu
oTpumany. 3anexHocTi TE-BmacTmBocTelf HeJleroBaHWX
nutux momikpuctatiB (BiixSby)2Tes Bim ckmamy TP B
mpokomy miamasoni X (X = 0 — 1) i BcTaHOBWIIH, IO
katioHHe 3amimenns Sb — Bi npusBoauth 10 pi3koro
3HUXKEHHST ¢ 1 30inbmieHHs S. Ilpu Oinbln aeTaabHOMY
JOCTIKeHH] iHTepBary KoHIeHTpamniid X = 0 — 0.07 namu
Oynu BusiBNeHI aHOMaii MexaHiuHuX Ta TE BmacTuBocTeit
(MiKpOTBEpHICTh, S, 0, koediuieHT Xomna Ry) B iHTepBai
ckmanis X = 0.005 - 0.01 [17].

Ha croromni 3i0paHuii Bemukuii 00’€M CBiIOUTB
(ormsn takux poOiT mano y [18, 19]) mpo BuUsBIECHHS B
pi3HHX  cHCTeMax  aHOMamid  Ha  3aJICKHOCTAX
BiIactuBocTell Bing ckimamxy TP mpu BmicTi gomimkm ~1
aT.%. B 1ux po0OTax BHCIIOBIIIOETHCS MPUITYLIEHHS PO
3B’SI30K IIMX aHOMAJIii 13 peami3alfiero (azoBoro nepexoay
(@II) MIEPKOJIALIHHOTO TUILY (po3BeneHmii-
KoHLeHTpoBaHuil TP), 1o cynpoBoKy€eThCss KpUHTHUHUMHU
sumamu  [20, 21]. 3akOHOMIpHO OYIKyBaTH, IO Take

SIBUIIIC MAaTHME YHIBEpCaJbHHUH Xapakrep, TOOTO Oyie
BIIACTUBUM I Oynb-skux TP. Jis minrBepkeHHs i€l
TinoTe3u HeoOXiTHO MOMIMPIOBATH KJIAC TOCIIIKYBaHUX
00’€KTiB i aCOPTUMEHT BIIACTUBOCTEH, IKi BUBYAIOTHCSI.

O06’exTaMu HOCITiIKEHHS B AaHIH poOoTi Oymu nuTi
HEJICTOBaHI MONIKPUCTATIYHI TBEpAI PO3YMHH HA OCHOBI
Sh,Tes cucremu (BiixShy).Tes B intepBani ckiazis x = 1
—0.96.

Meta poOOTH — JOCHTITUTH 3aJISKHOCTI KiHETHIHIX
koeimientis Bix ckmamy TP (Biy«Shy),TesB intepBami  x
=1-0.96 npu Temneparypax 7'= 80 K ra 7= 300 K 3amns
BUSIBIICHHST MOJXJIMBOTO ICHYBaHHsS KOHICHTpAIHHUX
aHOMaJIlii  BJIACTMBOCTEM Ta IX  3aJIEXHOCTI  BIX
TEeMIIepaTypHu.

METOAUKA EKCHEPUMEHTY

[onixpucranivni 3pa3ku BUTOTOBJISUTU 3
BUCOKOYHMCTHX (He MeHm HiK 99.999 % ocHoBHOTO
KOMIIOHEHTA) BHXITHHX CJEMCHTIB HUIAXOM IX NPSIMOro
cwiasnenns npu T = (1075 £ 10) K mpotsirom 2 ToguH y
BaKyyMOBAaHUX KBapLOBUX aMITyJaX, OXOJOJKCHHIM JO
temmeparypu 7 = (650 + 5) K i HacTynHuM Bigmaiom mpu
nift remneparypi npotsarom 300 romgwn. Ilichs Bigmamy
3pa3Ky OXOJIO/PKYBAJIUCH 31 IIBUIKICTIO BUMKHEHOI Medi.
lanpBanOMarHiTHI BiacTHUBOCTI (0, RH) mocmimKyBamm
METOJIOM HOCTI{HOTO CTPYMY Ta MOCTIHHOTO MarHiTHOTO
nojas B TEPMIYHO  i30JIbOBaHIi  BaKyyMOBaHid
eKCIIepUMEHTANIbHIA KoMipli mpHu Temmeparypax 80 Ta
300 K. Kowmipka ©Oyma po3ramoBaHa B  3a30pi
€JISKTPOMArHiTy, BEJIMYMHA MAarHiTHOrO MO y 3a30pi
cknanana B = 1 Tn. 3pasku y dopmi mapanenemninezis
3x3x10 MM UIT BUMIpIOBaHHS BUIIIIOBAIH 13 3JIUTKIB.
IToxubka BuMiptoBaHHs Ry Ta o He nepesuiysana + 5%.
3HaYCHHS XOJUTIBCHKOI PYXJIMBOCTI HOCIIB 3apsiay AH
PO3pPaxoByBaJH AK LH = ORH.

PE3VJbTATH TA IX OB OBOPEHHS

st Beix 3paskiB B iHTepBani ckianiB x = 1 — 0.96
OyJI0 MPOBE/ICHO BUMIPIOBAHHS KIHETUUHHUX KOE(II[i€HTIB
Ry ta o mpu temmeparypax 80 Ta 300 K. Ha puc. 1
300pakeHi 3anexHOCTi ¢ (puc. 1,a) i un (puc. 1,0) Big
CKJIaJy X TIPH LIUX TEeMIIepaTypax.

HocrmimpkyBanuii intepBan ckmamis (x = 1 — 0.96)
npuisirae 10 uucroro ShpTes. Ilpu 36inmbiieHHi BMICTY
BiyTes B TP BinOyBaeThcs karionHe 3aminieHus Sh — Bi.
MoskHa mo0avnTH, M0 3aJeKHOCTI o 1 uy Big ckiaxy TP
MAarOTh CIUTBHUI XiA: MPU JOAaHHI TepIux mopiii Bi
(*=1-0.995) pyxnuBicTh HOCIIB 3apsy 3HWXYETbCS i
BIJITIOBiTHO 3HWKYETHCS 0. [liciast MBOTO CHOCTEPIraeThes
IHTEpBal  aHOMAJIBHOTO  3POCTaHHA & 1 UH
(x =0.99 — 0.9825), micyist YOO 0 i Ky 3HOBY 3HHXKYIOTHCSL.

Sk 1 B momepenHii Hamiii poboti [17], minsHKY
AHOMAJIBHOTO 3POCTaHHSA ¢ 1 un B iHTepBam x = 0.99 —
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Konyenmpayiiini anomanii 2a1b8aHOMASHIMHUX 61ACTIUBOCHIET MBEPOUX POZHUUHIB
Ha ocrosi SbaTes 6 cucmemi (BirShy)2Tes

0.9825 MO>KHA MOB'SI3aTH 3 peatizariero
KoHreHTpaniianoro @I mepkoysmiitHOrO THIY  Bif
po3BeneHoro TP nmo xoHmeHTpoBaHoro. Bimmomimao 0
Teopii mepKoJIALii, 32 MeBHOT KPUTUYHOT KOHLIEHTpALIi1, 10
HA3MBAETHCS «IIOPOTOM HepKoIALii», y TP yTBOproeThes
HECKIHUEHHHHA KOHTHHYYM TIOB'I3aHHX MK CO0O0I0
nedopManiiHUX —TOJIB  aTOMIB  JOMIIIKH, T. 3B.
"HeCKIHUEHHUH MEePKOJSLIHHINA KnacTep”.
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Puc. 1. 3anexxHocti  enekrponposignocti o (a) Ta
XOJUTIBCHKOT PYXJIMBOCTI HOCIiB 3apsay uw (0) 3paskiB
TBepaAuX po3uuHiB (BixSbix),Tes Bim cxmamy x s
temneparyp: 1 - 7=80K; 5—-7=300 K.

Fig. 1. Dependences of electrical conductivity ¢ (a) and

Hall mobility of charge carriers u (b) of samples of solid
solutions  (BixSbhix)2Tes on composition x for
temperatures: 1 — 7=80 K; 5— T'=300 K.

B [19] 6ymo 3a3HaueH0, npu popmysanHi TP 3HauHY
poms Mae B3aeMonis AeopMamiifHHX TIONIB AaTOMiB
nomimky. [lepekpurts nedopMariiHUX MONIB OKPEMHX
aTOMIB IPU3BOJUTH JI0 TOTO, IO HANPYTU HPOTHIIEKHHUX
3HaKiB KOMIICHCYIOTBCSA. 3a PaxyHOK LBOTO PyX HOCIiB
3apsily BCEpENWHI KJIacTepa MOJETUIYEThCS, L0 CIPHSE
IBUICHHIO uy. BpaxoBylouW, IO €NeKTPONpOBiIHICTh
MIPSIMO TIPOTIOPIIiiiHA PYXIUBOCTI (0 = pey, 1€ e — 3apsn
€JIEKTPOHA) MiABHUIICHHS Uy SK HACTIAOK MPHU3BOIWUTH IO
30UIBIICHHS 0. TakuM YUHOM, aHOMAJBHUH PICT 0 1 un
nobomu3y X = 0.99 MoxHa mMOB’S3aTH 3 KPUTUYHHMHU
SIBUIIIAMH, 110 CYIPOBOIKYIOTb YTBOpPEHHS
HECKIHYEHHOTO KJIacTepa B3a€MOIFOYMX aTOMIB JIOMIIIIKH.

[MepxomnsiuitHuit nepexin po30aBieHUi -
KkoHIeHTpoBaHui TP B 3HauHiil Mipi mpencTasisie OO0
reomerpuunnii ®DII. [lpu B3HWKEHHI Temmeparypu i
3MEHILEHHI JiT TeroBuX (akTopiB, BIUIMB IIEPETBOPEHB Y
KPUCTaJIUHIM peNIiTIii Ha BIACTHBOCTI Marepialxy CTae
BU3HaYaIbHUM. TOMY 3aKOHOMIpPHO, IO TIPH MEPexXoli A0

Hwkunx — temneparyp (7=80K) cnocrepexyBani
AHOMAJTIT TIPOSIBJIAFOTHCS OLTBII YiTKO.
JIOIIbHAM ~ TIPE/ICTABISATHCS  B3ATH Y  SIKOCTI

KPUTUYHOTO CKJaJy X KOHLEHTpALilo, IO BiANOBigae
MOYaTKy aHOMAaJbHOTO 3pocTaHHs o Ta uy (x = 0.99).
KopucTyrourch BHCHOBKOM 3a1adi cep Teopii mepKosmii
[20, 21], 3Har0YM 3HAYEHHS X., MOXHA OOYHCIUTH pajiyc
«chepu B3aemoii» atoma gominiku (Bi) 3 ymosu:

%;ch(zRo)3 ~2.7 (1)

ne N¢ — cepeHe YUCIIO LIEHTPIB chep B OAMHUII 00’ €My
IPH CKIIaIi, 110 BiIMOBIa€ MOPOTY MEPKOIAIIT (X = Xc).

Po3paxoBane 3HaueHHs ckimagano Ro = (1.2 =
0.05) ag, ne ap — mapameTp eneMeHTapHOi KoMipku ShoTes
(B kBazikyOiuHOMY TmpencTaBieHHi). Take 3Ha4YeHHs
BIJINIOBiJJa€ KOPOTKOMIFOUOMY XapakTepy IedopmamiiHol
B3a€EMOJIII.

BUCHOBKHA

TPOBEJICHO JOCTi JPKSHHSI
BJIACTUBOCTEH MOJIKpUCTAIIIB
TBepaux pos3unHiB  (BiixSbhy):Tes (x=1-0.96) vy
3aJIKHOCTI Bl CKJAAy TBEPAOrO PO3YMHY IMPU PI3HHX
TeMIepaTypax.

1. TTokazaHo, 10 3aJEKHOCTI EIEKTPOTPOBITHOCTI &

Y podori
rajJbBaHOMArHiTHUX

1 XOJTIBCHKOT PYXJIMBOCTI HOCI{B 3aps/y uu Bill CKIamy x
MaloTh BUPA)XEHO HEMOHOTOHHHMH Xapakrtep. Bussiene
pi3Ke 3HIDKEHHS ¢ TPH BBeJEHHI mepmux mopuiii BixTes
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K.B. Mapmunoesa, O.1. Pocauosa

OB SI3YETHCS 13 BUCOKHM CTYIIEHEM PO3YIOPSIKYBaHHS
KPUCTANIYHOI PENIiTKH. AHOMAJIbHE 3pOCTaHHS 0 1 U B
igTepBayi cxmamiB x = 0.99 — 0.9825 moB’sa3yeThCs 13
penakcari€lo BHYTPIIIHIX HaIpyr, L0 CYIPOBOJDKYE
YTBOPEHHS «HECKIHUEHHOTO KJIACTEPa» IPH MEPEXOAdl Bif
PO3BEICHOTO /10 KOHIICHTPOBAHOTO TBEPOT0 PO3UHHY.

2. Tlokazano, 110 TOJOKEHHS aHOMAaiii He
3MIHIOETHCS IPU 3HW)KEHHI TEMIIEpaTypH.

3. Hapana oninka paniyca gedopmarttiitaoi chepu as
atoma gomimku (Bi). Bemuunmna Ro = (1.2 + 0.05) ap
BIJINIOBiJ]a€ KOPOTKOMIFOUOMY XapakTepy nedopMarmiiHol
B3aeMOIi.

3. CnocrepekeHHS KOHICHTPAMiMHUX aHOMAIil
BJIACTHBOCTEH 151 TBeporo po3unny (BiixShy),Tes sk 3
60ky uncroro Bi;Tes[18], tak i 3 60Ky uuctoro ShoTes,
MATBEPIKYE TIMOTE3y IPO YHIBEpCATbHHN XapakTep
MOBEAIHKM TBEPIUX PO3YMHIB 3a Maynoi KOHLEHTpaiii
JIOMIILIKH, BUCJIOBJIEHY Y TIOIIEPEIHIX POOOTaX.

4. BusiBneHi e(eKTH BaXJIMBO BpPaxXOBYBATH IPU
po3poOIli  METOIIB  MIABHIICHHS TEPMOCICKTPUIHOL
e(peKTUBHOCTI MaTepiaiiB HUIIXOM (opMyBaHHS TBEPIUX
PO3YHHIB Ta JIETyBaHHSL.
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Today, solid solutions based on antimony and bismuth tellurides are among the most widely used materials for the p-legs of
thermoelectric converters used at room temperature and below. This paper presents the results of a study of galvanomagnetic properties
(electrical conductivity o, Hall coefficient Rn, Hall mobility of charge carriers p) of thermoelectric solid solutions (Bi1-xShx)2Tes in
the range of compositions close to pure antimony telluride (x = 1 —0.96) at temperatures T = 80 K and T = 300 K.

The study was carried out on cast polycrystalline samples obtained by the method of crystallization from the melt followed by
long-term annealing in vacuum at a temperature of T = 650 K. Galvanomagnetic properties were measured by the standard dc-method,
the experimental cell was cooled with liquid nitrogen. The measurement error of Ry and o did not exceed + 5%.

It is shown that the introduction of the first portions of BizTes leads to a sharp decrease in o, which is associated with a high
degree of disorder of the crystal lattice. In the range of compositions x = 0.99 — 0.9825, the concentration dependences of o(x) and
uH(x) revealed anomalous growth of ¢ and pH. The presence of concentration anomalies is associated with the transition from dilute to
concentrated solid solutions. An assumption is made about the percolation nature of the phase transition. Within the framework of the
problem of spheres of percolation theory, within the framework of the task of spheres of the theory of percolation the radius of the
deformation sphere of an impurity atom (Bi) is estimated. The obtained value is consistent with the short-range potential of the impurity.
It is shown that the position of the anomalies in the o(x) and pr(x) dependences does not change with the decrease in temperature down
to 80K.

Thus, the observation of concentration anomalies of the properties for the solid solution (Bi1-xSbx)2Tes is another confirmation of
the hypothesis about the universal nature of the behavior of solid solutions at a low impurity concentration. The detected anomalies
must be taken into account when developing methods for increasing the thermoelectric performance of materials by creating solid
solutions and doping.

Keywords: (Bii-«Shx)2Tes solid solutions, composition, electrical conductivity, Hall coefficient, Hall mobility, percolation.
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[HO®OPMAILIS JJI51 ABTOPIB CTATEN
)ypHaiy "BicHuk XapkiBcbKOro HauioHanbsHOTO yHiBepcuTety iMeHi B.H. Kapasina. Cepist "®izuka"

VY KypHaNi JPYKYIOTbCS CTATTI Ta CTUCII 3a 3MICTOM MOBIJOMJICHHS, B SIKUX HaBe/ICHI OPUTiHAJbHI pPE3y/IbTaTh
TEOPETHYHUX Ta EKCIIEPUMEHTAIbHUX JIOCTI/PKeHb, @ TAKOXK AHATITHYHI OIVIAM JITEPAaTYpHHUX JOKEPENT 3 Pi3HOMAHITHHX
aKTyaJbHHX MPoOJieM (i3UKH 32 TEMATHKOIO BUIAHHS.

Moga crareii — ykpaiHCbKa Ta aHITIIHCBKA.

TEMATHKA XYPHAJTY
. TeopetnuHa Qi3uka.
. ®i3uKa TBEpAOIO Tija.
. ®i3MKa HU3BKHX TEMIIEPaTyp.
. ®i3uKa MarHiTHUX SBUIL.
. OnTHKa Ta CHEKTPOCKOIIIs.
. 3arasibHi nuTaHH (GI3UKY 1 cepesl HUX: METONO0JIOris Ta icTopid (i3uKu, MaTeMaTU4YHI MeTOIU (Hi3UUHUX
JIOCII/IKEHb, METO/IMKA BUKJIJaHHsI (DI3MKH y BUIIIN IIKOMI, TEXHIKA Ta METOIUKA (DI3MYHOTO EKCIICPUMEHTY TOII[O.

AN N AW

BUMOT'U 10 O®OPMJIEHHSA PYKOITUCIB CTATE

3aranpHHiA 00CST TEKCTY PYKONUCY CTATTi MOBUHEH 3aiMaTh He OinibIie HiX 15 CTOpiHOK.

Pykonuc cTaTTi CKIaJa€eThesl 3 TUTYJIBHOI CTOPIHKY, Ha sIKil BKa3aHi: Ha3Ba cTarTi, iHiniany, npissuima, ORCID, nocana
1 HAyKOBUI1 CTyIIiHb aBTOPIB, IIOIITOBA aJjpeca yCTAHOBHY, B sIKii Oyia BukoHaHa poOoTa, kiacudikaliiiti iHIeKCH 32 CUCTeMaMU
PACS Tta YJK; aHoramiii Ha OKpeMOMY apKyull 3 Mpi3BHILEM Ta iHilliaJaMd aBTOPIB 1 Ha3BOI CTaTTi, BUKIAICHUMH
YKpaiHCBKOIO Ta aHIVIIHCHKOIO MOBAaMH; OCHOBHOI'O TEKCTY CTaTTi; CHHCKY JTepaTypd 3 MOCHIAHHSIM Ha doi, SIKIIO BiH
IIPUCBOEHUI; MIANUCIB il pUCYHKaMU; TaOJIULb; PUCYHKIB: rpadikiB, (POTO3HIMKIB.

B ykpaiHOMOBHMX CTaTTSX MiJNUCH IO PUCYHKIB i TaONuIb AyOJIIOIOTHCS aHINIIHCHKOI MOBOIO. 3a HasBHOCTI B TEKCTi
KUPWINYHUX IMTYBaHb HaJaloThes cnucok Jjirepatypu i posain REFERENCES. 3a ix BiICYTHOCTI — TUIBKM PO3.il
REFERENCES.

IIpu opopmiieni y REFERENCES kupuin4HUX IIUTYBaHb BKa3yeThCs aBTOPChKHUiT (OQilifiHNI) aHTTIHChKUI BapiaHT
Ha3BU PoOOTH Ta iIMEH aBTOpiB. 3a HOro BIJCYTHOCTI HABOAHMTHCSA MEPEKIIAl aHTTIHCHKOK MOBOKO (3arajibHOBXHBAaHUH Y
JiTeparypi, KO BiH icHye). HanpukiHili nocuaHHS HEOOXITHO BKa3aTH MOBY MEpIIOHKEpeNa, 3 IKOT0 3p00JICHO MepeKa —
nanpuknaf, (In Ukrainian).

AmHortaris Mae OytH 3a ob6csirom He MeHII Hix 1800 cuMBoiiB. CtarTs Mae OyTH CTPYKTypoBaHa. BHCHOBKH MOTPiOHO
IPOHYMEpOBATH i B HUX HaBECTH caMe BUCHOBKH, a HE IIOBTOPIOBATH aHOTAILIIfO.

EnexTpoHHUI BapiaHT PYKOMHCY CTATTi NMOBHHEH BiAMOBIJaTH TaKHM BHMOTaM: TEKCT PYKOIHCY CTaTTi Mae OyTn
HaOpanuit y Qopmari MicrosoftWord Bepcii 2013; BuUpIBHIOBaHHSI TEKCTy 3[iMiCHEHO 3a JIBUM KpaeM; TapHITypa
TimesNewRoman; Ha3Ba cTaTTi HaOpaHa MPOIMTUCHUMH JIiITEPaMU; MOJIs JTIBOPYY MPAaBOPYyY, 3BepXy 1 3HU3Y 110 2,5 cM; hopmyIn
MaroTh Oytu HabOpani B MathType (ue Hmxue Bepcii 6,5), y popMynax KUpUINLS HEe AOMYCKA€TbCSA, CUMBOJIU 3 HIDXKHIMH 1
BEpXHIMH iHJeKcaMu ciai Habupatu B MicrosoftWord, mmpuna ¢popmyiu He Oinbine 70 MM; rpadiku Ta ¢pororpadii HeoOXiaHO
nojasaTu y rpadiuHomy dopmati, pospizHenHs He MeHue 300 dpi, nomupenHs daiiniB Mae Oyt *.jpg, IUPUHA 300pasKeHb
JUIst oftHi€l abo ABOX KOJIOHOK 8 c¢M Ta 16 cM BixmosinHo. Macmrab Ha MikpodoTtorpadisx HeoOXiAHO HagaBaTH y BUIVIAAL
MaciITabHO1 JTiHIHKY.
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