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Beryn

Oco0IMBOCTI €JIEKTPOHHOI CTPYKTYPH KPHUCTAJTIB MO-
HOCYIBGIAY camapilo 3YMOBIIOIOTH PSAA XapaKTEPHUX
TIJIBKH IS IIBOTO MaTepiajly BIACTUBOCTEH. 30KpeMa, Ie
CTOCYETHCSI BEIMKOrO TEH30pPE3UCTUBHOrO edekty [1],
i3oMop¢HOro ¢aszoBoro nepexoiy | pomy HanBmpoBia-
HUK-METal IPU PEKOPIHO HU3bKOMY ISl HAIiBIPOBiA-
HUKIB THCKY [1], a TakoX BHHHUKHEHHS €JIEKTPHYHOI Ha-
NPYTH pY PiBHOMIPHOMY HarpiBi 3pa3ka B yMOBax Bij-
CYTHOCTI 30BHIIIIHIX Tpaji€HTiB TemmepatypH [1].

V 0CHOBI BCIX IIMX BJIACTUBOCTEN JIEKUTH IOBEIIHKA
Af-piBniB ionie SM?*, sKi 3HAXOMATHCS GNM3BKO 10 JHA
3ouu mposignaocTi (0,1-0,2 eB) i cyTTeBO BIUIMBAIOTH Ha
KOHIICHTPAIliI0 BiTbHUX enekTpoHiB [1, 2]. Ockimbku
KpHucTamun SMS 3a3BUYall KPUCTANI3YIOTHCS 31 3HAYHUM
BIIXHWJICHHSAM BiJ CTeXioMeTpil Ha OiK HA/UIMIIKY cama-
pito [3], ToUuKOBi JedeKTH, K IPU IILOMY YTBOPIOIOTHCA,
TaKOX MOXXYTh CYTTEBO BIUIMBAaTH Ha E€JIEKTPHYHI BJac-
THUBOCTI MaTepiaiy.

3a manumu pobotu [4], y KpHcTagax 3 HAIIHIIKOM
camapiro y 3a00pOHEeHil 30HI yTBOPIOETHCS PIBEHB 3 €He-
prieto ionizarii 0,045 eB, TOOTO 3HAXOMUTHCS MIXK JTHOM
30HH MPOBIJHOCTI 1 HaWBUIMM 3amoBHEHMM f-piBHEM
atoma camapito [1]. Jlanuii piBeHb, IPHUITUCYETHCS aHTH-
CTPYKTYpHOMY aToMy camapito Sms [4]. Takoxk Bimomo,
IO MpY HAUTUIIKY METaly Yy MOHOCYIb(]ini camapito
MOXYTh YTBOPIOBATHCh 1 BakaHcii cipku [5], mpore
iH(opMaIlis, HA OCHOBI SIKOi MOXXHA 3POOWUTH BHUCHOBKH
PO X KOHIEHTpAIIi0, Y JTiTepaTypi BiACYTHSI.

Meroto poOOTH € po3paxyBaTH €Heprii YTBOpPEHHS
BaKaHCil Ta aHTUCTPYKTYPHHX NEe(EKTIB Y MOHOCYAb]I I
camapiro Ta 3 BUKOPUCTAHHSM OTPHMaHHUX 3HA4€Hb NPO-
BECTH TEPMOAMHAMIYHHMN aHaTi3 Ae(EKTHOI MiICUCTEMHU
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HECTEXIOMETPUYHUX KPUCTATIB SMS y TemneparypHOMYy
miamasomi (300-1100) K.

|. Po3paxyHoxk KoHueHTpauiii 1edexTin

KoHneHnTpanii TOYKOBUX Ie(EKTiB y KpUCTali Npu
TemrepaTypi T MoxyTh OyTH BH3Ha4Y€HI IIIXOM MiHiMi-
3aIlii BIIbHOT CHEpTil:

F= Fo"'é. (E+Fvib)[D]+é. E;N, +é. (EJ - e.])n.]

+ nEC - pEV - T(Sn +Sp +S<,c +S<,a)
ne Fo — BiNbHA eHepris, 10 He 3aJICKUTh BiJl HasBHOCTI
nedexriB, E — eHeprisi yTBOpEHHsSI TOYKOBOTO AE(EKTY
(BakaHCi1 4M aHTHCTPYKTYypHOro aroma), Fyp — BijbHa
KOJIMBHA eHepris aedekry, E;— eHeprist yrBopeHHs ioHa
camapito Nj y Jmy 30ymkenomy crani (J=0, 1, 2 [1]),
[D] — konrentparii nedexry D, N Ta p — KoHIIEHTpaIIii
€JIEKTPOHIB Ta HipoK, Ec, Ey — eHeprist 1Ha 30HM npoBia-
HOCTi Ta CTeJi BaJEHTHOI 30HH, S, S, — KoHpirypa-
IiifHa eHTpoMis KaTiOHHOI Ta aHIOHHOI MiArpaToK, S, S,
— EHTpOIIl eJeKTPOHIB Yy 30HI MPOBIJAHOCTI Ta IIpPOK Y
BaJICHTHIH 30Hi.

Eneprii ogHOKpaTHO HOHI30BaHUX IOHOPHHX Ta aK-
LENTOPHUX JIeEeKTiB BU3HAYAIOTHCS BiIIOBIIHO 32 (op-
MyJIaMu:

D)

E1:E0'e1!E1:Eo+el! (2)
ne Eq — eHeprist yTBOpeHHS HEUTPaJILHOTO Je(eKTy, € —
€Heprist HoHi3alil yTBOPEHOro NedeKTy.

3MiHa BIJBHOI KOJMBHOI €HEprii Kpucramy IpH
yTBOpPEHHI BakaHcii [6]:

Fyp = - | KTInBad. KTy +30KT g2, (3)
1 &T 5 % eWo g
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a TIpH YTBOPEHHI aHTUCTPYKTYPHOTO AE(EKTY:

Fap = X 3KTIngr 2, @)

eWo g
X — KUIBKICTh aTOMIB IO 3MiHMJIM YacTOTY CBOIX KOJIH-
BaHb 3 Wp HA M.
3MiHa YacTOT KOJMBAHb aTOMIB B OKOJI aHTHCTPYK-
TypHOro AeheKTy SMS Bru3Havanach 3a popmysorw [7]:

ﬂ — TquSmS . (5)

WO TSquSm
Tyt Tsm, Tsms — TeMIiepaTypu IuiaBieHHs, Osm, Osms —
TemrepaTypu Jlebast A KpuUCTatiB camapilo Ta MOHOCY-
TeGiay camapiro.

Sk BUmIMBae 3 aHamisy [8], mpu yrBopeHHi BakaHCil
YacTOTa KOJNMBAHb HABKOJMIIHIX AaTOMIB 3MiHIOETHCS
(36imbIIIYETBCS YU 3MEHIITYETHCS) TPHOIIH3HO Y IBa Pa3H.
[Mpuyomy, 36impmienns yactotu (0/wp > 1) mpU3BOAUTH
J10 301IbIICHHS eHeprii YTBOpEHHs Ae(eKTy i, BiANOBIA-
HO, JI0 3MEHIIEHHs] KOHIEHTpAIlil BakaHCiH, a 3MeHIIIeH-
Hs1 (0/wp < 1) — Mo 3MeHIIIeHHs eHeprii yTBOpeHHs aede-
KTy Ta 70 30UIbIICHHsS KOHIICHTpAIlii BakaHCii. J{ys orri-
HKM MaKCHMaJlbHOI KOHIIEHTpAIlil BakaHCii mpu pospa-
XYHKY BennmdanHa o/wg npuiimManack pisHoro 0,25.

EnTtpomnito Bu3Hauamu 3a 3akoHoM bonbimana:

S=kin (W) ,
ne W —tepMoauHamMivuHa WMOBIPHICTB.
J71st kKaTiOHHOT Ta aHIOHHOT ITirPaToK:

wo@N+an) N!

© ONPON! T (N-QDDOID]
ne N — KoHIeHTpallist By3JIiB y KaTioHHiH mirparmi, Ny —
KOHILIEHTpallisl HOHIB camapito y JMy CTaHi, sKa, Mpu
BUKOPHCTaHHI CTATUCTUKU BonbliMaHa, BU3HAYAETHCS 3a
¢dhopmyoro:

(6)

(")

N

- N (23+1)exp(- e,/ KT)
"a (23+1)exp(- e, /KT) "
e €3 — CHepris HoHizarii f-enektpona foHa camapito y J
MY CTaHi.
Jlis enexTpoHiB Ta JipOK TepMOAMHAMIYHI HMOBIip-
HOCTI JIOPiBHIOIOTB:

(8)

J

_ Nc! _ N, !
I TS TR R TR TR

ne
m mE,
— KT — KT
n=Nee", p=N,e (10)
Nc, Ny —rycTrHa craHiB y 30HI IPOBIZHOCTI Ta y BaJeH-
THi# 30Hi BiAmoBigHo, Ey — mupnna 3a60poHeHOi 30HH, [
— XIMIYHUH TOTCHINA €NeKTPOHIB, KW BH3HAYAIA 3
PIBHSHHS €IEKTPOHCHTPAIBLHOCTI:

Eg+m

m
& ZID]+@ n, =N - Nje 7 , (11)
Jie Ny — KOHIIEHTpAIlisl HOHI30BaHUX HOHIB, IO Mepedy-
BalOTh y JMy CTaHi.

OCkiJIbKY MMpHHA 3a00pOHEHOi 30HM SMS craHo-
BUTh ~ 2,3 ¢B [9], To npu q0CTiIKYBaHUX TEMIIEpaTypax
KOHLIEHTpALlisl BIIBHUX TIpPOK Oyne HE3HaYyHOK 1 B piB-
HSIHHI €JIEKTPOHEUTPAILHOCTI HEI0 MOYKHA 3HEXTYBATH.

JlonaTkoBO BpaxoBYBAJINUCh YMOBH:
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ESMe+ M+ Vs Bt Ve B= Xan» (12)
ne Xsm — KOHIICHTpAIlis HAJCTEXiOMETPHUYHHX ATOMIB
camapiro, Ta [4]:

N,

n (13)

J ~
1+(23+ ] exp® & TMO
& kKT 7

Enepist yrBopeHHs BaKaHCI# y HalliBIPOBIIHUKY
po3paxoByanuch 3a popmysioro [10]:

E, =E,- E; +E« +DE; +DE,. (14)
Benuunny Eq BBaxkanu piBHOO eHeprii aTomizalii MOHO-
cynmediny camapiro (Ex =9,45 eB [11]).

E; — eHeprist yTBOpeHHs1 HOBHX 3B’ SI3KiB MiX aTOMa-
MH, SIKi OTOUYIOTh BaKaHCIIO:

E, =x>d;, (15)

JIe X — KUTbKiCTh HOBHX 3BsI3KiB SM-SM (st V) un S-S
(st V), 81 — €HEprist OJ{HOTO 3B’ SA3KY, KA MPUAMAETh-
csl pIBHOIO €HEprii IUIaBJIEHHS YUCTUX EJEMEHTIB Sm
(0.089 eB [11]) uu S (0.015 eB [12]).

Ex y (1) Bu3Hauae eHeprito KyIOHIBCHKOI B3aeMOii
aTOMIB HABKOJIO BaKaHCII:

x x
-1 ZasTae
4pe, ex

Tyt z* — edextuBHi 3apsau aromis [13], g9 — enexrpuy-
Ha craja, € — CTaTHM4YHa [ieJIeKTpUYHAa HPOHUKHICTH
(e = 18 [4]), r —BiacTaHb MiXk aTOMaMH OJIHOTO COPTY.

YerepTuii Ta I satuii qogankd y (1) BiamoBiganbHi
3a 3MiHy eHeprii 3B’ 513Ky MK aTOMaMH 3 IepIIoi Koop-
JUHAIHOI cepu HaBKoj0 BakaHcil (AE;) Ta mixk ato-
MaMHd 3 TepuIoi i JApyroi KOOpAUHAIIHHUMHE chepaMu
(AE,). Ilpore, sk O6yno mokaszano y [14], ix BHecok y (1)
HE € CYTTEBUM 1 HUM MOXKHA 3HEXTYBaTH.

Po3paxyHok eHeprii yTBOpEHHSI aHTHCTPYKTYpPHHX
JieeKTiB BUKOHAHO 3 BUKOPUCTAHHAM (DOPMYIIH:

K (16)

Eans) =Eo- XIM. an
2

Tyt Eo , sk i y (14), BBaxaeThCsl PiBHOIO €HEpril aToMi-
3aIii MOHOCYNb(DITy camMapiro, X; — KiIBKICTh 3BS3KiB
MiK HallompkdauMu cycizamu y SmS, Ey s (s) — eHepris
aToMisallii YMCTUX KOMIIOHEHTIB SM UK S, X, — KIJIBKICTh
3BSI3KIB MDXK HAMOJIVKYMMU CYCiIaMH y CTPYKTYpax, sKi
YTBOPIOIOTh YHCTI KOMIIOHEHTH. TakuM YHHOM, €HEpris
YTBOPEHHS AHTUCTPYKTYPHOTO JedexTy mNpuiiMaeThes
PIBHOIO PI3HMII MiXK €HEPri€l0 OIHOIO 3BS3KYy MOHOCY-
Ip(imy camapiio Ta €HEprie€l0 OJHOrO 3BSI3KY OKPEMOro
KOMIIOHEHTY (CaMapiro 4u CipKH) MOMHOXEHHX Ha KOOp-
IMHALiHe yucino SmS.

PospaxoBani 3a dopmynamu (14) ta (17) eneprii
yTBOpeHHS Je(eKTiB  CcTaHOBIATH: Vgn = 11.59 B,
Vs =10.69 eB, Sms = 6,24 B, Ss, = 9,31 ¢B.

3rifHo 3 MiTepaTyYpHUMHU JaHUMHU, BBOKAIH 10 aHTH-
CTPYKTYpHUH JepeKT € MIIKUM JOHOPOM 3 EHEpTi€ro
ionizarii E.-0,045 eB [4], a BakaHCis CIpKH — MiJTKUM
aKIeNTOPOM 3 eHeprieto Honizarii E, + (=0.1) eB [9].

IMpu BuboOpi eHepriii ifonizar f-enekTpoHiB BUKOpHC-
TaHO Pe3yJbTaTH poboTH [1], 3rifHO AKOI y eHepreTud-
Hill CTPYKTYpi MOHOCYNb(iAYy camapiro HEOOXiZHO Bpa-
xoByBat ocHoBHuil f-piBens enextponis (E.-0,23 eB),
nepmuii 30ymkenuit (E.-0,19 eB), Ta apyruii 30ymxe-
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HUH, SKUA KPUCTAJTIYHMM TOJIEM PO3LICTUTIOETHCS Ha
' ate okpemux piBHIiB (E.-0,1164 eB, E.-0,1125¢B, E,-
0,1030 B, E.-0,099 ¢B, E.-0,090 eB).

Eneprii yrBopeHHs 30ymKeHUX HOHIB BigpaxoByBa-
JMCh BiJi eHeprii ocHoBHOro craHy f-emextponiB — E-
0,23 eB.

KoHneHTparisi HaJcTeXiOMETpUYHUX AaTOMIB cama-
pito, 3rigso [15], npuitmanack pisaoto 2-10% v,

3Bakaroyu Ha Te, 110 00JIaCTh TOMOI€HHOCTI MOHO-
cynbohiny camapiro JeXuTh Ha OOl HAUIMIIKY METaly,
TO pPO3paxyHOK MPOBOJMBCS IJIsl MOJIENI B sIKili BpaxoBa-
HO JIMIIE BakaHCii cipku Vs Ta aHTHCTPYKTYpHI aToMu
camapito SMes.

[Iporemypa po3paxyHKy KOHIICHTpaIliii 1e)eKTiB pe-
amizoBaHa uucenbHo Yy cepemoBumi MAPLE-8. Ilpu
LILOMY BHKOPHUCT@HO METOIM BUIAJKOBUX 30YpeHb IS
nomyky Minimymy ¢yskiii (1) ta mertonm mtpadHUX
GbyHKII# U1t BpaXxyBaHHS J01aTKOBOTI yMoBH (12).

[1. Pe3yabTaTu po3paxyHkiB Ta ix
00roBOpeHHs

Boke 3 aHamizy po3paxoBaHUX 3HAYEHb CHEPTil YTBO-
peHHsI eeKTiB MO)KHA MPUIYCTUTH, 110 KOHIIEHTpaIis
BaKaHCI{ MOBUHHA OYTH 3HAYHO MCHIIIOK), aHIX KOHIICH-
Tpalisi aHTHUCTPYKTYpHUX Je(EKTIB, OCKIJIbKH EHeprii
YTBOpPEHHSI LUX JAe(EeKTiB BiJPI3HIIOTHCS TNPHOIU3HO
BABiui. [IparHy4n omiHUTH MaKCUMaJbHY KOHIEHTpAIIIO
BAaKaHCill, 3MiHAa YaCTOTH KOJMBAaHL aTOMiB ®/®mg B iX
okoJ1i Oyna mpuiiasaTa piBaoro 0,25. He 3Bakarouu Ha I,
3TiIHO PE3yabTaTy pO3paxyHKy HpEICTaBICHOMY Ha pH-
CYHKY, KOHIIeHTpallist Vs € OLTBII HiJK Ha I’ ATh MOPSIIKIB
HIDKYOI0, aHDK KOHIEeHTpaulis SMs. Po3paxyHok 3miHM
YacTOTH KOJHMBaHb aTOMIB B OKOJIi QHTHUCTPYKTYPHOTO
nedexty 3a dopmynow (5) mae 3mavenHs w/wgo=1.13.
Tob6To SMg NPakTUYHO HE 3MIHIOE YaCTOTH KOJHMBAaHb
HABKOJIUIIIHIX aTOMIB.

Sk e BUAHO 3 PUCYHKY, KOHIIEHTpalis HOCIiB y Ma-
Tepiam B obmacti remnepatyp (300-500) K Bu3HauaeThCs
OHI30BaHMUMH aHTHCTPYKTYPHUMH aepexrtaMu Sy .

[MpudoMy iX KOHIIEHTpamisi € Maike Ha MOPSIOK BEJH-
YHHU MEHIIOO 3a KOHIICHTPAIliI0 HEUTpaabHUX Je()eKTiB
Sm?. Ipu T >500 K KoHIEHTpallis BilbHUX HOCIiB 3a-
pAny y 30HI MPOBITHOCTI, OKPIM aHTUCTPYKTYpHHX Jie-
(bekTiB, BU3HAYAETHCS 1 IEKTPOHAMU FoHi30BaHUMH 3 f-
PIiBHIB aTOMIB camapiro.

Bapro 3BepHyTH yBary Ha Te, IO B 00JIacTi TemIiepa-
typ T = (500-1000) K pospaxoBaHi 3HaueHHS N Maibke
Ha TOPSIIOK BiAPI3HAIOTHCSA BiJl €KCHEPHUMEHTAIBHUX
3Ha4yeHb. Ha Hamry IyMmKy, Iie MOB’s3aHO 3 THM, IO Y
PO3TIISTHYTIH MOZETI HE BPaxoOBaHO, HASBHICTH JAPYroi
30HU npoBigHOCTI. [IpoTe, HaBiTH 32 YyMOB 11 BpaxyBaHHH,
CHIBBIIHOIIEHHST MK KOHIIEHTpAIisIMA aHTUCTPYKTYp-
HUX Je]eKTiB Ta BakaHCISIMH XaJlbKOT€HY, HaBpsa YU
CYTTEBO 3MIHUTHCS. TakoX 3ayBa)KMMO, IIO KOHIIEHTpa-
11is1 BaKaHCII MOYKE 3MIHIOBATUCH B 3aJIEXKHOCTI BiJl BMicC-
Ty HaJUTUIIKOBUX aTOMiB camapito. Y naHii poOoTi Be-
muuuHy Xgn npuiiMani pisuoo 2-10%° em, ockinbkn
came Taka KUIbKICTh Ha/IJTUIIKOBHX aTOMIB METally yTBO-
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PIOETBCS TIPU CUHTE31 SMS 13 MIMXTH CTEX1OMETPHYHOTO
ckmany [3].

1 Ni=o

N
o

=
[ee]

lg(n,[D], cm™)

=
o

14
300 400 500 600 700 800 900 1000 1100

T, K

Pucynok. TemneparypHi 3ayie:KHOCTI KOHIIEHTpaii ele-
KTpoHiB (N), HOHI30BaHMX ATOMIB CaMapil0 3 PI3HUMH
sHaueHHsaMH J (N;), KOHIEHTparii atoMiB camapito Ny, 1o
nepeOyBalOTh Y CTaHi 3 PI3HUM 3HAYCHHSIM J Ta TOYKOBHX

nedpekris (1 — Smg, 2-9mg, 3- VSO, 4 — Vo) m
kpucrtanis SmS. Excriepument: 4— [15], m —[16].

BucHoBkn

1. Po3paxoBaHO eHeprii YTBOpEHHs aHTUCTPYKTYPHHX
nedekTiB Ta BakaHCiii MeTaly i XaJbKOreHy Y MOHO
cyabdimi camapito. BimmoBigHi 3HAYCHHS CTaHOB-
916, Vgn = 11.59 eB, V5= 10.69 eB, Sms= 6,24 ¢B,
Ssn=9,31¢B.

BukopucroBytoun Meron, mo 0a3yeTbcsi Ha MiHIMi-
3amlii TepMOAMHAMIYHOTO MOTEHIAly KpUCTajia, SK
¢GyHKIIT KOHIEHTpawii Ae(eKTiB, PO3paxoBaHO TeM-
TepaTypHi 3aJIe)KHOCTI KOHIIEHTpAIiii BaKaHCIH cip-
KM, aHTHCTPYKTYPHUX aTOMIB CaMapil0 Ta BIJIbHUX
eNneKTpoHiB. IIpu 11bOMY, BUKOPHCTaHO MOJIENb €HEp-
TETHYHOI CTPYKTYPH KPUCTAJIB MOHOCYIb(iay cama-
pito, y sKifi KpiM OCHOBHOrO CTaHy f-eneKTpoHiB
aTOMIB caMapil0 BpaxoBaHO TEpUIMH 30YIKEHUH
CTaH Ta APYTUi 30yKEHUH, KU KPUCTATIYHUM I10-
JIeM PO3IIEIUIIOETHCS Ha MATh OKPEMUX PiBHIB.
BcraHoBieHO, IO y TeMIEpaTypHOMY IHTEpBaIi
T = (300-1100) K npu KOHIIEHTpaIlil HaIHUIIKOBOIO
camapiro 2.10% em® JIOMIHYIOYUMH TOYKOBHMU Jie-
(eKTaM¥ € aHTUCTPYKTYPHI aTOMHU caMapiro, KOHIIeH-
Tpallis AKUX 3Ha4HO (>5 MOPS/KIB) MEPEBUIILYE KOH-
LIEHTPAIliF0 BaKaHCIH CipKH.

Poboma euxonyemvcs 6 pamkax HAyKO8020 NPOEKNLY
Heporcasnozo azenmcmea 3 numaHs HAyKu, iHHOBAYIU
ma inopmamuzayii Yrpainu (Oepocasnuii peccmpa-
yitnu Homep 0111U005501).

ABTOp BHUCIOBJIIOE BIS4HICTH 1pod. Ppeiky .M.,
k.x.H. ['opiuky I.B. 3a mocTaHOBKY 3a7a4i JOCITIIHKESHHS
Ta 0OrOBOPEHHS OTPUMAaHHX PE3YJIbTATIB.

Lleguyk M.O. — acuipant xadenpu Qi3uxu 1 Ximil
TBEpJOro Tiia.
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Definitely energies of formation of the samarium and sulphur monovacancies and antistructural defects in the

SmS. By minimization of thermodynamics potential to the crystal, as functions of concentration of defects, the
concentrations equilibrium of vacancies are calculated. It is set that in the temperature interval of T =300-1100 K
antistructural atoms are dominant defects in the SmS.
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