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Jocnidsceno enepzemuuni, Kinemuuni ma MazHimui Xapaxmepucmuxku mepmomempuunozo mamepiany Zr,,Ce,NiSn y
dianazonax: T = 80400 K, x=0.01+0.10 i nanpyarcenocmi maznimnozo nonsn H £10 kIc. Ilokazano, wo
xapaxmepucmuxu Zr1.,Ce,NiSn uymauei 0o sminu memnepamypu i 6in mosice Gymu 0CH06010 071 6U2ON0BIEHHA
YYMAUGUX eleMEeHNIE MePMOnEPemaopioeauis.

Kniouoei cnosa. enekmponna cmpykmypa, enekmpoonip, koegiviecum mepmo-EPC.

Hccneoosansl Inepzemuueckue, KUHEMUYeCKUe U MAZHUMHbLE XAPAKMEPUCIUKU MEPMOMEMPULECKO20 Mamepuand
Zr14xCe,NiSn ¢ ouanazonax: T = 80+400 K, x=0.01+0.10 u nanpasicennocmu maznumnozo nona H £10 kIc.
Ilokazano,umo xapakmepucmuxu Zr,,Ce,NiSn uyecmeumenvnpl K U3MEHEHUAM MEMREPAMYPLL U OH MOJCEnm Obimb
OCHOBOIL 0151 U320MOGICHUA UYGCIMBUMETbHBIX )IEMEHM 06 MePMOnpeodpasoseameneil.

Knioueevle cnosa. anekmponnas cmpykmypa, 3neKmpoconpomueienue, koigguuuenm mepmo-3/]C.

The electron energy state, magnetic and transport characteristics of of thermometric materials Zr,,CeNiSn were
investigated in the T =80, 400 K temperature range and at charge carriers concentration from x=0.01+0.10 and
H £10 kGs. The material Zr; ,CeNiSn is sensitive to the temperature change and could be used asthe basisfor the
sensitive thermoelectric devices. We investigated the crystal structure, eectron density of states (DOS) and the kinetic
and energy characteristics of n-ZrNiSn heavily doped with the Ce impurity. Samples were synthesized at the laboratory
of the I ngtitute of Physical Chemistry, Vienna University. The Zr;.,Ce/NiSnh crystal-lattice periods were determined by
X-ray analysiswith the use of the Full-prof software. We employed a data array obtained by the powder method using a
Guinier-Huber image plate sysem. The chemical and phase compositions of the samples were determined using a Ziess
Supra 55VP scanning electron microscope and an EMPA energy dispersive X-ray analyzer. The electronic structure
was cal culated by the Korringa—Kohn—Rostoker (KKR) technique in the coherent potential approximation (CPA) and
local density approximation (LDA), aswell asthe full-potential linearized plane wave (FP-LAPW) method within
density functional theory (DFT). In the calculations, we used experimental values of the lattice constant on a k grid
10 x 10 x 10 in dze and the Moruzzi—Janak-Williams exchange-correlation potential parametrization. The width of the
contoured energy window was 16 eV. The number of energy values for DOS cal cul ations was 1000.

To predict the behavior of the Fermi level, band gap, and electrokinetic characterigtics of n-ZrNiSn doped with Ce
atoms, the electron density distribution (DoS) was calculated. The calculated results pretending to be adequateto
experimental studies should account for complete information on the semiconductor’s crystalline structure. To obtain
more accurate results, we calculated the DoS for almost all possible cases of the mutual substitution of atoms at sites of
the ZrNiSn unit cell. Showsthe result most consistent with experimental data. It was found that the disordered structure
(Zr1.xNi)NiSn, x = 0.01, of the ZrNiSn compound ismost probable. We note that the same result was obtained from
structural studies of ZrNiSn. The partial (to 1 at %) substitution of Zr atomswith Ni atoms generates donor-type
structural defectsin the crystal, and the Fermi level isin the band gap which becomes narrower. It was also found that
the minimum in the dependence of variationsin the DoS at the Fermi level (DoSF(x)) for the disordered structure
(Zr1.xNix)NiSn of the ZrNiSn compound corresponds to the (Zr.gNige1)NiSn composition. In this semiconductor model,
the Fermi level isin the band gap which iseg = 282 meV.

The same question arises when analyzing the behavior of the dependences (x) and (x) in Zr;,CeNiSn. For example, the
(x) variation in the concentration range 0.02 < x < 0.10 shows that the modulation amplitude of the continuous energy
bands of Zr,.«CexNiSn HDCSsincreases. I ndeed, the activation energies (x) increase from (x = 0.05) = 38.3 meV to (x)



108 BumiprosanbHa mexHika ma memporoais, Ne 76, 2015 p.

(x =0.07) =59.2 meV. As we already noted, such behavior is possible only when compensating electrons appear in the
p-type semiconductor due to the ionization of donors whose appearance was not initially assumed. In Zr;.,CeNiSn
samples, x > 0.05, the decrease in (X) indicates a decrease in the modulation amplitude of the continuous energy bands,
which is possible only when the degree of compensation of Zr;.CexNiSn decreases due to a decrease or termination of
the generation of donor-type structural defects. Thus, theinitial assumption that n-ZrNiSn doping with Ce atoms by
subgtituting Zr atomsis accompanied by the generation of only donor-type structural defectsin the crystal does not
allow consistent explanation of the behavior of the energy characteristics of Zr; ,Ce,NiSn HDCS. The variationsin the
activation energy of hopping conduction (x) and the modulation amplitude of the continuous energy bands (x)
unambiguously prove the existence of a donor source in HfNiCe,Sn. Further, we will identify the possible mechanism
for the appearance of donors.

The series of gudieson the crysalline gructure, energy spectrum, and eectro-kinetic parameters of the n-ZrNiSn intermetallic
semiconductor heavily doped with the Ceimpurity allowed determination of the variation in the degree of compensation of the
semiconductor dueto the generation of both sructural defects of donor nature during the subgtitution of Zr atomswith Ce atoms
and defects of donor nature during the partial subgtitution of Ni steswith Sn atoms The n-ZrNiSn crygalline sructureis
disordered, and the Zr site can be occupied by Ni to~1 at %, which generates sructural defects of donor naturein the
semiconductor and explainsthe mechanism of its* a priori doping with donors’.

The mechanism of the degree of compensation of the semiconductor as the result of the crystal structure transformation
during doping, leading to the generation of structural defects of donor nature was established. The results of the
electronic structure calculation are in agreement with experimental data and the Zr, ,Ce,NiSn semiconductor isa
promising thermoelectric material. The results are discussed in the framework of the heavily doped and compensated
semiconductor model by Shklovsky—Efros.

Key words: electronic sructure, resistivity, thermo-power coefficient.

Beryn. V po6oti [1] mokaszaHo, 110 B pasi JieryBaHHs
iHTepMeTaiyHoro HamiBmpoBigauka N-ZrNiSn atomamu
piakicHO3eMenbHUX R MeTamiB depe3 3aMilllcHHS aTOMIB
CTPYKTYpHI
axkyenmoproi IPUPOH, 110 3YMOBJIIOE npelid piBHa Depmi

Zr 'y KpHUCTalli TEHEPYIOTHCS JIeeKTH
&F BI 30HU TPOBIAHOCTI W TPUBOAWUTH O 3POCTAHHS
3HA4YeHb ITUTOMOrO ONOpY Ta 3MEHIIeHHs KoedilieHTa
tepmo-EPC. Piu y Tomy, 1o mij yac ¢popMyBaHHs TBEpAUX
Ti T 3a ydacti R aromiB iX BaJieHTHI €JIEKTPOHM HAYTh Ha
YTBOPEHHS XIMIYHHMX 3B S3KiB a00 IEPEeXOAATh y 30HY
MPOBIHOCTI, a €JIEKTPOHH YACTKOBO 3amoBHeHoi 4f-
00OJIOHKH 3aJIMIIAIOThCS JIOKATi30BAHUMH Ha 10HHOMY
octoBi. TumoBe 3HAYCHHS  BAJCHTHOCTI  PIAKICHO-
semensHux Meranis 3+ (R®*). Ile osmauae, mo R atom
MOKUIAIOTh TP BAJICHTHI eNeKTpoHH, ixus 4f- obomonka
3allOBHEHA YaCTKOBO, a reHepoBanuid y Zr; RNiSn
nedext Mae akumentopHy npupoxy. B ycix panime
JIOCITIDKEHUX HAIMBIPOBIAHUKOBUX MaTepianax ZryRNiSh
[2] BanenTHicTh R atoMmiB cranoBuia 3+. Takuii BILUIMB Ha
cTpykrypy N-ZrNiSn

3MEHILIEHHS e()eKTUBHOCTI NIEPETBOPEHHS TETUIOBOI eHeprii

CIICKTPOHHY MPHU3BOAUTE  JIO
Ha enekTpuuHy [3].

Y HU3KH PiIKiCHO3EMENIbHUX METaliB, 30kpeMa, Ce Ta
Sm, Eu, Yb, BanentHicts, mopsx i3 3+, MOKe BiAMOBIAHO
HaOyBaTH 3HaueHb 4+ Ta 2+ (aHOMaNbHA BAJICHTHICTH) [4].
Tak, y Bumaaky Ce* 4f- obGonmonka MicTHTB OIMH

Hecriapenuii enexktpon (4fY) i € mycroro (4% y Bumaaky
BanentHocti Ce® (aTom Ce MOKHZAKOTH YOTHPH BajieH-
THHUX €JNEKTPOHM). BHHHKIA ifess BUKOPHCTATH BIACTHU-
BicTh Ce 3MIHIOBAaTH BaJCHTHICTH ITiJ] Yac JICTyBaHHS N-
ZrNiSn, 1o Mo)xe MPUBECTH 10 T'€HEPYBaHHS Y KPUCTATI
CTPYKTYpHUX JedeKkTiB Tenep oOouopuoi TpUpOOH 1
BIJIMIOBiIaTH YMOBI OTPUMAaHHS MaTepially 3 BHCOKOIO
€(QEeKTUBHICTIO TIEPETBOPEHHS TEIUIOBOI  eHeprii Ha
enekTpuyHy [5]. A IOCTiIKEHHS MAarHiTHOI CHPHAHATIIH-
BocTi cronyk 3 Ce mae 3MOry y mapaMarHiTHid o0acti
inentudikyBatu crymins 3abymoBu 4f- obomonku [6].
Memoio pobOTH € BUBYEHHS MEXaHI3MIB MPOBIAHOCTI
n-ZrNih, nerosanoro Ce, 110 JaCTh MOXKJIUBICTD MPOTHO3Y-
BaTU TOBEIHKY KiHETHYHHMX Xapakrepuctuk Zri,CeNiSh i
JOCTIIUTA YMOBU OTPHMAHHS Matepialy 3 BHCOKOIO edek-

THBHICTIO TIEPETBOPEHHSI TEIIOBOI €HEPTi] Ha eJIeKTPHYHY.

1. MeTonuky xocimKeHHs. JIOCITiHKEHO KPUCTATIYHY
CTPYKTYpY, PO3MOJLT TrycTuHH ejektpoHuux ctahiB (DOS),
MarHiTHi, €IeKTPOKIHETUYHI Ta €HEPTeTUYHI XapaKTePUCTUKH
Zr1,.CeNiSn. 3pasku cuHTe30BaHO Yy jaboparopii [HCTHTYTY
¢i3muHOi  ximii  BineHcbkoro yHiBepcutery. Meronom
PEHTTEHOCTPYKTYPHOTO aHaIti3y (MEeTO/ MOPOIIKY) OTPHMAHO
MacuBu jganux (mudppaxromerp Guinier-Huber image plate
sysem, CuKa;), a 3a momomororo mporpamu Fullprof [7]

PO3paxoBaHO CTPYKTYPHI XapaKTCPHCTUKU. XIMIYHHHA Ta
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(azoBuil cKIagM 3pasKiB KOHTPOIIOBAIUCS 33 JOIOMOIOI0
MiKkpo3oHI0BOoro anamizaropa (EPMA, energy-dispersive
X-ray anayzer). Po3paxyHKH eIeKTPOHHOI CTPYKTYpH
nposomin Metomamu Kopinru—Kona—Pocrokepa (KKR)
y HabmmwkeHHi KkorepenTHoro mnorteHmiany (CPA) i
nokanbHoi ryctuan (LDA) [8] 3 BUKOpHCTaHHAM 0OMiHHO-
KopeJiiiiHoro moreniany Moruzzi—Janak-Williams [9].
TouHicTh po3paxyHKy IonoxeHHs piBHI DepMi & cTaHO-
Buth +8 wmeB. TemmepaTypHi Ta KOHIEHTpauiliHi

3ajexHocTi muatomoro omopy (r ), xoedirienta Tepmo-
EPC (a ) ta MardiTHOI CipuiiHATIHBOCTI (y) BUMiprOBaITH

B mianasomax: T = 80+400 K Ta NS$®»1.940%° cm?
(x=0.01)-1.9x0% cm® (x=0.10) i Hanpyxenocti

MmarsiTHoro ot H < 10 xE.

2. Hocaimxenns KpUCTATIYHOI CTPYKTYPH
Zr1,CeNiSn. PenrreniBchki  (ha3oBuit Ta CTIpYKTypHUit
aHami3M  ToKasaaM, o Bei 3pasku Zr,CeNiSh, x =
=0.01+0.10 € omHoda3HUMHU. 3aMilllCHHS] aTOMIiB MEHIIIOrO
posmipy Zr (rz = 0.1602 um) atomamu Ce (fce = 0.172 Hm)
OYIKYBaHO Bele 10 30UTBIICHHSA 3HAYCHb ICPIOMy eJie-
MeHTapHoi komipku a(X) Zr,CeNiSn (puc. 1). YrtouneHHs
Kpuctamiyuoi  ctpyktypu  Zri, CeNiSn  mokasano, 1o
HalMeHIIle 3HaueHHsI KoedillieHTa HEeBiJIOBITHOCTI Mozei
CTPYKTYPH Ta MacuBY OpETiBCHKUX BiZIOMTH OTPUMAaHO IS
Monerm, B sKif 3aiiHATicTs mo3uii atomiB Zr(Ce) s
X > 0.01, cranoButs 100 %. Haramaemo, mo crpykTypa
N-ZrNiSn HeBmopsAKOBaHa BHACIIIOK 4acTKOBOro, 10 ~1 %
(v = 0.01), zaiinsarrs aromamu Ni mosumii 4a atomiB Zr
(4’58, wo mopomKye nedeKTH IOHOPHOI MPHPOIH i
MOSICHIOE TIPUPOJy €JIEKTPOHHOTO THITYy IPOBITHOCTI, a
(opmyna crionykn Mae Burysi (Zr1,Niy )NiSn [2].

CBOEIO  YEProw,  ynopsoKyeawnHs — KPHUCTAIYHOL
ctpykTypu Zr,CeNiSn mia X > 001 cBimuuth, mo Ha
it x = 0-0.02 atomu Ni TOKMIAIOTH MTO3ULIO aTOMiB Zr
(4a) (puc. 1): BinOyBaeThcs “3aJiKOBYBaHHS CTPYKTYPHHX
NPUPOIH, IO  CYNPOBOMIKYETHCS
3MEHIIIEHHSIM KOHIIEHTparii JoHopiB. OIHOYaCHO y KpHCTaI

neeKTiB  JJOHOPHOI
y Till camiil kpucTanorpagivHii mo3utii 4a y pasi 3aMileHHs
Zr aromamu Ce MOXYTh TeHEpyBaTHCS abO CTPYKTYpHi
neeKTH aKIeNnTOpPHOI MPUPOAHW, KOIU BasieHTHHH ctan Ce
CTaHOBHUTH 3+, a00 MOHOPHOI, KOMM BajieHTHWH ctaH Ce
craHoBuTh 4+. OKpiM TOrO, YnopsioKyéawHsi CTPYKTYpU
Zr1,CeNiSn poburs il CTIfiKOIO 10 TeMIepaTypHUX Ta
YacOBUX 3MiH, CTBOPIOIOYH IIEPEIYMOBH JUISl OTPUMAHHS
Marepiairy 3i CTablIbHUIMH XapaKTepUCTUKAMH.
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Puc. 1. 3mina snauens nepiody enemenmapnoi KOMipku
a(X) (1) ma konyenmpayii amomie Ni y nozuyii' 4a amomie
Zr (2) Zr1,CeNin
Fig. 1. Variation in (1) the crystal-lattice period a(x)
and (2) concentration of Ni in 4a Zr Zr, ,CeNiSh

3. JocaimkeHHs  eJeKTPOHHOL

CTPYKTYpH Ta
marnitHoi cnpuitnsitamsocti HfNiy, CeSn. Jlns nporso-
3yBaHHS MOBeNiHKY piBHS DepMi &F, mHUpUHU 3200pOHEHOT
30HM &g Ta KIHETHYHMX Xapakrepuctuk ZrxCeNiSn
BUKOHAHO pO3PaxyHOK TYCTUHHM €JEKTPOHHUX CTaHiB
(DOS) nns ymopsiIKOBAaHOTO BapiaHTa CTPYKTYpH Ta
panentHux cranis Ce® ta Ce* (puc. 2). V Bumagky Ce™ y
KPHCTaJIl TeHepYIOThCS NeeKTH aKLIeNTOpHOI IPUPOAH, a
TOMY B pa3i 30i/IbIICHHS] KOHIEHTpAIli JOMIIIKA PiBEHb
depMi & TpsAMye Big Kpal 30HH HPOBITHOCTI &c IO
BaJieHTHOI 30HU &y Zri,CeNiSn, sky mneperHe, KOau
x ~ 0.05. 3 inmoro 6oky, y Bunaaky Ce* BinGysaerscs
nepeOyaoBa 30HU MPOBITHOCTI &c, 3MEHIIYEThCS INMUPUHA
3a00poHeHOI 30HHM, a piBeHb DepMmi & QikcyeTbes OIS
30HA TPOBIJHOCTI  BHACHIJOK JOHOPHOI  HPUPOIH
reHepOBaHUX JIe(peKTiB.

LiKaBUMHU

Y  mpoMy  KOHTEKCTI

TIOPiBHSHHS

BUAAKOTHCA

pe3yibTaTiB  3MIHM 3HAYCHb MAarHITHOL

CIPUAHATAMBOCTI TMAYTi€BCHKOrO TapaMarHeTuka Zry.
«CeNiSn (puc. 3) Ta I'yCTHHH €IEKTPOHHHUX CTaHIB Ha
pisai ®epmi g(er) Zri,CeNiSn wis Bumaaxis Ce® ta Ce*
(puc. 2). JleryBamHs cmabkoro miamarderuka MFZrNiSh
(¢ = -007-10° cMr) [2] HaiiMeHIIOW B eKCIIEpPHUMEHTI
konrenrpariero Ce (x = 0.01) 3ymMOBIIO€ BUHUKHEHHS
napamarsernsmy Iayni (y = 0.23:10° em®/r) (puc. 3).
Tobto Zr1,CeNisSn

BH3HAYAIOTh BiJIbHI €JIEKTPOHH, a i1 3HAYEeHHs IPOIOPLIiHI

MarHiTHy  CHpPUHHSATIUBICTH

0 TYCTHHH €JEKTPOHHUX CTaHiB Ha piBHi Depmi ((eF)

(mst mapamarueruka IMaymi ¢ ~ g(ef)). bepyun no yBarw,
mo Ha AUAHIN KoHmeHtpamid x = 0-0.08 3anexHicTh
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C(X) B Zr,CeNiSn 3poctae, MOXEMO CTBEPIKYBATH
PO TEHEPYBAaHHS Yy KPHUCTaJl CTPYKTYpHHUX He(eKTiB
JIOHOPHOI MPUPOIH. BifACyTHICTH MarHiTHOro MOMEHTY Y
spaskax  Zri,CeNiSn MMaynmi) €
HACJIIKOM BiJICYTHOCTI HECIapeHoro ejaekrpoHa Ha 4f-

(mapamaraeTu3M

oGomoumi (Boma € mycroio (4f%), a ToMy BaneHTHuIA cTaH
Ce cranoButh +4. OTXe, ITOCIIPKEHHSI MarHiTHOI CIIpHHi-
patuBocti Zr.,CeNiSn mokasano, mo aromu Ce He
BOJIOIIIIOTh JIOKAJbHUM MarHiTHUM MOMEHTOM Ha JIJISHIII
koHueHtpauiii x = 0-0.08, a renepoBaHi CTPYKTYypHIi
Je(eKTH MalOTh OOHOPHY TIPUPONY.

Po3paxyHKH [0Ka3yi0Th, 1o y Bunaaky Ce®', xomu y
KPHUCTAJIi TEHEPYIOTHCS aKIENTOPH, I'YCTHHA CTaHiB ((eF)
HE3HAYHO 3MEHIIyeThes Ha aitsHi x = 0-0.02, npoxosuu
yepes MiHiMyMm, komd x =~ 0.02, sxuii 1oB's3aHMU 3
MIPOXOKCHHAM piBHeM DepMi &r cepenuHu 3a00pPOHEHOT
3oad. 3a x > 0.02 BigOyBaeTbcs mepeKOMITEHCALIIS
HAIBOPOBIHUKA 1 MIPKU CTalOTh OCHOBHHMH HOCISIMU
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cTpyMy, a piBeHb Depmi HaONMKAETHCS IO BaJCHTHOI
30HH, Ky mepetHe, koiau x ~ 0.06, mo cynpoBOKYEThCS
301IbIIEHHSM 3HAYeHb TYCTHHHU CTaHiB Ha piBHI Depmi
d(ep). TobTO 3MiHa TycTHHU cTaHiB Ha piBHI Depmi J(eF)
Zr1,CeNiSn mis Bunaaky Ce* ne Y3TOIKYETHCS 3 XOA0M
3aJIe)KHOCTI MArHITHOT CIPUAHSATIUBOCTI (x), iKa B Mexax
koHueHTpauii x = 0.06 mpoxomuth uyepe3 MaKCUMyM i
Ha/laJIi He3HAYHO 3MEHITYEThCS.

CBO€10 4eproro, XapakTep 3MiHM 3HaY€Hb T'yCTUHH
craniB Ha piBHi Pepmi g(er) Zr1CeNiSn mis Bumamxy
Ce™, KOIH y KpUCTali FeHepyIOThCs TOHOPH, GIM3BKHMIA 10
sanexHocti  y(x) (puc. 3), 10 MATBEPKYE paHilie
3poOJIeHUiI BHCHOBOK Tpo BaneHTHUi craH Ce 4+
[MpuBepraemo yBary n0 (axkTy pO3MICIUIEHHS 30HH
npoBigHocTi &c y Bumaaky Ce", mo mposmiserscs, 3a
x = 005 (puc. 2, 6), HasBHICTIO IBOX EKCTPEMYMIB,
BKa3yIOYM Ha 3MEHIIEHHS T'YCTHH €JIEKTPOHHHUX CTaHIB Ha
piBHI @epmi.
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Puc. 2. Pospaxynox zycmunu exexmponnux cmanie DOSZr,,CeNiSh ons Ce*® (a) ma Ce™ (6)
Fig. 2. Calculated dectron densities of states (DOS) Zr.,CeNiSnh for Ce* (a) and Ce** (6)
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MoXeMO CTBEpIXKYBATH, IO CHOaa 3aJIEKHOCTI

C(X), saxmo x > 0.08, BinoGpakae (akT nepebymoBH
eneKkTpoHHol cTpykTypH Zr;CeNiSn i He noB's3aHuit 3
reHEepYBaHHAM Je(DeKTiB aKIENTOPHOI MPUPOIH.

T T T T T T l-O
104Zr, CeNiSn ___—
XX " 5
1 L0.8
0.8 g
Ea F -
] N
m; 0.6 /- 2 F0.6 =
“-’2 0.4+ / . L0.4 %
=021 ¥ e =
) 3 0.2
0.0 A_‘/ I
T —L0.0

000 002 004 006 008 0.10
x (Ce)
Puc. 3. 3mina snauens maenimmoi cnputinamnueocmi y 3a
T=276 K (1) ma eycmunu enexmponnux cmanie na pisni @epmi
9(er) Zr1.CeNiSh ons sunaokis eanenmmuocmi Ce* (2) ma C** (3)

Fig. 3. Variation in (1) the magnetic susceptibility y at 7=276 K
and electron density of sates g(eg) at the Fermi level
Zr,CeNisnfor Ce™ (2) and Ce™ (3)

5. HocmimkeHHsT ~ KiHeTHYHMX
Zr14,CeNiSn
TemnepatypHi 3aJeKHOCTI ITHUTOMOTO EJICKTPOOIIOPY

Inr A/T) ta xoediumienta tepmo-EPC a (1/T) mus

XapPaAKTEPUCTHUK

6.0]Zr, Ce NiSn

b
(=] W
1 i 1
S wIro—

In(o (MxOmM))

(US) w o
(= W [=}
M 1
} (o) ¥}
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10>/T (1/K)
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spaskiB  Zri,CeNiSn, x = 0.1+0.10 HnaBemeHo Ha

puc. 4. Baunmo, o 3anexuocri INr (/T) ta a(L/T) e

TUTIOBUMHU JUIS KOMIICHCOBAHHMX HAIIBIIPOBIAHUKIB 3
BHCOKO- Ta HH3BKOTEMIICPATYPHUMHU AKTUBAIliHHUMU
IIJSIHKAMM, [0 BKa3ye Ha HAsSBHICTh KIJIBKOX aKTH-
BalliHUX MEXaHI3MIB MPOBIAHOCTI. I3 akTHBaMIHHUX

ninsok 3anexuocredt INT (1/T) obuucneno 3uadyenus
eHepriit akTuBauii 3 piBHs PepMmi € Ha piBeHb MPOTi-

. . r . r
KaHHS 30HM MPOBIHOCTI € Ta CTPHOKHM ENEKTPOHIB €

MO CTaHaX 3 EHepriaMu, ONM3BKUMH 10 €, a 3

aKkTUBALIMHUX AinsHOK 3anexHoctedt A (1/T) — snavenns

o a a . .
eHeprii akrtupauii €, Ta €3, IO Jal0Th, BIAIOBIIHO,

3HAYEHHs aMILTITY I MOJYJISILIT 30H HETIepepBHUX EHEprii
Ta JpiOHOMAacmTaOHOI (QIyKTyalii JIETOBAaHOTO HaIliB-
MIPOBITHHKA.

Veemenuss y N-ZrNiSn HaliMeHIIOI KOHIICHTpAIiif
atomiB Ce He NPUBOJMTH JO 3MiHH THUILY IIPOBIIHOCTI,
a 3HAYeHHs

koedimienta TepMo-EPC  3anumrarorscs

Bi' eMHUMH IS yCiX 3HAYEeHb TeMIepaTyp Ta
konuentpariii Ce (puc. 4, 6; 5, 6). Tak, 3a 80 K, 3Ha-
4yeHHs  Koedimienta TepMo-EPC  3MIHIOIOTBCA — BiX
a(x=0)=-14 mxBK" 1o a(x=0.01) =- 1065 mxBK"*
i a(x=0.10) =- 8 MxB-K™. Taka noseninka a(X) mae

MiJICTaBU CTBEP/UKYBATH, III0 YTBOPEHI Y KPHUCTAJi
JIe(eKTH MaIOTh TOHOPHY MPUPOY, IO MOXKIIUBO JIHIIC 33

BajsenTHocTi Ce 4+,

91Zr, Ce NiSn
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Puc. 4. Temnepamypni 3anexcnocmi numomozo onopy (a) ma koegpiyicnma mepmo-EPC (6) Zr1,CeNiSh:
1-x=00% 2-x=0.02 3—x=0.04; 4—x = 0.05; 5—x = 0.07; 6 —x = 0.08; 7—x = 0.10

Fig. 4. Temperature dependences of (a) the resigtivity and (6) thermopower coefficient for Zr; ,CeNiSh at:
1-x=0.01; 2-x=0.02; 3—x=0.04; 4—x = 0.05; 5-x=0.07; 6 —x = 0.08; 7—x = 0.10
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Te, mo y Zri,CeNiSN reHepylOTbCSI JTOHOPH,
MOKA3yIOTh TAKOX 3aJEKHOCTI 3MiHM 3Ha4YE€HbH ITUTOMOIO
omopy I (X) (puc. 5, a). Tak, yBeleHHsS HalfiMeHIIOi B
ekcriepuMenTi Korrenrpaiiii Ce CympoBOMKYETECS CTPiM-

KMM 3MeEHIIEHHAM 3HadeHb I (X) , manpuxian, 3a 80 K,
Bif r (x=0)=47511 MKOMM 110 1 (x=001) =40248 MKOM'M
ta r(Xx=0.10) =28.20 MxOM'M, 1[0 MOXJIMBO JIHIIIC 32
YMOBH JICTYBaHHS HAIiBIPOBIIHUKA JOHOpaMHU. Y TaKOMY
pasi BanenTHicTh Ce 4+,

OTKe, [Ba EKCHEPUMEHTANbHI pe3yjibTaTd, 3MiHa
3HaYeHb IMTOMoro enektpoornopy F (X) Ta xoedinienra
tepmMo-EPC a(X) Zri,CeNiSn, BkasyloTh Ha HasBHICTH
MeXaHi3My TeHepyBaHHS CTPYKTYPHHUX AE(PEKTiB JOHOPHOI
TIPUPO/IH, 3acBiquytoun BaeHTHICTH Ce 4+. A 1ie 03Hayvae,
[0 CTYMiHb KOMIIEHcamii HamiBmpoBiguuka ZriCeNiSn
Ma€ JMIIe 3MEHIIYBaTHUCS, OCKUIBKM MH JIONAEMO Y
HAIBIPOBIIHUK EJIEKTPOHHOTO THITy TPOBITHOCTI N-

"1, Zr.CeNisn
8-
74 2

Inp (MKkOMM)
(V)

S
L i

o (1\/|1KB/IK)

(¥8]
1 "

000 002 004 006 008 0.10
x (Ce)

a
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ZrNiSn  foHOpHM, TeHEpyUYHM CTPYKTYpHI  Jde(eKTH
JIoHOpHOI npupoau. OTpUMaHUi pe3ylbTaT ITOBHICTIO
Y3TOIKYETBCS 3 EKCIICPUMCEHTAIBHUMHU JOCIIIKCHHAMU

MmaruitHoro crany Ce y Zr,CeNiSn, a Ttakox 3

pe3ynbTataMi  pO3paxyHKy eJIEKTPOHHOI  CTPYKTYpH
HAITiBIIPOBIIHHKA.
3MiHa 3HaueHb eHeprii  akTuBamii € (x)

Zr14CeNiSn He mae migcraB TOBOPUTH PO HASIBHICTH

y kpuctami akmentopiB. Tak, skmo y n-ZrNiSn

r - -
3Ha4eHHs eHeprii €, (x) BimoOpakae MONOKEHHS PiBHS

depMi & 10 Kpal 30HU MPOBIJHOCTI, TO JIEryBaHHS
HaIiBIPOBIIHUKAa HAaWMEHIIOK B EKCHEPUMEHTI KOH-
nenrpaiieo Ce (x = 0.01) npu3BOANUTH A0 3MEHIICHHS

3HAYCHb el“ (x) (puc. 6, a). Tobro piBenr Pepmi &

npeiidye y HampsiMi 30HM TPOBITHOCTI, 10 MOXJIHBO
JUIIe y pa3i reHepyBaHHS y KpHUCTajJl JOHOPIB 3a
ymoBu BajeHTHOCTI Ce 4+,

01 {4 Zr,_CeNiSn

-50-
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Puc. 5. 3uina suauvens enexmpoonopy ¥ (X) (a) ma xoegiyienma mepmo-EPC @ (X) (6) Zr1,CeNiSn 3a memnepamyp:
1-80K;2-160K; 3-250K; 4—300K; 5—-380K

Fig. 5. Variationsin (a) theresigtivity I (X) and (6) the thermopower coefficient a (X) of Zr,..Ce,NiSh at temperatures of:
1-80K;2-160K; 3—250K; 4—-300K; 5—-380K

Ilo x y TakoMy pa3i € HPHYNHOI BHHUKHEHHS
makcumymy 3a x = 0.01 na 3anexuocti €5 (X), 3HaueHHs
SIKOT TPOIOPILIKHI A0 aMIUTITYIy MOAYJSLIi 30H Here-
pepeHux enepriii €7 (X) (puc. 6, a), sKa BimoGpaxkae

3MiHY CTyIeHS KOMIIeHcamii HamiBnpoBimuuka? Ha
MEepIIMKA  TMOTJISI, II€ BHIAETHCA MPOSBOM MEXaHI3MYy
TCHEpYBaHHS aKIECHITOPIB 3a HE BIIOMUM JIOCI MEXaHI3MOM,

: a
1110 KOMIIEHCYIOTh JJOHOPH, OCKLIbKH MakcumyM €, (X) 3a

x = 0.01 BimoOpaxae 3MEHIICHHS TUHAMIKH 3POCTAHHS
KiIBKOCTI AoHOPiB v Zr1.xCeNiSn. I 11e mpu tomy, 1o
BiI0yBa€ThCAd TOCTIiMHE 30UIBIICHHSA KIJTBKOCTI JTOHO-
piB, TEHEpPOBAaHHUX Yy KpHCTaJi B pe3yJibTaTi 3aWHSATTS
Ce™ nosuuii atomis Zr. J{jis MOSCHEHHS 1bOTO e(eKTy
HEOOXiTHO 3aJyYUTH Pe3yJbTaTU CTPYKTYPHHX HOCIi-
JOKeHb, SKI TOKa3ajld, [0 y HEJEroBaHOMY HalliB-
npoBigHuky (Zr;yNiy)NiSn nmosunis atomis Zr (4a) no
~1 % (y = 0.01) 3aiiusta atomamu Ni, 110 € TKEpeIoM
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noHopiB. Ha gingHIi KOHUEHTpAaIii JOMINIKOBUX
aromiB x = 0-0.02 BinOyBa€eThCs 3MEHIICHHS Ta MOBHA
JKBIJALIS CTPYKTYPHUX Je(EeKTiB JOHOPHOI NPHUPOAH
(smenwennam Kinbkocmi 0oHopie) 3 3aIHUIIECHHAM aTo-
mamu Ni kpucranmorpadiunoi mosuiii 4a atomis Zr
y pe3ynbTaTi ymopsaKyBaHHs cTpykTypu (puc. 1).
Ockinbku gominikoBi atomu Ce TeHepyIOTh Y KpucTaii
noHopH, To Ha ausHI x = 0—0.02 Ha KOXKHY KIJBKICTh

X yBeJICHUX y KpucTtan goHopis (atomi Ce) BimOyBaeThes

105 T T T T T T 140
1% » Zrl_xCexNiSn -
90+ 120
—~ 751 -
M 100
S
g 60 - 80
o
45 1 L 60
30 - L40
0.00 0.02 0.04 0.06 0.08 0.10
x (Ce)

a
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3MEHIIEHHS HasBHOI KiJbLKOCTI I[OHOpiB Ha 3HA4YCHHA

vy (atomu Ni mokuparots mo3umiro 4a). TobTO MakcH-
MYM Ha 3aJIeKHOCTI ef (X) Zri4CeNiSn 3a x = 0.01

BioOpakae (akT 3MEHIICHHS MIBUAKOCTI TeHepy-

BaHHS JIOHOPIB, IO Yy HAIIBIPOBIIHUKY 3a3BUYal
CIIOCTEpITA€ThCA JIMIIE 33 YMOBH IOSBH aKIENTO-
piB, mo i
Komnencarii [2].

NpUBOAUTL 0 301ILIIEHHS CTYNCHA

l 5 12
= Zr, Ce NiSn
=X X
101 10
N2 L8
m 8- “e
Q ~
E 6%
a T 1 A
w” -\- \ L4 9
" \\\\
-2
24 \‘ -
T T T T T T 0
0.00 0.02 0.04 0.06 0.08 0.10
x (Ce)
[

Puc. 6. 3mina 3nauens enepeiti akmusayii elr X @i ef (X) () (a) ma e3' X @i eg (X) (@ (6) ZriCeNin

Fig. 6. Variationsin the activation energies (a) (1) €, (X) and €] (X) and (6) €3 (X) (1) and €5 (X) (2) Zr.,CeNish

I numre 3a Ginpmimx koHmeutpamin Ce (x > 0.02),
0),
30UIBIICHHS KOHIIEHTpAIlii JOMINIKOBUX aTOMIB BiJIO-
mo vy
€JIEKTPOHHOTO THUITY TPOBITHOCTI

komu aromu Ni mokuHyTh mnosuniro 4da (v

BiJaTUMe KIJTBKOCTI TEHEPOBAaHUX JOHOPIB,
HaIiBIPOBIAHUKY
Zr1,CeNiSn nuire 3MeHIIyBaTHME CTYIiHb KOMIIEH-

caii, mpo Mo CBIUUTH XiJ| 3aJIEKHOCTI ef (X) (puc. 5, a).

Hesnaunmit ekctpemym €5 (X) , sixmo x = 0.08, He ToB’ s3a-

HUM 3 TOSBOI y KPHCTAII aKIENToOpiB, MO MOIJIO
MiABUIIUTH CTYIiHb KOMIIEHCAIlll HaMiBIPOBIIHHUKA, a
BigoOpakae ¢akT mepeOya0BH 30HU MPOBIAHOCTI &c, IO
3a3HAYEHO BHIIIE.

3MeHIIeHHs] 3Ha4YeHb €Heprii akTuBamii CTPHOKOBOL
. . r
nposinHocti €3 (X) (puc. 5, 6) BKasye Ha 3MEHILCHHS

paziyca JoKaizamii eleKTpoHa, MI0 y HaliBIPOBITHUKY
N-TUITYy MOXJIMBO Y pa3i 30ibIIeHHs KiTbKOCTI ToHOpiB [13].
3MeHIIIeHHS MOAYJIAIT  IpiOHO-

3HAUCHb  AMILTITYIH

MacmTabHoi (mykTyamii Bin 3Havens e (x =0,01) =91 meB

1o €5 (x=0,05)=39 meB ra €5 (x=0,10)=0,7 meB Tak
caMO MOXKJTUBE JIMIIIE 32 YMOBH I'€HEPYBaHHs JOHOPIB, IO
3MEHIIIYE CTYMiHb KOMIeHcanii HamiBmopoBigauka [13].
OTKe, pe3yabTaTH KiHETUYHMX IOCTiKeHb Zr1,CeNiSn
JAIOTh TMPaBO TOBOPHUTU IIPO MEXaHI3M TEHEPYBAHHA Y
KpHUCTaTi JTOHOPIB, IO MOXIHBO 3a YMOBH BAaJICHTHOI'O
crany Ce 4+.

BucnoBku. O1xe, JOCITIKEHHsI CTPYKTYPHUX, €Hep-
TeTUYHHUX, MATHITHUX Ta KIHETUYHUX XapaKTEPUCTHK
TepMoMeTpuyHOro Marepiany Zry,CeNiSn mamo 3mory
BCTAHOBUTH CKJIaJHUH MeXaHi3M CTPYKTYPHHX 3MiH, SKi
OPUBOITH 0 crabimizamii (ymopsaKyBaHHS) KpucTa-
CTPYKTYpH, 11O,
CTaOUIbHICTh TEPMOMETPUYHUX XaPaKTEPUCTUK. MokeMo

JHYHOI CBOEI0 Yeprorw, 3abesmedye

CTBEP/UKYBAaTH, 110 OTPUMAaHWi HaIiBIPOBIAHUKOBUI
TBEpAMHA PO3YMH € TMEPCIeKTHBHUM TEPMOMETPUYHUM
MaTepiajoM, 30KpeMa, JJIsi BUTOTOBJICHHS Ha HOr0 OCHOBI
YYTJIMBUX €JIEMEHTIB TEPMOMETPIB ONOpYy Ta BITKH



114

TepMomapu Uil po0OTH y TeMIepaTypHOMY Jiama3oHi
(42 + 1600 K) 3i crabifpHUMH Ta BiATBOPIOBAHUMHU
XapaKTePUCTUKAMH.

Pobora Bukonana 3a rpantom MOH Vkpainu
Ne 0114U005464.
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3anpononosano HAGIUNCEHUII MEMOO NOPAOKOBUX CHIAMUCHUK 011 ONPAYIO6AHHA BUNAOKOBUX CHOCHIEPEINCEHD 34

anpiopi HegiooM020 PO3NOOITYy IMOGIPHOCHI 2eHepanbHoi CyKynnocmi. Bukopucmannsa Habausicenozo memooy He

nompeoye CKNaoHux po3paxyHkie inmezpanie i Kogapiauistna Mampuys 6U3HAUACMbCA 3a 00NOMO2010 HPOCHMUX

apupmemuunux onepauii. Ilooano pe3ynomamu HadAUIICEHO20 MeMOOY | NPOOEMOHCHIPOBAHO 11020 eheKmueHicmb.

Kniouogi cnosa: naoiinicme, Hanpyscenns, 3axXucHa 00010HKA, MOOEAI0BAHHA.

Pazpabomana yucnennan memoouKka uccied08anus NPOUeccos 0ehopmuposanusn 3auiUmHsLX 000104eK

mepmonpeo6pa306ameﬂeﬁ 6 YCIIOBUAX CIIONHCHO20 CUTI06020 U MEMNEPAmMYPHO20 HACPYHCCHUA HA OCHO6E MPEeXMEPHbIX

COOmHoOuIeHuIl mepmomexanuKku. Buinonnenst uccneoosanus 3auWUmHbBIX 060]10‘!8Kpa3ﬂullﬂblx munopasmepoeé na

cmamuuecKyro U UUKJIHYeCKyr0o npo4YHoCcmb 6 yCil06UAX UX euopawmuemux ucnvtmanuil IKCnayamayuu u

ycmanosnenst KoIhpunyuenmol ux 3anaca.

Knrwueswvie cnoea. naoescnocmos, HANPANCEHHOCMDb, 3aUWiUmMHAA 000110HKa, M00€Jl”p06tlﬂue.

Accurate evaluation of possible safe operation of thermowells essentially depends on the accuracy of the maximum stressesin
them during operation. These sresses are generally determined from simple engineering formulas for bulk of canonical





