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B po6oTi mociipKeHo MPpoLecH TPaHCIIOPTY HU3bKOSHEPTeTHYHUX eK30eJIEKTPOHIB y KpHUCTalli OpoMiny nesito 3
TOYKH 30py €HepreTnuHux Brpar. OOrpyHTOBaHO BHOIp OCHOBHUX MDKYACTHHKOBHX B3a€EMOJIIH, pO3MIIA SIKHX €
aKTyaJIbHUM JUISl BKa3aHUX BHILE NMPOLECIB. YTOUHEHO paHillle OTPUMAHMIT aBTOPaMU Pe3yJIbTaT Il TOBLUMHY LIAPY
kpucrany CsBr, o 6epe yuacTh B €K30€Micii €IEKTPOHIB, a TAKOXX OTPUMAaHO BEIMYMHY Pe3yJbTYI0u0i IMOBIpHOCTI
ix Buxomy. OpnepaHi pe3ysNbTaTH 3aJ0BUIBHO Y3TODKYIOTBCS 3 BIIOMHMH 3 EKCHEPHUMEHTIB, 1 JO3BOJIIOTH
CTBEPXKYBATH, II0 METOJ] €K30€JIEKTPOHHOI eMicii € BUCOKOE()EKTHBHUM [UISl CIIEKTPOCKOMI] Ae(eKTiB MOBEPXHI Ta

TOHKHX IIPUIIOBEPXHEBUX I_HapiB.
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Beryn

[Iporiecu pyxy OO eMITyIOYOi IOBEpXHI HHU3BKO-
eHepretudynux (£ <FE,, ne E,—mupuHa 30HH 3a00po-
HEHHX CHepriil HieleKTpHKa) eK30-, (POTO-, Ta BTOPHHHUX
€JIIEKTPOHIB B JieleKTpuKax moxiOoHi [1-5]. ¥V Bumaaky
HHU3bKOGHEPIreTUYHNX BTOPHHHUX YH (DOTOENEKTPOHIB,
36yKYBAHNX y 30Hy IPOBiZHOCTI 3i mBHaKocTsMI 10'-
10" eJI./C'CM3,

MOXHa TOBOPHUTH TIpo ix “KBasi-
PIBHOBaXKHI” KOHIICHTpalii B 30HI MPOBITHOCTI 1
BIMOBIAHO TMpPO iX CTATUCTHYHHNA CHEPreTHYHHN

pO3MOAIT 1 3acTOCyBaHHS pIBHAHHS bBosibiMaHa st
po3B’si3yBaHHS MpoOjeM TpaHcopTy. B Toil ke dac,
KiJIbKIiCTh 30yIDKYyBaHUX, Y pPEeKOMOIHaIiHHMUX Iporecax
Ha eJEeKTPOHHMX F-IleHTpax, eK30eJEeKTPOHIB y 30HY
nposizHocti He mepesmmye 10%-107 em/c-em’  [6].
BinmoBimHO, 3Ha4HO MeEHMHMMH OyayTh ix ‘“KBasi-
piBHOBaXKHI” KOHIIEHTpAIii B 30HI NPOBITHOCTI, SIKIIO
PO Taki MOXXHA TOBOPUTH. TOMy, BUHUKAE HEOOXiTHICTH
pO3TIAAaTH WMOBIPHOCTI HApOKEHHS €K30€JEKTpPOHa 3
TOIO UM 1HIIIOIO CHEPTi€l0 B peKOMOIHAIIHHUX TpoIlecax,
0 1 3po0JeHo Hamu B psai poOiT [6-8] 1 BBaxkaTH Wi
TYCTHHHU HMOBIpHOCTI (W(E)) €HepreTHYHUMHU
CIEKTpaMH  HApOJDKEHHX  €K30CJIEKTPOHIB, a  JuIs
PO3B’sI3aHHSI MPOOJIEM TPAHCIOPTY TaKOX IepedTH o
MOJIETIBHAX  HWMOBIPHICHHX  €KCIIEPUMEHTIB  pyXy
OKpPEMOTrO  eNeKTpoHa. Takuil MiAgxig  TO3BOJHTH
mependaynTH  JUIIE WMOBIPHICTH HACTaHHS MOJII,
HalpHKIag, TOTO, IO HAPOMKECHUH 3 TOI YW IHIIOIO
€Hepri€l0 eK30eNIeKTPOH JOCATHEe TMOBepxHi 1 Oyne
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eMITOBaHUIl y BakyyM. 3po3yMmijio, LIO Bij Iepeada-
4yyBaHOT NMOBIPHOCTI MOl MOXYTh OYTH BIIXWJICHHS,
NpUYOMY THUM OUIbIIi, YUM MeHIe 30YyPKYyBaHHX
EK30CJICKTPOHIB Y “KOJICKTHBI’” — 30H1 MPOBiTHOCTI.

Bigomo, 1m0  jgieneKTpUYHI  JIy)KHO-TaJOiAHI
kpuctamu (JI'K) € BucokoedeKTHBHUMH eMiTepaMu
BTOPUHHHX E€JIEKTPOHIB — IPH eNeKTpoHHOMY [9] um X-,
BY®-, VY®-ompominenni [2,4]. OxpiM  Mmamoro
eJleKTpoHHOro cropigHenHs y, y JII'K Bucokuii BuXin
HHU3bKOCHEPTETUYHHX €JIEKTPOHIB € CIIPUYMHEHNM TaKOXK
THM, IO IX pyX Y ,0e3medexTHux’ KpucTamax
BU3HAYA€ThCS B OCHOBHOMY B33a€EMOJIEI0 3 KOJMBHUMH
MOJIaMH TPATKH KPUCTAITy, & cCaMe €JIeKTPOH-(OHOHHUMH
B3aemonismu [5, 9]. Uumano cnpo® omucy TpaHCHopTy
HU3bKOeHepreTuuHux enekTpoHiB y JI'K poOunucs y
pi3HI pOKH pI3HHMH TpynaMu gociinHukis [4, 5, 10, 11].
OTprMaHi TEOpPEeTHYHI pe3yJbTaTh AyXe 4YacTto Jodpe
Y3TOJUKYIOTBCSL 3 €KCIIEpUMEHTOM, KOJIM MOBa iijie mpo
IHTErpajibHI XapaKTEPUCTHKH BTOPUHHOI EJIEKTPOHHOT
emicii, Hampukiang BHXiI (KoedimieHT BTOPHHHOI
enexktponHoi ewmicii (KBEE)) [9], y Bumagky x
IUepeHIIfHNX XapaKTePUCTHK, HANPHUKIAL eHepre-
TUYHOTO CIIEKTPa EMITOBAaHHX ENIEKTPOHIB, CHUTyaIlis €
ripmioto [2,3,12].

JITK CsBr 3 momimkowo Eu € mepcriekTUBHUM st
3amucy  iHdopmauii  X-BunpomiHioBaHHsM  [13],
kpuctamu CsBr ta Csl BukopuctoByroTses sk Y D-oto-
katogu [14]. ®Dotokaromm Ha ocHOBi CsBr(Cr) e
NEepPCIEeKTUBHUMH  JUII  CUCTEM  0araToeleKTpOHHOT
aitorpadii [15].
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Edexr ex3oemexkrponHoi ewmicii (EEE) cmocre-
piraeTbcs 3 MOBEPXHI TBEPAMX TUI, MO 3HAXOAATHCS y
HEpIBHOBAXXHOMY €HEpreTHYHOMY cTaHi. s Kpucrana
CsBr opHi€el0 3 MOXIMBUX NEpEeAyMOB MPOTIKaHHA
spuiia EEE € 30ymkeHHs WOro MOMIPHUMH J103aMH
(D<10*Tp) ymerpadionery (Y®) (hv<7eB), mo
CCJICKTUBHO YTBOPIOE aHIOHHI EKCHUTOHH 1 pajialliiHi
nepextn B aHioHHid  migrpatui.  CxemaTH4He
npezacTaBiaeHHs npuroBepxHeBoi obmacti JI'K CsBr
ITCIIsl TAKOTO ONPOMIHEHHsI HaBeJeHe Ha puc. la.

OnHi€0 3 BOXIMBHUX XapaKTEPUCTUK E€K30€MiCiiHOT
CHEKTPOCKOMil TIOBEPXHI € eHeprii eMIiTOBaHUX
eNeKTPOHIB, $Ka, SK TPaBWIO, MEHIIA 3a EHEeprilo
€JIEKTPOHIB y TpoliecaXx BTOPHHHOI Ta (POTOENEeKTPOHHOT
eMiciii, aje mpuOIM3HO Ha MOPSIOK MEPEBHILY€E eHepril
,HETEpMaJizoBaHUX’  €NeKTPOHIB MpPH  KIMHATHIiH
(0,027 eB) Ta BHIIUX TeMIIepaTypax.

B po6oTi, Ha OCHOBI 3aNpPONOHOBaHOI HaMH paHilie
METOJIOJIOTIi  pO3paxyHKy ‘“‘©HepreTHYHHUX CIIEKTpIiB”
HapOJPKEHUX eK30€JeKTpoHiB y kpucranax CsBr, Csl ta
ix xapakTepucTHK [6-8], IOCTIIPKEHO Hpolec TpaHC-
NOPTY  HU3BKOGHEPTETUYHUX  EK30CNEKTPOHIB 10
MOBEPXHI 1 TOAONAaHHS HHUMH TIOBEPXHEBOTO €Hepre-
TUYHOTO 0ap’epy, a TaKOoXK 3p0o0JIeHO crpoly yTOUHEHHS
OIIHKH iX TTIMOWHU BUXOIY — TOBIIMHH EK30€MiCiifHO-
AKTUBHOTO IPUTIOBEPXHEBOTO (CKiH) mIapy.

I. EHepreru4Hi BTpaTu Npu TPaHCHOPTI

Ta MOBHA WMOBIpPHICTH eMicii

1.1. Obrpynmyeanna mooeabHuUxX po3paxyHKie

Crpym EEE yTBOpIOIOTH €TEKTPOHH, IO BUHIILIA 32
MEXXi TBEPIIOTO TijIa i BOJNIOMIIOTh KIHETHYHOIO E€HEPTri€lo
E> 0. TlosBi eKx30e/leKTpOHIB y BakyyMi MNepeayloTh
HACTYIIHI TPH eTaIu:

1) HapO/KEHHSI eK30€JIEKTpOHA Ha IOBEPXHI Y Y
NPUIIOBEPXHEBOMY IIapi Ha rmbuHi d; (puc. 10);

2)#ioro pyx A0 TOBEpPXHI 3 EHEPreTHYHUMUM
BTpaTaMH, SIKi 3ajiexarh Bijl TOro, Ha SAKiA TIHOUHI 1 3
SIKOIO €HEPTI€I0 €K30€JIEKTPOH HapOJUBCS;

3) moonaHHs TIOBEPXHEBOT'O €HEepPreTHIHOro
6ap’epy y. TyT 3ayBaxumo, 1110 KMOBIPHICTh OCTAHHBOTO
eTalty 3aJIeKUTh BiJl €Heprii Ta IMITyJIbCy, 3 SKUMH €K30-
€JIEKTPOH JIOCAT MEXi pO3/Iily OBEpXHs/BakyyM [7].

Haromocumo Ha me opnmiii (OKpiM Mamoi eHeprii
eK30eNeKTpoHiB) ocobmmBocTi sBuia EEE y nopiBHAHHI
3 emiciero Orke-eleKTpOHiB. Bimomo, M0 €IeKTPOHH,
KOTp1 MOKH/JAIOTh IOBEPXHIO TBEPIOTO TilIa Y Pe3yIbTaTi
Oxe-edexTy, € iHPopMaTUBHUMHU 3 TOukH 30py Oxe-
€JIEKTPOHHOI CHEKTPOCKOIIIT MOBEPXHI JIMIIE TOMI, KOJIU
BOHHM IIHIUIM J0 EMITYI0YOi MOBEPXHI 3 CHEPri€ro, 3
SKOI0 HAapOIMJINCS, TOOTO HE 3a3HABIIM EHEPreTHYHUX
BTpaT INpH TpaHcropTi 1o Mexi po3miny. ms EEE
CHUTYyallisl 1HIIa — Ha EKCIIEPUMEHTI PEECTPYETHCS CTPYM
€K30€eMicii, BHECOK y KOTPHH pOOJATH, i, BIMOBIIHO, €
iHQOPMATHBHUMH, 6Ci €MITOBaHI IPUIOBEPXHEBUM
IIapOM TBEPJIOTO TiJla €K30EIEKTPOHH, Y TOMY YHCH Ti 3
HUX, KOTpi 3a3HAM BTpPAT NPHU PO3CiIsIHHI Ha (OHOHAX,
HEHUTpaJbHUX Ta 3apAIKEHUX Ae(eKTax, IHIINX HeHTpax
PO3CISIHHS, OCKINBKH ICHYBAHHS KOXMCHO20 TaKOTO
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€IeKTPOHA CBIAYUTh NP0 HASIBHICTH EJIEKTPOHHOTO
HeHTpa, mo OyB oro mxepenom. Came TOMY IPOBEACHO
JOOCIIDKEHHS. TPaHCIOPTY TaKUX €K30€JEeKTPOHIB 10
eMITyrouoi TOBepXHI Ta iX eHepreTMYHuX BTpar,
pe3yJbTaTH SIKUX HaBEICHI HUXKYE.

Hns JITK CsBr panime HamMu 3 KBaHTOBO-
MeXaHi4HOI TOYKH 30py pociimkeHo 1-uii eran EEE [6-
8,16]. Etanm TpaHcmopTy 3 HACTYIHUM BHXOJAOM Y
BaKyyM € CKJIQJHUM ISl TEOPETUYHOI'O OIHMCY 3 OTIISIY
Ha YUCIICHHICTh 1 pI3HOMAHITHICTE B3aeMOAIH ¥y
3a0apBICHOMY E€K30€MiCiiHHO-aKTUBHOMY IIPHUIIOBEPX-
HEBOMY cKiH-Tmapi [17].

OCKiTbKH cepenHs EHepris HapOHKEHHUX
ex3oenekTpoHiB y CsBr cranoButs mopsiaky 1 eB [6,7],
MOXXHa TmependadnTH, SKi TpolecH OyayTh BHU3Ha-
YaJbHUMH TPU X pycl 10 MOBEPXHi: TaKi €JEKTPOHHU
3a3HAIOTh PO3CISIHHS HAa ONTHYHUX 1 aKyCTHYHHUX
(donoHax (eneKTpOH-(POHOHHI B3aEMOMIl XapaKTepu-
3yIOTBCSl JIy)K€ MalliMH BTpaTaMH EHEeprii - IecATKH
MeB), MOBTOpPHO 3aXOIUTIOIOTHCS HA MACTKH, @ TaKOX
PO3CIIOIOTHCS Ha Jle(eKTax.

B MopmenpHMX po3paxyHKax BBaKaTUMEMO, IO
CIeKTPOHU pPYXaloThCS y 00’€Mi KpHCTala B3IOBXK
CTOXAaCTUYHUX TPAEKTOPIH SK KBa3iKJIIACHYHI YACTHHKH.
CopaBni, y [18] mokasaHo, 1m0 BTOPHUHHI HHU3BKO-
€HEepPreTUYHI eIeKTPOHH € CHIIBHO JIOKAJIi30BaHi, TOMY Ha
OWIHKY IX TPaHCHOPTY KBAaHTOBi €()eKTH BIUIMBAIOTH
cnabko. 3ayBaKMMO, WIO pO3MIISLA TPaHCIOPTY SIK
mudysiiiHOro mpouecy MOXJIMBUN TOJI, KOJIH CEPEaHs
JIOBXXMHA BUIBHOTO NpOOIry HE 3aleXuTh BiJ eHeprii
€eKTpoHa [5], a y HalloMy BUMAJKy L€ HE TaK.

PoscisiHHS Ha nedekrax Ta 3aXOIUIEHHsS Ha MacTKax
CIIIHO 3aJIeXHUTHh BiJg 3HaKy pAedekra, KOHICHTparii
HE3allOBHEHWX TMACTOK. Take pO3CIsIHHSI BpaxyeMo
SIKICHO, IIUISIXOM BBEACHHS €(EKTHBHOI TITMOMHH BUXOLY.
3ynuHUMOCS JeTajbHIlle Ha eHePreTHYHHUX BTpaTax Mpu
B3a€EMOZIAX 3 ONTHYHUMHU 1 aKyCTHYHUMHU (OHOHAMH,
HOHIB KpHCTAIIIYHOT TPAaTKH 1 Taki B3a€MOJIl € HAWOUIbII
epekTuBHUMH [5].

OCKIIbKM  PO3CiSIHHSI Ha aKyCTHYHHMX (OHOHAxX
BiZirpa€ BaXJIMBY pOJIb, SKIOIO 3HAYEHHS EHepril
enekTpoHa mnepesumye 2-3eB  [4], Mm  HuM
HEXTYBaTUMEMO 1 BpaxOBYBAaTHMEMO JIMILIE BTPAaTH Ha
MoJISIpHU3aliitHy enekTpoH-LO-poHOHHY B3aemomiro. Lle
IpUBEeNe [0 JESIKOTO 3aBHIIEHHA pPE3yJNbTaTy st
TIMOWHN BUXOIY €K30€NeKTPOHiB. PO3CisHHS Ha aKyc-
THYHUX (POHOHAX € KBa3iIPYXKHUM IPOIECOM, SIKHH
pOOHUTH BHUMAJKOBHUM HAIpPSIM PyXy, TOOTO BEIHKOIO €
HMOBIpHICTh BUHUKHEHHS BIIXWJIEHb HA BEJHKI KyTH Bix
MOYAaTKOBOT'O HANPSMKY pyXy Ipu 3iTkHeHHsiX [3,19], a
NIPU PO3CISHHI HAa ONTHYHMX (POHOHAX HABIAKH — OLIbII
HMOBIpHUM € 30€pe)KeHHs HalpsMy pyXy €JIeKTpoHa (3a
[5], MamokyTOBI BiZXMICHHS, MO CTAHOBIIATH 0-5°).

BignocHo CJIEKTPOH-EJIEKTPOHHUX  B3aeMOAIN
30yMKeHNX Yy 30HY MPOBITHOCTI HHU3BKOEHEPTETUIHUX
€JIeKTPOHIB, 3ayBaXHMO Take. 3 eKCIepUMEHTAIbHUX
pe3yNbTATIB BiIOMO, MO TYCTHHA CTPYMY €K30eMicil 3
mosepxHi CsBr y MakcuMymax TepMOCTHMYIbOBAaHOL
EEE (peectpyeThCsi TpW HarpiBaHHI TOTEPEIHBO
36ymkeHoro  kpuctany) cranoButh  10%-10° erm/c-em?,
Tomi KUIBKICTH ~ €K30€JIEKTPOHIB, 30y/KyBaHUX Y
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Puc. 1. a) CxematnuHe 300pa’keHHS IpUIIOBEpXHEBOi obmacti kpucramy CsBr, ompoMiHEHOro MOMipHUMH
nozamMu YO: d, 5 ~ 107 cm — 3abapBieHni map; d . ~ 10 oM — urap, 1o abcopodye YD; d,, = 10°-10% cm — map,

II0 aHATI3y€eThCI MeToAOM ek3o0enekTpoHHoi eMicii (EEE).

6) IlpunoBepxuesmii mwap kpucrany: A(E) - IOBKHHA BUILHOTO MPOOIry €K30esieKTpoHa 3 eHeprieio E; d -
MaKCHMallbHa TJIMOMHA BHMXOJY €K30€JEeKTPOHIB;, X — ILIAX EK30€JEeKTpOoHa 3 TJIMOMHU ,,00°eMy” (Bif TOYKH
HapOJKEHH) 10 ,,[I0OBEPXHi” (JeTAIBHIIII TOSCHEHHS — JIUB. TEKCT).

pexoMOiHaLIHHMX TMporecax Ha F-meHTpax y 30HY
npoBixHOCTI, He mepesumye 107-10° en./c-em’. Tak 3BaHi
MapHi  eJeKTPOH-CNIEKTPOHHI B3a€MOJIi MOYHMHAIOTH
NPOSBISITUCS TIPU  KBa3ipiBHOBKHUX KOHIEHTPALIIX
€JIEKTPOHIB Yy 30HI MPOBIAHOCTI, MO0 IEPEBHUILYIOThH
10" cm™ [9]. ToMy eneKTpOH-EIeKTPOHHI B3a€MOIIT mpH
pyci €K30eNeKTPOHIB J0 MOBEPXHI Ta IMOMOJIAHHI HUMH
TIOBEPXHEBOTO €HEepreTUIHOT 0 6ap’epy HE
PO3MIIAATHMEMO B3arali.

1.2. Enepeemuuni émpamu npu mpancnopmi

PosrnsiHeMO Ge3nocepeaHb0 APYTHH eTall MpoIecy
ek3oemicii. Xo4ya eK30€IeKTPOHU eMITYIOThCA 3 TOBEPXHI
TBEpAOTO Tiﬂa, HapoauTHUCA BOHU MOXYTbH SAK Ha
MOBEpPXHI, TaKk 1 B 00’eMi KpHcTajia — CKpi3b, 1€ €
HaBeJIeHI pajiallifiHUM  ONPOMIHEHHSM  EJIEeKTPOHHI
eHTpH 3a0apBiieHHs (puc. 1a). Y Opomifi 1e3ito TaKuMu
LeHTpamu € F-LieHTpu — aHioHHA BakaHcist (Opomy), 1o
3axonuiia €JIeKTPOH. MM Ha3UBaTUMEMO “MOBEPXHEI0”
MIPUITOBEPXHEBUH MIap 3 TOBIIMHOIO, CIIBMIpPHOIO 3
CEpeHbOI0 JOBXHHOIO BIIBHOTO TPOOITy BiTHOCHO
3iTkHEHb — A (puc. 10), To0TO “noBepXHEBi” €IEeKTPOHU
HE 3a3HAIOTh CHEPreTHYHHX BTpPaT MPH pyci IO MeEXi
po31iny “TBepAe TijIo/BakyyM”, a TOMY iX eHepreTHYHHN
CIEKTp TPH MiAX0Al 10 Iiel Mexi mojiny criBnagae 3i
CIIEKTPOM HapOKEHUX eJIeKTpoHiB. “O06’eMoM” Ha3uBa-
THMeMO 1ap ToBIMHOW d” = d - A, e d — MakcuMaJbHa
MIMOMHA BUXOAY C€K30€JCKTPOHIB (IepepaxoBaHa 3a
HaBeneHOw y [17] cxemoro HaONMKEHA OIIHKA 3BEPXY
mana 1100 am). I'padiuHa cxemMa OPHUITOBEPXHEBOTO
mIapy KpUCTaly 3 OCHOBHUMH BBEIECHHMH TIJIMOWHAMHU
HaBejIeHa Ha puc. 10.

IoxnaBmm temnepatypy 7=300K, y CsBr gns
ex3oenekTpoHa 3 eHepriero 2,00 eB moekuHa BiTEHOTO
mpobiry craHoButh A=3HM [7], a mia “o0’emy”
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d*~ 1100 BM.

BBeneMo psin BeNMUYMH JUIS ONKHCY TPAHCIOPTY
€K30€JIEKTpOHa J0 TOBEPXHI Yy KBa3i-KIACHYHOMY
HAOJMDKEHHI: M — KUIbKICTh 3ITKHEHb 3 (POHOHAMH, SIKHUX
3a3HAaB  €K30€JIEKTPOH MpU  NPOXO/DKEHHI  LIapy

. E
TOBLIMHOIO X B Kpucrani; N(E)=—=— MakCHUMaJIbHO
AE

NPUIYCTUMA KIiJbKIiCTh 3iTKHEHb 3 LO-oHOHaMM 10
TepMaizamii, e AE — cepemHi BTpaTH 3a OIUH aKT
po3scisgHHA Ha (poHOHAX [20]:

he,

AE(T)=W,

O]
ne wp — rpannyda (k — 0, wy(k)) yacrora LO-k0oIMBHOT
BiTkH, mo st CsBr cranosurs 1,87-10" ¢! [9];

n(T) — TemmepaTypHa 3aJIeKHICTh KUJIBKOCTI ONTHYHHUX
(oHOHIB 3 eHeprielo hiw, -

-1
ho
n(T) =| ex L-1] ; 2
() P( e j 2)
Hns  #iMoBipHOCTI 3a3HaTW m  3iTKHEHb IIpU
MIPOXO/KEeHHI IIIAXY X [21] MaTumemo:
1 x 5 x
P (x,E)=—| 77— | expi—7——% 3)
i ((e)) P )

Tyt </”L(E )> — CepellHsl JOBXMHA BLIBHOTO MpOOiry
enekTpoHa 3 eHepriero E. OCkinbKd 3a m 3iTKHEHb
CNIEKTPOH BTPaTHTh CHEPTil0 mxAE , 3a BUpa3 IS
</1(E )> Bi3bMEMO CepelHe 3HAUCHHS JOBXUH BiTBHOTO

npoOiry npu MakCHMalbHIH Ta MiHIManbHIM eHepril
€K30€JIEKTPOHA!
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Puc. 2. Benuuna Ag

€HEepPreTHYHUX
€K30€JIeKTpOHa, HapOKEHOro 3 eHepriero E mpu
MPOXO/PKeHHI IUIIXy X B kpuctaii CsBr.

BTpaT

1

</1(E)>:E(A(E)+/I(E—mxAE)). 4)

Buxopucrasmm AHATIITHYHY KBa3UIiHIHY

€HEepPreTU4Hy 3aJIEXKHICTD A (E ) [17]

AE)=4 +AE (uis  CsBr mapamerpu Ay i 4

cragoBnate 2,6 A Tta 13,6 A/eB, BignosimmoO),
oTpumaemo s (4)

AE
(A(E)) = 2(E)-"2EA )

Brparu HapomxeHoro 3 eHepriero E Ha TnuOuHI d;
(d>d;>A) Bin Mexi posmity “TBepne Tino/Bakyym”
€K30€JIeKTPOHA IIPU MPOXO/PKEHHI NUIsIXy X = d; - A B
“00’eMi” (muB. puc. 10) 3ammMmemMo, BHKOPHCTOBYIOUH
3aIeXKHICTD (3):

N(E)

> mAE P,(xE)
de(x,E) =22

(6)

N(E)
> P, (x.E)
m=1

YucenbHuil po3paxyHOK €HEpreTUYHUX BTpar 3a (6)
3 BpaxXyBaHHSM HaBEJCHHX BHIIE CIiBBigHOMICHE (1)-(5)
Jla€ pe3yJIbTaTH, HaBe/leHl Ha puC. 2.

CkopucraBmmch pesyipratramMu  (6), po3paxyemo
€Heprii, SKUMH BOJIOJIIOTH €K30€JICKTPOHHU, HApOKEHi
Ha rmbuni d; 3 E=F 4, » IPH MiAXO01 10 “moBepXHi™:

)

ne E; — eHepris ek30eIeKTpoHa Ha MIHOHMHI A (TOBIIUHA
“noBepxHi”);
E, — eHepris ex30eleKTpoHa Ha riMOuHI d; (rmubunHa

E,(d.E,)=E, -As(d - AE, ),

HapOJKCHH);
d,—A — IX, SKUH HPOXOIUTh EK30€JIEKTPOH [0

“noBepxHi”.

I'padiune 300paxeHHs 3aJI€KHOCTI, pO3paxOBaHOi 3a
(7) mns pi3HMX TIMOWH HAapOIKEHHS E€K30€JIEKTPOHIB,
HaBeJeHe Ha puc.3. 3 anamizy wmiei rpadivHoi
3aJIeKHOCTI MOXXHa 3pOOMTH BHUCHOBOK IIpO T€, IIO

di-1, HM

Puc. 3. Eneprii ex30e1eKkTpoHIB Ha “NOBEpXHi” (IUB.
nosicaeHHsI 110 (7)).
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MaKCHMaJlbHa TJIMOWHA BUXOJY PEaJbHO HE IEPEBUILYE
6 HM a1 HU3BKOCHEPIeTUYHHMX EJEKTPOHIB, SKUMH €
HapO/PKEeHI €K30€IeKTPOHH.

[Ipurangasom, K MU BBEJIM Y MOJEIBHOMY PO3TIISI
“NOBEPXHIO”, OCTATOYHO i MAaKCHMAaJIbHOI TIHMOWMHH
BHAXOAY MaTHMeMo 9 HM. 3ayBa)XuMo, IO I pe3yabTarT
HETOTaHO Y3TOJUKYETBhCA 3 eKCIIePHUMEHTATbHIM (6-
7 HM), onepkaHuM B poOoTi [22]. TIpoBemeHe komir -
I0TEPHE MOJETIOBAHHS AaJ0 Ul TJTMOMHY BUXOIY €K30-
enektpoHiB 10-20 um [23]. TakuM YMHOM, HUIIXOM Bpa-
XYBaHHS TOTO, 1[0 €K30EJIEKTPOH 3 Pi3HOI HMOBIPHICTIO
MOX€ 3a3HaTH Pi3HY KUIBKICTH pO3CiSHb, HAM BJIAJIOCS
Jy’K€ CyTTEBO YTOYHHUTH OILIHKY JUIS TOBIIMHU €K30-
emiciiiHo-aktuBHOTO mapy (9 Ta 1100 HM BiANIOBIIHO).

1.3. Iloena timogipnicme akmy exk3oemicii

Ilepeiinemo 10O  po3misily  TPETbOrO  €TaIy
enemeHtapHoro akty EEE — monosnaHHs MOBEpXHEBOTO
E€HepreTHYHOro 0ap’epy eK30eNeKTPOHOM Ta po3-
paxyHKiB IMOBIPHOCTI LIbOTO aKTy B IJIOMY.

Po3paxyHok edeKkTUBHOT TIHMOMHHM 30HH BHUXOIY
€K30€JIEKTPOHIB A, (mudys3iitHOro mpooiry), skuii Bpaso-
BYy€ TMpPOIECH pPO3CiISHHA Ha (oHOHAX Ta Jedekrax,
npopeaeHo Hamu y [7]. Jma A, AK TOBLIMHK
npunoBepxHeBoro mapy CsBr, 3 sikoro emicisi MOXXinBa
3 WUMOBIPHICTIO 1/, IS eK30€NEeKTPOHIB 3 cHeprieio 2 eB
orpuMaHo = 14 HM. [EK30eNeKTpOHH, HAapOMKEHI B
NPHUIOBEPXHEBOMY IIapi TOBIIMHOIO TOPSAAKY A 3
BEJINKOI0O WMOBIPHICTIO MOXYTh JIOCATTH TIOBEpPXHi
KpHCTally, 30epirmm 3HaueHHsS EHeprii Ta iMIyJbCy,
OTpUMaHI TIpH Hapo/yKeHHI. BHecok “rmmOokux”
€K30€JIEKTPOHIB, HAPOKECHUX B TJIMOWHI KPHCTAIy Ha
BiICTaHsX X > A, BiJl TOBEpXHi, HE € CYTTEBHUM Y
pPE3YIABTYIOUOMY CTpyMi eK30eMicii (ogHaK TpolecH
TEPMOAKTHBOBAaHOI  MUQY3ii  eK30eMiCiiiHO-aKTHBHUX
HEHTpiB 13 30yMKEHOTO IPHUIIOBEPXHEBOTO  IIApy
kpuctany (puc. la) y ex30eMiCiiiHO-aKTHBHUH Imap
3HAYHO BIUIMBATUMYTb Ha MPOLCCU HAPOCTAaHHA Ta
3aracanHs ctpymy EEE).

IToBHa  ¥IMOBIipHICTH ex3oemicii

aKTy F,
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0.12
0.08
0.04
0 1 2 3 4E eB >
Puc. 4. IMOBipHICT ~ MOJONAHHS  MOBEPXHEBOTO
E€HEPreTUIHOTO Oap’epa €K30€TIEKTPOHOM B

3aJIeKHOCTI BiJl HOoro eHeprii B 30HI NMPOBIAHOCTI Ta
€HEepreTH4YHOi BUCOTH Oap’eépa y PI3HUX TOYKax
€MITYyI040i OBEpXHi (a) Ta Juis BUNaaKy (hikcoBaHOTO
enekTpoHHoro cropignenns y = 0,11 eB (6). O6nacth
nokamizamii a = 0,3951 uM.

BH3HAYA€ThCS JOOYTKOM HMOBIPHOCTEH — OCKLIBKH
BiIOYBAIOThCSI TPU TMOCHIAOBHI mmomnii: 1) HapomKeHHS
€K30€eJIeKTpoHa (HMOBIpHICTH sKOI P;); 2) NOCSTHEHHS
MTOBEpXHI HAPOHKEHUM €K30eJIeKTPOHOM (MMOBIPHICTB
sikoi Py(x, E) 3anexxuTh Bif TTHOWHN HApOIHKEHHS X, Ta
€Heprii, 3 KO BiH HAPOIJWBCS — OCTAHHSA BH3HAYAE
edextuBHy TrIMOMHY BHXOHY Ag);  3) MOJOJAaHHS
TOBEPXHEBOTO EHEpPreTHYHoro Oap’epa (MMOBipHICTH
sikoi P3(y, E) 3alIeXuTh BiX BUCOTH 0ap’epa y Ta eHeprii
E, 3 KO0 €K30€JIeKTPOH JOCAT TIOBEPXHi).

Jlns moBHOT MIMOBIPHOCTI €JIEMEHTAPHOTO aKTy eMicii

ex3oenekTpoHa MaeMo By, = R, x P, (x, E)x P,(x,E)  ne
Pz(x):%xexp - ®)
ef.

OCKIJTBKH PO3TILIIAETHCS 130TPOITHA MOJIETh, Y BHPa3
(8) Oymo BBemeHO MHOXHHMK Y2, KOTpHUH  aJs
€K30€JIEKTPOHa O3Ha4a€e HMOBIPHICTh MOYATH PyX Bropy
(y BepxHilt miBcdepi 27 - 10 IOBEPXHi) IS €IEKTPOHIB,
HapOKEHHUX Ha TITHOWHI X.

Jlst WIMOBIpHOCTI HApODKEHHS €K30eJeKTpoHa P,
Bi3bMEMO TOBHY IMOBIPHICTh HApOJDKEHHS €K30-
enektpoHa 0,6 [8] (Tak MM TPOXHU 3aBHIIyEMO 3HAYCHHSI
HAIOI OI[IHKH, YOro, OJHAK, YHHUKHYTH HE MOXEMO -
3BXKAIOYM HA Maly KUIbKICTh €K30CJIEKTPOHIB, IO
HapOJDKYIOThCS 32 CEKyHIy B OJUHHI 00 €My, TPaKTy-
BaHHA IX SK KOJIEKTHBY, IO IiJUIra€ CTaTHCTHYHUM
3aKOHOMIPHOCTSIM, € JIeT0 HAaOIKEHIM).

Jist pospaxyHky HmoBipHOCTI Ps(y, E) mononaHHs
MTOBEPXHEBOTO EHEPTeTUYHOTO Oap’epy eK30eIeKTpo-
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HaMW, HapOKEHHNMH Ha ,,[IOBEPXHi’, BHUKOPHUCTAEMO
CXeMy, aHaJIOT14HY 3aIpOIOHOBaHiil HamMu padimie y [7],
OHAK  3aMICTh  aQPOKCHMOBAHOI'O  EHEPreTUYHOTrO
CIEKTPY HAapOJKEHHX EK30CJIIEKTPOHIB BUKOPHCTAEMO
HOT0 ICTHHHUN BUTIISI.

Bupas st IMOBIpHOCTI TOOJIaHHSI [TOBEPXHEBOTO
E€HEePreTUYHOTro Oap’epa eK30€JeKTpOHAMH 4Yepe3  iX
eHepreTuuHuil posnoiin f(E,{2) 3anumeMo y Takui

crocio:
277 Opax

P(1.E)=[ [f(EQ)sin0d0dp.
0 0
TYyT MeXa IHTEeTpyBaHHSA NO KyTy 6 3HAXOAWUTHCH 3 TakK

(€))

/2
3BaHOi YMOBH ,,KoHyca” [7]cos@, = (%) . Ockinbkn

pO3TIsA PyXy BENeThCS B 130TPOINHINA MOJENi, TO B
posmonaini f(E,£)) MOXHa BHUAUINTH CHEPIeTUYHY Ta
kyroBy uyactunu: f(E,€)) = f(E)xf(€). KyroBy uactuny
3amumeMo K f(€) = 1/2z (po3noain HapoKEHUX
€K30€JIeKTPOHIB 332  IMIIyJIbCOM  130TpOIHMH), a
eHepretnyHa f(E) — 1e €HEpPreTWYHUH  CHEKTp
HapoJpKeHnX ek3oenekTpoHiB W(E,a;) (Tyr a; — paaiyc
obuacti ,,JJokanizanii” enekrpona Ha F-nientpi). Toxni (9)
MaTHMe BUTIISA:
2r arccos(m) 1
133(;(,E)=J. —xW(E,a,)sinf@d0dg .
0 0 2r
(10)
Po3paxyBaBmmm Okpemi BHYTpIIIHI IHTETpaaw IO
KyTax, OTPUMAEMO:

P(y,E)= 1—\/% w(E.a).

Panime, y po6oti [7], mpu po3paxyHKy WMOBIpHOCTI
MOJIOJIAaHHSI TIOBEPXHEBOI'O EHEPreTHYHOro Oap’epy B
i3orponHii Moneni EEE, ne B sikocTi “‘eHepreTHyHOl
YaCTHHU 3arajlbHOTO “‘€HePreTUYHO-KYTOBOTO CIEKTPY”
ek30e1eKkTpoHiB W(E, () BUKOPUCTOBYBABCSI €KCIIOHEHT-
MifHANA “MaKCBENIBCHKHIA XBICT HOPMOBAHOTO PO3IIO-
IUTy”, 1 pe3ynbTaT BHUSBHBCA 3aJIS)KHHUM Bifl CepeIHBOL
eHeprii eK30€JeKTPOHIB, M0 pPOOWIO HEKOPEKTHIM
MOJJANTBIIIE 3aCTOCYBAaHHS Ili€l 3aIeXKHOCTI y pO3paxyH-
KaX, KOTPI CTOCYIOTbCSI OKPEMOTO €K30€JIEKTPOHA.
HaromicTh  TyT, TIpM  BHUKOPUCTAaHHI  ICTHHHOTO
“@HEpPreTUYHOr0 CIEKTPY HAPOPKECHHX EK30€JICKTPOHIB
W(E, a;)”, momiOHOro OOMEXCHHS HEMa€, OCKUIbKU
OTpHUMaHa HMOBIPHICTb 3aJI€KHUTh BiJl €HEPTii eeKTpOHa.

Posrmsag  3anmexxHOCTI  MIMOBIPHOCTI  TIOJOJAaHHS
MIOBEPXHEBOTO €HEepreTUIHOr0 Gap’epa Bil
€JIEKTPOHHOTO CIIOpPITHEHHS MaTepiany, MpOBEICHHHA
HaMU 3311 3arajbHOCTI PO3IIIALY, € BHUIIPABIaHUM
TAaKOX 3 TOYKH 30pY HaBiTh OJHOTO KOHKPETHOTO
MaTepiary — cIpaB[ii, IpY 10HI3yI0OUOMYy OIIPOMiHEHHI Ha
noBepxHi JII'K 3’sBhsitoThecss TOYKM (UM HAaBiTh ITLTL
00macTi) 3 BiIMIHHUM €JIGKTPOHHHM CITOPiJEHHSM, T. 3.
CHHTYJISIPHOCTI, JUISl IKHX ¥ MOXE CyTTEBO BiJPi3HSITHCS
Bil IPUITHATOTO YIS IIbOTO KPUCTATY 3HAYCHHS.

Pe3ynbraT MammHHOTO po3paxyHKy Bupasy (11) aus
HalOuIbI (izumyHOI obnacTi Jiokasizanii 300pakeHO Ha
puc. 4a. baunmo, mo s Bunaaxky CsBr (npu cepenHbo-
My 3HaueHHi y=0,11eB), uga HMOBIpHICTH ISl €K30-

an
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eneKkTpoHa 3 eHeprieto 2 eB cranoButs 0,15 (muB. puc.
46). Tomi moBHa WMOBIpPHICTP BHXOAY EJIEKTPOHIB,
HapO/DKeHNX Ha mmoOwHI X = A =3 HM 3 eHeprieio 2 eB
(m7s HUX eHepreTHYHi BTpAaTH MOXKHA HE BPaXxOBYBATH),
nmopiBaioBaTEMe P = 0,6x0,4%x0,15 = 0,04. Takoro x
mopsiaky (= 0,10) ¥MOBIpHICTE BHUXOIY TIOBLIBHUX
BTOPUHHHX €JIEKTPOHIB OTPUMaHa eKCIIEPUMEHTAJIBHO B
[9] st Tonkux mapiB CsBr.

€K30€JIeKTpOHa sIK JOOYTOK HMOBIPHOCTEH TpPHOX
HOCIIIOBHUX  IOAIl: HApOIDKEHHS  EK30JIEKTPOHA;
JOCSTHEHHS ITOBEPXHI HApODKCHUM €K30€JICKTPOHOM Ta
MOJIOJIAHHSA  TOBEPXHEBOTO EHepreTudHoro Oap’epa.
Otpumana i OIliHKA, 33JOBUIBHO Y3TOJKYETHCS 3
eKCIepUMeHTaIbHUMH JaHnuMu juist CsBr.

VY3araneHeHi pe3yJbTaTH pPO3PaxyHKIB TOBILUHU
€K30€MICIiHO-aKTHBHOTO Iapy Ta e(EeKTUBHOI IITMOMHU

BUXOJly €K30€JIEKTPOHIB JJO3BOJISIIOTH CTBEPIXKYBATH, IO
METOJl €K30€JIeKTPOHHOI eMicii Mae BHCOKY e(eKTHB-
HICTh ISl CTIEKTPOCKOIIi Te(eKTiB MOBEPXHiI Ta TOHKUX
MIPUITOBEPXHEBUX IIapiB, a TaKOX pamialiifHOi CKiH-
mo3umerpii. Ha oOCHOBI mHMX BEIMYMH, a TaKOXK
PO3paxOBaHUX EHEPreTHYHHX BTpaT, HaJali MOXYTb
OyIoyTh TIpOBEAEHI PpO3PaXyHKH pPEaJbHOTO CIIEKTpa
EMITOBaHUX CK30€JCKTPOHIB 3 kpuctaiay CsBr.

Bucunosku

[Ipu posrmsmi mpomeciB TPaHCIIOPTY HAPOIKEHHIX
€K30€JIEKTPOHIB JI0 TIOBEPXHI BHKOPHUCTAHO HMOBIpHiC-
HUN “‘€HepreTMYHUil CHEeKTp” Ta MOJENbHI WMOBIpHICHI
POXpaxyHKH TIpomeciB iX pO3CITHHSI Ta pyxy O
noBepxHi. Takui MiJXiA JO3BOJMB OAEPKATH MAaKCH-
MallbHI TJIMOMHM BHUXOJIY €K30eJIeKTpOHIB (9 HM), sKi
3aJJ0BUIBHO Y3TOJUKYIOTBCS 3 €KCHEpHUMEHTAIBHUM (6-
7 aM). BpaxyBaHHS TOrO, IO E€K30CJIEKTPOH 3 Pi3HOIO
WMOBIPHICTIO MOKE 3a3HAaTH DI3HY KUIBKICTb PO3CisHB,
JIaJio 3MOTY CYTTEBO YTOYHHTH OLIHKY TOBIIMHH €K30-
eMiciitHo-akTuBHOTO Iapy (9 Ta 1100 HM BiAMOBiAHO).

OmnineHa MOBHA WMOBIPHICTh aKTy eMIcCil OKpeMoro

Menbsauk O.5. — kana. ¢i3.-mar. HayK, acHCTEHT
Kagenpu Gi3uKH TBEPIOTO TiNa;

lamiii T1.B. — kanxa. ¢i3.-mar. Hayk, JOLEHT Kadeapu
(hi3WKH HATTIBIPOBITHUKIB.
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Transport of Low-Energy CsBr Exoelectrons Towards the Surface and Escape
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In this study investigation of the transport processes of the low-energy exoelectrons with energy loses for cesium
bromide crystal are executed, therefore crucial interactions significantly influencing such complex processes among
various taking place are clarified. Previously attained result for the thickness of the exoemissive active layer for CsBr
was upgraded. The probability of exoelectrons emission act is attained. Since the obtained results are highly
confirmed by experimental ones, one can conclude that method of exoemission is rather adequate for the surface and
thin subsurface layers defects spectroscopy.
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