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IHamsaTu Biktopa IlpoxopoBuua JledeneBa
(1937 —2013)

Penakmiiina xomeris «BicHuka XapKiBCBKOTO HAIllOHAJIBLHOTO YHIBEPCUTETY
imeni B.H. Kapazina» cepis «®izuka» 3 NMOOKUM cyMOM 1H(GOPMYE CBOIX YHTa4iB
npo Te, 1o 27 xoBTHA 2013 poKy MIIIOB 13 JKUTTS TOJI0Ba PEIKOJIETiT TOKTOp (hi3uKo-
MaTeMaTuyHuX Hayk, mpodecop Jlebener B.I1.

B.I1. Jle6ener napomuBcs 19 ciuns 1937 poky y m. XapkoBi. BiH 3akiHuMB
di3uKo-maTemMaTnuHui PaKyabTeT XapKiBCHKOTO JEP’KaBHOTO YHIBEPCUTETY IMEHI
O.M. T'opbkoro Ta actiipanTypy YKpaiHCHKOTO (Di3UKO-TEXHIYHOTO IHCTUTYTY. 3aXHUCTUB
y 1971 porti kanaunarceky, ay 1991 porti nokropeeky nucepraiito. Y 1991 pomi B.I1.
JleGeneBy OyI10 IprUCBO€EHO BUeHE 3BaHHs Mpodecopa. Y 1959 pori B.I1. JIebenen mouan
IpaIfoBaTH Ha MOCa/i aCUCTeHTA Kadeapu eKCIIepUMEHTaNbHOT (h13UKHU XapKiBCHKOTO
nep>xkaBHoro yHiBepcutery imeHi O.M. Topepkoro. B mopamsioMmy mpalioBaB Ha
mocaji CTapIioro BUKIIaiada, J01eHTa, mpodecopa, 3aBiayBada kadeapu. 3 1993 p. 1o
2005 p. o6GiitmaB mocany nekaHa ¢dizuyHoro ¢dakymerery, a 3 2001 poky g0
27.10. 2014 mparroBaB Ha Tocaji 3aBigyBada kadeapu eKCrepuMEHTaIbHOI (DI3UKH
XapkiBChKOTO HalllOHABLHOTO YHiBepcuteTy iMeH1 B.H. Kapasina.

OcHOBHI1 HaNPsIMU HAYKOBUX JI0CIT1KEHB, iK1 TpoBoAuB B.I1. Jlebene, crocyBanuch
G13UKKM MIITHOCTI Ta IJIACTUYHOCTI 1, 30KpeMa, HU3bKOTEMIIEpaTypHOi aedopmartii
MeTamiB i cruiaiB. [lig #ioro kepiBHUIITBOM OyJI0 OTPUMAHO PsiJi BATOMUX HAYKOBHUX
PE3YABTATIB 010 BIUTMBY HAJITPOBIAHOTO CTAHY METAJIIB Ta CHJIbHUX MarHITHUX TTOJIIB
HAa MEXaHW4YHI Ta CTPYKTYpHI BiIacTHUBOCTI MmarepiainiB. Jlebenes B.I1. omyOmiikyBaB
y cmiBaBTOpCTBI MoHaja 150 HaykoBUX TMpailhb Ta KiUTbKa HAaBYAJIBHUX MOCIOHUKIB,
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MiJrOTYBaB TPhOX KaHIWJATIB HaykK. BiH € omHuMm 3 po3poOHukiB Jlep:kaBHOTO
OCBITHBOTO CTaHIApPTy 3 MIJATOTOBKHU OaKaIaBpiB 3a HAMIPSIMOM ITIATOTOBKH «(i3UKay.

B.I1. JleGeneB OyB ujieHOM JABOX CIEMIaTi30BaHUX BYCHUX paja 13 3aXUCTy
JOKTOPCHKHUX JAMCepTaliid. 3 HOoro iHINIaTUBH Ta MPU Horo Oe3mocepenHiil ydacri
Ha ¢izuuHoMy (akynbpreTi Oyno BigHOBIEHO BUAaHHS «BicHuka XapKiBChKOTO
HarioHanbHOro YyHiBepcutery imeHi B.H. Kapasina» cepis «®i3uka», ToI0BOIO
PEAKOIIerii SKOTro BiH OyB JI0 caMOi CMepTI.

Biktop IIpoxopoBuu JleGeneB TanaHOBUTUN BHUKJIA[a4y, BYCHHH 1 OpraHizarop
(b13uIHOT OCBITH, JIIOAWHA IUPOi Ay 1 Baadl. CBiTia maM’sTh PO HbOTO HA3aBKIH
30epeKeThCs B CEPIISIX BCIX, XTO MOTO 3HAB.

Penakmiiina xoseris
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Vacancy-fluorine clusters in silicon

A. Chroneos

Department of Materials, Imperial College, London SW7 2AZ, United Kingdom

alexander.chroneos@imperial.ac.uk

It is known that Fluorine (F) doping and formation of F-vacancy (F V ) clusters (for n >4, m>1) in silicon (Si) can suppress the
transient self-interstitial mediated diffusion of boron (B). Recent experimental studies have revealed that the concentration of F V
clusters is insignificant, which is in disagreement with results of a number studies. In the present study we use electronic structure
calculations to evaluate the binding energies of F V_ clusters and V_clusters. Significant binding energies of the V_ clusters reveal that
the concentration of the large F V_ clusters is limited if compared to that of V, or even smaller clusters.

Keywords: fluorine, silicon, vacancy, density functional theory

Binomo, mo pomimku gropy F i Bakancionni xinactepu ¢rop-ananis F V. (n>4, m>1) B xpemHii (Si) 31aTHi yIIOBUIbHIOBATH
IIBU/IKOTLTMHHY MDKBY301bHY 1H(y3ito 60py (B). Hemapri nocimipkenns yCcTaHOBHIIM, IO KOHIEHTpais knactepis F V¢ nesnaunoro,
L0 CYNEpeYuTh pe3yabTaraM 0ararboX TEOPETHUYHUX IOCHIIKEHb. Y poOOTI MU MPOBOAUMO PO3PAXYHOK €JIEKTPOHHOI CTPYKTYpPH 3
MeTor0 00uMCcieHHs eHeprii 38'a3ky knactepis F V Ta V . 3Hauni eHeprii 38'13Ky KiacTepis V| CBif4aTh Npo Te, IO KOHIEHTPALlis
KpynHUX KnacTepi F V| oOmexkeHa B MOPIiBHSHHI 3 KOHIEHTpAIi€lo V 1 KIacTepiB MEHIIUX PO3MIpiB.

Kurouosi cioBa: ¢hrop, kpeMmHil, BakaHCisI, Teopist PYHKIIOHAIBHOT MIITEHOCTI.

M3gectro, uro mpumecu ¢ropa F n  Bakancuonnble knactepsl grop-anamusa F V —(n>4, m>1) B xpemunu (Si) crocoGHbI
3aMeIIATh OBICTPOIIPOTEKAIOIIYI0 MEX10y3elbHyto auddysuto 6opa (B). HenaBHue mccnenoBaHus mokaszand, YTO KOHLEHTpALUs
knmactepos F V sBisieTcsl HE3HAYMTEIBHOM, UTO MPOTUBOPEUUT PE3yNIbTaTaM MHOTHX TEOPETHYECKUX HCCNeNoBaHUH. B HacTosei
paboTe MbI IPOBOIMM PACUET SIEKTPOHHON CTPYKTYPBI C LENbIO BBIMUCICHHS SHEPTUH CBsA3M KiaacTepos F V1 V| . 3HauntenbHbie
SHEPTUHU CBSA3H KIACTEPOB V, CBHJETENLCTBYIOT O TOM, 9TO KOHIIEHTPAIMS KPYIHBIX KIactepos F V orpaHndena mo cpaBHEHHUIO ¢

KOHLIEHTPaIUeH VM KIacTepoB MEHBIINX Pa3MEPOB.

Keywords: ¢top, kpemHwMii, BakaHCHs, TeOpHs QYHKIIHOHATIBHOM TUIOTHOCTH.

Introduction

Fluorine atoms (F) in silicon (Si) saturate the dangling
bonds of vacancies, which results in formation of F V.
clusters whose presence suppresses the transient enhanced
diffusion of boron (B) ([1-12] and references therein). It has
been determined in previous experimental studies that the
average number of F atoms trapped per vacancy is 2-3 (see
[3,4]). According to the density functional theory (DFT)
predictions, the formation of large F V_clusters is favoured
because of the energy gain as a result of the vacancy
dangling-bond saturation by F atoms.[8-11] According to
a recent model and interpretation[11] of the stability of the
F V. clusters there is no limit on their size and therefore
they are expected to grow until they saturate the dangling
bonds available at a given temperature. However, Bernardi
et al.[5] could not determine a detectable concentration of
F V_clusters (for n > 4, m > 1). The results of Bernardi et
al.[5] are consistent with the previous studies supporting
the reduction of B transient enhanced diffusion by the
codoping with F (for example [9] and references therein).

© Chroneos A., 2014

The impact of V. cluster formation has not been
considered in previous studies attempting to model the
clustering of F atoms with V. Formation of V_ clusters
results in reduction of the number of dangling bonds
(for example a V, pair reduces the dangling bonds to 6
when compared to 8 in the case of two isolated /) and
is energetically favorable.[13] The V. cluster formation
competes to that of F V' clusters as they are limiting the
unbound V concentration available for the F atoms to bind.

In the present study we apply DFT to predict the most
stable F V and V_ clusters in Si, whereas mass action
analysis can help explain the discrepancies in literature.

Calculations details
The simulations were performed using the DFT code
CASTEP"'"® with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) functional
[16] and ultrasoft Vanderbilt pseudopotentials [17]. A 64-
site tetragonal diamond structure Si supercell, periodic
boundary conditions and 2x2x2 Monkhorst-Pack [18]
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k-point sampling was used. A plane wave basis with the
energy cutoff of 350 eV was used. The atomic coordinates
and unit-cell parameters were relaxed using energy
minimization. The efficacy of this approach in description
of defect chemistry of semiconductors has been previously
demonstrated [19-21].

Results and discussion

The bandgap of Si has been severely underestimated
due to the inappropriate description of exchange when
local density approximation (LDA) and the Perdew-Wang
functional, PW91, are used [22]. Thus the present study
is focused on uncharged supercell calculations performed
at GGA and PBE levels of theory. This approach allows
obtaining differences in energies less affected by the
systematic errors in the exchange-correlation energy, which
results from an intrinsic error correction capability for a
3D cluster. The condition of charge neutrality of supercells
is fulfilled by assuming mid-gap Fermi level at which the
F V_ clusters should be neutral in charge.

When an interstitial F is positioned in-between two
Si atoms (bond-center position), it forms two covalent
o bonds, releasing one electron to the crystal and in
consequence becoming effectively positively charged for
most conditions [9]. If we assume the tetrahedral position
for the interstitial F, then an electron is needed for the
interstitial F to complete its outer shell. Therefore, the
interstitial F is expected to be negatively charged. Thus we
have found that bond-centred position for the interstitial F is
more energetically favourable than the tetrahedral position.
This conclusion is in a good agreement with the previous
first-principle predictions for F interstitials in Si [9].

Cluster formation can be quantified by calculating the
binding energies. The binding energy, E,(F V, Si, )ofnF
atoms to m V'to formaF V_cluster in Si is given by:

Eb (EleSiN—n—m ) = E(EszSiN—n—m ) -
—nE (FSiy_)—mE(VSi,_ )+ (1)
+(n+m —I)E(SiN)

where E(F V Si, ) is the energy of an N lattice site
supercell (here N = 64) containing N-n-m Si atoms,
n F atoms and m vacancies, E(FSi, ) is the energy of a
supercell containing one F and N-I Si atoms; E(VSi, )
is the energy of a supercell containing one ¥ and N-/ Si
atoms; and E£(Si,) is the energy of the N Si atom supercell.
The physical meaning of negative binding energy is that
the F V. cluster is more stable with respect to n isolated F
and m isolated V. The difference in the binding energy is
the lowest between F,V, and F,V, (-1.75 eV). The energy
change for every added interstitial F exceeds this value (i.e.
-1.75 eV) for all the F V_ clusters considered (see Table 1).

Consistently with the previous results (for example
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[11] and references therein) the clusters with all dangling
bonds saturated of the general formula F,__V = (for
example F,J and F V) exhibit the highest binding
energies. As the bond-centred F interstitials are positively
charged they should repel one another. Consistently with
the previous work [9] we performed calculations for the
clusters in which we assumed a fully relaxed configuration
(i.e. in which the F atoms repel one another). It is worth
noting that such clusters are more energetically favourable
compared to those in which the F atoms are constrained to
the original dangling bond directions (for example the F,V’
cluster, refer to fig. 1). The dependence of binding energy
on the number of F and V in a cluster defect is shown in
fig.2 (greater colour intensity means higher bond energy).
It is evident that not only the increase in the cluster but also
the exchange of F by V results in formation of a cluster
having stronger binding energy.

Fig. 1. (color online) The F,V cluster in the (a) fully
relaxed configuration were the F atoms repel one another
and (b) when the F atoms are constrained to the original
dangling bond directions. Yellow and light blue spheres
represent Si and F atoms respectively, whereas black
spheres represent V.

The relative concentrations of F V.  clusters can be
quantified by applying mass action analysis. [23] Within the
mass action framework, the concentration of FV, clusters,
ie. [FV ], relative to the concentration of unbound F
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atoms, i.e. [F], and the concentration of unbound V, i.e.

[V], is given by
[Ele] _ eXp _Eb (F;1VmSlN—n—m) (2)

[FI T ksT
where k, is Boltzmann’s constant, 7'is the temperature and
E, is the binding energy of clusters (given in Table 1).

Fn

0 -
0 1 2 3 4 5 6

Vm

Fig. 2. The dependence of binding energy on the number
of F and V in a cluster defect (greater colour intensity
means higher bond energy).

Eq. 2 highlights that the formation of the larger
clusters is not only dependent upon the temperature and
the binding energy differences between the clusters, but
also on the relative [F] and [V] concentrations. Using Eq. 2
one can generate a set of equations for F V' clusters, which
can be solved using the iterative minimisation approach.
The accuracy of description by this method depends on
the accurate determination of the initial /" concentration.
The efficacy and assumptions of the presented mass effect
framework in related materials and issues was widely
discussed in our previous papers [24-27].

Interestingly, in a recent related study concerning
F-doped germanium (Ge) the mass effect analysis has
implied that the really large F V = clusters are never
of significance irrespective of the relative F and V

concentrations [28].

Conversely, smaller clusters such as V,, F,V, and
FV and isolated defects are more populous with their
concentrations depending strongly on temperature [28].
Cluster populations in Si and Ge are expected to be similar
given the analogous F V. binding energies. Therefore, there
is consistency with the work of Bernardi et al. [5] which
could not determine a detectable concentration of F V_
clusters (n>4, m > 1). The electronic structure calculations
performed in this paper predict that V clusters have high
binding energies and can be antagonistic to F V_ clusters,
Table 1, fig 2, because the concentration of the unbounded
V available for the F atoms to bind is limited. Additionally,
the change in binding energy strongly depends on the
number of Fluorine and Vanadium atoms in a cluster defect.
A mass action model proposed in this paper can be applied
to calculate the relative concentration of the V and F V
clusters given an initially determined V concentration and
the amount of F implanted in the Ge sample.
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PACS: 67.80.Gb TemioBsie CBOICTBa;
65.40.-b TeroBBIe CBOHCTBA KPHCTANTHIECKAX TBEPBIX TEI

K Bonpocy o nnatoobpasHoM noBegeHUN TENSTONPOBOAHOCTU
TBEPAOro rnapasogopona C TAXENnom atToMapHOW NPUMECHIO
npeaenbHO Masion KOHLEHTpaunm

Ceemuoti namamu B.I. Manocenus noceswaemcs

H.H. >KonoHko

Yepracckuil nayuonavbhbvlil ynusepcumem um. boeoana Xwenvnuyxoeo
oynve. Lllesuenxo, 81, Yepraccwr, 18031, Vrpauna
zholonko@yahoo.com

Hccnenosanbl BO3MOXHOCTH HCTIONB30BAHHA JAHHBIX O IUIATOOOPA3HOM MOBEJICHHHM TEILIONPOBOMHOCTH TBEPIOro p-H, ¢
npuMecsiMA Ne U Ar IpeelIbHO MalblX KoHIeHTpanuil. [Tokazana mexecoo0pa3sHOCTh MPUMEHEHHS B KadeCcTBE TSHKENION MpuMecH
aromMoB Hg 1715 IOTIONHUTENBHON TIPOBEPKHU TUIIOTE3bI O Cerperamud B TBEPAOM p-H, NPUMECHON MOACHCTEMBI B LIETIOYKH BIOJIb
azep aucnokauui. OTMEUEHO, YTO IpHU 3TOM TBEPABIK p-H, MOKET cTaTh c1a60 IPOBOAALIMM H JIaXKe CBEPXIIPOBOAALIMM, OCKOJILKY
JUIMHBI KOPPEJALUN KyTIepOBCKUX AJIEKTPOHHBIX ITap Ha TPHU HOPsIKa IPEBBILAIOT CPETHUE PACCTOSIHUSA MEKAY IPUMECSIMH B LIETIOUKE.
OOCyKIaroTCs yCIIOBHS TIPOBEACHHST COOTBETCTBYIOIIEr0 AKCIEPUMEHTa Ha OCHOBE CYIIECTBYIONIMX AAHHBIX JUIS IPYTUX TSDKENBIX
npumeceit B TBEpaom p-H,.

KonroueBble cjioBa: TBEPABIA MapaBOIOPOJ, TEIIONPOBOTHOCTH, THKENAS MPHMECh, HUTEBHIHAS IPHMECHAas CTPYKTYpa,
IMEKTPONPOBOTHOCTE.

HociipkeHi MOATMBOCTI BAKOPMCTAaHHSA JTaHUX MPO TLIATONOMIOHY MOBEIIHKY TEIIONPOBIIHOCTI TBeporo p-H, 3 nomimkamu Ne
1 Ar TpaHUYHO MaJIMX KOHIeHTpamii. [TokazaHa JOIIBHICTE 3aCTOCYBaHHS K BaXKKOi JOMiIIKK aToMiB Hg 1u1st monaTkoBoi nepeBipku
TiNOTe3H TIPO CETPeraiito B TBEpoMy p-H, TOMINIKOBOI MiICHCTEMH B JTAHIIOKKH Y3MOBXK sjep Auciokanid. Binsnadaerses, mo
Hpu 1bOMy TBepAud p-H, MOXe CTaTh CIaOKO MPOBiIHMM i HaBiTh HaJANPOBIIHMM, OCKiIBKH TOBKHHH KOPEJALiHd KynepiBChKHX
CJIEKTPOHHUX Nap Ha TPU NOPSIKH MEPEBUIIYIOTH CEPEHI BiICTaHI MK JOMIIIIKAMH B JIAHIFOXKKY. OOTOBOPIOIOTHCS YMOBH IPOBEACHHS
BiJIIOBI/IHOTO EKCTIEPUMEHTY Ha OCHOBI iCHYIOUMX NAHUX JUIS IHIITNX BaXKKHX JIOMIIIIOK y TBepiomy p-H,.

KiwueBble cjioBa: TBepauii mMapaBOACHb, TEIJIOMPOBIMHICTh, BaXKKa JOMIllIKa, HHUTKOMOAIOHA JOMINIKOBA CTPYKTypa,
€JICKTPOTIPOBITHICTb.

The possibilities of using the data regarding plateau-like behavior of the thermal conductivity of solid p-H, doped with Ne and
Ar extremely low concentrations were investigated. The usefulness of heavy impurity Hg for the further verification of segregation
hypothesis in solid p-H, impurity subsystem in chains along the dislocation cores was shown. It is noted that this solid p-H, with Hg
could have electric conductivity or even superconductivity due to the fact that the Cooper electron pairs correlation size is on three
orders of magnitude higher than the average distance between the impurities in the chain. We discuss the conditions of the relevant
experiments based on existing data for other heavy impurities in solid p-H,.

Keywords: solid hydrogen, thermal conductivity, heavy impurity, impurity chain, electric conductivity.

Brmusane TOKENOH  aToMapHOM NpHMECH HA  MAJCHHUIO TETUIONPOBOJHOCTH Ooiee, 4eM Ha TOPSIOK,

TEIUIOTIPOBOTHOCTE TBEPAOTO TapaBOAOpOIa C HEOHOM
¥ aproHOM OBLIO XOPOIIO M3yYeHO W OMHCAaHO B paborax
[1-4]. B yactHOCTH, AJI1 KBa3WU30TOMUYECKON MPUMECH
HeoHa [1] B yclmoBUsSX MpeAebHO MalbIX KOHLEHTPAIMiA
(MUIJIMOHHBIE YacTH) HAOMIOANCsl CHIBHBI  d(dekT
pocTa  TEMJIOCOMPOTHBICHUS  oOpasia
BCJIEICTBHE WHTEP(PEPEHIINH KBAa3MIOKAIBHBIX KOJIeOaHU
W JPYTHX PE3UCTHBHBIX MEXaHH3MOB C HOPMAalbHBIMHU
(hoHOH-()OHOHHBIMU YTO TMpHUBEIO K

HEJTUMHEHHOTO

MpoLEeCcCaMHy,

© >Konoxko H.H., 2014

c o0pa3oBaHMEM pPE30HAHCHOM SMBI B CpaBHEHHE C
e€ MakCUMyMOM Uil 4YHCTOro mapasoxopona [5,6].
BripanBanue 00pa3loB MPOM3BOAWIOCH M3 Tasza IpH
KOHOCHTpaluiaX, CYIECTBEHHO MCHBIINX npeuenbﬂoﬁ
PaCTBOPUMOCTH, 4YTO IO3BOJACT TOBOPUTH O CHCTEME
YEAMHEHHBIX  INpUMEced B Marpuue
KpHUCTAaJUIa BEICOKOTO KadecTBa. [Ipu ObIcTpoii meperiaBke
TeMIIepaTypHas

napaBogopoJia ¢ HCOHOM HE IPETEpIiCBaIa KaKuX-JI100

KBAaHTOBOI'O

3aBUCUMOCTDb TCIUIOIIPOBOAHOCTHU
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HU3MEHEeHHUH.

KapTtuna BIMAHHS Ha TEIUIONPOBOTHOCTH TBEPIOTO
rapaBojiopojia 0oJee THKENON MpUMecH aproHa oKa3anach
Heckompko WHOH [3]. Hms oOpasmoB m3 Ta3oBoi (hasbl
TAKKe YNAJIOCh IOJNYYUTh PE30HAHCHYIO AHOMAJIUIO Ha
KPHBOM, OTHAKO PUMECHOE BIIHMSHHUE B LIEJIOM OKa3aJloCh
HE CTOJIb CHJIBHBIM. [lociie mepenaBok KpuBbIE COBIAIN
¢ wucxoaHbIMU (koHIeHTpanuu aprona 0,00004 ar.
% mn 0,00013 ar. %). OT0 yKa3bIBaJO HAa OTCYTCTBHE
cerperanuy IpuMecell Ha CKOPOCTSAX BbIPANIHUBAHUS,
HurepecHo
OTMETHUTb, YTO ISl 00pa3loB C HA TOPSAAOK OOJIBIIUMHU

HCIIOJIb30BABIINXCA B OKCIICPUMCHTC.

KOHOCHTpAllUsIMM aproHa KpUBBIC TCIUIONPOBOAHOCTH

MPAKTHUECKH COBMAIM C YHUCTBIM MapaBOJOPOJIOM,
YTO MOXKHO OOBSICHHTH pacmazoM TBEPIOTO pacTBopa
BCJICJICTBHE 3HAYNTEITHFHO MEHBIINX BEJTMYHNH

pacTBOPUMOCTH aproHa (Ha CETOAHS HE YCTaHOBIICHA),
4yeM y HeoHa. TakuM 00pa3oM, B OTJIMYHE OT HMPUMECH
HCOHA, B CJIA0BIX PAacTBOpaX aproHa MpU JECyOTUManuu
U3 ra3a M [eperuiaBKe paciaaHble MPOIECCh (Cerperarus
B KJIACTEPhI, HUTECBUIHBIC CTPYKTYPBI, BBIXOJ HA I'PAHHIIBI
3¢peH W T.I.) HE HaOIIOMAINCh. JDTO MOXXHO OOBSICHUTH
MEHBIIUMHU  KOd(pPUIHEHTaMH TUPPY3UHd aproHa B
TBEPIOM ITapaBOAOPOIC, YeM y HeoHa. BO3MOXKHO, 4TO
JUTSL Cerperaiuy TaKuX TSDKENBIX MPUMECceH, 00IaIaronmx
MEHBIIIeH MOABMKHOCTBIO, TpebyeTcs Oojee MeisieHHas
TeperiaBKa.

JlanpHeiume uccieaoBaHus NapaBoiopoia ¢ HEOHOM
MTOKA3aJIi, YTO MEJUICHHAs MIeperlIaBKa sl KOHIICHTPALUit
0,0001 ar. % u 0,0002 at. % BMECTO PE30HAHCHOW SIMbI
MOYKET IPUBOIUTH K MOSBIICHUIO PaHEE HE HAOTIOIABIIICTOCS

JUIsL KPUBBIX TCIUIOMPOBOAHOCTH CUMMECTPUYHOTO
[UIaTO: PE3OHAHCHAs sMa Mcye3ana 3a CYET yMEHbLICHHS
ropooB  [7,8]. OOBsACHEHHE CTOIh  WHTEPECHOTO

s¢dekra OBUIO NMPOBEAECHO B paMKax IPEACTABICHHS O
nepepacipeesieHu TOKENbIX NpUMecell B JIMHEHHbIE
CTPYKTYpbI BOJIM3M sijiep IUCIOKAIMH NpPU MEUICHHOM
BBIPALIIMBAaHUM 00pasia. YUWuThIBas M3BECTHBIH (aKT,
YTO TOHKHME YNPYIHe JIMHEHHBIE CTPYKTYPhI PaCCEMBAIOT
(DOHOHBI MTPOTIOPIIMOHATBHO MX KyOy YacTOTHI, B paMKax
ypaBHeHust  bonpumana  (Mopens
Kannayast) ynanocs nomyuuts addekr miaro, npuuém 6e3

KHHETHUYCCKOI'O

JIOTIOJIHUTENEHBIX MOATOHOYHBIX TapameTpoB. [Ipu sTom
OlLIEHKA IJIOTHOCTH LENOYeK IpUMeceil aaja BEIHYHHY,
XapaKTEepHYIO Ui IUIOTHOCTU OUCJIOKaUuil B TBEPIOM
mapasogopoze (105 m 2).

B pabGore [9] Opura mpemIoKeHa OIXHOMEpPHAs
IBYXypoBHeBash IU(GQY3MOHHAS MOICITh U IPOBEACHA
OlLleHKa Kod(duienTa tuddy3nn HeoHa B MapaBogoposae
(mpennnaBunbHas o6macTh Temmeparyp). OH okazancs
Omm3kuM KO3 GUIMeHTy camoauddy3un BoIOpona, 9To
COOTBETCTBYET BBICOKOH IMOJBIKHOCTH HEOHA B MATpPHIIE.
Bruto oTMeueHo, 94To 00pa30BaHIIO HUTEBUIHBIX CTPYKTYP
B T1apaBOJIOPOJIC, COCTOSIINX M3 aTOMOB HEOHA, TIOMHUMO

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

TEPMHYECKH aKTHBHPOBAHHBIX MEPECKOKOB MOKET TaKkKe
criocoOcTBOBarh Bocxosias 1uddysus npumecu (3pdext
Topckoro [10]) BOmm3m smep auciokanuii. IlomaB B
JMCITOKalMOHHYIO TPYOKY, aTOMBI HEOHA OKA3bIBAIOTCS [UIS
MTOTIEPEYHBIX K HEll IBMKEHUH Kak ObI B Oojee TTyOOKoi
MOTEHIMATILHON siMe. B To ske camoe Bpemsi, BIOJb sijipa
JIMCIIOKAllMM aTOM CIIOCOOEH IepeMenarbcs J0CTaTOuHO
CBOOOJHO: B O3TOM HAlpaBJIEHHUH €ro IOABHKHOCTh
BO3PAcTaeT Ha HECKOJIBKO MOPSIKOB.

[TpencTaBmsieTcst BayKHBIM TOAYEPKHYTh, YTO HATHIHE
PEe30HAHCHOM KPUBOI HAOIIOAAIOCH 1 TS CITydasi IPUMECH
aproHa, Korja ero KOHIIEHTpalus BO3MOXKHO yKe He Obuia
HYDKE TIpEJIeNTbHOM pacTBOPUMOCTH, KaK 3TO MMEJIO MECTO
11 HeoHa B p-H.. DTo 103BOMIAET HA/leAThCs, YTO U 371€Ch
CYIIECTBYET TAKOH PEXMM BBIPAIIUBAHUS, NIPH KOTOPOM
OyZieT IMeTh MECTO YacTUYHAsI CETPETalys aproHa B HEKHe
OrmeTum,
OZIHAKO, YTO caM MO cebe Takoil MOMCK HE CMOXET
Ha/&XHO TOATBEPANTh WM OIPOBEPTHYTH THUIIOTE3y O
BO3HHUKHOBEHHH IUIATO BCJIEACTBHE CErperanuy TSKEIbIX

IIPOME)KYTOUHBIE HHUTEBUJHBIC CTPYKTYDBI

npuMeceil B HUTEBUIHBIC CTPYKTYPHI.

3HaunTenbHO Oo0Niee MHTEPECHOH MPUMECHIO, HYeM
aproH, JIs TAKOTO POa UCCIICIOBAHUI SABISCTCS IPUMEPHO
TaKasKe [0 pazMepam, HO B IBa pa3adosiee TSoKENas mpuMech
pryTH. [leno B TOM, Y4TO IPH KOMHATHBIX TEMIIepaTypax eé
yOpyrocts mapa (tabn.l) TakoBa, YTO HpU HOPMAIBHOM
JABIICHIH BOIOPOJA IIONyYAIOTCSI KOHIIGHTPALUU PTYTH
B ra3oBOW CMecH, OJIM3KHWE MWIIHOHHBIM dacTsMm [12].
Takum 00pa3oM, HE COCTABUT TPyIa MOATOTOBUTH B KOJIOE
C PTYTHBIM 3€pKaJIOM COOTBETCTBYIOIYIO ra30BYI0 CMECh,
13 KOTOPOH MOKHO BBIPACTHUTH CJAOBIH TBEP/BII pacTBOp
obicTpoii mecyOnumanmeii. MHTepec 3mech COCTOMT B

Tabnuya 1
Vhopyrocte mHapoB PTYTH B 3aBUCUMOCTH  OT
temrieparypbl  [12]. Tlocmemusis komoHka gaér
BEeIMYMHY KOHIIGHTpPAIlMM TIPUMECH B  Kojbe

HaJl PTYyTHBIM 3epkaioM (p, =~ =760 MM.pT.CT.) B

T™

MHUJIJIMOHHBIX YaCTAX:

t, °C p, 107 Ila p, 10° mm.prct. | 10°p/p,
-40 0,239 0,179 0,00236
-30 0,893 0,670 0,00882
-20 2,933 2,200 0,02895
-10 8,976 6,734 0,08860

0 25,31 18,98 0,24974
10 66,28 49,71 0,65408
20 162,66 122,0 1,60526
30 373,46 280,1 3,68553
40 815,71 611,8 8,05000
50 1696,0 1272 16,7368
60 33679 2526 33,2368

13



K sonpocy o niamoobpaznom nosederuu menionposooHOCmu meépoo2o napasooopood ¢ madcénou
AMOMapHOU NPUMECHIO NPEOeIbHO MALOU KOHYEHMPayuu

TOM, YTO PTYTh — MeTa1. Torma B ciydae oOpa3oBaHMs
TUIIOTETUYECKUX HUTEBUAHBIX CTPYKTYpP aTOMOB PTYTH
TBEPBIN p-H, cTaHeT X0Ts OBl €11a060 SIEKTPOIPOBOISAIIIM.
OTO MOXET CcTaTh XOPOIIeH JOMOTHUTEIEHONW MPOBEPKOH
BO3MOYKHOCTH BO3HWKHOBEHHS NPHMECHBIX HHUTEBHIHBIX
CTPYKTYp, €CJIM Ha KPUBOW TEIIONPOBOIHOCTH YHACTCS
TOJTY4UTh OJHOBPEMEHHO W Tuiaro. M XoTd B menoukax
CPeIHNE PACCTOSHUS MEXKIY MIPUMECSIMHU B HECKOIBKO pa3
MIPEBBIMIAIOT UX Pa3Mep, OAHAKO CIEAYET YUUTHIBATH, YTO
tenepb p-H, — KBAaHTOBBI KPUCTAIUI C TIOJBHXKHBIMU B
ITyCTOTAaX s/Ipa IUCIOKAINU METAJUTNYECKUMH IPUMECIMHU.

Jlist cpaBHEHHMST MOXKHO TPUBECTH HCCIICTOBAHUS
[13] TBépmoro p-H, ¢ mpUMECHIO MONIEKYISIPHOTO a30Ta,
KOTOPBII TakXkKe, KaK U aproH (a Tem 6osee — pTyTh), UMEeT
OYEHb IUIOXYI0 PacTBOPUMOCTb. OnHAaKo, B OTIHYHE OT
a30Ta, pa3Mep aTOMapHOH MPUMECH PTYTH 3HAYUTEIHHO
MeHbIIIe U pakTHdecku O30k aprony (0,15 am). [TosTomy,
MIPE/ICTABISIETCS BO3MOJKHBIM  BBIPACTUTh [1ApaBOIOPOJ
CO PTYTBIO JecyOnumanuei, kak 3T0 ObLIO CHEIaHO It
napaBo/opoJia C aproHoMm, 0Oe3 3aMEeTHBIX pacHaJHbIX
npoueccoB. UTo KacaeTcsi HpUMECH MOJIEKYIISIPHOTO a30Ta
(pasmep 0,37 HM), TO 3[AeCh BH3YyaJbHO HaOIIOTAIIICH
SIBHBIE  paclajHbleé  TIPOIEecchl ¢ 0Opa3oBaHUEM
TIOJIMKPHUCTAIUIOB 1TapaBOOPO/ia C BKIIOYEHUsIMU Ooee
MEJKHUX KPUCTAJIOB a30Ta. M, TeM He MeHee, MoJTy4YeHHbIe
pe3ynbrarsl [13] BecbMa HHGOPMATHBHBI U IPEACTABIISIOT
OONBIIYI0 HAy4YHYIO IIEHHOCTh. OTMETHM, YTO CKOPOCTH
BBIpammMBanus pacTBopos (p-H, )-N, cocrasmsma 1 mm/
MHH, B TO BpeMs Kak /sl pacTBOPOB MapaBojopoia ¢
HEOHOM M aproHoM oHa Obuia B 4-5 pa3 mensiuei. Ilo
pPeXUM  BBIpalllUBaHUS MApaBOJOPOAA CO
PTYTBIO Ui TONY4YCHHMS PE30HAHCHOW sIMBI OyaeT He
HaMHOTO OTJIMYATHCSI OT TAKOBOTO ULl IPUMECH aproHa, HO
9TO MOXXHO BBISIBUTH TOJIBKO B CEPUH HKCIIEPUMEHTOB.

BaxHo ormeruTh, 4TO, B OTIMYHE OT OOPA3IOB
C  TPUMECHIO TBEPABIA  MapaBoOmOpOa €
aproHoM BcIeACTBHE Oosiee craboro €ro BIMSHMS HA
TEIUIOTIPOBOJHOCTE YK€ caM Mo cebe MaéT KPHBYIO
TEIJIONPOBOJHOCTH,  TOXOXKYI0 Ha  IUIATOOOpPa3HYIO
(MeHee mTIyOOKas pe3oHaHCHas sMa). [lodToMy MOXHO
MIPEATIOIOKUTE, YTO  MHTEPECYIOIINH peXUM
BBIpaIIMBaHMs JUIS TapaBoJOpoJa CO PTYThIO OJM30K
K pe3oHaHCHOMY. [lockoibKy mpumech pryTH Oojee
TSOKETast 1 HEMHOTO OOJIbIIIe, YeM aproH, TO 3TO CO3AacT
JIOTIOJTHUTEIIbHBIE KPHUCTAJUINIECKON
pemérku. VX MOXHO OyaeT KOHTPONMpOBaTh, HaOIomas
XpOoMaTu4yecKyo nosisipuzanuio [14].

Baxnocts UCCIICJIOBAaHUSI  TEIIOINPOBOJHOCTH
TBEPJOrO MapaBOJOPOAa C MPHUMECHIO PTYTH TPEAEIbHO
MaJIoll KOHLEHTpPaLuu TPYAHO NEepeoLeHuTb. Beap pTyTh
— HMCTOPUYECKH IIEPBOE BELIECTBO, HA KOTOPOM OblIa
OTKpBITAa cBepxmpoBomumocts [15]. EE€ Temmeparypa
nepexoyia B cBepXnpopojsiiee cocrosuue pasna T =4,15
K, uTo Haxomurcst B 00JaCTH TEMIEpPaTypHOTO JHaa3oHa

BUIANMOMY,

HEOHA,

Hac

HUCKAXCHUA

14

JUISL HaOJIONABHIMXCSl IUIATO M PE30HAHCHBIX KPHUBBIX
NPHUMECHBIX CHCTEM P-H, ¢ HEOHOM M aproHoOM (ITaTo IS
aproHa B YMCTOM BHjJE TOKa He HaOMoganock). Takum
00pazom, eciu cabast IpoBOAUMOCTH B cucTeme (p-H,)-Hg
TIOSIBUTCS, TO, CHI)KAsl TEMIIEpaTypy, BOSMOXKHO YyHacTcs
MOJIyYUTh U CBEPXIIPOBOJAILEE COCTOSHUE NapaBOAOPOa,
He mpuberas K BBICOKMM JaBieHUSAM. Takue ciaabo
CBEPXIPOBOJISIIIIIE MOCTHKH B 00bEMHOM 00pasiie MOTyT
MPpeACTaBIATh OoNbIONW WHTEpec. M3 OIEHKH CpeaHero
pacCTOSIHUST MEXIY NMPHUMECSIMHU B IICTIOUKE JUII HEOHA B
mapaBofopoze cienyer BennanHa 1 HM [7, 8] (st pryTH
OHa, BO3MOKHO, OKa)KEeTCs1 OOJIbILE B CHITY OOJIBILIETO YnCIIa
JIMCIIOKAIMii B TepeHanpshkEHHOM oOpasiie). B To sxe Bpems,
paanyc KOppesiMU KyNEepOBCKUX IEKTPOHHBIX Map Ha
TPH HOPAJKA MPEBBIIACT 3Ty BEJINYUHY, YTO ONPABABIBAET
Ha/IeXbI Ha MTOTy4YeHHEe caboi CBEpXIPOBOANMOCTH.

JelcTBUTENBHO, Oepst BEJIMYUHY
SHEPreTUYecKor 1menu A  TpHOIU3UTENBFHO paBHOU
A =10 K= 1,410 JIx=0,001 eB, a mgua cpenHeit
CKOPOCTH 3JIEKTPOHOB OlleHKY v =10° m/c, U3 mpuHImna
HEOIpeaeNéHHOCTeH MoydaeM OIECHKY & pa3mepa mapbl
[15]:

34 106
¢ v 107010° o

r—rR—— = M

-22

A 1,4-10

Takum oOpaszom,
aToOMapHOM ITPHMECH Ha TEMJIONPOBOAHOCTH TBEp OO0 p-H,
U Japyrue GU3NUECKHe BETUIUHBI [IPEICTABISIET OONBIION
Hay4HbI HHTEPEC U TPeOyeT HanbHEHIIIero CCIe0BaHUSL.

3a7a4a O BIMSHUU THKENON

Hy>XHBI HOBBIC 3KCIICPUMEHTHI, KOTOpPBIE CMOTYT JaTh
OTBETHl HAa IMOCTaBJICHHbIE BOMpOCHl. IIpencraBieHHbIC
B JIaHHOM
KoH(pepeHuu [16].
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KoHcTaHTa paBHOBeCUA AUMepU3aumMm Moriekys HacbILLEHHOro napa
TSXKENOW BOAbl COrNMacHO BTOPOro BUpmnasrbHOro KoapdunumneHTa
ypaBHEHNS COCTOAHUA

C.B.Xpanatbii', B.H.Maxnanuyk?

!Kueeckuil hayuonanshwiil ynueepcumem um. 1.1 lesuenko.

2Ooeccruil nayuonanvbnolil ynugepcumem um. .M. Meunukosa.

Pabota nocBsleHa ONpPEeIeCHUIO BEIMYUHBI U TEMIIEPATyPHOI 3aBUCHMOCTH KOHCTAHTBI PABHOBECHS AUMEPH3ALNH MOJICKYJI
HACBIIIEHHOTO Iapa TsDKEJIOW BOJBI IO BTOPOMY BHPHAIbHOMY KOI(GQUIMEHTY ypaBHEHHs cocTosiHMs. [IpoBeneHO cpaBHEHHE
TIOJTyYSHHBIX 3HAYEHUH C MMEIOINMUCS 3KCIIEPUMEHTAIGHBIMA JJAHHBIMU. YCTaHOBJICHO, YTO PE3YyJITaThl OINpPE/ISNICHNS] KOHCTAaHT
JUMEpH3al HAa OCHOBE OJKCIIEPUMEHTAIBHBIX 3HAUCHHH BTOPOTO BHPHAIBHOTO KOS(QQHUIMEHTA BIIOJHE YHXOBIETBOPUTEIHHO
KOPPEIHUPYIOT ¢ pe3yibTaTaMi TEOPETHYECKUX PACUCTOB. 3HAYCHUSI KOHCTAHTHI PABHOBECHUS JMMEPU3AL[MH MOJICKYJ HACBIIICHHBIX
MapoB JIETKOH U TsHKEI0H BoABI pH Temiieparypax 6omnee 400 K HaxoasTcs B yIOBIETBOPUTEIHHOM COIVIACHH.

KirodeBsle cjioBa: JuMmepusalys, TSxeNas BoAa, KOHCTaHTa PaBHOBECHS, BTOPOH BUPHAIIBHBIN KOA((OUIINEHT.

Po6ota npucesiueHa BU3HAYEHHIO BEJIMYUHH i TEMIIEPaTypHOT 3aJI€)KHOCTI KOHCTAHTH PIBHOBArH JMMepHU3allii MOJIEKyJI HaCHUeHOT
TIapy BaXKKOT BOJIH 110 IPYTOMY BipiaibHOMY KoeillieHTy piBHSHHS cTaHy. [IpoBeieHO MOpIiBHSIHHS OTPHMAaHUX 3HAYEHb 3 HASIBHIMU
CKCIICPUMEHTAIBHUMHU JJAHUMH. BCTaHOBJICHO, 1[0 PE3y/IbTaTH BU3HAYCHHS KOHCTAHT IMMEpPHU3allil Ha OCHOBI CKCIIEPHUMEHTAIBHUX
3HAUeHb JIPYroro BipialbHOTO KOe(iIieHTa IJIKOM 3aJ0BUIBHO KOPETIOIOTH 3 pe3ylbTaTaMU TEOPETHYHHX PO3PaxXyHKiB. 3HAYCHHS
KOHCTaHTH PIBHOBAru AMMepu3allii MOJISKyJI HaCHYEHHX IapiB Jierkoi 1 Bakkoi Boxu npu Temneparypax nonan 400 K 3Haxomsatbes B
3a710BIJIBHOMY Y3TOKEHHI.

KrwuoBi ciioBa: muMepusaltisi, BaykKKa BoJia, KOHCTaHTa PIBHOBAry, APYTUid BipiabHHUIA KOC(IIIEHT.

Work is devoted to the definition of the magnitude and temperature dependence the equilibrium constant of the dimerization of the
molecules of the saturated vapor of heavy water on the second virial coefficient equation of state. A comparison of the values obtained
with the available experimental data. It is found that the results of the determination of the constants of dimerization on the basis of
the experimental values of the second virial coefficient satisfactorily correlate with the results of theoretical calculations. The values
of the equilibrium constant of the dimerization of molecules of saturated vapor light and heavy water at temperatures above 400 K are
in satisfactory agreement.

Keywords: dimerization, heavy water, the equilibrium constant, the second virial coefficient.
3HAYCHUS

Brenenne DKCIIepUMEHTAITFHBIE BTOPOTO

HeoObrunsie coiicTa Bojis! (H20) n3BecTHBI ¢ TaBHUX
BpeMmeH [1-3]. MHOrMe M3 HHMX HalLIM CBOE OOBSICHEHHE
CYIIECTBOBAHHUEM BOJOPOIHBIX CBs3eH, 00pasyrommxcs
MEXIy MOJICKYJIaMU BOJBI U TIPUBO/IAIINX K 00pa30BaHUIO
MOJIEKYJIIPHBIX KOMIUIEKCOB — JIUMEPOB, TPUMEPOB U T.1.
[4-6]. OtkpeiTHe TshKenor Bonel (D20) m mocienyromniee
ee U3yueHHe 1oKa3ajio, 4YTo 3aMeHa BOJI0po/ia Ha IeHTepuii
IPUBOAUT K CYLIECTBEHHOMY OTJIMYMIO OT CBOMCTB JIETKOU
Bomel. Tak Temmeparypa TpoitHoi Touku y D20 Brlme Ha
3K, B TO Bpems Kak KpUTHYECKas TeMIIepaTypa Hao00poT
Huxke Ha ~ 4K [7]. JleTydyecTb TskKeNOi BOIBI HUXKE, YEM
JIETKOH, TsDKesasi Boja Oosiee TMIPOCKOIMYHA, a  yiKe
30%-ii pacTBOp TSDKEIOH BOABI M OOBIYHOM SIBISICTCS
TOKCHYHBIM Y ITPUBOAUT K THOECIIN )KUBBIX Oprann3mos. [1pu
HCCIIEJOBAaHNH MAPOB JIETKOH U TSKEIION BOJBI JOCTATOYHO
YCTICIIHBIM MPUMEHEHHE  BUPHAIBHOTO
YpaBHEHHUSI COCTOSIHHS, B KOTOPOM OTPAaHMYUBAIOTCS
BTOPBIM BHPHAJIBHBIM KO3()(DUIIMEHTOM.

ABIISICTCS

© Xpanatein C.B., Maxnanyyk B.H., 2014

BHPHATBFHOTO KOI(PPUIMEHTAa Ui JIETKOH W TSDHKEIOi
BOIBI OTJIMYAIOTCS B ~ 2.5 — 3 pa3a BO Bcell oOmactu
temreparyp [8]. Cnenyer oxuaarb, 4To 3TOT GaKT MOXKET
0Ka3aTh 3HAYUTEIILHOC BIIMSHHEC HA 3HAYCHHUS KOHCTAHTHI
PaBHOBECHS TUMEPHU3AIIIN MOJIEKYIT Iapa TSHKEION BOJIBI.

TIPOSIBIISTIOTCS HE
TePMOIUHAMUAYECCKIX , HO U B KHHETHYCCKUX CBOMCTBAX.

Ommaus TOJILKO B
Tak kuHEeMaTuyeckas BSI3KOCTh TSKEIOW BOJbI Ha ~25%
BBIIIC KWHEMATUYCCKOW BS3KOCTH JICTKOW BOJBI Ha
JIUHAK HACBIIICHUS BO Bcel obOmactu Temmeparyp [8].
ITo-BuiMMOMY, pOJIb BOJOPOJAHBIX CBS3€H M B TSAKEIOU
cymecTBeHHOW. B manHoit pabote
CTETIeHb AWMEPHU3alUU HACKHIICHHOTO
rapa TsHKEJIOH BOJBI HA JIMHUU HACKHIIICHUS ¥ TIPOBOIUTCS

BOAC ABJIACTCA
PacCUUTBIBACTCA

CPaBHEHHE CO CTEHEHBIO JUMEPU3ALUUA HACBILCHHOIO
rnapa JIETKOi BOABIL.

Pacuer kOHCTaHTBI AUMeEpHUu3alu MOJIEKYJI



C.B. Xpanamvui, B.H.Maxnatiuyyx

HACBIIIEHHOT'0 Mapa
PaBHOBecHbIE CBOIMCTBa mpolecca AUMEPU3ALNU:
m+med OIHUCHIBAIOTCSI  METOJAMU
XUMHYCCKOH TEepMOTUHAMUKHA. B COOTBETCTBUM C HEll
XUMHYECKUE TTOTCHIIHATIBI MOHOMEPOB (M) u numepos (d)
YAOBIETBOPSIIOT COOTHOILICHHUIO:
Hy =24, . (1)
XUMHUYCCKUE MOTCHIIMAIBI MOHOMEPOB U JAMMEPOB
ABISIFOTCS (DYHKIMSAMH WX KOHIEHTparwi, mostomy (1),
(baxkTuvecku, SBISETCS ypaBHEHHEM JJIsl ONpEIeNICHHs
KOHIIEHTpaIuid. MoJIsSIpHbIe KOHIIEHTPAI[MA MOHOMEPOB U
MOJICKYJT BOJIbI, OOBCTUHCHHBIX B JTUMEPBI, OMPEICIIIOTCS
CTaHAapTHBIM 00pa3zoM:

IIOJIHOCTBIO

¢, =n,ln,, c,=2n,/ng, ()
rae
nyg=n, +2n,, ngj=N, IV, (3)

HUCXoaHas TUIOTHOCTH MOHOMEPOB B HEAMMEPU30BAHHOM
nape. B coorBercTBHM C OIIPEACIICHUEM KOHL[CHTpaI_[I/Iﬁ
MOHOMEpPOB U JUMEPOB, YCJIOBUC HUX HOPMHUPOBKHU
NPUHUMACT BU!

c,+c, =1. “)

B pabote [9] mokazaHo, 9TO TIpH MaITbIX OTKIIOHEHHSX
HACBIIIEHHOTO Mapa OT W/CaJbHOCTH KOHICHTPAIIHS
JTUMEPOB OIIPEIICIISICTCS BRIPAXKCHUCM:

¢y ®C+..., £=2nJTK(T), (5)
e KP(T) - KOHCTaHTa JUMEPH3aIIHH.

B o0mem cryyae, XUMIIOTEHIIHAIBI KOMIIOHCHTOB

CMECH MOHOMEPOB H JIUMEPOB COJICPKAT JTOTIOTHUTEIBHBIC

BKJIAJIbI ,ul.(ex), i=md, 06y CIIOBIIEHHbIE

B3aHMOJICHCTBHEM MEX/Ty YACTHLIAMHU H HMEIOT CTPYKTYPY:
_ ,,ld (ex) - _

Moo=+ i=md (6)

EclM KOHCTaHTa IMMEPHM3ALMH, W COOTBETCTBEHHO
¢ =2n,TK ,(T) nenssecthel, To KoMGUHUpOBanye (1)
C OKCIIEPHMEHTAIBHO 33/[aBAEMBIM YPABHEHHEM COCTO-
SIHUSL

P=n,T(1+n,B,(T)+..), (7)

TIO3BOJIAET TOTY9UTh ABHOE BhIpaxkeHue 1 K (T).

B [9] ycTanOBIEHA CBSI3H Bexp(T) (BTOpO¥ BUpHATHHEIH
kod(pumuent ypasHe-nusa cocrosuua) ¢ K(T) m
rapamMeTpaMu  MEKMOJICKYJISIPHOTO  B3anMO-JICHCTBHUS B
4aCTUYHO AMMEPU30BaHHOM BOAHOM Hape. B iuHeiiHoM 1o
¢, TpuOIIKeHNN:

§:§O5
g _ Bexp(T)_v(()m)+all/T (8)
(1 3
P EV(()d)_E (() )_(alz_zall)/T_l/(znO)
rae

p, =1+2n, (v(()m) —(a, —O.Salz)/T) ©)
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(m) —(d)

Vo '» Vy  -COOCTBEHHBIE OOBEMBI MOHOMEPA M TUMEpA,
a,, a, - TMapaMeTpbl YpaBHEHHs COCTOSHMA Ban-zep-
Baanbca ra3oBoil cMecH, OMMCHIBAIONIHE H30BI-TOYHOE
JaBIICHIE, 00YCIIOBICHHOE CHIIAMU PUTSDKCHHSI MOHOMEP-
MOHOMEP ¥ MOHOMEP-AMMEP COOTBETCTBEHHO.

B kBagpatrmaHOM 1O CO puOIKEeHNU 3HaueHue &
OIIPE/ICIISETCS PA3TIOKCHUEM:

$=¢,+hel+..,

" (10)
hep,+2p|1- 3vg )—v(()d)—(7a“—4a12+a22)/T
) 1

4 —i+vgd) —3\" —(ay, —2a,)/T
nO

P, =2n, (0.25\/(()‘1) +W" ~(a, —a, +0.25a,, )/T)

O0padoTKa IKCIIEPUMEHTATbHBIX JTAHHBIX
JIIst HaxOXKIECHUS KOMOMHAIIAN é/ = 2n0T K » (T )

HEOOXOMMO 3HAHHE OJKCIIEPUMEHTAIBHBIX 3HAYCHUH
BTOPOTO BHpPHAIBHOTO KoedduimenTa Bexp(T), BEJTMYIH
HCKITIOYEHHOTO 00beMa Ué’), i=m,d, u  KoHCTaHT

nputskenns d, , Mm,n=1,2,
Baasbca.
3HaueHMst BTOPOIO BUPHATBHOTO KO3(hDHUIUEHTA

HACBIILICHHOI'O I1apa TSDKCIIOM BOABI PAaCCUUTHIBAJIUCH,

ypaBHeHus1 Ban-nep-

mn?

HCXOASI U3 AKCHEPUMEHTAJbHBIX JAHHBIX IO JIABIEHUIO,
IUIOTHOCTH U TEMIIEpaType Ha JIMHUU HACBIIICHUS [§].

Benuuuns U(g[), i=m,d, v a,, mn=1,2,
CBSI3aHHBI c MOBEICHUEM MOTEHIINAJIOB
MEXMOJIEKYJIIPHOTO  B3aUMOJEHCTBUS. YUTeM,
MapooOpa3HOM COCTOSTHUM MOHOMEPHI M JHUMEpPHI BOMBI
HAXOZATCA B IOCTOSIHHOM BPAIIEHNH, TaK YTO MTPOUCXOIUT
caMOyCpeIHECHUE TOYHBIX MHKPOCKOITHIECKIX
MTOTCHIIMAJIOB, KOTOPBIC OMPEICIISIOT B3aUMOJICHCTBUC
MEX Ty MOJIeKyaamu Bojbl u mumepamu [ 10-13]. TlonpooHoe
00CYXICHHE OTEPAI[UK CAMOYCPEIHEHHUS 110 OPHCHTAIHSIM
MOHOMEPOB U JUMEPOB copep uTcs B [14-15].
VYepenneHHble HOTEHIIUAJIBI B3aUMOJIEUCTBHUS
MEXIy MOHOMEpaMH H ITUMEpPaMH BOJIBI MOJICTHPYIOTCS

4TO B

noTCHIHaIaMu Ca3epneHz[a:

0, K, < O-ij’
6 ..
U,(i)=1 (o, i,j=m,d (1)
—&;| = |, hh >0y
Ut
B (m)
3TOM C.quae 3HAUYCHUA UO 158 a” HaxXogATCs

CTaHIapTHBIM 00pa3oM [16] u paBHEL:
L — 167
g =—

3

BoBcex mocneayromux pacueTax mpeArnoiaraeTcs, 4To

3 _ (m)
Vs Gy = gmUO :

17



Koncmanma pasnogecus oumepuzayuu MOonexyii HacbiWeHHO20 NApa MANCEN0U 800bl CO2LACHO 8MOPO20
BUPUATHHO20 KOIDPUYUEHMA YPABHEHUS COCTNOANUS

HCKIIIOUYEHHBIE 00bEMBI MOHOMEPOB M IMMEPOB COBIAJIAIOT
C Y4eTBEpEHHBIMH 00beMaMu TBEPIbIX cep ¢ panuycamu

r, =158 A u 7, =2,98 A coorsercraenHo.
KpOMe TOTO, leI/ITLIBaeTCﬂ, qTo pre}IHeHHLIe 3HAYCHU S
KOHCTAaHTh B3aUMOJIEHCTBUS MPUHMMAIOT 3HAYEHHS (CM.

[14]):
T 300 K

g, kT,

400K | 500K 600 K

3.08 3.05 2.70 1.78

DTH 3HAYCHHS IPUMEPHO B YETHIPE pa3a MPEBBIIIAIOT
3HAYCHUC KOHCTAHTHI JUCIICPCHOHHOTO B3aWMOICHCTBUS
[10-13], mockoNbKY HHAYITUPOBAHHBINA AUTOIHHBIN MOMEHT
Ha K101 U3 MOJICKYJI BOJIbI CO3/1a€TCs KaK (PIyKTyalusiMu
AJIEKTPOHHOHN TUIOTHOCTH Ha COCCIHUX MOJICKYJIaX BOJIBI,
TaK ¥ U3MCHCHUEM OPHCHTAIIHI 3aTPABOYHOTO JUITOIBLHOTO
MOMEHTa 3TUX MoJiekyn (cum. [14,15]).

d
IlJ'IH HaXO0XACHUA U(g ) na,, HCO6XOI[I/IMO YUYHUTBIBATh

BpallaTesIbHOE JBIKEHUE JTUMEPOB, BCIEACTBUE YETO €ro
panmyc ciemyeT HPUHSATh PaBHBIM IHAMETPy MOHOMEpa:

v, =0, Cpennee

BpAIAIOIIETOCs muMepa

3HAYCHUE  MOJSAPU3YEMOCTH
a, = Zam , O3TOMY

g, =4¢, . Torna:

Tabnuya 1.
CreneHp IUMEPU3AIMU M KOHCTAHTA JTUMEPH3AIIH B
HACBHIIICHHBIX Mapax TSHKEITONW BOJIBI B CPABHCHUH C

I[To TeM >xe mpuYMHAM, B3aUMOJICHCTBHE IUMeEpa
A MOHOMEpa ONKCHIBACTCA IMapaMeTpaMu: 7, . =37‘m u

&,y =2¢€

m mm >

YTO MO3BOJIACT IPHUHATH:

27
~ (m)
a, *—u," ¢

mm *

Pesynprarel pacyeToB mpencTaBieHbl B Tadmuie 1.

OO0cy:xk1eHHe MOJTy4YeHHBIX pPe3yabTaTOB

Kak BumHo wu3 Tabmummbl | pasamuue MEKIY
KOHCTAaHTaMH JUMEpPHU3ALMM IApOB TSHKEIOM W JIETKOU
BOIIBI SIBJISICTCS BECbMa 3HAYUTEIHHBIM: B 3aBUCUMOCTH OT
TeMIIepaTypbl OHO TOCTUraeT 2 — 3 pa3. C npuHIUIHAIbHON
TOYKU 3PEHHsI 3TO CBSI3aHO C pa3IMYUEM B XapakTepe
TEIUIOBBIX BO3OY)KACHHH B JIUMEpax TSDKEIOW M JIETKOM
BOIBL. UTO KacaeTcs MmapaMeTpoOB OCHOBHOTO COCTOSHUS
JUMEpOB, TO OHHM ONHM3KH MeXay coboif. BmecTe ¢ Tewm,
BpaIllaTeIbHBIC TOCTOSHHBIC TUMEPOB TSKEIOW U JIETKOH

+

H,

Puc. 1. PaBHoBecHas KOHQHUTYpaus JUMEpa BOIBI

mapaMu JIETKOM BOJIBI. Tabnuya 2.
(M
K | e (|
T(K D20 4 d H20
< = <
300 0,005 0,1580 0,003 | 0,0749 §f E
325 0,016 0,1279 | 0,06 | 0,0430 G- A I R A
350 0,034 0,0858 0,011 0,0260 =
375 0,064 0,0593 0,018 0,0159 GSD 0.21 8.65 0.21 0.18 | 432 | 0.21
400 0,102 0,0387 0,026 | 0,0097 SPC | 023 | 849 | 022 | 020 | 424 | 0.24
425 0,149 0,0257 0,036 | 0,0060 SPC/E | 024 | 839 | 022 | 020 | 4.19 | 0.25
450 | 0202 00166 | 0044 | 0,0036 TIPS | 024 | 942 | 022 | 020 | 471 | 025
475 0,251 00104 0052 | 00021 TIP3P | 024 | 944 | 022 | 020 | 472 | 0.25
500 0,295 0,0063 0,059 | 0,0013 . : : : : :
525 0343 0.0038 00711 0.0008 SPCM | 0.21 | 958 | 023 | 0.18 | 4.79 | 0.21
550 0,373 0,0022 0,080 | 0,0005
575 0,439 0,0014 0,112 0,0004 Bombl  orTiuuarorcs.  Jlns  koH(Hrypammm — aumepa
600 0,552 0,0009 0,179 0,0003 n300pakeHHOH Ha puc.] BpamarenbHbIe KBAHTHI TUMEPOB
0. =h*/21 R - I I -
625 0,886 0,0008 0,394 | 0,0004 i i (Bow, TMOCTOAHHAM LLTaHKa M 4,
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Tabruya 3.
YacToTel ManbpIx KojebaHUil numepa OOBIYHOW U
TspKesroi Boapl ast morenimanos SPC u TIPS [18].

SPC TIPS
HO | DO | HO D,0
o, | 7051 | 4986 | 73.71 52.12
®, | 24073 | 17022 | 212.63 172.24
®, | 246.00 | 219.58 | 24359 | 201.72
o, | 31053 | 23337 | 32232 | 227.19

MOMEHT MHEPLIUHU OTHOCHUTENIBLHO i-i OCH) Ul pa3INIHbIX
BHIOB OTEHIMAIOB MEKMOJICKYIISIPHOTO B3aUMOICHCTBHS
ykazansl B Tabmune 2. Ommyns cocraBisior ~ 15-20%,
JUI BpAllleHUl, OTHOCUTENIBHO OCeH X,Z U TOUTH B 2 pasza
otHocutenbHo Oy [17].

3aMETHO OTJIMYAIOTCSI U DHEPruM KojieOaTesbHbIX
-1

Kpum

0.08

0.06
0.04
0.02
300 m o
Puc.2. TemmeparypHas 3aBHCHMOCTb KOHCTaHTHI

JVMEpU3alMy Ul HACBILCHHBIX  11apoB OOBIYHON
(crutomrHasi JTUHUS) M TSOKETOH BOABI (ITyHKTHpHAsS
munust). KpacHele muanm — npsimoii pacyer [18] , cunue
JIMHUM — TI0 BTOPOMY BHPHAILHOMY KO3()(DHUIIMEHTY.

BO30ykaeHni. CpaBHEHHE YACTOT MaJbIX KoJleOaHuit
JUISL TUMEPOB OOBIYHON M TSDKEJIONW BOJIBI MPEACTABICHO B
Tabuuie 3.

Pesynprarel  onpezeneHusi KOHCTAHT JTUMEpU3alin
Ha OCHOBE DOKCIIEPUMEHTAJIBHBIX 3HAYE€HHH BTOPOTO
BUPHUAIILHOTO KOA(PHUIIMEHTA BIIOJIHE YAOBIECTBOPUTEIHEHO
KOpPpPEIUPYIOT € pe3ylbTaTaMH  TEOPETHYECKOTO
OTIpe/IeIIeHNs KOHCTAHT JUMepH3anny B padorax [19-21].

CpaBHEHHE pacuyeToB ITOKa3aHo Ha pHC.2.

Kak BupHO w©3 puc.2, B3HA4YCHUs] KOHCTAHTHI
paBHOBECHS] AMMEPHU3ALNU MOJICKYJl HACBHILIICHHBIX 1apOB
JICTKOW W TSDKEJION BOAbI mpu Temrieparypax oOosee 400
K mnaxomsarcs B ynoBieTBopuTenbHOM comtacud. Ilpu
temneparypax Hmxke 400 K pazmmane 6omnee cymecTBeHHO,
T.K. SKCIIEpPIMEHTAJIbHBIC 3HAUYCHHUSI BTOPOTO BUPHAIILHOTO
KO PUIMEHTa TSDKEJIOH BOJBI M3BECTHBI C MEHbIICH

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

TOYHOCTBIO, 4YeM IpH Oojiee BBICOKHX TeMIeparypax
(maHHBIC paA3HBIX ABTOPOB PA3IUYAIOTCS MEKAY CO0OIN)
[8,22].

ABTOpPBI  BEIpAXAalOT DIIyOOKyI0  OaromapHOCTb
ak. HAHY JI.A.bynasuny u npo¢. H.IIL.Manomyxy 3a
TI0JIE3HBIE 00CYXKJICHUS PE3YIIBTaTOB PAOOTHI.
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Influence of high pressure on phase separation in underdoped

HoBa,Cu,O, ; single crystals

V.S. Krylovskiy, N.R. Vovk

Kharkov National University,
4 Svoboda Sq., 61022 Kharkov, Ukraine

We investigate the influence of high hydrostatic pressure on the electrical resistance in the ab-plane in HoBa,Cu,0O, ; single
crystals with oxygen deficiency. It is determined that the high-pressure induced redistribution of the labile oxygen enhances the phase
separation, which is accompanied by structural relaxation and ascending diffusion within the volume of the sample. It is determined
that the formation of the low-temperature phase can occur at the twin boundaries.

Keywords: HoBaCuO single crystals, hydrostatic pressure, labile oxygen, metal-to-dielectric transition, pseudo-gap anomaly,

twin boundaries.

B pa60Te HCCICAOBAHO BIIMAHHUE BBICOKOIO THAPOCTATUYCCKOIO [AAaBJICHHSA Ha J3JICKTPOCONPOTUBIICHHUE B ab-1I0CcKOCTH

moHokpuctamios  HoBa,Cu,O.; ¢

HEIOCTAaTKOM  KHCJIOpoaa.

YCTaHOBJICHO, YTO HHAYUUPYEMOE BBICOKUM JIaBJICHUEM

repepacipezie/ieHie JadWIbHOTO KHCIOpO/ia MPUBOAUT K YCHICHHIO (ha30BOr0 pAacCIOCHHMs, KOTOPOE COMPOBOKAACTCS MPOLECCAMU
CTPYKTYPHO# penakcaruu U Bocxosueit iuddysuu B 00beMe SKCIepUMEHTaIbHOTro 00pasua. BbickazaHo NPeanonokeHue 0 ToM, 4TO
3apOXK/ICHHE HU3KOTEMITepaTypHO# (ha3bl MOXKET MPOUCKOIUTH Ha TPAHHUIAX JBOHHUKOB.

KioueBsblie cjioBa: TUAPOCTATUYCCKOC MNaBJICHUE, I'PaHULbL IIBOfIHPIKOBaHPIiI, JTAOUIBHBIN KHUCJI0pOoA,

MOHOKPHCTAJLJIbL

HoBaCuO, ncepnomeneBas aHOMAaIHs, IEPEXO METAIUIIT-THIIICKTPHUK.

Y po6oTi M0CHiKEHO BILIMB BUCOKOTO IiIPOCTATUIHOIO THCKY Ha eleKTpoornip B ab-mmomuni monokpucraiis HoBa,Cu,0,
3 HecTayelo KUCHIO. BCTaHOBICHO, 110 1HAYKOBAaHWI BUCOKHM THCKOM HEPEpO3IOia Ja0iIbHOr0 KUCHIO MPUBOIUTE IO MTOCUIICHHS
(ha30BOTO pO3IIAPYBAHHS, 1[0 CYIPOBOKYETHCS TPOLIECAMU CTPYKTYPHOI penakcarii i BucXingHoi 1udy3ii B 06'eMi eKCIIepUMEHTaIBHOTO
3pa3ka. BUCIIOBJICHO HPUIYLICHHS PO Te, 110 3aPOJUKCHHS HU3bKOTEMIIepaTypHoi (ha3u Moke BiJ0yBaTHCs HA MEKax JABIHHKIB.

KirouoBi ciioBa: TigpocTaTHYHH TUCK, MEXI ABIHHUKYBaHHs, MOHOKpucTann HoBaCuO, nabinpHuil KHCEHb, ICEBIOMIITHHHA

AQHOMAJIisl, IepPexi MeTal-aieIeKTPUK.

An important characteristic of high temperature
superconducting compounds (HTSC) of the system
ReBa,Cu,0, ; (Re =Y or rare earth ion) is the ability to
realize a non-equilibrium state under a specific oxygen
non-stoichiometry [1-3]. This can be initiated by external
means, such as temperature [1] or high pressure [3]. The
non-equilibrium state is accompanied by a redistribution
process of the labile oxygen and structural relaxation,
which in turn can affect substantially the electro-
transport parameters of the system [1,3]. Importantly, the
conductivity characteristics and the crucial parameters
can be modified by substituting Y with rare-earth
elements. When yttrium (Y) is substituted with holmium
(Ho) that has a large magnetic momentum (more than
10p,) [4], HoBa,Cu,O, ; is paramagnetic in the normal
state. Nevertheless, as with other rare earth elements,
the substitution of Y with the paramagnetic ions Ho or
dysprosium (Dy), the superconducting properties in
stochiometric ReBa,Cu,0O, ; compounds (with 6 < 0.1) do
not change substantially [4]. This can be explained by the
localization of Ho or Dy away from the superconducting

O©Krylovskiy V.S. , Vovk N.R. , 2014

planes, which in turn interfere with the formation of distant
magnetic order. In oxygen deficient HTSC compounds
of the 1-2-3 system the rare earth ion is sensitive to
the local symmetry of its environment and to the
charge density distribution. Their change affects the
crystalline field, forming the electronic structure
of this ion [5]. A characteristic peculiarity of the
oxygen deficit samples (with 6>0.3) is the broadening
of the resistivity transfers under pressure [3,6-8].
The reason of such behavior has not been completely
determined. In spite of a number of studies on the
relaxation processes in the 1-2-3 system under
high pressure, many aspects such as the charge
transfer and the nature of the redistribution of the
vacancy subsystem are still undetermined. Notably,
a substantial part of the experimental material was ceramic
and polycrystalline samples with a high content of grain
boundaries (intergrain bonds) [2,6,7]. In the case of
single crystals the existence of twin boundaries (TB)
[3] influences the transport properties in the normal
state. This aspect is not yet sufficiently studied,
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due to experimental difficulties in determining the
contribution of these defects. In the present study
we investigate the effect of hydrostatic pressure up
to 5 kbar on the electro-transport characteristics and
the structural relaxation in the ab-plane of oxygen
deficient HoBa,Cu,O, ; single crystals. Two different
kinds of transport current geometry were investigated:
(a) parallel (I||TB) when the impact of the TB in the
carriers scattering processes is minimized and (b) at
an angle of a = 45" between I and TB.

HoBa,Cu,O, ; single crystals were grown from
the flux in a gold crucible using similar technology as
for the growth of YBa,Cu,O_ ; single [1,3]. To obtain
samples with oxygen concentrations having 6 < 0.15,
the crystals were annealed in an oxygen flow at a
temperature of 370-410°C for five days. This procedure
is accompanying by the formation of TB system,
which effectively minimizes the elastic energy of the
crystal lattice in the tetragonal-orthogonal transition
[3]. For the resistance measurements the single crystals
were selected from the same batch and had dimensions: 1.7
mm X 1.2 mm X 0.2 mm (sample S1) and 1.9 mm X 1.5
mm X 0.3 mm (sample S2). In these samples the c-axis
were oriented along the smallest dimension, which had
singly-directed TB areas. The experimental geometry was
selected so that the transport current vector in the ab-
plane, was either parallel, I||TB, (sample S1), or at an
angle of o = 45° (sample S2) to the twin boundaries, as it
is shown in the insets (a) of Fig.1. To reduce the oxygen
concentration, the crystals were annealed in an oxygen
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flow at higher temperature range for three to five
days. Electric contacts were formed with the standard
four-contact scheme by applying silver paste onto the
crystal surface and the connection of silver conductor.
The resistance in the a-b plane was measured using
the standard method for two opposite directions of a
direct current up to 10 mA as it was described in detail
previously [1]. The hydrostatic pressure was produced
in an autonomous chamber of the piston—cylinder type
[3] and was measured using a manganin manometer. The
temperature measurements were performed using a copper-
constantan thermocouple which was mounted at sample
level on the outside surface of the chamber. To determine
the influence of the structural relaxation, the measurements
were made a few days after the pressure application and
removal, when the relaxation processes were completed.
Fig. 1 (a) and (b) shows the temperature dependence
of the resistivity in the ab plane, p (T), for the S1 and S2
single crystals measured after the high hydrostatic pressure
application-removal procedure. Part of the curves in
this and the following figures is not coerced for clarity.
The insets (b) of Fig. 1 show the resistivity transitions
to the superconducting state in p, (T) coordinates. The
analysis of the experimental curves 1, measured before the
application of high pressure, show that with the reduction
of the oxygen concentration the critical temperature of the
sample decreases. Furthermore, this leads to the expansion
of the temperature width of the resistivity transition into
the superconducting state compared to the initial sample
(expansion by more than 10 times from AT < 0.3K to AT =

8,0x10™ -
6,0x10"

406107 4

p, Ohm.cm

2,0x10"

00

50 100 150 200 250

Fig. 1. (a) and (b) Temperature dependence of the resistivity p_ (T) for samples S1 and S2 at different pressures. Curve
1 was obtained prior the application of pressure; curve 2 —was obtained immediately after the application of pressure

4.8 kbar;

curve 3 — was measured after keeping the samples in room temperature under pressure 4.8 kbar within a

week; curve 4 — was obtained immediately after the removal of pressure and curve 5 — was measured immediately after
keeping the sample for three days under zero pressure. The insets of Fig. 1 show the geometry of the experiment and

the resistivity transitions to the superconducting phase.
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3.5K). Additionally, the superconducting transition acquires
an expressed stepwise form. This indicates that there are
at least two phases, having different critical temperatures
(T, and T_) to the superconducting transition [1,3]. The
reduction of the oxygen concentration in both crystals leads
in the transition from a quasi-metallic behaviour of p_(T)
[1,3] to the dependence with the characteristic thermally
activated sagging.

The application of pressure, leads to a decrease of
resistance and to an increase of T, with a rate dT /dP =
0.7 K.kbar'. This value is in consistent with previous
studies [3,6-8], concerning oxygen deficient YBa, Cu,O_,
samples. Interestingly, the electrical resistivity is
decreasing not only as a consequence of the high pressure
application, but also in the isobar process of keeping the
sample at room temperature just after the application of
high pressure. For example, in Fig.1 (a) and (b) curves
2 and 3 show the dependence for the samples S1 and S2
respectively, measured directly after the application of
pressure (4.8 kbar), as well as after the isobar process of
retaining the sample at room temperature for five days
following the application of high pressure. This exposure
leads to an additional decrease in electrical resistance from
4-5%. Similar behaviour of p_ (T) was also observed after
the removal of high pressure. Thus, in Fig. 1 curves 1
and 4 correspond to the dependence, measured before the
application and immediately after the removal of pressure.
Comparison of these curves indicates that the results are
affected on the time that the sample is at room temperature.
Immediately after the pressure removal, the value of the
electrical resistance of the sample at room temperature,
was approximately 4% less than the value measured prior
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the application of the pressure and consequently relaxed for
three days to its equilibrium value. After this, the p_ (290K)
value saturates and the p_,(T) dependence for both crystals
almost completely coincides with the original curves,
obtained before the prior the application of pressure. This
confirms the reversibility of the process.

From Fig.2 (transition to the superconducting phase in
dp,,/dT-T coordinates), it is determined that the retention of
the sample at room temperature in the application-removal
of high pressure process has a significant influence on
the width and shape of the superconducting transition.
A characteristic feature of the influence of retaining
the samples at room temperature for 3-5 days, is the
significant peak displacement, up to AT = 0.5-1.5K, in the
dp, (T)/dT dependence (according to [9] the temperature
corresponding to this maximum is T), upwards and
downwards in temperature, which indicates the change of
the transport current flow paths. This in turn can occur in
the case of strengthening the phase separation of the non-
stoichiometric oxygen samples. The latter requires oxygen
transport between phases with different T .

Comparing curves 2 and 3 shows, that after holding
the sample under pressure for a week, the absolute value
dp,,(T)/dT is reduced by about 1.5 times and the transfer
itself significantly spreads. The dependence measured
directly after the pressure removal ( curve 4) there is change
only in the absolute value of T, while the transfer width
and value dp_ (T)/dT both remain practically unaltered. The
comparison between curves 4 and 5, demonstrates that after
the sample experienced atmospheric pressure for 3 days at
room temperature, the width and the transfer regained their
initial values. Therefore, when the pressure increases a part
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Fig. 2. The temperature dependence dp_ (T)/dT in the interval of the transition to the superconducting phase. The
numbering of the curves corresponds to the numbers in Fig. 1. The insets show the temporary dependence of the
isobar relaxation T (t) of the critical temperature for high T and low T, phases (dark and light symbols respectively)
for both samples, obtained during the step by step annealing at room temperature after the application of pressure

4.8 kbar.
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of the oxygen of the lower T, phase, migrates to a higher
critical temperature phase and when the pressure is reduced,
the reverse process takes place. This effect can be possible
in the case of the realisation of an ascending diffusion
process [10], in which there is an inhomogeneous field
of mechanical stresses (eg. due to external compression).
In a compressive environment large impurity atoms (with
respect to the lattice atoms) will experience larger force
compared to the lattice atoms. Atoms with large ionic radius
are likely to diffuse to tensile stress regions, whereas atoms
with smaller volume diffuse in the region of compression.
These concepts of ascending diffusion may also govern
point defects [10] as in the present work oxygen vacancies.
The reversibility of this effect is also an important feature.
For example, when removing the external stress the reverse
ordering of the concentration of the point defects in the
sample will occur.

The insets to Fig. 2 (a) and (b) show the temporary
dependence of the isobar relaxation T(t) of the critical
temperature for high T and low T, phases (dark and light
symbols respectively) for both samples, obtained during
the step by step annealing at room temperature after the
application of pressure of 4.8 kbar. The solid lines are
presented the results by the expression proposed by
Jorgencen et al. [11]:

T (t) =T, () +[T,(0) = T.(] exp[~(¢/7)""*], (1)

where T (o) and T (0) are the equilibrium and the initial
value of the critical temperature, respectively, and T is a
characteristic time for the relaxation process.

Calculations with Eq. (1) show that the equilibrium
value T () in the step by step annealing is accelerated
for the low temperature phases in comparison to the high
temperature phases: (T )/t(T,) = 1.32. Apparently, this
phenomenon is due to a difference of the diffusion path
during the high-pressure-induced redistribution of labile
components. It appears that, for the same reason, the reverse
process (alignment of the labile oxygen’s concentrations) is
occurring, after the pressure removal. In the second case,
the oxygen atoms have to overcome smaller distances to
leave the high-temperature (oxygen richer) phase that in
the first case when the atoms of the labile oxygen have to
overcome greater distances in order to find a vacancy in the
low-temperature (oxygen depleted) phase.

Using the values of 1, obtained by Eq. (1) using our
experimental data, we can determine the activation energy
of the relaxation process in our samples [8] using the
Arrhenius law:

_ A
T=7,exp| ——

, 2
T @)
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where 1, = 1.4.10" s is the characteristic period [2],
which, according to [8], is independent the pressure. The
activation energy value obtained from our data E, = 0.94 eV
is slightly lower than the typical values for the YBa,Cu,O,_,
compounds with reduced oxygen concentration [12].
It should also be noted that all the characteristic shape
changes in the temperature dependence and absolute
values of the resistivity parameters that where observed
in the isobaric annealing process at room temperatures,
in HoBa CuO,, were more pronounced compared to
YBa,CuO, ;. In HoBa,CuO,; the Ho ion (which has
larger ionic radius than Y) plays an important role to the
structural order of the system affecting the oxygen ions
interactions in the CuO planes. Previous studies confirmed
that when we substitute Y to rare-earth elements with larger
ions significant qualitative changes are evident regarding
the T (6) dependence in ReBa,Cu O, [5]. Herewith, the
characteristic for YBa,Cu O, , dependence T (8) with two
plateaus at 60 K and 90 K degenerates in a more sharp
monotonical dependence.  Additionally, the Ortho-II
structure is not realized at all [5]. It can be assumed that
oxygen hypostoichiometric HoBa,Cu, O, ; compounds have
a more extended disordered oxygen hyperstructure than the
YBa,Cu O, ; compounds.

In previous works [13, 14], the value of critical
temperature in YBa,Cu O, ; was correlated with the number
of holes in the CuO, layers via:

T =1"[1-82.6(n-n,,) |, 3)

T > is the maximum critical temperature and
n =025 is the optimal number of holes in the surface
(layer) for this compound. According to Eq. 3 when we
increase the pressure at room temperature, the number of
carriers for the low-temperature phase is reduced by about
2-3%, whereas at the same time in the high-temperature
phase the reverse process is taking place as the number
of holes increases. This is consistent with the concept
that the application of high hydrostatic pressure leads to a
diffusion redistribution of the labile components from the
phase of lower critical temperature to the high-temperature
superconducting phase. It is an important confirmation of
the interrelation between structural and electro-transport
anomalies in the system. In our case, one of the possible
reasons of the phase separation could be the origination of
the low Tc in the TB boundaries. Indeed, experiments on
the vortex structure [15,16] have shown that the density
of vortices in TB increases compared with their density
in the volume of the superconductor, indicating the
suppression of T, in the TB. This can be due to the low
oxygen concentration in the TB plane, which effectively
implies the high concentration of oxygen vacancies [17],
as a consequence of mechanical tensions. Vacancies create
strong attractive fields (i.e, repulsion field for the oxygen

where
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atoms)

This assumption can be justified by the different forms
of superconducting transitions obtained with the different
experimental geometries (here I || TB and an angle between
I and the TB of 45°). Figure 2 shows that for I" TB the
height of the peak of the dp (T)/dT dependency of the
low-temperature phase is almost 3 times lower than the
height of the peak corresponding to the high-temperature
phase. Together with this, the more pronounced maximum,
corresponding to high-temperature phase. In the second
experiment geometry (angle between I and the TB of 45°)
we observed an inverse dp,_ (T)/dT dependence with a more
pronounced maximum, corresponding to low-temperature
phase. Since in the first case, the TB is parallel to the
transport current there is a high probability of percolation
paths mediating the current flow in the high-temperature
phase. When the TB is oriented at an angle of 45° relative
to the transport current vector (measurement of electrical
resistance of the single crystal S2), the percolation paths
of current flow in the high-temperature superconducting
phase are missing. Therefore, the intensity of current
carriers scattering should be minimal when the experiment
geometry is [ || TB, which is reflected in the transformation
of the shape in the corresponding dpab(T)/dT dependence.
The latter preposition is indirectly confirmed by the
difference of the absolute value of resistivity at room
temperature, which is less than 7% in the case of the
experiment geometry I|| TB, in comparison with the case
of the experiment geometry when the angle between I and
TB is 45°.

It should be noted that the final conclusion about
the nature of the impact of TB on the phase separation
in HoBa,CuO,  single crystals, requires additional
experimental studies. A future direction should be the
investigation of superconducting transitions in untwining
and twinning single crystals with a specific distribution
of TB planes. In one segment of the crystal the transport
current vector has to be oriented in parallel, and in another
perpendicular to the TB plane. In the latter case, I1TB,
the transport current will cross over the TB plane in one
of the segments of the single crystal. As it can flow within
the volume of the superconductor it passes by the TB
plane in the other segment of the crystal (when I || TB).
The measurements in the untwined crystals provide data
regarding the existence (or lack) of the step-like form of
the transition to the superconducting phase, as well as the
difference (T -T ) in the absence of plane defects in the
sample.

To conclude, twin boundaries are effective scattering
centres of normal carriers in HoBa,Cu,O, ; compounds.
Reducing the oxygen stoichiometry of HoBa,Cu,0O_ ; single
crystals, results to an uneven distribution of oxygen in the
volume of the crystal and the formation of phases with
different critical temperatures. Herewith, the substitution
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of yttrium with holmium significantly affects the charge
distribution and the effective interaction in the CuO-
planes, thereby stimulating the disordering in the oxygen
subsystem. Induced by high pressure the redistribution
of labile oxygen is enhances the phase separation in the
volume of oxygen deficient HoBa,Cu,O_ ; single crystals.
Additionally, it stimulates ascending diffusion processes
between the superconducting phases with different oxygen
stoichiometry.
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doTtonHayumpoBaHHaga nepunognveckas ctpykrypa (INC) s
HaHodacTuy Ag, ee npespatueHune B (INC) ns yactuy Agl n
cBsi3aHHbIN ¢ aTumun NC anxpounsm

B.M. Pe3nukoBa, J1.A. Arees, B.K. Munocnasckumn

Xapvkosckuii nayuonanvhwlll ynusepcumem umenu B.H. Kapasuna,

Gusuveckuil paxynomem, m. 707-51-25, e-mail : l.ageev@karazin.ua, ni91.2011@mail.ru

B BonHoBonHO#H KoMno3uTHOM miuenke AgCl-Ag, TommmHEa KOTOPO COOTBETCTBYET BO3Oy:xaeHHI0 TpeaenbHoil TE Mombl B
cnoe AgCl, mox seficTBreM JTMHEHHO MONSPU30BAHHOIO (HANpaBIeHUe Tosspusauu E ) nasepHoro myuka (A=407 HM) momydeHa
nepuoamndeckas ctpykrypa (I1C) ¢ mepuogom d=266 um. Lltpuxu [1C 06pazoBaHsl HaHOUACTUIIAMU Ag M 3aKPETUICHBI Ha MOIIOXKKE
nocne ynanenns AgCl B puxcupyromem pactsope. Criexrps norontenns [1C, nsmepennsie B nonspusanusx Ef|, LE; narot muxponsm
¢ HanOonpmel BemnunHoi B OmmkHer MK obnactu. [lokaszano, uro I1C u3 Ag nerko mpespamtaetcs B I1C u3 Agl mocne o6padotku
napamu I, O6Hapy»eHo, 4To HecMOTps Ha u3MeHeHus Mopdonoruu I1C nocne HOAMPOBaHHUS €€ MEPUOM M IMXPOM3M COXPAHAIOTCH,
HO MaKCHMaJIbHBII JIMXPOHM3M IIPH 3TOM HaOironaercst yxe B ommxHel YO obnactu.

KonroueBnle cioBa: (oTOUYBCTBUTENBHBIE TOHKHE IUICHKH ; JIa3epHOE HW3JIydEeHHE ; BOJHOBOIHAS MOJA ; NEPHOJIYECcKast
CTPYKTYypa ; CHEKTP ONTHYECKOH ITIOTHOCTH ; TMHEHHBIH TUXPOU3M.

V xBunesonnii komnosutHii miisi AgCl-Ag, Tomuna skoi Bianosinae 30yxaennro rpannyanoi TE ) Moan y mapi AgCl, min miero
JiHiHHO HONApU30BaHOro (HanpsaM nossApusarii E)) maseproro myuka (A=407 M) orpumana nepioguuna crpykrypa (I1C) 3 nepionom
d=266 um. Ultpuxu [1C copmoBani HaHOUaCTHHKAMU Ag i 3aKpiruieHi Ha migktaani micist BunaneHHs AgCl y Gikcyrodomy po3duHi.
Cnexrpu normunanns [1C, sxi BuMipsni y nonspusauisx E||, LE , naroTs quxpoizM 3 HalOibII0I0 BeTMInHO0 y OmmrkHii [U obmacri.
IMokasano, mo T1C 3 Ag nerko nepetsoproethes y TIC i3 Agl micist 00po6ku mapamu I,. BeTaHOBNIEHO, O He IUBIISMHUCEH HA 3MiHA Y
mopdorrorii [1C micnst HoayBaHHS i1 Iepiox i AUKPOi3M 30epiraroThCs, OMHAK MAKCHMAIBHUH JUXPOI3M MPH IILOMY CIIOCTPEPITaeThCs
Bxe y OmmxHill YO obmacth.

KurouoBi ciioBa: poTOUyTIIMBI TOHKI IUTIBKH ; JIa3epHE BUIIPOMIHIOBAHHS ; XBHJICBOIAHI MOJH ; EPIOIHYHA CTPYKTYpa ; CIIEKTP
ONTHYHOI TYCTHHH ; JIIHIHHUN JUXPOI3M.

In the waveguide composite film of AgCl-Ag which thickness corresponds to excitement of limited TE0 mode in AgCl layer,
under the influence of linearly polarized (the direction of polarization of E ) laser beem ( A=407 nm) the periodic structure (PS) with the
period of d=266 nm is received. Strokes of PS are formed by Ag nanoparticles and fixed on a substrate after removal of AgCl in fixing
solution. Absorption spectra of PS absorption measured in the polarization E||, LE give dichroism with the greatest size in near IR
range. It is shown that PS from Ag easily turns into PS from Agl after processing by 12 vapor. It is revealed that despite the changes of
morphology of PS after iodination its period and dichroism remain, but the maximum dichroism is observed already in near UV range

Keywords: photosensitive thin films; laser radiation; the waveguide mode; periodic structure; spectrum of optical density; linear
dichroism.

Beenenue
®DOTOUYBCTBUTEIBHOCTh K MPSIMOMY  JICUCTBHIO
CBETa W3BECTHA JaBHO JUIS IUICHOK XaJIbKOTCHHHBIX
raJIOTCHU/IOB
MeTamnoB [1,2]. s yBenmu4eHus CBETOUYBCTBUTEIBHOCTH

00pa30BaHUIO MPOAYKTOB CBA3U cepedpa C MBIIIBSIKOM
U cepoil M MO3BOJSIIOT TPUIOTABIMBATH, NMPU JEHCTBHA
Ha IUIGHKY JBYX CXOISIIMXCS JIQ3epPHBIX  ITy4YKOB,
penbedHBIC roorpaduyeckue TU(PpaKIHOHHBIC
pemetkn. Ilpm mcciaeoBaHMM — PEIICTOK  yAEISETCS

CTeKJ'IOOGPaSHI)IX MOJYIIPOBOAHHUKOB U

U PACITUPEHUS CIEKTPAIILHON 00JaCTH YyBCTBUTEILHOCTH
B HCCIIEJOBAaHUAX YACTO HCIHOJB3YIOT TOHKOIUIEHOYHBIE

BHUMAaHHE TIOJSPU3AIMKA CBETa B IyYKax TUPPAKIUU
[2]. B AgCl-Ag wuccrnenytorcs (HOTOUHAYIHPOBAHHBIC

KOMITO3UIIUH MOy TIPOBOAHUK-METAILII. Hanbomnee wu3MeHeHHs B IUIEHKE IpU ACGHCTBUU OJHOTO ITydKa.
U3BECTHBIMU  SIBJAIOTCA ~ TOHKOIUICHOYHBIE  CHUCTeMbl (DOTOYYBCTBHTEIBHOCTH  CBsi3aHA € BO30Y)KIECHHEM
AsS-Ag u AgCl-Ag [3,4]. B nmepsoM cilydae JOKaJIM30BaHHBEIX IJIA3MOHOB B OCTPOBKOBOH IieHKe Ag
(OTOMHIYIMPOBaHHBIE MIPOLIECCHI MPUBOST K U HE COIPOBOXKAACTCS (OTOXMMUYECKUMH pEaKIHIMHU.
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Ona ompezensercs (HOTOCTPYKTYPHBIMHU TPEBPALICHUSIMA
B IJICHKE A g, TIPH KOTOPBIX MPOSIBISAIOT ce0s BOJTHOBOAHBIC
cBoiicTBa mpo3payHoii TuieHkn AgCl. JlelicTBre TUHEHHO
TOJAPHU30BAHHOTO ( Hampasienne mnomspusammu E; )
JIa3epHOTO MydYKa, 3a CYeT HHTep(epeHIHMn Iydka C
paccesiHHOW B IUICHKE BOJHOBOAHOW MOJIOHW, NMPUBOIUT
K oOpa3zoBanuio mnepuomuueckoii crpykrypsl  (I1C),
caMOHacTpauBaroleiics Ha wienky AgCl
BOJTHOBOJIHOM Mojipl. HeaBHO mokazaHo [5], 9Tto cuctema
AgCl-Ag mMeeT CBOICTBA, CXONHBIE C MCKYCCTBEHHBIMHU
KOTOPBIX

BBOJ B

METAJJI-BOJIHOBOJAHBIMHK ~ KOMIIO3UWIUAMHU, B

MPOBOJSITCS ~ WCCIIEJOBAaHMS  IUIA3MOH-BOJIHOBOJHBIX
nonsiputoHoB  [6,7]. B pabGore [5] Taxke BHepBble
oOHapy)KeHa  MOJSIpU3aLUsl  CHEKTPOB  IMOIVIOIIEHHMS

(muHelHBI quxpomsMm) B cTpykrype 1IC m3 wactuir Ag,
ocBoboxkaerHoM 0T AgCl MmeTonom pukcnpoBanus. BaxHo,
YTO NOJIIPU3ALMS CBETA MPOSBISIET ceOs B HYJIEBOM ITyUKe,
a He B Iy4YKax JU(paKINU, KaK 3TO 0OBIYHO UMEET MECTO
Uil TUpPaKMOHHBIX pemeTok. B Hacrosimei padote
nokazano, uto IIC u3 Ag moxno mpeBpatuts B IIC u3
gactury Agl ¢ coxpanennem nepuona [IC m nuxpomnsma,
HO TIPW CYIIECTBEHHBIX M3MeHeHMsIX mopdomoruu [1C u
JMCHIEPCHN TUXPOHU3Ma.

Onncanne 3KcrepuMeHTa
Mertoauka SKCIIepUMEHTa, B dacTu nomydenus [1C B

AgCl-Ag, coBmamaer ¢ onmcaHHoW B pabore [5].
Kommosutnass mienka AgCl-Ag  TpuUTOTOBIHBANIaCh
MOCJIeIOBATEIbHBIM TEePMUYECKHM BaKyyMHBIM

HalblJICHUEM Ha CTEKJIIHHYIO NOUIokKy. Tommuna h = 25
HM quasekrpudeckoro ciost AgCl onpenensuiack Maccoit
UCIIAPEHHOTO CBEpPXy
TPaHYJISPHBIN CIIOW Ag MMENl MAacCOBYIO TOJIIMHY ~ 8 HM.
XapaKTepUCTUKN KOMITO3HUIUH BBIOPAHBI TaK, YTOOBI MpH
ee O0ITyYCHHUH TMHEWHO TTOJIIPU30BaHHBIM ITyIKOM ¢ A=407
HM OT IOJyNpPOBOJHMKOBOTO Jazepa pasBurue [IC
NPOUCXOMIIO 3a CUeT BO30OyxkaeHus npenenbHod TE -
MOJIbI, TIOCTOSIHHAsI PacHpOCTPaHEHUsi 5 KOTOPOW Juisi
ACCUMETPUYHOTO TUTAHAPHOTO BOJHOBOMa [8] paBHa

BEIIECTBA M  HAHECEHHBIN

27
p :7~ns, rme n=1.53 - mokasarenb TPETOMICHHS

moutoxkku (ctexio K-8). Yenosue renepanuu [1C 3a cuer
BO30y:K/IeHUs TIpenebHoi TE -MOobl BBITIONHAETCS TpH
TOJILMHE BOIHOBOAHOTO cnog h < h =27 nm. Tonumna
orceuxu h Mozl TE  BbI4HCIIEHA 10 XapaKTEPUCTHIECKOMY
YPaBHEHHIO NPU 3aJaHHBIX 3HAYEHUSX A, N U MOKA3ATENIO
mpenomirenus AgCl n=2.18 [5].

[IpuroTtoBneHHBIH 00pa3en 0OIyYalucs HOPMAIBHO
MaJalouIM Jia3epHbIM MydykoM. HenmpepbiBHasi MOUTHOCTD
B myuke P =100 MBrT, 00myyanace miomiaaka ¢ pazmepaMmu
S~6x9 MM, Bpems skcnosurmu t=0.5 uac. Ilpu Takoit
OKCTIO3UIIUN  (OTOCTPYKTYPHBIE  MpEBpaIieHHs B
IUICHKE pa3BUBANMCH IO CTAOUH HACHIMIEHUS. |J1aBHOE
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BHUMAaHHE YJIEJIEHO U3MEPEHUSIM CIEKTPOB MOIVIONICHUS,
KOTOpBIC BBIMOJHEHBI Ha crekTpodoromerpe CD-46 B
obmactu crnekrpa 320-1000 am. Crextp oOpasiia 10 ero
OOydJeHUsI MMEeT DPE30HAHCHYIO MOJIOCY IOIVIOIIEHHUS
¢ MakcumMymoM mpu A=525 um. [lomoca mormomeHus
CBsI3aHA C BO30YXK/ICHHEM JIOKAJIM30BAHHBIX IUIA3MOHOB
B TpaHyJISIPHOHW IuleHKe Ag, KoTopas oOpasyercst npu
HaHeceHnn Ag Ha noBepxHocTh ciosi AgCl. [Tnasmennoe
MOIVIONICHNE B Ag ONpPEAEIET CBETOUYBCTBUTEIBHOCTH
oOpasma, T.K. YCHIEHHOE IIIa3MEHHBIMH KOJCOaHUSIMH
CBETOBOE II0JIE€ Ha HAHOYACTUIAX HPUBOAUT K SMHUCCHU
(oTosneKTpoHOB, MX 3axBary JoBymkamu B AgCl m x
MOCJIEAYIOIIEMY MaccorepeHocy cepedpa npu nuddysun
noHoB Ag" B mmanexrpuyeckoir marpune AgCl. BaxHo,
YTO MAacCONEPEeHOC INPOUCXOANUT IPEUMYIIECTBEHHO Ha
TPaHHUILY C TOUTOKKOH, 4eEMY CITOCOOCTBYET, TO-BUIUMOMY,
HauOOIbIIIast KOHIEHTPAIHS IITyOOKHX Je(heKTOB-JIOBYIIIEK
a TaKke JIOKaIN3alus MaKCUMyMa TIoiis rpezeboi TE,
MOJIbI Ha 9TOM TpaHule [8].

[Tocie oOmyueHns: COEKTPbI NOMIOLICHUSI U3MEPEHbBI
B TOJISIPU30BAHHOM CBETE C ITOMOIIBIO KPUCTAIUTHUECKOTO
JINHEHHOTO MOJISIPU3aTOPa, 3aKPEIJIEHHOIO Ha BBIXOIHOM
e CD-46. O6mydeHne co31aeT ABE Pa3IHIHBIC TOJIOCHI
nomiomenus s nonspusaiuit Efl, LE, T.e. npusoaut
K juHelHoMy jauxpousmy. Ilpu stom, B mnonoce E|E,
oOpa3zyercsi J0BOJIBHO DIIyOOKMH MHHUMYM IOIVIOIIEHHMS
Ha JAJWHE BOJHBI 0OmydeHMs. CHEKTpaibHBIA MPOBal B
TIOTVIONICHNN CBsI3aH € 00pa30oBaHMEM W3 HAHOYACTHIL
Ag TIC, xotopasi aBTOMaTH4ecKl HacTPauBaeTCsl HAa BBOJ
npenenbHoit TE | mombl B BonHOBOAHYH0 TwieHKy AgCL
Kak u B pabore [7], HaMuMe npoBaia MOXKHO CBSI3bIBATh
C BO30YK/ICHUEM TIA3MOHHO-BOJIHOBOJIHOT'O MOJISIPUTOHA.

[IC  npexacraBmser  cob0il  HECOBEPIICHHYIO
T(PaKINOHHYIO PEIIETKY, ITPUXH KOTOPOH COCTOAT U3
ckoruteHuit Hanoyactu Ag. Hecosepmenctso I1C cBszano
C TEeM, 4YTO OHa COCTOMT M3 HaboOpa MHKpPOPELIECTOK,
KOTOpbIe 00pa3yloTCsi M pacTyT Ha OTJCIBbHBIX IEHTpax
paccestHAs M0 MEXaHHU3MY IOJIOKUTEIBHONW 00paTHON
CBSI3M MEXAy JAudpaknoueil Ha MHKpPOpEUIETKE U

T
paccesiHoii Mozoii. Bexropa K (K = F, d - mepuon

PEMISTKN) MHKPOPEIIETOK HMMEIOT YIIOBOW  pa3zdpoc
OTHOCHUTEJILHO TIPEUMyIecTBeHHOro Hanpasienns KL1E .
3TO NPUBOAMT K TOMY, YTO IPH HAOIIOAEHUH AUPPAKIUN
or IIC ¢ momompro y3KOro J1a3epHOro IMydka, MY4OK

qudpakuuy  pacTATMBAaeTCS  BIOJNB  HANpaBICHMS

nossipusannn E. B 1o ke Bpems, MUKpOpELIeTKH UMEOT
2n 2w A

OIMH W TOT ¢ mepuoa d=——=——=——=266 um. [Ipu
K B n

¢dbopmupoBanuu [IC nmasepHbIM IMMyYKOM, MATArOIIAM Ha
IUICHKY 110 HOpMaJld BBINOJHAETCS yciaoBue K=+f n ms
kommonenT k =B-sing Bomn nudpaknmm mopsakoB m==1

27



Domoundyyuposannas nepuooudecxkas cmpykmypa (I1C) uz nanowacmuy Ag, ee npespawenue 6 (11C) u3z
yacmuy Agl u ceszannviii ¢ smumu I1C ouxpousm

Dos -
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400 600 1000
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800

900 1000

A HM

Puc. 1. TlonsipuzoBaHHbIE CIIEKTPBI onTHYeckor wotHocT D (A ): a) - st [1IC Ag, b) - st [1C Agl ; 1 - usmepenus

npu E||E,, 2 -npun E_LE .

yrisl gudpakimn paBuel @y =+ Takum o0Opazom

N3

BONHBI JA(QPAKIMKA COBMAJAIOT C MOAAaMH W JAOT
CUMMETPHYHBIC ITyYKH BIOJb TPAHUIIBI TNICHKA-TTOIOKKA,
BBIXOJISILIME B BO3AYX Yepe3 TOPLbI MOATI0KKH [9]. B To ke
BPEMsI 3TH My4YKH PacTaHyTsl BAoab E | n3-3a ykazanuoro
BBIIIIC YINIOBOTO pa3zbpoca BekTopoB K Mukpopemerox.
[pu mpoxoxnennn gepes [1C moasl maroT audpaxmnuio B
HYJIEBOH MyYOK W OHA MPOSBISCT ceOs B MOSBICHUHM TaK
Ha3bIBACMbIX MaJOYIJIIOBOTO  paccesHUs B
OTpaXXEHHOM U mpoxojsuieM cBere. [lomockl paccesHus
TaKXkKe BBITAHYTbI B1OJb E. IlosBieHne u nocreneHtoe

I10JI0C

yCUJIEHHE MYYKOB M3 TOPILIOB MOJIOKKH U MaJjlOyIJIOBOTO
paccesHHs B HYNIEBBIX ITy4KaxX ITO3BOJISIIOT CICAUTH 3a
pazeutreM [1C u HccnenoBaTh KMHETHKY 3TOTO IIpOLecca
[9].

ITepnon I1C n3mepsiercs 1o ynry Tuppakiuy @, mydKa
nopsiAka m=-1, Koraa U3MEepUTEIbHBIN My4YOK MajaeT Ha
[1C mox yrioM ¢ W jaer mydok AM(PAKLIUK MO YIIOM
¢,=-¢ (ycnosue apTOKOIUIMMamuH). B nammom ciyuae

¢, =arcsin| — [=49.9° . CunbHoe nsmenenune yria
2d

T1a/IeHNs Ha TIJIGHKY MOKET IPUBECTH K N3MEHEHHIO CaMOH
IIC, T.x. d TIC 3aBucHT OT @, a (HOTOUYBCTBUTEIHHOCTH
KOMITO3UTHOW IUIGHKH BCE BpEMs COXpaHseTcs Ipu
nanmunn B Helt AgCl. [Iudpakuumst mpexacrapisier coOoi
dypre-o6paz mopdonorun IIC 1 no3BoJIsIET CyAUTh O €e
ctpoennu. OnHako OoJee JEeTaNbHYIO MHPOPMAIIMIO JaeT
HETIOCPE/ICTBEHHOE ~ MMKPOCKOIIMYECKOE  M300pakeHHe
[IC. Uzobpaxenne IIC MOXHO TONYYUTH C TOMOIIBIO
aNeKTpoHHOTO NpocBeunBatoiiero (TEM), ckanupytomero
(SEM) wmu aromHOro cmiaoBoro Mukpockoma (ACM).
B cayuyasx TEM u SEM »nekTpoHHBINA My4OK pasjaraer
AgCl. ACM mnoka3biBaeT penb(d CTPYKTYphI, KOTOpas
MoxkeT crmaxuBathes TieHkod AgCl. Ilostomy mpu
MTOJITOTOBKE K MUKPOCKOMIUHU HeoOxonuMo yaamsats AgCl m3
TUICHKH.
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IMnenka AgCl-Ag 0CBOOOXKITAeTCA
AgCl myrem ¢ukcupoBanust - pactBopenneM AgCl B
¢ukcaxe (BomHbIM pacTBOp rumocyitbduta). [Ipu sTom

Ag Ha TOBEpXHOCTH TOAJIOKKHM HE BBIMBIBACTCS INPHU

JIETKO oT

¢ukcupoBanun u crpoenue I1C, xoropas oOpaszoBanach
IIPH OOITyYEeHNH, COXpaHsAeTcs. MBI IIOBTOPHITH TPOLIEIY DY,
KOoTOpas BIIEpBEIE ObUTa peann3oBaHa B pabore [5].
Vi3mMepeHnsi MONSAPU30BAHHBIX CIIEKTPOB IMOKA3ajH, 4TO
nuxpousM B ¢ukcuposanHoit [IC coxpansercs (puc.l,a).
JIMXpou3M W ero JUCIepCHs ONPENelSIOTCsS Pa3sHOCTHIO
AD(A) = D) - D,(A) u a1 QUKCUPOBaHHON IJIEHKH

AD

0.4

0.2

1000

021

Puc.2. Cnexrper nuxpomma AD (A); 1 - ms TIC Ag,
2 - g [1C Agl.

Jqucriepcus mokaszaHa kpuBod 1 Ha puc.2. C momouibro
cKkaHupytomero mMukpockorna JSM 840 momyueH Takxke
canmok stoit I1C (puc.3,a).

Jlamee, BmepBele B HacToAmlmIel padoTe BBHITOTHEHA
npoueaypa mnpespamenus cepedpennoit I[1C B TIC wu3
gactury Agl. [liis atoro oOpasen momemancs Ha CTOJHK
3aKpBITOTO SKCHKAaTopa, Ha JHE KOTOPOr0 HaXOAUTCS
HEOOJIBIIION  KyCOYeK roma. B
DKCHKATOpe 00pasyrorcs mapsl |, u nox ux peicteuem Ag

npespawaercs B Agl. Ilonnoe HoaupoBaHue NPOUCXOAUT

KPHUCTAJUTNIECKOTO
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Puc.3. Muxpockonmueckue ¢ororpaduu I1C : a) - I[IC Ag ; b) - [1C Agl ; npenmyniecTBeHHAs! OPUEHTAIHS IITPUXOB

SEI 21kV x16000 1um
Anm §2 WD:16 I:310 HNo:1108 22.03.10
a
- B1ois E .
3a Bpems t = 2-3 muH. [[udpaknnoHHBIE H3MEPEHUSI
mepuoma IIC, oOpaszoBanHoOi wactumamum Agl, nmator

TOT ke mepuon d=266 uM, kotopsiii mMena IIC u3 Ag.
W3mepennsle nonspuzoBanHble cnektpsl id [IC u3 Agl
roKasaHbl Ha pucl,b 1 ciekTp qUXponsma Ha puc.2, KpuBas
2. [omnyuen Taxxe caumok I1C (puc.3,b) ¢ momornipio ACM
(Muxpocxkon Silver Pro).

OO0cyxneHne pe3yJibTaToB

CIIEKTPaJIbHBIC UCCIIEJOBAHMSL I1c
IIaBHBIM  00pa3oM, mocie oOimyueHHs
BOJIHOBOJHBIX IIIEHOK myukamu oT He-Ne unazepa ¢
A=633 um [9]. [Ipu sTOM, I 00pa3IOB, HACTPOCHHBIX
Ha Bo3Oyxknenne mupenensHod TE, Momer obpasyercs
IIC ¢ d=418 nm, B cnektpe E||E, Bcerna nabmromaercs
[IPOBaJ B NONJIOLICHUH BOJIM3HM A OOIyYEHUS M TUXPOHU3M
MakcMMalleH B paiioHe 9Toil ke A. OpmHako, mocie
(GUKCHPOBaHUA OUXPOM3M M IIPOBAI HE COXPAHSIIUCE.
B nannoit pabore A=407 HM u d=266 HM CyIIECTBEHHO
MEHBIIE M COXpPaHEHHWE AWXPOM3Ma B (PUKCHPOBAHHOU
TUICHKE, MT0-BUIMMOMY, HY)KHO CBSI3BIBATH UMEHHO C OTHM
¢axrom. Ha puc.3,a BUHO, YTO IITPUXHU COCTOSIT, IJIABHBIM
00pa3oM, U3 OTHCIbHBIX, HO OJIM3KO PACIOJOKCHHBIX,
HAHOPA3MEPHBIX U IPEUMYIIECTBEHHO cepruueckux (Hin
nmonychepruecknx) gactui. lITpuxu HE COOTBETCTBYIOT
MOZEIH  TEPHOINYECKOro  Habopa
HaHonpoBoaoB [7,10]. C apyroii cTopoHsl, HabIOKACMAs
CTPYKTYpa HE COOTBETCTBYET W MOJEIH BBITSHYTHIX
B OJIHOM HAlpaBJICHHUHM AaHU3OTPOIHBIX  OTIEJIBHBIX
yacTuI (JUIMTIICOMIOB, KOPOTKUX Iiernodek, urm) [11].
[lo-BuamMomy, B HaOmMOmaeMoW CTPYKType ITHXPOU3M
CIIelyeT CBS3bIBaTh C BO30YXKAEGHHEM JIOKAIN30BAHHBIX
IUTa3MOHOB ~ CBETOM,  IOJSIPH30BaHHBIM B/IOJTb
narpasnenus mrpuxos (E||E) , Tak m B momepedHom
nanpasiexnu (ELE)), HO Ipy 5TOM y4uTBIBATH Pasuyuue

Panee
MIPOBOIUITUC,

METAJININYCCKHX

KakK
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BO B3aUMOJCWCTBMM IIIa3MOHOB  (KaK  JWIOJIBHBIX
M3IyYareneil) A 3TUX ABYX Mmolisipu3annii. Teopetndeckn
Takue MOJICNbHBIC TPEACTAaBICHUS TMOKAa 4YTO HE
pa3paboTaHbl, YTO 3aTPYIHSET KOJIMYECTBEHHBIN aHaIM3
HaOJII0aeMOr0 AUXPOU3MA.

Momuctoe cepebpo (Agl) 1 ero onTHYeCKHe CBOHCTBA
JTABHO M3BECTHBI B CBSA3U C IPUMEHEHUSIMH T'aJIOr€HH/OB
cepedbpa B  dororpapum [12]. B  coBpeMeHHBIX
WCCIIE/IOBAHMSAX TPUBJICKAIOT BHUMAaHHE TaKHE CBOWCTBA
Agl, xak HamMuMe SKCHTOHHBIX I10JOC HONIOLICHUS,
HaOJIOaeMBbIX B BUJIMMOM 00JIACTH CIEKTpa Jaxe Ipu
KOMHATHOM TeMIepaType, BEICOKask HOHHAs! TPOBOIUMOCTh
9TOTO COEIMHEHHWsI W TIPOSBICHUS HEIMHEHHBIX U
pa3mepHBIX 3G (PEeKTOB B MalbIX dacTumax [13,14].

PaccMoTpeHHSIH 3/1eCh POCTOH CIIOCO0 MPEeBpaICHHS
cepedpstaHO# [1C B aHM30TPOIHYIO CTPYKTYPY, COCTOSIIYIO
13 yacTul Agl, UMeeT CMBICH TOJIBKO B TOM CIydae, €Clu
HoAMpoBaHHE HE MPUBOAUT K IOJHOMY II€PEKPBITHIO
U CIIaKHBAaHUIO IITPUXOB CTPYKTYphl. /[l OLEHKH
peambHBIX HW3MEHEHHH B MOP(OJIOTHHM HYXHO 3HATh,
Kak M3MEHsSeTCsl O00beM BellecTBa MNpPHU IPEBPAIICHUN
Ag B Agl. B nuteparype ecTb AaHHBIE, OTHOCSILUECS K
ciaydaro HomaupoBaHus mieHok Ag [15]. M3BecTtHo, 4TO
MpU TIOJHOM IIpeBpamieHnu B Agl CIUTONIHON TUICHKH
Ag TONIHUHBI h1 , TOJIIMHA h2 MTONyYeHHOH TOCie
onupoBanus TeHKH Agl yBenmumBaercs mpumMepHO B 4

=I’L|-A2.p1

1 P>

pasa: h, =4.03-h,p, , - wotrocTu, A, -
MOJIEKYJISIpHBIE Beca. [Ipyroil npeaenpHelil ciayyai - Koraa
IUIEHKa Ag COCTOUT U3 PaBHOMEPHO PACIpPENEICHHBIX MO
MOAJIOKKE C(EPUUECKUX TpaHyl, HE KOHTAKTHPYIOIINX
Mexny coboit. Torma HommpoBaHuWe mpeBpamact chepy
Ag B chepy Agl. st ruieHKH, COCTOSIIEN U3 OMHAKOBBIX
chep, MakcuMasbHas ee TOJIIMHA paBHA JAUaMeTpy chep.
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Domourndyyuposanuas nepuooudeckas cmpykmypa (I1C) uz nanouacmuy Ag, ee npespawenue 6 (I11C) uz
yacmuy Agl u ceszannviii ¢ smumu I1C ouxpousm

[Moatomy amst momenu chep TommuHa criost Agl momkHa

obite pasna: N1, =3/4,03-h =1.59-h, . Hpenensusie
3HaueHus:  ortHoumreHus tommuH (4.03 m 1.59) Obum
HPOBEPEHBI U IIOITBEPIKACHBI IKCIIEPUMEHTAIILHO B padoTe
[15].

B naHHOW paboTe TpHW MPUTOTOBICHUH TUICHKU
AgCl-Ag HaHOCHICS CIIOH Ag ¢ MacCOBOW TONIIMHOW ~§
HM. OnHaKo, pa3Mepbl YacTHIl B IITPUXaX B pe3ylbrare
CTPYKTYPHBIX TIpEBpalIeHUH Npu OONyYEHUH JOJDKHBI
CYIIECTBEHHO U3MEHUTHCS M0 CPABHEHHUIO C ATOW LUppOH
U ux ciuexyer omenuBarb 1mo cHuMKy IIC (puc.3,a). Ha
CHUMKE a) TOKa3aH MAacCIITa0HBIM OTpe3ok B | MKwM,
KOTOPBI HEM30€KHO COAEPKHUT OLIMOKY, CBSI3aHHYIO C
MIpOLIEAyPOH I'PalyMPOBKH yBEIMYECHUs] MUKpockomna. Ha
puc.3,b nokazaHa JMIIL MacmTabHas mKaga (HM) YepHO-
0eoro KOHTpAacTa, Uil OINPECICHUS] BBICOTHI YACTHII.
B mockoct CHUMKOB HamOosee TOYHBIE JAHHBIE O
MacmTade TaeT M3MEpPEHHBIHN 10 TN PaKIINK CBETa MEPUO]
[IC d=266+0.3 uM, oguHAKOBEIH Tt a) U b). CHUMOK a)
MIOKa3bIBAaCT MPHUMEPHO OJMHAKOBYIO INUPHHY IUTPUXOB
a v mpoMexyTka b Mexay HUMHU U T.K. d=a+b, Haxoaum
a=b=133 umM. Ha puc.b) BHIHO, YTO pa3Mephl YaCTHI
rnocjae HOAMPOBAaHMS W3MEHWINCH, IIUPHHA INTPUXOB
YBEIMYMIIACH @ TIPOMEXKYTKH MEXTY HUMU YMEHBIININCH.
Bynem canTarh, 4TO ITPUXH HA pHC.3,a COCTOAT U3 OJIM3KUX
noxycepuyeckux JacTun Ag, JexKalnx cCBOCH IIOCKON
CTOPOHON Ha TOMJIOKKE M WX pajuyc paBeH a/2=66.5
oM. [Ipu loaupoBanuu cdepbl Ag ee BbIicOTa (AUAMETP)
yBenmumiics 061 B 1.59 paza [15], a B cimyuae momycdepst
BO CTOJIBKO JK€ pa3 yBEMUYUTCS €€ pammyc (BBICOTa) U
cocraBuT 106 HM. Ha mikane BBICOTHI CHUMKA b) moka3aHa
MeTKa perynupoBku koHTpacTa 107 uM. OHa ke mpuMepHO
TIOKa3bIBACT CPEITHIOIO0 BBICOTY penbeda. Dta nnudpa odeHb
Osr3Ka K BeJMYuHE BICOTHI 106 HM, KOTOpasi HaliieHa [ist
MOJIeNN TIpeBpamieHus norychepsl Ag B momychepy Agl.
[Ipn TakoMm mpeacTaBIeHUN MIMPHUHA MITPUXOB HA CHUMKE
b) momxna OBITH paBHA 212 HM, T.€. YIBOCHHOMY PaaHyCy
norycdep Agl. Beranrast mmpuHy n3 rnepuoja, noxydaem
CpellHee PacCTOSTHUE MEXTy IITpUXamMu 54 HM.

Paciupenue u
HOMMPOBAaHMU W3MEHSET OO BUA CTPYKTypsl. Ha
MHOTHX Y4YacTKax INTPUXH CONPHKACAIOTCS, a BOJb
ITPUXOB BO MHOTHUX MECTaX OTICIbHBIE YaCTHIIBI
COeNMHSIIOTCS Apyr ¢ apyroMm. OpHako, HecMOTps Ha
CYIIECTBEHHOE M3MEHEHUE MOP(OJIOrHH, TIEPUOANIHOCTD
B CTPYKTYPE COXPAHSIETCSI U ONPEACISET €€ CTPYKTYPHYIO
U ONTHYECKYI0 aHM30Tpomnuio. Kpusble amxpousma mnpu
9TOM TIOKa3BIBAIOT, YTO 0 (pUKCHpOBaHHA (pHUC.2, KpHUBas
1) nuxpowsMm B JUIMHHOBOJIHOBOH O0JAacTH CBSI3aH C
TIOIVIOIICHNEM CBETa 3a CYeT BO30YXKICHUS KoyeOaHWH
CBOOO/THBIX 3JIEKTPOHOB B HAHOPA3MEPHBIX YacTHIAX Ag,
a 1ocie HOIMpOBaHHs JUXPOU3M PE3KO IMEPeKIIouaeTCs
Ha KOPOTKOBOJIHOBYIO 00JIaCTh, I7I€ MOIVIOIICHNE CBA3aHO
¢ Bo30OykaeHreM 3KcuToHa (MUK A~430 HM) 1 MEK30HHBIX

COMMKEHUE  HITPUXOB  NPHU
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nepexonoB B Agl (puc.2,xpuBas 2).

3akJjioueHnne
B pabore wu3MepeHbl B MONSPU30BAHHOM CBETE
CIEKTPbI ~ ONTHYECKOW  IUIOTHOCTH  HEPHOTUUYSCKHX

crpykryp (IIC), cocrosimux u3 wactun Ag u Agl. TIC,

cocroslias M3 yacTUIl Ag, TMOMy4yeHa B BOJHOBOAHOM

¢dorouyscTBHTENBHOI TUIeHKe AgCl-Ag 1pu ee 001yueHnn

JUHEWHO TMOJSPU30BAHHBIM JIa3€pHBIM IIYYKOM MpHU

HOpPMAalTbHOM TaZeHnuH, 3aTeM ocBoOokaeHa ot AgCl u

3aKpeIuleHa Ha [MOBEPXHOCTH CTCKISTHHOW TOMIIOKKHI

METOJIOM (PUKCHpOBaHUs. V3MepeHBl CIEKTpBI, MEpHOJ

IIC, mnomyueno wu3obOpaxkenne I[IC Ha 3IEKTPOHHOM

Mukpockornie. 3arem, wuiaeHTHuHas [IC w3 yactum Ag

obpaborana mapamu 1, o nonHoro ee nmpespamienus B [1C

3 gactun Agl. V3mMepeHsl CrieKTphl, TIEPHOI U TIOTyYeH

ACM cuumok stoii TIC. BrimonHeHHBIE HCCICIOBaHUS

BIIEpPBbIE IOKa3ajlk, YTO CTPYKTypHass M ONTHYECKas

anmnzorponust (muxpomsm) B IIC, momyueHHod mocie

HOIMPOBAHUS, COXPAHAIOTCS, HO MPH ATOM CYIECTBEHHO

M3MEHSeTCA JHCIIepCHsl AUXPOM3Ma B COOTBETCTBHH CO

CHEKTpOM noromeHust Agl.
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Au, Mg and Zn diffusion in GaN
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Transmission electron microscopy was used to study the defects generated in GaN heteroepitaxial layers during diffusion of Au,
Zn and Mg in the temperature range 900°C — 1200°C. The diffusion annealings were carried out under N, pressure of 1 GPa in oder to
avoid decomposition of GaN. Diffusion of the metals into the GaN layers was connected with formation of voids and nanotubes along
dislocation cores. Reasons and mechanisms of their formation were discussed. The penetration profiles were measured by means of
SIMS. The effective diffusion coefficients and the activation energy for Au diffusion in GaN were calculated.

Keywords: diffusion, GaN heteroepitaxial layer, structural defects.

MeTonaMu POCBEUMBAIOIICH JIEKTPOHHONW MHMKPOCKOIIMH H3ydanu oOpa3oBaHHE A€(EKTOB B I€TEPOITUTAKCHAIBHBIX CIOSIX
GaN B npornecce qupdysun Au, Zn u Mg npu temneparypax 900°C — 1200°C. Bo nzbexanue pa3inokeHUss HUTPUAA TauTHs IPpH
BBICOKHX TeMIepaTypax Tu((dy3HOHHBIH OTKHUT MPOBOAMIN B atMocdepe azoTa mox aasnerueM 1 I'Tla. Juddysns metammos B GaN
COTPOBOXKIAJIaCh 00pa30BaHUEM MOP U HAHOTPYOOK BIOIb IMHUH AUCTOKaIid. OOCYKIeHBI MPUYUHBI 1 MEXaHU3MBI KX 00pa30BaHUSL.
MetonaMu Macc-CIeKTPOMETPUM BTOPUYHBIX HOHOB (SIMS) u3Mmepsiin npoduiam pacrpeeneHns KOHIEHTpaluy B 30He B Qy3nH.
Ha ux ocHoBe paccunrtanyu 3¢ dekTrBHbIe K0d)GUIUCSHTHI U SHepruu akTuBanuu audpdysun Au B GaN.

KimoueBsbie cioBa: middysus, rereposnurakcHaibHbL ciioit GaN, CTpyKTypHBIe Te(eKThI.

MetogaMu TpaHCMICIITHOT eNEeKTPOHHOI MIKPOCKOIIII AOCHIPKyBall CTBOPEHHS Ae(eKTiB y rerepoemitakciiiHux mrapax GaN
mig yac audysii Au, Zn 1 Mg 3a temneparyp 900°C — 1200°C. AGM yHUKHYTH pO3Maay HITPHUIY Tallisi 32 BHCOKHX TeMIIEpaTyp
nudysiitaunii Bignan 3aiicHioBanu B armocdepi azora mig tuckom 1 I'Tla. {udy3is merani y GaN cynpoBoKyBaIacsi CTBOPESHHSIM 11Op
Ta HAHOTPYOOK B3/IOBXK JIiHIH Auciokamniii. OGroBopeHo NPUYMHY | MEXaHI3MH IX CTBOpeHHs. MeToamu Mac-CIeKTpOMeTpii BTOPUHHUX
ioniB (SIMS) BumiproBaiu npodisi posnoainy KoHIeHTpamii y 30Hi andysii. Ha ix mixcrasi po3paxyBaiy e(eKTHBHI KoedillieHTH Ta

eHeprii axtusamii audysii Au 'y GaN.

Kuarouosi ciioBa: nudysis, rerepoenitakciitauii map GaN, CTpyKTypHi ge(heKTH.

Introduction

GaN heteroepitaxial layers grown on Al,O, substrates
are widely used in blue-light optoelectronic devices. The
challenge of development blue-light emitting lasers and high
power optoelectronic devices requires improved control of
diffusion processes taking place in GaN. Due to a large
lattice misfit between the sapphire and GaN, a high density
of so-called “threading dislocations” is present in the GaN.
The fast diffusion along dislocation leads to deterioration
of electrical contacts to GaN, thus limiting the lifetime of
GaN based lasers. There are practically no quantitative data
about diffusion in GaN. One of the reasons is the technical
difficulty of carrying out such diffusion annealings:
diffusion in GaN in conditions of thermodynamic stability
at temperatures 1000°C and above must be studied under
nitrogen overpressure of 1 GPa or more. On the other hand
it is known that diffusion of impurities in GaAs and other
II1-V compounds can cause generation of voids [1]. It can
therefore be expected that diffusion of metals will lead to
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formation of defects in GaN as well.

The purpose of the present work was to investigate the
diffusion of selected metals, such as Au, Mg and Zn, from
evaporated layers into heteroepitaxial GaN layers and to
characterize the microstructure after the diffusion anneals.
Au was selected as one of the components for electrical
contacts to GaN, and a non-reactive metal suitable for basic
studies of diffusion processes. Zn and Mg diffusion is of
interest since both metals are p-dopants in GaN.

1. Experiment

In the first set of the experiments thin films of Au, Zn
and Mg of 20 nm thickness were deposited in vacuum of
10”7 mm Hg on the (0001) surface of 1,7 pm thickness GaN
epitaxial layer grown on the sapphire substrate. Such layers
produced by CREE company have block structure with
average disorientation angle of about 0,1°. These layers
were characterized by high density of threading dislocations
104m? (Fig.1.1).
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Fig.1.1. Typical TEM image of microstructure of the
cross section of nonannealed GaN epitaxial layer grown
on the sapphire substrate (CREE company production).

Isothermal anneals of prepared samples were done
at hydrostatic N, pressure conditions (P =1GPa) in the
temperature range 900 — 1200 °C during 10 min according
to procedures described in [5,8]. The crucible with the
GaN layers contained also GaN powder. The annealing
procedure ensured the thermodynamic stability of the
GaN layers. After anneals distributions of Au, Zn and Mg
concentration in the direction normal to the (0001) atomic
plate were obtained using SIMS method (Secondary lon
Mass Spectrometry).

In the second set of the experiments thin films of Au
of 20 nm thickness were deposited on the (0001) surface of
GaN single crystal. From the diffusion experiments with
heteroepitaxial layers it was found that GaN surface shift
was strongly degraded with Mg and Zn diffused into the GaN
layer. It was the reason therefore to provide the diffusion
experiments with Zn and Mg from gaseous phase. GaN
single crystal was placed inside the crucible together with

Inl
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Mg or Zn peace. Samples were anneal in the temperature
range 900 — 1400 °C during 2—4h. Concentration profiles
of Au, Zn and Mg were obtained using SIMS method.

2. Experimental results and discussion
2.1. Au/GaN-monocrystal system

It wasn’t found any structural changes in GaN single
crystal as a result of Au diffusion in it. All substance of the
gold film was penetrated into the GaN single crystal during
diffusion experiment (except part of gold was evaporated).
The typical penetration profiles of Au diffused into the
GaN single crystal at 1 GPa nitrogen pressure are presented
on Fig.2.1a.

Considering the process as a gold diffusion in a semi-
infinite solid from the instantaneous source concentration
dependence Au from coordinate and time may be present as

x? j

4Dt

where X is the depth from the surface; D, is the bulk
diffusion coefficient of Au in GaN. From the slopes of
the plots /n1 vs X? (Fig. 2.1b) values of the Au diffusion
coefficients in GaN were calculated (Table I).

C(X,t)=C(0,t)exp [—

2.2. Au/GaN-heteroepitaxial system

Diffusion of Au into the dislocated heteroepitaxial
GaN layer was accompanied by wide short crater
formation (Fig. 2.2 a).

It was typical for all GaN layers covered by Au film
annealed in temperature range 900 — 1200°C. The craters
are located at the places where threading dislocations
emerge at the surface. In addition as it is shown on the Fig.
2.2b, Au diffusion accompanied by voids appearing along
dislocation lines. The void formation takes place in the
whole temperature range but becomes more pronounced
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Fig. 2.1. a— The typical penetration profiles of Au diffused into the GaN single crystal at 1 GPa nitrogen pressure; b —

InTvs X?plot for Au diffusion in GaN.
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Table I
T°C D,, m’s"
900 5.6x107"
1200 9.25.10°18
1400 3.3x1077
Table 11
T°C D'a , m3s™!
900 4,3x1072
1050 7,9x10722
1200 1,3x102°
Table III
T°C DbZn , mzs,l D;Mg , mZS—l
1200 1,6x10°'8 1,6x107"

at higher temperatures. The formation of small voids takes
place also in the GaN bulk around of the dislocations. The
SIMS penetration profiles of Au in the GaN heteroepitaxial
layers are presented on the Fig. 2.3.

The estimation of the depth of the Au penetration
into the GaN bulk during annealing for heteroepitaxial
layer shows that diffusion of Au into the dislocated layer
is realized in B regime [4]. It means that diffusion of Au
along the short-circuiting paths followed by leakage, i.c.,
lateral diffusion into the bulk from the dislocation:

a< Dypt< %

where a is the dislocation core radius, A is the average

a
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distance between the short-circuiting paths.

In our case A~100 nm, Dbt ~20-30 nm for

different temperatures. Therefore the average concentration
value estimated by SIMS method at the depth X from the
surface is described by Suzuoka solution [2]:

2 2. /D, t
X212 ey |
4D, t A

where C, is the contribution to G(X) of diffusion along

C(X,t)=C(0, t){exp [—

the dislocations, C, is the contribution to C(X) of the

volume diffusion laterally from the dislocations. If we use
the Le Claire’s parameter [3]

D' a
b

ﬂ:FZ D,t (1)

where D’ is the diffusion coefficient along dislocation
then the value D’a may be calculated from the relationship
obtained in the framework of the Suzuoka solution [4]

__ 0lgC _=0,72""
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For fixed t and T
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BDbt =const and so

— 0’ 72ﬂ—0,592 (Dbt)fO,G (2)

6 The B value is calculated from the slope of 1g C vs
XA plot. Then from (1)
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b

Fig. 2.2. a — Bright-field TEM image of the crater structure formed at the surface of GaN heteroepitaxial layers with
deposited Au film as a result of annealing at temperatures in the range 900 — 1200°C. b — TEM bright field image of
voids along dislocations.
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Fig. 2.3. The typical SIMS penetration profiles of Au
in the GaN heteroepitaxial layers (t=10min, P=1 GPa).
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The results of calculation of the value D'a are
presented on the Table II.

For understanding of structural changes taking place
in heteroepitaxial GaN layers during Au diffusion it is
necessary to make some assumption about mechanism of
Au, Ga and N atom diffusion migration in GaN lattice.

In wurtzite-type GaN structure (Fig. 2.4 a,b) the strong
electronegativity of nitrogen leads to a strong localization
of the electron density around the nitrogen atoms. Nitrogen
atom requires 3 electrons for completing of 2p electron
shell. Gallium atom have 3 valence electrons (4s* and 4p)
and 4 nearest nitrogen neighbors. So it can be assumed
that the valence electrons realize the three bonds that are
close to the ionic ones; and the fourth bond (in the [0001]
direction) is the covalent one and can be realized by one
of the 3d electrons of gallium atom and by one of the 2s
electrons of nitrogen atom (Fig. 2.4c). As a result the
gallium atoms in GaN lattice have the charge of about (+3)
and nitrogen atoms have the charge of about (-3).

As long as Ga and N atomic bonds in GaN lattice
are closed to the ionic ones as Ga** and N* migrate in the

a b

[070] W
[0001]
[1210] [0001] é ‘ [10?%{1210]

own sublattice. If the migration occurs by the vacancy
mechanism than Au atoms diffusion may be realized
in both sublattices (in supposition that Au atoms are not
ionized in GaN lattice).

Generally speaking the Ga*" and N*~ions diffusivity
mast be greater then the Au atoms one because the jump
frequency for example of Ga** to the VG3a_ vacancy is C;/

I, and the jump frequency of Au atom to vacancy is (CV

+ C-‘\_/ )C, I, (I', is the frequency of diffusion jumps of
.. - + .

vacancies in crystal, CV , CV — vacancy concentrations,

C,, <<l is Au atoms concentration in GaN lattice).

After assumptions have done it become to be
understandable the void formation effect as along
dislocation lines as in the bulk. As it was above mentioned
dislocation structure of GaN heteroepitaxial layer is
presented by threading dislocations which are normal
oriented to the surface of the layer. The diffusion flow of
Au atoms along dislocations as well as in volume laterally
from short circuits is accompanied by more powerful flow
of the more mobile Ga* and N** from volume towards the
short circuits and then along dislocations towards the GaN
layer surface. The difference of this flows must be

. - . 3+
compensated by cation VG3a and anion VN vacancy

flow from the surface along dislocations and then in volume
of crystal. We have observed the display of this process as
the Kirkendall effect: the voids formation along dislocation
lines as well as in crystal volume near the dislocations. The
edge dislocations are good absorbers of the excess
vacancies but in wurtize-type structure absorption of the
vacancies by the edge dislocations leads not to their climb
but to the cavity formation on it. The edge dislocation
structure in wurtzite GaN is presented on the Fig. 2.5a. The
strained and ‘dangling’ bonds present in the dislocation
core could permit impurities and intrinsic defects to be
trapped there. The trapping of cation and anion vacancies
leads to the cavity formation on the dislocation’s core as it

is represented on Fig. 2.5 b—d.

e 9

Cc

Fig. 2.4. Schematic picture of the wurtzite-type structure of GaN. The gallium and nitrogen atoms are presented as
grey and black disks, respectively. The covalent bonds are presented as interrupted lines.
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[1070]

[1290] [00m]

Fig. 2.5. a— The schematically presented top view (in [0001]) of the threading edge dislocation core in GaN; b,c,d —
the successive stages of cavity evolution on the dislocation caused by trapping of cation and anion vacancies by the
dislocation core.

Au atom moving from dislocation to the bulk is also
accompanied by the vacancy flow directed from dislocation
to the bulk. As the opposite charged vacancies have a
tendency to form (Véa_ - V§+ ) complexes (Fig. 2.6), then
the cavities in the bulk are form from the supersaturated
vacancy solution.

Formation of wide short craters located at the places
where threading dislocations emerge at the surface possibly
connected with weak GaN solubility in liquid Au that
occurs preferably in the defect places of lattice.

2.3. Mg,Zn/GaN-single crystal system

Zn or Mg diffusion from gaseous phase in GaN may
be considered as diffusion in a semi-infinit solids with

36

constant surface concentration. Typical penetration profiles
for Zn and Mg diffusion into the GaN monocrystal are
represented in Fig.2.7.
Measured concentration
approximated as erfc-function:

distribution may be

X

From the slope of erfc '(C/C)) vs (X/2 \/¥ ) plot one

can obtain the bulk diffusion coefficient D,. The calculated
values of D, are presented in Table III.

C(X)=Cyerfc

BicHuk XHY, Ne 1113, cepist «®isuka», sun. 20, 2014
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Fig.2.6. Schematic picture of the (Vé; - Vifr ) complex
in GaN.

2.4. Zn,Mg/GaN-heteroepitaxial system

The surface of GaN layers was strongly modified,
and the average thickness of the GaN layer decreased by
several hundred of nanometers. Fig. 2.8 shows a typical
structure of GaN layers after annealing in Zn vapor.
Long tubes which are filled partly by zinc are observed,
with thicknesses in the range of 10 — 20 nm. Diffusion of
Zn and Mg is accompanied with creation of voids along
dislocation lines (Fig.2.9a) as well as at some distance
from the dislocation lines. Fig. 2.9b shows a set of small
V-shaped voids surrounding a larger V-shaped void. Other
defects observed after Zn and Mg diffusion are nanotubes
with smooth and saw-tooth-like walls (Fig. 2.10).

The GaN surface corrugations (Fig. 2.8) and decrease

Fig. 2.8. Typical structure of GaN layers after annealing
in Zn vapor at temperature of 1200°C.
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Fig. 2.7. Penetration profiles for Mg and Zn diffusion
into the GaN single crystal from gaseous state at 1 GPa
nitrogen pressure and temperature of 1200°C;

of layer thickness indicate that GaN was destroyed near
the surface at the temperature of the diffusion anneal.
These surface corrugations made it impossible to estimate
the diffusion coefficients.

It is generally accepted that diffusion of Zn and Mg
atoms in compounds, based on the elements of groups
IIT and V of the periodic table occurs via an interstitial-
substitutional exchange mechanism [6,7], and that Zn or
Mg is incorporated substitutionally on group III sublattice
sites where it acts as a shallow acceptor.

Describing the structure changes during of Zn or Mg
diffusion in GaN it is necessary to take into account the fact
that the II-valence impurity atoms became twice ionized in
GaN lattice. In this case electrons of the impurity atom (Mg
— 3s%, Zn — 4s?) realize the ion bonds with two of the three
N-3anions located in (0001) plate. The covalent bond with
the third anion is established. It caused p-type conductivity
of GaN because electron was trapped from valence zone for
creation of this bond. As the twice ionized impurity atom
substitute the three time ionized Ga atom in GaN lattice
then the effective impurity atom charge is about (—1). So
substitution of Ga atom by the two-valent impurity atom
leads to reconstruction of the electron configuration and to
displacement of the neighboring nitrogen atoms outwards
with respect to the ideal lattice sites [9] (Fig. 2.11a).

In this case the impurity atom have weaker bonds in
lattice in comparison with Ga atoms located near by the
displaced nitrogen atoms (Fig. 2.11b).

Thus doping of II-valent impurity in GaN must lead
to the reducing of the Ga atoms diffusivity because of
increasing of activation energy of Ga atom migration and

3- . . L
of V., vacancy formation energy. This conclusion is in

agreement with results of Vg; in GaN concentration
measurements at different Mg content [10]. In [10]

using positron annihilation method was found that VG3;
concentration reduced down to 0 with Mg concentration
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Fig. 2.9. a - voids formed along dislocation lines after annealing; b - a colony of small voids around larger V-shaped

void.
increasing in GaN.

Since the activation energy of II-valent impurity atom
migration EM™ < E*  then diffusion coefficient of the
impurity D, >D . So impurity atom diffusion from the
surface to the volume of GaN must be accompanied by

the Véa_ vacancy flow directed from the volume to the
surface. In this case the void formation in the GaN bulk is
impossible.

The reason of nanotube and void formation can
be participation of oxygen in diffusion process. There is
experimental evidence that oxygen acts as a donor in bulk
GaN [16] and total energy calculation show that O sits on a
N site [17] where it has the effective charge of about (+1).
It means that the neighboring Ga atoms replace from the
ideal lattice positions as it shown on Fig. 2.12a. As seen
from Fig. 2.12b it leads to reduce of the activation energy

b

Fig. 2.10. Morphologies of nanotubes in GaN heteroepitaxial layers after Zn and Mg diffusion. a - elongated voids
with smooth walls; b - nanotubes with faceted wall structure.
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Fig. 2.11. a — The nitrogen atoms outward relaxation
with respect to the regular GaN lattice sites after the
two-valent impurity was incorporated substitutionally
on the Ga sublattice site. Impurity Mg atom is presented
as lightgray disk; b — alteration of the potential relief for

the Ga sublattice sites around of the impurity. Exg and

Ga . . . .
E_" are the activation energy for migration of Mg and
of Ga atoms, respectively.

X [1210]

Fig. 2.12. a — The gallium atoms outward relaxation
with respect to the regular GaN lattice sites after the
oxygen was incorporated substitutionally on the nitrogen
sublattice site. Oxygen atom is presented as disk (+);
b — alteration of the potential relief for Ga sublattice sites
around oxygen.

a
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Fig. 2.13. a — The (Mg— O") complex formation in
GaN. O and Mg atoms are presented as (+) and (-)
disks, respectively; b — alteration of potential relief for
Ga sublattice sites around of (Mg — O") complex.

for migration of Ga atoms as well as of the VGsa_ formation
energy.

In the case of oxygen participation in Mg or Zn
diffusion in GaN the great probability of (Mg—-0O")
or (Zn—-0%) complexes formation is exists. From the
Fig.2.13a,b one can see that formation of such complex
leads to the increasing of the activation energy for impurity
atom diffusion and to the reducing of the activation energy

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014
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Fig. 2.14. Topview (in [0001]) of the relaxed core of the
open-core screw dislocation. The three fold coordinated
atoms 1 (Ga) and 2 (N) adopt a hybridisation similar to
the (10_10) surface atoms [13].
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Fig. 2.15. The (000 1) cavity surface in GaN passivated
by MgO layer growing from supersaturated vacancy
solution in presence of oxygen (light discs) and
magnesium (light-grey discs) atoms.

for Ga atom diffusion.

So the direction of the preferential vacancy flow
during diffusion of Zn or Mg in GaN will depend from the
oxygen quantity taking part in the diffusion process. The
diffusion flow of the impurity atoms may be presented as
sum of the two flows:

U P
where J| is the flow of the mobile ‘free’ impurity atoms, J,
is the flow of slow ‘impurity-oxygen’ complexes.

The nanotubes and voids formation observed in our
experiments means that the preferential vacancy flow is
directed from the surface to the volume of GaN. It means
thatJ. <J_ ,1i.e.the main contribution in Jimp makes diffusion

imp " Ga’

of the complexes'.

"'In our experiments we have observed the distance of the
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Fig. 2.16. The schematic presentation of top (a) and side view (b) of the void in GaN faceted by high density packed

surfaces passivated by MgO.

Since transport of charged Véa_ vacancies is limited
by electroneutrality requirement it is clear that not single

vacancies but neutral complexes for example ( VG3a_ -
VIE}JF ) and ( Vga_ -3 O;I ) are move.

The directed flow of vacancies and oxygen along the
dislocations can leads to the cavity formation on it. The
fact that we have observed two types of nanotubes in Zn/
GaN and Mg/GaN systems is connected with presence in
the epitaxial grown GaN layer of two type of threading
dislocations.

Threading screw dislocations in GaN lies along
[0001] with a full Burgers vector b=c[0001]. They nucleate
in the early stages of growth at the sapphire interface
arising from the collisions of islands during growth and
threading to the surface of the crystallites [11]. At a screw
dislocation there is a non-vanishing edge on the surface
which favors the crystal growth. Therefore the screw
dislocations are essential for the growth process and are the
typical extended defects of epitaxial grown crystals.

The strong distortion in the core and thus high line
energy of screw dislocation (4.88 eV/A [13]) makes
it favorable to open the core of the dislocations and to
formation of the nanopipes. The energy required to form
the surface at the open-core wall is compensated by the
energy gained by reducing the strain. This opening has

Zn atoms spreading in GaN greater than of the Mg atoms
one. This evidently is connected with the greater bond
energy of the (Mg-O") complex in comparison with (Zn~
-O") complex, so that the number of the ‘bound’ Mg atoms
is greater than the number of Zn ones.

40

been observed by Liliental-Weber et al. who found some of
the screw dislocations to have holes which are three atomic
rows wide [12]. The theoretical calculations shows that the
equilibrium diameter of the open-core is approximately 0.7
nm and the line energy of the relaxed dislocation core is
4.55eV/ A [13] (Fig. 2.14). A further opening gave a higher
line energy because it leads to increasing of the surface
energy of core walls.

Growth of GaN on sapphire by vapor phase epitaxy
is often associated with the appearance of long nanopipes
parallel to c-axis which have hexagonal cross sections with
uniform diameters ranging from 5 to 25 nm [14]. Liliental-
Weber et al. [15] have found that the density of nanopipes
is increased in the presence of impurities, e.g. O, Mg, In
and Si and have argued that these impurities decorate the
(10_10) walls of the nanopipes inhibiting overgrowth.

The internal surfaces of screw dislocations are very
similar to those of the low energy (10 _10) surface. In [18]
was found that the energy of O in N position is 0.8 eV
lower at the relaxed (10_10) surface. This shows that there
is a tendency for O to segregate on surface.

Calculations showed that ( Véa_ - 30;1) is more
stable at surface than in bulk by 2.15 eV [18]. Two O
neighbours of the surface vacancy lie below the surface and
each is bonded to three Ga neighbours. But the surface O is
bonded to only two subsurface Ga atoms in a normal
oxygen bridge site. The defect is electrically inactive with
the O atoms passivating the vacancy in the same way as
VH, in Si [18].

So oxygen has a tendency to segregate on the (10 _10)

surface and forms stable and chemically inert ( Vga_ -3
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+ . . .
ON) defects. These defects increase in concentration

when the internal surfaces grow out. When a critical
concentration of order of a monolayer is reached, further
growth is prevented. This leads to nanopipes with (10 _10)
walls coated with GaO and supports the suggestions of
Liliental-Weber et al. that nanopipes are linked to the
presence of impurities [15].

Since in our experiments along with atoms of oxygen
impurity atoms or its complexes with oxygen are diffused
the nanotube walls adsorbs the impurity atoms as well. It
apparently reduce the nanotube surface energy and leads
to the growth of its diameter up to the equilibrium one for
present value of surface energy. This is how the nanotubes
with the smooth walls appear. Au adsorbtion evidently
weakly change the surface energy so we didn’t observe
nanotubes in experiments with Au.

Pure edge dislocations in GaN lie on {10 10} planes
and b = a = [1_210]/3 is their Burgers vector. They are
dominant species of dislocation, occurring at extremely
high densities of approximately 10®— 10" cm? in hexagonal
GaN grown by MOCVD on (0001) sapphire and in analogy
to screw dislocations are thought to arise from the collisions
ofislands during growth [19]. From a supercell calculation,
in [9] was obtained a line energy of 2.19 eV/A for the
threading edge dislocation that is considerably lower than
the one found for the screw dislocation with a narrow
opening. This can be interpreted by noting that the edge
dislocation has a smaller number of three fold coordinated
atoms than the open-core screw dislocation as well as a
smaller elastic strain energy. Therefore the open-core of
pure edge dislocations is not observed. But being the short
circuits for the impurity diffusion and the good absorbers for
the excess vacancies the edge dislocation are the regions for
the voids vormation.

Let us consider the diffusion spreading of II-valent
impurity along edge dislocation process for Mg as an

example. lonized atoms of Mg , (Mg-0O") as well as ( VG3a_

- 131+ ) and ( VG3; -3 OItI) complexes are moved along

the dislocation from the GaN layer surface into the GaN
volume. Process of Mg and O accumulation in GaN volume
accompany with the process of Ga by Mg and N by O
substitution. Simultaneously cavities nucleate from the
supersaturated vacancy solution in the core of edge
dislocations as well in crystal volume near dislocations.
Since oxygen has a tendency to segregate on the surface it
replace nitrogen first of all on the cavity surface. As it move
as a complex with magnesium then the cavity surfaces
became covered by MgO.

The cavity growth in wurtzite GaN in presents
of oxygen occurs anisotropically because not all the
crystallographic directions are equal with respect to the

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

oxidation process.

As is known the GaN surfaces presented by high
density packed {0001} and {1010} planes have minimal
energy and faceted the growing crystal. But the (0001) and
(000_1) surfaces have different degrees of the chemical
activity.

The gallium terminated (0001) surface presented by 3
time ionized Ga atoms which valent electrons are localized
around N atoms located deeper under the surface. That is
why this surface is very stable with respect to the outside
chemical influence.

The nitrogen terminated (000 1) surface is presented
by N atoms with complete 2p electron shell. But being in
contact with atoms having lesser ionization potential than
Ga atoms have the nitrogen atoms tear up the bonds with
Ga and make bonds with more active donors.

That is why inside the nucleated primarily isomeric
cavity (000 1) surface will oxidize first of all. It become so
to be passivated by MgO layer and don’t take part in further
cavity growth process (Fig. 2.15).

Another surfaces of the cavity dissolve as the vacancy
coming in by diffusion along dislocation core. Since part of

the VG3; vacancies diffuse not only as the ( Vg; - Vﬁ; )

complexes but in the composition of the ( Vé’a_ -3 OE)

complexes than the number of Vga_ vacancies coming into
3+
the GaN volume exceed the number of VN ones (the

CI? ‘- Cg difference is determined by amount of oxygen

that takes part in the diffusion). That is why the process of
diffusive dissolution of the high density Ga packed (0001)
surface will be the fastest. It leads to the form of the faceted
cavity formed on the edge dislocation as well in the GaN
bulk was observed experimentally. The cavity growth
process stop when all its surfaces will be passivated by
oxygen. The cavity surface is cover by MgO when Mg
diffuse simultaneously with O. (Fig. 2.16a,b).

Of course the cavities nucleate and grow faster on the
dislocation then in volume. Growing together they form
the faceted nanotubes we have observed. The growing up
small cavities formed in the bulk close to the dislocation
line grow into the big cavities as seen in (Fig. 2.9).

The rare faceted voids that was observed in our
experiments with Au diffusion in GaN are thought to appear

as a result of the ( Vga_ -3 OItI ) complexes diffusion. The

diffusion mobility of this complexes is rather lower than
mobility of the (Mg-O") or (Zn-O") complexes which
transport oxygen during Mg or Zn diffusion in GaN.
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In-plane paraconductivity of ReBa,Cu,O, , (Re=Y, Ho) single
crystals with a given topology of planar defects and a mono-domain
sample

A.N. Sokolov, S.V. Savich, V.V. Sklyar, Z. F. Nazyrov, R. V. Vovk

Kharkov National University, 4 Svoboda Sq., 61077 Kharkov, Ukraine

Ruslan. V.Vovk@univer.kharkov.ua

In this experimental study we present a comparative analysis between the normal and the fluctuating conductivity of the
ReBa,Cu,0, , (Re=Y, Ho) single crystals (with a given topology of plane defects) and a mono-domain sample (without twin boundaries).
It is demonstrated that the twin boundaries are efficient scattering centers for the normal and fluctuating carriers. The Lawrence-
Doniach theoretical model is an appropriate description of the temperature dependence of the excess conductivity. The values
of the coherence length perpendicular to the ab-plane x (0) are in good agreement with the values derived from magnetic
measurements of stoichiometric YBa,Cu,0,  single crystals.

Keywords: fluctuation conductivity, YBa,Cu,0, ; single crystals, twin boundaries, crossover, coherence length.

Y poGoTi MpoBe/IcHO MOPIBHSNBHUI aHaNi3 HOPMANBHOI i (uykTyauiiiHoi nposigHocTi MoHOKpHcTaniB ReBa,Cu,0, ; (Re=Y,
Ho) i3 3a7aHOr0 TOIMOMNOTIE0 TUIOMMHHUX Ae(eKTiB Ta 0e31BIHHIKOBOTO OJHOIOMEHHOTO 3pa3ka. [loka3zaHo, 10 JBIITHUKOBI MEXi
€ e(eKTUBHUMH [EHTPAMHU PO3CIFOBaHHS HOPMAlbHHUX 1 (QIyKTyamilHUX HOCIiB. [Ipy mboMy 3HA4eHHS NOBXHHH KOTEPEHTHOCTI
NepNenauKynsapHo 6asucHidl muomuni x (0), OTpuMaHi MpH anpoOKCHMAllii TEMIEPaTypHOi 3aI€KHOCTI HaUTMIIKOBOI ITPOBiIHOCTI
TeopeTnuHoI0 Mozento Jloypenca-J{oHiaxa,. 3a10BIIbHO Y3rOUKYIOTBCS i3 3HAYCHHAMM OTPUMAaHUMH 3 MArHiTHUX JOCHIKEHb IS
ONTUMAJIBHO TOTTIOBAaHMX KHCHEM MOHOKPHUCTAIB YBaZCu3O7_5

Karouosi ciioBa: drykryaiiina mposijnicTs, MoHokpuctami Y Ba,Cu,O, ,, Mexi NBiIHHUKIB, KPOCOBEP, TOBKUHA KOTEPEHTHOCTI.

7-8°

B pabote mpoBe/ieH cpaBHUTENLHBIN aHAIU3 HOPMAJIbHON U (ITyKTyallMOHHOH NPOBOAMMOCTH MOHOKpHcTanios ReBa,Cu O, ;
(Re=Y, Ho) c 3amanH01i TONONIOTHEN TITOCKHUX 1e(EKTOB U O€3BOHUKOBOTO MOHOHOIOMEHHOTO 00pa3ia. [TokazaHo, 4To TBOWHUKOBBIE
IPaHUIbI ABIIOTCSA 3 )EKTUBHBIMU LICHTPAMH PACCEUBAHMS HOPMAJIBHBIX U (QIIyKTYallMOHHBIX HOcUTelnel. [Ipy 5ToM 3HaueHMs JUTHHBI
KOTEPEHTHOCTH TIEPTICHANKY/IAPHO OasucHol miockoctu X (0), MogyYeHHbIC TIPH aNmMpPOKCHMAIMK TEMIIEPaTypHOH 3aBHMCHMOCTH
n30BITOYHONM TPOBOAMMOCTH TeopeTHdeckoi Mozenbto JloypeHnca-JloHnaxa,. yIOBIETBOPUTENIBHO COIVIACYIOTCS CO 3HAYCHUSIMH,

MOJYy4YCHHBIMH U3 MarHUTHBIX WCCIICIOBAHUN TSI ONITUMAIEHO JAOIMUPOBAHHBIX KUCJIOPOAOM MOHOKPHUCTAJIJIOB YBazcu307—6 .

Karouenbie cioBa: GuykTyaunoHHas IpOBOAUMOCTh, MOHOKpUcTaIsl YBa, Cu,0O

KOT'€pECHTHOCTH.

Introduction

Various different fluctuating pairing modes of
carriers have been studied extensively since the early
studies of high-temperature superconductors [1-4]. The
composition and the topology of the defect assembly
that defines the flow conditions of the transport current
and the carrier transport scattering mechanisms are
significant. Compounds from the system ReBa,Cu,O,_;
(Re=Y or rare earth ion), are technologically important
and their study is motivated from previous work on single
crystals production technology. It should also be noted that
in this system it is easy to substitute yttrium (Y)) with most
rare earth ions.

In the past, most experimental work has been focused

.5 » TPAQHHUIIBI TBOHHUKOB, KPOCCOBEP, JTHHA

on ceramics, films and textured samples, with different
methodologies. As a result, numerous aspects of the
realization of different fluctuating pairing modes of
carriers have remained unclear until now. It must also
be appreciated that in YBa,Cu,O_; single crystals, there
exist plane defects such as twin boundaries [4,5] that
affect the transport current properties in the normal
and the fluctuating conductivities. This effect has not
been investigated thoroughly due to the experimental
difficulties in determining the contribution of twin
boundaries. The aim of the present study is to investigate
the evolution of the fluctuating conductivity regime in
single crystals containing a controllable defect structure
but differing in the transport current geometry. For

© Sokolov A.N., Savich S.V., Sklyar V.V., Nazyrov Z. F., Vovk R. V., 2014



In-plane paraconductivity of ReBa,Cu,0, ,(Re=Y, Ho) single crystals with a given topology of planar defects
and a mono-domain sample

comparison a mono-domain sample, in which the plane
defects where removed by using special procedures was
considered.

Experimental techniques

The single crystals of ReBa,Cu,O, ; (Re=Y, Ho) were
grown using the solution-melt technique in a gold
crucible described in a previous study [4]. In previous
experiments [4,5], it was demonstrated that when the
YBa,Cu,0, ; compounds were saturated with oxygen, the
structure transforms from tetragonal to orthorhombic. This
structural change is associated with the crystal twinning
to minimize the elastic energy. Figure 1 is a photograph
of the characteristic twin grid of the YBa,Cu,O,; single
crystal (sample K1).

For the resistivity measurements thin single
crystals were selected with permeable twin boundaries.
In these single crystals the area with uniform direction of
twin boundaries had dimensions of 0.5x0.5 mm?. This
geometry enabled to cut out bridges with parallel
twin boundaries with a width of 0.2 mm. The area
with uniform direction of twin boundaries bridges
had a contact spacing of 0.3 mm (see insets of
Figure 2).

Bridges B2 and B3 were cut from the same batch of
the crystal (K1 sample, YBa,Cu,O, ;) and bridges B4 (K2
sample, HoBa,Cu,0, ;) and BS (K3 sample, HoBa,Cu,0, ;)
were grown from the same batch and had practically identical
resistivity parameters. The experimental geometry was
selected so that the transport current vector, I, was
either parallel, I|[TB (B2 bridge, K1 sample, YBa,Cu,0O,
and B4 bridge, K2 sample, HoBa,Cu,0, ;), perpendicular,
LLTB (B3 bridge, K1 sample, YBa,Cu,O, ), or under an
angle of a=45" (B5 bridge, K3 sample, HoBa,Cu,0. ) to

1,5x10°1

1,0x10"4

p (Ohm*cm)

5,0x10°

0,0

it k ‘?

Fig. 1. Photograph (polarized light x 550) of the
YBa,Cu,0,  (sample K1) single crystal where its
characteristic twin grid is visible.

the twin boundaries. A part of the K1 single crystal was
cut to acquire a sample without twin boundaries (bridge
B1), with dimensions of 1x0.3x0.2 mm® (the ¢ axis
oriented along the smallest dimension). After the selection,
the sample was untwinned in a special cellule with a
temperature of 720 K and a pressure range of 30-40 GPa,
according to the method described in a previous study [5].
In order to have stoichiometric oxygen concentration, the
crystal was annealed in an oxygen atmosphere flow
for three days. The high quality of the experimental
samples and the stoichiometry in the oxygen content is
proved by the narrow superconducting transition width
(AT <0.5K), the high critical temperature (T =92K) and the
low electrical resistivity (p=~120-150 u€Q.cm). The derived
experimental parameters are given in Table 1.

The electric contacts were formed according to the

(2]

T(K)

Fig. 2. Temperature dependence of the in-plane resistivity p ,(7) for bridges (a) B1, B2, B3 and (b) B4, BS . The
schematic representation of the experimental geometry is shown in the corresponding insets.
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Fig. 3. Resistivity transition into the superconducting condition in (a), (b) p , T coordinates and in (c), (d) dp,/dT T
coordinates, for bridges (a), (c) B1, B2, B3 and (b), (d) B4, BS (curves 1 — 5, respectively).

standard four-contact scheme by applying silver paste
onto the crystal surface and the connection of silver
conductors (0.05 mm in diameter) followed by 3
hours annealing at 200 °C in an oxygen atmosphere.
This procedure provided a contact transition resistance
of less than 1 Q and made it possible to measure the
resistivity at transport currents up to 10 mA in the ab-
plane, in the temperature drift mode, for two opposite
directions of the transport current. The temperature
was measured with a copper-constantan thermocouple;
the voltage was measured across the sample and the
reference resistor with V2-38 nano-voltmeters.

Results and discussion

Figure 2 shows the temperature dependence of
the electric resistivity in the ab-plane, p, (T), for
the five analyzed samples. Figure 3 illustrates the
resistive superconducting transitions in p_ - T [Figure
3 (a) and (b)] and in dp_/dT — T [Figure 3 (c) and (d)]
coordinates. According to previous studies [2,3], the
maximum point, corresponding to the inflection point, in
the dp, (T)/dT dependence, is the critical temperature of
the resistive superconducting transition. The narrow
superconducting transition width (AT <0.5 K) shows
the high quality of the samples. It can be determined

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

(from Figure 3 and Table 1) that the untwined sample has
the lowest superconducting transition width (AT =0.2
K). The samples with I]|TB geometry (bridges B2 and
B4) have AT =0.3-0.4 K, when the twin boundaries impact
to the carrier scattering processes is minimized. An
additional lower peak (maximum point) in the curve,
corresponding to ILTB [bridge B3, Figure 3(c)] and
a=45"[bridge BS5, Figure 3(d)] can be due to the effect of
twin boundaries provided that the ordering parameter is
somewhat suppressed [6].

It can be seen from Figure 2 that the p_ (T) dependence
has a metallic character for all the samples considered. For
the YBa,Cu,O,; crystals the resistivity for the untwinned
sample and for the sample with the I||TB orientation, at
room temperature, is about 5-7% lower than that for
ILTB. For HoBa,Cu,O_;crystals the resistivity of the
sample with the I||TB orientation is lower than the
a=45" sample. As the vector I is oriented relative to
crystallographic axes in the same way for all the cases
considered the greater p , value at ILTB and a=45" is
explained by the current carrier scattering at the twin
boundaries. The electron free path in the single
crystals has been estimated to be 0.1 um [7]. The
value of the electron free path is one order smaller
than the twin spacing. The maximum resistance
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Fig. 4. The temperature dependence of the excess conductivity Ac(T) for bridges B1-B5 (curves 1 — 5, respectively) in
InAc - Ine coordinates, respectively. The numbering of the curves is consistent to Figures 2 and 3. Arrows indicate

the 2D-3D crossover points.

increase due to scattering at the twin boundaries is
10%. The observed 5 -7% increase in p , is due to the
efficient carrier scattering at the twin boundaries.

Above 150 K, the temperature dependence of the
resistivity is approximately linear (see Figure 2). Below
150 K, the resistivity deviates from linearity and there
exists an excess conductivity determined by:

Ao =0-0, (1)

where o, is the conductivity value determined by
extrapolating the linear section of o =(4+BT)"’ to zero
temperature and o is the experimental conductivity in
the normal state. The electron subsystem dimensionality
in layered superconductors is defined by the relationship
between the coherence length along the ¢ axis (§) and
the 2D layer thickness (d). For the case whend <&, the
interaction between the fluctuating pairs occurs within
the whole superconductor volume (3D mode). On the
other hand, when d > £ , the interaction is possible only in
superconductive layers (2D mode). Two basic theoretical
models have been proposed to describe the fluctuation
conductivity mode in layered superconductors [8,9]. In
the Lawrence and Doniach model [9], the temperature
dependence of the fluctuation conductivity is described

46

by:
12

2 2 N
e 2& (0 _
o= 1+ A & (2)
l6dhe d
where e=(T-T )/T, and e is the electron charge.
Near T, at £>>d (3D mode), this equation is
transformed into [7]:

P e -1/2
" 32hE,(0)

Far from T, at £ <<d (2D mode), into:
2

; 3)

e -1
Ao,, =——¢", “)
' 16nd
It is important for the analysis of the
experimental data to have a precise determination
of the T..

In Figure 4 the temperature dependence of the excess
conductivity (in Ac - T and InAc - Ine coordinates) is given.
In this figure, T is defined as the critical temperature
value T ™ in the approximation of mean field theory

at the point:
82
( £ j =0 )
or =T
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This corresponds to the maximum in the dp /dT
dependence in the superconductive transition [2,3]. In
Figure 4, near T, the A o (7) dependence is approximated
well by equation (3) (power index -0.5), thus evidencing the
3D character of fluctuating superconductivity within this
temperature range. As the temperature increases further,
the slope of InA o (In € ) relationship increases significantly.
This can be considered as an indication of the fluctuation
conductivity dimensionality change. Equations (3) and
(4) are equal in the 2D-3D-crossover point and therefore
the following relation must be satisfied:

E(0)e?=d/2 (6)

Having determined the g, value in the 2D-3D
crossover point and taking d = 11.7 A for ReBa,Cu,0O, ;
(Re=Y, Ho) [10], it is possible to determine the & (0)
value. These results as well as the characteristic slope
values of the InAc(lng) function are presented in Table
1. It should be stressed that this methodology does not
allow the consideration of possible errors in the resistivity
measurements when determining the fluctuation values
within spatially inhomogeneous systems, which are
associated with the presence of small inclusions of
other phases, even in high quality single crystals [6].
Consequently, when comparing with the experimental
data, the £ (0), d and T, values in equations (2) — (4), are
considered to be fitting parameters. An additional scaling
multiplier, the C-factor, to assist in the calculation of the
inhomogeneity of the current transport distribution in each
specific sample is required [1]. Using this methodology
equation (2) has the best agreement with the experimental
data. The coherence length & (0) is 2+0.3 A for the
ReBa,Cu,O, ,compound, when the orientation is ILTB and
2.240.3 A for the untwined sample, as well as in the case
of I||TB orientation. Comparing the data obtained from
the experiment and the magnetic susceptibility data
measured in a previous study [11], the diamagnetic
contribution of the area with high T, is proportional
to the volume of this phase. The &, value obtained was
£ =2.340.5 A, closer to the values calculated using the
second method. Nevertheless, the difference between
the £ (0) values calculated with both methodologies for the
ILTB, 0=45"and I||TB bridges and for the untwined sample

are consistent. Specifically, they are 10% to 14%, and
provide evidence of the influence of twin boundaries on
the formation processes of the fluctuating Cooper pairs.

Conclusions

The resistance increase within the linear section of
p(T) between the transport current perpendicular ILTB,
a=45°, as compared to the case of I||TB and the untwined
sample, is due to an efficient scattering of normal carriers
at the twin boundaries. The excess conductivity functions,
Ac(T),are described by the Lawrence-Doniach theoretical
model. Twin boundaries in the crystal intensify the de-
pairing processes of the fluctuating carriers and swift
the 2D-3D crossover point.
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Table 1.
Material properties as determined at different bridges.
. 300
Bridge T,K AT,K pﬂbs(z.cm)’ , tana., tana,, & (0),A

B1 (without TB) 91.734 0.2 153 0.070 -0.501 -1.008 1.55

B2 (I||TB) 91.738 0.3 156 0.065 -0.498 -1.017 1.49

B3 (ILTB) 91.743 0.5 163 0.057 -0.512 -1.044 1.40

B4 (I||TB) 91.301 0.4 129 0.103 -0.489 -0.998 1.88

B5 (0=45°) 91.325 0.5 138 0.092 -0.505 -1.015 1.77
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OocnigXeHHs onTUManbHUX YMOB CTBOPEHHSI TPEKOBUX MeMbpaH

3 giameTpom nop >50 HM Ha ocHoBsi NET® nniBoK, ONPOMIHEHUX

ioHamMu aproHy

|.B. Bopo6rosa', b6.B. 3anuer?, A.®. Kobeub?

! Xapuvkisckuil nayionansnuil ynisepcumem im. Kapasina,
Vkpaina, 61077, Xapxis, na. Ceo600u, 4

’Hayionanvruil naykosutl yenmp “‘Xapkiecokutl hizuxo-mexniunuil incmumym ”,

Ykpaina, 61108, Xapxis, eyn. Axademiuna, 1

Jocmimpkeni

METOAM CEeHCHOLUmi3anii I CTBOPEHHS TPEKOBHX MEMOpaH 3 HAHOPO3MIpHMMH IopaMH Ha OcHOBI [IDT®

(momieTrieHTepeTanaT) IIBOK, OMPOMIHEHNX iOHAMH aproHy. BcTaHOBICHI ONTHMAaNbHI YMOBH XIMiYHOT OOpOOKM ILTIBOK IS
CTBOPEHHS MeMOpaH, AKICTh AKUX HE BIPI3HAETHCS BiJl IKOCTI MEMOpaH, CTBOPEHHX 3 BUKOPHUCTAHHAM O1TbII BayKKUX 10HIB.
KurouoBi ci1oBa: ioHM aprony, OpoMiHEHHsI, TPABJICHHS HACKPI3HUX T10p, IEKTPOHHA MIKPOCKOIIisl, TPEKOBI MeMOpaHHu.

The methods of sensibilizacion and etching the through pores of small radii in polyethylenetherephthalate films irradiated with
Ar ions having the energy of 1 MeV/nucl was studied. The most effective conditions of the films processing for obtaining the track
membranes with the same properties as membranes irradiated by more heavy ions were established.

Keywords: Ar ions, irradiation, through pore etching, electron microscope, track membranes.

VccenoBaHbl METOABI CEHCUOMIM3AIMN JUIS CO3/IaHMsI TPEKOBBIX MEMOpaH Ha OCHOBE MOJMATHIICHTepe(TalaTHBIX IUICHOK,
00JIy4eHHBIX HOHaMH aproHa ¢ sHeprueil 1 MaB/myki. OnpezneneHsl onTHMaIbHbBIE YCIOBUS XUMHIECKOH 00pabOTKH IUICHOK IS
TIOTyYEeHUs] TPEKOBBIX MEMOpPaH, KaueCTBO KOTOPHIX HE XYK€, YeM y MeMOpaH, MMOTyYeHHBIX IOCIe OOIydeHHs Oolee TSDKETbIMU

HOHAMH.

KiroueBble cj10Ba: HOHBI aproHa, 00Jy4eHue, TpaBIeHUEe CKBO3HBIX 10D, HJIEKTPOHHAsS MUKPOCKOIHNS, TPEKOBbIE MEMOPAHBI.

Beryn
OpeprkaHHs 3pa3KiB MONIMEPHAX TPEKOBUX MeMOpaH
JUISl BUKOHAHHS SIKICHOT yIBTPATOHKOI (hinbTpanii Bumarae
MIPOBEJCHHS  TEOPETUYHMX 1  EeKCHEepUMEHTaJIbHUX
JOCIIJDKeHb  JUIs ONTHUMAJIbHUX
OITPOMIHIOBAaHHS Ta ()I3MKO-XIMIYHOT 0OPOOKH MOTIMEPHUX

BUSIBIICHHS YMOB
TUTIBOK.

Ha XapxkiBcpkoMy JTiHIHHOMY TTPUCKOPIOBaYil Ba)KKUX
ioniB JIYM3I ynockoHaneHi yci CHUCTEMH 10HHOTO
OITPOMIHIOIOYOTO Jla€  MOXJIMBICTb
HiIBUIIICHHS IHTCHCUBHOCTI 1 CTa01IbHOCTI MIPUCKOPCHOTO
aprony Ha nepenoOAnpPKOBOi
cekmii. MiHIMi30BaHiI BTpaTH IMy4Ka MPUCKOPEHUX 10HIB
B IOHONPOBOAI HAa MLUISXy HOro TPAaHCIOPTYBAHHS O
MimeHi 1 3abe3rnedeHnit pPIBHOMIPHUH PpO3IMOIIT TpPEKiB
10 TIOBEPXHi, 110 ONPOMIHIOETHCS. BuKopucTanHs i0HIB
aproHy 3HA4YHO 3/ICLICBIIIOE BapTICTh TPEKOBUX MEMOpaH

KOMILIEKCY, 1110

My4yKka 10HIB BUXOJII

y TOpPIBHSHHI 3 BHUKOPUCTAHHSM OLJbII BaXKKUX 1OHIB
[1, 2]. Tomy po3pobOka MOBHOTO MHKIY (OMPOMiHEHHS,
CeHCHOLmi3amis, TpPaBJICHHSA) CTBOpPEHHS MeMOpaH 3

HaHOPO3MIPHUMH ITOPAMH 3 BUKOPUCTAHHSM 10HIB aproHy
Mae BeJIMKe MPaKTHYHE 3HAUCHHSI.

3 BUKOPUCTAHHSAM MPUCKOPEHUX 10HIB aproHy MOpH 3
Iiamerpamu =50 HM MOKHa OTPUMATH JIMIIE 32 PaxyHOK
HEOpJMHApHUX METOMIB CeHcHOLNi3amii, sKi MOTpiOHO
3IIACHUTH MIEPEe] TPABICHHSM, 100 30UTHIINTH IIBUIKICTh
TpaBJICHHS B3/IOBX TpeKy. B il crarTi BUKOHaHI OUIbII
JIeTalbHI, HDK y monepeaHix npaisx [3-7], mociipkeHHs
METOIB CEHCUO1TI3aril 3 METOIO BCTAHOBIICHHS HAHOUIBIIT
MpPOCTUX Ta €(PEKTUBHUX YMOB OOpOOKH TONiIMEpHOT
IUTIBKKA JUISl OTPUMAaHHS SIKICHHX TPEKOBUX MeMOpaH 3
BHUKOPHUCTAHHSM 10HIB aproHy.

MarepiaJj i MeToau 10CTiTKEHD
OnpoMiHIOBaHHS noJieTuieHTepedTazaTHOl
(ITET®) 1umiBKM TOBIIMHOK® 6 MKM BHKOHYBaJOCS
MIPUCKOPEHUMH 10HaMu aprony 3 eHepriero 1 MeB/
HykJI0H. [IpuckopeHi B nepeno0ipkoBiii cexuii JiHiHOTO
npuckoproBada JIYM3I TpusapsiHi ioHU aprony o0qupaiu
JI0 JIBAHQAIMITHKPATHOTO CTaHy Ha BymieneBid (omb3i,

© Bopobioea I.B., 3aiiues b.B., Kobeup A.®., 2014
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pO3CilOBaJIM  KBaAPYIOJILHUMHU
JIIH3aMH 1 pPIBHOMIPHO OIPOMIHIOBAJIH MOTIMEPHY ILTIBKY B
MIPUCTPOI I0HHOTO ONpoMiHIOBaHHs. [l03a OIPOMiHIOBaHHS
BiamoBimana mriapHOCTI TpekiB 5106 — 107 Tpekis/cm2.
JIns  TmiIBUOIEHHS IIBUIKOCTI TPaBICHHS TPEKiB
BUKOPHUCTOBYIOTbCS pi3Hi Meromu  ceHcuOumizanii,
0 TepeyloTh XIMIYHOMY TpaBieHHIo. Haifuacrimre
BHUKOPHCTOBYIOTh JiBa METOAU ceHcHOTi3aii:
Nepunil — TpaguuidiHui, 3aCHOBaHHK Ha ONPOMIHEHHI
yasrpadionerom (YD) [8-10], npyruii — monsrae B 00poOiIIi
OIIPOMIHEHMX IUTIBOK PI3HUMM poszunHHHKamu [11, 12].
His ompomiHeHHst Y® Ha KIHETHKY pO3TPaBIIOBAHHS
mop y I[I9T® rmmiBui, opmpomineHoi ioHamu Ar, Yy
3aJICKHOCTI Bl TEMIEpaTypy Ta KOHIIEHTpAIll TpaBHUKA
nocnipkena y [3-7]. BeraHoBieHO, 10 Uit TOCSTHEHHS
MaKCHMaJIbHOI IIBHIKOCTI TpaBJECHHS 4ac ONPOMIHEHHS
Y@ 3 mMakcuMyM BHUIPOMIHIOBaHHS B iHTEpBaJi JOBXKHH
xBuIb 320 — 360 HM, moBHHEH OyTH HE MEHIIE 4 TOMIUH.
Takwuii criocid ceHcuOLTi3aIlii JaB MOXKJIMBICTh OTPUMATH
opH, MiHIMaJIbHUHN AiaMeTp skux gopiBHioe (70+£10) HM.
VY sKoCTi pO3YMHHMKA JIOCHIPKEHA JTist TUMEeTLIhopMami Ly
(IM®), sxuii ga€ MOXKJIMBICTH 30UTBITUTH MIBUIKICTH
TpaBJeHHs TpeKiB ioHIB Xe y Oinpmie HiX 30 pasis [11,
12]. Mu BHUKOpUCTAIUM HOBMH METOA, SIKHH THoiArae B
CHibHIN i1 onpomiHeHHs Y® i 00pOOKH PO3YMHHUKOM.
Ines takoro crojydeHHs mojsirae y Takomy. Ilig miero
Y@ ynaMKu MojiMEpHUX JIQHLIOTIB, IO YTBOPWINCS NPH
MIPOJTBOTI MTPUCKOPEHOTO BAYKKOTO 10HA, HEHTPAJi3yIOThCS
1 He MarOTh MOXJIMBOCTI 3’€IHATHCS, TOOTO 30epiraeThes
cTilika ne(eKTHICTb y 30HI Tpeky. [lix niero pozunHHKKA

BIAXMIISIM  MarHiToM,

30UIBIIy€EThCST BUIBHUIT 00CAT Y 30HI TpPeKy BHACIHIJOK
kpucrtainizaiii. [Ipu crinbHii aii YO i po3urHHUKA TPAaBHUK
LIBU/IIE TIPOHUKAE B AAPO TPEKY 3a PaxXyHOK 301IbLICHHS
BUTBHOTO OOCSTY, a YJIaMK{ TMOJIMEpHUX JIAHIOTIB,
3adikcoBani YO onpoMiHESHHSIM, JIETIIC BUBOIATHCS 3 30HU
TPEKY.

VY crarTi jgochijpkeHa TeMIleparypHa Ta 4acoBa
3aJICKHICTh IIBUIAKOCTI TpPAaBJICHHS IMOp Yy 3pa3Kax,
00poOsieHnx  aumerindopmMamizioM 3a pi3HI NPOMIKKA

gacy TIpH PI3HAX TeMIeparypax. Yci 3pa3ku  Oymu

onpomineHi Y® npotsrom 4 roauH. BeraHoBieHa Takox
3aJICKHICTh SKOCTI MEMOpaH BiX CIIOCOOIB MPOMHBaHHSI
3paskiB micast 00pobku JIM®. Tlicns ceHcuOimizanii
3pasku  mpotpaBmoBanucs y 2N posumai NaOH mpu
(55£1)°C pizni npomikkn uacy. Ilopucty crpykrypy
Ha BEPXHIM 1 HWKHIH MOBEPXHIX IUIBKH JOCIIKYBaIn
32 CICKTPOHHOMIKPOCKOIIYHUM METOIOM PEIUTiK B
TpaHCMICCIHOMY eneKTpoHHOMY Mikpockori (TEM-125).
[Topu Ha TOpLEBHX BiAKOJIAX JOCIIKYBAIN y PACTPOBOMY
eNeKTpoHHOMY Mikpockori JSM-840.

PesynbTaTu Ta 00roBopeHHst

JloCHmi/PKeHO  3aJIeKHICTh  IIBUJIKOCTI  TPaBJICHHS
mop Bix vacy o0poOku 3paskiB y JI®M mpu ¢ikcoBaHiit
temreparypi. 3pasku  3aHyproBanu B DM mpu
temneparypi 55°C 1 BUTpUMyBaIH y HBOMY pi3HI
MIPOMIXKKH 4acy, siki craHoBwim: 5, 10, 15 i 30 xBuimH.
[Micns Burpumku B JIOM 3pasku npoMuBaJd y BOZI
3 TOJQNBIINM TpaBJICHHAM. TpaBieHHS NPOBOIMIN B
2N poszuuni NaOH mpu 55°C mporsirom 30 XBWIHH.
[Tpn TakoMy wYaci TpaBieHHS B KOHTPOJBHHX 3pa3sKax,
OTMpOMiHEHHX TiUTbKH Y@, MU B3araji He BUSBIISIIA ITOP, IO
nporpaBmincs. EKkcriepuMeHTH 1okasanu, o BUTPUMKA B
JA®M 1npuBOIUTH IO ICTOTHBOTO 30UTBIICHHS IIBUIKOCTI
TpaBJICHHs TIOP, TaK SIK B 3pa3kax, oopoOieHux JJDOM,
mopu 100pe BUAHO IIPU TOMY K 301bIeHHI. BcTaHOBIICHO,
[0 JiaMeTp MOp 0CITaE MaKCHMAaJIbHOTO 3HAYCHHS IMiCTIs
BuTpuMKH Y IM® nipotsirom 10 XBHIHH 1 HE 301TBITY€THCS
npu OLTBII TpUBAJIOMY 4Yaci BHTpUMKH. Tomy oOpoOka
JAM® mosxe He nepeBuiyBaT 10 XBUIMH.

OpHak, I eKCIIepPUMEHTH II0Ka3alH, 10 0OpoOka
JI®M i3 HACTYyIHHMM MPOMHBAHHSAM Yy BOII Ma€ 1 MOOiuHI
HeratuBHi nii. Y pesyabrari ButpuMmku B JIOM 3pasku
TICYIOTBCS: Ha iXHIM TOBEPXHI yTBOPIOIOTHCS HEMPO30pi
IUIIMH, TICYEThCS pelbed TIOBEpXHI, 3pasKd CTAOTh
MyTHUMH. [IpoBeseHO cepil0 EeKCIIEpUMEHTIB 3 METOI0
BCTAHOBJICHHS TAKUX YMOB IIPOMHUBAHHSI 3pa3KiB, sKi O He
YLIKO/KYBAIN IOBEPXHIO. Y IHUX €KCIIePUMEHTaxX IIicis
BUTPUMKHU IPOTArOM BHU3HAa4YeHOro vacy B JIPM 3pazku
abo BucymryBany, abo MPOMUBAIHN y BOni ab0 y CIHUPTI.

Puc. 1. a) 3pa3ok npotpasienuii 6e3 06pooku IOM. b) 3pazok niepes TpasieHHsM BuTpumanuit y JIOM i1 npomutuii
y crupTi. ¢) 3pa3ok mepen TpaBiIeHHAM BUTpUMaHuil y JIOM i mpoMuTHii y BomIi.

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014
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a
Puc. 2. Tlopu B I[IDT® muiBui, 06podneniit JJOM i mporpasieniit B 2N po3unni NaOH mpu T=55°C. Yac tpaBieHHs:
a.t=0.5 romuHu. b. t = lroguna. c. t = 1.5 roguau. Onpominennss YO nporsrom 5 ropus. 36inasmenHs 32000.

[ToTim 3pa3ku MPOTPABIOBAIIH 1 MPOIVISIIAIN B ONTHYHOMY
Mikpockomi npu 30inbiieHHi B 1000 paszis. BeranosieHo,
10 HalMEHIe 3pasKH INCYIOThCS, SKIIO ITCNS BUTPUMKH
B JI®M ix mpocro BucymryBaru. Ilicist mpomMuBaHHS B
CnupTi 1 OLTbIIEe BCHOTO MicCIsl TIPOMHUBAHHS Y BOAI 3pa3Ku
3HaYHO NCyroThesl. Ha puc. 1 mokasaHi xapakTepHi BUan
MOBEPXHI 3pa3KiB: a) 6e3 06podku [IPM, 6) 06pobieHoro
JA®M i npomuroro B crupTi, ¢) odpodienoro B JJOM i
[IPOMHUTOTO Y BOJII. YCi 3pa3Ku OIHOYACHO [TPOTPABIIOBAIIN
B 2N pozunni NaOH npu 55°C.

Bunno, mo B 3pasky, HeonpanpsoBanomy JIOM, nopu
MPAKTUYHO HE MPOTPAaBHIKCA. Y 3pa3Ky, 00poOIcHOMY
JADdM 1 mpomMuTOMY B CHHPTi, HOPHU IPOTPABUIIUCS, a
CTPYKTYpa TOBEpXHI Maylo 3MIHWJIACsS B MOPIBHSHHI 3
HeonpaupoBaHuMm JI®M 3pazkoMm. Y 3paszky, IpOMUTOMY
micnst JIOM y Boxi, Ha MOBEpXHi, KpiM TOp, 3 SBHIACH
BEJIMKA KUTBKICTh MAaKpPOCKOMYHHUX IUIAM. Y Tadmumi 1
HaBEJCHO JaHi NPO CEpeJHE YKCIO IUISIM Ha OJIHAKOBIN
wroni, piBHiE 1.2x10* cm?, y 3paskax, 00poOIeHHX
PIi3HUMH crioco0amu.

Lli excrepuMeHTH IOKa3ald, LIO NpU YCIX BHIAX
npoMuBaHHs npu BUTpuMLi B IOM npu 55°C noBepxHs
3pasKiB Tipmia, HDK MOBEpXHs HeomnpanboBaHux y JdM
3paskiB. [lcyBaHHs 3pa3kiB MOKe OyTH IOB’s3aHE 3 THUM,
mo npu 55°C mig miero IM® He TiNbKH 30UIbIIYETHCS
BUJIBHUI 00CSAT y 30HI TpeKy, a W BUHUKAIOTH XIMI4HI
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peakuii Ha noBepxHi mwiiBky [11]. Tomy Oyno gocinimkeHo
3aJIOKHICTh IIBUJIKOCTI TPABJICHHS TIOp BiJ| TeMIeparypu
JADPM. 3pasku ButpumyBamu y APM  mpotsrom 10
XBWJIMH TIpH pi3HUX Temmeparypax: 55°C, 41°C, 35°C,
30°C. Ilopas, ogHOYACHO 3i 3pa3KamMH, SIKi OIIPOMIHIOBAIIN
Y@ i BurpumyBamu y JI®M, nporpapiroBaBcsi 3pasok,
00poOnennit Timbku YO. [Ticns Burpumku B JIOM 3pazku
BuCyInyBaiu. TpaBieHHs BCiX 3pa3kiB mpoBoamwiocs B 2N
pozuuni NaOH npu 55°C.

ExcniepiMenTH moxasaiu, mio miciist 0opooku B IOM
TIPY BCIX TeMIIepaTypax MOpH MPOTPaABIIOBAIINCS HabaraTo
LmIBHIIE, HDK y 3pa3Ky 0Oe3 o0Opooku B JIOM. Uum
BuIoro Oyna temneparypa JJ®OM, tum Oinblia KUTbKICTh
HOBUX IUIAM 3’SBIS€TbCA HA IIOBEpXHi. BcTaHoBIICHO,
IO [MOBEPXHS IUIIBKU MPAKTHYHO HE 3MIHIOETHCS MICIIs
00po06xu B JIOM nipu Temmepatypi 30°C (1omaTKoOBI TIIIMHI
He 3’aBIroThCs). 1[0 0cOOMMBO BaXKITMBO — MIBHIKICTH
TpaBJIEHHs 0P Y 3pa3kax, 0opodnenux y APM npu 30°C,
MPaKTHYHO Taka X, K 1 1mpu oopodui JJPM mnpu Oinbin
BUCOKHX TeMIIeparypax.

3 [pOBENEHUX EKCIIEPUMEHTIB MOXHA 3po0uTH
BHCHOBKH, 0 BHTpuMKa B JI®M icrotHO 30imbmrye
HIBHIKICTH TpaBiieHHs nop. Butpumka y JIM® moxe e
nepesuntyBary 10 xBunuH. [ToBepxHs 3pa3kiB HaliMeHIIe
TICYETHCSI, SIKIIO IX TUIBKH BHCYLIyBaTH ab0 MPOMHBATH
B crupti. ToMy TpH BUTOTOBIIEHHI MeMOpaH HaiOUIbII

BicHuk XHY, Ne 1113, cepist «®isuka», sun. 20, 2014
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a

Puc. 3. Ilopu B I[IDT® misui, nporpasnenoi B 2N po3urni NaOH npu T = 55°C. Yac Tpasnenns: a. t = 0.5 roguHwu, b.
t=1 romuna, c. t = 1.5 roquau. Onpominenus Y@ npotsrom 4 ronus. 30inbmeras 32000.

e(eKTUBHUM € Takuil pexkuM (Pi3HKO-XiMiuHOT 0OPOOKH
ONPOMIHEHHX 10HAMH aproHy 3pa3KiB:

1. OmpominenHs Y® mpoTATOM NPOMIKKY 4HaCy
>4 TomauH.

2. Butpumka y A®M npu 30°C npotsrom 10 XBuiuH.

3. BucynryBanHsi a00 IIPOMHMBAHHS B CITUPTI.

4. Tamnmennst 3paskiB y posunHax NaOH pisHoi
KOHIICHTpAIIT.

BceranosneHi yMoBH ceHCHO1ITI3aIT MH BUKOPHCTAH
IUTST JOCTIDKCHHS — 3aJIeKHOCTI CEpelHBOrO JiamMeTpa
nop Bix uacy TpaBieHHs y 2N pozumHi NaOH. Sk
MMOKa3aJId HAaIll MOMepPeIHI JTOCHIKCHHS, TPaBHUK
Takoi KOHIEHTpAIii J03BOJsIE OTPUMYBaTh MeMOpaHH
3 mopamu, SIKi MaroTh HalmeHmuid aiamerp. [IpoBeneHi
CIIEKTPOHHOMIKPOCKOIIIYHI ~ JOCTIUKEHHS, IO JaroTh
MOJKJIMBICTh TIO0OQYUTH KaHAM HAa TOYATKOBUX CTaTisIxX
TpaBieHHs. Y LWX JOCHIPKEHHSX 3 IOBEPXHI 3pa3KiB,
sSK 00poOneHnx Tak 1 HeoOpoOnenux y DM i
omHouacHO mporpaBiacHux y 2N posuuni NaOH mnpu
55°C pi3HI OPOMDKKM 4Yacy, 3HIMAJIM BIATIHEHI 30J0TOM
BYIJICTICBI peIUTiki. PeruTiku BHBYAIM 3 BHKOPUCTAHHSIM
TpaHcMicciitHoTOo enekTponHoro Mikpockomna (TEM-125).
BceraHoBneHO, 110 Ha BCIX eramax TPaBICHHS IiaMETpU
IOp 3HAYHO OUTBINI B 3pa3kax, oopodineHux JOM (puc. 2
i 3). ITicas TpaBneHHs npotsiroM 30 XBUIHMH AiaMETPH TIOP

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

y B, 00podnenoi JJPM, nocsratots (50£10) umM. Y
B 6e3 00pooku y IPM npu TakoMy kK daci TpaBIeHHs
TIOpH B3araii He BUsBIEHI (puc. 3a).

3a €JIEKTPOHHOMIKPOCKOIIIYHUMHA MiKpo-
(dororpadisMu BU3HAYCHI CEpElHI 3HAYCHHS JiaMeTpPiB
MOp y 3aJICXKHOCTI Bijl uacy TpaBicHHs. JlaHi Mpo 3HAUCHHS
CEpeIHIX IiaMeTpPIB TOP 3aHECEHI B TAOIHIIO 2.

Ha puc. 4, BignoBigHo p0 naHux Tabmumi 2,
MpeAcTaBiIeHI Tpadiku 3aJeKHOCTI JiaMeTpa Top Bif

d,Hm
700 - = oM
o Bes oM

600 -
500
400 ~
300 4
200 -

100 -

0 T —

] 1 2 3 4 5 6 t,uac
Puc. 4. 3anexHocTi JiamMmeTpa 1op BiJl 4acy TPaBJICHHS.
Bepxns npsima — 3pa3ok Butpumano y JIOM. Huxns -

6e3 ButpumMku B JIOM.
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Puc.5. Tlopm Ha TOpIEBHX BIKONAX. a — 3pa3oK
HeoOpobnenuit IM®, b- 3pazox odpobnenuii M.

4yacy TpaBle€HHs Uil 3pa3KiB sK 0OpoOieHHX Tak i
HeoOpobnennx JI®M. Buano, mo misa miamMeTpiB mop
>100 HM HaXWJI MPSIMUAX MPAKTUIHO OJHAKOBHH I 000X
3paskiB. Lle CBIIUUTH TPO Te, IO MIBUIKOCTI 30UTBIICHHS
JiaMeTpiB mop Majo BiApi3HsroThes. Lleil pesynbrar He
€ HEeCHOJIBaHWM, TOMY MIO INPH TaKUX JAiaMeTpax Iop
MIPOTPABIIIOETLCS BKE 00’ €M IUTIBKH, a HE Juiie Ae(eKkTHa
o0macTh TpekiB. OCHOBHA Pi3HUIA Y IIBUIKOCTI TPABICHHS

CIIOCTEpIraeThCs Ha TIOYATKOBIH cTafii, KoIM IIe
Tabnuys 1
S = 8 E 55
2 8 = 8 =._ e 2
oo O = .~ o =& o >
= 2SR 25 o 2.0
Q T O &0 Q' &= o=
80 cE= °CEB c=
g £ £5 £
& 2 5 25 25
3 ES & &
30 60 40 35
Tabnuys 2
<
£
= 0,5 1 1,5 4.5 5,5
[
=
o
§ 50+10 | 140+20 | 180+30 | 520+30 | 600+30
=)
k=)
o
© =
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BUSIBIISIIOTBCST PO3XO/UKEHHS Ie()EKTHOCTI B SIAP1 TPEKIB B
00pobiienux i Heoopoodienux IPM 3pazkax. Pagiyc 25 um
(HaliMeHIINi, SKUH MU OTPUMAJIN) TaKOX OiibIIe paaiyca
sipa TpeKy, Akuid it ioHiB Xe ~15 um [13] i mae Oytn
MeHIIIe IIs1 i0HiB Ar Takoi x eHeprii. [To Tomy, 1o B 3pa3kax,
HeonpanpboBanux J{®M, npu TpasnenHi nporsirom 30 xB
TIOPH B3araJji He MPOTPaBHUIIHCS, MOXKHA 3pOOUTH BUCHOBOK,
10 e(eKTHICTD Y siAp1 TPEKY Yy 1IbOMY BHUIAJKY Masia Juis
TOTO, MO0 IIBHAKICTH TPaBICHHS Y3IOBXK TpeKiB Oyna
Habararto OiUTBIIE IIBHAKOCTI TPABICHHS HEYIIKOMKCHOT
IUTIBKH. Y 3pasky, oopobinenomy IPM, npu npoMy xk 4aci
TPaBJIEHHS IOPH INPOTPABHIMCS, IO CBIAYUTH TPO TE,
o sSapo TpeKy micis oopobku JIDM mpoTpaBiIroeThes
31 3HAYHO OULIBIIOK HIBHJKICTIO. B rutiBkax, o0podiaeHux
JAM®, minBuIieHa MBUAKICTH TPaBIEHHS 30epiraeThes 10
JMOCATHEHHS pajaiyca ~25 M . Ilpu Oimbmiii TpuBamocTi
TPaBJICHHS IIOPH IPOTPABIIOIOTHECS B 000X 3pa3Kax, ix
paziyc NnepeBHIIye pajiyc siapa TPeKy 1 TPaBJICHHS B HUX
BiZI0OyBa€ThCS 3 OIHAKOBOIO IIIBHIKICTIO.

Jlyist epekoHaHHsT B TOMY, 1[0 OTPHMaHi KaHAIU €
HAaCKpi3HUMH, a HOPU MAalOTh NPABWIBHY LWIIHIPUYHY

¢dopmy, Oymo TOCHIIKEHO TOpEIh TIPOTPABIICHIX
IiBoK. JImsg TakuxX  JOCHIKeHb  IUIiBKH ISt
TPaBJICHHS PO3KOJIIOBAIM y pIIKOMY a3oTi 1 Ha

TIOBEPXHIO PO3KOJY HAIMIIIOBAIM IIap ByIIelro. Topuesi
BIIKOJIM JOCJIKYBAIM 3 BHUKOPHCTAHHSIM CKaHYHYOIrO
€JIeKTPOHHOTO MiKpOCKoma. XapaKkTepHU BUIIISAI MOp B
00’ emi TuTiBII TicTs TpaBiaeHHS poTtsroM 0.5 roqman y 2N
pozunni NaOH noka3zannii Ha puc.5S.

Jobpe BumHO, MmO B 3pasky obOpoOimeHOMY JIMD
MPOTPABUIIKCS HACKPI3HI ITOPH, a B 3pa3Kkax HEOOPOOICHUX
JAM® nopu mpoTpaBWIKCS HA TPETHHY TOBIIMHU ILTIBKH.
JliameTp oTpMMaHMX HACKpi3HHX TOp He mepeBuurye 50
HM.

BucnoBkn
BukoHaHi [OCHiKCHHS TOKa3ywTh, 1o I[IET®
IUTIBKM, OIPOMIHEHI 10HAMH aproHy, MOXHa e(EeKTHBHO

BUKOPHCTOBYBaTH Ul  CTBOPEHHS  MeMOpaH 3
HACKPI3HUMH TIOpaMH, JiaMeTp SKHX MOXKHA 3MIiHIOBATH
Bim 50 HM 10 AEKUTBKOX MIKPOH YacoM TpaBiieHHS. Meton
ceHcuOimizanii, SKAH CKIAaJaeTbess 3  ONPOMIHIOBAHHS
IUTIBOK  ynbTpadioieTOBUM  BHUIPOMIHIOBAaHHSIM  Ta
MoAajbIMM BUTpUMYBaHHsIM y JIM®, 3HauHO 30iiblIy€
LIBUAKICT TpaBJIGHHA B3OBXK Tpeky. lLle mo3Boiste
CTBOpIOBaTH  MeMOpaHW 3 HaHOPO3MIPHUMHU TIOPaMH,
miaMeTp SIKUX HE 3MIHIOETBCS B3IOBXK YCi€l TOBIIMHU
TUTIBKH.
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Bnunaxue BCECTOPOHHETIO CXKaTunda Ha NpoBOAUMOCTb
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A. Xampxkan', A.H. Cokonos', C.B. Casuny’, B.B. Cknsp’,
P.B. Boek', K.A. KotBuukas?, B.C. Mopo3sos?, A.I. JleHns?

' Xaperosckuii nayuonanenoiil ynusepcumem umenu B.H. Kapaszuna, 61022, n1. Ceo600w1 4, Xapokos, Ykpauna
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B pabore nccienoBaHo BIMsSHEE BEICOKOTO ITHAPOCTATHIECKOTO IaBIeHUs 10 17 kbap Ha MPOBOJUMOCTD B 0a3UCHOH ab-TIIIOCKOCTH
c1abo TOMUpOBaHHBIX MpaseoaumoM (x=0.05) MoHOKpHcTammyeckux odpasuos Y, Pr Ba,Cu,O, ;¢ cucTeMOl 0OHOHANIPABIECHHBIX
NBOHHUKOBBIX TpaHuIl. OOHAPYXkEHO, UTO, B OTIMYME OT OecnpumecHbIX 00pasnos YBa,Cu,0, ; ¢ ONTUMAIbHBIM COJEpPKAHHEM
KMCJIOPO/Ia, MPUJIOKEHHE BBICOKOTO JABIEHUs TPUBOJMT K JBOMHOMY BO3pacTaHMIO BeNM4MHBI Gapuueckoit mpoussoanoit dT /dP.
O06CyKaal0TCsl BO3MOKHBIE MEXaHH3MbI BIIHSIHUS BBICOKOTO JIABICHHUS HA KPUTHYIECKYIO TeMIIepaTypy U (pa30Boe paccioeHne B 00beMe
IKCIIEPUMEHTAILHOTO 00pasia.

KuroueBsie ciioBa: monokpuctamuisl YBaCuO, nonupoBaHue, THAPOCTaTHYECKOE AaBlIeHUE, (pa30BOE PAacCIOCHHE, BOCXOISIIAs

T dy3us.

B po6oTi nocimipKkeHo BIUIMB BHCOKOTO TiPOCTATHYHOTO THCKY A0 17 kOap Ha MpoBigHICTH B Oa3uCHIN ab-ruromiuHi ciabo
JOTOBaHKX TpaseoauMoM (x=0.05) MonokpucTanivamnx 3paskiB Y, Pr Ba Cu,O, ;3 CHCTEMOIO OHOCTIPSMOBAHKX JBiIHHUKOBHX MEK.
Beranosneno, 1o ,Ha BiaMiHy Bijx Oe3pomimkoBux 3paskis YBa,Cu,O, ; 3 ONTHMANbHUM BMICTOM KHMCHIO,NIPUKJIAJIAHHS BUCOKOTO
THUCKY TPHU3BOIUTH 10 30UIBIICHHS BIBiIUl BEIUYMHH OApUYHOT TOXITHOT dTC/dP. OOTrOBOPIOIOTHCST MOXKIIMBI MEXaHI3MH BILTHBY
BHCOKOTo THCKY Ha T, i pa3se posuiapyBaHHs B 00€Mi €KCIIEPUMEHTAIIBHOTO 3paska.

Kurouosi cioBa: monokpucranmu YBaCuO, nomyBaHHs, IijpocTaTHYHUI THCK, (ha30Be pO3MIapyBaHHS, BUCXiIHA AUQY3is

In the present work we investigate the influence of high hydrostatic pressure up to 17 kbar on the conductivity in the basal ab-
plane of lightly doped praseodymium (x = 0.05) YBa,Cu,O_ ; single-crystals with unidirectional twin boundaries. It is determined that,
in contrast to the undoped YBa,Cu,0, , samples with optimal oxygen content, the application of high pressure leads to a doubling of
the pressure derivative value dT /dP. The possible mechanisms explaining the high pressure influence on critical temperature (T ) and
the phase segregation in the sample volume are discussed.

Keywords: YBaCuO single crystals, doping, hydrostatic pressure, phase segregation, ascending diffusion.

B YCITOBHSIX OTCYTCTBUS TTOJTHOIICHHOH
MHKpPOCKOTIMYECKOM  TEOPUM  BBICOKOTEMIIEPATYPHOM
ceepxnpoBonumoctu (BTCII) [1] mpuMeHeHHE BBICOKUX
JIABJICHUI MPOJIOIHKAET OCTABATHCS OJTHUM W3 BaXKHEUIITUX

PE3UCTHBHEBIX MapaMeTpoB [3-6]. DTo, B CBOIO ouepenb,
JlaeT BO3MOXKHOCTb OTHOCHTEIBHO NPOCTO BAPbHUPOBATH
CBEPXIPOBOJAIINE XapaKTEPUCTUKU COCAUHEHHS ITyTeM
M3MEHEHHS KOHILIEHTpAIMHM Tpa3eoArMa B KOHKPETHOM
WHCTPYMEHTOB HE TOJIBKO OIpENeNICHUs] aJeKBaTHOCTH AKCIEPUMEHTANbHOM oOpasue. Ilpu 3ToM mnpakTHdecku

MHOT'OYHCIICHHBIX

TEOPETUYECKUX  MOJENIEH, HO U
TIONCKA SMIMPUYECKUX IMYTEH YIydIIeHHs KPUTHYECKUX
[1apamMeTpoB [2,3]. Opguumu u3
HauOosee MEepCIEeKTUBHBIX ISl WCCIEAOBaHUM, B ITOM
ACTIEKTe, ABJISIIOTCSA COSIMHEHUS TaK Ha3bIBAEMOM CHCTEMBI

BTCII-marepuanos

1-2-3 (Y, Pr Ba,Cu O, ), c YaCTH4HOMH 3aMEHON UTTPHSA HA
X X 2 3778
mpazeonuM [4]. Kak n3BecTHO, 3aMEHA B 3TOM COCTUHEHUHT
UTTpUS Ha JPyTHE PEIKO3EMENbHBIC JJIEMEHTH HE
MIPUBOIUT K CYIIIECTBEHHOMY U3MEHECHHUIO €T0 PE3UCTUBHBIX
xapaktepucTuk [5]. VckiroueHue npeacTaBiseT TOJIBKO
cilydail 3aMeHBl UTTpHUA Ha TIpa3eofuM (Tak Ha3blBaeMas
aQHOMAJHs Tpa3eoauMa), CIoCOOCTBYIOMINN ITOIABIECHUIO

HE W3MEHSETCS CTPYKTypa KPHUCTAJUIMICCKOW PEIIeTKH
Y KUCIOPOMHBIN WHACKC coemuHeHus [4,5]. [ocmemnee
SIBISIETCS  OCOOCHHO BaKHBIM, IIOCKOJIBKY ITO3BOJISICT
HCKJIFOUYUTH BO3MOKHOCTh BO3HUKHOBEHUSI HEPABHOBECHOTO
COCTOSIHUSI, KOTOpPOE€ MOXET OBbITh HWHIYIHPOBaHO, B
OecIpMECHBIX, HECTEXHOMETPUYECKHX II0 KHCIOPOIY
o0pasmax, IMOCPEICTBOM TIPHIOKCHUS HaBieHus [2,3]
[7].
HecMmotpst Ha TO, 4TO B JAMTEpaType HUMEETCS HECKOIBKO
COOOILCHNH, TMOCBSIIEHHBIX MCCIICIOBAHHUIO  BIUSHUS
TaBJICHUS Ha KPUTUUECKYIO Temmneparypy (T) coenunennii
Y, PrBa,Cu,O,; (cm., nanpumep, 0630p [4]), nauuwre,

nim CKa‘IKOO6p33HOFO HU3MCHCHUA TEMIICPATYpPhbI
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MPUBOAMMBIE B OTHX padoTax, 3a4acTyio SBIISIOTCS
JIOCTAaTOYHO MMPOTUBOpEYMBBIMU. [Ipu 3TOM Ccoobmiaercs o
perucTpanyn Kak MOJIOKUTEIbHOM, TaK M OTPULIATEIbHON
Gapnueckoit nponssoanoi dT /dP, a B 0TAENBHBIX CITydasx
1 00 uzmenennu 3naka dT /dP [4], o gem Gosee moapo6HO
Oyner cka3aHo HIKe. BaxkHOoe 3Ha4YeHHE 3/1eCh HMEET
TOT (haKT, YTO 3HAYMTENIbHAS YaCTh JKCIIEPUMEHTAIIBHBIX
JIAHHBIX ObUIA TIOJyYeHA Ha KepaMHMYECKHX, MUICHOUHBIX
U TEKCTYPUPOBAHHBIX 00pa3lax BecbMa pa3INYHON
TEXHOJOTHYECKOH mpensicTopun [4,5]. B cmydae ke
MOHOKPHCTAIITMYECKUX 00pasios OIpe/IeIICHHbIC
CIIOKHOCTH MOXET CO3JaBaTh IIPHCYTCTBHE B CHCTEME
JIOCTAaTOYHO Pa3yNopsJOYEHHOW CTPYKTYPbI ABOMHUKOBBIX
rpanun (AI0) [8,9]. [locnennue, sSBASACH NPOTHKEHHBIMU
JBYMEpHBIMH  AeexTamu,
nedeKToB 0ojee HU3KOM Pa3sMEpPHOCTH, B CBOIO OYepelb,
caMH TIPEACTAaBISIOT cOOOW MOIIHBIE IIEHTPHI pacCesHHs
HOPMaJIBHBIX M (IIYKTyalMOHHBIX Hocuteneil [10], Tem
CaMbIM OKa3bIBasi 3aMETHOE BIIUSIHUE HA IIPOLIECChI TEPEHOCca
3apsila B KOHKPETHOM OKCIIEPUMEHTAILHOM 00pasie.
Crenmyer Tak ’e OTMETUTb, UTO B JINTEPATYPE NPAKTUIECCKU

a TaKXEC MECTOM CTOKa

OTCYTCTBYIOT IKCIIEPHMEHTAIFHBIC TaHHEIC, ITONyYCHHBIC
MIPH WCCIICIOBAHUH BIUSHUS JABICHUS B COCIUHCHHAX C
koHIeHTpanueil npazeoauma x<0.1. IIpu 3TOM MMEHHO B
oOpasnax cyiado JONUPOBAHHBIX MTPAa3EOANMOM 3a4acTylo

HaONIONAIOTCSl  MHTEPECHBIC  SIBJIICHHS  TOJABICHMS
TIICEB/IOILENIEBOIO COCTOSHUS U aHOMAJIbHOTO PACIIUPEHUs
TEMIIEPATYpHOIO  ydacTKa JIMHEHHOM  3aBUCUMOCTH

[11,12]. YuuTeIBas BBIIIECKa3aHHOE, B HACTOSIICH padoTe
OBUTH TIPOBEICHBI WCCIICIOBAHUS BIUSHUS IaBICHHUS Ha
PE3UCTUBHBIE XapaKTEPUCTHKH CJIab0 JOIMMPOBaHHBIX
npazeonumoM (x~0.05) MOHOKPHCTAUTHICCKUX 00pPa3lioB
Y, Pr Ba,Cu,0, creoMeTpuenpoTeKanns TpaHCIOPTHOTO
toka IIJIT, mo3Bomstomer MUHUMHU3UPOBATH A(P(HEKTHI
paccestHUS Ha JBOWHUKOBBIX TpaHumax [13,14].
BTCII-MoHOKpHUCTAILIB
Y, PrBa,Cu,O,, BeipammBamm 1o pacTBOP-PacIIaBHON
TEXHOJIOTHA B 30JIOTOM THIJIE,

COEIMHEHN N

COITIACHO METOJMKE
[6,10,12]. JInst mpoBeneHus: Pe3UCTUBHBIX HMCCIEIOBAHUI

oTOupanu KPUCTAJUTBI MIPSIMOYTOTIBHO hopmbl
pasmepom  3x0.5x0.03Mm?. Hawmensrmmii  pasmep
KpUCTAala COOTBETCTBOBAJ HAIMPABICHUIO € - OCH.

DJIeKTpUYECKUE KOHTAKThI CO3aBAIN 110 CTaHJapTHOU
4-X KOHTaKTHOH CXeMe IyTeM HaHEeCEHUs! cepeOpsiHOU
IIaCThl Ha MOBEPXHOCTh KpHUCTa/Ula € IOCIECAYIOLIUM
MIOJICOSIMHEHUEM CePeOPSHBIX NMPOBOAHUKOB AUAMETPOM
0.05 MM ¥ TpeX4acoBbIM OTXKUTOM TIpH Temmeparype 200°C
B armocdepe kuciopona. Takas mpouenypa Mo3Bojsiia
TIOJTYYUTh TIEPEXOIHOE CONPOTUBIICHHE KOHTAKTOB MEHEE

OHOI'O Owma u MPOBOAUTH PE3UCTUBHBLIC U3MCPCHUSA MPU

11350
6 81012141618
P, kbar

24

150

300
T, K

200 250

Puc. I. TemmepaTypHble 3aBUCHMOCTH DJIEKTPOCONPOTHBIEHU B GasucHoi mockoctu p (T) momokpucrasia

Y, PrBa,Cu0O

7-8°

n3MepenHsie npu gainenusx 0;4,52;9,17;12,74;17,05 — kpussle 1-5, coorBeTcTBeHHO. BeTaBka (a):

PE3UCTUBHBIE TIEPEXO/IBI B CBEPXIIPOBOIAIIEE CoCTosiHME. BeTagka (a):6apuaeckue sapucnmoctn T u p (300).
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Brusnue ececmopornnezo coicamus Ha nposooumocms monokpucmannos Y, , Pr, -Ba,Cu 0, - c cucmemou
O0OHOHANPAGNEHHBIX OBOUHUKOBLIX SPAHUY

TPaHCMOPTHBIX ToKax 10 10 MA B ab-miockoctu. Kak
U3BECTHO, IIPU HACBIIICHUH KUCJIOPOJOM B COEAMHEHUSIX
YBaCuO npoucxoauT TeTpa-opTo CTPYKTYPHBINA MEPEXOS,
KOTOPBIH, B CBOIO OYEPENb, MPUBOJUT K JIBOMHUKOBAHUIO
KpHCTaJUIa, MUHUMH3UPYIOLIETO €T0 YIpPYyrylo 3HEPTHIO.
Jns  momyueHust oOpasloB € OHOHAINPABJICHHBIMU
IpaHMIaMHU JIBOWHUKOB M3 KPUCTAJUIA BBIPE3AJICS MOCTHK
mupuHO 0.2 MM M pacCTOSHHUEM MK Ty TapaMi KOHTaKTOB
0.3 mMm. IIpu 5TOM TeoMeTpus SIKCIIEPUMEHTa BBIOHMPAIach
TakuM 00pa3oM, YTOOBI BEKTOpP TPAHCIIOPTHOTO TOKa
I Obul  mapamiesieH  IUIOCKOCTSAM  JIBOWHMKOBAHMS
[14]. Tunppocrarmueckoe JaBlIEHWE  CO3JaBajd B
MYJIBTUIUTUKATOPE TUIIA MopIeHb-wnHap [3]. Bennunny
JIaBJICHUSI ONpEJe/sUIM  C [OMOIIBI0 MaHI'aHHHOBOTO
MaHOMETpa, TEeMIeparypy - MeIb-KOHCTAaHTaHOBOH
TEpMOIIapOi, BMOHTUPOBAHHOM B HAPYKHYIO IOBEPXHOCTh
KaMephl Ha YPOBHE ITOJIOKEHHS 00pasIa.

Ha pucynke 1 mokasaHel  TemIeparypHbIe
3aBUCHMOCTH  DJICKTPOCONPOTHUBICHUS B  Oa3uCHOU
mwiockoctu  p_(T) wmonokpucramma Y, PrBa,CuO,
M3MEpEHHBIE NPU PA3INYHbIX JaBieHusAX. Ha BcTraBke (a)
TIOKa3aHbl PE3MCTHBHBIE TEPEXOABI B CBEPXIIPOBOISIICE
cocrosure. Kak cnenyer us pucynka | 3uadenus T u
p,,(300) nmpu armocdepHom nanenuu coctapuim 86 K
u 195 MkOMCM, COOTBETCTBCHHO. Takum 00pa3om, IO
CPaBHEHUIO ¢ OECIPUMECHBIMH MOHOKPUCTAJUINYECKUMU
obpasuamu  YBa,Cu,O,,, KpuTHuecKkas Temmeparypa
yMeHbIIMIack Ha 5+7 K npu 0lHOBPEMEHHOM yBEIMUYEHUHT
p,,(300) Ha 30+40 MkOM.CM, 4TO B IEOM COIIIACYETCS C
JIUTEepaTypHBIMH 1aHHBIMU [4,5]. TIpr ’TOM Ha pE3UCTUBHBIX
nepexosiax B CBEPXIIPOBOJSAIIEE COCTOSHUE HaONII0faeTcst
opma,
O TIPOSIBJICHWM TIPU3HAKOB (ha30BOTO paccioeHus [7] B
00beMe IKCIIEPUMEHTATIHFHOTO 00pasIia.

B HacTosmee BpeMsi CyIIecTBYeT LEJNBIA  psin
TEOPETHYECKUX MOJIEJICH, MOCBSAIICHHBIX HCCIIEOBAHUIO
MIPUYMH JIETPAJIAllMA CBEPXIPOBOASIINX ¥ HOPMaJIbHBIX
xapakrepuctuk coenunennii YBa, Cu, O, ; nox BiustHuem
npumecu mpaseoanma. Hanbonee M3BECTHBIMU CPEAN HUX
SIBIISIIOTCS, Tak HasbiBaeMele, “hole filling model”, “pair
breaking phenomena”, a Tak)ke MOIEIH, TIPEAIIONATAIOIIHE
JIOKAJIN3AIMIO JBIPOYHBIX HOCHTENEH M, 00yCIIOBJIECHHBIC
B3aUMOJICHICTBEM C HMOHAaMH Tpa3eoMa, pPasIndHbIC
MEXaHHU3MBbI TIEPECTPOUKH 30HHBIX COCTOsTHUI (0030p [4]).
Y4uThIBask OrpaHUYEHHBIH 00BEM HAIIEr0 COOOIEHNUS, MBI
HE TPOBOAMM 3[IeCh MOAPOOHBIN aHAIN3 ATHX SBICHUH,
OCTaBIISIS €T0 JUISl OTJEIBHON PabOTEHI.

Kak cnenyer n3 BcraBku (b), mis Hamero oOpasua
dT/dP=0.18 K/kbap, 4TO HECKOIBKO MEHBLIE YEM Y
coenuHenuii ¢ x>0.1 [4], Ho OoJble YeM y OecpruMeCHbBIX
MoHokpuctamios  YBa,Cu, O, [13]. BooOme rosops,
Takoe 3Havenue Gapuueckoi nponssoanoi dT /AP MoxHO
OOBSICHATD OCPEACTBOM TPAJAULMOHHOTO HCIIOIL30BAHMS
Il KaYeCTBEHHOro aHanusa 3aBucumocted 7 (P)

CTyncH4YaTasa YTO MOXECT CBHUACTCIBCTBOBATH
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n3BeCTHOM (opmysbl Makmuiutana [15,16]:

0, | 104(1+4)
A—u (14+0.622)

rie 0, — temmeparypa Jlebas, p° - 9KpaHMpPOBAHHEIH
KYJIOHOBCKMM  IICEBAONOTEHLHMAN,  XapaKTepU3YIOIIHH
OTTAJIKUBAHUE DJIICKTPOHOB, A - KOHCTaHTA 3JICKTPOH-
(OHOHHOTO B3aMMOJICHCTBHSI, KOTOpasi, B CBOIO OYEPEab,
3aBUCHT OT IapaMeTpPOB JIIEKTPOHHOTO M (OHOHHOTO

=—-:¢€X
c T 1a5P

» (D)

CIIEKTpa CBEPXIPOBOAHUKA!

ﬂzN(gF)<12(2;;_l?)>, o
M0,

rae N(& ) — MIOTHOCTh COCTOsHMM Ha ypoBHe Depmw,

I — ycpenHeHHbIH 10 noBepXHOCTH PepMHU MaTpPUUHBII
QIIEMEHT 3JIEKTPOH-(pOHOHHOTO B3aUMOACHCTBHUS, M —
Macca MOHa.

B npenmnonoxxennu, 9To rmpu cxxaTHn o0pasia, Hapsy ¢
poctoMm Temreparypsl Jlebast yBenauBaeTcsi 1 MaTpHYHBIH
[17],
snauennss dT/dP<0.2 K/k6ap mpeacTaBisioTcs BIIOJIHE
pasymHbBIMH. [Ipu 3TOM, OAHAKO, CIETyeT OTMETHTH, UTO
y 00pa3lmoB C KOHIGHTpAalMedl NpHMECH Ipa3eoanMa
x>0.3 BemuumHAa aOCONIOTHOTO 3HAYCHHS OapHYecKOi
npoussoanoi dT /dP moxeT nocTurars 3HadeHui 6ombiIe
0.6 K/xbap [4]. Kpome Toro, kak OTMEYaioCh BBIIIC, B
HEKOTOPhIX paboTax HAOMIONANTOCh HW3MEHEHHE 3HaKa
dT/dP. Bee BplecKasanHOe HE MO3BOJSET OXHO3HAIHO
MHTEPIIPETHPOBATH MOTyYCHHBIE JaHHBIC B pAMKaX TEOPHU
BKIII.

OTHOCHTENBHO — cilaboe
ciabo
00pa3loB MOXET ObITh OOBSCHEHO B paMKax MOJICIIH,
Npearnoaratolled Hajauuue cuHryiasipHoctu Ban Xosa B
cnekTpe Hocutenel 3apsna [18,19], xoTopas xapakTepHa
JUIS PEUIeTOK C CHIbHOW cBsi3blo. Kak m3BecTHO, uIs
kpucTaior ¢ Boicokod T ~90 K yposennr @epmu nexut
B JOJIMHC MEXKIY ABYMSA IMUKAMU IUIOTHOCTH COCTOHHHﬁ,

JJIEMEHT 3JICKTPOH-(POHOHHOTO B3aUMOJICHCTBHS

BIIUSAHHUC
JOTMUPOBAHHBIX

JaBJICHHA Ha

Benuuuny T [IPa3eoquMOM

TPH 3TOM TUIOTHOCTE COCTOsTHUI Ha ypoBHe Depmu N(E,)
CYIIECTBEHHO 3aBHCHT OT BEIMYMHBI, TAaK HA3bIBACMOM,
opTopoMmOmueckort nuctopcuu (a-b)/a [18]. YeenmmueHnue
OTHOIICHHMS (a-b)/a MPUBOIUT K YBEIUUCHHUIO PACCTOSHHUS
MEXXIy MUKaMH TUIOTHOCTH COCTOSIHUH M, COOTBETCTBEHHO,
K ymenbliennio N(E)) u T .. YMenbiuenue e OTHOIIEHHUS
(a-b)/a npuBOAMT K COMIKCHHIO [HKOB IUIOTHOCTH
cocrostauid, uro mpueoaut K pocty N(E.) m T . Takas
3aKOHOMEpHOCTh  M3MeHenns T mabmomamace mpu
WCCIIEJOBAaHNH BIIMSIHUSL OZIHOOCHOTO CKaTHs BIOJIb OCEH
a u b Ha KpUTHYECKYIO TEMIIEpaTypy MOHOKpPHCTAJJIOB
¢ T.,~90K [20]: mpu mNpUIOKEHWH HATPY3KH BIOJb
OCH a KpHUTHYECKas TeMmIleparypa MOBBIIIAJaCh, a IpU
MIPUIIOKECHUH HAarpy3KH BIOJIb OCH b OHa yMeHbIIAnach.
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[Tpu Bo3AeHCTBUY I'MPOCTATHYECKOTO AABICHHS BETMUNHA
otHoleHusi (a-b)/a u3MeHsercs: ciabo, IMOCKOIbKY OHa
OIIPEAENIACTCST TOJNBKO pa3IMuueM MOXyNel  cxKaTus
BIOJL oceil a u b. IloaTroMy u3MEHEHHE KPUTHUYECKOU
TEMITEPATYPhl y 00pasLoB ¢ BbICOKOH T TIpy Bo3neHcTBIM
THJPOCTATUYECKOTO AABJICHHS OTHOCHTEIBFHO MaJIo.

s xpucramios ¢ nonmwkennod T ~60 K yposens
®epmH, MOXET OBITh CIBHHYT C CEpeluHBI 30HBI (B
TOM YHCIIE, BCIEICTBHE JONMUPOBAHMS 3aMEINAIOIUMU
anemeHTaMu [21]) m pacmoiokeH B CTOpPOHE OT IHKa
ITosTomy,
TEeMIIepaTypsl, B

IUIOTHOCTH  COCTOSIHUH. ecIu
KPHUTHYECKOI HEPBYIO  O4Yepelb,

OIMPCACTACTCA MJIIOTHOCTBIO 3JICKTPOHHBIX COCTOHHHﬁ, TO

BCJIMYMWHA

cMelleHue ypoBHs @epMu B CTOPOHY IHKa TUIOTHOCTH
IIpY  BO3IEHCTBUM  THIPOCTATUUYECKOIO
JTABJIEHUSI MOKET, TEM CaMbIM, IIPUBOJIUTH K 3HAUUTEIBHOMY

COCTOSTHUI

Bo3pacTanuio abcomorroro 3nagenus dT /dP.

Ha pucyHnke 2 moxa3aHbl pe3UCTHUBHBIC IIEPEXOAbI B
cBepxmnpoBojiiee cocrosuue B koopaunarax dp/dT - T,
N3MCEPECHHBIC IIPH PAa3HBIX NJAaBJICHUAX. BI/IJIHO, YTO HA DTHUX
KPHBBIX HAOIOIAETCsl HECKOJIBKO OTUETINBO BBIPAKEHHBIX
MTUKOB, OTBEYAIOIINX CTYIEHbKAM Ha COOTBETCTBYIOIIHX
3aBUCHMOCTSIX, ITOKAa3aHHBIX HA BCTaBKE () K PHUCYHKY
1. Kak Obwio ycranosieHo B paborax [3], momoOHas
(dopMa CBEPXIPOBOASALINX IEPEXOJIOB CBUJIETEIBCTBYET
0 TIPUCYTCTBHU B 00BbEME IKCIIEPUMEHTAILHOIO 00pasua
HECKOJNBKMX (a3 ¢  pasIuYHbBIMH  KPUTHYECKUMHU
temneparypamu (T, m T,), KOTOpEIE, B CBOIO O4EpEND,
COOTBETCTBYIOT TOYKE MaKCHMyMa Ha Ka)KJOM M3 ITHKOB.
[Ipu COIVIACHO W3BECTHOW  Iapaboiamyeckon
3aBucuMocCTH [1], kaxxast u3 Takux as xapakrepusyercs
COOTBETCTBYIOLLEH KOHLEHTPALUEH HOCUTEIIEH TOKA.

Kak cremyer u3 pucyHKa 2 1 BCTaBKH (), yBEIHUCHHE
MIPWIOKEHHOTO  JIABJICHUSI  NPHUBOAWT K
HEKOTOPOMY YIIMPEHHIO CBEPXIPOBOASIINX MIEPEX0/I0B U

9TOM,

BCIIMYHUHBI

HU3MCHCHHIO BBICOTBI (I)OpMI)I CTYIICHCK,aTaKKC CMCUICHUTIO

1 2 4
‘_g 804 If 3 <5
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) 60 DDD 2
E [ Al
R
2 Ly
c f E‘EE‘E& / £ \QA@
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Puc. 2. Pe3uctuBHbIE MEPEXoAbl B CBEPXIPOBOASILEE
cocrosiuue B koopaunarax dp/dT - T, uamepennsie npu
pasHbIX naBiaeHUsX. Hymepanus KpuBbIX COOTBETCTBYET
puc.1.
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10 TeMIeparype ToueK MaKCUMyMa. DTO, B CBOIO OYepe/ib,
MOXKET CBHUJIETEIBbCTBOBATh O CYIIECTBEHHOM HM3MEHEHHHU
MyTei IPOTEKaHHs TPAHCIIOPTHOTO TOKA, 00YCIIOBICHHOTO
M3MEHEHHEM Pa3MEepoB M COCTaBa KIACTEPOB C Pa3IUMIHOMN
T. B cioysae OecmpumecHbix obpasuos YBa,Cu,O.,
HECTEXMOMETPHYECKOrO I10 KHCJIOPOAY COCTaBa, TaKOTo
pozia sIBJICHUSI MOT'Y T HaOJIIO/IaThCsI BCIIE/ICTBHE peali3alluy
B CHCTEME Iporiecca Bocxoasiiei auddysun [3].

Kak BumHO M3 pHCyHKa 2, BO3pacTaHWE BEITMYMHBI
MIPUJIOKEHHOTO  JABIICHUS TIPUBOAWT K  yBEIHMUCHHUIO
pasnoctn (T -T,), 9TO MOXKET CBHIETENBCTBOBATH O
HaymuuK (a3oBOro paccioeHue B HamieM oOpasie. B Toxe
BpeMs CJIEAYyeT OTMETHTh, YTO, KaK OTMEYaJoCh BBIIIE,
CoZiep)KaHUe KHCJIOpOoJa B HAIIeM cliydae ObUIO OJNH3KO
K CTEXHOMETPHYECKOMY, YTO ODKHO MHUHHUMH3HPOBATH
BIMSTHAE TIepepacrpe/ieNieHus JIa0MIFHOTO KHCIOopoa
JleiicTBUTENBHO,
Kak ObUIO TOKa3aHO B paborax [2,13], mpmioxeHue
BBICOKOTO JaBjieHHuss B ciydae obOpasuoB YBa Cu,O_,
CTEXHOMETPHYECKOI0 COCTaBa, KaK MPAaBUIIO, HE TPUBOAUT
K BO3HHKHOBEHHIO IMPOIIECCOB CTPYKTYPHOU pellaKcalu,
KOTOpBIE OOBIYHO TIPOUCXOMAT BCIEACTBHE ITUPPy3UN
TMaOMIIBPHOTO KHUCIOpOIa B 00beMe 00pasiia.

[To-BugrMomy, (azoBoe paccioeHue oJ
JIaBJICHUEM, HaOJII0ZaeMOe B HAIlIEM CJIydae MOXKET OBbITh
00yCIIOBJIEHO U3MEHEHHEM pa3Mepa U COCTaBa KIIAaCTEPOB,
XapaKTEePU3YIOLIIXCS Pa3INIHBIM cofiepKaHuEM
mpazeonmuma [12]. B Toxke Bpems, ciemyeT OTMETHTH,
YTO YBEIMYCHHE COMACPKAHHS IMpa3eoinMa B JIOKAILHOM
JJIeMEHTe  00beMa  AKCIepHUMEHTaJIbHOro  oOpasia,
KaKk [paBWIIO, TNPHUBOAMT K O(PQPEeKTy auaMeTpanbHO
MIPOTHBOIOIOKHOMY 3()(EKTY YBEIUYCHHUS COACPIKAHUS
Kucaopona. B To Bpems Kak yBeIMUYCHHE KOHIICHTPALUU
KHCIIOpPO/ia TIPMBOIUT K Bo3pacTanuio T w ymydureHuro
MPOBOJAIINX XaPAKTEPUCTUK OTHCIBHO B3ATOW (Dasbl
[7,10,14], colepXkKaHus  Ipa3eoguma
CIIOCOOCTBYET O/IABJICHHIO U TIPOBOJIMMOCTH M TOHMKEHH IO

Ha BBIINICOIIMCAaHHBIC IpOUECCChI.

YBCIIMYCHUC

T [4,12]. Takum 06pasom, MOKHO MPEIIIOTIOKHUTE, YTO
(dazoBoe paccioeHue, HaOMIOTAEMOE€ B COEIMHEHUHU
YlkxPpraZCu3O7_5, IO/ JE€HCTBUEM BBICOKOTO JABJICHHS, B
OTJIMYHE OT ClTydas OecrpuMecHbIX 06pasios Y Ba,Cu O,
MPEJCTABISICT COOOM Oosiee CIOKHBIN U HEOAHO3HAYHBIN
mporecc. OgHako MpoBEpKa CHPABEAJIUBOCTU  ITOTO
MPETIONIOKCHHUS TPEeOyeT MPOBEACHHS AOMOTHUTEIBHBIX
UCCIIEJOBAaHNI BIMSHHUS BCECTOPOHHETO CKaTWUs Ha
KPUTHYECKYI0 TeMiteparypy coequnennit Y, Pr Ba,Cu,O,
B TOM 4HcJie B OoJiee MPOKOM MHTEPBAJe KOHICHTPALMH
Ipa3eoanMa, B TOM YHCIIE C NPUMEHEHHEM CTPYKTYpPHBIX
n3MepeHnii Ha oOpasnax ¢ OoJee BBICOKOH CTENEeHBIO

JOIMUPOBaHUSA IMTPA3COANMOM.

1. J. Ashkenazi, J. Supercond. Nov. Magn. 24, 1281 (2011).
2. S. Sadewasser, J.S. Schilling, A.P. Paulicas, B.M. Veal //
Phys. Rev. B. -2000. -V.61, Nel. -P.741-749.
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PACS: 78. 55.-m
VIK 547.722.3:[539.1.074.3:546.33°15°683+546.36°15°33]

[Mpoueccol rmgparaumm B NpUNOBEPXHOCTHBIX CIOSAX
cunHTUnnatopos Nal(Tl) n Csl(Na)

B.1O. 'pecb’, A.M. KyauH 2

1 — YkpJA3T, 2 - Uncmumym monokpucmannoe HAH Ykpaune:

JocmimkeHo mpouecH rigparaii i nerigparanii mosepxHi cuuHTIIATOpiB Nal(Tl) i CsI(Na), ski mpu3BoasSTh 1O YTBOPEHHS TaKk
3BaHOTO «MepTBoro» mapy (MLL). [Tokaszano, mo auHamika GopmyBanHs i cTpyktypa ML B kpucranax Nal(Tl) i Csl(Na) pizna. ¥
Nal(T1) hbopmysanns MIII € pesynsrarom BUKIIOUHO ancopOuii Boau nosepxHero kpuctaiis. s Nal(T1) moxnuBe icHyBaHHS JBOX
tuniB MII: nepinii nmos's3aHuii 3 pyilHyBaHHSIM aKTUBAaTOPHUX LIEHTPIB CBITIHHS, APYTHUil - 3 (U(Y3iiiHUM BHUXOIOM HOCIIB 3apsay
Ha noBepxHIo. B Csl(Na) nporniec yrBopennst MIII - nBocraniitauii. Ha nepmriii craaii BinOyBaeTbes po3naj HEpecuueHoro TBEPI0ro
PO3UMHY BaKaHCiH, Ha IPYTUH - PO3IIaj TBEPAOTO PO3UMHY aKTHBATOPA.

Kuarouosi caoBa: crmaTIisTopH, Kprctanmd Nal(Tl) i CsI(Na), mepTBuii map, TBepIuil po3unH BaKaHCiH, TBEpAUN pPO3YUH
aKTUBATODY.

VcenenoBaHbl MpoLiecChl THAPATALMU U Aeruapatanuu nosepxuoctu cunHtmusitopoB Nal(Tl) u CsI(Na), koTopble IpUBOAAT K
o0pa3oBaHUIO Tak Ha3biBaeMoro «Meptsoro» cios (MC). [lokazano, yro muHaMuKa GopmupoBaHus u cTpykrypa MC B KpHCTaIIax
Nal(Tl) u CsI(Na) paznmuna. B Nal(Tl) o6pasoBanne MC sBisieTcs pe3yabTaToM HCKIIOYUTEIBHO aacopOIMU BOIBI OBEPXHOCTEIO
kpuctamioB. {ixa Nal(Tl) BosmokHO cymecTtBoBaHne ABYX THHoB MC: MepBEIH CBSI3aH ¢ pa3pylICHHEM AKTHBAaTOPHBIX IIEHTPOB
CBEUCHHMSI, BTOpOH - ¢ Au(y3MOHHBIM BBIXOAOM HOcHTeNel 3apsima Ha moBepxHocTh. B Csl(Na) mpouecc obpasosanus MC -
JIByXCTaJuiHbIN. Ha nepBoii cTaauu npoucxoauT pacnaj NEPECHIILEHHOT0 TBEPAOTO PACTBOPa BaKaHCHUI, Ha BTOPOM - pacnaj TBEPAOro
pacTBopa aKTHBaToOpa.

KoroueBsie cioBa: crimnTminstopsl, kpuctamisl Nal(T1) u CsI(Na), «MepTBbIiDy CII0ii, TBEp/BIil pacTBOP BaKaHCHUIl, TBEPbIi
pacTBOp aKTUBATOPA.

The surface processes of hydration and dehydration of the surface of the scintillators Nal(Tl) and CsI(Na), which lead to the
formation of so-called «dead» layer (DL) were investigated. It is shown that the dynamics of formation and structure of DL in Nal(T1)
and CsI(Na) crystals is different. The formation of DL in Nal(T1) is the result of water adsorption by the crystals surface.

For Nal(T1) there may be two types of DL: the first is associated with the destruction of an activator luminescence centers, second
- diffusion output of the charge carriers to the surface. The process of DL formation in CsI(Na) is prolonged and consists of two stages.
The decomposition of supersaturation solid solution of vacancies proceeds at the first stage and the decomposition of activator solid
solution — at the second.

Keywords: scintillators, Nal(T1) and CsI(Na) crystals, «dead» layer, solid solution of vacancies, activator solid solution.

I[MocranoBka npodJjeMu Ta aHATI3 JOCTIIKEHb i
nyoJikanii
W3BecTHO, 4YTO BO3JE CBOOOIHOW MOBEPXHOCTU
rurpockonuuueix cuuHTHLIITopoB Nal(Tl), CsI(Na) u
mManorurpockormaHoro CsI(T1), mocie kpaTkoBpeMeHHOTO
BIaro oOpasyercst TaK Ha3bIBAEMBbIH
«MEptBbli» cioit (MC) — cnoit mrybunoit 1o 20 MM ¢
MTOHW)KEHHOW CHUHTHUIIHOHHOW 3((EeKTUBHOCTBIO M
[1]. CymectBytomue Touku 3peHus [1, 2] oOBSICHAIOT ero
00pa3oBaHKE MOCTETIEHHBIM Pa3pyLUIEHHEM aKTHBATOPHBIX
LICHTPOB (vHOTHAa WX  «OTPABICHUEM)
KHCIJIOPOZICOAEPKAIIMA npumecamu).  Ilpu
M0/Ipa3yMeBaeTCs,, 4TO IIEHTPAMH CBEYEHHS SIBIISIOTCS
nonsl TI" B Nal n Na* (0koi0akTHBAaTOPHBIN SKCUTOH ) B

KOHTaKTa C

CBCUCHUA
9TOM

©Tpecb B.1O., KyanH A.M., 2014

Csl. M3BecTHBI cmOCOOBI MPenoTBpALIeHHS 00pa30BaHUS
9TOTO CJIOS, OJJHAKO PacCMaTPUBABIINECS MEXAHU3MBI €TO
o0pa3zoBaHus TPOTHBOpeyMBHI [1,3].

eab cTatbun
Lenpro nanHOW paboOTHl OBLIO M3YYEHHE MPOIIECCOB,
npuBonAmux kK odpazoBarnmo MC B kpuctamiax Nal(Tl)
u CsI(Na).

MeTtonuka eKcriepuMeHTy
Uccnenosamucs kpucraiuel Nal(Tl) ¢ pasnnunoit
xounentparmeii Tl 5x102, 1x10'macc.%; Kpucrauisl
CsI(Na) ¢ xonmentpamueii Na: 7x10%, 2.5x103macc.%
u HeaktuBupoBaHHble Kpuctamiel Csl, Nal. Ipouecc



Ipoyeccol eudpamayuu 6 npunosepxnocmuuix ciosx cyunmuiiamopos Nal(Tl) u Csl(Na)

obpazoBanuss MC B kpucrammax Nal(Tl) wusyyancs
B XOAC€ TuAparalud W JAeruaparaiqud ITOBCPXHOCTH.
CocraB o0pa3yromuxcs a3 aHATM3UPOBAIICS
METOJOM CKaHUPYIOLIEH SJIEKTPOHHOM MMKPOCKOIHUH
C PEHTICHOBCKMM MMKPOAHAJIM30M Ha 3JICKTPOHHOM
mukpockore JSM-820 ¢ cuctemMoit SHeproauCIepCUOHHOTO
mukpoananmza Link AN 101853. CuuHTHILISIOHHBIC
coiictBa kpuctamioB CsI(Na) — cBeroBoit Beixon L u
9HEpreTUUecKkoe paspemenue R — uccnemoBamucs mpu
BO30Y)XICHUH CHUHTHUIIMN PEHTTEHOBCKHUM M MATKHM
Y-M3IIydeHHeM paguoHykmuaoB Fe-55 (E=5.9 x3B), Am-
241 (E =17 x3B u 60 x3B).

PesyabTaTn gociixkens Ta iX 00rpyHTYBAHHSA

HccnenoBanust
Nal(Tl) MC o6pasyeTcs TONBKO B pe3yabTaTe aacoponun
BOJBI TIOBEPXHOCTBIO KpucTayuioB. Ciemyer pas3nudarb

IIoKasajiu, 4qTOo B KpucTtajuiax

mBa Ttuma Takux  cnoéB. [lepeerit  opmupyercs
BCJICICTBHE  pa3pylICHHUS  aKTUBATOPHBIX  I[ICHTPOB
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= ]
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DHeprusi KBaHToB, k3B
Puc.1. Ctpykrypa IeruaparupoBaHHON MOBEPXHOCTH

(a, 0). M3o0OpakeHHE TIONYYECHO HAa 3JICKTPOHHOM
MHKPOCKOIIE B PEXHME  XapaKTepUCTHYECKOTO
PEHTTEHOBCKOTO M3NMy4deHHus oT atomMoB Na (a) m TI
(6). CrekTpsl XapaKTEPUCTHYESCKOTO PEHTICHOBCKOTO
n3aydeHus (B, T): JUIl OCHOBHOIO Bemiectsa (B) U
BTOpOH (azsl (T).

cBeuenns [1].
TUApaTaluyd M JETHIPATAlUKN ITOBEPXHOCTH HAaMH OBLIO
YCTaHOBJIEHO clenyiomee. B mpomecce ruaparamum Ha
MIOBEPXHOCTH KpHCTa/ula 00pasyercs pacTBOPEHHBIN
BOJIOM CJIOM, TOJIIKMHA KOTOPOTrO PACTET CO BPEMEHEM.
IIpu  germzaparanu  UCMApeHHE  BOABI  MPHUBOAUT
K TIIEepeChIIICEHUI0 pacTBopa, 00pa3oBaBIIErocsi Ha
MIOBEPXHOCTH, ¥ KPUCTAJUIN3AIIMN PACTBOPEHHBIX BEIIECTB.
Pesynmprar mporecca aeruaparanuu — oOpa3oBaHHE Ha
TIOBEPXHOCTHU KPUCTAJIIA PBIXJIOTO HOJINKPUCTAIUTHYECKOTO
cioss Nal c Bkpamnenusimu daser Tl amamerpom 1o

B pesynsrare u3y4deHus IPOLECCOB

60

1 MxMm (puc. 1).

DHeprusi naJlarolero n3ly4eHus, 0COOEHHO MSIKOTO
PEHTTCHOBCKOTO, YAaCTUYHO TEPSIETCA B 3KPAHUPYIOLIEM
CIIO€ ¥ BBI3BIBACT cBeueHNe B o0macTu 310 HM, XapakTepHOe
JUIS HEaKTHUBHPOBAHHBIX KpucTayuioB Nal. AktuBatopHoe
ceeuenue 410 HM BO3OyXmaeTcs B MOHOKpUCTAUIE WU
B 3HAUUTEIBHONM Mepe o0clalleHO NPONOPLUOHATIBHO
CTEINeHU
9KPaHHUPYIOILETO CIIOS.

Bropoii Tum MC o0pasyercs Tpu HaJIMYHHA MaJbIX
KOJIMYECTB BJIAarM Ha [IOBEPXHOCTH, dalle BCEro B
pesyabrare BogHOWH 00paboTKN MOBEPXHOCTH (LIUTH(OBKH,
noiupoBKH). Ero oObscHeHHE MOXKET OBITh CBS3aHO C
s dexramu, HabIHOAABIIMMECS B [3] IpU BO3HUKHOBEHHU
MC B pe3ynbTarte paadallMOHHO-CTHMYJIHPOBAHHBIX
mnpoueccoB Ha mnoBepxHocTH KpuctamwioB KI. Ilpu
00JIy4eHNH KPHCTAJUIOB oOpasyloleecs 1ojie 00bEMHOTO
3apsiia crocoOCTBYET BBIXO/LY HJIEKTPOHOB Ha TOBEPXHOCTh
¢ miybun mopsaka 10 MKM  (4TO  TIPHOIU3UTENBHO
coorBercTByer TomumHe MC). OTTOK 3apsaoB U3
DTyOMHBI K MOBEPXHOCTH MPHUBOIUT K B3aUMOJCHCTBHIO
MOJIEKYJT BOABI, aJCOPOMPOBAaHHONH HA IOBEPXHOCTH, C
KOMITOHEHTaMH 3JIEKTPOHHO-/IBIPOYHBIX I1ap, B pe3ysbTare
Yero MOJICKYJbl BOJBI paspylIaloTcst Ha pagukaisl H' n
OH: H,0 +e =H"+ OH" . O6paszosasumecs OH" rpynms
MOTYT Wrparh pOJIb JIOBYLIEK O3JIEKTPOHOB, 3axBaT Ha
KOTOPBIX TIPENSATCTBYET M3ITy4aTelIbHONW pPEKOMOMHAIMN
JNIEKTPOHOB HAa IIEHTPaxX CBEUEHMS, UYTO MPOSABIACTCS B
YXYAIICHUN CHUHTHUIAIMOHHBIX CBOWCTB KPHUCTAILIA.

B kpucramiax Csl (Na) o6pazoBanne MC He cBs3aHO
HEMOCPEICTBEHHO ¢ acopOIuei Bobl oBepXHOCThI0. Ha
puc. 2 MoKazaHa 3aBUCHMOCTb YJIEJIBLHOTO CBETOBBIXOJA
L/E or »HepruM Mafaromero M3Iy4eHus (0T TIIyOWHBI
HCCIIEYyeMOTO CJIOs)) Ha pa3HBIX CTaAWsAX KOHTAaKTa
c Bnaroi. BumHo, uro mpomecc QopmupoBanus MC
pa3OuBaeTcs Ha JBa dTana.

Ha mnepBOM mNpoOMCXOmUT penakcanusi TOYEUHBIX

ruaparaqud W DIyOuHe 00pa3oBaBLIErocCs

CTPYKTYpHBIX  1eekToB  (OMBakaHCHi), BO3HHKIIUX
B CTPYKTYPHO HApYUICHHOM IIOCIIE MEXaHHYEeCKOI
00pabOTKM  TPUIIOBEPXHOCTHOM  cioe. buBakaHcum

SIBIISTEOTCSL TOTIOJTHUTENBHBIMA IICHTPAMU CBEYCHUS [4],
KOTOpbIe OOYCIIOBJIMBAIOT MOBBIMICHHOE IO CPABHEHHIO C
00béMOM 3HaueHuE L/E TPUTIOBEPXHOCTHOTO Clos (puc.
2, xpuBas 1). B xome mepBoro stama OHH KOaryiHpyOT
B BaKaHCHOHHBIC KJIACTEPH! WM BBIXOIAT Ha CBOOOAHYIO
MMOBEPXHOCTh. CKOPOCTHIO ITUX TPOIIECCOB OTIPEEIIICTCS
JUIMTEIBHOCTD NepBoro stamna - 12-14 nueit. OtmMerum, 4To
pu Bo30yxJIeHnu paguonykimmaoM Am-241 (E = 17 k3B
u 60 k3B, ry6ounsr 90% ocnabieHus H3TyUYeHHsI KOTOPOTO
paBHBl 113 MKkM 1 650 MKM, COOTBETCTBEHHO) 3HA4YCHHE
L/E ocTtaércs mpaKTHUeCKH HEN3MEHHBIM.
Bropoit obpazoBanmst  MC
TeTEPOTeHHBIM PACHaJoM TBEPIOrO pacTBOpa aKTHBATopa
U SIBIISIETCS pE3YJIbTAaTOM I1epBOro. B posn ouaros pacrana

oTarl CBs3aH C
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Puc. 2. I3menenne yznenbHOro cBetoBbixona kpucrauia Csl(Na) npu Bo3OyKa€HHH y-KBAHTaMU B 3aBUCHMOCTH OT
BPEMEHHU CTapeHUs Ha BO3yXe MOCJe MOIMPOBKU: | — CBEXXEMOIMPOBAaHHAS MOBEPXHOCTh; 2 — uepe3 19; 3 — uepes
22 cyrok. Ha BcraBke ykazana tonuruHa cinost 90-% ocmabneHus y-M3IydeHus B BEIIECTBE I COOTBETCTBYIOIINX

SHEPru.

MOTYT BBICTYIIATh KJacTepbl BakaHCHH [5]. YcmoBuewm,
CIIOCOOCTBYIOIIIUM pacliaty, SBISETCS OOJbIIasi CTEHNECHb
HensomoppHoctn noHoB Na® B pemérke Csl. Ecmu
COZIEp)KaHUE HATPUsl BEIHMKO, IPOUCXOJMT BBINAJICHHE
¢da3sr Nal B pemerke Csl [5]. B pesymnbrare pacnana
cpenHssl KOHIEHTpanuss Na' 3aMeTHO yMEHbIIAeTCHd,
YTO TIPUBOAWT K JHanbHeimemy cHikeHuro L/E (puc.
2, xpuBble 2, 3). BOmusu cBOOOIHOIH MOBEpXHOCTH, HA
D1yOMHE MEHBIIEH, 4eM CpeJHee PpacCTOSHHUE MEXIY
KJlacTepamy, JIOMHHUPYIOUIMM TIPOLECCOM Ha BTOPOM
sTane OyleT BBIXOJA aKTUBATOpa 3a Mpelebl KpUcTasia.
[Tocme obpaszoBanms ¢as3sl Nal Ha moBepxaOocTH CsI(Na)
HaOIIOMAaroTCs YPPEKTH, AHATOTMIHBIE PACCMOTPEHHBIM B
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Nal(Tl).

BucnoBku

Urak, wuccnenoBaHus 4TO  MpHPOIA
MEPTBOTO CJIOSI B THrpOoCcKOnuuHbIX Kpucramiax Nal(Tl)
n Csl(Na) pazmmuna. B Nal(Tl) o6pasoBanme MC
SIBIISICTCST PE3YIBTAaTOM HCKIIOYUTEIBHO aJCOPOINU BOIBI
moBepxHOCThIO KpuctaiwioB. Jlms Nal(TI) Bo3moxHO
cymectBoBanue AByx TunoB MC: mepBblii CBsizaH ¢
pa3pylIcHUEM aKTUBATOPHBIX IICHTPOB CBCUCHHUSI, BTOPOU
- ¢ 1uddy3MOHHBIM BBIXOJIOM HOCHTEJeW 3apsijia Ha
moBepxHoCcTh. B CslI(Na) mpomecc obpazoBanmss MC -
JBYXCTaJuiHbIH. Ha mepBoi craguu NpoUCXOAUT pacnaj

IIOKa3aJjiu,
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Ilpoyeccor cuopamayuu 6 npunosepxrocmuulx ciosax cyunmunisimopos Nal(Tl) u Csl(Na)

MIEPECHINCHHOTO TBEPIOTO PACTBOPA BAKAHCHUH, Ha BTOPOI
- pacnaji TBEpAOro pacTBopa akTHBaTopa.
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N — ToyeYHble MYINbTUMJTOCKOCTHbIE TPaBUTALUNOHHbLIE JTUH3bI

A.T. Koteuukmin, [1.B. Kptoukos

Xapvkosckuil HayuonanbHulil yHugepcumem

kotvytskiy@gmail.com, kryuchkov_dm@mail.ru

B nmanHOl paboTe MBI paccMaTpHBaeM COBOKYITHOCTh MAacCHBHBIX TOYEK OOpasyIONIIMX I'paBHTAlMOHHYIO JIMH3Y. B mepBom
pasjene O4eHb KPaTKO BBOASTCS Hy)KHbIE HAM OCHOBHBIE IIOHSATHS U olpeneneHus. Bo BTopoMm pasjerne M3ydeHa TpaBUTAIIMOHHAsS
nMH3a, coctosimas U3 N ToYeK B OfHOIl miockocTH. OnpeiesieH ajaropuT™ MOCTPOCHHS KayCTHK M KPUTHYECKUX KPUBBIX JUIS TaKOii
JIMH3BI B CITy4ae MPOM3BOIBHOTO PACIIPEeNeH s TOYeuHbIX Mace. C MOMOIIBIO 3TOTO aJITOPUTMA HOCTPOEHBI KayCTUKH M KPUTHYCCKUE
KpuBble JUI 3-X M 4-X TOYEUHBIX JIMH3 B Cily4as CUMMETPUYHOIO PAcIpe]eIeHUsl paBHBIX TOYEUHBIX Macc. B Tperbem pasnene
paccMOTpeHa rpaBUTAIlMOHHAS JIMH3A, cocTosmas u3 P miockocteit. B obimem ciydae BeenéH napamerp & 00o0maromumii nonsTue
panuyca DHHIITEHA-XBOJILCOHA U C €r0 MOMOIIBI0 BBEAEHO MOJHOE 00e3pa3MepHBaHHE ypaBHEHHs TPaBHTAlMOHHOW JHMH3BL. B
KauecTBe KOHKPETHOTO IIPHMepa PacCMOTPEHA I'paBUTALMOHHAS JIMH3A, NPEACTABIIONas co00i cucTeMy M3 JIBYX IUIOCKOCTEH: B
MIepPBOH IUIOCKOCTH HAXOAUTCS OMHApHAs JIMH34, a BO BTOPOii — OiHA ToueyHast Macca. [IpuBeieHbI KayCTUKH U KPUTHYCCKUE KPUBbIC
JUISL TAKOW TPaBUTALIMOHHOM JIMH3BI,  TAKXKE MTOCTPOCH Psifl H300paXKeHUH OT KPYroBOTO HCTOUHHUKA.

KirodeBble ¢J10Ba: TpaBUTALIMOHHAS JINH3A, KAYCTHKA, KDUTHYECKAs! KpUBAs, pajyc DiHIITEiiHa- XBOIbCOHA.

B naniit po6oTi MU po3IIIsIaEMO CYKYITHICTh MACHBHIX TOYOK, SIKi yTBOPIOIOTH IpaBiTalliiiHy JIiH3Y. Y IepIIoMy po3/1ii KOPOTKO
BBOZATHCS ITOTPIOHI HAM OCHOBHI IIOHATTS 1 BU3HAYCHHS. Y JIPYroMy pO3/ijii BUBYEHA TpaBiTallil{Ha JIiH3a, 0 CKIATaeThCs 3 N TOUOK
B OZIHI{ IUIONIMHI. BU3HaueHO anroput™ moOy0BH KayCTHK i KpUTHYHUX KPUBHUX JUIS TaKOi JiH3H y BUIAJKY JOBUIBHOTO PO3MOALTY
TOYKOBHX Mac. 3a JOMOMOTOIO I[LOTO aJITOPUTMY MOOYJOBaHI KayCTUKH Ta KPUTHYHI KpUBI s 3-X 1 4-X TOUKOBHX JIIH3 y BUIAIKY
CHMETPHUYHOTO PO3IOALTY PIBHUX TOYKOBUX Mac. Y TPEThOMY PO3/iji pO3IIsiHyTa rpaBiTaliiiHa JiH3a, 110 CKiIaaaeThes 3 P miomwH. Y
3arajJbHOMY BHIIJIKY BBEJICHO TTapametp &, AKUH y3araabHroe HOHATTS paiyca EifnimTelina XBombcoHa, i 3 Horo I0MoMorow BBEICHO
MOBHE 00€3pa3MipIOBaHHS PIBHSAHHS TPaBITALIHHOT JIIH3H. SIK KOHKPETHHI NIPUKJIAJ PO3IIISTHYTA TPaBiTaIliliHa J1iH3a, 0 IPEACTABISIE
c00010 CHCTEMY 3 IBOX IUIOIIMH: Y IEpIIiil IUIOIMKHI 3HAXOAUThCsl OiHAapHa JTiH3a, y APYTii - oHa TOuKoBa Maca. HaBeneHno kaycTuku
1 KpUTHYHI KPUBI JUIS TAKOI TpaBiTAIiIHOT JTIH3H, a TAaKOXK MOOYJ0BAHO psiji 300pakeHb BiJl KPYTOBOTO KEpea.

KurouoBi ciioBa: rpasitariiina J1iH3a, KayCTUKY, KpUTHYHA KpHBa, paaiyc EitHmrelina-XBonbcoHa.

In the work an aggregate of massive points that is gravitational lens is researched. There is brief overview of the basic concepts
and definitions in the first section. In the second section a gravitational lens formed by N points in a single plane is researched. The
algorithm for constructing of caustics and critical curves for a lens with an arbitrary allocation of mass points is developed. Also there
are caustics and critical curves that constructs by the algorithm for 3" and 4™ points lenses with symmetric allocation of equal mass
points. In the third section a gravitational lens formed by P planes is researched. The parameter &, that generalizes the notion of Einstein
Khvolson radius, is introduced. Using the parameter, the dimensionless equation form for P plane lens is obtained. As a concrete
example the following two-plane lens is researched: the first plane contains a binary lens, the second plane contains a single mass point.
There are caustics and critical curves for the lens and images of circular source.

Key words: gravitational lens, caustic, critical curve, Einstein-Khvolson radius.

OcHoOBHBIC NOHATHS U ONPeIeICHUS

BriepBele  mpaBuibHyo  dopMyny Uil ymia

OTKJIOHEHHUS JIy4a CBETa, HPOXOASIIEro BOJIN3U TOUSYHOTO

HCTOYHHKA TPABUTALIUH (JIMH3BI) MOTy4HI DUHIITEHH [1],
KOTOPYIO NPUHSTO 3aIMCHIBATh B BUIE
2, 4GM

9= (1

s C¢

e r, - IpaBUTALMOHHBIA paxuyc, M — mMacca JUH3BIL,
G - rpaBUTallMOHHAS TIOCTOSIHHAS, C - CKOPOCTh CBETa B
BakyyMe, & - MUHUMAJIbHOE PACCTOSHUE, HA KOTOPOE CBET
TIpUOIKACTCS K JIMH3E (JPYTHMH CJIOBaMH 3TO PACCTOSTHHE

© Koteuukmn A.T., Kptoukos [0.B., 2014

B TUTOCKOCTH JIMH3BI MEXIY JHMH30A W H300paKCHHEM
HaOmromaemMoro oOwekTa). IlogpoOHBIN  BRIBOI  3TOI
GbopMyITEI MOXHO HAHTH BO MHOTHX KIIACCHYCCKUX
yueOHMKax, cM. HanpumMep [2-4].
N300pa3um xon ayueit Ha puc. 1. Torma, st Maibix
YIJI0B OTKJIIOHCHUS UMEEM
D, 2r,D,
n=rrE-— @
D, 4
IJe 1 - PacCTOSHHE B TUIOCKOCTH MCTOYHHMKA OT IEHTpa
HCTOYHUKA JI0 OCH JIMH3BI (3TO OCh, MPOXOASIIAs Yepe3
HaOmofiaTeNsl W IEHTp Macc NMH3BI); D — paccrosnue
MesKIy HaOnmrozaTeseM U MCTOYHMKOM; D — paccrosnue
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MesK/ly HaOmroziaTesIeM 1 IMH30#; D — paccTosnue Mex Iy
JINH301 U1 UICTOYHUKOM.

ITony4yeHHOE ypaBHEHHE B JIMTEPATypEe HA3BIBAETCS
YpaBHCHHEM TPAaBUTAMOHHOW JIMH3BI M  TOAPOOHO
paccMoTpeHo B [5,6].

IIpun =0, To ecTb KOrJa HICTOYHUK CBETA PACHIOI0KEH
Ha OCH JIMH3bI, UMEEM KBaJpaTHOE ypaBHEHHE Ha &.
Penienyie KoTOporo NpuHATO 0003HAYATh Kak &

So = (3)
BHONMOE H300pasKeHHe
. HCTOYHHEA
6
s
N [(cTounNK) g &
L (nunza) © g
T
e
e Das " Dd ﬂ
. Ds N

IUIOCKOCTE HCTOYHHEA IUIOCKOCTE JIHH3EI

Puc. 1. Cxema 1 xo[1 qyuel Ui rpaBUTAIIMOHHOM JIMH3BIL.

Ecimm  TowewHnIii  MCTOYHMK, TOYCUHAs JHMH3A U
HAOJTIOATEeNb HAXOIATCS Ha OMHOM MPSMOMA, TO MBI OyJeM
BHJIETH OKPYXKHOCTh paguyca & . DTOT paauyc OOBIMHO
Ha3bIBAIOT pajinycoM DifHiTeiiHa-XBoiabcoHa [7,8]. Boas

0e3pa3MepHbIe apamMeTpbl
x==, y=—* )

ypaBHEHHE TPaBUTAMOHHOI JMH3BI (2) IpHOOpeTaeT BU

1
)’ZX—; (6))

Tak kak pacnpocTpaHeHue IPOUCXOIUT B
TPEXMEPHOM IIPOCTPAHCTBE, TO AJIS ONUCAHUSA OTKIOHEHUS
Jy4ed ynoOHO HMCTONIb30BaTh BEKTOPHBIA BUJ YPaBHEHUI.
J11s1 5TOr0 BBOAAT BEKTOPHBIN YIOJI OTKJIOHEHHUS
- 4GM -
g D 2 S, (6)
ds c é:
TOIZla YpPaBHEHHE I'PAaBUTALMOHHOM JIMH3bl B BEKTOPHOMH
(hopme mprodpeTaeT ciae Iyl BU

CBCTa

- D = 4GM
N=—-8~-Dy—5¢. (7)
D, * g
Win B Ge3pa3MepHbIX KOOpAUHATAX
B
y=x-—, ®)
x
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I'I€ BEKTOPbL X u y JIC)KAT COOTBCTCTBCHHO B IINIOCKOCTAX

JIUH3BI ¥ UCTOYHHUKA.
O)IHI/IM N3 TECHTPaJIbHBIX THOHSITHH JUIA  aHaJiku3a
IPaBUTAIIMOHHBIX JIUH3 SIBISIETCSI det[Al.j], IJie MaTpuIa A,-,-

€CTh MaTpuIla 2X2 U OTIPEEIIIETCS KaK

_w
v 8xj‘

)

Tak kak marpuia A,-,- MEPEBOAUT BEKTOP AX B BEKTOp
Ay , TO BRIp2XKCHHE 00paTHOE €€ IETCPMIHAHTY SBIISCTCS

MHOXKHTEJIEM MPOMOPIIMOHATFHOCTH MEKIY IUIOIIASIMU
oroOpaxkaeMbix (uryp. Jpyramu CiIoBaMH IUIONIA[b
¢uryper B miockoctu X Oyaer B l/det[A,.j] pa3 GosbIie

IJIOIAAM MpooOpasa NaHHOH (QUIypHl B ILIOCKOCTH ) .

JlaHHOE BBIpaOKEHHWE HOCHT HaszBaHWe Kod(dummenTa
YCHIICHHUSI.
Kpwugas, B rutockocté X (TUIOCKOCTH JIMH3HI) KOTOpAst

OIIPEALCIIACTCA YPAaBHCHUCM

det[ 4,]= det il (10)

ox,
Ha3bIBACTCS KPUTHUIECKOM KpHBOii. [IpooOpa3 3Toit KpuBoii

B IINIOCKOCTHU y (HJ'IOCKOCTI/I I/ICTO‘IHI/IKa) Ha3bIBaACTCsA

KayCTHUKOM.

DuU3NYECKUN CMBICI Kay CTUKH 3aKITI0YAETCS B TOM, UTO
KOTJ]a TOYCYHBIH MCTOYHHK IIEPECEKaeT JaHHYIO KPUBYIO,
TO K03()(HUIIMCHT YCUIICHUS CTPEMUTCS K OCCKOHCYHOCTH.

Jnst  ogHOTOYEUHOW  JNHMH3BI  (KOTHAa  HMCTOYHUK
I'PaBUTALIMOHHOM JIMH3BI IPEJICTABIACT COO0H OIMHOYHYIO
TOYCUHYIO MacCy) - KPUTHYECKas KpHBas IPEICTaBIACT
c000#i OKPYKHOCTB (KOJNBIIO DUHINTEHHA), a KayCTHKA 3TO
TOYKa B Hayaje KoopauHar [5,6].

N — ToueuHbIE OTHOILIOCKOCTHBIE TPABUTAINIMOHHBIE
JIMH3BI
00001meHneM OIHOTOYECYHON
TpaBUTALMOHHOM JIMH3BI SIBISIETCSl paccMOTpeHune N —
TOYCYHBIX T'PABUTAIMOHHBIX JIMH3 B ONHOW IUIOCKOCTH.
Takoe 0000IICHHE 3aMETHO YCIOXKHSCT 33734y U JeacT
HEBO3MOXKHBIM TIOJTHOE aHaNUTHYecKoe perieHne. OgHaKko
WCCIIEIOBAHUE CTPYKTYPHI
MOHATh TPHUPOAY PEANbHBIX T'PABUTAIIMOHHBIX JIMH3
CYILLIECTBYIOIIMX B Hael BeeneHHoH.

PaccmoTpuM ciydaif, Koraa TpaBUTAMOHHYO JTHH3Y
MOJKHO MPEACTaBUTh B BHJIE HECKOJIbKUX TOUEK C MAacCaMu

EcTecTBeHHBIM

KayCTHUK IIO3BOJIACT JIy4dlIC

M’., TMOJIOKCHUC KOTOPBIX ONPEACISACTCSA BEKTOPpAMU é:i B

TUTOCKOCTH JIMH3BI, TOTA (B MPUOIMKEHUH CIIa00T0 OIS ),
TOJHBIN  YTOJI OTKIIOHGHUS OIPEICISCTCS BCKTOPHOM
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CYMMOH YITIOB OTKJIOHEHMS OT KaKJ0M i — O¥f Macchl [5,6]

_ 4GM. [~ -

§=3 ———=(£-2). (an
K

IJIe CYMMUPOBaHUE OCYILECTBIAETCS 110 BCEM TOUYKaM.
YpaBHEHHE MHOTOTOUEYHOIT JIMH3BI (B Oe3pa3MepHo opme) UMeeT BUL:

[ YT (12)
TR -x]

1

‘— - GespasMepHble Macchl. QUEBUIHO YTO

XM,

k

rac )?i - paanyC-BCKTOPbI TOUYCUYHBIX MACC BXOAAIIHNX B JIMH3Y, /Ll[ =

Z/Jizl'

Caydait N=2 (OuHapHbIe rpaBUTAIMOHHBIC JIMH3bI) OUYCHb JIETATBHO PACCMOTPEHBI BO MHOTHX paborax. bunapHsie
JIMH3bI C paBHBIMU MacCaMU U MPOU3BOJIbHBIM COOTHOIICHUEM MEKAY MacCaMU U3Yy4YaJlUCb BO MHOI'MX pa60Tax, CM.
Hanpumep [6,9-11]. Tak kak JByXTOYEUHBIEC JTUH3BI SBISIOTCS HOCTATOYHO CIOKHBIMH, TO ciydail N>2 paccMaTpHUBaiOT
Kpaitae pemko. Kparkuii 0630p 1mo 3Toi TeMaTnke UMeeTcs B [6], a 6omee neransHo pa3odpano B [12].

Hamr nonxon otmuaercst ot pador [6,12], HO Taxke MO3BOJSAET MONMYIUTh HEKOTOPHIC BRIPAKEHHS B OOIIEM BUIC
KOTOPBIE 3aTeM yI00HO MCIONB30BaTh NPH YHCICHHOM MOJICINPOBAHUH.

W3 ypaBuenus nun3bl (12) nmMeem

Dy 0 (6= R"Y G = RO) 20 ROV G -RPY
e - n)\2 n)\2 2 ’
ox; n=1 ((x] —R") +(x, - R") )
R R™ R™M)
rue - pa[MyC BEKTOP 71—TO UCTOYHHMKA IPABUTALIMH B INIOCKOCTHU JIMH3bI C KoopauHatamu (£ 7, I{,) .
Torma [uist JeTEpPMUHAHTA TIOJTy4aeM
(m)\2 (m)\2
det % =1_ o (n) (xl_Rl ) _(XZ_RZ )
2
n)\2 n)\2
o, o (n =R +(x, - RY)
) (14)
N (n) (n)
_4 'u(n) (x, —R")(x, —R")
2
n)\2 n)\2
T (=R +(x,—R))
Beném mapameTpsr
n n)\2 n)\2
B" =(x _R1( )) —(x, _R§ ))
C" = (x, = R")(x, —R") (15)
2
n)\2 n)\2
D" = ((xl _Rl(l)) +(x, _Ré )) )
3aMeTuM 4TO
B"?* +4C"™?* = D" (16)
Torma neTepMUHAHT IPUHUMACT BHIT
2
(n) _ k / k /
ov. N Y7, N-1 N B()B()+4c()c()
det| Zil=1- Z—( (n)) +2 z e Tr (17)
Oox ' D =1 I=k+1 D™D
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OKOHYATEILHO nojryyacM ypaBHCHUEC KpHTH‘IeCKOﬁ KpI/IBOﬁ, JJIA HpOI/I3BOHLHOﬁ OHHOHHOCKOCTHOﬁ JIMH3bI B BUJIC

N N , N N-1 N
HD(m) _Z ('u(n)) H D(m) _22 Z ,u(k)/u(l) (B(k)B(/) + 4c(k)C(1))Hm=1“N D(m) =0 (18)
m=1 n=1 m=1,m<>n k=1 I=k+1 m<k,m<>1

Taxoii BUI ypaBHCHHS YKe HE CIIOXKHO 00padoTarh Ha kommbiotepe. [loatomy, B cucteme Mathematica Opita peanmzoBana
MporpaMma, KOTopasi CTpOUT 3TO YPaBHEHUE U PEUIaeT €ro YUCICHHBIM METOIO0M.

Ha puc. 2, 3 npuBeieHbI KAyCTUKU ¥ KPUTUUECKUE KPUBBIC JUIS PA3IMUHBIX TPEX- U YETHIPEXTOUCUHBIX JIHH3.

MyAbTHIIOCKOCTHBIE TPABUTALMOHHbIE JIMH3bI

Cremyromum maroM B 0000IIeHIH TPaBUTAIIMOHHBIX JIMH3 ABJSCTCSA aHAJIN3 MYJIBTUIUIOCKOCTHBIX JIMH3. OCHOBHOM
uaeed TPU PACCMOTPEHHWH TAaKUX JIMH3 SBIACTCS, TO, YTO CBET, MPOXOXs dYepe3 BceneHHyIo, MOXKET HCHBITHIBATH
MHOTOKPAaTHOE OTKJIOHEHHE Ha pPa3HBIX PACCTOSHHUAX Ipyr oT Apyra. [Ipenmonaras, 4ro rpaBUTAIIMOHHEBIC IJHH3BI
PACIIOJIOKCHBI OCTATOYHO JaJICKO, UX B3aMMHBIM BIIMSTHUCM MOXHO IPEHEOPEYb, M MBI ITOJTYYaeM MYIIBTHILIOCKOCTHYIO
TPaBUTALIMOHHYIO JTUH3Y.

Xom styueit n300pakeH Ha puc.4, Toraa (Ui MaJibIX YIJIOB OTKJIIOHCHHUS) YPaBHECHHE I'PABUTALIMOHHON JIMH3bI UMEET

BUI [6]
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Puc.2. Kputnyeckue KpUBbIE U KAyCTUKH JIJIs1 TPEXTOUEUHON OIHOTIOCKOCTHOM rpaBUTAIMOHHON JTUH3bI. CIIONIHBIE
JIUHUM - KPUTHYECKUE KPUBBIC, IITPUXOBBIC - KAyCTUKH. UepHble TOYKH COOTBETCTBYIOT TOUYEUHBIM Maccam. R —
paccTosiHue OT IIeHTpa A0 TOUEYHON MacChl.
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R=0.93 R=
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R=1.1

Puc.3. Kputnueckue KpuBbIE U KayCTUKU Ui YETHIPEXTOUEUHON OJHOIUIOCKOCTHOM TPaBUTAIMOHHOM JIMH3BI.
CruioniHbie TMHUY - KpUTUYECKHUE KPUBBIE, IITPUXOBBIE - KAYCTUKH. YepHbBIE TOYKU COOTBETCTBYIOT TOUEUHBIM MACCaM.

R — paccrostnue ot neHTpa A0 TOYEHHOW MacChl.

P
s_d 20 N 50y
n=—"&"=-) a'd,, (19)
dl i=1
1€ BCC 0603Ha‘leHI/IH TMOHATHBI U3 pUCYHKA.
IIpu 3TOM MeEXKAY BEKTOpaMU CYILIECTBYET CBS3b

onpeaciaeMas BeIpa)KCHUEM

40§ g 50

() _ i EQ) >
§N=—LE0 - d,a
1 i=1

Teopuss MynaBTHUIUIOCKOCTHBIX JUH3 pa3BuTa B [13,14]. B

(20)
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paborte [15] paccMOTpeHBI KayCTUKH AJIs1 PUOITHUKEHHOTO
ciy4ae, KOTJla PacCTOSHHUS MEXITy TOYKaMH B OIHOI
IUIOCKOCTH MAJIbI TI0 CPAaBHEHUIO C pagnycoM DHIITeHA
— XBonbcoHa. B manHON pabore MBI 06001II1aEM METOAHUKY
BBe/IeHHsT Oe3pa3MEpHBIX MEPEeMEHHBIX PAaCCMOTPEHHYIO
[16,17] na mnpousBonbHYIO P- IUIOCKOCTHYIO JHH3Y C
JIFOOBIM KOJTMYECTBOM M PACIIPE/IC/ICHUEM TOUSUHBIX MAacCC.
3anumreM ypaBHEHHUS TUH3BI B BU/IC CHCTEMBI
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Hcrounnxk

JIunza P

JIiHza 2

JInnza 1

....................... Xy .Y

Hab6mronatens
Puc.4. Cxema u Xon Jyded Ui MYJIBTHUILIOCKOCTHOM

FpaBPITaLIPIOHHOﬁ JIMH3BbI.

dl n=l1
p . : @1)
£k 201 —
f( ) =_k§()_zdnka(n)
dl n=1
IJC UHJACKC 71 MpOoOeraer Mo BCEM IUIOCKOCTSAM, a YIoj
OTKJIOHEHHMsI B  KaXJOW TUIOCKOCTH  OMpEAeNsieTcs
BbIpaKCHUEM
masses
inplane 4GM(n) N
5 _ ] (n) _ =)
ar=2 2| Em ’#()2(93 T ) 22)
. n =—(n
i |§ -E,
rne Ef n) - KOOpJIMHATa i-i MacChl B N-Oi IIOCKOCTH.

B xax0ii m10cKoCTH NEPEHOPMUPYEM BCE MACChI
) — o AGM”
1 d Cz

n

(23)

U ompeac/iuM MOJHYIO NEPEHOPMUPOBAHHYIO MACCy Kak
CyMMY 110 BCEM IUIOCKOCTSAM U IO BCEM TOYKaM B Ka)K10i

IINIOCKOCTH
all masses
P inplane
— (n)
Heu, = z z H; (24)
n=1 i
Benem Ge3pa3MepHBIe MacChl
,U(n)
m" =S 25)

Hrurr
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a TaKKe MapaMeTphl

d,d

s = 5 26
B 1 (26)

K ns "k

Hrurr
=g [|Hrow
& =d, |2

Ilpu mnepexosie K OJHOMIOCKOCTHOW JMH3E &
CTaHOBHUTCS OOBIYHBIM panycoM DHHIITEHHA- XBOJILCOHA,

. —0.

Torna, onpenensisi 6e3pa3MepHbIe IEPEMEHHbIE
=(n

ad g "4

é:O K é:O dn

y= @7

u Oe3pa3MepHBIC PaJNyC-BEKTOPHI B KAXKIOH IMIOCKOCTH

=(n)
pln lﬂ (28)
J
§0 dn
MOJIyYUM  CJIEAYIOILYK  CHCTEMY  YpaBHEHMM  Jis
MYJIBTUIIZIOCKOCTHOM IPaBUTALIMOHHON JTMH3BI
all masses
P inplane m(n)
= _ (D i 3 (n) p(n)
po =YY (5 )
= TR —R»
all masses (29)
k-1 inplane )
2k _ =) _ =(n) p(n)
X =X Z ﬂnk ( _Ri )
- ‘a(n) R("’
AHaJIN3 ABYXIJIOCKOCTHOM JIMH3BI
PaccmoTpum  Oosiee  IETaJbHO TPaBUTAIIMOHHYIO

JUH3Y, W300pakeHHyI0 Ha puc. 5. B mepBoil miockoctn
HAXOOWTCS OWHApHAs CHCTEMa C paBHBIMH MacCaMH,
BO BTOpOi rpaBUTALIMOHHAS
Jist mpocToThl MBI IpearnojiaraéM, 4To ILEHTP Macc
MepBOIl JIMH3BI, HAONIOMATENL U BTOpAsl TOUCUHAS JIMH3A
HaxoJsTCAd Ha ogHOM mpsimoil. HecMoTpst Ha Kakyuryrocs
MIPOCTOTY TaKOH JTMH3BI, OHA MMEET JOCTaTOYHO OOTraTyro
KayCTUYECKYIO CTPYKTYPY.

‘YpaBHeHUE rpaBUTALMOHHOM JIMH3bI B JAHHOM CIIy4ae
HMeEeT BUJ

OHOTOYCUHAaA JIMH3a.

s

ij= d_é?( ) _agWa
d , (30)

0 5

e 0603Ha‘{eHI/Iﬂ I[JIH BCEX PACCTOSHUM COOTBETCTBYIOT
puc. 4, a yIIIbl OTKJIOHEHHSI ONPENEIISIOTCS CIETYIOMNMHE
BBIPaKCHUSIMA

Q.
ht}

—d,a (1)

G = T;M_ (é?l _2)\. T;M (é?l‘i‘é)
= 1
a, = 4GM2 &, 31)

a3
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U'::m-—lm:ma‘.:lo\mm

HcToynnk Jlunsa 2 JInnza 1
Puc.5. Cxema  JABYXIUIOCKOCTHOM  TPEXTOUYEUHON
TrPaBUTAIIMOHHON JTUH3HI.

B nganmHoM cmyuwae mapamerpel  (23) — (25)

OINPCACTIAIOTCA KaK

_ &, 4GM,
Yd

_dy 4GM, K

) ; . (32)
P d, &

Hrurr

e Upyp = 2 My + 1L, ,aBpIpaxenus (26), (27) nepexoaat
B

Hruwr d12 ds
=d , B = , 33
R e S
y:—i, X, :i,fz :éﬂ, R=S" (34
gO dS §0 éO d2 50

OKOHYATEeNbHO YPaBHEHHE TaKOW JIMH3BI
CIETYIOIIMNA BUJT

[IPUHUMAET

L Xx—-R X +R X,
y=x—m| ot o | T
PRI Y
, (35)
¥X—-R X +R
- = 1 1
X, =X, — fm, 2. =p
|%—R |%+ﬂ

rne 2m, +m, =1, Bexktop R umeer xoopauuarst (R; 0)

n Bel0,1] .

Ha puc. 6, 7, 8, 9 wu300paxkeHBl KayCTHKH U
KPUTHUYECKUE KPHUBBIE U HEKOTOPOro Habopa rapameTpoB,
a TaKke MpeACTaBICHbI PsiJl N300paKeHNH, KOTOpBIE TaeT
JTaHHAs TPaBUTALlMOHHAS JIMH3A.

BriBoabl
Wzyuena N ToueuHast rpaBUTALlMOHHAS JIMH3A B OJJHOM
miaockocTu. [Ipennoken ajiropuTM HNOCTPOEHUS KayCTHUK
U KPUTUYCCKHX KPHBBIX B OOIIEM Cllydac OTJIMYHBIA OT
[6,12].
[IpencraBnen pes3yasrar pabOTHI 3TOTO aNTOPUTMA
it 3-Xx uW 4-X TOYEUHBIX JMH3 C CHMMETPHYHBIM

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

pacnpeacjacHueM NUCTOYHUKOB I'paBUTALINN paBHOﬁ MaccCHhI.

Jnst

P mmockocrei,

IPaBUTALIUOHHON cocrosuiel U3
JUIS  TIPOM3BOJILHOTO ~ KOJIMYECTBA U
pacrpernenenns TOYEUHBIX Macc BBENEH mapamerp &
o0o0IIaonIwii MOHATHE paanyca DUHIITeHHA- X BOJIBCOHA.
C ero MoMoInkko MPOU3BEICHO MOTHOE 00e3pa3MepUBaHIC
YpaBHEHUS IPABUTALIMOHHON JIMH3HI.

B kadecTBe KOHKpPETHOTO TpUMEpa pPacCMOTpeHa
rpaBUTAIIMOHHAS JINH3A, TPEACTABIIAIONIAs COO0H cucTeMy
M3 JIByX IUIOCKOCTEH. B mepBOl IUIOCKOCTH HAaXOAMUTCA
OWHapHas JIMH3a C PaBHBIMM MaccamMu M, a Bropas —
COJIEPIKUT OJIHY TOYKY Maccoii M,. Jlis CHMMETPUYHOTO
pacmpeneiieHusT MacC TpUBEACH Ha0Op KayCTUK U
KPUTHYECKUX KPUBBIX COOTBETCTBYIOIIUNA Pa3TUuIHOMY
PaCCTOSHUIO MKy MaccaMu B OMHAPHOM JINH3E, a TaKKe
MTOCTPOCH P H300paKEHUH OT KPYTOBOTO HCTOYHUKA.
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Kaycruka Kputuueckas kpusas
0.2
R=0.1
-02
|I G 1 1.0
| 1
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R=0.2
R=04
R=0.5
-1.

Puc.6. Kayctukn M KpUTHYECKHE KpPHBBIE Ul JBYXIUIOCKOCTHOH TPEXTOYEUHON TIpaBUTALlMOHHOM JMH3BI C
napamerpamu m, = 0.25, m, = 0.5, B = 0.5 u pazmaunbivu R. [TapameTphl coriacoBanbl ¢ ypaBHEeHHEM JIMH3BI (35).
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Kaycruka Kputuueckas kpusas
0.4
R=0.6
R=0.8
R=14
R=1.6

Puc.7. Kayctukn ¥ KpUTHYECKHE KpPHBBIE Ul JBYXIUIOCKOCTHOH TPEXTOYEUHON TIpaBUTALIMOHHOM JMH3BI C
napamerpamu m, = 0.25, m, = 0.5, B = 0.5 u pazmaunbivu R. [TapameTphl coriacoBanbl ¢ ypaBHEHHEM JIMH3BI (35).
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0.4

Puc.8. KaycTukm W KpUTHYECKHWE KpPUBBIC IS JBYXIIOCKOCTHOM TPEXTOYEYHON TPaBUTAIIMOHHOW JHMH3BI C
napametpamu m, = 0.25, m, = 0.5, § = 0.5, R = 0.3. [lapamMeTpbI cOITACOBaHBI C yPABHEHHEM JIMH3HI (35).
a — xayctuka B nquamasose [-0.5, 0.5]; b — kaycruka B muamasone [-3, 3]; ¢ — KpuTHYeCcKast KpHUBasl.
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Puc.9. Nzo0paxkeHHus KPYroBOrO HMCTOYHHKA IS JBYXIUIOCKOCTHOM TPEXTOYCYHON T'PABUTAIMOHHOW JIMH3BI C
napamerpamu m, = 0.25, m, = 0.5, B = 0.5, R = 0.3. [lapameTpsbI coriacoBaHbl ¢ ypaBHEHHEM JIMH3EI (35). McTounnk
N300pakEH MYHKTHPHOW OKPYKHOCTBIO pajuycoM 0.1, ITPUXOBbIE IMHUH — KayCTHKH.

A — xoopauHatsl ucrounuka (3.5; 0). B - koopaunare! ucrounuka (3.0; 0). C - koopaunatsel ucrounuka (0.5; 0). D -
koopauHaThl netodnuka (0; 0).

72 BicHuk XHY, Ne 1113, cepist «®isuka», sun. 20, 2014



A.T. Komeuyxuii, /[.B. Kptouxos

ph/9910535v2 13 Jan 2000.

16. Erdl H., Schneider P. Classification of the multiple detection
two point-mass gravitational lens models and applications of
Catastrophe Theory in Lensing // Astron. Astrophys. — 1993,
268, P. 453-471.

17. Werner M. C., AnJ., Evans N. W. On multiple Einstein rings
// Mon. Not. R. Astron. Soc. — 2008, 391, P. 668—-674.

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

73



BicHuk XHY, Ne 1113, cepisa «®isukay», sun. 20, 2014. c. 74-77

PACS: 75.20.-g; 75.30.Gw; 75.50.Gg; 75.50.Tt
VK :537.622.6, 537.624, 537.638.2

[lnarHocTnka MarHMTHOro COCTOAHUA pearibHOMN BbICOKOOMCNEPCHOMN
doeppnTOBON CUCTEMbBI C LUMPOKUM pacnpeneneHmemM 4yactuy, no
pasmepam

K.A. Moaynb, | J1.IN. Onbxosuk|, 3.1. Cnsosa, E.B. LypnHoBa

Xapvrosckuili HayuonanbHwlil yHusepcumem umenu B.H. Kapazuna
61022, 2 Xapvros, ni. Ce0600vl, 4

mozul@karazin.ua

HcenenoBato MarHuTHOE COCTOSHUE CHCTEMbI YacTHL rexcadeppura Cay Ba Fe O, ¢ nocTarouHo upokum pacipeaeneHuem
10 pasMepaM B Hpefenax OJHOJOMEHHOCTH. [ momydeHust (eppHTa IPUMEHCHSUICS METOJ[ C HCIOJIB30BAHHEM DIEMEHTOB
KPHOXMMHYECKOH TEXHOJNOTHH, Onarogaps deMy IOCTHTHyTa monHas ¢eppurusanus npu Temmeparype 900 °C. Hammame
cyneprapaMarHUTHOTO COCTOSIHUS ONPEEAIOCh METOJIOM N3MEPEHH s TeMIIepaTypHHUX 3aBUCHMOCTEN HAMarHN4eHHOCTH. BBIsCHEHBI
TEMIIEpaTyPHO-TIOJIEBbIE YCIOBUSI MEPEXOla BBICOKOAHM3O0TPOIHBIX YACTHI[ M3 MarHUTOCTAOMIBHOTO B CyNepHapaMarHUTHOE
COCTOSIHHE, Ha OCHOBaHUU 4ero copmaruposana coorserctByomas (H-T) quarpamma.

KoroueBsle ciroBa: HaHOKpUCTAILL, TeKcaQepPHUT, MATHUTHOE COCTOSTHHE.

JlociukeHo MarHiTHUI CTaH CHCTEMHU YacTHHOK rexcapepury Ca, Ba Fe 0, 3 1ocuTh MUPOKUM PO3IOALIOM 3a pO3MipaMu
B MeXaX OTHOJOMEHHOCTI. [y oTpuMaHHs GepuTy BUKOPUCTOBYBABCS METOJI 3 BUKOPUCTAHHIM €JIEMEHTIB KPiOXiIMIYHOT TEXHOMOTI1,
3aBISIKM 4OMY JOCsrHyTa moBHa (eputnsauis mnpu temmeparypi 900 °C. HasBHicTb cymeprnapamMarHiTHOrO CTaHy BH3HA4Yajiach
METOZIOM BHMIPIOBAaHHSI TEMIIEPaTyPHUX 3aJe)KHOCTeH HaMarHiueHoCTi. 3’sCOBaHO TEMIIEPAaTypHO-TIOJILOBI YMOBH IEPEXOIy
BHCOKOAHI30TPOITHUX YAaCTHHOK 3 MarHiTocTaOUILHOTO B CylepliapaMarHiTHHH CTaH, Ha MiJAcTaBi 4oro cdopmaroBaHa BiAmoBigHA
(H-T) miarpama.

KurouoBi cjioBa: HaHOKpHUCTAN, TeKcadepiT, MArHITHUHA CTaH.

The magnetic state of a particles system of CayBa [Fe O, hexaferrite with sufficiently broad size distribution within a
single domain range was investigated. To obtain the ferrite was used method, that employing elements of cryochemical technology,
thereby achieved full ferritization at 900 °C. The presence of superparamagnetic state was determined by measuring the temperature
dependence of the magnetization. The temperature-field transition conditions of highly anisotropic particles from magnetostable to the
superparamagnetic state were determined, whereby the corresponding (H-T) diagram formatted.

Keywords: nanocrystal, hexaferrite, the magnetic state.

BBenenue

[IpobnemaTnka MajbIX dYacTHI[ W WX aHcamOmen

CIIOKHA B CHJIy MHOTHX B3aMMOCBS3aHHBIX (DAaKTOpOB:

pacrpeneieHus] YacTHUIl IO pa3MepaM H, COOTBETCTBEHHO,

[0 MArHUTHBIM [apaMeTpaM; OOpa30BaHUS PA3TUUHBIX

CaMOOpraHMU30BaHHBIX CTPYKTYD,
MarHUTHBIM

00YCIIOBIICHHBIX
MEK4aCTUIHBIM B3aUMOJICHICTBHEM;
pasmepHoro 3¢¢dekra, CBA3aHHOTO C TIEPEXOAOM U3
MarHUTOCTAaOWIBHOTO B CyIIEprapaMarHUTHOE COCTOSHUE;
MIOBEPXHOCTHBIMU s dexramu, 00yCIIOBIIEHHBIMA
BIIMSIHUEM CTPYKTYpHO-IIE()EKTHOH TNPHUIIOBEPXHOCTHOU
00J1aCTH YaCTHIIBI C BO3MYIIIEHHOI MarHUTHOM CTPYKTYPOH.

B mpenpiaymmx paboTax MO BBICOKOJMCHEPCHBIM
¢deppuroBeiM MaTepuanam [1,2] HaMH HCIIOIB30BAJIHCH
HaHOKpucTamoB (d = 5 — 100 M) ©
MukpokpucramioB (d = 0,1 — 1,4 MKM), 10 MarHUTHBIM
XapaKTepUCTUKAaM OJIM3KHE K MOJICJIbHBIM U 110 TOBE/ICHUIO

CUCTCEMBI

B MarHUTHOM I10JIC JIOCTAaTOYHO XOPOIIO MPOTHO3HPYEMBIC
B COOTBCTCTBUH C
monmensmu  [3-5]. B nmanHo# paboTe wmcciemoBanach
peasibHasi BBICOKOIUCIIEPCHAS CHCTEMa OHOIOMEHHBIX
XapaKTepU3YIOIasiCss  JOCTATOYHO — IIHPOKUM
WX pacmpelelicHHeM II0 pa3MepaM, OXBaThIBAOIIUM
MOJTHOCTBK0 HAHOMETPOBBIN JHMANa3o0H M YaCTHYHO —
MHUKPOJIMAIa30H OJHOIOMECHHOCTH.
[0Ka3aTh, HACKOJIbKO YCIICHIHO MOXHO aHAaJIM3UpOBaTh
MarHUTHOE COCTOSIHHE CHCTEMbl YacTHI[ B IEJIOM U
WHUBUYAIbHBII BKIIAJ YaCTUI[ Pa3HON MacmITabHOCTH
B 3(QCKTHBHbIC MAarHUTHBIC MapaMETPhI OPOIIKOBOTO
oOpa3ria.

N3BCCTHBIMH TCOPCTUUCCKUMU

YaCTUIL,

CraBuiach 3ajada

O0beKT HCCJIETOBAHUS U TEXHOJIOTHS €ro MOJLyYeHHsT
OOBEKTOM HACCIIEIOBAHNS CITYKUIT
BBICOKOAHH30TPOITHBIH (beppumarHe Tk -

© Mosynb K.A., Onbxosuk J1.I., Cnusosa 3.1, WypuHoea E.B., 2014
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KaJIbIUHACOepKALIIH
(Cao,sBaO,sFelzow)'

MOpOIlIKa JAHHOTO XWMHUYECKOTO COCTaBa SBISETCA
TEXHOJIOTHYECKH  MPOOICMHBIM KPUTHUYECKU
Majoro pamuyca moHa Kaibiwms (r=1,00 A). B cBasu
C OTHM UCIOJNB30BAJIaCh HaWOoJee pe3ylbTaTHBHAS
KpUOXUMUYECKast oOecrieunBaroIas
BBICOKYO HUCXOJHOU

Oapust
BBICOKO/IMCIIEPCHOTO

rekcadeppur
[Tonyuenue

n3-3a

TEXHOJIOTHS,
OIHOPOJIHOCTh
MHOTOKOMITOHEHTHOM COJIEBOH cMmecH [6].
VYauThIBas TOT (haKT, 4TO B CIIydae MAKPOCKOITHIECKOTO
ananora  Ca Ba Fe O, nomnyro  ¢deppurusanuto
obecneunBaet Temneparypa 1270°C [7], To ectb ropasiao
Oonpmas, yem ans rekcapeppura BaFe O, (1150°C),
B Cilydae BBICOKOJIMCIIEPCHOM HCCIENyeMOi CHCTEMBbI
qacTHIl peppuTH3aIMs, TI0 aHAJIOTHH, ObUTa MPOBEIEHA B
arMoc(epHOii cpene Tpu Oollee BRICOKOW TeMIlepaType, a
umeHHo 900-1000°C Bmecto 800°C must deppura Gapus

[8].

XUMUYECKYHO

Pe3yabraThl aTTeCTAMH CHHTE3UPOBAHHOTO IMOPOIIKA

[TockonmpKy BBICOKOIMCIIEPCHBIN MOPOIIOK (eppura
Ca,Ba  Fe O, mnomydeHn Brepsbie, HEOOXOLMMO OBLIO
MPOBECTH KOMIUIEKCHOE WCCJICOBAaHUE €ro KavyecTsa.
Jns 3TOro  MWCHONIB30BAINCH  CICAYIOIINE METOIUKH:
PEHTIEHOBCKHH  (pa30BBIi ANIEKTPOHHAS
MUKPOCKOIIHS, aHAJIN3 OCHOBHOM KPUBOW HAMATHUYMBAHHUS.

Kak BumHO u3 Tabm. 1, Hapsay ¢ OCHOBHOH Qa3oi
TeKCaroHaJFHOTO (eppHuTa, B TMOPOIIKE TPHCYTCTBYET
npuMecHas pasaa-Fe,O,, conepxanne KOTOpOH COCTaBIAET
nopsaka 7%. Pacder mapaMeTpoB KpUCTAJIMUYECKON
peILIeTKN ToKa3all, YTO MapaMeTp d KaJbIIMHCOIEPIKAIIETO
rekcadeppura
1o cpaBHEHHIO ¢ 0a30BBIM coctaBoM BaFe O, [9], a
HaOroaeMoe yMEHBIIEHHE TapamMerpa ¢ KOCBEHHO
MOATBEPXKIAeT BXOXKAeHHE HOHOB Ca*' B KPUCTAIUTUYECKYIO
CTPYKTYpY (eppuTa.

JIyist OIIeHKM KadecTBa ITOJYYEHHOTo MOpOIIKa Kak
MarHMTHOTO Marepuaia, a TakKe HPOBEPKH CTeleHU
€ro COOTBETCTBUS MOJCIILHON CTOHEP-BOIB(APTOBCKON
(SW) WIEHTHYHBIX OIHOIOMEHHBIX
MArHUTHOOJHOOCHBIX ~ XAOTHYECKH OPHEHTHUPOBAHHBIX
gactull [3] HeoOXomuMO OBLIO YCTAaHOBUTH BUJ OCHOBHOI
KpUBOW HaMarHW4YWBaHUs. V3MepeHHs MpPOBOAMINCH Ha
TEPMUYECKH pa3MarHMYEHHOM YIUIOTHEHHOM ((akTop
ymakoBkH p ~ 0,4) mopomrkoBoM o6pasiie ¢ 6ecIopsI0IHO
OPHCHTHPOBAHHBIMH YacTHUIIaMH B TosIx g0 20 k3.
OcHoBHas KpWBas HaMarHWYWBaHUS o(H) wucciemyeMoro
oOpasma mpezacraBieHa Ha puc. 1. Tam ke, Ha BCTaBke,
JUISL CpaBHEHUS TIpUBENCHbI TeopeTnueckass SW Kkpusas
M KPpUBBIC HAMarHn4vuBaHHsA HAHO- U MUKPOAUCIICPCHOI'O
TOPOIIKOBBIX 00pa3ioB (eppura 0a30BOro cocrasa
BaFe ,0,,. Kak BuaHo, KpWBas misi CHHTE3WPOBAHHOTO
ITOpOIITKa OJIHM3Ka TI0 XapaKTepy Kak K TEOPETHUECKOH, TaK
U K IKCICPUMCHTAIBHON KPUBOW U HAHOAUCICPCHOTO

aHanms,

OCTAa€TCd  MNPAKTUYCCKU  HCU3MCHHBIM

CHUCTEMEC

BicHuk XHY, Ne 1113, cepisa «®isuka», sun. 20, 2014

obOpasma. HeOonblioe OTKJIOHGHHWE OT JIMHCHHOCTH
Ha HadaJbHOM Yy4yacTKe KPHUBOHl (B BHJE BBIIYKIOCTH,
XapaKTepHOH Ul CUCTEMBI MUKPOKPHUCTAIUIOB) YKa3bIBA€T
Ha Hannaue B ropouike Cay Baj Fe O, HesHaduTeNbHOTO
KOJINYECTBA MUKPOKPUCTAIIMIECKHUX YacTHIl. ClesaHHbINH
BBIBOJl COIVIACYEeTCSl C  pe3y/lbTaTaMd  IPOBEACHHBIX
ANIEKTPOHHO-MUKPOCKOITUYECKUX UCCIIEA0BaHUM
(puc. 2, BcTaBKa), a JaHHAs METOAMKA MOXKET CIYXKHUTb
HE3aBHCUMBIM CIIOCOOOM aTTECTAllMU BHICOKOIUCTIEPCHBIX
(heppHUTOBBIX MaTEepPHUAJIOB.
O0cyxkneHne IKCIEPUMEHTAIBHBIX Pe3yJIbTATOB

[Tpeobnananue B mcciienyeMOl BBICOKOAMCIIEPCHON
cucreme HaHOPa3MEPHBIX YaCTHIL TI03BOJISIET
[IPOTHO3UPOBAaTh B  paccMarpuBacMOM  HHTEpBae
temneparyp (300 — 700 K) m3amMeHeHHe WX MarHUTHOTO
COCTOSIHUSI — Tepexox u3 MarHutocrabmipHOoro (MC) B
cynepnapamarautHoe (CIIM) cocrosiaue.

CornacHo TEOPETHYECKUM MOJIEIIbHBIM
NIPE/ICTaBICHUSIM, pPa3BUTBIM B pabore [10], Ha
CIIM mepexon B CHCTEME OAHOJOMEHHBIX YaCTHI[ C
oObeMamu, pAaBHBIMH KPUTHYECKOMY V, yKa3bIBaeT
HaJIMYME MaKCHMyMa Ha TEMIEpaTypHOW 3aBHCHMOCTH
HaMarHM4EHHOCTH B TOJISX, CYIIECTBEHHO MEHBIINX
1ot 3phexTHBHON MarHUTHOW aHWU30TPOINH, CMEIICHHE
MaKCHMyMa B CTOPOHY Oosiee HU3KHX TeMIleparyp M ero
Pa3MBITHE C YBECIIMYECHUEM BHCITHETO MArHUTHOT'O I10JIA.

Ha puc. 3. mpencraBieHbl 3KCIEPHUMEHTAIbHBIC
3aBUCHMOCTH YAEIBHOMN HaMarHUYEHHOCTH oT
TEeMIIepaTypsl ~ NP (UKCHPOBAHHBIX  3HAYCHMAX

1,0+

0,84
" ] 1.0]
= 0,6+
= -
> 0,84
?L_; -

] £ 08
b 0,44 5

-1 = d

. L4 Fi

- -} .“"

0,2 02, /

7 1

’ o

0.0 03 06 0.9

1 H, rel.units

0'0 T T l T T T I T T T 'I T T T I T T T 'I T

0,0 0,2 0,4 0,6 08 1,0

H, rel.units
Puc. 1. OcHOBHas  KpuBas  HaMarHUYMBaHUI

HMCCIIelyeMOro TopomiKkoBoro obpasua Ba, Ca) Fe 0,
(300K).

Ha BcraBke: teopermueckas SW kpusas (3), KpuUBEIC
HaMarHW4MBaHus HaHO- (2) m MukpomucrepcHoro (1)
nopomuika BaFe O ,.
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Huaenocmuka Macnumno2o cocmosHus peatbHou 8blCOKOOUCIEPCHOU eppumosoti Cucmembl ¢ WUpOKUM
pacnpeoenenuem yacmuy no pasmepam

MarHuTHOroO mojs B auamnasone (1 — 8 kD) BWIOTH 110
ucue3HoBeHus  HaOmromaemoro  addexra.  Xapaxrep
3aBucumocten o(T) mia H=1,0; 1,5; 2,0; 3,0; 4,0; 5,0 kD
MTOTHOCTBIO COOTBETCTBYET TEOPETHUECKOW TPAKTOBKE
JUIT  gUara3oHa MallblX nosed. B amamazoHe monen
H>6,0-7,0 kXD MakcuMyM SIBHO HE BBIPaKEH, a, HAYMHasI C
H=7,5 xD (3na4uenus, 6muzkoro k /4 ™" u3 pacnpeseieHus
YaCTHI[ TIO TIOJSIM MAarHUTHOM aHU3O0TPONHH, puUC. 3.,
BCTaBKa) 3aBUCUMOCTH ¢(1) UMEET BHl, XapaKTEPHBIN IS
CHCTEMBI MarHUTOCTaOMIBHBIX dacTHil. Tlons xe H>H ™"
ITOCTETICHHO TIO/IaBIISFOT MPOCTPAHCTBEHHBIC (IIYKTyalluu
MAarHUTHOTO MOMEHTA YaCTHII, KIIPUBSI3bIBAsD) €TO K CBOCMY
HaTIPaBJICHUIO.

J1st uccienyeMoil CUCTEMBl 4acTHUIl C peajlbHbIM

.

e
£ .
P Oéo

P
100nm lTpm
L
Puc. 2. DneKTPOHHO-MHKPOCKONHMYECKUH CHUMOK

YaCTHIL BaO’SCaO’SFe]ZOw.

pacrpejeieHrHeM 1O 00beMaM M TOJSIM MAarHUTHOM
anmsorponuu  nepexon u3 MC B CIIM cocrosHue
peanm3yercsi B KOHEUHOM HHTEpBale TeMIeEpaTyp,
OTPaHHYCHHOM KPUATHYICCKIMH TeMIepaTypaMu
OTOKMPOBKM MAarHUTHOTO MOMeHTa dacTuipl, 7,/ n
T,,/”. Hauamy nepexona cooTseTcTByeT Temneparypa 7,
(ompezensieTcsi MO TOJOKSHUIO MHHHUMyMa Ha KPHBON
o(T)), oxonyanuio mepexoma — 7, (onpenensercs 1o
MOJIOYKECHU IO MAKCHMYyMa Ha TAaHHOI 3aBHCHMOCTH).

Ha ocHoBamuu momydeHHbIX 3aBucumoctedr 7, ("7
= f(H) opua moctpoena (H-T) mmarpamMma MarHHTHOTO
COCTOSIHUSL Il MccaenyemMoid cucreMmbl yactul. Ha
NPEICTABICHHOM pHC.4. BBIJCICHBI YeThIpe 00JacTH
marauTHoro cocrosaus (I — CIIM, II u II' — MC, IIT —
[IM). Jlunuamu T, = f(H) n T, = f(H) orpanudena
3amrpuxoBaHHass  oonacte ()
cucteMbl Maybix 4actui] CIIM cocTostHHs, HOCTAaTOYHO
NPOTSDKEHHAsT 1O Temieparype Hu moio. [locKoibky
HCCIIelyeMblid MaTepHall SBISIETCSI BRICOKOAHH30TPOITHBIM,
nepexox B CIIM cocTOsIHUE TOJNBKO 32 CYET TEPMHUUCCKUX

crenu(pUIecKoro st
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35

30 +

560 660 760
T, K

Puc. 3. TemneparypHas 3aBUCUMOCTb HAMarHUYE€HHOCTH

cuctembl yactunl Ba, Ca, Fe ,O , npu ¢pukcuposanHoM

3HAYEHHU BHELIHEr0 MATHHTHOTO 0I5 H, x5

1-1,0;2-1,5;3-2,0;4-3,0;5-4,0;6-5,0;7-6,0;
8-6,5,9-7,0,10-7,5;11-8,0.

I I
300 400

(GuyKkTyanui, Kak W CIIeIOBAIO OKUJAATh, IIPOUCXOJUT B
00J1aCTH JOCTAaTOYHO BBICOKHMX TEMIIEparyp, a UMEHHO, 32
50 — 70 K no remneparypst Kropu (7,.=730 K). B Tabn.2.
[PUBEACHBI pa3Mepbl YaCTHUILI, ONPEIEIIIOIINX MAaTHUTHO®
cocTostHAEe B «y3710BBIX» Toukax CIIM obmactu. Pacuer
MIPOBOMIICS TIO CIIEAYIOMINM (HOpMYIaM:

_ (50KT)
50 <H, > ,

()

Ve @)

__ Yo o
(- 7

3neck <H > — cpejiHee 3HAUCHUE U3 PACTIPENICTICHUS
YaCTHIl MO MOJSIM MAarHuTHOW ammsorpormu N = f(H );
I, — HAaMarHMIEHHOCTH TIOPONIKOBOTO 00pasna B LENOM B
MaKCHMaJIbHOM TI0 BEJTHIHHE ITOJIE.

Kak BupHo w3 T1abn.2, B OTCYyTCTBHE IO, 32
cuer TepMuUYecKux (Quykryaumii, mnepexox MC —
CIIM B wuntepBane 650 — 710 K naubonee BepositeH
MPAKTUYECKH  JUIS
nuana3oHa. Bremnee wmarmutHoe mone H ~ 7,5 kD
CIIOCOOHO MPOCTUMYIMPOBATh JAAHHBIM MPOLECC YKE MPH
500 K mns yactun ¢ quamerpom menee 40 um. Crnenyer
OTMETUTh, YTO «y3JIOBas» TOYKa C KOOpAWHATAMHU
(T =500 K, H = 7,5 kD) nHa auarpaMmme MarHuTHOTO
coctostHust (puc.4.) mpuHaISKUT 3ambikatonieii CIIM
obnacte muaun H Y(T). DTO 3aKOHOMEPHO, €CJIH YHECTh,
YTO TOJe, JOCTHUTaroIIee 3Ha4eHUs 3(PQPEKTUBHOTO MO
aHuzoTponuu, u3 crumynupytomero CIIM nepexon
CTaHOBUTCS OJIOKMPYIOIINM MarHUTHbIE MOMEHTBI YaCTHII.

BCCX HacCTuI HaHOMETPOBOTO

BicHuk XHY, Ne 1113, cepist «®isuka», sun. 20, 2014
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I

v T ' T y T ' T
300 400 500 600 700
T, K
Puc. 4. JlnarpaMma MarHuTHOTO COCTOSIHHUSI CHUCTEMBI
OJTHOIOMEHHBIX JaCTHUIL KaJbIIUHACOICPIKAIIIETO

rekcapeppura Gapusi: T,V — (0);T,,> — (®).

[one >¢pdextnBHON anusoTponuu [ ¢ onpepensnoch us3
JAHHBIX TS KOSPIUTHBHON CHJIBI, TPUYEM HCTIONIF30BANIACH
Gopmyna H =0,48H  [3], He ydYHMTBIBAIOIIAsA BIMAHHE
TEPMHUYECKHX (IYKTyaluii MArHUTHBIX MOMEHTOB YaCTHI{
C oObeMaMmHM, paBHBIMH KpPUTHYECKOMY V, B MHTepBaje
(500 -700) K.

O6nactu II u II' OTHOCSTCS K MArHUTOCTAOMILHOMY
COCTOSIHUIO HCCIeayeMoit cucteMal. [Ipu atom obmacts 11
COOTBETCTBYET COCTOSIHUIO YaCTHI, 3a0IOKHPOBAHHOMY
3¢ GeKTHBHON MarHUTHOH aHW3o0Tponuel, a obmacte II'
— o0nacTh MPHUOIKEHNST BBICOKOAMCIIEPCHON CHCTEMBI K
HACBhIICHUIO, I'IC BHCHIHCC MAIHUTHOC ITOJIC ITOCTCIICHHO
OJIOKUpYET MarHUTHbIE MOMEHTbI Bcex dactul. OOnacth
I (mpm 7=T,) TPajWIMOHHO CYMTAETCSA OONACTHIO

3akioueHne
Takum 00pa3oM, BIICPBbIC MOKa3aHa BO3MOXKHOCTH
JOCTAaTOYHO  HMH()OPMATHBHOIO
COCTOSIHUS PEaIbHON CHCTEMBI YaCTHI] C pacrpeaeieHueM
o pa3mepawm, ITOJIHOCTBIO MEPEKPHIBAIOIIAM
HAHOMCTPOBBIN W YaCTHYHO MHKPOMETPOBBIN JHANa30H B
npejeiax 0JJHOJIOMEHHOCTH.

aHajinda Mar"HuTHOIoO

ABTOpBl  OnaromapHbl  KOJJIGKTHUBY —J1aboparopuu
HaHOPa3MEPHBIX IIOPOIIKOBBIX MaTepHanos benropoackoro
TOCYapCTBEHHOTO YHHUBEpCHUTETA (Poccust) 3a
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HEYTIOPST0YCHHOTO apaMarHUTHOTO cocrosaus. 11. B.M.HwuxomaeB, M.A.Pox, OcHoBHBIE 0COOEHHOCTH
OnmHako, B MNPUCYTCTBHM  BHEIIHETO  MAarHUTHOTO MarHuTHOH  (pa3oBOM  JAMarpaMMbl  CHCTEMBI
MOJIsl, 3HAUCHHE KOTOPOTO TIPEBBINIAET KPUTHUYECCKOC, nanoyactur. COOpPHHMK Hay4HBIX TpymoB 12-oi
coracHo pabote [11], B cuctemMe HaHOUACTUI[ BO3MOXKHO MexayHapoxroit  Ilmecckoif  KOH(EPEHIMH 110
BO3HMKHOBEHHE  CHEHU(HUUYECKOTO  HHIYLIUPOBAHHOTO MarHWTHBIM  kHakocTM. 2006, 30  aBrycra-2
cyleprapaMarieTusma. cenrsops. [lnéc, Poccus. C. 147-152.
Tabnuya 2
Orenka pa3mepa yactul, pereprieBaromux CIIM mepexon mpu Tpex KPUTHIECKUX TeMIIepaTypax
H min k5 \Y \Y d, am
T,K I, @’ SO’ H, kD SH’ ’
w v ° <H >, k9 10" o a 10" o (d/h ~ 3)

650 65 91,2 133 0 60

710 20 1,6 153 0 84

500 145 11,3 2,1 7,5 19 42
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PACS 05.45.Xt, 74.50.+t, 85.25.Cp
YJIIK: 538.945, 537.312.62

ACMETPIst BONbT-aMNePHNX XapakTePUCTUK ribpnagHmnx
0>K03ePCOHIBCbKNX KOHTAKTIB 3 NMHIKTUAAMMU

OnekcaHap pnd

Disuynuil paxyremem, Xapriecokuil nayionanvruil yrieepcumem in. B. H. Kapaszina,
ni. Ceoboou 4, 61022, Xapxie, Yrpaina

Mopnens iHTEpdepoMeTpy 3 PI3HUMH 3HAYEHHSAMH KPUTHYHHX CTPYMiB KOHTAKTiB 3aCTOCOBAaHA /IS ONHUCY BOJBT-aMIIEPHUX
XapaKTepPUCTUK JKO3e(DCOHIBCBKMX KOHTAKTIB 3 HEAHOPIJHUM I10 TOBIUMHI Oap’epoM. Y pamkax Mojelsi JABOXKOHTAKTHOTO
iHTephepoMeTpy pOo3paxoBaHi Ta MOPIBHSAHI 3 pe3ylbTaTaMy EKCIICPUMEHTY aCHMETPUYHI BOJIBT-aMIIEPHI XapaKTEPUCTHKH MICTKY
nannposinnuka BaFe, Co As, Ta xontakty BaFe, Co As,/TiO /Pbln, Burotosnenomy Ha monokpucrani BaFe, Co As,. [Tokasaro,
110 aCHMETPisl BOJIBT-aMIIEPHHUX XapaKTEPUCTHUK ITOB’s[3aHa 3 MarHITHUM IOJIEM, B SIKOMY 3HaXOAAThCs KOHTakTH. OGroBOpeHO yMOBH,
IIPH SIKMX Y KOHTAKTaX BUHUKAE MarHiTHE ITOJIE.

Ki1ro4oBi cji0Ba: 3a1i30MHIKTHAHI HAAMPOBIIHUKH, K03e(PCOHIBCHKI KOHTAKTH, HAAMPOBITHUI KBAHTOBHUI iHTEphEepOMeTp.

The model of the interferometer with different values of critical currents of junctions is applied to the description of IV-
characteristics of Josephson junctions which have the inhomogeneous width of the barrier. In ranges of the model of the two-junction
interferometer, the asymmetrical IV-characteristics of the bridge of the superconducting pnictide thin film BaFe, Co As, and the
junction BaFe, Co As,/TiO /Pbln prepared on the single crystal of BaFe, Co As, are calculated and compared with the measured
curves. It is shown that magnetic field inside junctions is the origin of the asymmetry of IV-characteristics. Conditions at which
magnetic field appears inside the junctions are discussed.

Keywords: iron-based superconductors, Josephson junctions, superconducting quantum interferometer.

Mogenb uHTepdepoMeTpa ¢ Pa3IUYHBIMU 3HAYCHHSAMH KPUTHYECKUX TOKOB MEPEXOIOB NMPUMEHEHA JUIS OIHMCAHHs BOJIBT-
aMIIEPHbIX XapaKTEPHCTUK NEPEX0I0B ¢ HEOJHOPOJHBIM I10 TOJIIIHHE 6apbepoM. B pamkax Moziesi IByXKOHTaKTHOTO HHTep(depoMeTpa
paccUMTaHbl M CPABHUBAIOTCS C HKCIEPUMEHTOM ACHMMETPHYHBIC BOJIBT-aMIEPHbIC XapaKTEPHUCTUKH MOCTHKA CBEPXIIPOBOIHUKA
BaFe, Co As,umnepexomaBaFe, Co As /TiO /Pbln, npurotosnennoro na Monokpucramie BaFe, Co As,.Tlokaszano, 4To acummeTpus
BOJIBT-aMIIEPHBIX XapaKTEPUCTHK CBS3aHa 3 MATHUTHBIM I0JIEM, B KOTOPOM HaXOJATCs Iepexoabl. OOCYKIEHBI yCIIOBHS, IIPH KOTOPBIX
B IIepexo/iaX BO3HUKAET MarHUTHOE TI0JIE.

KuioueBble ¢J10Ba: KeIC30MHUKTH/IHBIC CBEPXIPOBOJHUKH, IXK03¢(COHOBCKHUE TTEPEXO/IbI, CBEPXIPOBO/ISIINI KBAHTOBBIN

uHTEpEpOMeET.

Beryn
JocmimpkeHns SIIEKTPUUHHIX
JKO3e(PCOHIBCBKIX KOHTAaKTiB, OAWH 3 €JEKTPOMdiB Yy
SIKMX BUTOTOBJICHO 3 TOHKOI IUTIBKM a00 3 MOHOKpHCTAITY
MaroTh

XapaKTECpUCTUK

MTHIKTHTY, OCKIIBKH B
TaKUX JOCHI/DKCHHSIX MOXKe OyTH BUSIBICHA CHUMETDis
CIApIOBAHHs y HAIMPOBIMHUKAX HAa OCHOBI IHIKTHIIB.
Y pobGorax [1-6]
XapaKTePUCTHKU TiOPUIHWUX KOHTAKTIB PI3HUX THIIIB.
OnuH eNeKTPON BUTOTOBISABCS 3 IMHIKTHIY BaFez_xCOXAs2
(x = 0.2), a gpyruii enexTpoa — 3 CBUHIIO Ta MOKPUTTS
3 ixxpito (Pbln). Ilniktun Mir Oyt y BUIISAI TOHKOI
TUTiBKK 200 MoHOKpucTaiy [5]. st miaHapHUX KOHTaKTiB
0ap’€epy BUTOTOBJISIMCSI 3 HOPMAJIBLHOTO MeTaiy (30J10TY)
abo 3 mienexrpuky (okcuny turany): BaFe, Co As/Au/
Pbln [1,3,4] Ta BaFe, Co As,/TiO /Pbln [5.6]. Kpim Toro,
JOCTIKYBaJIFCsS KOHTAKTH, BUTOTOBIICHI Ha TPaHMIII 3epHA

BCJIMKC  3HA4YCHHA,

JIOCITIJDKYBAJIMCSL  BOJIBT-aMIIepHI

©'pnb Onekcangp, 2014

OCHOBHU [4] Ta KOHTaKkTH KpaioBoro tumy [2]. BonbT-
aMIIepHi XapaKTepPUCTUKU KOHTAKTIB PI3KO aCHMETPHYHI,
TOOTO KPUTHYHI CTPYMH, BUMIPSIHI TIPH TO3UTHBHOMY Ta
HETaTHBHOMY HampsMaxX IIOCTIIfHOTO CTpyMy 3MilIeHHS
Yepe3 KOHTAKT, CHIIBHO BiAPI3HSAIOTHCS OAWH BiJl OIHOTO.
Jlnst nesikux 3pasKiB HeraTWBHA YacTHHA BOJIBT-aMIIEPHOT
XapaKTePUCTUKUA HABITh MOXE CHJIBHO BiJPI3HATHUCS Bif
no3uthBHOI [5]. B po0oTi [2] BHCIIOBICHO NMPHITYLICHHS,
0 HEOTHOPIAHICTh Oap’epy MOKe MNPUBOAUTH JIO
(dopmyBaHHs iHTepEpeH Il HAANPOBITHUX CTPyMiB. Y
JMaHiii poOOoTi TOKa3aHO, MO0 MOJAETh IBOXKOHTAKTHOTO
iHTepdepoMeTpy 3 pi3HUMH KPUTHYHHUMHU CTPYMaMH MOXe
OyTH BUKOpHCTaHa JUIsl OIKCY HEOTHOPIIHOrO Oap’epy,
TIOSICHIOETBCSI aCHMETPIisl BOJIBT-aMIIEPHUX XapaKTEPUCTHUK
riopuaHuX K03¢(COHIBCHKUX KOHTAKTIB Ta IEAKI 1HIII
0COOITMBOCTI BOJBT-aMIIEPHUX XapaKTEPUCTHK, BUMIPSHUX
y MO3UTHBHOMY Ta HETaTHBHOMY HAIpsMKaX MOCTIHHOTO



Onexcanop Ipud

CTpyMy.
Moaens
CtpyM depe3 HEOOHOPITHWNA IO TOBIIMHI Oap’ep
KOHTaKTy  MO)KHa  3MOJENIOBATH  SIK  CTPyM Y
GaratokoHTakTHOMY iHTepdepomerpi [2]. 3apa3 wmu

00MEKHMMOCS PO3IVISIIOM BUIIAJIKY, KOJIN Yy 0ap’€pi € TIbKK
JIBa «BY3bKHX» MICIIS IS IPOTIKaHHS CTpyMmy. 111 «By3bKi»
MICII1 YTBOPIOIOTH JIBa JDKO3C(COHIBCHKI KOHTAKTH 3
KPUTHYHUMHA CTpymamu [, Ta [,, AKi pO3MiNeHi mapom
Gap’epy, uepe3 sSKHH CTpyM He mpoxoauts. Omnmcana
cucreMa CyTi,
iHTepdepoMeTpoM 3 IHAYKTUBHICTIO L Ta KPUTHYHUMHU
ctpymamu kowuraktis [ =(1-6)/ rta I,=(1+8)I , ne I,
=+ [1,)/2 — cepemHii KpWUTMYHMK CTpyM Ta O -
0e3po3MipHUI TapaMeTp, SKHH XapaKTepusye po30ir
KPUTHYHHUX CTpyMiB. Bynemo BBakaTé Ii J1Ba KOHTaKTH

KOHTAaKTIB €, 1II0 JBOXKOHTaKTHHUM

OZHOPIIHMUMH TIO TOBIIMHI, TaK IO iX KPUTHUYHI HANPyru
V,=1,R, onnakosi [7] (TyT R, — enexrpuunuii omip k-ro
KOHTakTy, k = 1,2). Ile o3Hauae, 110 CJICKTPUYHI OIOPH
KOHTakTiB pisui: R =R /(1-3), R=R /(1+3), ne R=V/I .
Jns BU3HA4YeHOCTi, OymeMo BBaKaTH, IO EIEKTPHYHI
€MHOCTI KOHTaKTiB TaKOX BiJIPi3HSIOTHCS OIHA BiJl OIHOI:
C, = C(1-9), C, = C(1+9), ne C, = (C+C,)/2. Toni
napameTpu Mak-Kambepy [7] xonrakris B, =(2nl R* C,)/

1.0 >
/
-
05} |
1+
-N-U
N o0
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05}
a
1.0 - '
1.0 05 0.0 05 1.0
<v>

| Ip ! 21|
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®, onmaxosi: B, = B, = B, (tyr B.=2nl R *C )/D, O,
KBaHT MarHiTHOTO MOTOKY). BBenemo Takox 6e3po3mipHuii
napametp  ingyktusHocTi:  B,=(2n/ L)/®,.  bymemo

BBaXKATH, [0 iHTEPPEPOMETp 3HAXOAUTHCS Y TMOCTIHHOMY

MarHiTHOMY Tom B, fKke TNepneHAWHYISIpHE IUTOIINHI

iHTepdepoMeTpy. SIKIIO TONe HAmpaBICHO 3 IUIONIUHH
KOHTYpy Ha 4YHTaya, CHCTeMa pIBHSHb, sKa OIUCY€E
TUHAMIKY Pi3HUII a3y mapaMeTpy MOPSIKY, BUIIIAIAE TaK
(. [8]):

®,C, dz(”k + o, L%+

20 A 2w R di -
+Icksin¢k=%biIR
I‘a
I, :—?[27[@4—((01 —(02)] , (16)
L

N BEPXHiH 3HaK mepex crpymom [, y piBHaAHHI (la)
BIIHOCHTBCSI 10 KOHTAKTy 3 HOMepoM k =1, ¢, = @, /D, -

HOpMAJi30BaHMH  MAarHiTHUH  MOTIK  30BHINIHBOTO
marnitHoro monsa, @, =BS, S- mnmoma KoHTypy
iHTepdepomerpy. PimeHHs gaHOI cHCTEMH PIBHSHB
1.0 <5 s
™ 0.94
o ]
N
~ 08-
o
—~ 0.7
g 4
& 0.6
"‘_';;,J ]
= 0.5
0.4 5 Y
-1.0 0.0 0.5 1.0

Man. 1. MopenioBaHHS ENEKTPUYHHUX BIIACTHBOCTEH
HEOTHOPITHOTO 0 TOBIIMHI KOHTAKTY 3a JOIIOMOTOIO
JIBOXKOHTAKTHOTO iHTeppepomeTrpy: (a) -
aMIiepHa XapakTepucTuka iHTepdepomerpy mpu & = 0

BOJIBT-

(mrTpuxoBa miHis) Ta mpu & = 0.4 (kupHa JiHIA) Y
MarHiTHOMY noii 3 ¢, = 0.3; (6) — 3a1eXXHOCTI MORYIiB
HOPMaJli30BaHUX 3HA4Y€Hb KPUTHYHUX CTPyMiB [ Ta [
inTeppepomeTpy Bill @, npu HeraTMBHUX (I, KPYXKKH)
Ta MO3UTHBHUX (/ ., TPUKYTHUKH) 3HAYEHHAX MOCTIHHOTO
CTpyMy uepe3 KOHTAakT; (B) — MOIyN ITO3UTUBHOI
(BepXHsl KpWBa) Ta HEraTMBHOI (HWXHS KpHBa) TLIOK
BOJIBT-aMIIEPHOI XapaKTepUCTUKY, IIPUBEAEHOI Ha Mail.
la ns & = 0.4. [lapamerpu pospaxyHky s (a)-(B): B,=
04,8.,=02,1 =1mA, R =10m.
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Man. 2. (a) - BonbT-aMIepHa xapakrepuctuka inrepdepomerpy npu 6 = 0 (wrpuxosa JiHis) Ta npu 6 = 0.3 (xupHa

JniHisg) y MarnitHomy noni @, = 0.3 mns napamerpis B,=4, .= 0.5, [ = IMA, R = 10m; (0) - MOIyJi NO3UTUBHOT
(BepxHA KprBa) Ta HETAaTWBHOI (HMKHA KPHBA) T1JIOK BOJBT-aMIEPHOI XapaKTEPUCTHKH, MpUBeAcHOI Ha Maut. 2a ams

6=0.3.
BIZIHOCHO pi3HMIb (pa3 ¢, Ha KOHTAKTaxX Ta iX MOXITHUX

MetonoM Pynre-Kyrra pmo3Boisie oTpumaru Hanpyry Ha

L0 5 de,
227 \i5 dt

O3Hava€ YCCPCAHCHHA IO 4YacCy, a TaKOoXK BOJ'II)T-aMHepHi

inTepdepomerpi <V> , JIe 3HaK <>

XapaKTEepUCTUKK KOHTAKTIB IPH 33JaHOMy 3HaueHHI
MAarHiTHOTO TOJIs. Y MOAATBIINX PO3PaxXyHKaX MU OyJeMo

BHUKOPHCTOBYBaTH HOPMaJIi30BaHy BEJINUNHY <v> = (V)/K ,
e VC:ImRa.

PosrisiHemMo nuHAMIKy iHTepdepoMeTpy MpH pPi3HUX
BEJIMUMHAX mapaMeTpy O. Skmo & = 0, To oTpuMyemMo
3BUYAWHAN cuMeTpudHuid iHTepdepomerp [7]. OnHak,
sSkmo 6 # 0, To HOro BOJBT-aMIIEpHA XapaKTEPHCTHKA
niepectae Oyt cumerpranoro. Ha Mai. 1a mokasani BOJIbT-
amIiepHi XapakTepucTHKH iHTepdepomerpy 3 & = 0
(mwrpuxoBa miHig) Ta npu 6 = 0.4 (kupHa JiHiI) B
MarHiTHoMy noii ¢, = 0.3. Buano, mo npu & = 0 BOJIbI-
amIiepHa XapakTepHuCTHKa CUMETpUYIHa, ToAi K pu 6 = 0.4
BEJIMYMHA KPUTUYHOTO CTPyMy IIpU  HO3UTHBHOMY
NOCTIHHOMY CTPYMi 3Ha4HO O1TbIIA, HIXK ITPU HETATHBHOMY.
IIpuunHoro TTOBETIHKU BOJIBT-aMIIEPHOT
XapaKTePUCTUKNA € TaK 3BaHUH «CTpyM acumeTpii» [8],
SKUA BWHHUKAaE B IHTEpPEpOMETpi 3aBISKA acUMETpil
napametpis. Lleil cTpyM NOpo/pKye BiacHe MarHiTHE «I1oJjie
acuMeTpii». IcHyBaHHS «IOJIsi acCUMETPii» NPUBOJUTH 110
3MIIICHHS CTpyMy
inTepdepomerpy Bin marHiTHoro moist (Man. 16). Ilpu
HE3MIHHOMY HAampsiMi 30BHIIIHBOTO MATHITHOTO IIOJIS
«CTPYM acUMeTpii» 1, BIiOIOBITHO, «IOJEC acHMETpii»
3MIHIOIOTh HAnpsM Ha INPOTHJICKHUH NPH 3MiHI 3HAKY
rocTiitHoOro cTpymy uepes inrepdepomerp. Takum 4nHOM,
IpU HE3MIHHOMY HaIpsiMi 30BHILITHHOTO MAarHiTHOTO IOJI,
3QJIEKHO BiJl HampsiMy TOCTIHHOTO CTPyMYy, BEJIWYHHA
KPUTHYHOTO CTpyMy iHTephepomeTpy Oyae pizHoro (Mai.

TaKoi

3aJIEKHOCTEN KPUTHUYHOTO
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10). Mogyni HeraTuBHOI Ta MO3WTHUBHOI TiOK BOJIBT-
aMIiepHoi xapakTepucTuku mpu & = 0.4 mokaszani Ha Maur.
1B. BugHo, 1m0 BOHH BiIpi3HSIOTECSA omHa Bim oxmHoi. [le
CUIIBHIIIE I PI3HHUI CIIOCTEPITa€ThCs, SKIIO MOOIU3Y
KPUTUYHOI YaCTOTHU KOHTAKTY Vv, = (I . R, )/ @, 3HAXOIUTHCS
YacTOTa PE30HAHCY CTPYMIB y KOHTYDI, SIKHl YTBOpEHHI
KOHJIGHCATOpaMu 000X KOHTAaKTiB Ta i1HJAYKTUBHICTIO
inTepdpepomerpy. Ha Man. 2a moka3aHa BONBT-aMIIepHA
XapaKTepuCcTUKa IHTephepoMeTpy TpH Il YMOBI mpu
d = 0.3 (kupHa I;iHis), a Ha Man. 20 mokazaHi Moyl
HEeraTMBHOI Ta NO3WUTHBHOI TUIOK. BuaHo, mo rinku
CMIBNIAIOTh TPH BEJIMKUX HANpyrax, aje IMpHh Mallux
Hampyrax HeraTHBHA T1JIKa Ma€ MAaKCUMYM, SIKUH BiJICyTHIii
HAa TO3WTUBHIM rimmi. Lled MakcuMym 3yMOBICHHUI
pe3oHaHcOM cTpyMiB.  3ayBaxkumo, mo mpu 6 = 0
MaKCHUMyMH € Ha 000x rinkax (May. 2a, mTpuxoBa JiHis).
Taki MakcMMyMH MOXYTb OyTH Ha BOJIBT-aMIEPHIN
XapaKTepUCTHIl KOHTAKTy 3 HEOIHOPITHUM Oap’epoM 0Oe3
MPUCYTHOCTI1 MarHiTHOTO TIOJISI.

AnpokcuMauisi eKCriepuMeHTy Ta 00roBOpeHHs
pe3yJbTaTiB
Ha Main. 3 xpyXkaMu IOKa3aHa ampOKCHMAIlis
OTpUMaHOi B
XapaKTePUCTHKH (JIiHisA) MICTKy Haimpominnuka BaFe,
Co As,, BHTOTOBJIEHOrO Ha OiKpPHCTaTivHii TpaHMIL
OCHOBH SrTiO3 31 3mimeHHsM 30° [4]. Pons HeomHOpIAHOTO
06ap’epy TYT BHKOHYE HEOAHOpPIJHA ULIMPHUHA MICTKY
(7 mikpomerpiB). 3HOBY, NpHIMEMO, IO CTPYM MOXKeE
TEKTH TUIBKH Y JBOX MICIIIX MIiCTKa, MPUUOMY IIHPUHA
WX JBOX Miclb pi3Ha. Toiai MoJeNb JBOKOHTAKTHOTO
iHTephepOMEeTpy MOYKHA BXHUTHU JJIS OIICY CUCTEMHU.
OOroBopMMO Temep MHUTAHHSA TPO IHAYKTHBHICTH
koHTYpy. Edexr acumerpii KpUTHUHHMX CTPyMIB, SIKHA
Oy70 OOTrOBOPEHO B TOMCPEAHBOMY PO3IUTI, 3aJCKHUThH

ekcriepuMeHTi  [4]  BodbT-amnepHoOl

BicHuk XHY, Ne 1113, cepist «®isuka», sun. 20, 2014
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Man. 3. Bonbr-amnepHa XapakTEPHCTHKAa MICTKY

BaFe, Co As,, 3po6neHoro Ha OikpucTaniuHii rpaHuIi
ocunoBu SrTiO, 3i smimennam 30° [4] (kupHa JiHis).
ToBmuaa OydepHoro mapy 3amiza 20 aHM. Kpyxkn —
aTmpOKCHMAIlisl 3TIHO MOJAETi, pPO3BUHYTIH y mHaHIl
po6ori. Ilapamerpu pospaxynky: fB,= 1, B.= 0.2,
I,=0.55mA, R =33MOM,5=0.7, ¢,=0.3.

ca

Bil BENMUYMHHU «CTpyMy acumetpiin. Lleit ctpym €
JIOCTaTHbO CHJIBHMM TIPM BeJIM4MHI mnapamerpy f, >1.
LboMy 3Ha4eHHIO [, MPM KPUTHYHOMY CTPYMi MOPSIKY
0.5MA BigmoBimae iHAYKTUBHICTH mopsiaky 7-10°TH.
OrmiHKa TeOMeTPUYHOI iHIyKTUBHOCTI KOHTYPY JIa€ 3HAYHO
MEHIINH MopsAAoK BenuunHU. OnHak, Tpeba MpUHHATH 10
yBard TakoXK 1 KiHETHYHY iHAYKTUBHICTH HAAMPOBITHHUKIB.
3aBIAKM BEIUKIN JOHIOHIBCHKIN TIIHOWHI TPOHUKHEHHS
Mar”iTHOro Mojisi B MHIKTUAM [9], OIiHKAa KiHETHYHOI
IHIYKTUBHOCTI ja€e BenuuuHy Bix 7-107°T'w g0 3-10°T'H B
3aJIeKHOCTI BiJ] HAPSMY CTPYyMY BiIHOCHO IIIOMIMHU ab.
Taxum arHOM, e()eKT aCUMEeTpPil KPUTUIHUX CTPYMIB CTAE
MOJKJIUBUM 3aBISIKM BEJHKIM KiHETHUYHIN 1HXYKTHBHOCTI
MTHIKTHTY.

Jlnst xpamioi  anmpokcUMallii  eKCcrepuMeHTy (To0To
IUTSL «3aKPYTIICHHS CXOAMHOK» OLIS KpUTUYHHUX CTPYMIB) Y
piBHsHHA (1a) MOmaBaBCs O1THIA IITyM 3 HYJIBOBHM CEpPEeIHIM
aAMILTITYI010
0'2[5 3 Man. 3 BuUIHO, MO MOAETHh I00pe OIHCye

3HAQUEHHSIM Ta CEPEIHbOKBAIPATHIHOIO
ACHMETPi0 KPUTHYHUX CTPyMiB. «['IJIKM» BOJIBT-aMIIepHOT
XapaKTEepUCTUKK  TAaKOXX  3aJOBUIBHO  alPOKCUMOBaHI
B paMKax BuOpaHOi MoJeli, Xoda iX OHHC € CKopile
AKicHUM. TakuM YHWHOM, MOXHa 3pOOWTH BHCHOBOK,
mo edexT acuMmeTpii eKpaHyBaHHSIM
HasIBHOTO MArHiTHOTO IOJISI ITPY HPOTIKaHHI CTPyMy uepe3

IMOSICHIOETHCA

HEOHOPITHUH TO TOBIUMHI KOHTAaKT 3 JIBOMa KaHAJaM{
st crpymy. LI kaHanu MoxyTh OyTH MIKpOMiCTKamu
abo Oap’epaMu, TOBIIMHA SIKUX MEHINA, HDK CEPEIHS
TOBILMHA KOHTAKTy. Y 3B’A3Ky 3 IIUM BHHHKA€ MUTAHHA
PO JDKEPEsIo HasSBHOTO MAarHiTHOTO TOJNIA. 3 OTpUMaHHUX
y MOJeIN JAaHUX MO)KHA OLIHUTH BEJIMYHUHY MArHiTHOTO
MoJs, y SIKOMY 3HaXOAWThCS MICTOK, PO3IISTHYTHH Ha
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Main. 3. Otpumyemo mopsimok Bemwuunan 1-107° T, Is
BEJIMUMHA € MOPSIKY BEIMUYUHU 30BHIIIHBOTO MarHiTHOTO
OJIsl, HEOOXIAHOTO A MOIYJSMii KPUTUIHOTO CTPyMY
B CGKCIIEPUMEHTaX 3 TOYKOBHMH KOHTAKTaMW MHIKTHJIB
[10]. Lle o3Hauae, M0 Hall PO3PaxyHOK Ja€ NpPaBUIbHUI
TOPSIIOK  BEJIMUMHMA MAarHiTHOTO TIOJNS,, IO  JI03BOJISIE
3aCTOCYBAaTH MOJIENb JIBOXKOHTAKTHOTO iHTEpdepoMeTpy
JUIL  PO3MIISLy peasibHUX —KOHTakTiB. st po3misiay
MIUTaHHSI TIPO TIOXO/DKEHHS LIbOTO IOJIsl BayKJIMBO, L0 MPU
BHTOTOBJIEHHI TOHKOi TwIiBKM THikTHLy BaFe, Co As,,
map 3aiiza ToBoHOK 10-20 HaHOMETpiB HAHOCHBCS Ha
ocHOBy. Takum uYmHOM, TiOpUAHUH KOHTAKT Mir OyTH y
MarHiTHOMY TOJIi, HaBEICHOMY PO3TAIlOBAaHUMH MOOJIU3Y
MarHiTHUMH JoMeHaMmu 3aiiza. OqHak, Xo4da Ie JHKepesio
HasIBHOTO MArHiTHOTO IOl € OYEBUAHUM, BOHO HE €
ernHAM. Ha moBemiHKYy pO3IISIHYTOTO «BHYTPINIHBOTO
iHTepdepoMeTpy» MOXKE BIUIMBATH TAKOXK MAarHiTHE I10JIE,
sIKe C(POPMOBAHO aTOMAMHU 3a1i3a, K1 3HAXOIAThCS Y caMiid
CTpyKTypi mHikTHIY. B excnepumenrax [1,2,4], y sikux
OyB HasBHUU OydepHuil map 3aiiza, NPUCYTHI 0OUIBA
JDKepella MarHiTHOTO Toisd. B 3B’A3Ky 3 UM Bemuke
3HAUEHHS! HAOyBaIOTh EKCIIEPUMEHTH Ha MOHOKpHCTallax
MHIKTUAIB, e OydepHoro mapy 3aiiza Hemae. Y po6oTi [5]
Oymu orpumani riopuani kontaktu BaFe, Co As /TiO /
Pb, 3pobneni na ocHoi monokpucrany BaFe, Co As,.
Bosnbr-amnepHa XapakTepuCTHKa IIbOTO KOHTAKTy CHIJIBHO
acUMeTpH4Ha, Xoda Oy(epHOro mapy 3aji3a y CKIami
cucreMu Hemae. lleil pesynpTar CBiTYATH TPO Te, IO
MAarHiTHE TI0JI€ CTBOPIOBAJIOCS aTOMaMHM 3ai3a, sKi Oyiu
y CKJIa/li MOHOKpHCTaITy. ATIPOKCHMAIIisl IIbOTO KOHTAKTY
y pamkax po3poOieHoi B Iiif poOOTi MOjesl Mmoka3aHa Ha
Maun. 4. Ilopanpmuii po3mis] NUTAHHA PO MOXOKEHHS
MarHiTHOTO TIOJS y KOHTAKTaX WHIKTHAIB MOTpedye

CHCTEMATUYHMX JOCHIIPKEHb Yy KOHTAKTax, 3pOOJeHHX
2 =
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Hanpyra [MB]
Man. 4. BonbT-aMnepHa XapaKTEpUCTHKA KOHTAKTY
BaFe, Co As /TiO /Pbln,
Monokpucrany BaFe, Co As, [5] (kupHa minif) Ta ii
ampoKcHUMarlist 3TigHO Moxemi (MiHiS 3 KPY)KKaMu).
[Mapamerpu pospaxynky: B,= 0.4, B.=2.1,1 =0.775

MA, R, = 1.42 Om, 8 = 0.45, ¢, = -0.2.

3po0JICHOTO HAa  OCHOBI
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Ha OCHOBI MOHOKpPHUCTaJiB. 3ayBaKMMO, IO, XO4a B
JaHiii poOOTI MPOBEACHO AMPOKCHMAIIIF0 BOJBT-aMIIEPHOT
XapaKTEPUCTHKH TiIbKH 1711 MicTKy BaFe, Co As, Ta
kontakTy BaFe, Co As/TiO /Pb, wmonems mosBoinse
YHCEIbHY alPOKCUMALIIFO BOJBT-aMIICPHUX XapaKTEePHCTHK
JUKO3e(DCOHIBCHKHX KOHTAKTIB PI3HHUX THIIIB.

He BuxmoueHo, mo y 3pa3kax € 3aXOIUICHHH
MAarHiTHUH MOTIK, BIUTHB SIKOTO TAKOK OIKCY€E PO3po0IcHa
MOJIEIIb.

BucHoBkHu

VY poboti nociijkeHo edeKT acuMeTpii KPUTHYHUX
(ToOTO  pI3HMX KPUTHYHHUX CTPYyMiB HpH
NO3UTHBHOMY Ta HEraTMBHOMY HampsiMax IOCTIHHOTO
CTPyMy 3MIIICHHS Yepe3 KOHTAKT), SKHH CIIOCTEePIraeThCs
TIPH IO CITiHKEHHI T1OpHIHIX 1K03€()COHIBCHKUX KOHTAKTIB
Ha ocHoBi mmikTay BaFe, Co As,. Edexr acumerpii
TIOSICHIOETBCSl  CKPAaHYBaHHSIM  HAsBHOTO  MarHiTHOTO
MoJIsT NPU TMPOTIKaHHI CTPyMYy uepe3 HEOJHOPIAHUH MO
TOBIIMHI KOHTAaKT 3 JIBOMa KaHajiamu ajisi crpymy. Lli
KaHaIH MOXYTh OyTH MikpoMmicTKamu abo Oap’epamu,
TOBILMHA SIKMX MEHINIA, HDK CEpelHsl TOBLIMHA KOHTAKTY.
Kpurnuni cTpymu 1mx kaHaiiB pi3Hi. CucTeMy MOXHa
3MOZIEJTIOBAaTH SIK JIBOXKOHTaKTHUH iHTepdepomerp 3
PI3HUMHU KPUTHYHUMH CTpyMaMH. Y poOOTi MMOKa3aHo, 1110
15l MOJICIIb JIO3BOJISIE AIIPOKCHUMYBATH EKCIIEPUMEHTAIBHY
BOIIBT-aMIIEPHY XapakTepucTuKy MicTky BaFe, Co As,
3pobnenoro Ha OikpucTamiunid rpamwuii ocHoBu SrTiO,
31 3mimeHHsM 30° i OMIHUTH MAarHITHE IIOJIE, B SIKOMY
3HaXOAUThCsi KoHTakT (mopsiaky 10° Ti), a Takox
BOJIT-aMIIEPHY XapaKTEPUCTUKY TiOPHIHOTO KOHTAKTY
BaFe, Co As /TiO /Pbln,
Mmonokpuctany BaFe, Co As, [5]. Monenms no3Bossie
YHCEIbHY allPOKCUMALIII0 BOJIBT-aMIIEPHUX XapaKTePHCTHK
JDKO3e(PCOHIBCHKUX KOHTAKTIB PI3HUX THITIB.
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Excess conductivity of Y. Pr Ba,Cu,O., single crystals
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Y poGoTi JOCH/KEHO BIUIMB MOIyBAaHHS IIPAa3eOAMMOM Ha MpOBiAHICTE y OasucHilt mmomuni BTHII-monokpucTamis
Y, PrBa,Cu,O, . Bcranosneno, mo Hammmkosa mposinaicte D (T) monokpucranis Y, PrBa,Cu,O.; mobmusy T, 3amoBimbHO
OMHCYETHCSA B paMKaxX TEOPEeTHYHOI Mozaeni AcnamasoBa-Jlapkina. [1pu oMy aGCOMOTHI 3HAYEHHS BETMYMHHU TONEPEYHOT TOBKHHU
korepeHTHOCTI X (0) 3pocTaioTh B Mipy 30ilbIIEHHS BMICTy Hpaseoiumy. Y Toi e yac i 3paskis 3 z>0.48 crocrepiraeTbes
JIOCUTB Pi3Ke 3HMKEHHs Benuuunu X (0), mo Moxe OyTH MOB'A3aHO i3 3arajJbHUM MPUTHIYEHHSM HaIIPOBIHUX XapaKTEPUCTUK TIPH
HAOMMKEHHI KOHICHTpAIli1 npa3eoqumy 110 z =~ 0.5.

KonrouoBi cioBa: Ha[UIMImIKOBA IPOBINHICTH, JNOIYBaHHS, MOHOKpucTanmu YBaCuO, BucOKoTeMIepaTypHa HAAIpPOBITHICTS,
JIOBKHHA KOTePEHTHOCT!I.

B pabore uccnenoBano BlIusHUE JOMUPOBAHHS IPA3e0IUMOM Ha IIPOBOAUMOCTH B 6a3ucHol mockoctu BTCII-MoHOKpHCTaMI0B
Y, PrBa,CuO, .. VcranosneHo, uro wu30ObITouHas mposoaumocth D (T) monokpucramios Y, PrBa CuO,,  BOmusu T,
YIOBJIETBOPUTENIFHO OINMCHIBAETCS B paMKax TeopeTHdeckoil moxenu Acnamasopa-Jlapkuna. [Ipm TOM aOCONIOTHBIE 3HAUCHUS
BEJIMYMHBI TIOTIEPEYHON JUTHHBI KOrepeHTHOCTH X (0) BO3pacTaroT M0 Mepe YBENUUIEHUS COMEPKaHUs npaseonuma. B 1o xe Bpems Juis
00pasuoB ¢ z>0.48 HaOmOmaeTCss TOCTATOYHO PE3KOEC CHUIKEHUE BETMYMHBI XC(O), 4TO MOYKET OBITH CBSI3aHO C OOIIMM IOJAaBICHUEM
CBEPXIPOBOAAIINX XaPAKTEPUCTUK B CITydae MPUONIKEHUS] KOHIEHTPAIMH Mpa3eoquma k z~0.5.

KnaroueBble cjoBa: u30BITOUHAs MPOBOAMMOCTb, JONUPOBAHUE, MOHOKPUCTAIIIBI

CBEPXITPOBOAUMOCTD, JJIMHA KOTCPEHTHOCTHU.

YBaCuO, BbicokoTeMueparypHas

In present work effect of praseodymium doping on conductivity in a basic plane of HTSC Y, PrBa,Cu,O, ; single crystals
are investigated. It is established, that exess conductivity D (T) of Y, PrBa,Cu,O, ; single crystals nearby T, satisfactory described
by Aslamazov-Larkin theoretical model. Absolute values of cross-section coherent length x (0) grow in process of an increase of a
praseodymium content. At the same time for samples with z>0.48 sharp enough decrease in size x (0) that is maybe connected with the

general suppression of superconducting characteristics at an come close of praseodymium concentration to z=0.5.
Keywords: exess conductivity, doping, YBaCuO single crystals, high-temperature superconductivity, coherent length.

Despite the fact that since the discovery of high
temperature superconductivity (HTSC) [1] has been more
than twenty-five years, the microscopic theory of this
phenomenon is not unclear until now. The dimensionality
of critical fluctuations near the superconducting instability
is important for understanding the mechanism responsible
for the superconductivity [2]. The variation of the
oxygen stoichiometry [3] and impurities [2,4,5] has a
significant role in the behaviour of HTSC as this influence
significantly the processes of forming fluctuation carriars.
This in turn affects the realization of different regimes
for the existence of fluctuation conductivity (FC) at
temperatures above 7, [2]. The conductivity characteristics
of the HTSC compounds can be tailored through total [6-
8] or partial [2,4,5] substitution of their components. In
this aspect, the YBa,Cu,O, ; compound has been studied
more thoroughly and most rare-earth elements when
substituted for yttrium yielded superconductors. This is
a consequence of the relatively easy way in substituting

©Nazyrov Z. F., Lebedev S.V,, Vovk R. V., 2014

yttrium with its iso-electron rare-earth analogues [8]. Of
particular interest in this aspect is the partial substitution
of Y by Pr[2,4,9,10], which, leads to the suppression of
the superconductivity (unlike other rare-earth elements)
and allows the lattice parameters [9,10] and oxygen
stoichiometry of the compound to remain practically
unaltered [2,5]. The investigation of the impact of Pr
impurities on the conditions and regimes of existence of
the fluctuation conductivity state of such compounds [2,11]
plays an important role to elucidate the nature of HTSC but
also for determining empirical ways of raising their critical
parameters. In our previos works [2,11] we studied effect
of small praseodimium doping (0.05 <z) on FC-regime in
Y, PrBaCuO, ; single crystals. In this paper we
investigate the influence of admixtures of Pr in a wide
interval of concentration (0.0 < z < 0.5) on the fluctuation
conductivity in Y, Pr Ba Cu,0-3 single crystals in the
flow of transport current in the basal ab-plane.

Y, PrBaCuO,; single crystals were grown from
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the flux in a gold crucible using a methodology which is
analogous to that used to synthesize YBa,Cu,O, ; single
crystals [2,5,11,12]. To obtain crystals with a partial
substitution of Y by Pr, Y, PrBa,Cu,O,;, an amount of
Pr,O,, was added to the melting stock in an appropriate
atomic ratio. The regimes of growth and oxygen saturation
of the Y, PrBaCu,O,; crystals were the same as for
undoped single crystals [3,11.12]. As the initial components
for growth of the crystals we used the compounds Y,0,,
BaCO,, CuO, and Pr,O, For the resistive measurements
we selected single crystals of rectangular form, of length
2.5 mm, width 1.5 mm, and thickness 0.4 mm. Electrical
contacts were created in the standard 4-contact scheme.
Temperature was measured by the platinum thermoresistor.

Figure 1 represents the temperature dependences
p(T) of eight samples with different Pr content. It is
shown that the increase of the praseodymium content
leads to an increase of the specific electrical resistance
and a decrease of the critical temperature, in agreement
with previous studies [4]. It follows from Fig. 1 that when
the temperature is lowered below a certain characteristic
value T* a deviation of p (7) from linear will occur,
attesting to the appearance of some excess conductivity.
The temperature dependence of the excess conductivity is
usually defined as:

P, LkOmM.cm

360
T, K
Fig. 1. Temperature dependences of excess conductivity
p, for Y, PrBaCu,O, ; single crystals for different
praseodymium concentrations z: / — 0.0, 2 — 0.05, 3 —
0.19, 4 - 0.23,5 - 034, 6 — 043, 7 — 048, 8§ — 0.5.
Arrows show pseudogap-state transition temperatures
T*. Dash lines — extrapolation of linear section to zero
value of temperature

100 150 200 250

Ao =0-0,, (1)

where o =p,'=(A+BT)" is the conductivity determined
by extrapolation of the linear part to zero temperature,
and o = p! is the experimentally determined value of the
conductivity in the normal state.

It is established from the theory [13] that near T’ the
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excess conductivity is due to fluctuation carrier-pairing
processes, the contribution to the conductivity from
which at 7> T for the two-dimensional (2D) and three-
dimensional (3D) cases is determined by power laws of the
form:

o2

-1
O,p=7"777¢ , 2
20 = ehd 2
e’ “1/2 )

O30 = A7 2 ron
32n&.(0)

where ¢ = (T— T)/T, e is the charge of the electron, & (0)
is the coherence length along the c axis for 77— 0, and d
is the characteristic size of the two-dimensional layer. In
our case T, was determined as the point of the maximum
on the dp ,(T)/dT curves in the superconducting transition
region (Fig.2) in the interval corresponding to the high T,
phase, as in [2,9,11,14]. However, as seen in figure (2), the
increase of praseodymium content leads to an increase in
the width of the superconducting transition, and when the

150+ ]

—
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o
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dp/d7, pQrem-K!

0kt e M At e e e By
0 10
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Fig. 2. The dp,/dT-T curves in the region of the
superconductive transition regarding the K1-K8 samples.

Enumeration of curves in the figure is the same as in
Fig. 1.

concentration z > 0.34 there appears a small additional peak
on the dp (7)/dT curves. The latter is a reliable indication
of phase bundle within the volume of the experimental
sample [15,16]

In Fig. 3 shows the temperature dependence of
Ao(T) in the coordinates In Ac— Ine. It is seen that in
the temperature range between T, and 1.05-1.1 T, (at
different concentrations of prasecodymium) these curves
are approximated satisfactorily by straight lines with slope
tana, ~ —0.5, corresponding to the exponent of —1/2 in
the power law [Eq. (3)], which attests to a 3D characteristic
of the fluctuation conductivity in this temperature interval.
Upon further is in temperature the rate of decrease of
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Ac increases substantially (tan a, ~ — 1) which can be
interpreted as an indication of a change of dimensionality
of the fluctuation conductivity (FC). It follows from Egs.
(2) and (3) that at the point of the 2D-3D crossover:

E(0)g,*=d/2. @)

In this case, having determined the value of g and
using published data on the dependence of the interplane
distance on 0 [10] (d ~ 11.7 A), one can calculate the values
of £ (0).

As can be seen from insert (b) to Figure 3, the value
of £ (0), calculated according to (4), increased more than
fourfold with increasing content of praseodymium in the
sample from z = 0 and z < 0.43, and respectively, lower
T of 91.74 to 45.2 K, which agrees qualitatively with the
values from the value of & (0) obtained for the undoped
YBaCuO samples with decreasing oxygen content [3]. At
the same time for the samples with z > 0.48, a fairly sharp
decline in the value of € (0), which may be due to a general
suppression of the superconducting characteristics. These
features (inset (a) in the Fig. 3), appearing in the form of a
deep minimum, can be attributed to a general shift of the

n
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Fig. 3. Temperature dependences of excess conductivity
in ab-plane for single crystals K1-K8 (the insert (a) —
curves 7, 8) on the In Ao—Ine coordinates. Dash lines
— approximation of experimental curves by equation
(2) and (3). Enumeration of curves in the figure and
insert is the same as in Fig. 1. The inset (b) shows the
concentration dependence of the pseudogap and the
transverse coherence length of & (0, z).

conducting subsystem in the region of the phase diagram
in which the normal state properties are determined by
antiferromagnetic correlations and the demonstration of the
so-called pseudo-gap anomaly (PG) [2,5,6,17].

The experimental technique we use is related with the
measurement of the electrical resistivity and does not allow
determining directly, the degree of the influence of the
antiferromagnetic  correlations in  the fluctuation
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conductivity and the pseudo-gap. On the other hand, we
can estimate the relative length of the existence of the PG-

regime as ¢ = (7" _T;D)/T;’D, by defining the
transition temperature in the three-dimensional fluctuation
regime T;D at the deviation point of the value Ac upwards

[2] and the temperature T* at the point that the p , diverges
from linearity downwards, as the temperature is decreasing
[2,5,17] . The calculations show that with increasing the
concentration of praseodymium, there occurs a more than
six-fold expansion of the temperature interval that the PG
is realized: ¢* = 0.5302-3.4895. This, qualitative agrees
with the results obtained for the undoped samples YBaCuO
[3,17] with decreasing the oxygen content.

Nevertheless, in the lowest praseodymium
concentration z = 0.05, enhances a significant
narrowing regarding the width of ¢* in comparison
with the undoped YBaCuO with optimal oxygen content,
to a value of t* = 0.254. As noted above, at the same
praseodymium concentration, we observed an anomalous
(more than 30 K) expansion of the linear section of the
p(T) dependence. Such behavior of the p ,(7) curves
was also observed on ceramic [4] and film [18] YBaCuO
samples, with low praseodymium content. This effect may
be due to the peculiarities of the processes induced by
the addition of praseodymium in the clustering processes
in the Y, Pr Ba,Cu,O, ; compounds, as well as possible
to strengthen the role of some specific mechanisms of
the quasiparticle interaction [19]. In distinction to the
undoped YBa,Cu,O, , samples, the clusters formation in
the optimally oxygen doped Y, Pr Ba ,Cu,O, , compounds
occure ata certain threshold concentration of praseodymium
[10]. For arelatively small (z < 0.1) praseodymium content,
the formation of such clusters is significantly reduced. In
this case, the praseodymium content leads to an overall
increase in the concentration of the point defects, which
are efficient scattering centers of normal and fluctuating
carriers. According to [2,5], the praseodymium in the
Y, PrBa,CuO, ; compound can have a powerful de-
pairing influence that may hinder the formation of
uncorrelated fluctuation bosons responsible for the
appearance of excess conductivity at temperatures below
T*. This, in turn, should lead to a decrease in the absolute
value of T%*, as observed in our work.

Summarizing the results we can conclude the
following: Increasing the concentration of praseodymium
in the superconductor Y, PrBa,Cu,O, ; can lead to phase
bundle within the volume of the experimental sample. The
excess conductivity Ac(T) for the Y, PrBaCuO,
single crystals when approaching T, is well described
by the Aslamazov-Larkin theoretical model. It
is established that in the praseodymium concentration
range 0.0 <z < 0.5, there occurs a fourfold increase in the
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absolute values of the transverse coherence length & (0)
and a significant shift of the temperature intervals that the
PG anomaly is realized. The doping of YBaCuO single
crystals with a small amount of additives of praseodymium
0.05, leads to an unusual effect of narrowing the
temperature interval of the implementation of the PG
regime, thus extending the p (7) linear dependence area in
the ab-plane, which is probably due to the characteristics
occurred by the induction of the clustering processes.

This work was supported in part by European
Commission CORDIS Seven Framework Program, Project
No. 247556.
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Strategies to suppress A-center formation in silicon and germanium
from a mass action analysis viewpoint
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Experimental and theoretical techniques are used to investigate the impact of tin doping on the formation and the thermal stability
of the A-center in electron-irradiated Czochralski silicon and its conversion to the VO, defects. Previous experimental studies are
consistent with the viewpoint that tin (and other oversized isovalent atoms) doping suppresses the formation of the A- center. The
results are discussed in view of recent density functional theory calculations, whereas we employ mass action analysis to calculate
the impact of isovalent dopants on the suppression of the A-center. We propose point defect engineering strategies to contain the
concentration of the deleterious A-centers in silicon and in related materials such as germanium.

Keywords: A-centers, point defects, electron-irradiations, doping.

[IpencraBieHbl pe3yabTaTbl AKCIEPUMEHTAIBHBIX U TEOPETHUECKUX MCCIIC[OBAHUM BIMSHMUA [JONUPOBAHUS OJIOBOM Ha
(dopMHpOBaHHE M TEPMOCTAOMIBHOCTH A-IIEHTPOB B OONYYEHHBIX JICKTPOHAMH KPHUCTAUIAX KPEMHHMS, IMOITYyYSHHBIX METOIOM
YoxpalbCKoro, a Takxke IPOIECCOB MX IpeodpasoBanus B AedekTsl Buaa VO,. DKclepuMeHTaIbHbIE HCCIE0BAHMS TOATBEPKIAIOT,
YTO JOTMMPOBAHME OJIOBOM (PaBHO KaK M APYTHe HEM30BAJICHTHBIE 3aMEIIeHNMs) MOAaBIsieT oOpa3oBaHue A-1eHTpoB. Ilomydennsie
Ppe3yabTaThl 00CYXKIAI0TCA C yUETOM MOCIETHUX TEOPETUIECKUX PacyeToB (DYHKIIMOHAIBHON INIOTHOCTH. BrIckazaHo npesnonoxeHne
0 TOM, YTO TOYEYHBIE Je(EKThI CIOCOOCTBYIOT MOHMKEHHIO KOHIIEHTPALMN A-LIEHTPOB B KPEMHHUH H CONYTCTBYIOIIUX MaTepHanax,
TaKUX KaK repMaHUH.

KonroueBsie ciioBa: A-IIeHTPBI, TOUCUHBIE IeQEKTHI, 00TydeHNE dIEKTPOHAMH, JOIUPOBAHNUE.

IpencTaBneHi pe3ysIbTaTH eKCIEPUMEHTAIBHUX 1 TEOPETUYHUX AOCIIIKEHb BIUIMBY JIOIYBAaHHS OJOBOM Ha (pOPMYBaHHS Ta
TepMOCTaOLIBHICTh A-LIEHTPIB B ONPOMIHEHHX €IEKTPOHAMH KpPHCTAlaX KPEMHI0, OTPUMaHUX MeToaoM YoXpalbChKOTO, a TaKokK
nporecis ix nepersopenns B aedektd Buay VO,. ExcriepuMeHTanbHi TOCTIUKEHHS MiATBEPUKYIOTh, O JTOMYBaHHs OJOBOM (Tak
caMo sIK 1 IHII Hei30BaJICHTHI 3aMillleHHs1) IPUTHIUYE yTBOpeHHs A-1leHTpiB. OTpuMaHi pe3ysbTaTH 0OTOBOPIOIOTECS 3 ypaxyBaHHSIM
OCTaHHIX TEOPETHYHUX PO3PAXyHKIB (PyHKI[IOHAJIBHOI I'YCTUHH. BUCIOBICHO MPHITYIIEHHS PO T€, IO TOYKOBI Je(QEKTH CIPUSIIOTH
3HIKEHHIO KOHIICHTpAIlil A-IICHTPIB Y KPEMHil 1 CYyIMyTHIX MaTepiajiax, TaKuX sIK TepMaHiii.

KurouoBi cjioBa: A-ieHTpH, TOUKOBI 1e(DEKTH, ONPOMIHEHHS €JIEKTPOHAMH, JOMTYBAaHHS.

Silicon (Si) is the dominant material for a range
of applications (including microelectronic devices,
detectors, photovoltaics and nuclear medicine), whereas
germanium (Ge) is gaining ground in the past few years
for applications in nanoelectronics due to its advantageous
material properties.[1-10] Irrespective of decades of
research the detailed understanding of numerous defect-
dopant interactions, which can affect its properties are not
well established.[11-13] for both materials defect-dopant
interactions are becoming increasingly important as the
characteristic dimension of devices are a few nanometers
and hence atomic effects play a more significant role.

Oxygen (O) in Si and Ge is introduced during crystal
growth by the Czochralski method. In both materials,
oxygen intersitials (O,) can trap lattice vacancies to form
vacancy-oxygen pairs (known as VO or A-centers). When

© Chroneos A., Londos C. A., Sgourou E.N., 2014

the temperature is increased A-centers form larger oxygen-
vacancy defects (VO,).[14, 15] In Si, A-centers are both
electrically [16, 17] and optically active,[18] whereas
VO, clusters are only optically active. [18] It is therefore
important to suppress the formation of A-centers via point
defect engineering strategies. In that respect the early
experimental studies of Watkins [19] and Kimerling et
al. [20] determined that isovalent impurities [carbon (C),
germanium (Ge) and tin (Sn)] can modify the formation
processes of A-centers in Si.

Sn is introduced in Si or Ge at ever increasing
concentrations leading to the variation of the lattice
parameter and electronic properties (i.e. band gap) in Sn-
doped Si or Ge.[21-23] At high Sn-concentrations the
resulting alloys (i.e. GeSn, SiSn, and SiGeSn) exhibit
interesting properties which can deviate to what is
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expected by SiGe alloys.[21,23-26] Interestingly, in early
electron irradiation experiments Sn was introduced in Si to
suppress the formation of the A-center.”’” In recent studies,
employing infrared spectroscopy in conjunction with
density functional theory calculations the impact of Sn
doping in Si was investigated at an atomic scale level.'**%

In the present study we discuss recent results on the
impact of Sn doping on the formation of the O defect and
its conversion to VO, defect in electron-irradiated Si. We
extend these findings by employing mass action analysis
to discuss possible point defect engineering strategies to
suppress the concentration of A-centers and other defect
clusters in Si and Ge.

Figures 1(a) and 1(b) demonstrate the evolution with
temperature of the VO and VO, bands for the Sn-poor
([Sn] = 3x10' c¢m?) and Sn-rich ([Sn] = 9x10" cm™)
electron-irradiated Si samples, respectively (details of the
experimental methodology, the samples and the results are
given in Ref. 30). From Fig 1(b) it can be abserved that
the production of the A-center is suppressed in the Sn-rich
sample. This is consistent with previous experimental
evidence [refer to Fig. 1(b)].[31-33] Importantly, the
vacancies that mainly formed during the irradiation
and which did not recombine with self-interstitials, can
associate with Sn atoms to form Sn/ pairs. Notably
previous work calculated that the full-7 (Sn substitutional
next to a ¥) and the split-} configuration (Sn surrounded
by two semi-vacancies) are comparable in energy with
the later being more stable by only 0.02 eV (Ref. 23 and
references therein). When Sn is introduced in Si it will
compete with oxygen to capture vacancies. This in turn will
result in the suppression of the VO concentration. In Si, the
SnV pair will dissociate via the reaction Sn/ — Sn + V at
a low temperature (near 170 °C). The Sn/V pair is infrared
inactive, however, its presence and its annihilation in Si can
be established by the changes of the concentration of other
defects such as the VO pair. [31-33] The dissociation of
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Fig. 1. The thermal evolution of the VO, the VO, and

the SnVO defects for the (a) Sn-poor and (b) Sn-rich
samples.
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SnV pairs at 170 °C is accompanied by the steep increase
in the concentration of the absorption coefficient of VO
[refer to Fig. 1(b)]. This increase in the VO content at
170 °C is not observed in the Sn-poor case indicating that
the formation of SnV pairs and subsequently the impact of
Sn doping on the A-center is negligible if the Sn content
of the sample is low (the impact of Sn content is discussed
further through mass-action analysis below). Importantly,
the final VO concentration of the VO defect in the Sn-rich
sample is smaller than that in the Sn-poor sample. Another
important result is that the conversion of the VO to the
VO, defect is suppressed in the Sn-rich sample (Fig. 1).
This is attributed to the trapping of migrating VO pairs
by Sn to form SnVO clusters, in agreement with previous
investigations.* Further experimental investigations are
necessary to gain a detailed understanding of the impact
of Sn doping on the formation and thermal evolution of the
A-center as well as its conversion to the VO, defect.

The experimental results provide information on the
thermal stability and formation of the defect clusters. In
this sense they can be linked to the DFT results, which
provide evidence of the binding energies, £, defined by:

E b Edejécr cluster " isolated defects’

According to this definition, negative binding energies
imply that a cluster is energetically favorable with respect
to its constituent isolated components.

Considering the DFT-derived binding energies of the
SnV (-1.30 eV) [35] and the VO pairs (-1.32 eV) [36] they
are different by only 0.02 eV. Given their similar stability
what will be important in order to assess which pair will
have the highest concentration is the relative concentration
of tin, [Sn], and oxygen, [O]. These can be linked to the
concentrations of the SnJ pair, [SnV], and VO pairs, [VO]
via mass action analysis®’

L] _ [M}

B

[VO] —E, (VO)
v

Where [V] is the concentration of the V, k, is
Boltzmann’s constant and T is the temperature. As the
binding energies of Sn/ and VO are approximately equal:

[SnV] _[Sn] 3
o] ~ [o]

This simple relation indicates that the capture
efficiency of ¥ by Sn and O is directly related to the initial
concentrations of [Sn] and [O]. Therefore, in Sn-poor
sample it is expected that the [/O] concentration will be
more than 3 times higher than [SnV], whereas for the Sn-
rich sample the relative concentration of [Sn)] will be an

(M
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order of magnitude higher than [/'O]. Considering Fig. 1
we estimate an Sn concentration of 2.4 x 10'¢ cm for the
Sn-poor sample and 1 x 10'7 cm™ for the Sn-rich sample.

Considering the mass action analysis arguments
discussed above there are two strategies that can be
implemented: (A) dope with Sn at concentrations that
exceed the concentration of oxygen in the lattice and (B)
dope with other isovalent dopants, which attract vacancies
with binding energies higher than that of the A-center. Can
these point defect engineering strategies be applied to other
related materials and issues?

Moving our focus to alternative substrates such as
Ge similar arguments can be used. In Ge, the SnV pair is
bound by -0.64 ¢V,[38] whereas the VO by -0.45 eV.[39]
Therefore, in Ge the Snl is more stable compared to VO
by about -0.2 eV in contrast to Si where the two pairs were
almost equally bound. Considering again mass action
analysis arguments in the case of Ge:

[SnV] [Sn] . {—E,,(SnV)+Eb(V0)}

= e
[vo] [0] k,T

[Sn]  (0.19¢V
= exp (4).
[0] kT

Therefore there 1is an enhancement of the

trapping of Sn by the temperature dependent factor
exp(0.19eV/k,T). This is an important difference in
the behavior of Sn-doped Si and Ge. For example, if we
consider that [Sn] = [O] = 108 cm™ at 443 K (i.e. the point
where Sn) in Si dissociates) the ratio [SnV]/[VO] will be
1 for Si but 145 for Ge. Therefore, the trapping of V' by Sn
in Ge is at least two orders of magnitude higher than in Si.

This treatment assumes that there are no other
competing V-related clusters at the temperature range
where the VO and Sn) pairs exist and that the [V] is
constant between the two samples. Also mass action
analysis corresponds to the equilibrium behaviour of
defects towards which the system tries to evolve. Finally,

Table 1.
Calculated binding energies (eV) for the capture of V' by
O, or oversized isovalent dopants in Si and Ge.

Defect reaction Si Ge
V+0,— VO -1.328 -0.45¢
V+ Ge — GeV -0.27° -
V+Sn— SnV -1.30° -0.64¢
V+Zr — ZtV - -1.89f
V + Hf — HfV - -1.85F

“[36]: *35]: ~LJ: 391 [38]; -[44]
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the kinetics can play a role hindering the system to reach
the equilibrium state.

Interestingly the recent study of Markevich et al.[40]
correlated the association of Sn-¥"in phosphorous (P) doped
Ge with the suppression of the transient enhanced diffusion
of P. The suppression of the vacancy-mediated diffusion of
n-type dopants such as P in Ge is a matter of active research
and a range of codoping strategies have been proposed.[41-
43] The introduction of an isovalent dopant in Ge with a high
binding energy with respect to V" would readily form pairs
with vacancies that will have increased thermal stability.
In a recent DFT work [44] (using the same methodology
as in [36, 38, 43]) it is calculated that the binding energies
of the zirconium-V (ZrV) and hafnium-V (HfV) pairs in
Ge are -1.89 eV and -1.85 eV respectively. Therefore, we
propose that doping with Hf or Zr can prove an efficient
strategy to trap vacancies in clusters thus constraining their
participation in defect processes such as the formation of
A-centers or the enhanced diffusion of n-type dopants.

In essence A-centers and oxygen-related clusters in Ge
can be effectively completely annihilated by the addition
of Sn of equal content to oxygen. Considering oxygen
interstitials in Ge have a significantly lower concentration
than in Si and that Sn can be dissolved in the Ge lattice for
concentrations up to at least 10% (i.e. far higher than the O
existing in Ge) this point defects engineering strategy will
be effective. The present approach does not consider the
kinetics of the processes and how the inclusion of Sn might
impact other dopants existing in the device. For example,
in n-type doped regions phosphorous will also be present
at high concentrations. In recent density functional theory
studies by Tahini et al.[45,46] it was calculated that Sn
traps vacancies and that codoping P with large isovalent
dopants such as Sn or Hf will lead to the retardation of
P. This in turn is important as P is a fast diffusing dopant
in Ge hindering the formation of well defined regions that
are crucial for devices. The inclusion of Sn or Hf will
result in the suppression of the VO concentration and the
phosphorous diffusion.

The experimental results determine that the
production of VO defect is largely suppressed in Sn-doped
Si due to the capture of vacancies by the Sn atoms. This
in turn leads to the reduction of the conversion of VO to
VO, due to the formation of SnVO clusters. Using mass
action analysis it is calculated that the key is to capture
the lattice vacancies. There are two point defect strategies
that can be implemented to control the concentration of
A-center: (A) dope with Sn at concentrations that exceed
the concentration of oxygen in the lattice and (B) dope
with other isovalent dopants, which attract vacancies with
binding energies higher than that of the A-center. In Ge
it is calculated that the Sn trapping of vacancies will be
enhanced by a temperature dependent factor. Finally, we
propose that doping Ge with Zr or Hf is an efficient way to
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trap vacancies and suppress the /O formation. The present
work illustrates how DFT calculations can initiate actions
for the point defect engineering of materials.
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PaccmoTpena M30X0pHAs TEIUIONPOBOAHOCTh MOJIEKYIIPHBIX KPHCTAJUIOB B ITACTHUECKON (ha3e IpH TeMIepaTrypax HOpsaKa U
Boie JlebaeBckoii. [lokazaHo, 4YTO TOMOTHUTENHHON MPUIMHON POCTAa N30XOPHOH TEIUIONPOBOAHOCTH MOXKET SBIATHCS YBEITHUCHHE
CKOPOCTH 3ByKa BCIIE[ICTBHE CUIBHOTO TPAHCISIIMOHHO-OPUEHTAIMOHHOTO B3aUMOJICHCTBHSL.

KuroueBble ciioBa: 130X0pHas TEIIONPOBOIHOCTE, MOJIEKYJISIPHbIE KPUCTAILIBI, YOHOHBI.

PosmisiHyTa 130XOpHA TEIIONPOBIIHICTE MOJEKYISIPHUX KPHUCTANIB y IUIACTHUHIN (a3l mpH TemIeparypax MOpsIKy W BHINe
JleGaeBcbkoi. ITokazaHo, 1110 MOKIIMBOIO JOAATKOBO MPHYMUHOIO 3POCTAHHS 130XOPHOI TEIJIONPOBIAHOCTI, MOKE OyTH 301IBIICHHS
MIBUIKOCTI 3BYKY, BHACIIIOK CHJIBHOI TPAHCISIIHHO-OpieHTaliifHOT B3a€MOIT.

KurouoBi ci10Ba: i30X0pHa TEIIIONPOBIIHICTh, MOJICKYIISIPHI KPUCTAIH, QOHOHH.

It is considered isochoric thermal conductivity of molecular crystals in a plastic phase at temperatures of the order of Debye ones
and above them. It is shown that the possible reason of growth isochoric thermal conductivity, can be an increase of speed of sound

because of strong transmission-orientation co-operation.

Keywords: isochoric thermal conductivity, molecular crystals, phonons.

CBenieHHs O TEIUIONPOBOIHOCTH, C OJHOW CTOPOHBI,
CITy’)KaT MCTOYHHKOM BXHOW HMH(OpMAIMK O JAWHAMHKE
KpUCTAJUIMYECKOW PpELIETKH a, C JAPYyrod CTOPOHBI,
HEOOXOIMMBI TIPH PEIICHHH CaMBIX Pa3HOOOPA3HBIX
3agau. [lockosbKy TEIUIONPOBOAHOCTb  OINPENEINIAETCS
OZIHOBPEMEHHBIM ~ JICHCTBHMEM MHOTMX (DaKTOpOB U
MEXaHHU3MOB, HCTOJIKOBaHUE IKCIIEPUMEHTAIIbHBIX
Pe3yJIbTaToB MIPECTABISACT coOoi JIOBOJIBHO
CIOKHYI0 3amady. [losToMy pams ompeneneHust OOIINX
3aKOHOMEPHOCTEH TEILTOPOBOIHOCTH M CO3/IaHUS TCOPUHU
Ba)XKHO MCCIIEIOBATh, MPEXJE BCETO, TEIJIONPOBOIHOCTH
MPOCTEHIINX CHUCTEM. YIOOHBIMH OOBEKTaMH B 3TOM
IUTaHE SABJSIIOTCA  MOJIEKYJSIpHBIE KPHUOKpUCTALIBL. B
MOJICKYJISIPHBIX KPHUCTAIIIAX B 3aBUCHMOCTH OT BEIIIECTBA U
TeMIepaTyphIXapaKTep BpamaTeIbHOTO IBIKEHIS MOJICKYIT
MOXKET MEHATBCS B IIUPOKUX IpeleNax: OT JIHOpamuit
HAa MaJlble yIIbl B OPUCHTALMOHHO YIOPSIOYCHHBIX
¢dazax (OY) no OBICTPBIX PCOPUCHTAIIMOHHBIX MPHLKKOB
U 3aTOPMOXKEHHOTO  WJIH
BpaIlleHHsI B OPHEHTAIIMOHHO-pa3ynopaao9eHHbIX (OP mun
ITACTHYECKHX) (hazax.

Pasmiunble TEOpeTHYecKHe OLECHKH, BBITOJTHEHHBIC
¢ yuéroM TpEx(OHOHHBIX MpOIECCOB paccesHus [1, 2,
3] mpenckaspIBaloOT, UTO MPU TEMIleparypax Mopsiika 1
Bhiiie JlebaeBckoit

NpPaKTUYeCKd CBOOOIHOTO

© PeBsikuH B.I1., 2014

T = 06 (hoHOHHAS
KPUCTAJUIMYECKOW PEIIeTKH JOoJhKHA OBITh  00paTHO
nponoprroHainsHa Temneparype A~1/T. J{s BermomHeHUS
3akoHa Apl/T HeoOxommmo, YTOOBI 00BEM KpHICTAIA
OCTaBaJICsl HEM3MEHHBIM IOCKOJIBKY HapaMeTp pPeIIeTKH,
temreparypa Jlebas n napamerp I'pronaiizena — 3aBuCST OT
o0beMaJaKe IpUIIOCTOsIHHOM TeMIieparype[4]. OToycnoBue
0COOEHHO BaXXHO YUHTBIBATH MPH OTHOCHUTEIBHO BBICOKHX
TeMmeparypax, Korma KOd(QQHUIMEHTH TEPMHUYECKOTO
pacuMpeHust BeNuKU. B ciygae mpocredmmx cucrem,
a MMEHHO, OTBEPAEBLIMX WHEPTHBIX Ta30B  H30XOpHas
TEIIONPOBOTHOCTh OTKJIOHSIETCSl OT 3aBUcHUMOCTH Ap 1/T
Tobpko Ha 20-25% mpu mpearuIaBUiIbHBIX TeMIIepaTypax,
YTO CBSI3aHO C aHTaPMOHMYECKHMH IEPECHOPMHPOBKAMHU
3aKOHa JHUCIepCHH (OHOHOB TP  (PUKCHPOBAHHOM
oobeme [5]. KonwduecTBeHHOE OIMMCAaHUE OTKIOHEHUH
M30XOPHOH TEIUIONPOBOAHOCTH OT 3aBucumoctd Apl/T
HE MPOBOAMIIOCH M3-32 CIOKHOCTH IPEIJIOKCHHOW BBIIIE
MOJIEJIH U [0 HACTOSIIIEE BPEMsI OTCYTCTBYET.

B npuHImne, TpaHCIAMOHHBIE W OPUEHTAI[IOHHBIC
BUZBI ABWKEHHS B MOJEKYIAPHBIX KpHCTalIax BOoOIIe
HE SBISIIOTCSl HE3aBHUCHMBIMH, a PEAM3YIOTCS B BUJE
CBSI3aHHBIX TPAHCISIIMOHHO-OPUEHTAIIMOHHBIX KOJICOaHHH.
OcCHOBHasi  TPYIHOCTb  OINKMCAaHWS  OPUEHTAI[MOHHOU
MIO/ICUCTEMBI COCTOUT B 3HAUUTEILHONH aHrapMOHHUYHOCTH

TCIIOMPOBOAHOCTD
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JTMOPAIMOHHBIX JABMKEHUH. AHrapMoHH4YecKne 3(QPeKThI
TSt
Jake TpU TeMmIeparypax, MHOTO HIDKE TeMIeparyp
OPHCHTAIIMOHHOTO YTIOPSAIOYCHUS AITUX KPHUCTAIIIOB, B
TO BpeMsi KaK TPAHCIIMOHHBIC KOJCOAHWS JOCTaTOYHO
XOpOIIO MOTYT OBITh ONHCAaHBI B TapMOHHYECKOM
npubmmwkenun  [6].  Tlpm  HH3KHUX  Temreparypax,
korna (oHOHHbIE M JIMOPOHHBIE BETBU JIOCTATOYHO
XOpOIIO pa3[eNieHbl, IEPEHOC TeTla KOJUIEKTUBHBIMHU
BpaIaTeIbHBIMHA BO3OYKICHUSAMH MOJEKYN (JTHOpOHAMM)
OOBIYHO TMPEIIIOJIATACTCS  MAJbIM BCICICTBUE Y30CTH
JTMOPOHHBIX 30H, @ POHOHBI, (HOPMUPYIOLIHE TIOTOK TEIlIa,
paccenBaroTCs Kak Ha POHOHAX, TaK U Ha THOpoHax [7], uTo
YBEJIMYMBACT TEIUIOBOE CONPOTUBICHUE IO CPABHEHHIO,
HampuMep, ¢ UHEPTHBIME razamu. C pocTOM TeMIlepaTypbl

BpaHlaTeJ'[I:-HOfI IOACHUCTCMBI CyII€CTBECHHBI

(hoHOH-THOpPOHHOE B3aNMOJICHCTBHE YCHITBAETCH,
W TEIJIO HAYMHACT [EPEHOCUTHCS  CMEIIAHHBIMH
TPaHCISIIIMOHHO-OPUEHTAIMOHHBIMH MOJIaMH. 310

MIPUBOANT, KaK K JOIOJHHUTEILHOMY PAacCEsHUIO H3-3a
CHJILHOTO aHTapMOHHU3Ma JIMOPAI[MOHHBIX KOJIEeOaHMi, Tak
1 100aBOYHOMY TEILIONEPEHOCY.

B ciyuae cunmbHOrO paccessHUS (POHOHOB, TCOPHS
IpelcKa3biBaeT ClIadyro 3aBHCHMOCTh TEIUIONPOBOIHOCTH
A oT Temneparypsl [8].

Takum o0pas3om, CYILECTBYIOLIHE
HpeJICKa3bIBAIOT yYMEHbIIIEHNE
TEIUIONPOBOAHOCTH € POCTOM TEMIIEpaTypbl B 00JIacTH

1,9

TEOpUHU
peLeToYHOM

1,8 |

1,7 +

1,6 -

A, (J/m-c-K)

BBICOKMX Temneparyp T>O®_, umm e BbIXOL ee Ha
MOCTOAHHYIO BCIINYUHY.

B uccnenoBaHusiXx M30XOPHOM TEIJIONPOBOAHOCTH
OBLITO ITOKA3aHO, YTO CYIIECTBYET IPYIITIA JHICKTPHUCCKUX
KPUCTAJUIOB B KOTOPBHIX HAOIIONAETCS POCT H30XOPHOM
TEIUIONPOBOHOCTH  TPU  BBICOKUX
[Mono6Hoe moBenenue TUIYHO 1715t OP (a3 MoneKyasIpHBIX
KPUCTAJUIOB M OOBIYHO CBSI3BIBACTCSI C OCIA0JICHUEM
paccesHusl (DOHOHOB Ha BpAIIATEIBHBIX BO3OYKICHHAX
Monexyn [9,10], omHako, 7TO MOXKET OBITH HE IMHCTBEHHOM
TIPUYNHOMN BO3paCTaHHS
OpUeHTAMOHHO-PAa3yIOPSIIOYCHHBIC MM IUIACTUYCCKHEC
(da3bl 00pa3yrOT MOJICKYISIPHBIC KPHCTAJUIBI, COCTOSIIIHEC
BBICOKO-CUMMETPHUYHBIX

Temneparypax.

TCIUIOIIPOBOAHOCTH.

n3  TIOOYISAPHBIX,
XapaKTepHOH 0COOEHHOCTHIO KOTOPBIX SIBISIETCS BBICOKAs
OpUEHTAllMOHHAsl MOJABMHOCTb MOJIEKY]l B  y3Jax
KpUCTAJUIMYECKOW peleTKH. B HEeKOTOpbIX —ciayyasx
(BOmOpOn, METaH) BpalICHHE MOXKET IPUOIIKATHCS K
CBOOOHOMY TIPH MPE/IUIABMIIBHBIX TeMieparypax [11].

B coBpeMeHHOI TeopuM MPENIoaaraercs, 4ro TeIo
nepeHocuTcss (POHOHAMH, KOTOpPBIE SBISIOTCS KBaHTAMHU
SHEPrur KaXXIoW MOABI KoiebaHui. BripaxxeHne s
PEIIETOYHOM TEIUIOIPOBOIHOCTH B TPUOIIKCHUN BPEMEH
penaxkcainu UMeeT BU:

MOJIEKYII,

A= %vj 1(x)C(x)dx (1)

NaN3

1,5

100 200

3,0 -

2,5 |

2,0 |-

1,5 F

v10%, (m/c)

1,0 1 1

500 600

100 200 300

400 500 600

T, (K)

Puc.1 V306apHast TEMIONPOBOAHOCTE U TIPOJIOJIbHAS CKOPOCTD 3ByKa asuna Harpus NaN,  nannbie paboTst [13]

92

BicHuk XHY, Ne 1113, cepist «®isuka», sun. 20, 2014



B.11. Pessakun

I'me v — ckopocTh 3ByKa (CUMTACTCS MOCTOSHHOU
BENIMYMHOM), 1(X) — auHa ¢cBOOOIHOTO mpodera pOHOHOB,

X = h—a) 6e3pa3MepHBIi

kT
napameTp. [Ipu Temneparypax Boime Jlebaeckor T > O
TeroeMKocTh C(X) — HUMeeT TMOCTOSHHYIO BEIUYHHY, a
JUTHA cBoOOTHOTO Tpodera hoHoHOB [(X)—orpaHnanBaeTcs
HETIOCPE/ICTBEHHBIM B3anMOICHCTBHEM MEXIy (POHOHAMHU
1 YMEHBIIAETCSI C POCTOM TEMIIepaTypbl, OJHAKO OHa HE
MOKET CTaTh MEHBIIE MOJOBUHBI JJIMHBI BOJHBI (pOHOHA
A2 [4]. W3 Beipaxenust (1) BUAHO, 4TO POCT U30XOPHOU
TETJIONPOBOJHOCTH B INTACTHUECKHUX (a3ax MOJICKYIISIPHBIX
KPHCTAJUIOB MOXKHO ONHCATh B PaMKax CYIIECTBYIOLICH
TEOPHHU €CJIN TIPEATIOIOXKHUTE, YTO ¢ POCTOM TeMIIEpaTyphl
YBEJIMYMBACTCS CKOPOCTb paclpoCTpaHeHHs (DOHOHOB.
CKOpOCTb paclpoCTpaHEHHsl YNPYTHX BOJIH B TBEpIOU
Cp€ac — KaK MpOaOJIbHBIX, TAK U ITOTICPEUYHBIX OITPEACIIACTCA
YIPYTOCThIO M IIJIOTHOCTBIO cpenbl. Ha ckopocTh 3Byka
BIIHMSIIOT OCOOCHHOCTH MOJEKYISAPHOW CTPYKTYpBI, CHIIBI
MEXMOJIEKYIIIDHOTO ~ B3aUMOJCHCTBHSA U
YIIaKOBKU MOJIEKYJI. YBEJIMUCHUE CKOPOCTH 3BYKa O3HAYaeT
— YBEJIMYEHHE YNPYTOCTH CPEIbl, KOTOPOE MOXKET OBITh
CBsA3aHO C CHWJIBHBIM TPAHCIAIMOHHO-OPHUECHTAITUOHHBIM
B3aMMOJZICHICTBHEM B MOJEKYIAPHBIX KpUCTaIaX B
ITacTHIECKON (ase.

Crnenyer NOAYEpKHYTb, YTO HM3MEPEHHE CKOPOCTH
3ByKa IpU MTOCTOSTHHOM O00OBEME B CIIy4ae MOJICKYJSPHBIX
KPHCTAJUIOB  SIBIISIETCS  TPYIHOH  AKCHEPHUMEHTAJIbHOU
3aJadei, Mmo3ToMy B JHTEpaType OOBIYHO IPHUBOIATCS
JIAHHBIE O CKOPOCTAX 3ByKa MOIyYCHHBIE TP TOCTOSTHHOM
JIaBIICHUM.

B monb3y mpearonokeHnss 0 BO3pacTaHUM CKOPOCTH
3ByKa B ITACTHUYECKHX (ha3ax MOJICKYJISIPHBIX KPUCTAJIOB
TOBOPST CIEAYIOIINE IKCIIEPUMEHTAIbHBIC (DaKTHI:

1. AnoManpHasi 3aBUCHUMOCTBIO CKOPOCTH 3ByKa
B [ - dase xmcnopoma O, (B - ¢dasa npemmecTByer
mIacTUdecko y — ¢ase). TemmeparypHas 3aBUCHMOCTH
CKOpPOCTH 3BYKa NPAKTUYECKHU MTOCTOSHHA JJISl IPOAOIBHBIX
MOJ U BO3pacTaeT [uis nonepeunsix [6, 12]. K coxanenuto,
JIUTEpaType OTCYTCTBYIOT KaKne-IH00 TaHHBIE O CKOPOCTH
3ByKa B Y- (paze.

2. B pabore [13] w™eTogoM OpHIUTFORHOBCKOTO
paccestHHAsl OBIIM  OIpE/AENEHBl YNPYTWe KOHCTAHTHI B
nnactudeckor pase ms CCl,. OOHapy’keHO aHOMalbHO
BBICOKOE COOTHOIIEHUE CKOPOCTEH 3ByKa B HalpaBJICHUSX
<110> wm <lll> mo cpaBHEHHIO C OTBEPACBIIUMU
HWHEPTHBIMU T'a3aMU.

3. VBenmueHne CKOPOCTH 3ByKa B IUIACTHUECKON (haze
9KCTIEPUMEHTAIBHO HAOMIONANOCh B KpUCTAIax asnjaa
Harpust NaN, [14].

Kpucramnsr asuia narpust NaN, oTHOCATCSE K TpyIie
OpueHranroHHast
IMOABUKHOCTH MOJICKYJI B Y3J1aX KpPICTaHHPI‘IeCKOﬁ peICTKH

Cx) -

TEIJIOEMKOCTb,

IINIOTHOCTH

HMOHHO-KOBAJICHTHBIX KPUCTAJIIIOB.
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CBsI3aHA C BEIMYMHOW OapbepoB
BpauieHuo. B
OTIINYHE OT MOJICKYJISIPHBIX KPHCTAJIOB) 3TH Oaphephl, Kak
MIPaBHJIIO, TOCTATOYHO BEJIHKH, TIOITOMY (ha30BEIi Mepexo
B IJTACTUYECKYIO (hasy B ATUX KPHUCTAIIIAX IPOUCXOTUT IIPU
Oornee BhICOKMX TeMmneparypax. Ha pucynke 1 npusenena
TeMIleparypHasi 3aBUCHMOCTh  TEIIONPOBOJHOCTH U
MIPOJIOJILHON CKOPOCTH 3BYKa JJIsl a3U/1a HATPUsl B3SThIC U3
[14]. IlomoOHas HeOOBIYHAS TEMIEpaTypHasi 3aBUCUMOCTh
TEIUIONPOBONHOCTH (BTOpoii MakcumyMm B OP  (aze)
HaOIrOaeTcs u B cirydae merasa [10].

MPEIATCTBYOLIUX
HMOHHO-KOBAJIGHTHBIX ~KpuUCTaiax (B

BoiBoabI

Bo3MOXHOI  /IONONHUTENBHOW NPUYMHOW  pocTa
M30XOPHOM TETIONPOBOJHOCTH B IUIACTHUECKHX (Dazax
MOJIEKYJISIPHBIX KPUCTAIIJIOB, MOXKET SIBJIATHCS YBEJIMUCHHE
CKOpPOCTH 3ByKa BCJEICTBUE CHIIBHOTO TPAHCISALIMOHHO-
OPHMEHTALMOHHBIM B3aUMOJICHCTBHEM, OJIHAKO, IS Oojee
OITPE/ICIICHHBIX BHIBOJIOB HEOOXOMMBI JIOTIOJIHUTEIbHBIC
SKCIEPUMEHTHl M 0Ooyiee TIIATENbHBIA TEOPETHUYECKUIT
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ITPABUJIA IJIS1 ABTOPIB
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YV KypHali JpyKyIOThCS CTaTTi, KOPOTKI ITO BiJOMJICHHS, B IKHX HABEJICHHI OPUTIHAIBHI Pe3yAbTaTH TEOPSTHIHHX Ta
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