ISSN 1025-8817 (Print)
ISSN 2181-077X(Online)

Axanemus Hayk Pecny0sinku Y30exkucran

Y3BEKCKUM ®U3NYECKUMN KYPHAJ
Tom 23, Ne 4, OxkTa0pb-/lexadps, 2021

Kypnan ocHoBaH B 1957 roxy
Yupenutens: Axagemust Hayk PecrryOnuku Y36exucran

Wznaercs Ha 6a3e MIHCTHTYTa MOHHO-TIa3MEHHBIX U JIa3epHBIX TeXHoJorui uM. Y.A. Apugposa AH PVY3

COJEPKAHHUE

Bb. A6ayaaaes, Y. Poeccaep, U.-X. ITapk, M.M. MycaxaHoB. Bo3moxHbIe
COCTOSIHHS IPOOHOTO0 KBaHTOBOTO 3(hdexTa XoIia 1 BUTHEPOBCKOTO KPHCTAJIIA B
JIBYMEPHBIX KYJIOHOBCKHX Ta3ax Kak pe3yJIbTaT JHUOHHBIX KOPPEJALUN ............... 1

M.C. Hagup6exos, O.A. bo3apoB. DpdekTuBHAs HEAKCHATBHOCTh YETHO-UETHBIX
SIep ¢ KBaIPYMOJIbHON U OKTYMOIBHON TSMDOPMALIMIMHY «....veeenenenanananeenenen. 8

G. Gulyamov, B.T. A6ayna3zuzos, M.C. Toxup:xonos, ILK. BaiimaTos.
OZ[HO‘iaCTl/ILIHaﬂ OHTPOINHA B IBYMEPHOM 3JICKTPOHHOM I'a3€ B Y3KO30HHBIX

TIOJTYTIPOBOTHIKAX .+ veeutentenaeeneenteeneensenteneenaeteeneentenneeneenteaneeneeneenneensenen 19
P.4A. Pacyiios, B.P. Pacynos, . Jmoéoaraes, M.X. Kyukapos. K Teopuu tpex u

4eThIpeX (POTOHHOTO JIMHEHHO-IIMPKYISIPHOTO JUXPON3MA B P-GaAS ....covvvveeereennennene, 27
M.B. Mapacy.Jios, H.H. TypaeBa, B.JI. Oxcenrenanep. @epmu npuOimxeHne K

pa3mepHOMY 3G GEKTY TeHepallii MHOKSCTBEHHBIX SKCHTOHOB B HAHOCTPYKTYpaXx ... 32
Y.B. lllaponoB. CnekTpoCKONHUs NOTHOIO TOKA OKUCIEHHOIO KPEMHUS ............... 38

C.3. 3aiinaéuaunos, A.M. BoGoes, JI.II. A6xypaxumos. ITonyuenue, Mopdoorus
U (POTOANIEKTPUUYCCKIE CBOMCTBA 3MUTAKCHATIBHBIX IUICHOK (GaAs) (Ge,), Ha
OCHOBE GAAS ..ttt 45

M.IO. TammetoB, ®.K. Xannokos, H.b. UcmaTtos, C.X. YmapoB. Biusaue
YCKOPEHHBIX 3JIEKTPOHOB Ha CTPYKTYPY, pa3Mep KPUCTAIUIUTOB U IOBEPXHOCTh
kpuctamioB Tln; ,Cr,S; ¢ x=0.01 ... 51

B.W. Kyp6anos, E.A. lanunaoBa, H.C. Ocunckas, C.X. XycHHIIUHOBA,
C.IO. Typaues, H.X. XymBakTtoB, X.III. ®apmonoB. HeiiTpoHHO-aKTUBAIIMOH-
HBII aHAJN3 B KOJIOTHYECKUX HCCIICOBAHMUIX O0OBEKTOB OKPYKAIOMICH CPEIIHI ... ... 57

HI.A. AnuxyJioB, C.A. baiitenecos, ®.P. Kynurypos, /.II. Tax:xku6aes,
J.J. To:xxudoeB. BrmsiHiie HEHTPOHHOTO U3IyYEHHs HA 3JIEKTPOIIPOBOTHOCTH
amoMuHUeBoTo crtaBa CAB-1 ... 65

B.M. Porurreiin, X.b. Amypos, P.X. AurypoB. DxcriepuMeHTaIpH0e 000CHOBaHHUE
3¢ GEKTUBHOCTH UCIOIB30BaHUS MeToa criekTpockomuu KP B mporecce
KOMILICKCHBIX aHAIMTHICCKUX UCCASTOBAHII . ...ouutiteeeiiieeeeiinieeeaineeeeainnannns 70



PEJAKIIMOHHASA KOJIVIET' YA

B.K. Axmenos, 1.¢.M.H., Actponomuueckuit uactutyT AH PY3, Tamkent, Y36ekucran, ten. +998 97 708 80 68,
ahmedov(@astrin.uz - rIaBHBIA perakToOp

M.I1. Kyp6aHnos, 1.1.H., UIHCTUTYT HOHHO-IIJIa3MEHHBIX U Ja3epHbIX TexHonoruid AH PY3, Tamkent, Y30ekucran, ten. +998 97 752
14 85, kurbanov@iplt.uz — 3aM.rIaBHOTO pemakTopa

®@.T. Ymaposa, k.¢.M.H., IHCTHTYT HOHHO-IUTa3MEHHBIX H JIa3epHBIX TexHoioruii AH PY3, TamkenT, Y30ekucran, ten. +998 90 325
15 31, umarova_inp@mail.ru - OTBETCTBEHHBII ceKpeTaph

®.X. Adayanaes, 1.¢.M.H., Puznko-texundeckuit nHCTUTYT AH PVY3, Tamkenr, Y36ekucran, fatkhulla@yahoo.com

M.X. Amypos, akan., «Donon», TamikeHT, Y30ekuctaH, ashurov49@mail.ru

X.B. AmypoB, /1.T.H., IHCTUTYT HOHHO-IIIa3MEHHBIX U Jla3epHbIX TexHojdoruit AH PVY3, Tamkenr, Y36ekucran, ashurov@iplt.uz

C.A. Baxpamos, akaz., Akagemust Hayk PVY3, Tamkent, Y30ekucran, bahramov@mail.ru

P.A. I'aHeeB, 1.¢.M.H., BopoHe)CcKHii TocyAapcTBEeHHBIN YHIBEpCcHTET, Poccus, rashid _ganeev@mail.ru

C.B. I'apnos, npo¢. Jupexrop Uucturyra obmeii ¢pusuku um. [Ipoxoposa, Mocksa, Poccus, garnov@kapella.gpi.ru

K.I'. I'ynamoB, akan., ®usuko-rexanveckuit uHctutyT AH PY3, TamkenT, Y306ekucran, gulamov(@uzsci.net

A.A. 3axunoB, npoo., Texacckuii yausepcurer, Jamtac,CIIA, zakhidov@utdallas.edu

9.M. U6parnmosa, 1.¢.M.H., UuctutyT sneproit dpusuku AH PVY3, V36ekucran, ibragimova@inp.uz

K.K. Kagup:kanos, npod. EBpasuiickoro HarronansHoro yausepcurera um. JIL.H. I'ymunesa, Hyp Cyiran,
kadyrzhanov1945@gmail.com

J.H. Ka3akoB, 1.¢.M.H., Jupextop Boroiro6oBckoit taboparopun Teopetuueckoit Gpusnku, Jyona, kazakovd@theor jinr.ru

T. Kajino Toshitaka, mpod., Hannonansaast actpoHomMudeckas odceparopus, Snonus, kajino@nao.ac.jp

C. Kusaos, Doctor Sc., UHCTUTYT HccnenoBannii r100anbHBIX W3MeHeHHH, Yenickas AkageMus Hayk, Uexwus,
kivalov.s@czechglobe.cz

A.I1. Ky3Henos, 1.¢.M.H., HarmoHnanmbHEIH HccIeoBaTeNbCKUi siaepHbIi yHuBepcuTet, Poccus, APKuznetsov@merphi.ru

I'. JIy6arTn, npo¢. Bammnarcronckoro yausepcutera, CIIA, lubatti@uw.edu

H.T. oraiu Mamenos, akaj., Jlupexrop Uucturyra dpusuku HanmonansHol akagemun AsepoOaiimkana, director@physics.ab.az

3.A. Mancypos, npo¢.,MucturyT npobnem ropenusi, Kazaxcran, ZMansurov(@kaznu.kz.

C.3. Mup3saes, 1.¢.M.H., Akagemus Hayk PY3, V30ekucran, mirzaev@web.de

K.M. MykumoB, akan., Hannonansasiil yauBepcutet PY3, Tamkent, Y36ekucran, kmukimov@mail.ru

P.A. MymuHoB, akaz., ®usuko-rexanueckuiit uHCTUTYT AH PVY3, Tamkent, Y30ekucran, detector@uzsci.net

M.M. MycaxaHoB, akaj., Hanmonanenelii yausepcurer PY3, Tamkent, Y36ekuctaH, yousufmm@list.ru

A.U. Huxkudopos,n.¢.M.H., UIHCTHTYT (HU3HKN TOTyIPOBOTHUKOB UM. PrxanoBa, Cubupckoe otnenenne PAH,
nikif@isp.nsc.ru

C. Hunomusi, PhD, Yuausepcuter SImanaiu, SInonus, sninomiya@yamanashi.ac.jp

B.JI. Oxcenrenpiep, a.¢.M.H., UTHCTUTYT HOHHO-IITa3MEHHBIX U J1a3epHbIX TexHonoruit AH PY3, Tamkent, Y36ekucTaH,
oksengendlerbl@yandex.ru

B.A. OpaoBny, akan., Macturyt ¢pusukn HammonansHo# Akagemun Hayk, benapyce v.orlovich@dragon.bas-net.by

B.S1. llanuenko, akazn., [Ipeacenarens Chairman of the board RFBR, Mocksa, Poccus, vpanch@rfbr.ru

JI. Pe33oaia, npod., Aupexrop MucturyTta Teopernueckoit dpusnku, @pauxdypt, I'epmanns, rezzolla@itp.uni-frankfurt.de

JI.M. Ca6upos, 1.¢.M.H., Camapkanckuii yausepcuteT, Camapkany, Y36ekucraH, sabirov@gmail.com

I.®. CmyT, npoo., Kammopruiickuii yausepcuret, CIIA, <gfsmoot@lbl.gov>

M. K. Soileau, npoo., Burie-npesuneHt Hayunoro Yuusepcurera, ®iopuna, MI@ucf.edu

M.IO. TammetoB, 1.¢.-M.H., MHcTuTyT sineproit gpusuku AH PY3, Tamkent, Y36ekucran, mannab@inp.uz

®@.D. Ymapos, npod., Kasaxcko-bpuranckuit texunueckuit yuusepcuret, Kasaxcran, farid1945@yahoo.com

N.I'. Xuaupos, 1.¢.-m.H., UactutyT sigeproit pusuku AH PVY3, V36ekucran, khidirov@inp.uz

A.M. Illanaruu, akan., UHCTUTYT aBTOMaTHKH U 3JekTpoMeTpun, HoBocubupcek, Poccus, shalagin@iae.nsc.su

H.A. lllep6akoB, akan., MacTUTyT 00mIeH Gusuku um. [Ipoxoposa, Mocksa, Poccus, ivan@kapella.gpi.ru

II.A. Drambepaues, akan., Acrponomudeckuil nHCTUTYT AH PVY3, V36ekucran, shuhrat@astrin.uz

B.C. IOnnames, akan., Akagemus Hayk PY3, Tamkent, Y36ekucran, yuldbekh@gmail.com

W3nanue 3aperucTpupoBaHo ATEHTCTBOM II0 Iedatd U nHpopmarmu Pecrry6iiku Y36exucran 22.12.2006.
Peructpannonnstii Homep 0045
HaGop u BepcTKa BBIIOJIIHEHBI B PEAAKLUH XKypHana «Y30eKCKuil pU3ndecKuil xxypHam»

[Moxmucano B neuats 15.10.2021. dopmat 60><84% . Yen. new. 1. 7,0. Yu. u3a. 1. 8,75. Tupax 120. 3akaz Nel112704

Anpec pegakuun: IHCTUTYT HOHHO-IUTA3MEHHBIX U JIa3epHBIX TexHoJoruid M. Y.A. Apudosa AH PVY3, Mupzo Viyrbekckuii p-H,
yi. JIypmon iymm, 33, 100125, Tamkenr, Y30ekucran
Tein.: 998-71-262-31-82, +998903251531, Fax: 998-71-262-31-83
Otneuarano: OOO «POLYGRAPHIC TECHNOLOGY»
Tamxkenr, yn. Katra Mupo6on, 1-top, n.18A, Temn. 90 926 25 26.

©Axkanemus Hayk Pecybnuku Y3b6ekucran, 2021 r.



ISSN 1025-8817 (Print)
ISSN 2181-077X(Online)

Academy of Sciences of the Republic of Uzbekistan

UZBEK JOURNAL OF PHYSICS
Volume 23, Number 3, October-December, 2021
Journal is founded in 1957 year

Founder: Academy of Sciences of Republic of Uzbekistan

Journal is published in the Institute of lon-Plasma and Laser Technologies of Academy of Sciences of Uzbekistan

CONTENTS

B. Abdullaev, U. Roessler, C.-H. Park, M.M. Musakhanov. Possible fractional
quantum Hall effect and Wigner crystal states in two-dimensional Coulomb gases
as a result of anyon Correlations .............ooevuiiiiii it 1

M.S. Nadirbekov, O.A. Bozarov. Effective triaxiality of even-even nuclei with
quadrupole and octupole deformations ..............covvviiiiiiiiiiiiniiiiaeieeeanns. 8

G. Gulyamov, B.T. Abdulazizov, M.S. Tokhirjonov, P.J. Baymatov. Single-
particle entropy in two-dimensional electron gas in a narrow-band

SEMICONAUCTOTS ...ttt ettt ettt ettt et et et e et eaaeneeen 19
R.Ya. Rasulov, V.R. Rasulov, 1. Eshboltaev, M.Kh. Kuchkarov. On the theory

of three and four photon linear-circular dichroism in p-GaAs ........................ 27
M.B. Marasulov, N.N. Turaeva, B.L. Oksengendler. Fermi approach to the

dimension effect of multiple exciton generation in nanostructures ................... 32
U.B. Sharopov. Total current spectroscopy of silicon oxide .......................... 38

S.Z. Zaynabidinov, A.Yu. Boboev, D.P. Abdurakhimov. Receipt, morphology,
and photoelectrical properties of epitaxial films of (GaAs),_(Ge,), on GaAs
SUDSIIALES ... e ettt et et ettt et e ettt e e e 45

M.Yu. Tashmetov, F.K. Khallokov, N.B. Ismatov, S.Kh. Umarov. Influence of
accelerated electrons on the structure, crystallite size and surface of a TlIn,_,Cr,S,
crystal with x = 0.01 ... 51

B.1. Kurbanov, E.A. Danilova, N.S. Osinskaya, S.Kh. Khusniddinova,

S.Yu. Turdiev, N.Kh. Khushvaktov, Kh.Sh. Farmonov. Neutron-activation
analysis in ecological research of environmental objects ....................c.....e. 57

Sh.A. Alikulov, S.A. Baytelesov, F.R. Kungurov, D.P. Tadjibaev,
D.D. Tojibaev. Influence of neutron radiation on the electrical conductivity of
the SA V-l Lo 65

V.M. Rotshteyn, Kh.B. Ashurov, R.Kh. Ashurov. Experimental substantiation
of the efficiency of using the Raman spectroscopy method in the complex
analytical StUAIES € .......o.euiniiit i 70



EDITORIAL BOARD

B.J. Ahmedov, Prof., Ulughbeg Astronomical Institute, Uzbek Academy of Sciences, Tashkent, Uzbekistan, tel. +99897-
7088068, ahmedov(@astrin.uz — editor-in-chief

M.Sh. Kurbanov, doct. tech. sc., Institute of lon-Plasma and Laser Technologies of Academy of Sciences of Uzbekistan, Tashkent,

tel. +99897 752 14 85, kurbanov@iplt.uz —deputy of editor-in-chief

F.T. Umarova, PhD, Institute of [on-Plasma and Laser Technologies of Academy of Sciences of Uzbekistan, Tashkent, tel.
+998 90 325 15 31, umarova_inp@mail.ru — responsible secretary

F.Kh. Abdullaev, Prof., Physical-Technical Institute of the UAS, Tashkent, Uzbekistan, fatkhulla@yahoo.com

M.Kh. Ashurov, Acad., “Fonon”, Tashkent, Uzbekistan, ashurov49@mail.ru

Kh.B. Ashurov, Prof., Institute of Ion-Plasma and Laser Technologies of Academy of Sciences of Uzbekistan,
ashurov@iplt.uz

S.A. Bahramov, acad., Academy of Sciences of the Republic of Uzbekistan, Tashkent, Uzbekistan, bahramov@mail.ru
R.A. Ganeev, Prof., Voronezhskiy Gosudarstvenniy Universitet, Russia, rashid_ganeev@mail.ru

S.V. Garnov, Doctor Sc., Prof., Director of Prokhorov General Physics Institute, Russia, Moscow, garnov@kapella.gpi.ru
K.G. Gulamov, Acad., Physical-Technical Institute of the UAS, Tashkent, Uzbekistan, gulamov(@uzsci.net

A.A. Zakhidov, Prof., University of Texas at Dallas, Dallas, USA, zakhidov@utdallas.edu

E.M. Ibragimova, Prof., Institute of Nuclear Physics of the UAS, Tashkent, Uzbekistan, ibragimova@inp.uz

K.K. Kadirjanov, Prof., The Eurasian National University L.N. Gumilyov, Nur Sultan, kadyrzhanov1945@gmail.com
D.I. Kazakov, Doctor Sc., Corresponding Member of RAS, Director of Bogoliubov laboratory of theoretical physics, Dubna,
kazakovd@theor jinr.ru

Toshitaka Kajino, 1-p, npoo., National Astronomical Observatory of Japan, kajino@nao.ac.jp

S. Kivalov, Doctor Sc., Institute of investigation of global changes, CzeychGlobe, Czechia, kivalov.s@czechglobe.cz
A.P. Kuznetsov, Doctor Sc., National Research Nuclear University MIPhI, Russia, +7903-6613049, APKuznetsov(@merphi.ru
H. Lubatti, Prof., University of Washington, lubatti@uw.edu

N.T.O. Mamedov, acad., Director of the Institute of Physics National Academy of Azerbaijan, director@physics.ab.az
Z.A. Mansurov, Doctor Sc., Prof., Combustion Problems Institute, Kazakhstan, ZMansurov(@kaznu.kz.

S.Z. Mirzaev, Prof., Academy of Sciences of the Republic of Uzbekistan, Tashkent, Uzbekistan, mirzaev@web.de

K.M. Mukimov, acad., National University of Uzbekistan, Tashkent, Uzbekistan, kmukimov@mail.ru

R.A. Muminov, acad., Physical-Technical Institute of the UAS, Tashkent, Uzbekistan, detector@uzsci.net

M.M. Musahanov, acad., National University of Uzbekistan, Tashkent, Uzbekistan, yousufmm@list.ru

A.L Nikifirov, Doctor Sc., Rzhanov Institute of Semiconductor Physics, Siberian Branch of RAN, nikif@isp.nsc.ru
Satoshi Ninomiya, PhD, University of Yamanashi, Japan, sninomiya@yamanashi.ac.jp

B.L. Oksengendler, Prof., Institute of Ion-Plasma and Laser Technologies of AS RUz, Tashkent, oksengendlerbl@yandex.ru
V.A. Orlovich, acad., B.I. Stepanov Institute of Physics of the NAS, Belarus, v.orlovich@dragon.bas-net.by

V.Ya. Panchenko, acad., Chairman of the board RFBR, Moscow, Russia, vpanch@rfbr.ru

L. Rezzolla, Prof., The Director of the Institute of Theoretical Physics, Frankfurt, Germany, rezzolla@itp.uni-frankfurt.de
L.M. Sabirov, Prof., Samarkand University, Uzbekistan, sabirov@gmail.com

G.F. Smoot, Prof., University of California, CIIIA, George F Smoot III, <gfsmoot@Ibl.gov>

M.J. Soileau, Prof., Vice-President of the University of Florida for Science, MJ@ucf.edu

M.Yu. Tashmetov, Prof., Institute of Nuclear Physics of the UAS, Tashkent, Uzbekistan, mannab@inp.uz

F.F. Umarov, Prof., Kazakh-British Technical University, Kazakhstan, farid1945@yahoo.com

L.G. Khidirov, Prof., Institute of Nuclear Physics of the UAS, Tashkent, Uzbekistan, khidirov@inp.uz

A.M. Shalagin, acad., Institute of Automation and Electrometry, S.B. R.A.Sc., Novosibirsk, Russia, shalagin@iae.nsc.su
L.A. Sherbakov, acad. Prokhorov General Physics Institute, Russia, ivan@kapella.gpi.ru

Sh.A. Egamberdiev, acad., Ulughbeg Astronomical Institute, Uzbek Academy of Sciences, Tashkent, Uzbekistan,
shuhrat@astrin.uz

B.S. Yuldashev, acad., Academy of Sciences of the Republic of Uzbekistan, Tashkent, yuldbekh@gmail.com

Journal is registred by Agency on press and information of Republic of Uzbekistan in 22.12.2006.
Registration number 0045
Typesetting and makeup are made in editorial office of Uzbek Journal of Physics

Passed for printing 15 10.2021. Dimension of paper 60x84'/;. Conventional printed sheet 7.0. Calculation publishing sheet
8,75. An edition of 120 copies. Order list Ne112704

Address of editorial office: Institute of lon-Plasma and Laser Technologies of Academy of Sciences of Uzbekistan, M. Ulugbek

region, Dormon street 33, 100125 Tashkent, Uzbekistan
Temn.: 998-71-262-31-82, +998-90-3251531, Fax: 998-71-262-31-83
Printed: OOO «POLYGRAPHIC TECHNOLOGY»,
Tashkent, Katrra Mupo6ox, 1-top, 1.18A. Tel. 90 926 25 26.

©Academy of Sciences of Republic of Uzbekistan, 2021



Uzbek Journal of Physics 1

Possible fractional quantum Hall effect and Wigner crystal
states in two-dimensional Coulomb gases as a result
of anyon correlations

B. Abdullaev™!, U. Roessler?, C.-H. Park®, M.M. Musakhanov?

' National University of Uzbekistan, Vuzgorodok, University str. 4, 100176, Tashkent, Uzbekistan

? |nstitute for Theoretical Physics, University of Regensburg, D-93040 Regensburg, Germany

% Center for Dielectric and Advanced Matter Physics, Pusan National University, 30 Jangjeon-dong, Geumjeong-gu, Busan
609-735, Republic of Korea

Received 09.03. 2021; revised 03.12.2021

* Corresponding author: e-mail bakhodir.abdullaeff@yandex.ru, Phone: +998 998 741 404, Fax: +998 712 460 224

B Hameil HemaBHO OmMyONMKOBaHHON PabOTE€ MBI BBIBEIH IMPUOIIKEHHYIO aHAJIMTHYECKYIO
(dbopMyIy AN SHEPTHH OCHOBHOTO coCTOsHHS (2D) raza u3 3apsHKCHHBIX 3HHOHOB. DTOT
pe3ynbTaT MO3BOJIMII HaM B HACTOAMIEH paboTe OIIEHUTh OOMEHHO-KOPPEIAILIMOHHYO SHEPTHIO,
KOTOpasi, KaKk XOpOIIO M3BECTHO W3 JINTEPATYpPHl, SABISIETCS PA3HOCTHIO SHEPTUH OCHOBHOTO
cocrostHUs W dHeprun XapTtpu-DPoka st (epMHOHOB C DHHOHHBIM IMapaMeTpoMm v=1, u
c(hopMyIHpPOBaTh SHHOHHYIO-KOPPEISIMOHHYI0 SHEPTHIO UL OCTAIBHBIX V<1. MUHHMYyMBI
nocienHel s BceX (MKCHPOBAHHBIX 3HAYEHUH V, TOYHO TAKXKE KaK M MHHUMYMBI JUIS
SHEPrUHM OCHOBHOT'O COCTOSIHUS TIPH TE€X K€ V, ABISIOTCS (DYHKIMSAMHU TOJIBKO V, YTO O3HAYaeT,
YTO OHM SIBJSIFOTCSI 3aBUCHMBIMH TOJIBKO OT SHMOHHOW CTAaTHCTHKHM Oe3 BiusSHHSA d(derra
KyJIOHOBCKOro B3amMozeicTBusa. OrTcroma Mbl 3aKII04aeM, 4YTO JOJDKHA BO3HHKHYTh
JIOKaIN30BaHHAs B PEaJbHOM IPOCTPAHCTBE MAKPOCKOIIMYECKas CTPYKTypa Il JI0O0ro
¢ukcupoBanHoro 3HaueHus v u3 v<l. Tak, K mpuMepy, HMOCKOIBKY (DAKTOp 3arOIHEHUS
yposust Jlangay (®3VYJI) mist kBazuuactuil ApodHOro kBaHToBOro 3ddexra Xomia (JJKIX)
paBHSETCS SHHOHHOMY IIapaMeTpy, TO 3T KBAa3WYACTHIBI JOIDKHBI KOHIEHCHPOBATHCS B
HEKOTOPYIO CTPYKTYpPY B peallbHOM mpocrtpaHcTBe mpu jganHoM D3VYJI, dopmupys miato
JIOKX u nokaswiBas, uro JIOKX sBnsercs pe3ynbTaToM SHHOHHBIX Koppensuuid. C apyroi
CTOPOHBI, BbIpa)kas YHNOMSHYTYIO BbIIe (DYHKIMIO MHHHMYMOB IIO V 4Yepe3 MHapaMmeTp
IUIOTHOCTH Iy KyJIOHOBCKOIO Ta3a, Mbl IIONy4aeM 3HAueHHs I, IPU KOTOPHIX MOXKHO
HaOmonare 2D BurHeposckuil kpuctamun (BK). MHTepecHO OTMETHTH, YTO OIXHOBpPEMEHHOE
nHaOmonenue B skcriepumente JJOKX u BK cocrosHuii HaxoauTcst B COOTBETCTBHU C HALIUM
PaccMOTPEHHEM.

KiroueBble ci10Ba: 5HNOH, Koppensuus, 2D 3apskeHHbIN ra3, MaKpOCKOITMYeCcKasi CTPYKTypa.

Recently, we have derived an approximate analytic formula for the ground state energy of (2D)
charged anyon gas. This result allows us in the present paper to estimate the exchange-
correlation energy, which is as it is well known from a literature the difference of the ground
state energy and the Hartree-Fock energy, for fermions with the anyon parameter v=1, and to
formulate the anyon correlation energy for other v<1. The minima of the last one for all fixed
values of v as well as the minima of the ground state energy at the same v are only the v
dependent, which means they are only the anyon statistics dependent with no effect of the
Coulomb interaction. From this, we conclude that there should appear the localized real space
macroscopic structure for any fixed v from v<1. For instance, since the Landau level filling
factor (LLFF) of the fractional quantum Hall effect (FQHE) quasi-particles is equal to the

Vol.23, No.4, pp.1-7, 2021
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anyon parameter then these quasi-particles should condense in the some real space structure at
this LLFF, forming the FQHE plateau and showing that the FQHE is a result of anyon
correlations. On the other hand, expressing the above mentioned minima function of v through
the density parameter rs of the Coulomb gas, we obtain the values of rs, for which the 2D
Wigner crystal (WC) can be observed. It is interesting that the simultaneous observation of the
FQHE and WC states in accord with our consideration.

Keywords: anyon, correlation, 2D charged gas, macroscopic structure

The two-dimensional (2D) gas of electrons or
holes of semiconductors, measured at strong external
magnetic fields and low temperatures, displays very
interesting phenomenon, which calls the fractional
quantum Hall effect (FQHE). In this effect xx and xy
components of the semiconductor magneto-resistance
exhibit deep minima and plateaus, respectively, at the
fixed fractional numerical values of the Landau level
filling factor (LLFF) [1]. Three physical factors: in-
ter-particle Coulomb interaction, the strong magnetic
field and an external disorder, are crucial for the for-
mation of the FQHE [2, 3]. It was suggested in the
reviews [2, 3] that above mentioned plateaus of the
FQHE are results of a disorder and impurities in a
sample. The effect of localization of the FQHE real
space structure as well as of a 2D Wigner crystal
(WC) in this disorder was demonstrated in the Ref.
[4].

However, as it was demonstrated in the experi-
mental paper, Ref. [1], and in the theoretical work,
Ref. [5], these structures are free in the space and not
pinned by the disorder and impurities. In the present
paper we show that the localization of the FQHE real
space structure and of the WC without the disorder
and impurities is possible. For the explanation of this
effect, we use the finding (see reviews [2, 3] and
book [6]) that elementary excitations or quasi-
particles, appearing from the system ground state at
some fixed fractional values of the LLFF, are respon-
sible for the FQHE, these quasi-particles are anyons,
and the anyon factor equals to the LLFF fractional
value. More clearly, we demonstrate in the present
paper that the ground state energy of 2D Coulomb in-
teracting anyons without magnetic field has a mini-
mum at any fractional value of the LLFF and the
physical origin of the FQHE and the WC is in this
minimum, while the physical origin of the minimum
is in the correlations of these anyons.

Earlier, there were made several attempts to find
the FQHE states through the calculation of the
ground state energy minima of 2D gas of electrons in
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the strong magnetic fields at fixed fractional values of
the LLFF [7, 8]. In Ref. [8] for the calculation of mi-
nima of the same problem, we have used anyons to
represent fermions and bosons. Calculations [7, 8]
have demonstrated that investigated energy had no
minima. While, as it will be shown below, the ground
state energy of the FQHE quasi-particles has mini-
mum at any fixed fractional value of the anyon factor
or LLFF and this minimum is a result of charged an-
yon correlations and not of localization and pinning
in the disorder or in impurities.

At beginning, we define the correlations of 2D
Coulomb interacting anyons. However first, we
would like to remember how the correlations for
Coulomb interacting electrons are introduced.

The homogeneous electron gas, although it has
become the testing ground of quantum mechanical
many-body techniques since long time and a result of
such calculations can be found in textbooks (see for
example [9] and [10]), does still contain yet unex-
pected puzzles. They are related to the correlation ef-
fects caused by the particle-particle interaction, which
can be treated so far (or principally) only in approx-
imate ways. Here we would like to draw attention to
the 2D systems, which have their prominent realiza-
tions in semiconductor heterostructures and layered
metallic systems such as the cuprate superconductors.
These systems attract much interest from experiment
and theory due to the physics related with correlation
effects [11-13].

With respect to the ground state energy in fer-
mion systems, the Hartree-Fock (HF) approximation,
originally developed for high particle densities, pro-
vides the dominating contributions even for interme-
diate values of the density parameter rs. Here, I is de-
fined as the ratio of the mean distance between par-
ticles to the Bohr radius. The difference between the
exact ground state energy and its HF value is known
as the exchange-correlation energy (see, for example,
textbooks [9-11]). For 2D spin-polarized fermions (in
this paper we consider only these particles as fer-
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mions), it has been demonstrated by quantum Monte-
Carlo (MC) calculations [14, 15] that the exchange-
correlation energy may be considered essentially as a
small correction to the HF energy for all values of rs.
To find the exact ground state energy of 2D Coulomb
interacting boson system, the MC method [16] was
also used.

Typically, all MC methods calculate ground
state energies for fixed and discrete values of rs and
then an interpolation of these energies is made to
yield their expansion in terms of powers of rs. For bo-
sons, at small rs (the high density limit), this interpo-
lation formula reproduces the ground state energy of
the 2D Coulomb boson gas (2DCBG) obtained with
the hypernetted-chain approximation [17]. The latter
result follows also by using the Bogoliubov approxi-
mation [18]. For fermions, as we said above, the in-
terpolation formula reproduces the ground state ener-
gy close to the HF approximation.

For charged anyon systems, correlations between
particles have not a simple relationship with respect
to exchange of two particles in the real space as for
fermions (see, for example, Refs. [11-13]) due to the
fact that the exchange of two particles for anyons
involves the coordinates of all particles [6] of system.
Therefore, it is better do not call the correlations for
charged anyons as the exchange-correlations as for
fermions. In this case, we call these physical
phenomena as anyon correlations, or just correlations.
The physics of these correlations will be clarified
below.

Here, we outline the main result of Ref. [19],
which allows us to conclude about possibility to
appear of FQHE and WC states in the charged anyon
system without disorder and impurities. It is in the
minimum of the ground state energy in the 2D
Coulomb interacting gases at each fixed anyon
parameter or LLFF.

In Ref. [19] we have employed the anyon
concept in order to find an approximate analytic
formula (AAF) for the ground state energy of 2D
Coulomb gases per particle, which is capable of
accounting for the particle fractional anyon statistics
together with bosonic and fermionic limits of this
statistics. This formula was derived by using the
corresponding result for the harmonically confined
2D Coulomb anyon gas [18] and applying a
regularization procedure for vanishing of this
confinement. After the regularization procedure our
AAF becomes the function of the fractional statistics

v and the Coulomb interaction density rs parameter,
i.e. g(Vv,rs). For the fermion limit of anyons (with v=1)
and at very small r (the high density limit), gy(v,rs)
reproduces the HF energy of spin-polarized 2D
electrons (Ref. [20])

E 2 16

S 7

S

(1

For the boson limit of anyons (with v =0) and at
the same high density very small rs values, gy(v,rs)
reproduces the ground state energy of the 2D
Coulomb boson gas, 2DCBG, found in Refs. [17, 18]
(see above). For very large values of rs, the ground
state energy per particle is insensitive to the statistics
of particles and gy(v,rs), derived in Ref. [19],
reproduces the energy of the classical 2D electron
crystal (the 2D WC [21]).

However, the main property of the function
go(v,Is) is in that it has the fixed value of minimum
€0.min, the position of which is a function of r (at con-
stant v) and determined by fitting procedure just out-
lined in the previous paragraph.

For the comparison, we depict in Fig. 1 the ex-
change-correlation energy as the difference of the
ground state energies obtained from the MC calcula-
tions [14, 15] and HF values (from Eq. (1)) and the
correlation energy as the difference of the ground
state energies obtained from the expression go(v=1,I;)
and HF values (from Eq. (1)) for 2D fermions.

Figure 1 shows both correlation energies as a
function of rs and exhibits a pronounced minimum for
the correlation energy & min(rs=0.2)~—0.8 Ry, where
Ry is Rydberg energy unit. The origin of this proper-
ty of €. min(ls) is in the two facts (see Ref. [18]). First
of all, the position of the minimum (gymn) of the
energy €o(v=1,rs) as function of rs (rs=0.7) is shifted
on the left with respect to the one of HF (rs=~2.36).
And at the second, the value of the former
(gomin=1.159) is lower than the one of the later
( EHF,min =-0.36).

The another remarkable property of the ground
state energy, &o(V,ls), of the charged anyon gas, ob-
tained from AAF, is in that at all v<r; and r<0.5 it
exhibits the prominent minimum &g ,in(v#£0, Is) (see
the Fig. 2). Furthermore, using the approximate ex-
pression

23 £ 273

Con T2 (W,

gV, )~ e r4/3( S)[_H_
S

7vr, f By, rs)] @

3cqera’)

©Academy of Sciences of Republic of Uzbekistan, 2021



4 B. Abdullaev, U. Roessler, C.-H. Park, M. M. Musakhanov

valid for v<rs and rs—0 and for v=1 and rs—o0 limits,
one can show that the €y min(v#£0, Is) is only the func-

tion of the anyon parameter v. For this, we minimize

Eq. (2) with respect to f**(v,r,)/r” and obtain the
expression €y . (V)= 3¢y /(28v) where Cyc=
3.2903 and it should be v=0.
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Figure 1. The exchange-correlation energy as the difference of the ground state energies obtained from the MC calcula-
tions [14, 15] and HF values (from Eq. (1)) (cross and solid dots, respectively, and their interpolation from Ref. [14] (sol-
id line)) and the correlation energy as the difference of the ground state energies obtained from the expression go(v=1, I')
and HF values (from Eq. (1)) (open squares) for 2D fermions. In the insert, it is indicated the accurate expression of €y(V,

rs) for all values of v and rs as “exact formula Eq. (33)” from Ref. [18].
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For the fermion system (v = 1) this gives the
energy minimum gomin(v)=—1.159, which exactly
coincides with gy(v=1,r=0.7) (see previous paragraph
above and Fig. 2). The curves, depicted in Fig. 2,
were calculated using AAF for the ground state ener-
gy per particle gy(v,rs), Eq. (33) from the Ref. [18],
accurate for all values of v and rs. A smooth variation
of minimal energies €y min(Vv) With the decrease of the
parameter v is clearly seen from these curves. This
property of the € min(Vv) shows that it is inherent for
the physics of the charged anyon gas and not an arti-
fact of the theory. On the other hand, the v parameter
dependent minimal energy €min(v) at v<l may be
universal for anyon gases with arbitrary interparticle
interaction.

There appears the question how to define the an-
yon correlation energy, if HF energy, Eq. (1), is only
the density parameter rs dependent. The Fig. 2 shows
the way for that. Physically, it is clear that the corre-
lation energy should display the changing of energy
of an anyon system at the variation of the statistics of
particles. Therefore, as HF energy in our case, we can
bring the energy go(v,rs=1.0) = const (see Fig. 2), and
the correlation energy can be defined as gy(v,Is<1.0)—
€o(v,Is=1.0). Since for all fixed values rs>1.0 the
function gy(v,rs>1.0)= const (see the same figure).

In principle, we can bring the asymptotic expres-
sion for the ground state energy (see Eq. (38) of the
Ref. [18])

Cycls
—V1/4f¥§(vr)J 3)

valid for rs—>0 and v#0 with the approximate
f(v,rs)=v'? for the definition of the HF energy of a
charged anyon gas. However, for fermions (v=1), Eq.
(3) gives for the minimum energy €omin(v=1,rs—>0)=
Cvzvc /2, which is lower than gg,n(v=1)= —3C\f,C /28
(see above), therefore, it is not applicable here as de-
finition of the HF energy. Because one assumes (see,
for example, Refs. [14, 15]) that the true energy
should be lower than the HF energy.

The anyon parameter v dependent minimal ener-
gy €omin(V) (at v<1) gives us the unique opportunity
to use it for the possible interpretation of experiments
on the FQHE plateaus for fractional values of the
LLFF. Indeed, the minimum of the ground state ener-
gy go(v.rs) lower than for the boson ground state

g (v,I, >0)=

2f(v )[V

S

energy (see Fig. 2), presumes the transition of a sys-
tem into this state with formation of the real space lo-
calized macroscopic structure. It is proven in Refs. [2,
3, 6] that the LLFF of the FQHE plateau is equal to
the anyon parameter v. Therefore, one can expect the
existence of the above structure, which forms the
FQHE plateau in the electric resistivity or conductivi-
ty, for each fixed value of LLFF or v<1. An analysis,
given just above in this paper, gives us a background
to consider that the FQHE is a result of (anyon) cor-
relations and not of the Coulomb interaction. Fur-
thermore, one can assume that the FQHE state may
be observed in any system with anyon statistics.

The minimal energy &y min(Vv) (at v<1) can be ex-
pressed as function of the density parameter rs of the
2D Coulomb gas. This formula can be derived mini-
mizing Eq. (2) for the gy(v,rs) with respect to rs. To
calculate this we use the  approximate
f(v,rs—0)=v'"?b;. In Ref. [18], we motivate the inclu-
sion of the v'* dependence in f(v,r5) by the linear v
dependence of the ground state energy for the anyon
gas without Coulomb interaction and close to bosonic
limit (v=0) found in [22] and [23]. This linear depen-
dence of the energy on v is also reproduced in Eq.
(3).

A minimization of Eq. (2) with f(v,rs—0)=v'"b;
the ry gives (see also Ref. [18])
€0 min =—(4/5)0,*c,,cb/? /1., which occurs at posi-

tion v, =h"*c,.r, /b/*, where b;=1 and b,=3/35. For

r=0.2 this provides € min =8.689 and v(=0.08, while
from AAF expression gy(v,I's) we have ggm,in=8.847
and v=0.08. Comparing the asymptotic formula &gy
=~1/rs with the ground state energy expression
go(v=0,rs—>0)= —CBGI””3 of the 2DCBG, where
Cye =1.29355, derived in Refs. [17, 18], it is evident

that at r——0 the charged anyon gas ground state has
lower energy than one of the charged bosons.

If we look on Fig. 2, we see the appearance of
minimums &g ,;, for each fixed density rs from r<0.5
range. This takes place since mentioned density rs
corresponds to the fixed anyon parameter vy, at which
€o.min(V) occurs. The idea, used for the observation of
the FQHE plateaus within the present treatment, can
be applied for the observation of the WC also. This
occurs because the localized macroscopic structure of
charged particles in the form of the WC may be
condensed in the &y, minimum of the energy. It is

over
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interesting, the simultaneous coexistence of FQHE
and WC states was observed in Ref. [4].

One can estimate the applicability of our treatment
for the case of the experiment [4]. The experiment
observed the FQHE plateau and WC structures at
r=30. This paper defines the parameter r, as

rszm*ez/(4n8h2\/n7p), where m" and e are the

effective mass and charge of a hole, respectively, 0 is
the dielectric constant of a sample, and p is the
density of holes. In our consideration, all parameters
in the definition of rs are unchanged except the
charge of a hole e. As we said above, the FQHE is the
system with a charge ve [6], i.e. the system of FQHE
quasi-particles. Therefore, in fact, the parameter rs
should be redefined with the factor v*. Thus instead
of r=30 in experiment, we need to say about reavi30
and to have a value of r; from the range r,<1.0 there
should be the value v=0.2. In the Fig. 2, the case with
v~0.2 corresponds to the minimum of the ground
state energy for r~0.5. Therefore, in fact, the
experiment, Ref. [4], sees r:=0.5.

In  conclusion, in the frame of our
phenomenological approach based on the anyon
concept, we have identified exchange-correlation and
anyon correlation effects in the high density limit of
the 2D Coulomb anyon gas. In contrast with results
from MC calculations for fermions, our data for the
charged anyon gas show a pronounced minimum in
the ground state and correlation energies, which were
ascribed to the anyon correlations. We used this result
with minimum of both energies for the possible
observation of FQHE and WC states, in which the
role of anyon statistics is crucial, and find agreement
with the experiment.
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bus sKuHAa yon sTMraH MaKoiaaMusaa, (2D) sapsnanran
SHHMOHJAP Ta3W YYyH acoCHMH XojaT SHEPTUSICHHHHT
AQHAIUTHK alpoKcuMarus (GopMysacMHU YUKapa OJJIHK.
by makomamm3ga OW3 OJNMHIaH HAaTIXXalNapHH HIUIATHO,
9HMOH Tapamerpu V=1 derapacuzma wudona Oymamura
(dhepMHUOHIAp YYYH aIMAIIMII-KOPPEIAIUOH SHEPTHSICHHU
Oaxonamra myscap Oynmuk Ba KoiaraH v<l mapamerpiap
YUyH SHUOH-KOPPEJLSILIMOH SHEPTHACHHN aHUKJIAIl HyJTHHU
nhomanaguK. AIMAIIAII-KOPPEANNOH YHEPTHUACH aCOCHA
xosat 3Hepruscunan XapTpu-DPok >HeprusicuHu Qapkura
TEHIVIMTH ajgabuerna sAXmmM  e3u0 STwiraH. Xamma
¢uKcanus KUIMHTAH V J1a SHUOH-KOPPEILILUOH SHEprus-
CHHUHI MHHUMYMJIapH acOCHHl XOJIaT SHEPTUSICHHH
MHHHMyMJIapura Moc Oymu0 ¢akat v nap QyHKOus-
CWIMTMHM aHuKIagu. Jlemak Oy MuHuMymnap ¢akat
SHUOHJIAp CTATHCTHKacu OwiaH OOFIMK Oyaud KyJoH
tabcupu 3(pdekTnaan wupok skaH. by aprymentmap
KyHHIaru xyjocara KenThupaau. v < 1 coxacuaH OlNMHTaH
UXTHEpUH (QuUKcalUsd KWIMHTaH V MHKIOpUAA pean

(hazacuaa MaKpOCKOIMK CTPYKTypa XOCHI OYIHUIIH JIO3UM.
Mucon yuyn Kacpam Xomn kBaHT 3ddextn (KXKDI)
KBazu3appajtapHuHr JlaHmay  CaTKMHUHT — TYJMPHII
taxropu (JICT®D) sHHOH mapaMeTpura TEHIIIUTH cabadiu
oepwran JICT® wmukmopuna KXKDHuHT mnarocwHn
xocun Kunub, Oy KBasusappanap pean daszacuaa
KaHIaiaup CTPYKTypacura KOHICHCATIIAHUINU JIO3MM. By
mynoxo3a KXKO xomatn aHHMOHNAp KOPPEISIHACH
HaTwkacuga Tmaiino OynmummHM  Kypcaraau. bomka
TapadaaH KapairaHaa I0KOpHIa 3CiaTraH v MUHHMyMIIap
(YHKUMSICHHM  KYJIOH Ta3HUHI 3UWIMK HapaMeTpu [
opkamn wudomamacak 2D Burmep kpucramman (BK)
SKCIIEPUMEHT/Ia Ky3aTWIaAuraH [y 3WWIMKHH aHWKJaca
Ooynamu. lllynn alTu® YTl KU3UKapiIuKd, OUp BakTaa
skcriepumenTaa KXK3 Ba BK map xomartmapunm
Ky3aTHJIUIIK OM3HUHT Ha3apusMu3 OiIaH Moc.
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Pa3Buta HeanuaOaruueckas KOJUIGKTUBHAsSE MOJEIb TSIKENIBIX HEAKCHAJIbHBIX YETHO-YE€THBIX
sep ¢ KBaJpPYyNOJbHOM M OKTYNOJbHOM aedopmarusMu. Ilonepeynsie KBagpyIoibHbIe U OK-
TYTOJIbHBIE KOJIEOAHMsI TIOBEPXHOCTH S1pa YUUTHIBAIOTCS 3()(EKTHBHO, a MPOAOJILHbIE KOJle-
0aHMs yYUTHIBAIOTCS JUHAMHYECKH. Ha OCHOBe NpeuioyKeHHONH MOJENHU MOyYeHO aHAUTH-
YEeCKOE BBIPAKEHUE JUISI SHEPTUH YPOBHEH KOJUIEKTUBHBIX COCTOSHHH, COZlepIKalliee IsTh MO-
TOHOYHBIX ITAPaMEeTPOB. DTH MapaMETPHI ONPEIEISIIOTCS U3 CPABHEHMSI TEOPETHUECKHUX M IKC-
MIEPUMEHTAIBHBIX JAHHBIX. YTJIOBAas 4acTh MOJSPHBIX KOOPAMHAT HCIIOIb30BAaHA B KAaUeCTBE
napaMeTpa A1 PaBHOBECHOTO IOJIOKEHHs YETHO-ueTHOTO siapa. IlomyueHo xopomee omnuca-
HHUE KOJJIEKTUBHBIX COCTOSHHMH yrast-mojioc NEPEMEHHOM YETHOCTH TSKEIBIX HEaKCHAIbHBIX
deTHO-ueTHBIX step: UNd, 194155 m, 172y, 228230230y 232234236238y 1y 240py, |

Kiawuesble ciioBa: HeaIII/Ia6aTI/I‘IeCKa$I KOJIJICKTHUBHAsA MOJCJIb, KBAZIPYIIOJIbHBIC U OKTYIIOJIbHBIC ne(bop-
Maluu, HCAKCUAJIbHOCTb, yrast—nonoca.

A nonadiabatic collective model of nonaxial even-even nuclei with quadrupole and octupole
deformations is developed. Transverse quadrupole and octupole deformations are taken into
account effectively. And longitudinal deformations are taken into account dynamically. On the
basis of the proposed model, an analytical expression for the level energy is obtained contain-
ing five adjustable parameters, which are determined from a comparison of theoretical and ex-
perimental data. The angular part of the polar coordinates is used as a parameter of an equili-
brium state of an even-even nucleus. A good description of the collective states of the yrast-
band with alternating parity of heavy nonaxial even-even nuclei “’Nd, "“*'**Sm, '*Yb,
228,230,232Th, 232,234,236,238U and 24OPu is obtained.

Keywords: nonadiabatic collective model, quadrupole and octupole deformations, nonaxiality, yrast-
band.

I. Introduction

Most of the atomic nuclei are deformed in the
ground state. The charactheristics of most deformed
nuclei have revealed that they have axially symmetric
prolate or oblate shapes. However, atomic nuclei
have a stronger tendency to deform into prolate
shapes than into oblate ones [1, 2]. In Ref. [3] a sys-
tematic study of even-even nuclei was performed
within relativistic mean field theory with axial defor-

DOI: https//doi.org/10.52304/.v23i4.283

mation. The ground state properties of about 2000
even-even nuclei from Z = 8 to Z = 120 have been
studied and all possible deformations of each nuclide
have been examined. The possible appearance of de-
formation beyond the axial kind, such as triaxial or
even higher order multipole deformations have been
suggested.

The fundamental properties of the nuclear shape
are expressed by the parameter quadrupole deforma-

Vol.23, No.4, pp.8-18, 2021



Effective triaxiality of even-even nuclei with quadrupole and oktupole deformation 9

tion 3, and asymmetry parameter y [4]. The parame-
ter B, is related to the intrinsic quadrupole moment
and describes the magnitude of departure from the
spherical shape along given axis. At y = 0 and y=mn/3
it corresponds to the axially symmetric prolate and
oblate shapes, respectively. The intermediate values
of vy, within 0<y<w/3, give the triaxial shapes [4-6].

The collective spectra of atomic nuclei with axi-
al symmetry quadrupole and octupole deformations
(y=0, n=0, and K=0, and [3,, B5 are free dynamical va-
riables) are characterized by rotational bands with al-
ternating parity [7-14]. In Ref. [14] the yrast- and
non-yrast bands with alternating parity of deformed
axial even-even nuclei within a collective model with
nonadiabatically coupled quadrupole and octupole
degrees of freedom were described. The structure of
the yrast- and first non-yrast alternating parity se-
quences in the rare-earth nuclei BONg, 152154gm,
I54Gd, 15Dy, 19219Er and the actinides 2224236238
were reproduced satisfactorily. Where the hamilto-
nian of the axial-symmetry even-even nuclei has an
exact /(/+1) dependence and the observed or esti-
mated deviations from such a simple energy depen-
dence is actual task. It should be noted that in the ex-
periments [15] one can observe energy bands, which
cannot be explained within the framework of the nuc-
lei models with axially symmetric multipole deforma-
tions [8-14], for example, the spectrum of y-band
energy levels [16, 17].

In Ref. [18] the approach triaxial rotator model
(in the case K-mixing, K are the projections of the
angular momentum on the third axes of the intrinsic
frames) was used for description energy levels with
alternating parity of even-even nuclei: ******Th,
230232.234236.538(] and **°Pu with triaxial quadrupole and
octupole deformations (y-, n-deformations), in the re-
gion actinides. In this consideration the deformation
parameters are constants whose values Boett, Yetf, P3eff
and ner effectively determine a rigid triaxial rotor.
Therefore, the purpose of the present work is to de-
velop the model of atomic nuclei with triaxial-
quadrupole and octupole deformations, i.e. B, PB; are
free dynamical variables, and y=Y., N=N.r and K=0.
This model allows one to describe other energy bands
observed in experiments with heavy ions [15]. As it
will be seen below the implemented analysis allows
us to make a conclusion about the relevance of the
applied model formalism.

II. Model of axial quadrupole-octupole vibra-
tions and triaxial rotations

The general theory of quadrupole and octupole
excitation of even-even nuclei is determined by the
Hamilton operator, which contains seven dynamical
variables: deformation parameter [, (p,>0) and
asymmetry parameter y (0<y<n/3) of the quadrupole
oscillations; deformation parameter B; (B;>0) and
asymmetry parameter 1 (0<n<n/2) of the octupole os-
cillations; Eulerian angles 6, (0<0,<2w), 0, (0<0,<mn),
0; (0<0;<2m) are determine rotation of the nucleus
relative to the laboratory system [18]:

A A

H=T, +T, +T, +T, +T, +VB,.5y.0), (1)
where

B = %Biﬁ[ﬁ ’ 5132] (2)

@3=_%; oPs (B ’ 6BJ ©

== ;Zz Bl siioy) ;[sin(m%j, @

ch 272@%( ne ”)%j ©

Expressions (2), (3), (4) and (5) are kinetic ener-
gy of operators ,, s, Y and 1 vibrations, respective-
ly; V(Ba, Bs, ¥, n) — potential energy of above men-
tioned vibrations and

3 h2[2
=2

=1 i

(6)

is the rotational energy operator, here /; (i=1,2,3) are
the components of the angular momentum operator. J;
are the components of the quadrupole and octupole
moment of inertia. In the general case, they depend
on the parameters of the mass and the quadrupole and
octupole deformations B,, 3,, Y and Bs, B3, 1, respec-
tively. General solution of Schrodinger equation with
hamiltonian (1) is a very complicated. Therefore
different simplifications are used. One such model is
the analog of Davydov-Chaban model [16, 17], where
variables y and n are replaced by their effective val-
ues Vet and Merr. Then, the hamiltonian (1) takes the
following form:

A

H

total

:f[;z +j\;33 r0t+V(B25B3 (7)

where f“ﬁz and ]A“B are determined by equations (2) and

Q).
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In this case rotational energy operator (6) de-
pends on the effective values y.e and 1.

Now we will write Schrodinger equation with
hamiltonian (7):
|3 o &
LR
2B, B2 B> B3
{3 o o .
——[—_+—2}P;(B2333,9)+[Tm o®
2B;| B3 OB;  OP3

+V(B2,B3) W5 (B, B3,0) | = EF W5 (B2, s, 6).

We go to polar coordinates ¢ (0<c<c) and
€ (—n/2<e<n/2).

J, =cos’ (g)sin’ (v, — 237[) +sin’(g)

J, =cos’ (g)sin’ (v, — 43“) +sin’(g)

J, =cos’(g)sin’ (Vo) + sin’(g)sin’n o

We then consider the collective rotational mo-
tion of the nucleus separately from the other degrees
of freedom. If no further assumptions (e.g. axial
symmetry) are imposed, the corresponding energy
spectrum is described by the triaxial-rotor Hamilto-
nian (12). Taking into account the expressions (13),
(14) and (15) for J;, where J; explicitly depend on the
effective values of the quadrupole and octupole de-
formation parameters Yefr, Nef and €. As a first approx-
imation, we can use the effective value of this varia-
ble, i.e. &

Thus, implying

V7(0,6) = Fi (0)@7.(0), (16)

and using rigid rotor approximation, we rewrite Eq.
(8) as in Ref. [16]

| Ao =& |07.0) =0, (17)

where I, — energy of triaxial rotor [18-20] (see next
section). We will write Schrodinger equation with
hamiltomian in polar coordinates and by taking into
account € = g

Rl d 1d] [ne
—— ||+ +V(o)-Ef | F{ (0)=0.
{ ZB|:dGZ Gd6:| {4302 (@) 1}} 1

(18)

©Academy of Sciences of Republic of Uzbekistan, 2021

B B . By + B;
=, |—aocosg, B3 =, [—osing, B=—-. (9
P2 ,/Bz Bs ,/33 5 )

2| d2 1d 1 d2
—— | — e —— |+
2B| d6? odo o2 de?

+| T +V(0,) 8" | ¥ (0.£,0) = 0.

(10)

The solution to equation (9) is very difficult.
Therefore, further we assume, that

oA

T = H,. 11
" 2Bc? (11

Here
H,=1}]JF+12]J3+12]J2, (12)
;cos2 Ny +sin’ 1, +;5sinneﬂ cosn,; |, (13)
2coszneff+sin2neff+;sinngﬁcosneff : (14)
(15)

1. Solution for the triaxial quadrupole-

octupole rotor

In the present work we consider the deformation
parameters as constants whose values Yefr, Meff, Eeff
effectively determine a rigid triaxial rotor [6, 15, 16].
Thus, we obtain the quadrupole-octupole moment of
inertia in a form depending on three arguments J; =
Ji(Yeft, Nefr, Ecff ). We take these arguments, Yefr, Neff, Eoff
as adjustable parameters. By introducing the reci-
procal inertia factors A« Yets, Nett, €eft )=1/[2J:(Yett, Nett,
)] (=1,2,3) we get the Hamiltonian (6) in the form

H,= Z?:1h2Ai (Yefr sMefr € )7 (19)

depending on the three parameters Yefr, Netf, €eff - Lhe
energy spectrum of the above determined triaxial
quadrupole-octupole rotor is obtained by diagonaliz-
ing the Hamiltonian (6) on the basis of the symme-
trized rotor functions with built-in parity [19]

1
|IMK > = /m (IMK [+(=1)| M - K),

(20)

where |IMK >=‘/%DA’JK (0) and M and K are the
T
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projections of the angular momentum / on the third
axes of the laboratory and intrinsic frames, respec-
tively. The eigenfunctions are obtained in the form

D5y (0) =>4, Cik 1)

The expansion coefficients implicitly depend on
the effective mass and deformation parameters

IMK ,+> |

C}K = C}K (Yeﬂ,neﬁ”,geﬁ”)-

1
(1484 ,)0+8¢,)

(IMK' +|H | IMK +) = \/

1
2

XI:SK’,K T (_1)171{ 81(',—/( ] + (A] - A2 )f(]aK) I:SK',K+2 T (_1)171{ 81(',—1(—2] +

For given angular momentum / the quantum
number t = 0, 1, 2,... (limited by K < ]) labels the

different eigenvalues E (/) of H, in ascending order.

We obtain the matrix elements of Hamiltonian
(6) between basis states (22) with different K values
in the following general form:

[(4 + AT +1)— (4 + 4, - 24,) K |x

(22)

(A = A) UL =K)[8 o £ (1) 8 4 |}

with

f([,K):%\/(1+K+2)(I+K+1)(I—K—1)(I—K) .

Since K, K' > 0 in (22), one has 84 _x # 0 only for K =

(23)

0, Ox _x.2 #0 only for K=0, 1,2, while 84 _x_, is

always zero. As a result Eq. (22) can be written in a simpler form

1 1

(IMK' +|F,| IMK +) = 2\/

(1484 0)0+8)

([ + AT =4+ 4, =2) K]
24)

XI:SK’,K * (_I)I_K SK',—K ] + 2(A1 - Az)[f(laK)BK',K+2 + f(la_K)SK',K—z * (_I)I_K 81<',-1<+2 :I}

Here we make the following important assump-
tions originally imposed in [13[:

(i) The quantum number K takes only even val-
ues (see also [12, 20]). Then in (21) the sum over K
runs from 0 to / in steps of 2.

(ii)) The (+) and (—) phases in (21) and (20),
which correspond to the 4 and B, classes of the rota-
tion group D,, are attributed to the positive and nega-
tive parity states, respectively.

Because of (i), the phase factor (—1)X = 1 can be
omitted in the matrix element expressions (22) and

®%,.(0) =7, (0) and |IMK,t>=|[MKn> = in

(21) and (20), respectively, where n== is the parity of
the rotation state. Also, according to (20) the n=(+)
parity corresponds to / = even angular momentum
states and m=(—) corresponds to / = odd ones, as in the
usual alternating-parity (octupole) bands. Therefore,
one has m = (—1)". Then the (+) and phase factors in
(22) and (24) can be omitted when alternating-parity
bands are considered. As a result the matrix element
(24) reads as

(24). According to (ii) one can write
C A 1 1
(IMK'n|H,|IMKTt)=—
2N (A48, 0)(1+8,,)

{|:(A1 +A)I(I+1)—(4, + 4, _2A3)K2:|x
(25)

X[SK’,K + SK’,—K ] + 2(A1 - Az)[f(laK)6K’,K+z + f(lﬂ_K)[6K',K—2 + 8K',—K+2 ]]}

Note that the right hand side of (25) does not in-
clude & explicitly, whereas as mentioned above, it is
implied by the value of I (even or odd). The lowest
eigenvalues E*°(I) and eigenfunctions Dy (eegy Of

the Hamiltonian correspond to the ground-state-band
for / =even, and to the lowest negative-parity band
for / =odd. In the same way the higher eigenfunc-
tions/eigenvalues with 1=1, 2, ... determine higher

©Academy of Sciences of Republic of Uzbekistan, 2021
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sets of positive- and negative-parity bands. In this
work we only consider the lowest (yrast) band struc-
ture with = 0.

IV. Radial Schrodinger equation
For defined solution (18) potential /(o) can offer
Go

V(0)=Vo(—+20)2,
Oy ()

(26)

where V; is potential energy in ground state. We
bring in designation

2BV,
X=——"0aC0".

Py (27)
Then we obtained following equation
0 10 s* Ef
—+———-—+—|F(0)=0 28
{Gx xox  x? x} () (28)

and taking into account boundary conditions for
Schrodinger equations we obtain

[x2+(2s—1—X)£+E}r—S—l/z}FJi(x)zoa (29)
ox ox

€71 1
S = —_ —_
g8 ut
where u is nonadiabatic parameter [16] and
pt= i
2BV,03 -

The eigenfunctions
Fif(x)= Nox®exp® F(-n,2s5 +1,x) |

N, is normalization coefficient, F(-n,2s+1,x) 1is
confluent hypergeometric function, » =0, 1, 2, ... are
quantum number of c-vibrations, where for n=0 the
energy levels correspond to yrast-band, and for n=1
the energy levels correspond to first non-yrast-band,
etc.

The eigenvalues

€1 1

Vi
+— }—g -2V, (30)
pt p

Energy levels in ground state:

Iz
Ef, =[1+—2}—3—2V0.
ne fp

Energy of the excited states is defined by follow-
ing expression

E,i:{2n+1+

©Academy of Sciences of Republic of Uzbekistan, 2021

€

Int

Ef =|2n+
ptoop?

1 1%
tE T e (D

Introduced following quantity 7wy =V, /p? is

energy factor [11, 14]. Then Eq. (31) can be written
as

E, ={2n+ i+%—i}hmo (32)
8
u

Int l,[ 2

In the presented approximation, the following
fitting parameters are used: %wg (in keV), verr (in de-
grees), Nerr (in degrees) and e (in degrees) and p
(dimensionless).

In general, the ranges of triaxiality parameters
are 0°<nr<90°, 0°<y.£<60° and —90°<g.£<90°.

Many approaches exist for calculating the
asymmetry parameter Yes from experimental obser-
vables such as Ry»,=FE4./Ey and B(E,). Davydov and
Filippov [6] used this ratio to determine y.r, as well
as Varshni and Bose estimated v by using the ratio
Ry [5]. And the calculation of y. from B(E,) values
leads to ambiguous values of y.s and more reliable
values are expected from the level energies [5]. But
an estimation of asymmetry parameters of quadrupole
and octupole deformations 1 and Y. Was not carried
out. The same attempt was made in Ref. [22], where
the experimental data for negative parity states in
*Th and ****U has been compared with the predic-
tions of three possible asymmetric rotor models: pure
quadrupole, pure octupole and mixed-
quadrupole/octupole.

A simple estimation of the influence of vy-
deformation mode can be done by assuming small
variations of the system around y = 0, as in the case
of the X(5) model [23]. In Ref. [9], the possible ways
of the influence of the y-deformation mode on the
collective motion can be estimated in the B,-f; space.
Further in this work, the possibility of taking into ac-
count the triaxiality of the octupole degree of free-
dom is noted. In present work we effectively take into
account triaxiality of the quadrupole and octupole de-
grees of freedom, i.e. we use quantities y.g and 1. as
adjustable parameters. This is developed of our work
for dynamical B, and 3; variables [18], where the pos-
sibility description of the yrast positive- and negative-
parity excitations of deformed even-even nuclei
through a collective rotation model is given in which
the nuclear surface is characterized with effective tri-
axial-quadrupole and octupole deformations.
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V. Results *%pu. In these figures (left plots) are presented a
The obtained values of the parameters: o comparison of the theoretical and experimental ener
. as well as the root-lfnean-s ua.re (I?_I\}(Igf)’ gy levels of the yrast-band. The theoretical results are
geefi;iatif(f;ns of the energy levels (in k(ele) between obtained by (31) with n=0. The behaviour theoretical
theory and experiment are given in the captions of energy levels of the yrast-band are presented for all
Fies. "2 for all considered even-even nuclei: nuclei is in a good agreement with experimental data.
154%66(} d, 155 m, 15Dy, 28230252 ), 2302223623817 54 ’ In present WOﬂf fitting parameters s, Yeff, Neff,
’ ’ ’ ’ g, W are determined by least squares method.
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Figure 1. Theoretical and experimental energy levels of yrast-band with alternating parity (left) and ”staggering” pattern
(right) for **Gd with parameters: 710, =726.01 keV, 1=0.3666, £.4=0.00040, v=53.930, nes=85.520, RMS=72.73 keV.
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Figure 2. The same as in Fig. 1, but for 159Sm with parameters: ® = 809.65 keV, p = 0.306, g.= 0.00240, y.£= 54.090,

Nett= 84.60, RMS =22.73 keV.
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Figure 3. The same as in Fig. 1, but for **Dy with #®=649.37 keV, p=0.4165, £.;=0.0025°, Y¢=54.09°, 1e=39.96°,
RMS=48.04 keV.
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Figure 4. The same as in Fig. 1, but for '°Gd with fitting parameters
Yett=54.98°, es=18.93°, RMS=31.81 keV.
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Figure 5. The same as in Fig. 1, but for ***Th with fitting parameters: i ©e=500.98 keV, p=0.3217 £.=0.0003°,
Yerr=51.26", ner=61.81°, RMS=24.93 keV.
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Figure 6. The same as in Fig. 1, but for 20Th with fitting parameters: h ®y=510.57 keV, p=0.3155 €05=0.0006°,
Yerr=53.14%, 1.;=84.98°, RMS=40.02 keV.
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Figure 7. The same as in Fig. 1, but for 2°U with fitting

Yer=52.75°, Ner=45.69°, RMS=5.87 keV.
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VI. Odd-even staggering structure

The detailed examination of the quadrupole-
octupole collectivity in the considered nuclei on the
basis of energy spectra as well as the assessment of
model descriptions obtained through both potentials
requires a more precise analysis of the APB (alternat-
ing parity band) structure [24]

Stag(l) = 6AE()—-4AE(I-1)
—AAE(IF1)+AE(I+2)+AE(I-2) (33)

with AE(]) = E({+1)—E(I). The quantity (33) is very
sensitive to the fine structure of the rotational spectra
and is capable of revealing some rather impressive
fluctuations A/=1 (zigzag behavior of the discrete
high-order energy derivative with respect to reference
zero as a function of angular momentum) in various
types of energy ranges of rotation and rotational os-
cillations. In Figs. (1)-(12) (right figs) presents the
behavour A/=1 staggering-effect.

In the present approach the staggering effect ob-
served in the alternating-parity bands appears as the
result of two model features:

i) association of the parity of the observed rota-
tion states (the +/— phases in (21) and (20)) with the
parity of the angular momentum values,

ii) mixing the different K-modes due to the as-
sumed triaxial deformations.

We remark that in all considered alternating
parity bands, the odd-even staggering does not vanish
in the observed region of angular momenta. It is
known that the vanishing staggering corresponds to a
situation in which the odd and even angular momen-
tum of level sequences (with negative and positive
parities) appear ordered in a single nonperturbed col-
lective “octupole” band. The latter corresponds to the
presence of stable quadrupole-octupole deformation.
In the presently considered alternating parity bands,
however, this does not happen and the observed
band-structures are associated with the soft” vibra-
tional-rotational quadrupole-octupole deformations.

VII. Conclusion

In this paper, we present a model description of
the energy levels of the yrast-band with the alternat-
ing-parity spectra of heavy even-even nuclei in the
framework of the non-adiabatic collective approach
applied in the case of quadrupole-octupole deforma-
tions. The Schrodinger equation is solved for the Da-
vidson potential. Analytical expressions for the ener-

gy spectrum and wave functions of the collective
states of an even-even nucleus are obtained. The
model description of the energy levels with alternat-
ing parity in the nuclei under consideration shows, on
the whole, good agreement with the experimental da-
ta.

We note that the nuclei under consideration have
a y-band with large spin. In addition, the simultane-
ous description of energy levels of alternating and the
identical parity, namely descriptions of yrast-, first
non-yrast- and y-bands, are the subject of future
work.
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Keaapynone Ba OKTyHnojib AedopMalUsiIaHTaH
KYPT-KypT AAposapHUHT 3PPeKTHB HOAKCHA-
JINTH

M.C. Hagup6exos, O.A. Bo3apos

V3P @A SI0U VYnyrbexk maxapuacu, 100214, TomkeHT,
Y36ekucToH

KBaznpynosp Ba OKTynosib jAehopMalysuIaHyBYd OFUp HO-
akcuan  Kypr-kydT  SApOJAPHUHT  HO-aaAMabATHK
KOJUICKTUB MOJCIIM PUBOXKIAHTUPHIIU. SIIpO CHPTHHUHT
KBaJIpyIojb Ba OKTYNOJb KyHJAJaHI TeOpaHUIUIaph
s¢¢dextuB, Oyimama TeOpaHMIIUIApU 3Ca  JTUHAMHUK
paBumpa xucobra omuHAM. Takiamd H>TUiaraH MOIENb
acocuJa OFHMp HO-akcHan KypT-Ky(dr srposapHHHT
YHFOHTaH XOJIaTJapy DHEPreTUK CaTXJIAPUHHMHT aHaJIaTHK
kypunumgarn wudomacu onuHau. by wudoma Hazapui
XUCOONANUTApHA  JKCIIEPUMEHTaNl  HaTIKamap OwiaH
COJIMIITHPHUII OpKaJM aHUKIaHyBYM OemrTa Hazapui
napamerpiapra Oormuk. KyT0 KoopauHATaTapUHHHT
Oypuak KUCMH IKyQT-Ky()T SIPOHHHT  MYyBO3aHAT
Ba3WATHHU  Oenrwnaiauran  mapamerp — cudaruia
¢dolimananunan. PUBOXIaHTHpPWITaH MOJENb  aCOCHIA
ISON, 152150g 172y, 2282302327 232234236238() pa 20py
OFHp HO-aKCHaT KyPT-Ky(DT SAPOJAPHUHT YHFOHTaH
XOJIATJIADUHUHT yrast-1ojioca 3HEPreTHK CaTXJIapH SXIIN
TaBCU(IIAH/IN.

Kanut cy3nap: HoanmabaTHK KOJUICKTUB MOJENb, KBAAPYyTOIb
Ba OKTYTIOMb AeopManusiiap, yrast-ronoca.
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OpgHovacTu4yHas JHTpoONuUA B ABYMEPHOM J3J1IeKTPOHHOM rase
B Y3KO3OHHbIX nonynpoBoAHUKaxX
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[IpencTaBnsroTcss YNCICHHBIE M AHATUTUYECKHE PE3YJIbTaThl U3ydeHUs 3 (PeKTa pasMepHOro
KBAaHTOBAaHUS OJHOYACTHYHOHN 3HTPOIIMM B JBYMEPHOM 3JEKTPOHHOM Ia3€ B IOIYIPOBOIHH-
KOBBIX MaTepuagax ¢ HernapaOOIMYHOM 30HOH NMPOBOAMMOCTH. AHAIM3UPYETCS 3aBUCUMOCTh
OJTHOYACTUYHON SHTPONHUHU OT XUMHIECKOTO MOTEHIMANa ra3a B TOUKax Pe30HaHca U BAAIU OT
HuX. [loka3zaHo, 9TO MpPH HU3KUX TEMIEpaTypax HemnapabOIMYHOCTh 30HBI JAeT MATylO IO-
MPaBKy K OJHOYACTUYHOM sHTponuu. Kak B Touke pe3oHaHca, TaK ¥ BAAIM OT HEe 3Ta MOIpaB-
Ka TPOIIOPIIMOHAIbHA [IPOU3BEICHUIO KO3 HIMeHTa HenapaboInIHOCTH U TeMIepaTypsl ol
YucneHHBIM ITyTEM OIICHUBACTCS BIIMSHHE YIIMPEHHS YPOBHEM MPOCTPAHCTBEHHOTO KBAHTO-
BaHUS Ha OAHOYACTHYHYIO 3HTpomnuio. IlodydeHHbIe pe3ynbTaThl MPENCTAaBICHBI IS Pa3HBIX
3HAYCHUN TeMIepaTypbl, CTENEHH HEemapaOOJMYHOCTH 30HBI IPOBOJUMOCTH M BEIUYHUHBI
YIIAPEHUSI.

KnrodeBble cjioBa: rerepoCTpyKTyphl, KBaHTOBas sfMa, MPOCTPAHCTBEHHOE KBAHTOBAHUE, JBYMEPHBII
9JIEKTPOHHBIM Tra3, BbIpOXKJIEHHbIH depmu ra3, XUMHUYECKUIl moTeHuuan, osHeprus Depmuy,
OJHOYACTHYHAS DHTPONHS, MUHHM30HBI, Y3KO30HHBIC IIOJIyIIPOBOJHHKH, 30HBI HENapaOOIMIHOCTH,
(ha3oBbIi IEpexoI.

Numerical and analytical results of studying the effect of size quantization of single-particle
entropy in a two-dimensional electron gas in semiconductor materials with a nonparabolic
conduction band are presented. The dependence of the one-particle entropy on the chemical
potential of the gas at resonance point and far from it is analyzed. It is shown that at low tem-
peratures the nonparabolicity of the band gives a small correction to the single-particle entropy.
Both at the resonance point and far from it, this correction is proportional to the product of the
nonparabolic coefficient and the temperature o.7. The influence of the broadening of spatial
quantization levels on the single-particle entropy is estimated numerically. The results ob-
tained are presented for different temperatures, the degree of nonparabolicity of the conduction
band, and the magnitude of the broadening.

Keywords: heterostructure, quantum well, size quantization, two-dimensional electron gas, degenerated
Fermi gas, chemical potential, Fermi energy, single particle entropy, mini-bands, narrow band semicon-
ductors, band nonparabolicity, phase transition.

DOI: https//doi.org/10.52304/.v23i4.284

I. Bseaenne

Tak W MnOpukiIagHol wuHTepec. IIpocTpaHcTBEHHOE
KBaHTOBAHUE DHEPIUl HOCUTENEN MPUBOIUT K IIPO-
SBIICHUIO DsJla MHTEPECHBIX HU3KOPa3MEPHBIX 3(-
¢dexrtoB [1-9].

OKCIIepUMEHTAIbHOE U TEOPETUYECKOe H3yde-
HUE CBOWMCTB Taza HOCHTENEH TOKa (AIEKTPOHOB M
IBIPOK) B KBAaHTOBBIX SIMax IMOJYIPOBOJHUKOBBIX Te-
TEPOCTPYKTYP BBI3BIBAIOT KakK (hyHIaMEHTaIbHBIH,

Vol.23, No.4, pp.19-26, 2021
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OCHOBHOH TPUYMHOW TPOSBICHUS pPa3MEPHO-
KBaHTOBBIX Y(P(PEKTOB B Tra3e SABIACTCS CTyIEHYATOE
W3MCHCHHE IUIOTHOCTH COCTOSHHUN B TOYKAaX pPe30-
HaHCa, T/Ie XUMHYECKUH MOTEHIHA | CPaBHUBAETCA
C SHEPreTHYCCKUMHU YPOBHSAMH F, IPOCTPAaHCTBEHHO-
ro KBaHTOBaHHS. V3MeHEHHE XWMHYECKOTO TIOTEH-
[[HaJIla OTHOCHUTEIHHO DHEPTeTHIECKUX YPOBHEH MpO-
CTPAaHCTBEHHOTO KBAaHTOBaHMs MOXXHO HaOJIOAaTh B
3aBHCUMOCTUA OT KOHIICHTPALIUU M, WU [IUPUHBI
KBaHTOBOU siMbl L. CTyneHuaToe U3MEHEHHE IIIOTHO-
CTH COCTOSIHUM TIPOSIBIISCTCS B HAOJMIOJAaeMBIX Ha
OTIBITE TEPMOAMHAMUYCCKUX U KUHETHUYCCKUX BEIH-
YHHAX.

TemmeparypHas 3aBUCHMOCTH XHMHYECKOTO
noreniuania W(7) w/mnmu ero mpowusBogHas Ou /0T

SIBIIICTCS OJHOW M3 BAXKHBIX XapakTepucTuk depmu-
raza. M3 craructuueckoil (M3WKH W3BECTHO, YTO
MOYTH BCE TEPMOAMHAMUYECKHE W KHHETHYECKHE
napamMeTpbl ra3a HeMOCPEICTBEHHO CBSI3aHBI C
¢byaknumerr  W(7).  OmpenencHue  TIPOU3BOIHOM
Ou/ 0T Takke BaXHO, HampuUMep, IJIT pacdera
TEIJIOEMKOCTH Kak TpexmepHoro [10],
nBymepHoro depmu-raza [11].

C npyro#i cropoHbl, mnpoms3BomHas O /0T

TaKk H

OJHOYACTUYHOMI
COOTHOIIIEHNE

CBs3aHA C
€Cclli  y4ecTh

HETIOCPEICTBEHHO
SHTpONMEN rasa,
Makcgemna [12, 13]

os ) (6;1)
ong ) oT n,

3neck S — HTpONHUA U K1y — KOHIIGHTPALHUS ABY-
MEpHOTO Ta3a Ha eIUHUITY TIIOMIAH.

CormacHo pabote [12], OOHODIEKTPOHHYIO 3H-
Tponuio OS /On, MOXKHO ONPENENNTh SKCIIEPHMEH-

S =

@)

TansHO. B Teopernueckoit padore [13] m3ydeHa »H-
TPOIUs, IPUXOJAIAscas Ha OAUH 3eKkTpoH (1) B 3a-
BHCHMOCTH OT XHMHYECKOTOo TmoTeHIwmana . Okasa-
JIOCh, YTO TPU HU3KUX TEMIIEPAaTypax B TOYKAX pe3o-
Hauca U = E, (n=1,2,3...), UMeeT y3KHUE MMHUKHU, a BBI-
COTa W IIMPUHA 3TUX MMUKOB 3aBHCAT OT TEMIICPATYPhI
1 aKTa paccessHus (CTETICHH OSCIIOPSIKH).

B pabore [14] u3ydeHa sHTpomnusi ABYMEPHOTO
JIIEKTPOHHOTO ra3a S B 3aBUCHUMOCTH  OT
KOHIIeHTpanuu 7;. [loka3aHo, 4To eciay XUMUYEeCKHI
MOTEHITHANT HAXOANUTCS BHYTPH KaKOW-THOO MOI30HBI
E,<u<E, ., SHTPOMUS rasa MEHSETCS C
KOHIIGHTpamue ABOsIKUM oOpasom. B ciydae
napabou4ecKoll 30HbBI, S HE MEHSETCS, a B Ciydae

©Akagemus Hayk Pecnybnvkm Y3bekucTaH, 2021 r.

HerapaOoIMYeCKOl 30HbI PacTeT MPUMEPHO JTUMHEHHO
C KOHIIGHTpAIMeH. DTH pe3yJIbTaThl MOKa3bIBAIOT, YTO
npousBopHas OS/On, paBHa Hym0 Juii mapado-

JMYECKOH 30HBI, W TOJIOKHUTENbHA i1 Hemapado-
JUYECKOM 30HBI. BenuuuWHBl CKaukoB B TOYKE
pe3oHaHca Goutblire sl Henapabou4ecKO 30HEbI.
Lenp HacTosimeil paboTBl — pacdeT oxHoYac-
TUYHOU 3HTpoINH (1) AN CiIydas 3JIeKTPOHOB KBa3u-
JMIBYMEPHOTO Ta3za ¢ HemapaOomdecKon THUCTICPCHEH.
IIpn HHU3KMX TeMIlepaTypax MOJXy4YeHbl aHAJTUTHYe-
ckue Gopmynsl 4 s(7) B TOUKax pe30HaHCa U BIAIH
oT Hux. [loka3zaHo, 4TO MpH HUBKUX TeMIEpaTypax
HenapaboIMYHOCTh 30HBI JaeT Malylo TOIpPaBKYy K
OJHOYACTUYHOM DJHTPOINHM, HUMEET MOpsaok ~oT.
BinsHue ymmpeHus ypoBHEH NPOCTPaHCTBEHHOI'O
KBaHTOBaHMS |' Ha OJHOYACTUYHYIO DHTPOIHIO U3Y-
YeHO YHCIeHHO. Pe3ynbTaTel mpeacTaBiIeHsl IS pas-
HBIX 3HAYEHUH TeMIIepaTyphl, CTelIeH! Hermapabony-
HOCTH 30HBI IPOBOAUMOCTH U BEJIUYHHBI YIIUPEHUS.

II. OcHOBHEBIE COOTHOIIEHHUSA

YpoBHH  pa3MepHOrO  KBaHTOBaHUS IS
KOHKPETHOM  KBAaHTOBOW  SIMBI  T€TEPOCTPYKTYP
OTIPEIEIISIIOTCS. KBAHTOBOMEXaHUYECKUMHU pacueTaMu
[3]. dns mHammx wenedl AOCTATOYHO NPUMEHSTH
MPOCTYI0O MOJIENb KBAaHTOBOW SIMBI C OECKOHEYHO
BBICOKUMHU CTeHKamu. Ecmu mnpemmnonarath, dTO
KBaHTOBAs siMa BBIpAIlCHAa MO OCH Z, TO Ha OCHOBE
IByx30HHOW Monenn KeilHa nucnepcuio 3iaeKTpoHa
MO>KHO TIPEICTaBHUTh B BHUE [15]

2,2 2.2
Ea+aB)=""% g2 g :L”z.
2m, 2m, L
3neck k(ky, k,) — BOTHOBOM BEKTOD 3JIEKTPOHA B IJIOC-
KOCTH KBaHTOBOH sMbI, m, — 3(QQeKTHUBHas Macca
3JIEKTPOHA HA JIHE 30HBI MPOBOJAUMOCTH, L — IIMpUHA
SMBI. 3HaYCHHS MapaMeTpa HemapaboInIHOCTH 30HBI
0L MO’KHO OLIEHHUTH 0 opmyiie [16]
2
1 m,

o=—/|1-

€g my

2

3)

30HHBIE TapaMeTphl MOIYNPOBOJAHUKOBBIX Ma-
TepuanoB U3 rpynnsl A;Bs, KOTOpbIE MCTIOIB3YIOTCS
B YHCJICHHBIX pacyeTax, [IPUBEICHbI HIXKE.

Coenunenne | InSb | InAs | GaShb | InP | GaAs
€, eV 0237 042 0813 1.423 1.519
m,/myg 0.014 0.023 0.041 0.08 0.067
a, eV 4.1 2.27 1.13 0.6 0.57
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Ilpu k = 0 u3 (2) caenyer: E,(1+akE;)= Eli2
Tornma ero MOKHO MPEJACTABUTH B BUJIE

n’k’
E1(1+ocE)— +E,(1+ak;),
%_2 )
20
Ucnone3ys  cmektp  (4), MOXHO  HaWTH

YpaBHEHHUE JIS TOJHON JABYMEPHOM KOHUEHTpaluu
3JIEKTPOHHOTO Tra3a

n, = [dEg(E)f(E),
0 (5)
g(E)=go(1+20E)) 6(E - E)).

i=l1

3neck O(x) — dynkums XoBucaiima, go = m,/t h* u
AE) — dynakmus pacupenenenns Gepmu-Jlupaka
1

T8 exp(ET_uj +1 ,

rae uepes T, [eV] obosznauena senuuuna kgl (kg —

moctossHHass  bomeiiMana). B ypaBHeHmm  (5)
cjlara€MbIi€ 10J 3HAKOM CYMMBI JOJIKHBI OLITH
MOJIOXUTENbHBIMU.  OTpHULATENbHBIC  CllaracMble
UCKITIoYaroTcs GyHKuueH 0(x).

Jns  pacdeta  OJHOYACTUYHOW  DHTPOITHH,
cormacHo ¢opmyne (1), HeoOXomumMo  HaANTH
MPOM3BOAHYI0 Opu/0T W3 YCIOBHH TOCTOSTHCTBA

gucia yactuil [10]. VI3 (5) M0oXHO HalTH, 9TO

o (L2040, +4aTJ,

<t dx M T xdx
JO B ; EIJ:u COSh2 x’ Jl - ; J: (;()sh2
2T 2T
(7)
MoT o xPdx
J, =
? IZ:;‘ E,'J:u cosh? x
2T

3nece x=(FE—pn)/2T.
III. AHajau3 NpM HU3KHMX TeMIlepaTypax

CHayana paccMOTPUM HHU3KOTEMIIEPATYPHYIO
ACHUMIITOTHKY (yp-HHE 6) B TOUKE pE30HaHCa, T
XUMHUYECKHN TOTEHIHAl Ta3a paBeH JOHEPrUH
HEKOTOpPOro N-rO  YpOBHS IPOCTPAHCTBEHHOI'O
KBaHTOBaHMsI. JTU YCJIOBUS MO>KHO Halucarhb B BUJE
T<<E,—E, n=Ey, N<M, rne M — makcumanbHOE
YHUCIIO YpOBHEH B KBaHTOBOHM siMe. IlepBoe ycnoBue
03HA4aeT, 4TO TEIUIOBAsi HEPIHs 3JIEKTPOHa BOIM3H

SHEPrUuu Depmu 3HAUYUTETBHO MEHBIIIE
MEXXYPOBHEBBIX PACCTOSTHUN (JHEPTHUH).
Breiaenss N-i uieH, nepenuiiemM
N o0 o0
Z J‘ hZ Z J. h2 I h2
-1 £j—y COS i<l £y COS N , COS
2T
MoT dx

+Zj

N+ Ej-p cosh? x
2T
ITockonbKy B pe30HaHCHOW Touke W = Ey U
w>En.1,Ena,...E1, TO, cornacHo ycnoButo 1<<E, . —E,,
HIDKHUHM TIpeJieNl TMepBOro MHTETpajia IojlaraeM paB-
HbIM —00. AHaJOTM4YHO, TpU ychnoBuu I<<E,.—FE,,
HIDKHUH TIpeeN TPEThero MHTErpaga CTPEMHUTCS K 00,

(6) TOCKOIBKY H < Eyi1,Ensa,...Ey. Torna TpetbuMm cia-
(1+2aM)Jo +4aT); raeMbIM MOXKHO TpeHeOpedb, OHO KCIOHEHI[UAIEHO
rie Mano. Takum 00pazoM, B HU3KOTEMIIEPATYPHOM IIpe-
neine J, IMeeT BUL
J—ff d T +0=(N- 1)j T B AN-D)+1=2N-1
* &' cosh’x . cosh? x cosh2 cosh” x
AHaNOruyHo, MOXHO ympoctutb J; u J,. OHu 3mece yureHo, uro W = Ey. Ilockonbky

comATcs K Bumy  Ji=In2, J2=7t2(N—1/2)/6.
[loxcrasnsist HaliieHHBIE BEIpaxeHus B Gopmymy (6),
MPUXOJUM K PE3yJIbTaTy

(1+20E,)In2 +20m*T(N -1/2)/3
(1+20E\)(N-1/2)+2aTh2

®)

N:

Ey =(J4aE,N* +1-1)/2a, B npegene T—0 u3

dhopmysl (8) cemyet
2 /a0 _ 2
5y = In2 +2aT(7‘c /3—(n2/(N 1/2)))' )
N-1/2 J40E N +1
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Ora dopMyna MpencKka3blBaeT BIUSHUE CTCIICHU
HenapaOOJIMYHOCTH  30HBI Ha  OJHOYACTUYHYIO
SHTPONHIO B IByMEPHOM 3JEKTPOHHOM Ta3e B TOYKE
pesonanca. Ilpu mnomydenun Qopmynst (8) MbI
npeHeOperanu SKCIOHEHITUATbHBIMH MaJIBIMHU
qjeHaMH B HCXOmHOU (opmyie (6). Okazaiock, 9To
u3-3a HEmnapaOONIMYHOCTH 30HBI JHHEHHbIEe M0 7'
unieHbl He ucuesanu. [Ipu 7=0 i o=0 u3 popmyisl
(9) cnemyer dopmyna mns mapabONUYECKOW 30HBI
[13]

on

In2
sy(0)=——

= —. 10
or N-1/2 (10)

Jns mpencTaBieHUsT HUXKE NPHUBEICHBI OLIEHKU
HecKoNMbKuX 3HaueHuid (9) mpu N=2,3,4,5,6 u mpu
E=10 meV, a=4 eV"', T=3 meV (35 K). Bumno, gro
Kak sy(0), Tak U MOMPaBKH OT HEMAapPaOOIMYHOCTH 30-
Hbl Asy (rae Asy — nocnennuii wieH B dopmyie(9))
YMEHBILIAIOTCA C POCTOM HOMEpPA SHEPreTHYECKOro
ypoBHs N

M © dx N-1 @
Jo= J‘ —= J'
i=l Ej—n cosh” x i=l Ej—n
2T 2T
Mo N-1 ®
Ji :Z ,[ 2. Z J-
i=l Ej—p cosh®x I g m
2T o1
Moo 20 N-Lo®
Jy=> f = J'
i=l Ej— cosh”x 35 Ei-
2T 2T

[loncraBisist HaliieHHBIE BBIpaXXEHUS B (OPMYILY
(6) mpuxoaUM K pe3yIabTaTy
. 2aTn’ an
314+ 2ap)
3mecb MokHO Tonarath U=(En_;tEy)/2. Ortcroma
BUJHO, YTO Sy YMEHBIIACTCS C POCTOM HOMEpa
SHepreTuyeckoro ypoBHs N. Takum o6pazom, B
cllydae HenapaOoJIMYecKOd 30HBI  OJTHOYACTHYHAS
SHTpONUS Sy (MM TEMIT HM3MEHEHUS XUMHYECKOTO
MOTEeHIIMala ¢ Temmeparypod oOu/0T) Becerma

Sy

OotpITie, YeM B CIydae MmapadOINIecKO 30HBL JTO
CBSI3aHO C 3aBHUCUMOCTBIO IIOTHOCTH COCTOSIHHM (5)
OT SHEPIUH.

IV. Uncnennsle pe3yabTaThl U 00Cy:KIeHHE

HHaTerpansl B BeIpakeHUSX (7) MOXXHO BBIYHC-
JISITh YUCIIEHHO. IX MOKHO BBIPA3HUTh TAKXKE MOJTYJIO-

©Akagemus Hayk Pecnybnvkm Y3bekucTaH, 2021 r.

N si(0)=In2/(N-1/2) | Asy  [sw |
2 0.462 0.058 0520
3 0.277 0.049 0327
4 0.198 0.041  0.240
5 0.154 0.035  0.190
6 0.126 0.030  0.156

OnHako, OTHOCHUTENBHBIE IOJU MOMPAaBOK OT
HenapaOoIMYHOCTH 30HBI pacTyT ¢ poctom N. Tak
Hanpumep, At N=2 oHa coctaBiseT 11% ot sy, mis
N=6 cocrasisieT 20% OT sy.

Tenepp  paccMOTpUM  HHU3KOTEMIIEPATypHBIC
aCHUMITOTHKH (6) B TOYKe, TOEe XUMHYCCKHUI
MOTCHIINAJI HAXOAUTCS MIPUMEPHO B CEPEAMHE MEXKIY
JIBYMSI DHEPreTHUYECKUMH YpPOBHAMH MPOCTPAHCT-
BEHHOI'O KBAaHTOBaHUS. OTH YCIOBUA MOXKHO
Hanucath B BUune 1<<kE,.—E,, Ey <p<Ey, N<M.

B mamHOM cmydae B cymmax (7) MOXKHO
MpeHeOpeYh BKIAJIaMH CIIAraeMbIX C U<En,Eyii,...Ey.
3necs, kpome ycnoBua I1<<E,.,—E,, mnoapaszyme-
Baercs Takke T<<p—Ey_; u 7<<Ey—p. Torna umeem

dx T odx
——+0=(N-1)| ———=2(N-1),
cosh” x ( )_'[c cosh” x ( )

xdx T xdx
——+0=(N-1) | ———=0,
cosh” x ( )_'L cosh” x

2 2

x“dx i
——+0=(N-1)—.
cosh? x ( )6

rapupmMudeckuMu  QyHKuusiMA [17]. AHanmu3 3THX
(yHKUME NpU HU3KHUX TEMIIEpaTypax OISTh MPHBO-
muT k pesynbrataM (8-11). CormacHo dopmye (2),
sHeprusi £; onpexensiercss 3HaueHHEeM 3()(eKTHBHOIM
Macchl Ha JHE 30HbI MPOBOJUMOCTH /1, W LIMPHHBI
KBaHTOBOM SIMBbI L.

Cornacuo ¢opmyine (4), sJHEPreTHUECKUE YPOB-
HH 3JICKTpOHA B KBAaHTOBOMU sIME ONpEAEISIOTCS 3Ha-
YEeHHEM BHEPruM IepBoro ypoBHs E; W mapamerpa
HemapaOOJIMYHOCTH 30HBI O. Hmke B YHMCIEHHBIX
pacderax mapaMeTrpa £E, mosaraerci 3aJaHHbBIM
E,=0.01 eV. Torma, Hampumep, MepBBIE YETHIpE
ypoBHst sHeprun npu a=0, E; = Ei* pasus £=0.01,
0.04, 0.09, 0016 eV, a mpn a=4.1 eV,

E, = (J4aEi* +1-1)/20. , E=0.0096, 0.035, 0.07,
0.11eV.
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Pe3ynpTaThl 4HMCIEHHOTO MOAEIMPOBAHHA Y.
(1) mst pa3ubix 3HaUeHU o U T MOKa3aHbI Ha puc. 1.
[Ipr HU3KMX TemmepaTypax OIHOYACTHYHAs SHTPO-
IUs [IPOSIBJIETCA B BUJC y3KUX IIMKOB B PE30HAHC-
HBIX To4kax (puc. la). 3BecTHO, YTO C pocTOM cTe-
NIEHU HenapaboJIMYHOCTH 30HBI 3 (eKTHUBHAsS Macca
3JIEKTPOHA PACcTET, a KBAHTOBAHHbBIE YPOBHH SHEPIUU
ymenbmatores [3, 4, 14-16]. OTo npuBOAUT K TOMY
(cM. puc. la), uTo cepun MUKOB € OONBLUIMM HOMEPOM
N cunbHO pa3feNeHbl — PacIONOXKEHBI AaJeKO IpyT
OT Jpyra. BBICOTBI MUKOB, OTHOCALIMXCSA K OJHOMY
3HA4YeHUIO NN, MOYTH paBHEIL. MHave roBops, Ipu HU3-
KHX TeMIIepaTypax HenapaOolMYHOCTh 30HBI HE HU3-
MEHSET BBICOTHI ITUKOB, 4TO coriacyercs ¢ (10).

os5F L N R T L T e B ) B
N=2 a)  T=0.3meV (3.5K)
-1
—ua=0eV
04t ° -1 §
a=227 eV
() —u=410eV"
0.3 | N=3 -
N=4
02} 1
01}F 1

0,0 . o L
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16 0,18

u, ev
06 —m——r—————+———+——+——r+—r+
N=2 b) T=3meV (35K)
05r —_—u=0 e\.lr‘ T
— =276V
04} a=41ev! .
s(ae)
0,3F J
0,2 F 4
01}k .

0,0 i 1 i 1 " L i 1 " i L i 1
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16 0,18
n, ev

Pucynox 1. 3aBUCHMOCTH OJHOYAaCTHYHON SHTPOIHHU
JBYMEPHOTO 3JIEKTPOHHOTO ra3a OT XUMHYECKOrO INOTEH-
[Mana Mpu pa3IMYHbIX 3HAYEHUSIX CTEIICHH Herapabomnnd-
HOCTH.

C poctom Temnepatypsl (puc. 1b) rpapux cme-
mraeTcsi BBEpX, MpuieM, yem Oosbline Kod3h UIHeHT
oL, TeM OOJIbIIIE CMEIICHUs. ITOT Pe3yiIbTaT coriacy-
eTcsl ¢ mpeacKazanueM 1o ¢opmynam (9) u (11).

Hamo oTMeTuTth, 4TO BO BCEX MPENCTAaBICHHBIX
rpadukax pe3oHaHCHas Touka [l = Ej, Tae XuMuue-
CKA{ TIOTEHIIMAJ ra3a paBeH IEePBOMY KBaHTOBOMY
YPOBHIO 3JIEKTpOHA, He MmokazaHa. [[is Toro, 9To0sI
NPU HU3KHX TEMIIEpaTypax XUMHUYECKUH MOTEHIIHAT
HaXoAWJICs BOJM3W TEPBOTO YPOBHS, KOHIIEHTPALUS
raza JoJbkHa OBITh JOCTaTodHO Majoi. [Ipm maibix
KOHIICHTpAIIUSAX B3aUMOJCHCTBHE MEXIY 3JIEKTPO-
HAMH MOXXET WIpaTh CYLIECTBEHHYIO pOJb. OJTO
00CTOATENBCTBO TPEOYET Y4YEeCTh B TEOPUU BAXKHBIC
3G QEKThl, Kak-TO: BHTHEPOBCKAas KPHCTAIUTM3ALUS
rasa, NEpEeHOPMUPOBKA CIIEKTpa OHJIEKTPOHA H.T.J.
Taxkue Borpock 00cyxaeHsl, H-p, B [12, 13].

Ha puc. 2 noka3zansl 3aBHCUMOCTH S(|L) TIPH Tpex
TeMIiepaTypax Kak mapabonmdeckor (puc. 2a) Tak #
Hemapabonmueckon (puc. 2b) 3oHBL. X cpaBHEeHHE
MOKAa3bIBaeT, YTO B OOOMX CIIydasX BBICOKHE TEMIIe-
paTypsl pa3mMbiBaroT k. OHAKO B ciiydae Hemapa-
0OMMYIECKOM 30HBI PA3MBITHE ITHKOB MPOUCXOIUT OBI-
cTpee. DTO CBSI3aHO C YMCHBIICHWEM 3HAYCHUI Kak
OTJIENBHBIX JHEPreTUYECKNX YpPOBHEW, TaKk M pac-
CTOSHUS MEXy HUMHU.

1.2 ; : : : : :

1,0+

08¢

s(u)

06+

04+

02+

0,0 b—

08t

06}

02t

1 I\ 1 1 1

0,02 004 006 008 0,0 0,12 014 0,16 018
u, eV

Pucynox 2. 3aBUCHMOCTH OJHOYACTUYHOM SHTPOIHHU
JIBYMEPHOT'0 3JICKTPOHHOIO Ta3a OT XMMHUYECKOrO MOTEH-
nuajia HpI/I paanqulx 3HAYCHUAX TeMnepaTprI.
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Ha puc. 3 nmpencraBieHa  3aBUCUMOCTh
ONHOYACTHYHOM  JHTPOIMU  OT  XMMHYECKOIO
MOTEHI[MANIa Ta3a MpH CIEAYIONINX Iapamerpax o =
41 eV, N=234. J1s1 mpoBepKU aHATUTUYECKUX
pE3yIbTAaTOB HA 3TOM K€ PUCYHKE IPUBEACHBI TOpPH-
30HTAJIbHBIC JIMHUM COOTBETCTBYIOIIMX 3HAYCHHU
s(|) B pe30oHAHCHBIX Toukax 1Mo dopmyrnam (9) u (11).
Hago oTMeTuTh, YTO aHAIUTHYECKHE (HOPMYJIBI

CIIpaBEJIUBBl TOJBKO Ui HHU3KUX TEMIEpaTyp.
CpaBHEHHsI TTpoBeeHbI s TemiiepaTypsl 7= 9.3 K.
[Ipu »toM  ycimoBue  T<<E,,—E,  xopoiio
BBIIIOJIHAETCA.
T T T T T T T T T T T
05F N=2 a=41eV’ .
T=0,8 meV (9,3K)

04 .
s(g)

03k . ___ -

0‘2 e [EEEREETEESHIFErEEEeEn s e -

01F .

0‘0 B N A S— T Y—— S—— ————

002 004 006 008 010 0,12
u, eV

Pucynoxk 3. CpaBHenue aHamutuieckux ¢opmyn (9) u
(11) c YnCIIeHHBIM PE3yIBTATOM.

Kak BugHo u3 puc. 3, BbicoTa mnuka ¢ N=2,
MOJIYYCHHBIM YHUCJICHHBIM ITyTeM, OOJIbIE, HEXKEITH
JaeT aHaNMTU4YecKas (opMyna (TOPU3OHTAIbHAS
TUHES). OTa pa3HHWIa MOXeT OBITh CBs3aHa C
aCUMMETPHUEN IUIOTHOCTU COCTOSIHUM OTHOCHUTEJIBHO
XUMHUecKkoro moteHmnmana [13]. Jus  Oonbmiux

3HaueHuid N=3,4,... 3Ta pPa3HOCTb MOCTENEHHO
YMEHBITAeTCS.
Camast  HWXHSSI ~ TOPU3OHTaNbHAS  JIMHUA

COOTBETCTBYET aHanuTuuecko Qopmyne (11), rae
3HAQUYE€HHE XMMHYECKOrO IIOTEHLHaJla I0Jaraioch
paBHBIM U = (E,+E3)/2. 3 cpaBHEeHHIA SICHO, YTO MPH
HU3KUX TeMIIepaTypax aHaIuTHdeckue Gpopmyisl (9)
u (11) maroT BepHBIE pe3yNbTaThl.

U3 ¢opmynst (5) mms TUIOTHOCTH COCTOSIHUN
BUJHO, YTO IPOSBICHHUS KBAHTOBOPA3MEPHBIX 3(-
(EeKTOB B IByMEPHOM Ta3e HEMOCPEJCTBEHHO CBs3a-
HBI C IUCKPETHBIM M3MEHeHHeM (QyHKUMU XdBUcaiaa
O(E-E)) no sHepruu E. B mpoctoit Moxenu uieaib-
Horo ®depmu-raza Bpems KHM3HU 3JCKTPOHA T Tpel-
nojaraercsi OECKOHEUHBIM. B peaibHBIX CHTyalusx,
M3-3a Tpolecca paccesHUs, BpeMs >KU3HU T CTaHeT

©Akagemus Hayk Pecnybnvkm Y3bekucTaH, 2021 r.

KOHEUHBbIM T~ 7/, 4TO COOTBETCTBYEeT KOHEYHOMU
LIMPHUHE KBAHTOBAaHHBIX ypoBHel I'. Ho, ocTaBasce B
Moznenu upeansHoro depmu-rasa, ero MOXKHO y4H-
THIBaTh (PCHOMEHOJIOTHIECKH, 3aMCHUB (DYHKIIHHA X3-
Bucaiina 0(E—E;) ero mpezncraBneHneM (Hampumep,
[3, 4, 13]).

E-E,

O(E-E)—>O-(E-E) =l §+arctan
T

Hns HaXOKACHUS BBIPaKEHHUS IS
OIHOYACTHYHOH dHTpornuu (wim Op/0T ) cHOBa

BOCIIONB3YEMCSl  YCJIOBHEM  IIOCTOSHCTBA  4HCIa
gactull (5). OpHAaKO KOHKPETHBIE pPE3yJIbTaThl
MOJTyY€HBl YHCIICHHBIM ITyTEM.

Ha puc. 4 npencraBineHsl 3aBUCUMOCTH OJHO-
YaCTUYHOW SHTPONHUM OT XUMHYECKOTO MOTeHLHaua
raza npu caenyromux napamerpax 7 =35 K, o = 4.1
eV',N=234uT =0,0.6, 1.5 meV. Kak Buzo u3
puc. 4, ¢ pocTOM IapameTpa yIIHUPEeHUsS MaKCUMYMBbI
OJTHOYACTHYHON 3HTPONMHU IOHIKAKOTCA, 8 MUHUMY-
MBI TOAHUMAIOTCS. MIHade roBopsl, aMIUIUTYIbI TUKOB
MOJIABJISIFOTCSL.

06 ! o=41ev’ T
N=2 b
T=3 meV (35 K
o5l ﬁ\ (35 K) ]
ﬁ\ —T1=0 meV
0,4} AR\ . ——r=0,6 meV i
s(u) : N=3 —1TI=1,5meV
03} : ,\ 4
02f | | -
01 | I | :
1 Ez: 1 L Eal 1 1 Ea: 1
'0,00 0,02 0,04 0,06 0,08 0,10 0,12
u, eVv

Pucynox 4. 3aBucuMOCTH OJHOYACTUYHOM OSHTPONHHU
JBYMEPHOTO  3JIEKTPOHHOI'O Tra3a OT XHMMHYECKOTO
MOTEHIMAJa C y9eTOM yIIMPEHUs yPOBHEH

V. 3akiaoueHnue

UucneHHBIC U aHAJIMTUYECKUE PE3yJIbTaThl JaH-
HOU pabOThl TOKA3bIBAIOT, YTO HEMApabOIHMYHOCTh
30HBI MPOBOJMMOCTH 3aMETHO BJIHMSET Ha OJHOYAC-
TUYHYIO DHTPOIIUIO S IBYMEPHOI'O JJIEKTPOHHOIO TIa-
3a.

CorracHo anaymtraeckuM popmynam (9) u (11),
3Ta BEJUYHMHA MPOMOPIMOHANIbHA MPOU3BEACHUIO KO-
3¢ dumreHTa HemapadOITUIHOCTH U TeMIIepaTypsl o7
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[TosTOMY mpH IOCTATOYHO HM3KHX TEMIIEPaTy-
pax HernapaOOoJIMYHOCTh Majl0 W3MEHSET BBICOTHI IHU-
KOB, OJIHAKO PACIIOJIOKEHUE TUKOB CMEIAETCs BIEBO
[0 CPaBHEHHIO C MapadONIUYecKUM NPHOIMKEHUEM
(puc. la). OT0 cmemeHue O0YCIOBIEHO W3BECTHBIM
s dexrom, poctoM 3hHEKTHBHON MAcCHl 3JIEKTPOHA.
C noBBILICHHEM TEMIIEpaTyphl NOMpPaBKU OT Hemapa-
OOJIMYHOCTH 30HBI 0OJiee 3aMETHBI, KaK ITOKa3bIBaeT
puc. 1b. JluHua 3aBUCHMOCTH S(LL) CMEIIeHa BBEpX,
YTO OTUYETIIMBO HAOJIIOAAETCS BO BTOPOM IHKe N=2.

Pacuetsl, mpencraBneHHbie Ha puc. 4, TOKA3bI-
BalOT, YTO YUIMPEHHE KBAHTOBBIX YPOBHEH, 00yCIIOB-
JICHHOE MpOLIECCaMU paccesHusl monasisieT 3ddex-
TUBHYIO BBICOTY ITHKOB.

baaromapnoctn. Pabota BhINIOIHEHA MO TPaHTY
©3-20200929243 «BaugHue ropA4ux 3NEKTPOHOB U
()OHOHOB B CHJIBHOM 3JIEKTPOMAarHUTHOM IIOJI€ Ha
XapaKTEePUCTHUKH  TTONYIPOBOJAHUKOBBIX ~ COTHEYHBIX
(hOTOPNIEKTPHYECKUX 3JIEMEHTOB 1 HAHOCTPYKTYP».

Single-particle entropy in two-dimensional elec-
tron gas in a narrow-band semiconductors

G. Gulyamovl, B.T. Abdulazizov’, M.S. Tokhirj0n0v3,
P.J. Baymatov3

"Namangan Engineering Construction Institute,
. Kapumos str.12, 160103 Namangan, Uzbekistan
*Physical-Technical Institute, Uzbekistan Academy of
Sciences, Chingiz Aytmatov str. 2B, 100084 Tashkent,
Uzbekistan

*Namangan State University, Uychi str. 316, 716019 Na-
mangan, Uzbekistan

Numerical and analytical results of studying the effect of
size quantization of single-particle entropy in a two-
dimensional electron gas in semiconductor materials with a
nonparabolic conduction band are presented. The depen-
dence of the one-particle entropy on the chemical potential
of the gas at resonance points and far from it is analyzed. It
is shown that at low temperatures the nonparabolicity of
the band gives a small correction to the single-particle en-
tropy. In both of the resonance point and far from it, this
correction is proportional to the product of the nonparabol-
ic coefficient and the temperature o7. The influence of the
broadening of spatial quantization levels on the single-
particle entropy is estimated numerically. The results ob-
tained are presented for different temperatures, the degree
of nonparabolicity of the conduction band, and the magni-
tude of the broadening.

Keywords: heterostructure, quantum well, size quantiza-
tion, two-dimensional electron gas, degenerated Fermi-gas,
chemical potential, Fermi energy, single particle entropy,

minibands, narrow-band semiconductors, band nonparabo-
licity, phase transition
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Top 30HAIM SAPUMYTKATMWIAPAATH HWKKH
yia4aMiiM 3JIEKTPOH raszaa Ourra 3appara
TYFPHU KeJTyBYH SHTPONHUSA

I. T'yasmos', B.T. A6aynasusos’, M.C. Toxup-
)K0H0B3, I1.JK. BaiimaTos’

'HamaHran MyXaHIuCIMK-Kypunum uucTuTyTH, M. Kapn-
MOB Ky4JacH, 12 yii, 160103, HamanraH, V36ekucran

V3P DA Ousuka-rexuuka WHCTHTYTH, U. AMTMaTOB
kyuacu 20, 100084, TorkeHT, V36ekucron

‘HamaHras jaBmar yHEBepcHTeTH, Yium Kyda 316,
716019, Hamauran, Y36ekucTon

VTKa3yBuaHIHK 30HACH HOTIapab oK Oynran
APUMYTKA3IW4 MaTepHAIUIAPAATH UKKU YIT9aMIIH 3JIEKTPOH
ra3uza OWTTa SJIEKTPOHTa TYFPU KEJIyBYM SHTPONHSIHH
Vilqamin  KBaHTJIaHUII  dddekmiapu  TaJKUKOTHHUHT
COHJIM Ba QHAJUTHK TaXJIWJ HaTHKaJIapU KEJITUPUIITaH.
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Bup snekTpoHra TYFpH KENyBYM DHTPOIMSHUA XUMHUSBHI
NOTeHUWaiNra OOFJIAHWINM PE30HAHC HyKTalapia Ba
ynapiaH y30KIa TaxJWI KWwiMHraH. Hatmkanappas
KYpHHHIINYA, [ACT TeMIlepaTypajiapia 30Ha Homapabo-
JUKIUTH Tyailim naigo Oyarad Ty3arMa KU4uK 0Yinuo, y
pPE30HaHC HyKTajapja Ba YHOaH Yy30KAAa XaM 30HaHHU
HomnapaboauK Ko QUIIMEHT Ba TeMIlepaTypa KynanTMacu
ol Ta NPONOPUHOHAT OKaH. YI4aMIH KBAHTJIAHHII
SHEPrusiCi KEHIJIMTHHU OHWTTa DJIEKTPOH OSHTPOIHSICUTa
TaBCHPU COHJH ycyiuap €pramuna O0axonanrad. OJNMHTaH
HaTIDKaJap TEMIlepaTypaHHHI Typjin4a KuiMariapuna
YTKa3yBYaHIMK 30HACH HONAPAaOOJIMKIMIH Japakacd Ba
KBaHT CaTXJIap KSHIJIUTH KEJITHPHITaH.

Kanur cy3aap: rerepory3uiManap, KBaHT Yypa, Yadamiid
KBaHTJIAHMII, UKKU YI4aMIIM JJIEKTPOH ras3u, ailHuran depmu-
ra3, xumusBuii norenmman, depmu sHeprusicu, OMTTa 3appa
SHTPOIUSICH, TOp 30HAIM SApPUMYTKa3ruwiIap,

HomapabonukK 30Ha, hazaBuil YTuILI.
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anxpousma B p-GaAs
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Paccunranbl MaTpU4HBIE 3JEMEHTHI TPEX U YETHIPEX(OTOHHBIX ONTHYECKHUX MEPEXO0JI0B MEX-
Jly TIOJI30HaMH BaJICHTHOH 30HBI IOJIYIIPOBOJHUKA KyOnueckol cummeTpud. [Ipu sTom yuTteH
BKJIa]] OTHOBPEMEHHOT'O TPeX()OTOHHOTO B3aMMOICHCTBHS B CYMMAapHBI MaTPUYHBIN 3JIEMEHT
TpeX M YeTHIPEX(OTOHHBIX ONTHUECKUX TEPEXO/I0B, M NMOKA3aHO, YTO 3TOT BKJIA[ 3aBUCUT KaK
OT 3HaKa, TaK ¥ YMCICHHOTO 3HAYCHUS MapaMeTpa repes KyOHu4ecKrM Mo BOJTHOBOMY BEKTOPY
JBIPOK ClaraeMbIM B 3(p(heKTHBHOM raMIIIbTOHUAHE.

Kiaouesble ci0Ba: TPEX U 4eThIpeX (OTOHHBIC ONTHYECKUE MEPEXO/Ibl, HAYATBHOE, BUPTYAIbHOE
N KOHCYHOC COCTOsHMA, TOJIHBIH ManI/I'-IHHﬁ JJICMCHT, 3d)(beKTHBHLIﬁ TraMHWJIbTOHHAH, JIMHEHHO-
HHpKyJ’[HpHBIﬁ JUXPOU3M, 3aKOH COXpaHCHUSA SHEPI'UU B TPEX (bOTOHHLIX OINITUYCCKUX MEPEXOoJax.

Matrix elements of three- and four-photon optical transitions occurring between the subbands
of the valence band of semiconductor of cubic symmetry are calculated. In this case, the con-
tribution of the simultaneous three-photon interaction to the total matrix element of three- and
four-photon optical transitions is taken into account, and it is shown that this contribution de-
pends on both the sign and the numerical value of the parameter of the term cubic in the hole
wave vector in the effective hamiltonian.

Keywords: .three- and four-photon optical transitions, initial, virtual and final states, total matrix ele-
ment, effective Hamiltonian, linear-circular dichroism, law of conservation of energy in three-photon op-
tical transitions.

I. Bseaenme

[Ipy TOTJIOIMEHUN JIMHEHHO W IHUPKYISAPHO
MOJSIPU30BAHHOTO CBETAa pa3pelIeHbl MHOTOKBAaH-
TOBBIE ONTHYECKUE IIEPEXOAbl 4Yepe3 BUPTYyaIbHbBIE
9JIEKTPOHHBIE COCTOSIHUS, HAaxOASAIIMecs Kak B
BAJICHTHOH W B 30HE NMPOBOJMMOCTH, TaK M B JAJIEKO
pacmosioxkeHHBIX 30Hax [1-11]. ITo 3akoHy coxpane-
HUS YTJIIOBOIO MOMEHTa HOCHTENEH TOoKa (pu3nyecKast
NpUpOJa ONTHUYECKHX IIEPEXOJ0B  3aBHCHT  OT
CTeNeHH Toispu3anuu cBera. B wactHocTH, mpu N
()OTOHHOM TMOTJIOMIEHUN IUPKYJSIPHO TOIIPU30OBAH-
HOro cBera (POTOBO3OYKACHHBIE HOCUTENH OYyAyT
MUMETh OTJIIMYHBIC OT HYJIA YTJIOBBIE MOMEHTHI, TaK

DOI: https//doi.org/10.52304/.v23i4.285

4TO cienayromue GOTOHBI OYAyT B3aUMOACHCTBOBATH
C ONTHYECKH OPHUCHTHPOBAHHBIMH HOCHUTEIISIMH TOKA.
[To mpaBuimy otbOopa paccMaTpPHBAEMOrO ONTHYE-
CKOI'0 Mepexo/a i MPOeKIUA MOMEHTOB HOCUTENEH
TOKa OTHOCHUTEIBHO BOJHOBOTO BeKTOpa (HOTOHA
BEPOSTHOCTH IBYX- M TPEX(POTOHHBIX ONTHUECKHX
MEepexo/10B OYAyT 3aBUCETh KaK OT YaCTOTHI, TaK U OT
creneHd noispuzauuu csera [7-11]. Ilocnegnee
MPUBOAUT K BBIABICHUIO JTHHEHHO-ITUPKYJISIPHOTO
MUXpOU3Ma TIOTJIONICHUSI CBETa. DJTO BEPHO TOIJA,
KOIJIa HE YYTeHa 3aBUCHMOCTh  IOTJIOLICHUS
MOJIIPU30BAHHOTO  HM3IyYEHUS OT aHU30TPOIHS
MOJIYITPOBOTHUKOBOTO KPUCTAILIA.

Vol. 23, No.4, pp.27-31, 2021
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3aMeTuM, YTO TIPU HCCICIOBAHUUA HEKOTOPBIX
OTNITUYECKUX napameTpoB MOJTYPOBOJIHUKA,
HaIpUMep, MPU pacyeTax OJHO- U MHOTO(OTOHHOIO
KOO UIMEHTa  MOTJOUICHUS  TOJISIPU30BAHHOTO
W3y4YCHUs]  WIH  TOJSIPHU3AIMOHHO-3aBUCHMOTO
tdototoka (cMm., H-p, [7-10]), TpeOyeTcs mMpou3BECTH
pacdeTsl MATPUYHBIX JJIEMEHTOB PacCMaTpPUBAEMBIX
ONTHYECKUX TMepexoaoB. [loaromy panee Oynem
aHAJM3UPOBATh MATPUYHBIC DIIEMEHTHI ONTHYCCKUX
NEPEXOA0B I KOHKPETHLIX CIIy4acB.

II. Tpex¢oTOHHBIA JUHEHHO-LHPKYJISAPHBIH
AUXPOH3M

[Mpoananuszupyem Tpex(HOTOHHBIE ONTUYECKUE
Mepexoapl MEXIY IOA30HAMHU TSKENbIX W JIETKUX
IOBIPOK  BAaJIGHTHOH  30HBI  TOJYNPOBOJHHKA.
MaTtpudHbIe 3J€MEHTHI BCEX THIOB TPEX(OTOHHBIX
ONTUYECKUX MEPEX00B BBIPAXKAIOTCA KaK:

1 1 1

M (3) M G) M r(n’)mmM r(n)mM r(n)m

i ~Mnm = 2, (E,po — Epc — 100)( ,hw)*

m"”,m"=+1/2,+£3/2 m"™k m'’k m"k mK
! 2 2 1 (D
AN
T 2
(Epg —Epig —2h0)  (E x —E o —ho) \ ch 6 Jmm

3meck mepBoe cllaraeéMoe ONHCHIBACTCS AMArpaMMOn
, BTOpoe — Jauarpammon iji, TpeTbe — Jua-

, YeTBEPTOE — AHarpaMMOoil }éi,

Vi) A S[HB)(@')J
m",m Ch e m’m,’

Hﬁ':) (€)= Hﬁz) (IZ —>é’), Hg:) (IZ) —  o¢deKTuBHBIH
raMUJIBTOHHAH IBIPOK B TMpeAcCTaBieHuu JlaTTHH-
kepa-Kona [12-13], N=2,3 4, Hﬁ? (IZ) — KyOuueckoe

rpaMMOin

10 BOJHOBOMY BCKTOPY JObIPOK (k) cjJlaracMoc B

HM (IZ) B wacTHOCTH, A IOJyIPOBOAHUKOB K-

Te
Onyeckoit CUMMETPHUH HE) = D'JK,
K, = ka( k2., + k§+2), Jo — MaTpunsl omeparopa yr-

JIOBOr0 MOMeHTa B npejcrasicHun ['g [12-13], D' —
30HHBIM MapaMeTp MOJYNpPOBOAHUKA, H-p, JUIA
p-GaAs D'=3.9x10* eVsm’.

OTMeTHM 31eCh, YTO BKJAJ OJHOBPEMEHHOTO
MOTJIONIEHUsT TpeX (POTOHOB B KOA((UIIMEHT MOTIIO-
IICHNS CBETA MW JIMHEHHO-IIUPKYISIPHOTO TUXPOH3-
Ma HE uCCienoBaH B paborax [2, 3, 7-11], T.e. mpe-
HeOperaiay MOCIEIHUM cliaraeMbIM B (1).

Ecnmn paccmarpuBaTth ONTHYECKHE MEPEXOJIBI,
NPOMCXOAANINE NPH TOTJIOMIEHUH TPEX OTIENBHBIX

o % g 2
(I)OTOHOB, OMMUCBIBAEMBIX AHUATrpaMMOU , TOraa
IoJIApu3aliuOHHAasA 3aBUCHUMOCTH MaTpUu4YHOI O
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QJICMCHTA OIITHUYCCKOT'O nepexoaa THIIa

|+3 / 2> - | m) - | m’) - |+1 / 2> BBIPAXKACTCS KaK

2\/5(%j @e; (4|ez,|2 —§|e;|2j,

ch (hm)2

rae IO HOMEpPaM IPOMEKYTOUHBIX COCTOSHUN

[m).

QJICMCHT TpeX(i)OTOHHOFO OIITUYCCKOro Iepexona

m’> MIPOBOJUTCSL CYMMHpOBaHHE. MaTpuyHbINA

¢
TUIA —-—V—, IJIe CHavyaya MorIolaeTcs oJuH (OTOH,
a Jajee OJHOBPEMEHHO ITOTJIONMIAIOTCS ABa (hOTOHA,
AMeET BHU]I:

J3(eA Y Bk A > 1, A,
NP P R (2 1)+ 282 +—€2 | —4(= 1)
Z[Ch) h0)+[(B ) z 2J_j| (B )z

MarpuuHbIii 37€MEHT ONTHYECKOr0 MEPEXOoJa THUIla

i&_, rJic CHavyajga OJHOBPEMEHHO MOTJIOMAKTCS
nmBa QoroHa, a Jayee IMOTJIOMAETCS OauH (DOTOH, H
ManI/I‘IHBII\/'I JJIEMCHT OIITHYECKOI'O nepexona

THTIA }?i'i C OJIHOBPEMCHHBIM TIOTJIONMICHHEM TPEX
(HhOTOHOB OIIPENEIIAIOTCS aHAJOTHIHBIM 00pa30OM.

CYMMa MaTpUYHbIX 3JICMCHTOB MOCJICIHUX JABYX
MIEPEX0/I0B BBIpAXaeTCs KaKk

—ﬁ(%ja B—Z)keg (IOe;2 —e? )

2\ Ch ) ho
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B pesynpTare monspuzallOHHAs 3aBUCUMOCTD
CYMMBI BCeX TPeX()OTOHHBIX ONTHYECKHUX MEPEXOIOB,

$33. WL,

OITMCBhIBACMBIX HHanaMMOﬁ ,
BBIpAXXacTCA Kak

3
LENL
2\ ch ) ho

2, Bk’ 3,
{(—IOeZZ re?)+ 4%(4@242 —§|e+|2ﬂ.

3
) P RIIE e 24
{‘Mﬂ/;;g/z‘ +‘ME11/;;2/2‘ }:£ a Bkj 2

[Tocie mpoBeneHHsI YIIIOBOTO YCPETHEHHUS IIO
TEJICCHOMY YTJIy BOJTHOBOT'O BEKTOPa JABIPOK HMEEM:
JUTSL TMHEHHOM NOspU3auu

{‘Mo—l—n : } _297(eA Y g 1
+1/2;+3/2 i pol 4 ch ho

JUISL IUPKYJISIPHON TONAPH3aLuU

(1-1-1)
+ ‘ M3

Ecnmn yurem 3akoH COXpaHEHUS DHEPIUU B

’ 12

TPEX(POTOHHBIX ONTHYECKUX MEepEXoax 1 e’f =le,| ,
TOrZla MOCJIEHEE BBIPAXKECHUE IPUHUMAET BHI:
A3
oA ) (13.6e'2 ~13¢7).
8 \ ch h(o
Torma  kBampar Momyns  TpPexX(OTOHHBIX
ONTUYECKUX MEPEXO0B THIIA MMeeT BU:
2 2
, 2 3, , 2 3,2
e’ | 4le,| —=|et] e’ | 4le,[ - )
8 8
N3 mocimenHuxX  COOTHONMICHHWH  BHIHO,  9TO
koadurment TPeX(OTOHHOTO JTMHEWHO-
HUPKYJISIPHOTO IUXpOU3Ma, korna  (poTOHBI
MOTJIOIIAOTCS o OTZEJBHOCTH, paBeH
1-1-1
Tl(ﬂ/z +)3/2 =44/15.
Ksagpar MOZYJIsS MOJISIPU3AITUOHHON

3aBUCUMOCTH CYMMApHBIX MAaTpUYHBIX 3JICMCHTOB
L
]

OIITHYCCKUX TIEPEXOJ0B THUIIA —i—'—i'+

6 o3 —_—— 4
v (=11) 2 M (=11) 2 _405(eA, ) B
+1/2;+3/2 + -1/2;-3/2 Circ.p()l‘_? E % + NIPUHUMAET BUJL
6/ 521 )2 2
2 3(e Bk 3
‘Mﬁ)m, =_[iJ 2 e’f[(—lOegz+ef)—6(4|ez,|2——|el|2ﬂ +
M=+3/2;m'=+1/2 4\ cn ho 8
3)
ho 2,4 13 j (hcoD j 4 )
+4——D'| 34e%et ——e""e? |+4 (e et +el| el )
29 o[ sdeptert - e oo 202 (e et e
Torga ycpenHss MOCIEIHHE COOTHOIIEHHMS IO  BOJHOBOMY  BEKTOPY  JBIPOK,  IOJNYYHM:
JUTSL TMHEWHOM NOJspU3aluu
6 2 N2
2 e
M© =(ﬁ) Bk 21544912 b +05(h°’2Dj : (4)
m=t3/2m=t12' e\ CT ho B’k Bk
IS HUPKYJISPHOI OJIpU3aLHH
eA, \°( Bk ) oD’
- (—j 22547 +0. 49( j (5)
Mm==+3/2:m'=+1/2 cire ch ho Bk

III. Yerbipex)OTOHHBIA JIMHEHHO-LUPKYJIAP-
HBIIl TUXPOU3M

Hwmwxke paccMoTpuM 4eThIpex(OTOHHOE MOTIJIOo-
LIEHUE MOJSIPU30BAHHOIO H3JIy4YeHHs B IONY-
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MPOBOJHUKAX KyOMYECKOH cHMMeTpuH, 00yCIIOBIeH-
HO€ MNpSIMBIMM OITHYECKHUMH IIEPEXOJaMU MEXIy

ManI/I‘IHI)II\/'I QJICMCHT ONTHUYCCKUX MEPCXOJ0B MCIKIAY
IMOA30HAMM TSKEJIBIX W JIETKUX JBIPOK BaJICHTHOM

IMOA30HaMM JICTKHUX W TSKCIIbIX IOBIPOK, I'IC, B OTJIM- 30HLBI MOJIYIIPOBOJHHKA OIIPEACTIACTCA
gue oT [1-9], yureM OAHOBpPEMEHHOE MOTJOUIEHHE COOTHOILEHUEM:
Tpex (hOTOHOB. Torma  deTbipex-GOTOHHBII
1 1 1 1
M 4) _ M(4) _ Mr(n,)mMr(T"l,m'"Mm')",m”Mr(n”),m' n
mmk (Ene — Enc —710)(E o = Epie = 10)(E, o — e — T100)
m",m"=+1/2,%+3/2 ik mk m"k mk m'k m’k
1 1 1 1
n M r(n’),m"'lvI &),m"M rE1”?m’ M r(n’),m"' M r(n’”),m“ M r(n”),m'
(Em’”lZ - Em'E —3h6\))( mk Em’IZ - 2h(D) (Em”R - Em'k 3hm)(Em”R - Em'l? hco) (6)
2 1 1 2 2 7 (3 1
n Mr(n’,)m”'Mm”)',m"Mm”),m' n Mr(n,zn“Mr(n”?m' |\/Ir(n,)m“l\/lm”),m'
(Epee — Epg —270)(E, g —E,c —~h0)  (E g —Ep —2h0) E o —E ¢ —ho
1) 27 (3
n I\/Ir(n,)m”Mr(n”),m'
E.x —Enx — 300
roe |[my=|c,x1/2), Ey — mmpuHa 3ampenicHHON m.m
my=|c.x1/7) . & - mapusa sanp E k) =— (210 E, ).
30HBI, & 3aKOH COXPAaHEHUS YHEPTHH IS YKa3aHHBIX : My (mC + mlh)
OIl  BeIpakaercss C  TMOMOMBI0  (QYHKIIAH
— — Qo) \ _ m, _

8(E, - Ep — 270) . Epn (k2 = —— (2n0-Ey).

IV. 3akaouenue

OTMeTuM, YTO BOJHOBOM BEKTOP B KOHEYHOM
COCTOSIHUU AJIEKTPOHOB, YYacCTBYIOIIHX B
Mex30HHBIX  OII, ompenemsiercss ¢  TOMOIIBIO

2“(&'—)

BoIpaKenns k(" = g—2(2hw—Eg) , rne L=lh
(L=hh) - s
mcmL
m, +m_

JMETKUX  (TSDKEIBIX)  IBIPOK,

L) _

M s¢dhexTuBHAS

— TpUBEACHHAsS
Macca HOCHTENed Toka, Mg — 3(QeKTUBHas Macca
3JICKT-POHOB B 30HE MPOBOAMMOCTH, M. —
a¢dexTuBHAsS Macca ApIpOK B moa3oHe L. Torma mis
SHEPIHi JIETKUX W TSOKENBIX JBIPOK CIPaBEIIUBBI
CJIeYFOINE COOTHOIICHUS:

a) ecnu OIl mpouCXOAUT U3 TOA30HBI TSKEIBIX
JIBIPOK, TOT/A

m
Qo) _ c
EL:hh (kc,L:hh -

m(zhm— E, )
Me My,

Epp (kE) =——
’ My, (M, + M)

(2n0-E )3

0) eciim OIl mpoucXoAUT U3 MOJI30HBIX JIETKUX
JIBIPOK, TOT/IA
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Takum 00pa3om, B y3KO30HHOM KpHCTaIlIe OBLIN
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MapaMeTpoB, CTENEHH MOJSPU3aLUM H YacTOTHI
CBeETA.
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Matrix elements of three- and four-photon optical transi-
tions between subbands of the valence band of a semicon-
ductor of cubic symmetry are calculated. In this case, the
contribution of the simultaneous three-photon interaction
to the total matrix element of three- and four-photon opti-
cal transitions is taken into account, and it is shown that
this contribution depends on both the sign and the numeri-
cal value of the parameter of the term cubic in the hole
wave vector in the effective Hamiltonian.
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P-GaAs na y4 Ba TYpT (OTOHIN YM3MKJIN HUPKY-
JISIp IMXPOM3M HA3apUsICH TYFpHCH/IA

P Pacynonl, B.P. Pacynonl, M. DmGoaraes’, M.X.
Kyukapos®

'®aprona nanat yausepcutern, MypabGuittap k4. 19, 150100,
®daprona, Y36ekucton

’KyKOH [aBiaT meaaroruka HHCTHTYTH, TypoH ky4. 19, 150700,
Kyxon, Y36ekncron

Ky0 cuMMmerpusuin SIpUMYTKa3rHy BaJICHT 30HACHHHHT
TaApMOKJIAPHAPO Y4 Ba TYPT (POTOHIHM ONTHK YTHUIILIAP MAT-
pHLIABHI 3JIEeMEHTIIapu XucobOiaHraH. bynna y4 Ba TYpT
(OTOHJIM ONTHK YTUIUIAPHUHI TapKUOMH MaTpuia siie-
MeHTHTa OMp BaKTHHHT y3uAa y4 (OTOHIH ¥3apo TabCHUP-
HUHT KyIITaH X#Wccacu JbTHOOpra ONMHTaH xamuaa Oy
VIYOIHUHT ~caMapaBUi TraMWIBTOHMAHNArd KOBaKJap
TYJIKAH BEKTOPH KyOHMHYH Japakaid Xai oya Kodhduiu-
SHTUHHHT COH KMHMTHUTA, XaM HIIOpacHura OOFIIMK 3KaHJIU-
TH KYpCaTUIITaH.

Kanut cy3map: yu Ba Typr ¢QoToHNIM onTHK YTHOUIAp,
OoluTaHFUY, BUPTYaJ Ba SIKYHHH X0JaTiiap, MaTpHIla JIeMEHTIIap,
caMapaBUil TaMWIBTOHWAH, YM3HKIH LUPKYJIAp AUXPOU3M
k03] dHIeHTH, Y4 (OTOHIM ONTHK YTHILIAPAA SHEPTUSHHHT
CaKJIaHUII KOHYHH.
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O hexT MHOKECTBEHHOI reHepanyy SKCUTOHOB B HU3KOPa3MEPHBIX HAHOCTPYKTYPAX OTHUM
($OTOHOM TIpeAcTaBIAeT cOO0M BO3MOXKHBIM IyTh K MOBBINICHHIO 3()(GEKTHBHOCTH (OTOINEK-
Tpudeckoro mpeoOpasoBanus. B 3Toif paborte cratmctudeckas Teopus Depmu reHepanuu
CHJIBHO KOPPEIMPOBAHHBIX YAaCTHUI] UCTIONB3YeTCA I OOBSCHEHHS pa3MepHOro s¢dexra re-
HEpaluu MHOKXCCTBCHHBIX 3KCUTOHOB B HAHOCTCPIKHAX PbSe MO0 CpaBHCHUIO C KBAHTOBBIMU
Toykamu. CTaTUCTHYECKUH MOJIXO/I, YUUTHIBAIOLIMI Pa3HHILYy B IOPOTOBBIX SHEPIUsAX (POTOHOB
JJI1 pa3MHOXKCHUA HOCHUTENICH B HaHOCTCPIKHAX IO CPABHCHUIO C KBAHTOBLIMH TOYKAaMHU, OACT
XOpoIlee COrache ¢ SKCIEPUMEHTAILHBIMU 3HAYSHUSIMHA KBAaHTOBBIX 3(h()EeKTHBHOCTEH.

KnrodeBble cjoBa: pasMepHOCTb, MHOXECTBEHHasl T€Heparusi SKCHTOHOB, PbSe, KBaHTOBBIE TOUKH,
HaHocTepKHU, Teopust Depmu.

The effect of multiple exciton generation in low dimensional nanostructures by a single
photon presents a possible route to improved photovoltaic conversion efficiency. In this work,
the Fermi's statistical theory of the generation of strongly correlated particles is used to ex-
plain the dimensional effect of the generation of multiple excitons in PbSe nanorods versus
quantum dots. The statistical approach taking into account the difference in threshold photon
energies for carrier multiplication of nanorods versus quantum dots gives a good agreement

with the experimental values of quantum efficiencies.

Keywords: dimension, multiple exciton generation, PbSe, quantum dots, nanorods, Fermi theory.

I. Introduction

One of the remarkable nanoeffects occurring in
semiconducting nanocrystals is the generation of
multiple electron-hole pairs (excitons) upon the ab-
sorption of a single photon [1-8]. The effect called
Multiple Exciton Generation (MEG) or Carrier Mul-
tiplication (CM) is potentially promising to increase
the efficiency of solar energy conversion, particularly
in photovoltaics and photocatalysis. The Shockley-
Queisser (SQ) detailed balance analysis limits the
power conversion efficiency to 33% for a single

DOI: https//doi.org/10.52304/.v23i4.286

light-absorbing layer. However, the generation of
multiple excitons upon the absorption of a single pho-
ton could potentially increase the power conversion
efficiency to above 40% [3, 7]. The effect was first
observed in bulk semiconductors [9] when a hot elec-
tron in the conduction band collides and forces a va-
lence electron to promote across the bandgap, but its
probability is very low due to the fast relaxation and
phonon emissions. In semiconducting nanocrystals,
due to the quantum confinement of electrons and
holes, phonon emissions are suppressed, and conser-
vation of translational momentum is relaxed. As a re-
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sult, the threshold photon energy Ei at which the
quantum yield (QY) for exciton generation begins to
exceed unity, and the energy of creation of an elec-
tron-hole pair e..; which is the excess photon energy
required to generate an additional electron-hole pair
after the threshold photon energy, are reduced, and
the quantum efficiency of the MEG effect is enhan-
ced.

The first experimental observation of MEG was
reported in different quantum dots, including PbSe
[1], PbS [2, 6], PbTe [10], Si [5], CdSe [4], InAs [11,
12]. Many theoretical investigations [13-19] followed
the experiments to explain the MEG effect. The QYs
measured initially by different research groups in
identical materials were contradictory [8, 20-23].
These discrepancies were explained by the uncontrol-
led photocharging of nanocrystals due to the longer
lifetime of the photoionized state compared to the ti-
me between laser pulses. After eliminating photo-
charging effects, it was established a good agreement
between data obtained by different spectroscopic
techniques [20, 21].

Usually, the QYs measurements [24] can be
plotted versus hv/Eg, where hv is the photon energy,
Ey is the bandgap energy, and the efficiency of an
electron-hole pair multiplication me., is then obtained
from the following relationship between the QY and
hv/Eq for hv>Eq:

h
QY =(E"—ljneh .

9

(1)

At the limit of the efficiency of exciton generati-
on equal to 1, the amount of excess energy needed to
produce an additional electron-hole pair is the band-
gap energy Egy. For this case, the plot QY vs hv/E
have a “staircase” shape. In reality, the amount of
energy for an electron-hole pair creation is greater
than the bandgap energy because some excess energy
is lost as heat. Since men is defined as the bandgap
energy divided by the actual energy of electron-hole
pair creation Ne.n = Eg/€eh, Ne-n 15 less than 1.

We can compare the values of the efficiency of
an electron-hole pair generation for bulk and QDs, for
example, for bulk PbSe ne.» = 0.2 while for PbSe
QDs Mer = 0.4 or for bulk Si ne.n = 0.4 and for Si
QDs Mer = 0.9 [24]. In nearly all cases, the efficien-
cies for the QDs are higher than those for bulk semi-
conductors. Note here, that the efficiency of exciton
generation of (6,5) SWCNTs is equal to 0.7, which is

also very promising [25]. In general, two important
factors of the MEG effect, the threshold photon ener-
gy and the energy of an electron-hole pair creation,
are both reduced in QDs compared to those in bulk
counterparts and responsible for the enhanced MEG
effect in QDs.

The enhancement of the MEG effect due to the
reduction of the energy of an electron-hole pair crea-
tion is especially promising to obtain an appreciable
improvement in the power conversion efficiency of
practical devices. As it was shown [24], the smaller
energy of an electron-hole pair creation correspon-
ding to stronger MEG can be achieved either by slo-
wing the intra-band energy loss or enhancing Cou-
lomb interactions responsible for exciton-generating
collisions.

The dimension of nanostructures is chosen as
one of the factors to boost further the MEG perfor-
mance in PbS and PbSe nanoparticles. According to
CM measurements [26-27], multiexciton yield shows
an approximately two-fold increase from ~11% in
PbSe QDs to ~25% for nanorods for the aspect ratio
of ~7. It was shown that at similar threshold photon
energy, nanorods exhibited a two-fold reduction of
the energy of an electron-hole pair creation over QDs
attributed to increased Coulombic coupling in the qu-
asi-1D structure at the optimal aspect ratio of 6-7 [26-
27]. At those optimal aspect ratios, the energy of an
electron-hole pair creation €., in PbSe nanorods is
2.7 Eg and the CM threshold Ey, is 2.6 Eg, while in
PbSe QDs they are 4 Ey and 2.7 Eg [26-27], respec-
tively. It was supposed that decreasing the quantum
efficiency at larger aspect ratios is likely due to the
restored 1D translational momentum conservation
which imposes additional restrictions on the CM
process [26-27].

II.  Multiple Exciton Generation models

A few models interpret the CM effect in QDs
[15-19]. In the impact ionization model [15] the CM
was considered inverse with respect to Auger recom-
bination of biexciton states into a single exciton state.
Therefore, two time constants should be comparable,
or the CM should proceed even slower than that of
the Auger decay. However, the transient absorption
(TA) data shows that the characteristic CM time is
much shorter (<50-200 fs) than the Auger recombi-
nation time (~300 ps) indicating that CM is probably
not an Auger type process.

According to the coherent CM model [16], due
to the superposition of a single-exciton and coherent

©Academy of Sciences of Republic of Uzbekistan, 2021
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multi-exciton states, coherent oscillations between
various resonant-exciton and multi-exciton states
should be established. These oscillations were not
experimentally detected, instead, the 1S-state build-
up is dominated by the intraband relaxation process.
Schaller and et al. [17] showed, that due to the
instantaneous character (~200 fs) of generation of
multiexcitons they interpreted the MEG in terms of
their direct photogeneration of multiexcitons by a
single photon via virtual single exciton states. Se-
cond-order perturbation theory was applied to the ge-
neration of biexciton by a single photon via a virtual
single-exciton state by using the electron-electron
Coulomb interaction coupling matrix. While coherent
CM occurs in the regime of strong exciton-to-
biexciton Coulomb coupling, the perturbation app-
roach is valid for the situation of weak to moderate
coupling. Although the perturbation theory was app-
lied for the generation of biexcitons, for the processes
of high multiplicity it could be problematic [27] due
to the strong correlation of multiple excitonic states
in the confined space. From another side, it was well-
known [28, 29] that for the processes of multiple ge-
neration of strongly correlated particles statistical
approaches give a more realistic description. The sta-
tistical theory developed by Fermi [29-31] was origi-
nally developed for the generation of m-mesons at
nucleon-nucleon collisions. Due to the large values of
interaction constant of the nucleons with n-meson
field, for the analysis of the process of generation of
n-mesons, the perturbation theory was not justified to
be used [28]. Instead, it was supposed that the energy
released at nucleon-nucleon collision was instanta-
neously distributed according to the statistical laws
between various degrees of freedom available in the
given effective volume. This approach was assumed
to be an extreme case inverse to the perturbation
theory and a good approximation of the real picture,
especially at high energies. In our previous works [18,
19], we used the Fermi statistical approach to the
MEG effect in QDs, by assuming the energy of gene-
ration of an electron-hole pair to be equal to the ener-
gy of semiconductor bandgap (Eg, which is an ideal
case of generation of particles without energy losses.
With such an assumption, almost ideal high multipli-
cities were obtained in PbSe QDs [19], which did not
correspond to the data on CM observed in the recent
experiments [24-27]. In this work, the statistical app-
roach was modified using the real threshold photon
energy and additional electron-hole pair creation
energy calculated from the experiments [26, 27] to

©Academy of Sciences of Republic of Uzbekistan, 2021

explain the dimensionality effect of CM efficiencies.
We compare the quantum efficiencies of MEG in
PbSe nanorods versus quantum dots calculated within
the Fermi approach with the corresponding experi-
mental results [24-27].

III. Dimension effect in the Fermi approach

By applying Fermi's statistical theory [29] to the
MEG effect, we can suppose, that a high-energetic
photon hv>>E, is absorbed in the volume of nanopar-
ticles and is rapidly distributed among the various
degrees of freedom present in the system, so that n
electrons and holes (n/2 excitons) are generated. By
neglecting the conservation of momentum, the ex-
pression for the probability of generation of n partic-
les with a certain energy distribution in the effective
volume Q can be written as

mgn/2Qn (2)
23n/2 n3n/2h3|’1 ((3n / 2) _ 1)‘ .
Here, mq is the free electron mass; n =2, 4, 6, ... is the
number of particles (electrons and holes); T is the to-
tal kinetic energy of generated particles. The relative
probability of generation of n particles is then deter-
mined as

TGV

S(n)=

_ S(n)
W (n) “Ssm) 3)

The QY of CM upon absorption of a single pho-
ton is calculated as QY =(N,,)x100%, where (N,_)

is the average number of electron-hole pairs calcula-
ted via statistical weights

n=2<Neh>=zz“”SS(‘n”)). 4

In general, according to the model (Eq. 2), two
parameters, the effective volume and the kinetic
energy of the particles, vary with the size and shape
of nanoparticles. Therefore, the dimension effect ob-
served in experiments [26, 27] can be interpreted ba-
sed on different values of the effective volume of na-
norods versus QDs and the kinetic energy of the par-
ticles generated in that volume. The effective volume
of QDs is calculated using Q=(3/4)nR’ and for nano-
rods it is defined from Q=7tR2Leﬁ, in which Lg 1s the
effective length of the nanorod, which for PbSe is ta-
ken at optimal aspect ratios of 6-7, at which the CM
efficiency was maximal [26].

As it was mentioned above, a threshold photon
energy, above which QYs begin to exceed 1, and
energy of electron-hole pair creation in nanorods is
smaller than those in QDs, so in the nanorods, the ki-
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netic energy of the particles should be greater. Thus,
the higher efficiency of MEG in PbSe nanorods es-
tablished from the experiments [27] over QDs at si-
milar bandgap energy can be explained due to the
higher values of the effective volume in which mul-
tiple particles are created and their total higher kinetic
energy. Estimations of QYs for PbSe nanorods and
QDs can be made using Egs. (2, 4). The statistical
weight of generation of a single exciton is calculated
by using the following formula

me’ T*
8n'h’ 51

S(2)= )

The statistical weight of generation of biexciton is
then equal to

miQ* T

S(4) = L
@ ="6an” s

(6)

The kinetic energy of a single exciton generated upon
excitation by a high energetic photon (Fig. 1) is cal-
culated from the formula

T=hv—E, +E,. (7

Here Eg is the exciton potential energy. When the
photon energy is higher the threshold, an additional
exciton is generated, and the kinetic energy of two
excitons (Fig. 1) can be calculated based on the fol-
lowing formula

T,=T-E; +E..

®)

A

Energy

CB

VB

Figure 1. The kinetic energies of a single exciton (T) and
biexciton (T;) are determined via the excitation electron
energy (E.), the bandgap energy (Ey), and the threshold
photon energy (Ey) The exciton binding energy is not
shown.

IVv. Results

CM efficiencies in PbSe nanorods and QDs with
similar diameter and effective bandgap were calcula-
ted using Eq. 4. We compared the theoretical results
for nanorods and QDs of three different diameters
(2.7 nm, 3.7 nm, and 4.7 nm) with the corresponding
experimental ones at 3.1 eV excitation. It was shown
(Table 1 and 2) that a good agreement of theoretical
results of CM efficiencies for the two types of nano-
particles (d=2.7 nm, and 3.7 nm) with the correspon-
ding experimental data was obtained using the CM
threshold photon energy of Ey=2.7E, for QDs, and
Ewn=2.6E, for nanorods established in the experiments
[26, 27]. For the largest nanoparticles (d=4.7 nm)
(Table 3), the agreement with the experiments was
achieved using Ex=3.1E,. In the calculations of effec-
tive volumes of nanorods, the optimal aspect ratio of
nanorods (AS=7) was used, at which the CM effi-
ciency was maximal. Based on the dielectric forma-
lism [32], the Coulomb interaction in an electron-hole
pair can be approximately defined by the sum of po-
larizing waves with different wavenumbers, and the-
refore we assume that the dielectric constant in QDs
and nanorods should be smaller than that in bulk se-
miconductors. Therefore, we chose the arbitrary va-
lues for Coulomb interaction energy in the electron-
hole pair in PbSe nanorods and QDs which match the
model with the experiments.

Note that its value in the nanoparticles is larger
than that in bulk PbSe. Moreover, it can be seen from
Tables 1-3, the chosen exciton energies inversely cor-
relate with the diameter of the particles.

Table 1. PbSe QDs and nanorods with 2.7 nm in diameter
and 0.89 eV bandgap energy.

n S <Ne-h>theor (Ne-h>exp [27]
QDs: En=2.7 Eg; Eex=0.4 eV

2 | 2.06x10% 1.16 1.15

4 | 4.02x10*!

Nanorods: Eqy=2.6 Eg; L=7x2.7 nm=18.9 nm; E¢,=0.4
eV
2 | 1.66x10*

4 | 9.84x10%

1.38 1.30
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Table 2. PbSe QDs and nanorods with 3.7 nm in diameter
and 0.81 eV bandgap energy.

n S <Ne—h>theor <Ne—h>exp [27]
QDs: Eqn=2.7 Eg; Eexc=0.17 eV

2 | 1.21x10% 1.23 1.22

4 | 3.65x10%

Nanorods: Eqn=2.6 E4; L=7x3.7 nm=25.9 nm;
Eexc=0.02 eV
2 | 1.18x10%

4 | 1.47x10%

1.55 1.5

Table 3. PbSe QDs and nanorods with 4.7 nm in diameter
and 0.66 eV bandgap energy.

n S <Ne—h>theor <Ne—h>exp [27]
QDs: En=3.1 Eg; Eexe~0 €V

2 | 5.0x10% 1.4 1.50

4 | 3.58x10%

Nanorods: Ey=2.6 Eg; L=7x4.7 nm=32.9 nm;
Eexc=0 eV
2 | 5.52x10”

4 | 434x10%

1.89 1.80

V. Conclusion

The statistical model is presented to explain the
dimensionality effect on CM established in the expe-
riments [26, 27]. According to the model, the larger
kinetic energy due to the smaller energy threshold of
CM results in higher quantum yields of MEG in na-
norods compared to those in QDs which is in good
agreement with the experiments. The model takes in-
to account the enhancement of exciton energy in low
dimensional nanostructures. It can be used to estimate
the CM efficiency in 0D and 1D nanostructures based
on the photon energy threshold and energy of the
creation of additional electron-hole pairs above the
energy threshold.
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'V36exucron PecryGnukacu ®annap Axagemusicn Tlomu-
mepinap kuMécu Ba (¢u3ukack HHCTHTYTH, A.Komupu
kydacu 76, 100128, TomkeHT, V36ekucron

*Be6erep yumpepeuterd, USA470 E. Jloksyn Asu. Cr.
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V36exucron Pecny6mukacu ®annap Axagemuscu Hom-
IasMa Ba JIa3ep TEXHOJOTUs MHCTUTYTH, [IypMOH Kyiu,
33, 100125, Towkenrt, Y36exucTon

Kuunk ymaamm HaHOCTpPYKTypanapaa outra GoToH OuiiaH
KYI JKCUTOH TeHepamusich 3(Q(eKkTHHH (OTOIICKTPUK
y3rapumr  caMapoOJOPJIMIMHM — OLIMPUIIHUHI  MYMKHH
Oynran ycynuHH y3una HaMo€H Kunaau. Yoy umina PbSe
HAaHOCTEP)KEH  KYI  DKCUTOH  TEHEpalMsIcH  yiIdam
5pQeKTUHN KBaHT HyKTajap OWJIaH COJHIUTHPUIIIA
DepMUHHUHT Ky4Id KOppeNslys KWIMHTaH 3appadanap
XOCHIT OYIUIIMHUHT CTaTUCTHUK HazapusicuiaH
¢dotinananunany. HaHocTepkeHnapia KBaHT —HyKTajlap
OWJaH COJMINTHPraHja TallyBYMJIADHH KYNaWWIIN Y4yH
doton uerapa osHepruicd (apKHHH XHCoOra OIyBUH
CTaTHCTUK  EHAAINYB  KBaHT  CaMapaJOpJIUTHHHHT
9KCIICpUMEHTAN KHIMATIapy OMJIaH SXIIH MOC KeJlaIy.

Kamut cy3aap: Yi4oBawink, Ky 5KCUTOH reHepanmsicu, PbSe,
KBaHT HyKTaJiap, HaHocTepskeH, depmu Hazapuscu

©Academy of Sciences of Republic of Uzbekistan, 2021



38

Uzbek Journal of Physics

CI'IeKTpOCKOHVIFI MNOJNMTHOIo TOKa OKUCJITIEHHOIro KpemMHus

Y.B. WWaponos™'?

' dU3MKO-TEXHNYECKII MHCTUTYT HIMO «Punaunka—ConHue» AH PY3, yn. YnHrua Antmaros, 2, 100084, TalikeHT,

Y30bekuctaH

2l/IHCTMTyT maTtepuanosegeHus AH PY3, yn. YnHrns Antmatos, 2, 100084, TawkeHT, Y3bekucraH

MonyyeHa 24.11.2021.

* Corresponding author: e-mail utkirstar@gmail.com, Phone: +988 90 115 9779

B Hacrosiieit paboTe paccMOTpEHBI 3KCIIEpUMEHTAIbHBIE JTAHHBIE OKUCIICHUS IMOBEPXHOCTH
KpPEMHHUsI B BaKyyMe IPH TOCJIEIYIOLIEM OTXKUTE, IOIyUYSHHBIE METOJIOM CIIEKTPOCKOIIMHU MOJI-
Horo Toka. [IpoBesieHHBIE HCCIIeIOBaHMS TOKA3aJIM, YTO IPH MCIOJIB30BAHUH TEMIIEPATyPHOTO
OTXMHIa JUIl OYUCTKH MOBEPXHOCTH KPEMHHUS OT 3arpsi3HEHUH €CTh CBOM IUIIOCHI M MUHYCHI.
Henp3st OMyCcTHTh IJUTENBHBIN OTXKUT TIPH BBICOKHUX TEMIIEPATYPaxX, KOTOPBIH MPHBOIUT K
OKHCIICHUIO KPEMHHS. A HCIOJIb30BaHUE KPATKOBPEMEHHOW BCIIBIIIKK MOYKHO HCIIOJIB30BaTh
TOJIBKO JUTSI yAAICHUS (PU3MUSCKH (HE XUMITYSCKH) aCOPOMPOBAHHOTO CIIOS aTOMOB.

KiioueBble ciioBa: CIIEKTPOCKOIINA IIOJIHOI'O TOKA, erMHI/II\/'I, OTXUI', MIOBEPXHOCTD.

In this work, we consider the experimental data on the oxidation of the silicon surface in va-
cuum with subsequent annealing obtained by total current spectroscopy. Studies have shown
that when using temperature annealing to clean the silicon surface from contamination, there
are pluses and minuses. Prolonged annealing at high temperatures, which leads to silicon oxi-
dation, must not be allowed. And the use of a short time flash can only be used to remove a
physically (not chemically) adsorbed layer of atoms.

Keywords: total current spectroscopy, silicon, annealing, surface.

I. Bseaenmue

OmauM U3 Hanbojiee BOCTPEOOBAHHBIX MaTepHa-
JIOB COBPEMEHHOM MHKpO- W HAaHORJIEKTPOHUKU OCTa-
ercsi MOHOKPUCTAIUIMYECKHH KPEeMHUH W JIHOKCHA
kpemuus [1, 2]. Tak, B mociemHee BpeMs, Onaromaps
CO3JIaHMI0 KBAHTOBO-Pa3MEPHBIX CTPYKTYp Ha KpeM-
HuM [3-5] npeosoneHa TpyAHOCTh €ro UCTONb30BaHUSA
B (DOTO3JIEKTPOHUKE M3-3a HU3KOH BEPOSITHOCTH H3ILY-
gaTeTbHOW PEKOMOWHANNH [6-7], ¥ TeM CaMBIM ITOJTY-
YeH HOBBI HMMIIYJILC €r0 IMUPOKOTO NPUMEHEHHS B
Ha3BaHHBIX OOJIACTSX HAayKW W TexHWKH [8]. B mpowus-
BOJICTBE KPEMHHMEBBIX MHTEIPAJIbHBIX CXEM, KpOME Ka-
YecTBa CTPYKTYpPHI MTOBEPXHOCTH, OOJIBIIOE 3HAUYECHHUE
UMEET BBIOOP KpUCTAIOrpapUYEcKOd OpHUEHTAUU
KPHUCTAIJIOB-TIOMJIONKEK, Hampumep, riockocta (111)
OKHUCIISIIOTCS OBICTpee, yeM mockocTH (100), Bemeact

DOI: https//doi.org/10.52304/.v23i4.287

BHE OOJBIION MMOBEPXHOCTHON IJIOTHOCTH YIAKOBKH
aToMOB [9-11], cmOCOOGHBIX BCTYNaTh B PEAKIUIO
okucnenus [12]. CteneHb OYUCTKH OKAa3bIBACT HEIO-
CPEICTBEHHOE BIMSHHE HAa Ka4eCTBO MPOIYKIWH, IT0-
3TOMYy Bce OOIbIe MHUKPOIIESKTPOHHBIX KOMIAHUI
MpUJIaraloT yCWiaus B 3ToM HampasieHuu [13-17].
Oco0y10 BaKHOCTH MpoOJIEeMa YUCTOTHI [TOBEPXHOCTH
npuobpena ¢ BOSHUKHOBEHHEM IUIAaHAPHON TEXHOJIO-
ruu [18], mpu KoTopoit CBOKWCTBA MOBEPXHOCTH OKa3bl-
BAIOT CYILLIECTBEHHOE BIMSHHE Ha MapameTpbl MpHOo-
poB. 3HaHWE MeEXaHW3Ma aICOpOIMH M JecOpOIHH
nprMecel Ha TMOBEPXHOCTH IOJIyTPOBOJIHUKOBBIX Ma-
TEpUAJIOB BayKHO JUIS MPOBEIEHUS LieIeHANpaBIeHHO-
ro aQdexruBHOro mporecca ounctku [19]. Takxe
OpHEHTaMOHHBIE 3(D(EKTHl MPH TPABICHUU TTOBEPX-
HOCTH KPHCTAJJIOB CUMTAIOTCS HEMAIOBAKHBIMHU IIPU
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noimydenuu Oenoro ceera 3 GaN Ha OCHOBE KpeM-
HUEBBIX cBeToAnoA0B [20-22]. CymIecTBYIOT pa3iid-
HBIE METO/BI MOJYYEHHs aTOMapHO YHCTHIX TOBEpX-
HocTel marepuanoB [23-25]. Kaxnaslii U3 HUX UMeEET
oTpeieNieHHbIe MTpenMyIiecTBa 1 HemocTaTku. [losTo-
My YHHBEpPCAIBHON IMPOIEIyphl OYUCTKH HE CYIIECT-
ByeT. [lns xakporo Marepuala, Kak MpaBuio, TpeOy-
eTCs MHIWBUIyallbHAs METOINKA WM Jake KOMOWHa-
Ul HECKOJIBKUX METONWK. B HacTosimiee Bpems Hau-
0osiee MEepCHeKTHBHBIM METOZOM MOJy4YeHHUs] aToMap-
HO YHCTBIX TOBEPXHOCTEH NpeACTaBIIseTCS HHU3KO-
SHEPreTHYHOE MOHHOE W IIa3MOXHMHYECKOE TpaBiie-
HUe [26]. BmecTe ¢ Tem, B JuTEpaType MpPaKkTHYECKH
HE TPEICTaBIEHbl HCCIEIOBAaHUS, B KOTOPBIX MPOBO-
JUIIOCH OBl COTIOCTaBJIEHHE OYWCTKH IMOBEPXHOCTH
HOHHON OOMOapIUpOBKOH ¥ DJIEKTPOHHO-CIIEKTPO-
CKOITMYECKUMH METOJAMH.

Bosnpmoit 00beM HUCCIIEOBAHUAN II0 OYHUCTKE II0-
BEPXHOCTH KPHCTAIUIOB KPEMHHS TPOBEACH 3a II0-
cnegaue 20 net. M3ydeHsl pa3iauyHbIe yCIOBUS IMPO-
BE/ICHUSI OYMCTKH TIOBEPXHOCTH, HCIONB30BAIHCH Pa3-
JIMYHBIE METOMBI M MOAXOABI K PEIICHUIO ITOCTABJICH-
HOU 3a1auu. YOeauTenbHO MOKa3aHo yIy4IlleHHe Xa-
PAKTEpPUCTUK KPHUCTAJIOB KPEMHHSA, HEOOXOIUMBIX
JUIS T€X WM WHBIX MMPAKTUYEeCKUX MpUMeHeHnd. Tem
HE MEHee B HAaCTOsfIIee BpeMs HET YHHBEPCAIBHOTO
000pyIOBaHKS M TEXHOJIOTMYECKOTO IMPOIIecca OUUCT-
KU TTOBEPXHOCTH MOJTYIPOBOJHUKOBBIX IIACTHH, TIOJI-
HOCTBIO YOBIIETBOPSIFOIIMX BCEX IPON3BOIUTENEH
MOJTYTIPOBOJHUKOBBIX M3ICTHH.

Takum 00pazoM, B MPOU3BOACTBEHHBIX LEHTPAX
Mupa npu nosyuyeHun MII ctpykryp nepes Hambuie-
HUEM IUICHOK, Tiepen muddy3ueii aToMOB U IPYyTUMHA
TEXHOJIOTHYECKUMH TPOLEAYypaMU TPUXOAUTCA MPO-
BOJIUTHh OYHCTKY TTOBEPXHOCTH ITO/JIOKKH KPEMHUS OT
OKHCHOH TIJICHKH METOJIOM MOHHOW O0MOapIMPOBKHU U
nocnexnyomiero orxura. [Ipu aTom npuxoaurcs MHO-
IO pa3 CTaIKUBaTbCS C TMOBEPXHOCTBIO KPEMHHS B
mporiecce OKHUCIeHUs, (PU3NIECKH W XUMHYECKON af-
copOIMU T'a30B, HOHHOW OOMOApMPOBKH, TPaBICHHS
U Tocneayromero omkura. CpaBHUTEIBHOE HUCCIIEAO-
BaHHe criekTpockonuu noHoro Toka (I1T) kpemHuust u
OKCHJIa KPEMHHSI TIPEICTABIISIET ONpeIeIeHHbIN HHTe-
pec.

Jis mccnemoBaHUs TTOBEPXHOCTH KPEMHHEBBIX
IUTACTHH TPUMEHSIOT Pa3iIMYHbIE METOIBI KOHTPOJIS.
J5s TOYHOTO OTpesieNieHHsI COCTOSIHUSL U CBOWCTB TI0-
BEPXHOCTH TMOAJOXKEK ONTHMAIBHO HCIOJIB30BaTh
KOMOWHAIINU HECKOJIBKHX METOZO0B KOHTPOJIS MOBEPX-
HOCTH TOJYIPOBOTHUKOBEIX ITacThH. [laHHas pabora
MOCBSIILIEHA MCCIIECAOBAHUIO OKHCIICHHSI MOBEPXHOCTH

KpeMHHsI B BakyyMe MmetonoMm crekrpockonuu IIT c
MOCIIEIYIONIMM OTXKUTOM. M3MepeHusi pOBOIMIN Ha
MoHokpucTase Si(111).

1I. Onucanue o0bLEKTAa M METOAOB HCCJIeI0-
BAaHUA

IlonpoGHoe omnmcaHue METOOUKH CHEKTPOMET-
pun noiHoro Ttoka umeercs B [27-33]. Cnektpsr IIT
KPHUCTAJUIOB KPEMHHS TMOJyYeHbl NPH OOIy4YEHUH
anexTpoHamiu ¢ 3Heprueit 0—100 3B, Tok ~10"% A (Tox
nonoB Cs™ u CI” ~10°° A, sHeprus 3 x3B). Uncrory
MOBEPXHOCTU KOHTposHpoBanu no cnexkrpam BUMC.
B xauectBe 00pa3l0B MCNOIB30BANN IUTACTUHKU MO-
HOKpuCTaUIoB KpeMHus p-tuna (K/1b-7.5) ¢ opuen-
tauueit rpanu (111). Pabounii Bakyym mpu mposeze-
HUH HcclIenoBannii coctasimsua 10 Topp.

III. Onucanue u aHaIU3 pPe3yJbTATOB

[epen Hauanom paboTel o crekrpockonuu 1T
OBUTH TIapaJIelbHO CHATHI Macc-criekTpsl BU ¢ mo-
BEPXHOCTU TIPSA3HOIO, HE OTOMOKEHHOIO, KPEMHUS
MeronoM BUMC. PesynbpTaThl HCCICIOBAaHHUI 30H-
HBIX CTPYKTYp KPEMHUS U OKCUAA KPEMHHUS METOIOM
crnektpockonuu IIT moka3bIBalOT, 4TO pacmpeelie-
HUE IUIOTHOCTH COCTOSHUM B 3THUX MaTepuajax Io-
XOXH, B BaJIeHTHOH 3o0He umetorcs (0—14 »B) Ttpum
MakCUMyMa IIJIOTHOCTU 3allOJIHEHHBIX COCTOSIHHH.
30Ha NPOBOAMMOCTU XapaKTEPU3YETCsl NBYMS HKC-
TpEMyMaMH B UHTEPBAJIE SHEPTHH MEXIY YPOBHEM
®depmu 1 Bakyyma. [1o GyHKIMH TIOTHOCTH COCTOSI-
Hui cnextpel IIT kpeMHUsS UM OKCHUAA KpEMHHUS HE
JOJKHBI COEpXKATh UHTCHCUBHOW TOHKOH CTPYKTY-
pbl. OHAKO, TOBEPXHOCTh ITHX BELIECTB XapaKTepH-
3yeTcss B OOJbIIEH CTENeHH KOBAaJCHTHOW CBS3BIO
(51%), sHepreTuyeckasi CTpyKTypa NPHIIOBEPXHOCT-
HOW OOJIACTH MOYKET CYIIECTBEHHO OTIMYATHCS OT
00BEMHOI U TIOJIBEPTAETCS CUIILHOM TeOMETPUIECKOM
nepectpoiike [34].

Ha puc. 1 npuBenens cnektpsl I[IT B mporiecce
aJIcopOLIMK Ta30B Ha MOBEPXHOCTH KpeMHus. Habmo-
JieHre Ta30Bo# ancopOiuu mo cnekrpam [1T ompene-
JISIETCSL XapaKTEPOM MEPECTPOUKH CTPYKTYpPBI ILTOT-
HOCTH COCTOSIHUH B TPUIIOBEPXHOCTHOW 001acTH
kpemHus. B ciyuae dusnueckoit apcopbumu, Koraa
SHEPTUs B3aUMOJCHCTBUS aTOMOB HEBEJIHMKA, MOKHO
0’KHMJIaTh, YTO 3JIEKTPOHHAs CTPYKTypa IMOBEPXHOCTH
CYILIECTBEHHO HE M3MEHUTCS. VIHTEHCUBHOCTh CUTHA-
JIOB TIOAJIOKKH OCNAOJSIeTCs BCIESACTBHE AOTOIHU-
TENBHOTO paccesHUs] B afCOpPOIMOHHOM clioe. An-
copOIusl Takux ra3oBbIX Moinekynd, kak CO, CO, u
H,O ne BHOCHT ocobennocTelt B cektp 1T kpemHuus,
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OHHU TOJIBKO OCJA0JISIFOT €ro MHTeHCHBHOCTH [33]. B
clly4ae XeMOCOPOILINH, KOT/Ia SHEPTHS MEXIy aroMa-
MH TIOJUIOXKHA M Ta30B 3HAYUTEIFHA W MPOUCXOIUT
3JIEKTPOHHBIN 00MEH MEXIy MOJUI0KKON U aacopOu-
POBaHHOI dYacTHIIEH, MOXXHO OXHAATb TOSBICHUS
JIOTIOJTHUTENBHBIX OCOOEHHOCTEW B CIIeKTpax, 00y-
CIIOBJICHHBIX BO30YXIEHHEM THOPUAN3HPOBAHHBIX
3JIEKTPOHHBIX cocTosHui [28, 30].

dl/dE, rel. units

i)

B

.

,|>

0o 5 10 15 20
E,eV

Pucynok 1. U3menenne cnekrpa IIT Si(111) B mpomecce
a/icopOIHy ra30B M MOCIEAYIONIETO OTXHra: /| — YHCTHIA
KPEMHHUH cO CTpyKTypoil 7x7, 2 — Beiaepkka 10 MuH B Ba-
kyyme 107 ITa, 3 — Beizepskka 20 mun B Bakyyme 107 Ila,
4 — Beiepxka 2 yaca B Bakyyme 107 Ila, 5 — omxur npu
temrieparype 200°C, 6 — omxkur npu Temneparype 600°C,
7 — omxur npu Temmneparype 700°C, § — OTXXUT NIpH TEM-
neparype 800°C

OnHolt U3 0coOeHHOCTEH MeToJa SMEKTPOHHOMH
cnekrpockonuu IIT sBiseTcs BO3MOXXHOCTH Hapa-
JIEIBHOTO KOHTPOJIS 3@ BEJIMYMHOM IOTEHIHana IIo-
BEPXHOCTHU MO IMOJIOKEHUIO NMEPBUYHOTO MaKCUMyMa
B crnektpe [27, 35, 36]. [IpoBeneHue Takux usMmepe-
HUH Ba)XKHO IpPU MCCIEJOBAaHUM aJCOPOLIMOHHBIX
IPOLIECCOB, TeM 0oJiee YTO NP CPaBHUTEIBHOM aHa-
JU3€ CMEUIEHHWsS MEepPBUYHOTO MaKCHUMyMa M BCETO
CIIEKTpa MOXKHO BBIAEIMTH JIBA KOMIIOHEHTA M3MEHE-
HUsI pa0bOTHI BBIXOIA, OJTUH OOYCIIOBJIEH W3MEHEHUEM
CpOICTBa, a Ipyroi msmeHeHueM usruba 30H [30].
Tak ocymiecTBIseTCA AONOIHUTENBHBIH KOHTPOJb 3a
COCTOSIHMEM a/ICOPOLIMOHHOTO ITOKPBITHS.

©Akagemus Hayk Pecnybnvkm Y3bekucTaH, 2021 r.

IIpocneaum 3a uzmenenueMm crekrpa IIT u pa-
60ThI BeIxOMa oOpasna Si(111) B mpomecce ancopd-
MM Ta30B NpU KOMHATHOM Temmeparype. Kpusas 1
Ha puc. 1, coorBerctBytomas cnektpy IIT uwmcroit
moBepxHOCcTH Si(111) co cTpykTypoit 7x7, mpuseme-
Ha JIJIS CPABHCHUSL.

KpuBas 2 cooTBeTcTBYyeT BBIIEpKKE 0Opasla B
Tedyenre 10 MUH B BakyyMe IIpM KOMHATHOM Temrie-
paType, COIPOBOXKIACTCS YMEHBIIICHUEM PabOThI BbI-
xona npumepHo Ha 0.5 3B u CHHKEHUEM WHTEHCUB-
HOCTH MakcuMyMoB B criektpe IIT uucToro kpemHusl.
[Ipu 3TOM HaOMIOMACTCS TOJBKO CMEIICHHE MEPBUY-
HOTO MaKCHUMYMa, a BECh CIIEKTP HE U3MEHSIET CBOETO
MOJIO’)KEHUSI OTHOCUTENBHO ypoBHS Pepmu (4To TO-
BOPHUT O HEM3MEHHOCTH W3rmba 30H). CiemoBaTelb-
HO, Ha TIEPBOU CTaguU afcopOIMN U3MEHEHHEe pado-
Thl BBIXO/Ia TIPOUCXOMAUT BCIEACTBHE YMEHBIICHUS
AJIEKTPOHHOTO cpojicTBA. Ha 3Toit cTamnm amcopOrmn
(busuueckas amcopbuus) mporpeB obOpazma (1o
500°C) mpuBOAUT K OYUCTKE MOBEPXHOCTH KPEMHUS
0T aJcopOMPOBAaHHOTO CIIOS, BEMYMHA IMOTEHIHAIA
noBepxHocTd U BuJ crnekrpa IIT Bo3Bpamarorcs k
MEPBOHAYATLHBIM.

JanbHeitmas BeigepxKka oOpasma B teueHune 20
MHH TIpF KOMHATHOH Temriepatype (KpuBas 3) mpu-
BOJUT K JTAJIbHEUIIIEMY YMEHBIIICHUIO PaOOThI BBIXO-
na (Ha ~0.7 3B), mpudyeM Bech CHIEKTp CMemaeTcs
BMECTE C MEPBUYHBIM MAKCUMYMOM, YTO CBUAETEIH-
CTByeT 00 YMECHBIICHHU MOBEPXHOCTHOIO H3ruda
30H. JTO, B CBOIO OYepe/b, YKA3bIBAET HA yMEHbIIIE-
HUE OTPHIIATEIBHOTO 3apsiia B MOBEPXHOCTHBIX CO-
cTrosiHugX. [loy4eHHBIN pe3yabTaT HaXOJUTCA B CO-
OTBETCTBHUH C MPEACTABICHUIMU O MEXaHU3ME XEMO-
COpOLIMK KUCIOPOAa, TI0 KOTOPOMY KHCJIOPOJ 3aHH-
MaeT CBOOOJHBIE TIIOBEPXHOCTHBIE BaJICHTHOCTH
KPEMHHUS, YMEHBIIAasl TUIOTHOCTh ITOBEPXHOCTHBIX
BIEKTPOHHBIX COCTOSIHUU.

W3 3TuX KpWBBIX BHIHO, YTO WHTEHCHBHOCTH
MIMKOB OYEHK cIabble, HE Pe3Kue. DTO MPOUCXOIUT 32
CUET paccesHUus 5SJIEKTPOHOB B MOJUKPUCTAIIIMYE-
CKOM1 pemeTke afcopOupoBanHoro cios. [lomymupu-
Ha TIEPBUYHOTO MHUKa paBHa npumepHo 1.2 3B, Ha-
OmonaeTca e€ ymupeHue. DTO TOBOPHUT O CTENCHH
HEOJTHOPOJTHOCTH TOBEPXHOCTH HCCIEIyeMOro o0-
pasna. IlepBUYHBIN MUK TPU SHEPrHUSAX DJIEKTPOHOB
3.5 5B moka3pBaeT Hayayo OTCYETa KUHETUYIECKOM
SHEPrUU SJEKTPOHOB U COOTBETCTBYET IOJIOKCHUIO
YPOBHS BaKyyMa Ha SHEPreTHYECKOU OCH.

Omxur nipu temnepatype 200°C He mPUBOIUT K
3aMETHOMY M3MEHEHUIO B CIEKTPE, TOJBKO yBEIHUU-
BaeTCs MHTEHCUBHOCTh KPUBOW, XapaKTEPHOH CIieK-
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tpy IIT SiO,. [locne TemmepaTypHOTro OTKHTa B Te-
yerue 10 MunyT npu temneparype 600°C HaunHaeT-
Csl yOBOGHHME MEPBUYHOTO NuKa. Eciau Ha moBepxHO-
CTH OCTPOBKOBOI IUIEHKH NPOUCXOIUT Pa3IBOCHHUE
MEPBUYHOTO THKa, 3HEPreTHUeCKOe MOJOXKEHHE Of-
HOT'O COOTBETCTBYET paboTe BBIXOJA MOJJIOKKH, a
Ipyroro paboTe BBIXOJA IIOBEPXHOCTH OCTPOBKA.
Pa3nBoeHne nmepBUYHOTO MUKa yKa3bIBaeT Ha 00pazo-
BaHUE YITIEPOAHBIX M OKCUJHBIX COEIMHEHHH KpeMm-
HUSL.

Kak BunHo, B cnekrpe IIT mossiserca Makcu-
MyM O nipu 3Heprun 17 3B (uto Ha 13 3B Gonbiue mno-
CPaBHEHHMIO C MIEPBUYHBIM ITHUKOM). CPaBHEHHE C JaH-
aeiMa NEXAFS, TDOS [29] moka3piBaeT, 4TO 3TOT
MaKCUMYM COOTBETCTBYET BO30YXIECHHUIO 2p COCTOS-
HUS aToMa YTJepoja Ha HE3aloJHEHHBIE COCTOSHUS
BhIIIE ypoBHs BakyyMma. Ilo popme nmepBuuHOro nuka
MOJKHO CKa3aTh, UTO MOCJIE€ OTKUTA TPU TeMIIepaType
700°C  TOBEpXHOCTHb IIOJTHOCTHIO  ITOKPBHIBACTCS
CIUIOIIHBIM OKUCHBIM ciioeM. [IposiBneHne Makcumy-
MOB 0., B, Y YKa3bIBaeT Ha MOBEPXHOCTHBIE DJIEKTPOH-
HBI€ COCTOSIHMSI, XapaKTEpHbIE U1 OKHCIEHHOIO
KPEMHHUSL.

MOXHO 3aMeTHUTb, YTO IPU TEMIIEPAType OTHKH-
ra nocie 500°C HaunHaeTCs yBEIMUCHNE ITHKA HOHOB
yriepoaa Ha MOBepXHOCTH. lIpu cpaBHEHWH CIHEK-
TpoB IIT oOHapyx’eHo, 4TO NpU BBICOKHUX TeMIIepary-
pax orxkura kpemHus Bbiie 500°C Mexa0y3eIbHbINH
YIIepO]] BEIXOJUT M3 00beMa Ha TIOBEPXHOCTh KpeM-
Hus. [lanee omxur no temnepatypsl 1000°C He npu-
BOJIUT K OYHUCTKE MOBEPXHOCTH OT yriepoaa u e€ co-
€IVHEHUMN.

HudpakuuonHas CTPyKTypa, NPUCYTCTBYIOIIAS
B crekrtpax IIT, comepxur onpeaeneHHyo HH)Op-
MallMl0 O CBOHCTBaX T'E€OMETPUYECKONW CTPYKTYpPHI
noBepxHOoCcTH. llpu mccrnenoBaHUM MOHOKpPHCTAIIIH-
YeCKUX OOpasloOB B JHEPreTHUYECKOW 3aBHCHMOCTH
MHTEHCUBHOCTH OTPaXEHHOTO Iy4Ka MPOSIBISIOTCS
JIONIOJIHUTENIbHBIE OCOOCHHOCTH B HHTEpBaJe 3HEp-
TUl NEpBUYHBIX JIEKTPOHOB, COOTBETCTBYIOIINE YC-
JIOBUSIM TOSBJICHUS AM(PAKLIMOHHBIX IIyYKOB. OTH
0COOEHHOCTH HAOJIOIAIOTCS TIPH DHEPTHAX, HECKOIb-
KO MEHBIIMX TOpOTa MOSBICHUS IU(PPAKIHOHHOTO
My4yka, B BUJAE dYepeayrommxcsi skctpemyMmoB. Co-
[JIACHO CYIIECTBYIOLIUM MpeAcTaBieHUusM [37], TOH-
Kasg CTPyKTypa 0OyCJIOBI€Ha MHOTOKpPATHBIM pacces-
HUEM IUQPAKIMOHHOTO My4yKa Ha MOBEPXHOCTHOM
NOTCHUUAIBHOM Oapbepe, 4TO MpPU ONpEAETEeHHBIX
COOTHOILICHUSAX MEXIY IapaMeTpaMu Oapbepa U UM-
MyJIbCa 3JEKTPOHA MPHUBOJUT K PE30OHAHCHOMY H3Me-
HEHHIO MHTEHCUBHOCTH OTPAKEHHOI'O M MPOXOJsIie-

o MY4YKOB. DTO SIBJICHHE H3BECTHO IMOJ Ha3BaHUEM
MTOBEPXHOCTHOI'O PE30HAHCa, WM pPe30HaHca Ha IOo-
BEPXHOCTHBIX COCTOSHUAX [29], MOCKOJBKY B IHHA-
MHUUYECKON TEOpHH TUPPAKIUH OCOOCHHOCTH MOBEPX-
HOCTHOT'O PAaCCEsHUSl CBS3BIBAIOTCS C KBa3UCTALMO-
HapHBIMA IOBEPXHOCTHBIMU COCTOSIHUSIMH, PAacIo-
JIO)KCHHBIMH BBIIIE YPOBHS Bakyyma. OOpasibl ¢ Ha-
PYIIEHHOH IMOBEPXHOCTHIO HE NAIOT AU(PAKIIMOHHON
KapTHUHEI (HampuMep, Mociie HOHHOW OoMOapaupoB-
KH, aacopOLMU ra3oB, WIH B MOJUKPUCTAIUINYECKUX
oOpasiax), clelIoBaTeNbHO, TU(PPAKIIMOHHBIA KOM-
MIOHEHT B CIleKTpe OyaeT OTCyTCTBOBaTh. Taxke 3TO
OTHOCHUTCA K HM3MEpPEHHUSIM TeMIIepaTypHOIl 3aBUCH-
Moctu cnektpoB IIT. M3BecTHO, UTO MHTEHCUBHOCTh
TUPPAKIUOHHBIX TYYKOB YMEHBIIAETCI C POCTOM
TeMIrepaTypsl oOpasiia. [1ockoibKy BoOJIHOOOpa3Has
0COOEHHOCTDH CBSI3aHa C MHOTOKPAaTHBIM pacCestHHEM
TUGPAKIMOHHOTO MydYKa Ha MMOBEPXHOCTHOM IOTEH-
[IUATEHOM Oapbepe, TO YMEHBIIIEHHE er0 WHTEHCHB-
HOCTH C POCTOM TEeMIIepaTyphl TOJDKHO MPUBOIUTH K
YMCHBIIICHUI0 UHTCHCUBHOCTU TU(PPAKIIMOHHON OCO-
oennoctu B criektpe [IT. Mcnonp3ys oguH U3 pac-
CMOTPEHHBIX KPUTEPUEB, MOKHO YBEPEHHO BBIICTUTH
u3 cnekrpa [IT ocobeHHOCTH TUPAKIMOHHON TpH-
poxst. I[lepcriekTHBHOCTD MU(PAKITMOHHBIX dPPEKTOB
B crekrpax IIT ngaer BO3MOXHOCTh MOJy4aTh HE
TOJIBKO KAaueCTBEHHYIO, HO U KOJWYECTBEHHYIO WH-
(dopMaruio 0 CTPYKType MOBEPXHOCTU U JAMHAMHUKE
MIOBEPXHOCTHBIX 4acTul. Kak BHIHO, mpu mocieno-
BaTEIBHOM BBIICPKKE W OTKUTE KPUCTAIJIOB KpEM-
HUS HAOJFOAeTCs OKUCJICHHUE TOBEPXHOCTU KPEM-
HUsl. OTKUT TPUBOAWT K YCHIJICHHIO HAOIIOIaeMBIX
3 dexror. Jaxe omxur mo remmepatypsl 1000°C He
OPUBOJUT K OYMCTKE MOBEPXHOCTH OT KHCIOPOJa,
yriepoja u ero coenuHeHuid. [IpoBeneHHble uccie-
JIOBaHUSI IpPU Pa3HbIX YCIOBHUSAX IIOKAa3ajad, 4YTO
CTPYKTypa TMOBEPXHOCTHOTO COCTOSIHHS 3aBHCUT HE
TOJIBKO OT TEMIIEPATyphl, HO U OT BPEMEHU U BaKy-
YMHBIX YCIIOBHM.

IV. 3akiaiouyenue

IIpoBeneHne cpaBHUTENBHBIX M3MEPEHMH CIEK-
TpoB IIT Ha MOHOKPUCTAJUIMYECKOW MOBEPXHOCTHU
KpEMHHS U Ha TOU K€ MOBEPXHOCTH, HO C HapyIlIEH-
HOM FeOMETPUYECKON CTPYKTYpOH, MOKAa3bIBAET, YTO
00paslpl C HApyLIEHHOH I[OBEPXHOCTHIO HE IAr0T
IU(paKMOHHON KapTUHBI, U, CIEN0BAaTEIbHO, IU-
(pakuMOHHAs KOMIIOHEHTa B CHEKTpe OyIeT OTCYT-
CTBOBaTh. Takke 3TO OTHOCUTCS K U3MEPEHUSAM TeM-
nepatypHoil 3aBucumoctu crnektpos [IT. HU3BecTHO,
YTO  WHTEHCHBHOCTh  JU(PPAKIMOHHBIX  ITyYKOB
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YMEHBIIAETCSI ¢ POCTOM TemmepaTypsl oOpasua. Ilo-
CKOJIbKY BOJHOOOpa3Has OCOOCHHOCTh CBSI3aHa C
MHOTOKPAaTHBIM PacCestHueM NTUPPAKIUOHHOTO MyYKa
Ha TIOBEPXHOCTHOM IOTEHIHAJIbHOM Oapbepe, TO
YMEHBILICHUE €€ UHTEHCUBHOCTH C POCTOM TeMIIepa-
TYpBI TOJPKHO IIPUBOJUTH K YMEHBIIEHUIO HUHTEHCHB-
HOCTH Ju(pakIroHHON ocobeHHOCTH B criekTpe I1T.
Ucnonb3yss oAMH U3 PacCMOTPEHHBIX KPUTEPHUEB,
MOXXHO YBEPEHHO BBLIENUTH U3 criekrpa IIT ocoben-
HOCTH JU(PaKIMOHHON mpupoabl. IlepcrekTHBHOCTD
mudpakauoHHbx 3ddekroB B cmekrpax I[IT maer
BO3MOKHOCTh MOJYy4YaTb HE TOJBKO KAYECTBEHHYIO,
HO M KOJMYECTBEHHYI0 HH(POPMAIMIO O CTPYKType
MIOBEPXHOCTH U AMHAMHUKE MOBEPXHOCTHBIX YaCTHILI.

Takum 00pa3om, B UCIIOJIB30BAHUH TEMIIEPATYP-
HOT'O OTXHUTI'a AJI1 OYUCTKH MOBEPXHOCTH KPEMHUS OT
3arps3HEHUM, €CTh CBOM IUIKOCHI U MUHYChl. Henb3d
JOMYCTUTh JJUTENbHBIA OTKUT MPU BBICOKUX TEMIIE-
paTypax, KOTOpPbIA IPUBOAUT K OKUCICHUIO KPEMHHS.
A UCHONB30BaHHE KpPAaTKOBPEMEHHOW  BCIIBIIIKH
MO>KHO MCIIOJIB30BaTh TOJIBKO IS YAAJICHUS (pU3nUe-
CKM (HE XUMHYECKH) ajcopOMpOBaHHOTO CJIOS aTo-
MOB.

MeragaHHbIE
Total current spectroscopy of silicon oxide
U.B. Sharopov'?

'Physical-Technical ~ Institute NGO  "Physics-Sun",
Academy of Sciences of the Republic of Uzbekistan,
Chingiz Aitmatov st., 2, 100084, Tashkent, Uzbekistan
*Institute of Materials Science, Academy of Sciences of the
Republic of Uzbekistan, Chingiz Aitmatov st., 2, 100084,
Tashkent, Uzbekistan

In this work, we consider the experimental data
on the oxidation of the silicon surface in vacuum with
subsequent annealing obtained by total current spec-
troscopy. Studies have shown that when using tem-
perature annealing to clean the silicon surface from
contamination, there are pluses and minuses. Pro-
longed annealing at high temperatures, which leads to
silicon oxidation, must not be allowed. And the use of
a short time flash can only be used to remove a phys-
ically (not chemically) adsorbed layer of atoms.

Keywords: total current spectroscopy, silicon, annealing,
surface
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OKCHZ]JIaHFaH erMHHﬁHHHF TyJ’[I/IK TOK CIIEKTPO-
CKOIIUACH
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' usmka-TexHmKa WHCTUTYTH HITO "Omsuka-Kyém",
V36ekncron PecryGnnkacu annap akagemusic, UuHTH3
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2MaTepI/IzUI LIYHOCTHK WHCTHTYTH VY36eKucToH PecryGnmkacu
Qannap akagemuscu, Yunruz AirmaroB kyyacu, 2, 100084,
Towkent, Y36exucTon

Ymly wumpga TYIUK TOK CHEKTPOCKOMMsS YCiIyOu acocuua
KPEeMHUIl ~ CUPTHHHMHI  BakyymJa OKCHJUIaHMIIM  Oyiinua
SKCTIEPUMEHTANl MabIyMOTJIApPHH KYpUO YMKUITaH. TagKuKoTIap
IIyHN KYPCaTAUKN, KPEMHHI CHPTHHHU H(IIOCIAHNIIAAH TO3a]all
y4yH XapoparhaH QoijanaHWm Y3MHUHT a(3auIMK  Ba
KaMUWINKIap MaBxXyHA. KpeMHUHHHHT OKCH/UIAHUIINTa OJHO
KelaJIrad I0KOpH XapopaTiapia y30K MyIJaT KU3JUPUILra iy
kyiimacimuk kepak. Kucka Myagamim xusaupuniaH —Qakar
aTOMJIApHUHT (QU3uKaBUi (KUMEBMH dMac) ancopOcusIaHraH
KaTJIaMHHH 0110 Taluam yuyH GpoiaalaH UM MyMKHH.

Kanur cy3nap: TYIMK TOK CHEKTPOCKONMACH, KPEMHHUH,
KHU3IMPUII, CHPT.
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anuTakcunanbHbIX NNeHoK (GaAs).x(Gez)x Ha ocHoBe GaAs

C.3. 3aitHabuauHoB, A.l. Bo6oer', .M. A6aypaxumoB
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MonyyeHa 14.10.2021
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W3ydeHsl CTPYKTypHBIC CBOMCTBAa TOHKOIJICHOYHBIX TBEPBIX pacTBOpoB (GaAs).(Ge,),, BbI-
pAILEHHBIX METOJIOM XHIKO(Da3HOM SMUTAKCHU Ha ITOJUI0KKaX MOHOKpHcTamioB GaAs. [Toy-
YEeHHbIE SMUTAKCUAIBHBIE CJIOM UMENH TOMIMHY 10 MKM, p-THII TPOBOUMOCTH, YAEIBHOE CO-
npotusienue 0.17 Om-cM. Mopdonorndyeckue MccieoBaHusl ¢ MOMOIIbIO aTOMHO-CHIIOBOW
Mukpockonuu (ACM) mokasaiu, 4To HabJIo1aeMble Ha IOBEPXHOCTH SITUTAKCHATIBHBIX CJIOEB
(GaAs),..(Ge,), HAHOKOHYCHI 00yCJIOBJIEHBI IPUCYTCTBHEM B HUX aToMoB Ge. CriekTpsl (oTo-
YyCTBUTEIBHOCTH 3THX TBEPJBIX PACTBOPOB UMEIOT CBOeOOpa3HbIe (UIyKTyaluu, 00yCIIOBIICH-
Hble 00pa30BaHMEM B HHUX Pa3IMYHBIX KOMIUIEKCOB 3apsHKEHHBIX MOHOB aTOMOB COCTaBIISIIO-
IAX KOMIOHEHTOB. AHAJIM3 CIEKTPOB (POTOUYBCTBHUTEIBHOCTH TeTepOCTPYKTYp n-GaAs-p-
(GaAs).(Ge,), c momomipo nporpammsl Wolfram Mathematics 7 mokasai, 94To CIEKTp COCTO-
UT U3 TPEX IMHKOB, 00yCIIOBIIEHHBIX coeauaeHusMu As-Ge, Ge-Ge u Ga-Ge.

KiroueBble ciioBa: )xunko(asHas SMUTAKCHS, PESHTTCHOrpaMMa, MOJJIOKKa, IJICHKA, caneput, HaHOKO-
HYC, (OTOUYCTBUTEIBHOCTb.

The structural properties of thin-film solid solutions (GaAs);..(Ge,), grown by liquid-phase ep-
itaxy on GaAs single crystal substrates are studied. The resulting epitaxial layers had a thick-
ness of 10 um, a resistivity of 0.17 Ohm-cm, and p-type conductivity. Morphological studies
using atomic force microscopy (AFM) showed that the nanocones observed on the surface of
(GaAs);(Ge,), epitaxial layers are due to the presence of Ge atoms in them. The
photosensitivity spectra of these solid solutions have peculiar fluctuations due to the formation
in them of various complexes of charged ions of atoms that make up the components. Analysis
of the photosensitivity spectra of n-GaAs-p-(GaAs),..(Ge,), heterostructures using the Wol-
fram Mathematics 7 software showed that its spectrum consists of three peaks due to As-Ge,
Ge-Ge and Ga-Ge.

Keywords: liquid-phase epitaxy, X-ray diffraction pattern, substrate, film, sphalerite, nanocone, photo-
sensitivity.

DOI: https//doi.org/10.52304/.v23i4.288

BBenenue

W3BecTHO, 9TO HA MOBEPXHOCTH TOHKUX DMHUTAK-
CHAJIbHBIX CJIOEB, MOJyYCHHBIX METOAOM JKUAKO(a3-
HOW 3mHTaKkcud, 00pa3yroTcs pa3lWdHble HaHOpa3-
MepHBIe 00OBEKTHI THIIa KBAaHTOBBIX siM (K1), kBanTO-
Boix Touek (KT), HaHOOOBEOTMHEHHH MPUMECHBIX
aTOMOB | JIpyrHe, 00yCIOBIEHHbIE BOZHUKHOBEHHEM
MIEPUOANYECKUX YIOPSTOYEHHBIX CTPYKTYD B PE3yIIb-

TaTe 00pa30BaHMsI CMAYMBAIOLIETO CJIOSI HA TOBEPX-
HOCTH M B 00BEME SMUTAKCHAIBHBIX IJICHOK MOJY-
MPOBOJHUKOBBIX TeTepocTpykTyp [1]. OcHOBHBIMU
(daktopamu 1151 HOPMHUPOBAHUSA TAKUX HAHOOOHEKTOB
SBIIAIOTCS PAa3IMYUs B BEIMYHMHAX MOCTOSHHBIX KpH-
CTaJUIMYECKUX PELIETOK HAaHOOOpa30BaHUM M MaTpu-
upl. CrHOHTaHHOE YHOPSIOYCHHE HAHOCTPYKTYD
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MO3BOJIIET 00pa30BaTh BKIIFOUEHUS Y3KO30HHBIX IIO-
JYTPOBOAHUKOB B IMWPOKO30HHON MaTpHIle, U TeM
CcaMbIM CO3/1aBaTh JIOKAIM3YIOMIMA TMOTCHIIMAT IS
HocuTeNnel Toka. llepuomuyeckue CTPYyKTYpPhI TaKUX
BKJIIOUEHH MoryT co3gaBatb maccuBbl KT, KA u
KBAaHTOBBIX TIPOBOJIOK WJIM CBEPXPEMIETOK. ABTOPHI
paboThl [2], UCXONS U3 SHEPTUU KOBAJICHTHOW CBS3H
aTOMOB MaTepHalloOB HAaHOBKJIIOYEHWH M MaTpPHIIbI,
MpeIaraloT pas/eNnTh 3TH HaHOOBEKTHI HA «KBaH-
TOBBIC TOYKH» U «KBAHTOBBIC SIMBD) CJICIYIOIIUM 00-
pazoM: Korja IIMpUHA 3alpenieHHOW 30HBI HAaHO-
BKJIIOYEHUH (E,, A) Ooibllle, 4eM IIUPUHBI 3ampe-
IIEHHOW 30HBI 0a30BOro NONYNPOBOAHUKA (£, B),
(Eq, A)>(E,, B), To 0Opasyercs KBaHTOBas TOYKa, U
HaoOopoT, koraa (E,; A)<(E, B), xBaHTOBas sMa.
OmHako mpUpona TaKWX OOpa3OBaHMMA, WX DHEPTUU
B3aUMOJICHCTBUSA, a TaKXKE BIUSHUE MX COCTABJISIIO-
IIMX HA CTPYKTYPHBIE U POTOIIEKTPUIECKHIE CBONCT-
Ba MaTpHIBI B 3aBHCHMOCTH OT (hopMaTa, COCTaBa H
THIIA TIPUMECHBIX aTOMOB OCTAIOTCSl HE HMCCIIEJOBaH-
HBIMU.

Otcroa cnenyeT, co3JaHHe HOBBIX MHOTOCIION-
HBIX T€TEPOCTPYKTYpP ¢ HAHOOOBEKTaMH, UCCIICI0Ba-
HUSL MOP(OJIOTUYECKUX CTPYKTYPHBIX OCOOCHHOCTEH
TakuxX 00pa3oBaHUIl U MEXaHW3MOB MpHUMecHOTO (o-
TOBOJIbTaW4IeCKOTO d(h(PekTa 1 MEXaHU3MOB BEIOpOCa-
TpaHCIIOpTa-pa3aeICHUsT HOCUTENCH 3apsiia B CTPYK-
typax ¢ KT u Kl sBisiroTcst BecbMa akTyanbHBIMU.

II. O0pa3upl 1 METOAUKA IKCIIEPUMEHTA

OnuTakCUaNbHBIC TICHKA OBUIM TOIYYEHBI Ha
GaAs MOANOXKKE C yACTBHBIM COMpOTUBIcHHEM 250
OwM-cM u TonmmHoN 350 MKM #-TUTIA TIPOBOAMMOCTH
METOJIOM KHUAKO(a3HOH SMUTAKCUM W3 PacTBoOpa-
pacmtaBa (Sn-Ge-GaAs) B atMocdepe OYHIIICHHOTO
nanjgaareM Bogopoja. HauansHast TemmnepaTypa Kpu-
CTAJUIM3allMM  3MMUTAKCHAJIbHOIO CJIOSI COCTaBIsIa
700°C, CKOpOCTh OXJIQKJIECHUS pPacTBOpa-paciiiaBa
1°C/Mun. BelpaleHHble CJIOM UMETH TOimmHy 10
MKM, ynaensHoe compotuBieHne 0.17 Owm-cMm, p-Tum
MPOBOIMMOCTH.

Bo30yxnenne  doromomunecnenuun  (DJI)
MTPOU3BOAMIIH JIa3ePHBIM M3ITydeHueM (A,=325 HM) co
CTOPOHBI SMUTAKCHAIBHOTO CJOS HpPU TeMIlepaType
skuakoro renus 4.12 K, curnan peructpupoBaics Ha
ycranoBke CJIJI-2. CnexTpanbHas 3aBUCUMOCTH (o-
TOYYBCTBUTEIBHOCTH TeTepocTpykTyp n-GaAs-p-
(GaAs);(Ge,), Obula U3MEpPEHAa ONTUYECKUM CIICK-
TPOMETPOM, OCHAIIEHHBIM 3ePKalbHBIM MOHOXpPOMa-
topoM pupmel CARLZEISJENA ¢ kBapieBoi onTH-

©Akagemus Hayk Pecnybnuku Y3bekncraH, 2021 r.

KOH, 4TO J]aBaJl0 BO3MOXXHOCTh HCCJICIOBATh 00pa3IlbI
B IUama30HE YHEPTHH GOTOHOB OT 1 1m0 3 »B.

WccnenoBanuss MOBEPXHOCTH MPOBOIHIIA  C
UCTIOJIh30BAaHHEM MIPOMBIIIICHHOTO aTOMHO-
cwioBoro  Mmukpockona (ACM)  Solver-NEXT,

MO3BOJISIIONIETO M3MEPATh penbed TMOBEPXHOCTH,
pacrpenencHue NOTeHIMAaIa 0 TOBEPXHOCTH.

ITI. DxcnepuMeHTaJbHBIE Pe3yIbTAThI

Ha puc. 1 mokazano tpexmepraoe ACM m3o00pa-
JKeHUe MuTaKcuanbHou rmieHKU (GaAs) (Ges)y.

Pucynok 1. ACM wm3o0pakeHHE SIUTAKCHATHLHOTO
cios TBepaoro pactBopa (GaAs);(Ge,),.

BuaHo, 4To Ha MOBEPXHOCTH MIEHOK O0pa3yroT-
Csl OT/IeTIbHBIE HAHOOOBEKTHI Pa3IMYHOrO pasmepa. B
pabore [3] mokazaHo, YTO (hM3MUECKHE CBOWCTBA
SMHUTAKCUAIIBHBIX CIIOEB CHIILHO 3aBUCST OT (POPMBI U
TUTOTHOCTH (TEJIECHOTO yTiia) HAHOKOHYCA: €CIIH YTOJ
coctapisier okojio 1.047 rad., TO HAHOKOHYC TIpeIn-
CTaBJIIET CHUCTEMY KBaHTOBBIX Touek 0D; ecnu yron
ctpemutcs K 3.14 rad., Torna HaHOKOHYC BBIPOXK/a-
eTCsl B KBaHTOBYIO siMy 2D; ecnu yronm cTpeMuTcs K
0 rad., HAaHOKOHYC BBIPOXKIACTCS B CUCTEMY MPOBO-
nok 1D. B HameM ciayyae TeqecHBIH yroJl HAaHOKOHY-
ca crpemurcs K 3.14 rad., T.e. HAHOKOHYC SIBISIETCS
KBAaHTOBOM SMOW. AHAJIU3 TOKa3aji, YTO JAUAMETP OC-
HOBaHHA HaHOKOHYCOB BapbUpyeT B nHTepBaje ot 70
10 90 uM, a Beicota oT 3 m0 12 am. Ilpu snurtakcu-
aTbHOM BBIPAIIMBAHUHN PA3TUYHBIX IOTYIIPOBOIHH-
KOBBIX MaTepHaJioB, PHEPrus JAedopMaluy, BBI3BaH-
Hasi HECOOTBETCTBHEM MapaMeTPOB KPUCTAJUIMYECKON
pEIIETKH KOHTaKTUPYIOIUX MaTepHAllOB, SBISETCS
OCHOBHBIM (hakTopam Ijisi GOPMHUPOBAHHUS CaMOOpra-
HU3YIOIIMUXCS TPEXMEpPHBIX HaHOKOHycoB [4]. Ilo-
CKOJIbKY BEJIMYUHBI TIOCTOSIHHBIX PEUIeTOK IJIS CHC-
tem GaAs/Ge (0.323%) mo4ytn OIWHAKOBHI, TO BO3-
MOKHO (hOpMHUpOBaHUE HAHOKOHYCOB (Ge Ha MOBEPX-
HOCTH TIeHOK GaAs.

B pabote [5] Hamu OBLUTO TTOKA3aHO, YTO ITHUTAK-
cuanpHble 1IeHKH (GaAs);.(Ge,).(ZnSe), BbIpallEeH-
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Hble Ha GaAs NOAJIOKKE MMENN COBEPIIEHHYIO MO-
HOKPHCTAJNIMYECKYI0 CTPYKTYpy C OpHEHTanueu
(100). B mnenke mpUCYTCTBOBAJM KOT€PEHTHO pac-
MI0JIO’KEHHBIE HAaHOKpHCTAIUTHL Ge ¢ mapameTpamu
peleTku ag. = 5.67 A u pasmepamu 44 HM 10 Ha-
npasieHuio (100). 3amMeTnM, 9TO TapaMeTp PEIIeTKH
HaHOKpUCTAIIUTOB (G€ B 3MUTAKCHAIBHOM IUIEHKE Ha
~0.22% Oomblie, YeM ero TabJIMYHOE 3HAYCHUE, UTO,
BO3MOYKHO, OOYCIIOBJICHO AehopManueld KpHUCTalIH-
YECKOHM PEIIETKH SIUTAKCHAIBHOM IUIeHKU. Pasmepsl
HaHOKOHYCOB, IOJIy4eHHble ucciaeaoBaHusiMu ACM
Ha MOBEPXHOCTH IUIEHKH U HAHOKOHYCOB, PEHTT€HOB-
CKOI1 nu(pakiueil B AMUTaKCUAIBHOHN TUICHKE, UMEIN
Onmu3Kkue 3HayeHus. Ha ocHOBe 3THX JaHHBIX, a TAKKe
pE3yJIbTaTOB CTPYKTYPHBIX aHAJIN30B HCCIEIOBaH-
HBIX IIJIGHOK MOKHO C/I€NaTh BBIBOJ, YTO HaOroaae-
MbIe HAHOKOHYCHI Ha TIOBEPXHOCTH AMHUTAKCHATIBHBIX
ci10eB 00yCIIOBIEeHB HaHOKpucTamuTamu Ge.

Jna ompeneneHus poiau KOMIIOHEHTOB TBEPIBIX
pPacTBOPOB B HaOMIOAEMBIX MpOIlEccaX HaMH HCClie-
JOoBaHbl CHeKTpsl (oromomunecuenun (DOJI) mpu
temieparype 4.12 K u cnekrpanbHble 3aBUCUMOCTH
(hOTOUYBCTBUTEIBHOCTH H3TOTOBJICHHBIX T€TEPOCT-
pyktyp. Ha puc. 2 npusenen cnextp @JI noBepxHo-
CTH SMHTAaKCHATBHOTO c10s (GaAs),.(Gey),.

Kak Bunno u3 puc. 2, cnexkrp ®JI tBepaoro pac-
tBOpa (GaAs);(Ge,), UMeeT MHUPOKYIO MOJIOCY, OX-
BaTBHIBAIOIIYIO TPAaKTHYECKH BeCh HWH(paKpacHbIH
JUAana3oH CHEKTpa U3Iy4YeHHs ¢ MAKCUMyMOM IIHKa
MIPH Aax=852 HM. DTOT MUK COOTBETCTBYET IIMPUHE
3anpenieHHoi 300 GaAs, paBHo# 1.45 3B. B crek-
Tpax TBEPIBIX PACTBOPOB Habmiomaercs emié OIuH
MUK C MAaKCUMYMOM Ipu 946 HM, KOTOPBIH, BO3MOX-
HO, CBSI3aH C M3JIy4aTeJIbHBIM LIEHTPOM aTOMOB Tep-
MaHUs B 3ampelieHHoi 3oue GaAs.
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Pucynox 2. DOTOMOMUHECIICHIINS n-GaAs-p-

(GaAs),(Ge,), reTepocTpyKTyp HpHU TeIHEeBON TemIepa-
Type.

Ha puc. 3 mpencraBiena crniekTpajibHas 3aBUCH-
MocTh (porouyBcTBHTETRHOCTH (GaAs).(Ge,), Tere-
POCTPYKTYp, OTKyZIa BHIHO, YTO ()OTOUYBCTBHTEIIb-
HOCTb HCCIIEIOBAaHHBIX T'€TEPOCTPYKTYP OXBaThIBACT
nmuana3oH sHepruit otonos ot 1.13 go 1.73 3B. do-
TOYYBCTBUTEIHHOCTH MCCIIEIOBAHHON CTPYKTYpHI Ha-
yrHaeTcs npu dHeprusix ¢oronos 1.13 3B u makcu-
MYyM CIIEKTPAIIbHBIA (POTOUYBCTBUTEIHHOCTH HAOIFO-
nmaercs npu 1.34 3B (~ 924 uM), 9TO MEHBIIE, YeM
1.42 5B (872 um) 3ampeuierHoii 30061 GaAs. 31ech
HE pe3Kuil craja CHeKTpPajJbHOH YyBCTBHUTEIBHOCTH,
BO3MOJKHO, OOYCIIOBJIIEH TOJIIIMHON CIIOSI TBEPABIX
pactBopoB (GaAs);.(Gey),, 3ddexkTuBHO MOTIO-
MIAIOLIET0 HU3KOIHEPTETHUECKIE KBaHTHI.
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Pucynox 3. CnekrpanbHas (OTOUYBCTBUTEIEHOCTD

n-GaAs-p-(GaAs),.(Ge,), rerepocTpykTyp [6].

C nenbio Oosee riIyOOKOTO W3yUeHHS MEXaHHU3-
MOB TIOTJIONICHHUST SHEPTHH (HOTOUYBCTBUTEIHEHOCTD
TeTePOCTPYKTYphl ~ OIEHWBAM IO  HPOTpamMme
Wolfram Mathematics 7 B raycCOBCKOM MpHOJIFIKE-
HUU U pe3yNbTaThl Pa3ioXWiId Ha rayCcCOBBI JIMHUM.
Wcxonmupie 3HaueHUS SHEPTUi E; OTACNBHBIX (OTO-
MUKOB 33JaBAJIUCh C YIETOM MAaKCHMYMOB IIOTJIOLIE-
HUsl Ha JKCIEPUMEHTaJIbHOW KpUBOH. B pesyibrare
0Ka3aJ0Ch, YTO MPOAHATU3UPOBAHHBIA CIIEKTP MOXK-
HO OMHUCAaTh COBOKYITHOCTBIO TPEX T'ayCCOBBIX JIMHHMA
CO 3HaA4YCHUAMU E,-, OTBCYAIONIUMH OITUMAJILHOMY
COBIIAJIEHUIO HKCIIEPUMEHTAILHOW ¥ CyMMAapHO# af-
MPOKCUMUPYIOIIEH TaycCOBBIX KpHBBIX. [Ipu 3TOM
pa3bpoc 3HaueHuUd E; QOTONMUKOB MO CPaBHEHUIO C
tabmuuyabiME He npesbitiaet 0.03 3B. Bee tpu doro-
MUKa, COOTBETCTBYIOIINE TayCCOBHIM KPUBBIM, Ha-
Onrofanu B UHTEpBane dHepruil GoToHOB: Epyp
(1.1=1.61) =B, Epny, — (1.1651.65) 2B, Eyuz —
(1.35+1.7) 3B cootBercTBeHHO (puc. 4).
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Pucynok. 4. I'ayccoBo mpuOnmkeHHe CHEKTPaIbHOU (o-
TouyBcTBUTENBHOCTH n-GaAs-p-(GaAs),..(Ge,), rerepoct-
pykryp. CruioniHas KpuBasi — CyMMa pacyeTHOTO TayccoBa
CHEKTPa; MyHKTUPHbIE KPUBBIE — I'dyCCOBbI KOMIIOHEHTBI
pacdeTHOro crekTpa [6].

Ha puc. 4 npuBeneH crekTp MEepBOrO TayccoB-
CKOT0 KOMIOHEHTa (KpuBas 1), KOTOPBII HaYMHAETCS
¢ sHepruu QortonoB 1.1 3B u, BozmMoxHO, 00yCIIOB-
JIeH Y3KO30HHBIM KOMIIOHEHTOM aTOMOB TI'e€pMaHusl,
pasMELICHHBIX B y3JaXx raums, o0pasys KOBaJleHT-
HYIO CBSI3b C aTOMaMH apCeHUAa, U 00pazyeT MEIKHM
DHEPTreTHYCCKUN YPOBEHH JOHOPHOTO XapakTepa [7].
[Mockonbky KOMIIOHEHTHI Ge, 3amemaroT aroMbel Ga 1
As B TeTpasapuueckoit pemerke GaAs [8], csazu Ga-
As 0cClabnsATCA MO BIUSHUEM OKPYKAIOMIMX WX
atomoB Ge. Ilockonbky sHeprust cBa3u aromoB Ge-
Ge, xorga OHM HaxOAATCS B TETPadApUUECKON pe-
IIeTKe TepPMaHWs, ONpeAeNsieTcsl IUPUHON 3arpe-
meHHo 30861 Ge (Eg.=0.67 3B), 1 oHa MeHbIIIe, YeM
mmpuHa 3amnpemieHHoi 3086 GaAs (Eguas=1.42 3B),
TO »Heprust HoHu3anus cBsi3u Ge-Ge yBenmuunBaeTcs,
KoryTa OHa HaxomuTcs B okpyxeHun GaAs. Kpome
TOTO, CIIEKTP 3TOT0 KOMIIOHEHTa pPEe3KO BO3pacTaerT,
HauuHasg ¢ ’Hepruu ¢otoHoB 1.2 3B, uTO cBUAETEND-
cTByeT 00 00pa30oBaHUM KOMIDICKCOB MEXIY PEKOM-
OMHAIIMOHHBIMH IIEHTPAMH, KOTOpBIE, KaK CKa3aHO
BBIIIE, SIBISIFOTCS aTOMaMy C MEIKMMH JTOHOPHBIMH
YPOBHSIMH, COOCTBEHHBIH aTOM HaHOKPHCTAJLIOB
repmanus B cioe GaAs UMEIOT aKIENTOPHYIO MPUPO-
ny [9]. OTo o3Hagaer, uTo mapHbie aTombl Ge, Jac-
TUYHO 3aMENIal0T HEKOTOpBhIe MOJIEKYJBl apCceHuaa
rauas B Ae(PEeKTOCIIOCOOHBIX O00JIACTAX apCeHU -
raJUIMEeBOM pEeIIeTKH M B 3TUX MeCTax camooOpasy-
toTcsl HaHoKpucTauuTel [10]. Iloaromy Makcumym
MEPBOTO TayCCOBCKOTO KOMITOHEHTa HaOIogaeTcs
npu sHepruu ¢(otoHoB 1.34 3B, KoTOpEIA 00yCIOB-
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JICH NIMPUHOW 3aNPEIICHHON 30HbI TBEPIOTO PacTBO-
pa (GaAS)l—x(GeZ)x [1 1]

AHanmu3 Ha OCHOBE IPEACTaBICHUN aBTOPOB [10]
MOKa3bIBACT, YTO B APCCHUI-TAIUIMEBBIX MOHOKPH-
cTaluiax HaHOKpHCTALIbl (Ge WMEIT COOCTBEHHBIN
SHEPreTUYECKH YPOBEHb C aKIENTOPHBIM XapakTe-
pOoM.

MakcuMyM BTOpPOTO TayCCOBCKOTO KOMITOHEHTA
(puc. 4, xpupas 2) Habmogaercs npu 1.44 3B, u 3TOT
UK TaKKe COOTBETCTBYET PEKOMOMHAIIMH 3apsiOB
U3 30HBI IPOBOJIMMOCTH Ha aKIIENITOPHBIC COCTOSIHUS
B p-GaAs, 9T0 TOATBEPKIAIOT PE3yIbTATH (POTOIIO-
MUHECIIEHIINN KpUCTAIIoB p-GaAs mpu 3HEepruu ¢o-
toHOB 1.35-1.65 3B [11].

MakcuMyM TPEThEro rayCCOBCKOTO KOMITOHEHTA
(puc. 4, kpuBas 3) nabmomaerca npu 1.55 3B, uTo,
BO3MOJKHO, OOYCIIOBIIEHO M30BAIICHTHBIMH HAHOKPH-
craututamu Ge B cmoe GaAs. B pabore [11] moka3a-
HO, YTO CIICKTP BHEIIIHEH KBAHTOBOW YyBCTBHUTEIHHO-
cTi (OTOdIIEMEHTa Ha OCHOBE T'e€TePOCTPYKTYPHI p-
GaAs/p-Ge/n-Ge oxBaThIBaeT AWAMA30H H3IyUCHUI
ot 600 no 1800 MkM. B Hammx skcriepuMeHTax Tak-
Ke HaOmromancss Takod (OTOOTKIMK, KOTOPHIA Ha-
KJIaJBIBacTCS Ha 00JacTh CIieKTpa dHepruu oT 1.25
no 1.72 »B.

B nensix o0bsICHEHUS! 3KCIIEPUMEHTAIBHBIX JaH-
HBIX M TayCCOBCKUX MPHUOIIKEHUUH 1O CHEKTpPaib-
HOW 3aBUCHMOCTH (POTOUYBCTBHTEIHEHOCTH TEeTEpO-
cTpyktypel p-(GaAs)-n-(GaAs),..(Ge,), Hamu Obuia
WCCIIEZIOBaHA POJIb OTIEIBHBIX KOMIIOHEHTOB HCCIIe-
JlyeMOTO TBEPAOT0 pacTBOpA B 3TUX IMPOIECCAX.

Pucynok 5. [IpoctpancTBeHHass KOH(MUTYpaIus TETpada-
pUYeCKHX CBSI3€H MOJIEKYN HEMPEPHIBHBIX TBEPIBIX pac-
TBOpoB (GaAs),(Gey),: 0 — As, ® — Ga, — @ Ge
[6].
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Ha puc. 5 mnpencraBneHa mnpocTpaHCTBEHHAS
KOH(UTYpanus TeTpadIpuIecKuX CBA3EH B Ipezenax
HaHOKJIacTepoB, oOpazyeMbix npuMecsimMu Ge n GaAs
B kpuctamiax GaAs. Kak BHIHO, HaHOKJIACTEPHl B
TBeproM pactBope (GaAs);,(Ge,), 0XBaTHIBAIOT TPH
As-Ge, ogny Ge-Ge u tpu Ga-Ge cBs3elt, 8 aToMOB
Ga, Ge u As. Tak kak 3JIeMEHTapHas s4eliKka Marte-
pHAJIOB ¢ aIIMa30MOJ00HON CTPYKTYPOM COCTOUT U3 §
aTOMOB, JIMHEWHBIH pa3Mep HaHOKiIactepa 5.6, 5.6,
5.6 A nouru paBHsieTcst mapaMmeTpy pemeTku GaAs.
DTO MO3BOJSIET MPEIOIOKUTh, YTO 0a30Bas pelieT-
Ka HCCIIETyeMOTO TBEPIOr0 pacTBOpa COCTOUT W3
nsoitHoro GaAs u Ge, 10 ectb GaAs;,Ge,. Kpome
TOTO, MOCKONbKY aToMbl Ge B pemietke GaAs pac-
MIpeJIeIeHbl PaBHOMEPHO, a IPYTHe aTOMBI pacipee-
JIEHBI HEPaBHOMEPHO, B Ne(EKTOCIIOCOOHBIX oOac-
TAX PELICTKH MaTPHUIIbI 3TH aTOMBI IPUMECH CaMO00-
pa3yroTcs B HaHOKpuCTabl Ge.

IV. 3akiaouenue

TakuM 00pa3oM, BBIPALICHHBIE METOJOM >KHJI-
kogazHoi snutakcuu mieHku (GaAs),.(Ge,), sABis-
FOTCS MOHOKPUCTAJUTUYCCKUMH, C KpHCTaLUIorpadu-
yeckoit opuentarueit (100). Hamuune atomoB Ge B
TeTpadaupuueckoit pemretke GaAs MPUBOAUT K TOMY,
YTO B €ro CHeKTpe (OTOUYBCTBHUTEIHLHOCTH HAOIIO-
JlaeTcsl MUK, KOTOPBIA TMPHHAIJICKUT HAHOKPHCTAII-
nam Ge, o0benmuHEeHHBIM ¢ Moliekynamu GaAs. Mop-
(onoruyeckue uccieaOBaHUA MOKa3alH, YTO HAOIIO-
JaeMble HAHOKOHYCHI Ha TMOBEPXHOCTH SMUTAKCHAIIb-
HeIX cinoeB (GaAs);.(Ge;), 0O0yCIOBJICHBI HpUMEC-
HbiMH atroMamu (Ge; pe3yNbTaThl aHAINW3a CIIEKTPOB
tdorouyscTBUTENEHOCTH  N-GaAs-p-(GaAs),(Ge,),
TETEPOCTPYKTYP C TOMOIIBIO mporpaMMmbl Wolfram
Mathematics 7 mokasanu, 4TO B CHEKTpe oOIeil ra-
YCCOBCKOW JIMHUHM MMEETCS KpaiHss TMHHOBOIHO-
Bast 061acTh ¢ »Heprueit ¢poroHoB 1.1 3B u Tpu KOM-
MOHEHTa, KOTOPHIE COOTBETCTBYIOT COCTUHECHUIM
As-Ge, Ge-Ge u Ga-Ge, 1 moATBepkIa0T 00pa3oBa-
HUE COOTBETCTBYIOIIMX SHEPreTHYECKUX YpPOBHEH,
CBSI3aHHBIX C TAKUMH COCTUHEHUSIMH B 3alpeIleHHOM
1 BaJICHTHOW 30HAaX apceHH a rajuiusl.

Baaromapnoctu. ABTOpsI 61arogapHsl A.().-M.H.
mpod. A.C. CanmoBy 3a 00CyXICHHE PE3yIHTATOB 110
CIEKTPaJIbHON (POTOUYBCTBUTENLHOCTH T€TEPOCTPYK-
TYp.

PaboTa BrmonHeHa M0 TpaHTy Ne @2-68 Kowmu-
TETa 10 KOOPAUHAIIMK ¥ Pa3BUTHS HAYKU U TEXHOJIO-
ruii pu Kabunere Munuctpo PecnyGnuku Y30e-
KHCTaH.

MeTtagaHHble

Receipt, morphology, and photoelectrical proper-
ties of epitaxial films of (GaAs);(Ge,), on GaAs
substrates

S.Z. Zaynabidinov, A.Yu. Boboev, D.P. Abdurakhimov

Andijan State University, University Street 129, 170100, Andijan
city, Uzbekistan

The structural properties of thin-film solid solutions
(GaAs);(Gey), grown by liquid-phase epitaxy on
GaAs single crystal substrates are studied. The result-
ing epitaxial layers had a thickness of 10 um, a resis-
tivity of 0.17 Ohm-cm, and p-type conductivity. Mor-
phological studies using atomic force microscopy
(AFM) showed that the nanocones observed on the
surface of (GaAs);.(Ge,), epitaxial layers are due to
the presence of Ge atoms in them. The photosensitivi-
ty spectra of these solid solutions have peculiar fluc-
tuations due to the formation in them of various com-
plexes of charged ions of atoms that make up the
components. Analysis of the photosensitivity spectra
of n-GaAs-p-(GaAs),..(Ge,), heterostructures using
the Wolfram Mathematics 7 software showed that its

spectrum consists of three peaks due to As-Ge, Ge-
Ge and Ga-Ge.

Keywords: liquid-phase epitaxy, X-ray diffraction pattern, sub-
strate, film, sphalerite, nanocone, photosensitivity.
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GaAs acocuaaru (GaAs), «(Ge,), 3muTakcuai mjieHka-
JIAPHUHT OJMHUIIU, MOpdoJiorusicu Ba GoTo3JIeKTPUK
xoccajiapu

C.3. Baiinaéununos, A.M. Bodoes, /I.I1. AbaypaxumoB

AHIVXOH J1aBjaT YHUBEPCUTETH, Y HUBEpCUTET Kydyacu 129,
170100, Anmmkan, Y36eKHCToH

GaAs MOHOKpPHUCTAJUT TarlIMKIapura CYIOK ¢a3anu
SMHTAKacHs yCyJIU OWJIaH YCTUPWITaH I0IKa NapAain
(GaAs).(Ge,), KaTTUK KOpHUITMATApUHUHT Ty3HJIMa-
BUi Xxocajapu YypraHwigud. OJIUHraH 3HUTaKCHAl
Kariamiap Kamuaaura 10 MkM Hu Tamkmi 3Tuo, 0.17
OM'cM colMImITHpMa KApIIMINKKA Xamaa p-Typ
VYTKa3yBYaHIMKKa 3Ta. ATOM Ky4d MHKPOCKOMHU Ep-
JaMufa  YTKa3wiraH MOPQOJOTHK — TaJKUKOTIAp
GaAs);..(Gey), snurakcman karmam cuptuga  Ge
aToMyIapd HUFUINO HAaHOKOHYCIApHM IIAKIIAHTH-
pUIIN aHWKJIAHAW. byHIail KaTTUK KOpUIIMaIapHUHT
creKTpan  (OTOCe3THpiWru, yinapaa TapKuOWid
KACMIIApPHU TaIIKHWI 3TYyBYH aTOMJIAPHHHT 3apsiIaH-
raH WOHJIAPUHUHT TYypiW KOMIUDIEKCIApH Taimo
Oymumm Tydaitnu y3ura xoc Qraykranmara sra. n-
GaAs-p-(GaAs),.(Ge,), reTepoTy3nIMaCHHUHT CIIEK-
Tpan ¢ortocesrupaurn Wolfram Mathematics 7 nac-
TypH €pramula TaxJul KWIMHTaHUAA, YHUHT CIIEK-
Tpu As-Ge, Ge-Ge Ba Ga-Ge OupukManapu Tydaiinm
y4Ta YYKKHJAH HOOpaT SKAHJINTH KYPCATHIIIN.

Kanur cy3nap: tariamknapura cyrok ¢asaid SIUTAKCHs, PeHTTe-
HOTpaMMa, TarmuK, IUICHKA, canepur, HAHOKOHYC,
(hoTOCE3THPIIHK.
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Introduction

B pabore ucciieioBaHO BIHMSHHE 3JIEKTPOHHOTO OOJIyYSHHUs] Ha CTPYKTYpPY U MOP(DOJIOTrHI0
MMOBEPXHOCTH MOHOKpucTaila u  moiukpuctammma  Tling,Cr,S, (x=0.01). OGmydenue
monokpucraiuia TlIn, Cr,S, snekrpoHamu ¢ sHeprueir 2 MpdB u  duroencom 2x10"7
3.]'IeI(TpOH/CM2 MpUBOAUT K YBCJINYCHUTIO MAaKCUMAaJIbHOI'O 3HAUYCHUA cpeaHero
apudmeTHuecKkoro oTkiIoHeHus npodwis ot R,=5.4 uM a0 R,=25.2 HM, a TaKXkKe MPUBOJUT K
YBEJIMYCHUIO BBICOTHI CpelHed IIepoxoBaTocTu oT R,=72.0 M 1o R.=152.9 um. OOnyueHne
mopomkooro TlIn, Cr,S, aiekrpoHamu (IrroeHCOM 2x10"7 3J‘I€KTp0H/CM2 CIOCOOCTBYET
YBEJIMYEHUIO pa3Mepa KpUCTAIUTOB 0T 36.87 nm 1o 41.76 nm, 4to, ckopee BCero, CBsI3aHo ¢
YMEHBIIICHHEM I'PaHuI] pasJiena.

KiroueBble cj10Ba: MOHOKPUCTAJLI, CTPYKTYpa KPUCTAIIIOB, JIEMEHTapHas s4eiika, NPOCTPaHCTBEHHAs
rpyIa, JIEKTPOHHOE 00IyueHHe, (IIFOCHC, pa3Mep KPUCTAJUIUTOB, ILIEPOXOBATOCT.

In this work, we studied the effect of electron irradiation on the structure and morphology
of the surface of a single crystal and polycrystal TlIn, ,Cr,S, (x=0.01). Irradiation of a
TlIn,.Cr,S, single crystal with electrons with an energy of 2 MeV and a fluence of 2x10"7
electron/cm” leads to an increase in the maximum value of the mean arithmetic deviation of the
profile from R,=5.4 nm to R,=25.2 nm, and also leads to an increase in the height of the aver-
age roughness from R,=72.0 nm to R,=152.9 nm. Irradiation of powder TlIn, ,Cr,S, with
electrons with a fluence of 2x10'” electron/cm® promotes an increase in the crystallite size
from 36.87 nm to 41.76 nm, which is most likely associated with a decrease in size of the
interface.

Keywords: single crystal, crystal structure, unit cell, space group, electron irradiation, fluence, crystallite
size, roughness.)

DOI: https//doi.org/10.52304/.v23i4.289

atoms. Changing the composition allows one to wide-

At present, there is an increasing interest in the
study of new semiconductor materials containing
several elements, which makes it possible to control
their properties by varying the content of elements.
TlInS, single crystals are one of such multicompo-
nent complex wide-band semiconductors of the
A"B"'CY", type, in which it is possible to replace part
of the sulfur atoms, as well as part of the indium

ly vary the electro-physical, photoelectrical, optical,
and other properties. Wide-band semiconductors
TlnS, are promising for the manufacture of photoe-
lectric converters, spectrum analyzers, and radiation
detectors [1].

The study of TlInS, is of interest, since many of
their properties depend on the crystal structure, stabil-
ity to external influences, defects, etc. Therefore, the

Vol. 23, No. 4, pp.51-56, 2021
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crystal structure and properties of the TlInS, crystal
were studied in [1-2]. Among them, TlInS, [3] is the
most promising semiconductor, which allows one to
“select” the optimal properties by replacing some of
the sulfur atoms with other atoms in a wide concen-
tration range [3]. According to [4-9], TlInS, com-
pounds have different crystal structures (monoclinic,
hexagonal, tetragonal triclinic and orthorhombic).
The effect of the substitution of a part of sulfur atoms
by selenium atoms on the structure, phase state, opti-
cal characteristics, and Raman spectroscopy was stu-
died in detail in [10-11].

The main parameters of semiconductors depend
not only on the structure, but also on the defects
present in them and their type. In many cases, to im-
prove certain properties, defects are specially intro-
duced by various methods. One of the ways to create
(or anneal) defects is to irradiate the sample with
gamma-rays, neutrons, protons, and electrons. The ef-
fect of gamma-rays on the structure of TlInS, has
been studied in a few works, for example, in [12],
where a phase transition from the initial monoclinic
phase to the hexagonal phase in a thin surface layer
was established at high doses of irradiation (1000-
1500 Mrad) with gamma-rays. The influence of elec-
trons on structures and structural parameters is not
studied, although it is of interest, since the types of
formed radiation defects in these cases can be differ-
ent [3].

In [13-15], the interaction of TlInS, with TIErS,
was studied, and was found that at a component ratio
of 1:1, a compound Tl,InErSs with congruent mel-
ting is formed, as well as solid solutions based on
THI’ISQ.

The TInS,-TIYbS, system was studied in [16].
The authors claim that the solubility of TIYDS, in
TIInS, at room temperature is 12 mol.%, and the

TlIn,_Cr,S; solid solutions have a tetragonal structure.

It should be noted that the structure of the ter-
nary compound TICrS, was studied in [17] and was
found that TICrS, has hexagonal symmetry with unit
cell parameters a=3.538 A and ¢=21.92 A [18]. It
should be noted that the substitution of a part of in-
dium atoms in TIInS, with atoms of another group,
chromium, is also of interest, since it can introduce a
“change” in the initial crystal structure and its para-
meters, as well as on the surface, since the thermal
characteristics of indium and chromium differ [18-
19].

However, in the literature, there is almost no
study of the TlIn,_Cr,S; (x = 0.01) compound and the

©Academy of Sciences of Republic of Uzbekistan, 2021

effect of radiation on its structures and surfaces,
which is most likely due to the difficulty of synthesiz-
ing samples.

Therefore, the purpose of this work is to study the
structure, surface morphology and the effect of acce-
lerated electrons on the structure and surface of the
TlIn,_Cr,S, crystal (x =0.01).

II. Experimental procedure

An assessment of the possibility of chromium
solubility in the bulk of the crystal lattice of TlInS,
indicates that the ionic radius of the dopant Cr** (0.65
A) is closer to the ionic radius of In** (0.94 A) than
to the ionic radius of TI'" (1.49 A), i.e. In a layered
TlnS, crystal, partial replacement of indium with
chromium corresponds to the condition for the forma-
tion of a substitutional solid solution. Highly pure
chemical elements TI (0%), In (0%), S, Sulfur ele-
mental extra pure model (EP-16-5), and Cr (99.99%)
were used as initial components. TlIn;,Cr,S, (x =
0.01) was synthesized by direct fusion of chemical
elements taken in stoichiometric ratios in a quartz
ampoule with a vacuum of up to 10~ Pa.

Electron irradiation of TlIn,,Cr,S, (x = 0.01) was
carried out at the «Electronika U-003» accelerator of
the INP AN RUz. A three-dimensional image of the
surface relief of a TlIn,_Cr,S, sample (x = 0.01) was
obtained with an SPM 9700 HT scanning probe mi-
croscope (Shimadzu). The study was carried out in a
contact mode of operation of a scanning probe micro-
scope. For this, a sample area of 30x30 um was se-
lected and the number of “peaks-protrusions”, their
half-width and height, before and after irradiation
with accelerated electrons, were determined.

X-ray structural studies of TlIn;_,Cr,S, (x = 0.01)
were carried out on an Empyrean diffractometer with
CuK, radiation in the angle range 205=(7-90)° at a
scanning speed of 0.36 degrees/min. A full-profile
analysis of the results obtained was carried out using
the Rietveld method [20], and the center of the peak
was determined using the OriginPro9 program [21].

To study the effect of accelerated electrons on the
structure of a TlIn;_Cr,S, single crystal (x = 0.01), it
was irradiated with electrons with an energy of
2 MeV and a beam current density of 0.375 mkA/cm®
[22]. The energy of the irradiated electrons was se-
lected based on the density and thickness of the sam-
ples under study. Sample TlIn,,Cr.S, (x = 0.01) was
installed perpendicular to the direction of the electron
beam at a distance of 0.4 m from the electron accele-
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rator sweep, and irradiation was performed to an elec-
tron fluence of 2x10' el./cm”.

To obtain more complete structural information
on the effect of electron irradiation on the structure
we also studied the initial and irradiated powdered
TlIl’ll_xCI'xSQ (.X = 001)

III. Experimental results and discussion

The study of the effect of radiation on the sur-
face roughness of TlIn,_,Cr,S, (x = 0.01) showed that
it grows under the action of accelerated electrons.
However, the width and height of the tubercle in-
creases (Fig. 1, 2, 3).
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Figure 1. Topography of the surface of a TlIn, Cr,S, sin-
gle crystal with x = 0.01: a — initial sample; b — irradiated
with a dose of 2x10'"7 electron/cm’.
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Figure 2. Roughness of the surface of a TlIn,_,Cr,S, single
crystal with x = 0.01.
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Figure 3. Roughness of the surface of a TlIn,_,Cr,S, single
crystal with x = 0.01 after electron irradiation with a flu-
ence of 2x10" electron/cm?.

The measurement showed that the maximum
value of the arithmetic mean deviation of the profile
of the initial TlIn, ,Cr,S, crystal (x = 0.01) is R, =
5.4 nm, the height of the mean roughness R, = 72.0
nm, and after irradiation with electrons with a fluence
of 2x10" electron/cm” the maximum value of the
mean arithmetic deviation of the profile is R, = 25.2
nm and the average roughness height R, = 152.9 nm.

The processing of the X-ray diffraction pattern
(Fig. 4) showed that the initial single crystal
Tln,.,Cr,S; (x = 0.01) has a hexagonal (space group
P63/mmc) structure. In this case, the unit cell para-
meters are a = 3.958 A, b =3.958 A, ¢ = 14.922 A,
and the atomic coordinates and thermal factors are
given in Table 1.
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Figure 4. X-ray diffraction pattern of a TlIn;_Cr,S, single
crystal (x=10.01).

Table 1. The positions and coordinates of the atoms of the
TlIn,Cr,S, single crystal (x = 0.01) in the space group.
P63/mmc.

. . Heat

No  Atom Atomic coordinates factor
X | y z B

1 Tl 0.3333  0.6667 0.2500 0.669

2 In 0.0000  0.0000  0.0000 0.878

3 S 0.3333  0.6666 0.9037 0.913

4 Cr 0.0000  0.0000 0.0000 0.132

After irradiation with 2 MeV electrons and a flu-
ence of 2x10"" electron/cm’, the unit cell parameters
of the TlIn,Cr,S, single crystal (x = 0.01) are a =
3852 A, h=3852A,c=14911 A and 0. = 90°, B =
90°, vy = 120°. The results obtained indicate that the
unit cell volume of the TlIn,,Cr,S, single crystal
slightly decreased after irradiation with electrons; the
introduced amount of Cr (x = 0.01) weakly affects the
parameters of the crystal lattice of the T1InS, matrix.
The obtained crystallographic data for the single crys-
tal TlIn,_Cr,S, (x = 0.01) agree with the TlInS, data

©Academy of Sciences of Republic of Uzbekistan, 2021
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(@=10.90A,b=1094 A, c=15.18 A, B =100.21°)
[6].

The X-ray diffraction pattern of the initial
TlIn,.,Cr, S, powder sample (x = 0.01) was processed
on the assumption of the formation of a hexagonal
(space group P6;/mmc) structure; however, the Bragg
value Rp is 2.15 factor, indicating that the proposed
model was consistent with the experimental results
(Rp is 1.59). Calculations of the X-ray diffraction pat-
tern assuming the formation of a monoclinic unit cell,
as in TInS,, showed the formation of the same phase
in powder Tln; ,Cr,S,, i.e. with space group C2/c

(Fig. 5).
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Figure 5. X-ray diffraction pattern of TlIn,,Cr,S, powder
(x=10.01). I — comparison of the observed pattern with the
fitted pattern, II — Bragg peaks, III — the difference be-
tween the observed pattern and the fitted pattern.

Figure 6. Crystal structure of TlIn;_Cr,S; (x = 0.01) (mo-
noclinic structure of space group C2/c)

The results of calculating the X-ray diffraction
pattern of powdered TlIn;.Cr,S, (x = 0.01) irradiated

©Academy of Sciences of Republic of Uzbekistan, 2021

with electrons with a fluence of 2x10'” electron/cm?
showed that the crystal structure was preserved; cor-
responds to a monoclinic structure (space group C2/c)
(Fig. 6). However, the coordinates of the atoms, as
well as the parameters of the unit cell, compared to
the initial one, have changed (in Table 2.).

Table 2. Positions and coordinates of atoms of the irra-
diated TlIn,_Cr,S, powder (x = 0.01) in space group C2/c.

. . Heat
N Atom Atomic coordinates factor
xla | yb | ze B
1 Tl 0.0310 0.1874 0.3828  0.842
2 Tl 02142 04416 0.1195 0910
3 In 0.0998 0.1886 0.6550  0.951
4 In 0.1497 0.4378 0.8451  0.852
5 Cr 0.0998 0.1886 0.6550  0.151
6 Cr 0.1497 0.4378 0.8451 0.132
7 S 0.0482  0.3150 0.9447 0.319
8 S 0.1990 0.0624 0.5554  0.027
9 S 0.2392  0.1870 0.2504  0.290
10 S 0.0000 0.0523 0.7500  0.676
11 S 0.0000 0.4267 0.2500  0.509
a, A | b, A | ¢, A B,° | a, A | b, A
10.873 10.956 15.175 | 100.63 10.873 10.956

The size of the coherent X-ray scattering region
corresponding to the average crystallite size was de-
termined from the width of the diffraction reflections
of the powder sample. To calculate the size of the co-
herent scattering region (CSR), a reflection with
205=23.8064° was selected and the full width at half
maximum was calculated. For this, the Scherrer for-
mula was used [23, 24]:

K
BgcosO

(1)

Calculations showed that the average crystallite
size of the initial powder sample TlIn, ,Cr,S, (x =
0.01) is d = 36.87 nm. After irradiation of the sample
with accelerated electrons with a fluence of 2x10"
electron/cm?, the average crystallite size increased to
d=41.76 nm.

Earlier, it was found that the initial TlInS, single
crystal is two-phase with hexagonal (space group
P6;/mmc) and monoclinic (space group C2/c) phases
[3]. The arithmetic mean deviation of the profile of
the initial TlInS, crystal is R, = 19.8 nm, the mean
maximum peak height is R, = 387.6 nm. Powdered
TlInS, with a monoclinic (space group C2/c) struc-
ture has the following parameters: a = 10.926 A, b =
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10.934 A, c=15.208 A, B = 100.65°, and the average
crystallite size is 54.7 nm.

After electron irradiation, the TlInS, single crys-
tal passes from a two-phase state (space group
P6s;/mmc and space group C2/c) to a single-phase
state with space group P6;/mmc, the unit cell parame-
ters are: a = b =10 A, ¢ = 14.923 A [3]. It was found
that the maximum value of the arithmetic mean devi-
ation of the profile after irradiation with electrons
2x10" electron/cm® was R, = 48.1 nm, the average
peak height R, = 694.4 nm [3]. The results of the X-
ray study of the TlInS, crystal in powder form after
electron irradiation are as follows: a=10.881 A, b=
10.955 A, c=15.185 A, and B=100.63° (space group
C2/c) and the average crystallite size is 114.32 nm.

The initial TlInS,Se,., single crystal has a mo-
noclinic structure (space group C2/c) (x = 1) [21]
with a = 11.566 A, b= 11223 A, ¢ = 15319 A, and
B=100.21°. Irradiation of a TlInS,Se,., single crystal
(x = 1) with electrons with a fluence of 2x10'" elec-
trons/cm” (energy 2 MeV) contributed to a change in
the unit cell parameters with a = 10.969 A, b = 11.06
A, ¢ = 15327 A, and B = 100.47°. And powder
TlInS,Se;, (x = 1) consisted only of a monoclinic
phase (space group C2/c) with a =11.109 A,
b=11.126 A, c=15.35 A and B=100.69° and with an
average crystallite size of 56.5 nm. After electron ir-
radiation with a fluence of 2x10'7 electrons/cm?, the
structural state was preserved, the unit cell parame-
ters underwent a slight change along the a axis, and
the average crystallite size increased to 65 nm. Thus,
it can be seen that the replacement of a part (50%) of
sulfur atoms with selenium leads to a change not only
in the lattice parameters, but also in the phase state
and sizes of crystallites. And with a small substitution
of chromium atoms for indium atoms (1%), the unit
cell parameters and the crystallite size also change.

IV. Conclusions

It was found that the TlIn, Cr,S, single crystal
(x = 0.01) has a hexagonal (space group P6;/mmc)
structure with the parameters a=3.958 A, b=3.958 A,
c=14.922 A and a.=90°, B = 90°, y = 120°.

It was found that after irradiation of a
TlIn,Cr,S, single crystal (x = 0.01) with electrons
with a fluence of 2x10'" electron/cm’, the original
structure is retained, the maximum value of the mean
arithmetic deviation of the profile increases by more
than five times, and the height of the average rough-
ness increases from R, = 72.0 nm to R, = 152.9 nm.

Powdered TlIn; Cr,S,, as in TlInS, has a mo-
noclinic structure (space group C2/c) (Fig. 5) with
unit cell parameters a=10.864 A, »h=10.948 A, c=
15.151 A, and p = 100.61°.

Irradiation with 2 MeV electrons and a fluence
of 2x10" electron/cm® of powder TlIn,,Cr,S,; (x =
0.01) promotes an increase in the crystallite size from
36.87 nm to 41.76 nm, which is most likely
associated with a decrease in the interfaces.

It was shown that the TIInS,, TlInS,Se,., (x = 1),
and TlIn,_,Cr,S; (x = 0.01) powder samples contain a
monoclinic structure (space group C2/c) and no
structural transitions were found under electron
irradiation, but the average crystallite size increased.
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B craree mpuBOAATCS pE3yNbTaThl UCCIEAOBAHMS 10 UCIONB30BAHUIO MHCTPYMEHTAIBHOIO
HEWTPOHHO-aKTHBAIIMOHHOTO aHAIN3a JUII  9KOJOTMYECKOTO0 MOHHWTOPHHIA OOBEKTOB
OKpy>Katomien cpenpl TamkeHTckor obmactu U r.TamkenTa. [lomydeHbl JaHHBIE IO Makpo- U
MHKpPO3JIEMEHTHOMY COCTaBy IIOYBBI, BOJBI, BOJOC HACEIEHHWS BOKPYI INPOMBIIIIEHHBIX
NPEANpPUATHA M OICHCHbI BIMSIHUS Ha 370pOBbS HACENEHHS MPOKUBAIOIIMX HA 3THX
TEPPUTOPHUSX.

KiroueBble ciioBa: okpyxaromas cpeja, HeHTPOHHO-aKTUBALIMOHHBIN aHAIU3, MaKpO- U MUKPOAJIEMEH-
Thl, II04Ba, BOAA, BOJIOC, HEHTPOHHBIN NIOTOK, FAMMa-CIEKTP, IKOJOI'NIECKUIl MOHUTOPUHT.

The article presents the results of research using the instrumental neutron activation analysis
for monitoring the state of environment in the Tashkent region and the Tashkent city. Data on
the macro- and microelement composition of soil, water, hair of the population around indus-
trial enterprises were obtained, and the impact of these data on the health of the population liv-
ing in these territories was assessed.

Keywords: environment, neutron activation analysis, macro- and microelements, soil, water,
hair, neutron flux, gamma spectrum, environmental monitoring.

I. BBeaenmue

Pemenne 3amau mo pasBUTHIO PA3IUYHBIX OT-
pacieil MPOMBIIIEHHOCTH U CEJIbCKOTO XO03iKhCTBA
CO3/1al0T JIOTIOJTHUTENbHBIE TEXHOTCHHBIE HArpy3Kd
Ha DKOCHUCTEMY, KOTOpBIC MPHUBOAAT HE TOIBKO K
VXYIIICHUIO COCTOSIHUS OKPYKAIOIIeH Cpeasl, HO U
OTpaXKaloTCs Ha 370POBbE MPOKHUBAIOIIETO B ATHX Pe-
THOHAX HacejeHus. [103ToMy PKOIOTHYECKHE HCCIIe-
JIOBaHUS PA3IMYHBIX OOBEKTOB OKPYIKAIOIIEH Cpelibl
SIBJISIFOTCSL aKTYaJIbHOM 3a/laueil Kak HayKu, TaK U Me-
munuHbl. OCHOBOM JKOJIOTUYECKHUX UCCIIEIOBAHUN
SIBJIAFOTCS CHCTEMATUYECKHE HAOII0NEHUs 33 COCTOs-
HUEM OKpPY’Kalolllel cpeibl, MOHUTOPUHT €€ U3MEHe-
HUH TOJ] BO3IEHCTBHEM IMPHUPOJHBIX U aHTPOIIOTEH-
HBIX (DAaKTOpPOB, M BIHMSHHE HA COCTOSHHE 30POBBS
Hacenenus [1-3].

DOI: https//doi.org/10.52304/.v2314.290

HcTouynnkoM HanOOJBIIEr0 KOJIMYECTBA 3arpsi3-
HHUTEJEH OKpY’Karolled cpensl SBISIOTCS Mpennpu-
STHS ~ XAMHYECKOH, HEPTECXMMHIECKOHW, TOPHO-
MeTaJUTyprudecKoil mpoMbllieHHocTel [4]. AHanu3
COCTOSIHMSI M OLEHKAa TOKCHYECKOro BKJIajza IIpo-
MBIIUICHHBIX MPEINPHUITUN SBISIETCS OCHOBHOM 3a-
Jadyell TPOBENEHHUS 3KOJOTMYECKOr0 MOHHTOPHHTA
okpyxaromei cpeapl. C 3TOH LENbI0 B NOCIEAHHE
roAbl PAa3NUYHBIMH [PUPOZOOXPAHHBIMU  YUPEK-
JEHUSMH TIPOBOIATCA IIMPOKOMACIITaOHBbIE Mepo-
NPUATHS 110 MOHHTOPUHTY 3THX 00BeKkToB. OIHAKO
KOMIIJIEKCHOE, MHOTO(AKTOpPHOE H3Y4YEeHHE COCTOs-
HUSl OKpYJKalomed CpeApl C aHaJU30M Pa3InIHBIX
00BEKTOB M B3aUMOCBSI3M TOJIYYEHHBIX PE3yJIbTaTOB
CO 3/I0pPOBBEM HACEJIEHHUS IPOBOIUTCS KpalHe PeKo.
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Baxneiimeil 3amadeili MOHUTOPUHIA SIBISIETCS
aHaJIN3 SKOJIOTHYECKOW OOCTAHOBKH M €€ JTUHAMHKH,
T.€. BBIABJIEHHE MPOCTPAHCTBEHHOM H3MEHUYHMBOCTH
(haKTOpOB MPUPOAHOW Cpenbl, BO3ACHCTBYIOIINX Ha
3JI0POBbE YEJIOBEKA U COCTOsIHUE AKocucteM [5]. s
JIOCTIDKEHUS dTOW IIeN TPeOyeTcs BHIIOIHUTEL cOOp,
aHalu3, OLEHKY W TEPPUTOPUATIBHYIO HUHTEpIpETa-
IO TPYJHO COMOCTAaBUMOW 3KOJOTHUYECKOH MH(OP-
Marun. KocBeHHBIM, HO BecbMa HH()OPMAaTHBHBIM
MIPU3HAKOM 3JIEMEHTHON Harpy3kd Ha OpraHHU3M de-
JIOBEKa, BKJIIOYasi OOLIYIO SKOJIOTHYECKYI0 00CTaHOB-
Ky, IpodecCHOHATFHBIE YCIIOBUS, TUTaHUE U, KaK pe-
3yJbTaT, COCTOSIHUE 37I0POBbS, SBISETCS 3JIEMEHTHBIN
COCTaB BOJIOC YenoBeka [6, 7].

CyuIecTBYIOT pa3iNyHbIe aHATUTHUYECKHE METO-
JIBI KOHTPOJISI COCTOSIHUSL OKpYKaromei cpens! (mod-
Bbl, NMUTHEBOM BOABI, pacTeHuii). IlpumeHenue s
3TOU 1eNn sAAepHO-(QOU3HYECKUX, aHATUTHIECKUX Me-
TOJOB, B YaCTHOCTH, AKTUBALMOHHOI'O AHAIU3A, OX-
HUM U3 IPEUMYIIECTB KOTOPOTO SIBIseTcs OIM30CTh
METOJIOJIOTHYECKHUX TOAXOJO0B [UId OIpeAeTIeHHs
AJIEMEHTOB B PAa3lIMYHBIX OOBEKTaX, JaeT BO3MOXK-
HOCTb pa3paboTKH METOAWK MHOTO3JIEMEHTHOIO aHa-
m3a.

dpyrumu npeuMyiecTBaMyu YKa3aHHOTO METOAa
SBIISIETCS] BO3MOKHOCTh aHanmm3a 6e3 paszinokeHus 00-
pasiia, MHOTO3JIEMEHTHOCTh, BBICOKas YyBCTBUTEIb-
HOCTh W HE3aBHCHUMOCTHb OT THIa HCCIEeAyeMBbIX 00-
pasioB. Kpome TOro, MHCTpyMEHTAJIbHBIA BapHUaHT
HEHTPOHHO-aKTHBALIMOHHOTO aHAJIN3a TPaKTHUYECKU
CBOOOJICH OT MOTPEIIHOCTeH 3a CYET 3arps3HEHHS
oOpa3ia BO BpeMs MOATOTOBKM K aHaM3y. Takum
00pa3oM, aKTUBAI[MOHHBIA aHAN3 B HACTOSIIEE Bpe-
Ml SIBIISIETCS OJHUM W3 Hambosee yIOOHBIX METOMOB
WCCIIEZIOBAaHUS, TIO3BOJISIONINM ONPEENATh OOIBIIOe
KOJIMYECTBO IJIEMEHTOB B HEOONBIINX HAaBECKax Mpoo,
B YaCTHOCTH, ITOYBE, BOJIE, BOJIOCAX HACEIICHUS.

ens uccnenoBanus — paspadoTka YHHPHUIHPO-
BAaHHOU! MHCTPYMEHTAIbHOW HEUTPOHHO-AKTUBALIMOH-
HOM METOOUKH JUisl MpPOBEACHUS MOHHUTOPUHIA U
OIIEHKH JKOJOTHYECKOW CHUTYalllu C y4eToM 3aboJie-
BaeMOCTH HaceneHus TarmkeHTta u TamrkeHTCKON 00-
JIacTH.

II. OO0BEeKT 1 MeTOo HCCJIeI0BAHUS

TamkenTckas obnacTs miomaapo 15.3 TeIC. KB.
KM DPacrojiokeHa B CEBEPO-BOCTOYHOM uacTu Y30e-
KricTaHa. B oOmactu pacmonararoTcsi NpennpusiTHs
LIEMEHTHOI NPOMBIIIJIEHHOCTH, MIPOU3BOJICTBA IIBET-
HBIX (UMHK, MeIb) M TYroIiaBKuX (MoOJHOAEH,
BOJIb(paM) METaIOB, IPOU3BOACTBA Aa30THBIX H
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dhochopubix ymobpenwii. Ha tepputopum obnactu
MMEIOTCSl BBIBEACHHBIE M3 DKCIDTyaTallid YpPaHOBBIE
pynauku. Henpa obnactu 60oraTsl Mebio, OypbIM yT-
JeM, MOJIMOJICHOM, ILIMHKOM, 30JI0TOM, CepedpoM,
penKo3eMeTbHBIMH METaJIaMH | JIp.

Benayieit oTpaciibio NpOMBIIIIIEHHOCTH B TOPO-
ne TamikeHte sBISETCS MAIIMHOCTPOCHHUE, KpoMe
ATOTO, Pa3BUTHI JeTKas, MHIIEBas, XUMHUIecKas, (ap-
MalleBTHIeCcKast, CTpOUTeNbHas U Ap. oTpaciu. I'opox
1 00JIaCTh pa3/ielieHbl Ha palioHsI [8].

[IpoGiiema ompeneseHuss yCpPeIHCHHBIX 3HAYe-
HUW 3arps3HEHHOCTH aTMoc(epHOro Bo3ayxa, IIO-
BEPXHOCTHBIX BOJ, MOYB U T.I. SBISETCS HCKIIOUHU-
TEJIBHO CIIOKHON U TPYAOEMKOW, U OIIEHKA IKOJIOTH-
YECKOW CHUTYalllU C YYETOM 3a00JIeBaeMOCTH Hacelle-
HUS B TpelieNax OTAENbHO B3STOr0 PErHoHa JOCTa-
TOYHO MpOoOJIeMaTHYHA.

Jns ompeneneHuss yCpenHEHHBIX 3HAYCHUH 3a-
TPSA3HEHHOCTEH HCMOJIb30BaH HEUTPOHHO-aKTHUBAIIM-
OHHBI aHaNIM3, KOTOPBIA IIO3BOJISIET ONPEIEIATh
3HAQUUTEIBPHOE YHCIO JJIEMEHTOB B PAa3JIMYHBIX
o0pa3iax ¢ UCKIIYUTENFHO BBICOKOH YYBCTBUTEINb-
HocThlO. B kaxxnom paitoHe TamkenTta u TamkeHT-
ckoii obnactu ObuTO ompexaeneHo 10—15 Touek oT60-
pa npoO BOJbI, TOYBBI U BOJIOC YejoBeka. Metoauka
MOATOTOBKM 00pa3loB ObLia MOAPOOHO OmMUCaHa
panee [9].

Jlns SKOJIOTHYEeCKUX HCCIeIOBaHUNM Hambosee
3¢ (EeKTUBHBIM SBISETCS WHCTPYMCHTAIbHBIN HEH-
TPOHHO-aKTUBAIMOHHBIA Metox aHammza (MHHA),
00JagaroIMii BRICOKOW TYBCTBUTEIHLHOCTBIO, IPOM3-
BOJIUTEILHOCTHIO M1 MHOTO3JIeMeHTHOCTRIO [10, 11].

NHcTpyMeHTaNnbHBI ~ HEHTPOHHO-AKTUBALMOH-
HBI aHANW3 MPOBOAMIIN Ha 0a3e SAEpHOrO peakTopa
tuna BBP-CM WHucturyta sigepHoit ¢usuku AH
PVY3. B paborax [12-14] ¢ ucnonb3opanuem MMHHA
MOKa3aHbl BO3MOXKHOCTH HCCJIEIOBAaHHUS MAaKpO- H
MUKPO3JIEMEHTHOI'O COCTaBa MPAaKTUYECKH BCEX 00b-
€KTOB OKPY’KaIoIlleld Cpeibl: MouBa, MUTHEBas BOJA,
pacTeHusi, MPOAYKThI MUTaHUA, (PYKTHI, OBOIIH, BHI-
pammBaeMbIle Ha JAaHHON TEPPUTOPHH, M BOJIOCHI KH-
TEJICH HMCCIIeTyeMBIX TEPPUTOPUNA. DKOJOTHICCKUMU
O00BEKTAMHM HWCCIICJIOBAHUHN SIBJISIOTCS TIOYBA, BOJA,
PacCTHTENBHOCTH, aTMOC(EpPHBIN BO3AYX, MUKpOOpTa-
HH3MbI, TKAHH )KUBOTHBIX W 4yenoBeka [15-16].

Cpenu TOKCHYHBIX BEIIECTB MO JaHHBIM MA-
'ATD nHanbonee BpeIHBIMH ISl 30OPOBhS UEIOBEKa
cUHTAOTCA: 1) pamHOHYKIHABI, 2) TOKCHYHBIC HEOp-
TaHUYECKUE XUMHUECKUE COCTUHEHUS, 3) IPUPOIHBIC
TOKCHHBI (0aKTepHalbHbIe TOKCUHBI, MUKOTOKCHHBI H
np.), 4) opraHWYecKHue 3arpsA3HSIONINE BEIIeCTBA
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(HeTenpoaYKThI, MECTULUIBI, JUOKCHHBI U Ap) H
5) XUMHUYECKHE 3JIEMEHTHl U3 TPYMIbl TSDKEIBIX Me-
tamnos [16, 17]. UccnemoBanuio OOBEKTOB OKpY-
Karoled cpenu ¢ ucnois3oBanueM MHAA mocss-
mieHsl pabotel [18-24]. Hecmorpst Ha 310, 00BEKTOB
IUISL U3Y4YEHUS IOCTAaTOYHO MHOTO.

III. JKcnepuMeHTATbHAA YaCTh

Hccnenyembie mpoObI OBLIM TOTOTOBIIEHBI 10
CTaHJIApTHON Mpolexype, MNPUHITOU Il JaHHOTO
AHATMTHYECKOTO0 METO/a aHaIu3a DJIEMEHTHOTO CO-
CTaBa BellecTBa. B kauecTBe MCTOYHMKA HEHTPOHOB
WCIIONB30BAM  SEPHBIA peakTop Tuma BBP-CM
HsAD AH PVs.

MHHA — MHOTrO3JIEMEHTHBIN aHalW3, W I
oTpeneIeHus coIepKaHMS 3JIEMEHTOB o
PAaIMOHYKIUAAM  C  Pa3IUYHBIMU  [EPHOJAMH
royypactana TPUXOAUTCS TPUMEHSITh pPa3IUIHBIC
BPEMEHHBIC PEKUMBI (BpeMsl 00JTyUCHHUs, OCTBHIBAHUSI,
HU3MEpPEHHS).

Tak, UIsi KOPOTKOKMBYIIMX PaIHOHYKIUIOB C
niepuosioM monypacnana (T;;) OT HECKOTBKUX MHUHYT
1o Heckonbkux yacoB I, Cl, Mn, Cu, Na, K. o6pas3isr
o0ydyanu B BepTUKaIbHOM KaHaje peakropa BBP-
CM HS® AH PVY3 norokom meiitporos nx10" meii-
Tpon/cM’cek B Teuenne 30 cex. M3MepeHue ramma-
CIICKTPOB HAaBEJICHHOW aKTUBHOCTU 00pPAa3IOB MPOBO-
i BBl — yepe3 10—15 muH nocie oOaydyeHus
IUTS OTIpeeNIeHUs COAEp KaHUsI MarHus, Hoja u XJo-
pa u yepe3 4 waca AN OINpPENENCHUS COIEpPKAHUSI
HATPWsI, MEITH, KaJus ¥ MapraHia.

Jns  onpeneneHus CpeIHEKUBYIIUX PaaUO-
HYKJIHJIOB C TEPHOIOM IOIypachaga OT CYTOK U IO
10 cyrok Ca, Au, Br, La, U, Cd, As OblIi BEIOpaHBI
CIEYIOLIUE PEXKUMBL fo5, = 20 4ac; to, = 10 nHen,
tuse = 200-300 c.

s onpenenenns Se, Hg, Cr, Hf, Sr, Ag, Ni, Sc,
Rb, Fe, Zn, Co, Sb mo moATOXHMBYIIUM HYKJIHIIAM
T1,>10 cyTok, Te e TpoObI BBIACPKUBATH IS
OCTBIBaHUSA B TEUCHUE fox,= 30 CYTOK, IOCIe Yero
IIPOBOIMIIN U3MEPEHHUsT KaKJOro o0pasia B TeueHHe
400-600 c.

Peructpanuio HaBeIEHHOH AaKTUBHOCTH OOITy-
YEHHBIX 00pa3IOB MPOBOIUIIHU C UCIIOJIE30BAHUEM JIC-
TEKTOpA U3 FepPMAaHHs BBICOKOiT uncToThl (/=120 cm’),
HMMEIOIIETO YHEPTeTHIeCKoe pa3penieHne, papHoe 1.8
KsB mo ramma-nuann Co-60 (1333 x3B) u ramma-
CHEKTPOMETP BBICOKOTO pasperieHus (pupmbr Can-
berra Industries Inc., CIIIA) ¢ KOMITbIOTEPHBIM TIPO-
TpaMMHBIM 00€CTIeYeHHEM T10 YIIPaBIEHUIO TaMMa-

CIICKTPOMETPOM U
Genie-2000.

MaxkcumalibHasi TOTPEIIHOCTh AKTHBAIMOHHOTO
METOJ]a ONPE/CIICHUSI COJCPXKAHHS 3JICMECHTOB HE
npesbimana  12%. ToyHOCTP W HPaBUIBHOCTB
OMpECICHHsT TOTO WJIM MHOTO 3JEMEHTa MPOBEPSIIH
CpaBHEHUEM MOJTyYCHHBIX JTAHHBIX c
aTTECTOBAaHHBIMU 3HAUCHUAMHU cTaHAapToB MAT'ATO
Algae IAEA 0393 u Lichen IAEA 336, a taxoke NIST
Standard Reference Material 1572 — CITRUS LEA-
VES [25].

[IpoBenennsie WCCIIEZIOBaHUS TTO3BOJIMIIH
ompenenuTh Ooniee 25 XUMHUYECKHX DJIEMEHTOB B
Pa3IUYHBIX ~ HCCIeayeMblx  oObekrax. Craruc-
THYECKYl0 00pa0OTKy JaHHBIX BBIIONHSIIH C
MTOMOIITEI0 TTakeTa mporpamM Microsoft Excel 2007 u
Statistica 6.0.

00paboTKe ramMMa-CIeKTpOB

IV. Pe3yabTaThl H3MepeHHUs U UX 00CyKAeHUe

B Tabm. 1 mpencraBieHBl CpemHUE 3HAYCHUS
pe3ynapTaToOB aHaiM3a IOYB B T. TamkeHTe W
TamkeHTCKOM 00JIacTH, U3 KOTOPOW BHJIIHO, YTO IO
CpPaBHEHUIO C PacHpOCTPaHEHHOCTBIO B 3€MHOM Kope
B HCCIEAyeMbIX HaMH  I[I0YBaX  IIOBBIIICHO
COJIep)KaHUE MBIIIbAKA, Kalblus, Oapus, KoOambTa,
KaJlus, HaTpHsl, TOPUsL, ypaHa U LUHKA.

[loBblIEHHBIE COAEpKAHUS HATpUs, Kajus,
Kamblig W Oapwsi CBA3aHBI C XapaKTepOM CaMHX
MOYB, YTO K€ KAacaeTCs MBIIIbAKA, KOOAIbTA, [IMHKA
ypaHa, TO MOBBILIEHHBIE COAEPKAHUSI ITHX AJIEMEH-
TOB B HEKOTOPHIX pailoHax 00JIACTH CBS3aHEI C IMPO-
MBIILICHHOCTBIO, Pa3BUTON B STUX palOHaX.

IIpu »TOM pacmpenencHue NaHHBIX 3JIEMEHTOB
10 TEPPUTOPHUH pailoHa W TOpojaa HepaBHOMepHO. Ha
puc. 1 B kauecTBe nmpruMepa MOKa3aHO paclpeesieHre
[IUHKA B MTOYBax TamrkeHTCKOW 00IacTy.

IloBbIIIEHHOE CONEp)KaHUE LIMHKA, BBISBICHHOE
B TamkeHTCKOM, 3aHTHOTHHCKOM, SIHTHIOIBCKOM
paiionax mo 100 WMKr/r, BO3MOXHO, CBSI3aHO C
pPa3BUTON MPOMBIIUIEHHOCThIO B JTUX paloHax.
Pe3ko moBbIIICHHBIE KOHIIEHTpAaMKU IMHKA (OoJee
100 mkr/r) B CpeTHEUUPUYUKCKOM H AXaHTapaHCKOM
palioHax CBs3aHbl C NEATEIBHOCTbIO AJIMAIBIKCKOTO
TOPHO-METaJUTyprudeckoro komoOmnara, B IlckeHT-
ckoM u bekabanckoMm palioHaX — C MPOMBIIUICHHON
JIeATeIHPHOCTEIO bekabaackoro MeTaTypruuecKoro
KOMOMHATa, a TakkKe C MporeccaMu arMochepHOoro
nepeHoca u3 I. AnManbika. [lonHblii mepeyeHb ¢
HyMepalue paifloHOB MpeJICTaBJIeH Ha puc. 1.
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Ta6auna 1. Cpearee comepikaHie 2JIEMEHTOB B mouBax TamkeHTta u TamkeHTCKoR obmactu, (MKI/T).

Snement | . Tamkent Tamkentckass | Pacnpoctpa- Smement | T Tamkent TamkenTckas | Pacipoctpanen
00JacTh HEHHOCTH [ 8] 00JacTh HOCTH [8]
As 8,5+0,20 8,9+1.9 5-6 Mn 625+17 64064 850
Au 0,015+0,0013  0,022+0,015 - Mo 2,1+0,13 2,6+0,65 2,0
Ba 750£26 560+170 500 Na% 1,0+0,026 1,1£0,15 0,6-0,63
Br 3,3+0,26 4,4+1,5 5,0 Ni 160+8,5 30+29 40
Ca% 9,3+0,39 10£2,5 1,37-1,5 Rb 120£2,5 93426 100
Ce 57+1,5 54+14 50 Sb 2,1+0,17 1,4+0,51 2,0-10
Co 10+0,19 9,843,4 8,0 Sc 10+0,23 10£3,6 7,0
Cr 64+2,1 50+22 200 Sm 4,840,085 4,8+0,64 -
Cs 5,8+0,10 5,6+1,8 5-6 Sr 370+18 250+44 300
Eu 1,0£0,022 1,0+£0,31 - Ta 1,0£0,022 0,84+0,25 -
Fe% 3,3+0,15 2,7+0,79 3,8-4,0 Tb 0,59+0,010  0,52+0,16 -
Hf 7,6+1,6 5,7+1,7 6.0 Th 14,5+0,59 12+£2,9 5,0-6,0
K% 1,940,069 2,1+0,41 1,4-1,5 U 3,7+0,13 3,5+0,56 1,0
La 40+1,4 51+8,0 30-40 Yb 2,340,074 2,0+£0,36 -
Lu 0,26+0,012 0,34+0,040 - Zn 175424 96+29 50

Pucynok 1. Pacnpenenenue nunka B nousax TaiikeHTCKoW oOnactu, MKr/T: 1 — Bocrannsikckuii, 2 — KuOpaiickuid,
3 — Tamxkentckuit, 4 — 3aHTHOTHHCKUH, 5 — Bepxaeunpunkckwii, 6 — [Tapkertckuit, 7 — Sururonsckuii, 8 — Cpenne-
YUpYHUKCKUiA, 9 — Axanrapanckuii, 10 — UuHazckuil, 11 — HmwkHeunpunkckuid, 12 — Akkypraackuit, 13 — [IckeHTCKMIA,
14 — Bykunckuii, 15 — bexabanckuit, T — TamkeHT.
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B nenowm, B mouBax mo TamkeHTy HaOMrOMaI0TCS

CPaBHUTEIIBHO ONM3KWE 3HAYCHUS  HaWICHHBIX
KOHIIGHTpAIlMii ~ JJEMEHTOB, YTO  OOBSICHSICTCS
OTHOCHUTEIBHBIM T'C€OXMMHUYECKUM  OJIHOOOpazueM

CPaBHUTEJIBHO OrPaHUYCHHOM TEPPUTOPHUH, OHAKO B
psAAe paliOHOB ToOpojJia IOBBIIICHO COJEPIKAHUE
LIMHKa, MOJINOIeHa, OpoMa, HUKENS, YTO MOXKET OBITh
OOBSICHEHO  JalbHUM  TMEPEHOCOM  BBIOPOCOB
[IPOU3BOCTB I'. AJIMaJIbIKa.

AHanu3 NUTHEBHIX (BOJOMPOBOIHBIX BOJI) TAKKE
MoKa3ajl HepaBHOMEPHOE paclpeelieHHe 3HAYCHUH
COJICp)KaHUs JJIEMEHTOB 110 palioHaM 00JacTH.
Bwmecre ¢ TeM Bce 3HAUCHHUS HaXOATCS B Mpejeiax
MPENeNbHO  JOMyCTHUMOM  KOHIIGHTPALUW IS
MMATHEBBIX BOJI.

BhIsSBIICHBI CYIIECTBEHHBIE KOJICOAHUsS XJIopa
(2.6—106 mr/m), cypeMmer (0.19—-0.87 Mkr/m), xene3a

(2.8—44 mxkr/m), a Takxe ypana (1.2—23 Mkr/i), 4ro,
BEpOsITHEE BCETO, SBISIETCS CIEICTBHEM BO3JEHCT-
BHUS KaK OTPaOOTaHHBIX YPaHOBBIX HPOU3BOACTB, TaK
W BBIHOCOM YpaHa C IPOMBIBHBIMH BOJaMH, COJEp-
xamerocsi B ochOpHBIX YIOOPCHHUSX.

HecMoTpst Ha cTporuii KOHTPOJIb NUTHEBOU BO-
JIbl, €€ BJIEMEHTHBIA COCTaB IO palioHaM ropoja
TamkenTa (Tabmn. 2) Taxke MpeacTaBiIseTcs] HEOIHO-
POIHBIM, BO3MOXHO, M3-3a HANWYMS Pa3IMYHBIX HC-
TOYHHKOB BOJIOCHAOeHUsA. OTpeeIcHHBINH HHTepec
BBI3BIBAIOT BapHaIlH COJEPKaHUs XJIOpa B MUTHEBOI
Boze (1.6—2.8 Mr/i), HECMOTpSI Ha TO, YTO TEXHHUKA U
YPOBHU XJIOPUPOBAHHS MHUTHEBOHW BOJIBI CTaHAAPTHU-
30BaHbl M KOHTposmpytorcs. IloBeimenHoe conep-
JKaHWE JKelie3a B NMHUTHEBOW BOJE TOPOAa BEpOsTHEE
BCETO CBSI3aHO C KOPPO3MHHBIMHU IIPOIIECCaMH B TPY-
Oax.

Tadanua 2. Cpennee coznepkaHie dJIEMEHTOB B MUTHeBOI Bojie T. TamkeHnTa n TalkeHTCKOW 00J1acTH, MKI/JL.

DJIeMeHT r. TamkeHT Tamkenrcxas MK DJIeMEeHT r. TamkeHT Tamkenrcias MK
obnacTh obnacTh
Ag <0,01 0,1+0,016 25 La 0,19+0,032 0,6+0,081
As 0,83+0,086 0,80+0,011 10 Lu 0,014+0,0062  0,017+0,0029
Au 0.015+0.00071 0.026+0.0028 Mg% 0,84+0,062 3,2+0,91
Ba 954+4.2 6514 100 Mn 29+1,9 3149,5 50
Br 3.4+0,17 93+14 200 Mo 3,1+0,27 11£2,5 70
Ca% 4,3+0,2 15£1,9 - Na% 0,45+0,056 5,2+1,3 20
Ce 0,36+0,059 0,074+0,011 Ni 4,9+0,79 <1,0
Cl% 0,19+0,011 3,3+0,79 Rb 0,88+0,1 0,69+0,10
Co 0,15+0,016 0,29+0,040 100 Sb 0,43+0,044 0,37+0,058
Cr 1,9+0,15 5,5+1,8 50 Sc 0,050+0,012  0,011+0,0022
Cs 0,047+0,0080 0,046+0,031 Se <0,01 1,8+0,56
Eu 0,012+0,0012 0,0036+0,0013 Sr 340+14 1700+540
Fe 240+39 8,927 300 Tb 0,0044+0,0011 <0,001
Hf 0,080+0,041 0,01+0,0014 Th 0,057+0,013 <0,01
Hg <0,01 0,015+0,0055 U 2,24+0,14 10£1,5
Zn 26+3.4 1943,6 5000

Pe3ynbraTel aHanu3a Bojoc kurtenen TamkeHT-
ckoii obmactu (Tabmn. 3) mokazanm, 4TO B psne pai-
oHOB (8, 9, 15) B 2—3 pa3a, 0 CpaBHEHUIO COCEIHH-
MH, TOBBIIIEHO coxaepkaHue xpoma (1.4+0.095
MKT/T), kobanbTa (0.25+0.015 Mxr/T), cypsmsl (0.16+
0.011 wmxr/r), ypana (0.60£0.041 Mxr/r). DiIeMeHT-
HBII COCTaB BOJIOC HEOAHOPOACH TaKXkKe IO palioHaM
ropoga Tamkenra. OTHOIIIEHHEe MaKCHMAaJIbHOTO 3Ha-

YeHUsS K MUHHMalbHOMY coctaBisieT 50 mms Oapus,
25 mna xmopa, 5 s pryTH, 15 mus xamus, 5 il Ha-
Tpus, 8 mus crpoHmus. [lo npyrum smemeHTam pas-
JUYMsI MEHBIIIE, HO BCE K€ cyliecTBeHHbl. [Ipeamnona-
raercs, 4TO 3TO MOXKET OBITH CBSI3aHO C CYIIECTBOBA-
HUEM B pailOHaX KakK 3arps3HSIONINX OKPYIKAIOITYIO
cpeny MPEANpUSTU, TaK U C YCIOBUSMU TPYyHAa >KU-
Telei.
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Tab6umna 3. Cogeprkanue 3JeMEHTOB B Bojiocax wureneld TamkeHTa u TalKeHTCKOW 001acTH, MKI/T.
OnemenT | 1. TamkeHT Tamkenrcxas PG(I;ICIEZHT Onement | r. TamkeHT Tamkentckas PG(I;ICIEZHT

00yacThb 00yacThb

3HAYCHUS 3HAYCHUS
Ag 0,15+0,044 0,12+0,038 0,1- 0,25 1 4,2+1,1 1,6+0,56 0,8-1,5
As <0,1 0,13+0,042 0,1-0,3 K 360+99 510180 800-1000
Au 0,066+0,026 0,029+0,013 0,02-0,05 La 0,025+0,0019  0,057+0,0059  0,02-0,04
Ba 33+15 96+61 1,0-5,0 Mn 1,3+0,21 1,8+0,17 0,35-1,0
Br 1,8+0,28 2,7+0,40 1,0-3,0- Na 540+180 1400+550 250-800
Ca 2200+360 4200+1100 1000-1500 Rb 0,62+0,14 0,42+0,093 0,5-1,0
Cl 1600+600 4200+1600 1000-2000 Sb 0,084+0,006 0,067+0,0082 <0,2
Co 0,036+0,0031 0,084+0,019 0,05-0,1 Sc 0,012+0,0047  0,013+0,0013  0,006-0,015
Cr 0,44+0,025 0,50+0,076 0,35-1,0 Se 0,37+0,019 0,30+0,030 0,35-1,0
Cu 8,8+0,97 12+1,5 15-20 Sr 25+6,6 41+12 <10
Fe 33+£1,5 50+3,7 20-30 U 0,130,011 0,18+0,038 <0,3
Hg 0,066+0,011 0,044+0,0046 0,1-0,3 Zn 227434 140+6,7 150-250

Kak wu3BectHO, 3a00N€BaeMOCTb HacelIeHHA B
3HaYUTEIbHOW Mepe CBA3aHa C COCTOSHHEM OKpY-
JKaromiel cpenbl. [y M3y4eHns B3aMMOCBSI3U CPEJIbI
oOWTaHus ¥ 370POBBS TMPOBENEH KOPPETSIIUOHHBIN
aHaJIN3 MEXJy COJEp)KaHUEM 3JIEMEHTOB B 00BEKTax
OKpy>Katolei cpepl u 3aboneBaeMoctslo. [Tomyden-
Hele oT M3 PVY3 nanHbIe 0 3a00J€Ba€MOCTH IT03BO-
JIWIN TIOCTPOUTH KapTOrpaMMBbl paclpesiesieHus] pas-
JIMYHBIX 3200JieBaHUl 1O palioHaM ropoja u obJiac-
TH, 8 KOPPEJSIIMOHHBIN aHAINU3 MTOKa3aJ, 4To HalIro-
JTAIOTCSl 3HAYUTENbHBIE KOPPENSAINH Kak Ui JUTO-
(GUITBHBIX AJIEMEHTOB, TaK W JUIS OMOJOTHYECKH 3Ha-
YUMBIX MHUKPOAIJIIEMEHTOB, a TaKXe I 3JIEMEHTOB,
Omoormyeckasi poJib KOTOPBIX Majio U3ydeHa.

Tak, HeJJOCTATOK HUKENS B MIOYBE MOXKET SBUTh-
Csl TMPUYMHON 3a00JEBACMOCTH KPOBH U SHAOKPHUH-
Hoii cucteMmsl (r=—0.63; r=—0.55; noBepuTenpHas Be-
postHocTh aHamu3a P=0.95). M30bITOK TOKCHYHON
CYpbMBI MOXXET TPHBECTH K YBEIWYCHHIO YaCTOTHI
MCUXUYECKUX 3a00JIeBaHUI U 3a00JICBaHMI HEPBHOU
cuctemsl (r=0.57; r=0.81; noBeputrenbHas BEPOAT-
HOCTh aHanu3a P=0.95). N30bIToK ITMHKA (HE3aMEHHU-
MOT0 MHKPO3JIEMEHTA) MOXKET OBITh CBSI3aH C POCTOM
0oJIe3He HEPBHOW CHCTEMBI, CUCTEM KPOBOOOpaIIe-
HAA W MouenosoBoit (r=0.72, r=0.55, r=0.59;
p<0.05). W30BITOK pEmKO3eMENbHBIX 3JIEMEHTOB
(bmonornveckass pojb KOTOPBIX TPAKTUYECKH HE
W3y4eHa) MOXKET MPUBECTH K TMOPAKEHUIO MTHIIIEBAPH-
TeJIbHOW cucTeMbl. B kadecTBe mpumepa Ha puc. 2
MIPEJCTaBJIEHBl KapTOrpaMMBbl paclpeesieHus] UHKa
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Pucynox 2. Kaprorpammsl paciipefesieHus IMHKA B ITOYBE,
MKI/T (BEpXHHMH PHCYHOK) M OoJie3HEH HEpBHOM CHCTEMBI
(HMKHUH PUCYHOK) TT0 palioHaM ropojia B yCII. e1l.
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W3ydeHne KOppEesSIMOHHBIX 3aBHCHUMOCTEH Me-
KTy 3a00JIEBAEMOCTBIO U COJIEPXKAHUEM DIIEMEHTOB B
BOJIOCAX JKUTEJIEH IO3BOJMIN BBISIBUTDL CBSI3b MEXKOYy
COJIEpXKaHKMEM JKeJie3a U YACTOTOW IICUXUYECKUX pac-
ctpoiictB (=—0.56; p<0.05). IloHmkeHHBIE comep-
JKaHUS KallblMs, KOOanbTa, Kanusl, HaTpus (KOHCTHU-
TYOUOHHBIX 3HCMGHTOB) M TIOBBIIICHHBLIC COACPIKa-
HUS [IMHKA U PTYTH B BOJIOCAX JKUTEJIEH MOTYT OBITH
CBSI3aHBI C 3a00JICBAaHHUSIMH 3HJOKPUHHOW CHCTEMBI.
OOHapy>xeHa TOJOXKUTENbHAs CBSI3b MEXIY COJIep-
JKaHHUEM MEIU U 3a00JIeBa-HUSIMA CHCTEMEI KpOBE-
tBoperus (r=—0.59; p<0.05). 3aboneBaHus CHUCTEMBI
MUIICBApCHUA CBA3aHbI ¢ HEAOCTATKOM TaKHUX HE3a-
MEHHUMBIX DJIEMEHTOB, KaK K0OambT u IIUHK (=—0.53;
=—0.59 cootBeTcTBeHHO TpH p<0.05).

V. 3akiawuenue

Ha ocHoBe pa3paboTaHHOW WHCTPYMEHTaIbHOMN
HEUTPOHHO-aKTUBALIMOHHOM METOAMKUA MPOBEIECH
aHaJIM3 II0YB, ITUTHEBBLIX BOJ M BOJOC kuTtejei Tari-
keHta U TamkeHTckol obOnactu. Paccumransl cpen-
HUE COAEPKaHUS IEMEHTOB B MTOYBE, MUTHEBOU BOJIE
U BOJIOCAX >KUTeJe. YCTaHOBJIEHO KpaliHe HEpaBHO-
MEpHOE pacIpeelieHue dJIEMEHTOB B COCTaBE 00BEK-
TOB Ha HCCIIENYEMbIX TEPPUTOPUAX. BBIABIEHBI TEX-
HOTCHHO-HANPsDKEHHBIE PalOHBI, YTO OOYCIIOBJICHO
JIEATEIbHOCTBI0 ~ MPOMBILIIJIEHHBIX  MPEANPUATHMN.
IIpoBeneH KOppENsLMOHHBIA aHaIu3 MEXKIy HCCIie-
IyeMbIMH OOBEKTaMH U 3a0ojeBaeMocThio. [lnsa He-
KOTOpBIX 3a00JIeBaHUIl HallIeHbl CTATUCTUYECKU 3Ha-
yumble koppensuuu ansi Na, K, Ca, Co, Fe u Zn B
BOJIOCAX.

[IpoBeneHHbINM aHAINU3 TTOKa3aj, YTO BO3HUKHO-
BeHUE 3a00JICBaHUN T€X MJIM MHBIX CUCTEM YeI0BEKa
HAaXOAUTCS B MPAMOU 3aBUCUMOCTH OT COCTOSIHUS OK-
pyXarolieil cpenbl, ypoBHS U XapakTepa ee 3arpss-
HCHHS.

MeTagaHHbIe

Neutron-activation analysis in ecological
research of environmental objects

B.1. Kurbanov, E.A. Danilova, N.S. Osinskaya,

S.Kh. Khusniddinova, S.Yu. Turdiev, N.Kh.
Khushvaktov, Kh.Sh. Farmonov

Institute of Nuclear Physics of the Academy of Sciences of
the Republic of Uzbekistan, Tashkent, Uzbekistan.

The article presents the results of research using the in-
strumental neutron activation analysis for monitoring

the state of environment in the Tashkent region and
the Tashkent city. Data on the macro- and microele-
ment composition of soil, water, hair of the popula-
tion around industrial enterprises were obtained, and
the impact of these data on the health of the popula-
tion living in these territories was assessed.

Keywords: environment, neutron activation analysis, macro- and
microelements, soil, water, hair, neutron flux, gamma spectrum,
environmental monitoring.
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ATpod MyXHT 00beKTIAPHUHH IKOJOTHK
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Mirzo Ulug‘bek tumani, Ulug‘bek posyolkasi, Xuroson 1,
100214, TamxkeHT, Y30€KHUCTOH.

Makonana TomkeHT ButosTH Ba TOIIKSHT LIaXpH aTpod-MyXHUT
OOBEKTIAPUHE HHCTPyMEHTal HEHTPOH-aKTUBALMOH TaXJIMI
Kwmm  Oyiinda oNMHTaH HaTikamap Kenrtupwirad. CaHoat
KOpXOHalIapH aTpouIaryu TYNpoK, CyB Ba HIy XyAy[Ja SIIOBYH
axoJM COY HaMyHaJlapH/Ja MaKpo- Ba MUKPOAJIEMEHTJIAp TAPKUOU
Oyiinua SHTH MabIyMOTIAp OJNMHIAH Ba IIy XyAyA#a SIIOBYH
axOoJIM CAJIOMATIIUIUIa TabCUPH OaXOJIaHTaH.

Kamut cy3nap. Atpod MyxuT, HEHTPOH-aKTHBALMOH TaXJIUJI,
MaKpo- Ba MHKPO3JIEMEHTJIAp, TYNpPOK, CyB, COY, HEHTPOHIAp
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HccnenoBana 37aeKTPONPOBOIHOCTh KOHCTpYKIMOHHOTO ciutaBa CAB-1, 00my4yeHHOro ObICT-
peimMu HeiiTponamu dimoencom 10'7-10" w/em® B mmanaszone Temnepatyp 290-480 K. Vera-
HOBJICHA HEJIMHEIHAs 3aBUCHMOCTH YJEIBHOTO CONPOTHUBIECHUS OT J03bl U TemrepaTypsl. [1o-
Ka3aHo, 4TO 4eM Oouiblie Jj03a 00IydeHHs: KOHCTpyKImoHHoro Matepuana CAB-1, yem 6oib-
e (UIOeHC HEHTPOHOB, TeM OOJIbIIe 00pa3yIOTCs B KPUCTAIUIMYECKOH penreTke napsl OpeH-
Kellsi, BAKAHCUM M MEXJOY3elIbHbIC aTOMbI, H OHM YMEHBIIAIOT 3JIEKTPOIPOBOIHOCTD MaTe-
puana.

KiroueBbie ¢10Ba: 3JIEKTPONPOBOAHOCTD, ciiiaB CAB-1, ObicTpblec HEHTPOHBI, (QIIIOCHC, YICIBHOE CO-
MIPOTHUBIICHHE, 1032, KPUCTAIUINYECKas pelieTka, napsl OpeHkess, TodyeyHble 1e(eKTh.

The electrical conductivity of the SAV-1 structural alloy, irradiated with fast neutrons with a
fluence of 10'"-10"° n/cm’, was investigated in the temperature range 290—480 K. A nonlinear
dependence of the specific resistivity on dose and temperature was established. It is shown that
the higher the irradiation dose of the SAV-1 structural material, the higher the neutron fluence,
the more Frenkel pairs, vacancies and interstitial atoms, are formed in the crystal lattice, and

they reduce the electrical conductivity of the material.

Keywords: electrical conductivity, SAV-1 alloy, fast neutrons, fluence, resistivity, dose, crystal lattice,

Frenkel pairs, point defects.

I. Bseaenme

B mocnemHee BpemMsi BO BceM MHpE BBIPOC
HHTEepec uccieoBaTenei K PEaKTOPHBIM
MaTepuaiaM. B 3HauMTenbHON creneHn Oe3omac-
HOCTb M SKOHOMHYHOCTb SKCIUTyaTHPYEMBIX SIIEPHBIX
PEaKTOPOB ONpEessIeTCsl MOBEACHHEM KOHCTPYKIIU-
OHHBIX MaTepHaJIOB. B KauecTBe KOHCTPYKIHMOHHBIX
MaTepHajoB B AaKTUBHOH 30HE  OOJBLIMHCTBA
UCCIIE0BATEIILCKUX PEAKTOPOB HCIOJIB3YETCs CIUIAaB
amomuaus CAB-1 [1]. B cmaBax mox aeicTBuemM
o0JTydeHHs pa3BUBAIOTCS Pa3UYHBbIE PagHAIIOHHO-
WHAYLIUPOBAaHHBIE  CTPYKTypHBIE  IIpeBpalleHus,
KOTOpBIE ONPENeNsIoT N3MEHEHHE CBOHCTB MaTepH-
aJIOB B TIpoliecce OOJlyueHHs M BO MHOTOM OIpejie-
JSI0T HUX paJualMoOHHYIO IMOBpexaaeMocTs [2, 3].
OTH TpoIecCH HEMOCPEICTBEHHO CBS3aHbI CO CBOOOT

DOI: https//doi.org/10.52304/.v23i4.291

HOU MUrpalyel TOYeuHbIX 1eEeKTOB, TEHEPUPYEMBIX
obmyuerneM. [Ipn HEHTpOHHOM OOITydeHUH, HAPALY
CO CBOOOJHO MUTPHUPYIOIIUMH Ae(eKTaMH, BO3HUKA-
IOT TaKXXe BaKaHCHOHHBIC KinacTephl. Juddysnonnas
JUIMHA ~MUTPUPYIOIIMX PpaJdalloOHHBIX Je(EKTOB
3aBUCHUT OT THIA U KOHLEHTPALUH CTOKOB TOYECUHBIX
JIe(QEeKTOB, KOTOPHIMH MOTYT CIYXXHTh AMCIOKAIHH,
BAaKaHCHOHHBIE KJIacTepbl, MeX(a3Hble TI'paHULBI.
OpHON M3 CTPYKTYPHO UyBCTBHUTEJIBHBIX XapaKTepu-
CTHK SIBJISETCS DJEKTPONPOBOJHOCTh, BEIWYHMHA
KOTOPOH MOYKET OIpEenesATh CTENEHb paualloH-
HOTO BO31eicTBuA [4, 5].

IL. MeToauka IKCIIepUMEHTAa

HccnenoBanusi mpoBOAWIM Ha o0Opasmax aiio-
muHHeBoro criaBa CAB-1 mpombIluieHHOM MoCTaB-

Vol.23, No.4, pp.65-69, 2021
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KH, UMEIONINX WIHHIPUIECKYI0 (GOpMY THAMETPOM
8 MM u jguuHO# 100 MM. IIporieHTHOE COOTHOIIEHUE
3JIEMEHTOB, BXOsIIuX B cocTaB ciuiaBa CAB-1, ana-
JU3UPOBAIH C TOMOIIbI0 PEHTITCHOBCKOTO MHKPO-
aHanmzaropa «Jeol» JSM 5910 IV (Snonus). Ilnot-
HOCTh 00pas3moB CAB-1 ompenemsuin ¢ MOTpENIHO-
cthio 0.1% 1Mo u3MepeHus M UX MacChl Ha aHATUTHYC-
CKMX BecaxX M JIMHEHHBIX Pa3MepOB C IMMOMOIIbI0 MUK-
pomerpa.

st o06nmydyeHus: ObICTPBIME HEHTpOHaMH 00pas3-
bl pa3MelIalii B BEPTUKAIBHOM KaHAJIe MCCIICIOBa-
TenscKkoro peakropa BBP-CM UMSI® AH PVY3 [1].
[InotHOCT, mTOTOKA OBICTPBIX HEWUTpoHOB (£>0.1
MeV) B kanane cocrasimsiia 3.3x10'% w/em’c. Temme-
paTypy B KaHasle IoJiep >kuBaiu paBHoit 318 K.

BenmuunHy — 37EKTPUYECKOTO  COMPOTHBIICHUS
obpasmoB cmiaBa CAB-1 w3Mepsiii 9eTBHIPEX30H-
JTOBBIM KOMIICHCAIIMOHHBIM METOJIOM TIpH TOKe 1 mA.

yI[CJ'ILHOC QJICKTPUYCCKOC COIMPOTHUBJICHUEC p
onpeaesain u3 COOTHOLICHHUA:
UR, S "
p=—o—,
U, L

rae U u U,, — najienne HampspKeHUsl Ha U3MepsSeMoM
W JTallOHHOM oO0pa3nax, R, — CONPOTHBIICHUE dTa-
JMoHHOW Karymku, paBHoe 0.01 Om, S mw L —
COOTBETCTBEHHO IIOTIEPEYHOE CEYeHHEe U JJIMHA
obpasua. [lorpemrHocTs ompeneneHus p cOCTaBisIa
npumepHo 0.1%.

3aBUCHMOCTD JJIEKTPHYECKOTO COMPOTHBICHUS
obpasuoB CAB-1 oT TemmepaTypbl HCCIEIOBAIN C
MOMOIIBIO TIE€YH JIIEKTPOCOTIPOTUBIICHHUS B JHANA30-
He 290-490 K. TemmepaTypy B IeYd HU3MEHSUIA CO
CKOpPOCThIO 2—5 K/MHH 1 KOHTPOIUPOBAIH XPOMEIh-
anroMeNneBoi TepMonapoi. M3mepeHus npoBoauiIu B
pexuMe HarpeBaHus U oxJaxaeHus depes 25 K c
BbIACPKKOM 30 MUH B KaXIOM TOUKE H3MEpPEHUS.
[Ipu sTOM TemmepaTypy B HM3MEpPUTEIBbHOW Kamepe
MOJIIEPKUBAIIN PETYJIITOPOM TEMIIEpaTyphl B Tpeie-
jax 0.5 K.

III. Pe3yJabTaThbl IKCIIEPUMEHTA M pacueTa

[lo pesymbraTam u3MepeHHs Macchl U O0BeMa
00pasIoB ompe/ecHa IIOTHOCTh CIUTaBa, KOTopas B
cpenHeM coctaBuia 2.88 r/cm’. COracHo PeHTTeHO-
rpadu4eckoMy aHaIW3y, MaccoBasl JOJS OCHOBHBIX
DJIEMEHTOB ATFOMHUHWMSI, KPEMHHS U Marfus B CIIaBe
CAB-1 cocraBuna coorBeTcTBeHHO 97.6, 2.09 u
0.07%,. MaccoBast 10JisI MPUMECH KeJe3a COCTaBUIIa
0.05%, mmkxens 0.04%, memum m 1mmaKa 1m0 0.03%.
Hons ocraneabix npumecedt (B, Cd, Na, Ti u np.)
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cocraBmia menee 0.01% (B cymme menee 0.08%).
Amnanus mokasan takke, uro cmiaB CAB-1, xak u
YUCTBIA ATIOMHHUN, MMEET T'PAHEIEHTPUPOBAHHYIO
KyOMYECKyI0 CTPYKTYpY CO CpEeIHHM MapameTpoM
pemwetku a = 4.066 A, xoropwii Ha 0.6% GonbIe
rmapaMeTpa pemeTKy STATOHHOTO 00pa3iia aTFOMIHHS
(4.0414.A).

Takoe paziauuue JErKO OOBSICHAETCS, €clu
MpearnonoxuTh, 4ro cmiaB CAB-1 npencraBiseT
co00if TBepHABI pacTBOpP BHEIPEHHUS, IOCKOJIBKY
KpEeMHUI W MarHuid He o00pa3yloT XUMHYECKUX
COCIMHEHUH ¢ amroMuHueM [6]. Jlernpyrompe aToOMBI
KPEMHHUS U MarHds pacrojararoTcs B MEXKIOY3IHIX
KPUCTAIUTMYECKOW PEIIeTKH, YBEIUYMBas pa3Mep
3J€MEHTapHOHN STYEHKH.

Jids  TIOATBEpKACHWS YKa3aHHOTO MPEIIoJo-
JKEHHsI pacCUMTaHa KOHIEHTPAIM aTOMOB 71 KaXKJI0TO
nu3zoTona (cM. TaONHWIly) B YHUCTOM AQIIOMHHUU U B
nccnenoBanaoM ciuiaBe CAB-1 o gopmyire:

m m A
n=3m=N,2p—,

1 oy
rae N, — uncino ABoraapo, L; — MOJISIpHasl Macca co-
OTBETCTBYIOILIETO 3JIEMEHTAa, BXOMALIEIO B COCTaB
CIUIaBa C MAaccoBOH noneu 4, B pesynbprare nomyde-
Ha 0o0IIas KOHLEHTPAaLUU BCEX aTOMOB 71 B CIUIABE U
YUCTOM  QJIIOMUHHMH, PpaBHas  COOTBETCTBEHHO
6.41x10%” cm™ 1 6.02x10% cm™.

2

Ta6auua. DieMeHTHbIH cocTaBa 00pa3ia CAB- |

Crinas OnemeHTHBI cocTaB (% Bec)
Al Si Mg Ni Fe Cu
CAB-1/976 209 0.1 0.04 0.14 0.03

3aBHCHMOCTH yNI€NbHOTO COMPOTHUBICHHS CIUIa-
Ba CAB-1 oT TemmepaTypsl U A03bI O0Iy4eHHS TpPH-

BelleHbI Ha puc. 1,2 u 3.
54

T T T T 1
300 350 400 450 500
T.K

Pucynok 1. TemnepaTypHas 3aBHCHUMOCTh YACIBHOTO CO-
poTHBICHUS HeoOmydeHHoro ciiaBa CAB-1.
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BugHo, 4TO B HCCIEJOBAaHHOM JUaNa30HE TEM-
HepaTyp 3JIEKTPUUECKOe CONPOTHBICHHE B HEOOIy-
yeHHOM oOpasne cruiaBa CAB-1 yBennumBaetcs c
TEMIIEPTATYpPOU JIMHEHHO.

4 5
6 -
4
¥ 4
E 5+
T
=
= ¥
o A 3
[ " A
+
» . "
3 n " 1
T T T T | — T T T '
1’ Foam? 10 10

Pucynok 2. 3aBUCUMOCTb YJIEIBHOIO COINPOTHUBICHUS
cruaBa CAB-1 ot ¢urroeHca HEHTPOHOB TIPH TEMIIEpaTypax
298 K (1),323 K (2),373 K (3),423 K (4) m473 K (5).

W3 puc. 2 BUAHO, UYTO B HCCIEJOBAHHOM
nuana3oHe  (UIFOEHCOB ~ HEHWTPOHOB  YZEIbHOE
compotuBienne cmiasa CAB-1  npum  Bcex

TEeMIIepaTypax H3MEHIETCS OTHOCUTEIbHO Ci1ado.
IIpu xkoMHaATHON TeMIlepaType OHO MPAKTHYECKU HE
MeHsieTcsT ¢ (QuIIoeHCcoM  (3aBHCHMOCTH 1),
yBenuuuBasicb Bcero Ha  4%. HauGonbmee
HW3MEHEHHUE YNIENbHOTO COIPOTUBIECHUS COCTaBIIIET
30% mpu Temneparype 473 K (3aBucuMocTs 5).
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Pucynoxk 3. OTHOCHTENBPHOE HW3MEHEHHE YIEIBHOTO CO-
npotuBieHus cmaBa CAB-1 ot Temmepartypsr mpu ¢utro-
encax 107 (1), 10" (2) u 10" cm™ (3).

Ha puc. 3 HaOmomaroTcss  MaKCHMYMBI,
[I0JIOKEHHE KOTOPBIX CMEIIAETCS] NPU H3MEHEHHUH
JI03BI OOTy4YeHHSI.

UccnenoBanus mokasanu Takke, 4YTO YAEIbHOE
conpotuBieHue cmiaBa CAB-1, He moIBeprHyTOro
00JTy9eHHI0, BO3PACTACT C TEMIICPaTypOi THHEHHO, 1
HENMHEWHO B 00pa3uax, NOJTy4YHBLIMX Pa3iIdYHbIE J0-
3bI HETPOHHOTO O0IyUYEHUSI.

IV. AHaam3 3KCHepUMMEHTAIbHBIX JAHHbIX

B kpucrammax TBepAbIX PacTBOPOB BHEIPEHUS
aTOMBI PacTBOPEHHBIX 3JEMEHTOB pacCIOJararoTcs B
MEXATOMHBIX  TMPOMEXKYTKaX  KPUCTAIUTHYECKOU
pEelIeTKH W TPHUBOAAT K MECTHBIM HCKaKCHUSIM
KpUCTAUIMYECKOH ~ CTpyKTypbl  cruaBa.  Kak
CIIEICTBUE,  YBEIWUYMBACTCS  CPENHUN  TEPHOJ
pEIIeTKH, 9TO W HaOIIOJJaeTCs Ha OIBITE B aIIOMU-
HUEBBIX cmuiaBax [5, 7]. WckaxeHus, BHOCUMBIC B
MaTpuIly aTOMaMd BHEJPEHUS, OTHOCHUTEIHHO
BEIIUKH M3-32 MaJIbIX pa3MepoB IOp [7], B KOTOPBIX
pa3MeInarTcs MPUMECHBIE aTOMBI MarHusi ¥ KpeMHHUA,
MOSTOMY YBeNHYeHHE 00beMa HMCKaXCHHOU SUCHKH
3HauuTenbHO [5]. B pe3ynbrare KOHKpeTHas
KOH(HTYpalusi KPUCTATMYECKOH PEIIeTKH CIijiaBa
XapaKkTepu3yercss TeM, YTO OJHH IOpBl 3aHATHI, a
npyrue cBobomnbl. [loaTomy pacTBOp BHEIpeHHS
MOJKHO paccMaTpuBaTh KaK TPEXKOMIIOHEHTHYIO
CHUCTEMY U3 METAJIMYECKUX U BHEJAPEHHBIX aTOMOB U
MyCTHIX TIop [6-9].

TemmeparypHas 3aBUCHMOCTH 3JIEKTPOIPOBOJI-
HOCTH CIIJIaBOB JOJDKHA ONPEAENATHCS 3aBHCHMO-
CTBhIO MOABM)XHOCTH HOCUTEJIEH OT TeMmieparypsl. B
CIUTaBax TEPUOJUYHOCTH IMOTEHIMANa KPUCTAJUIAYE-
CKOM pemeTKH, HapylIaeMas TeIUIOBBIMH Koueba-
HUSMHM, JOTIOJIHUTENBHO HapyllaeTcss OecropsgovYHO
pacrpeneneHHBIMH aTOMaMH MpUMeceld. DTO MPHUBO-
T K JOTIOJHUTEIHHOMY PacCesHUIO HOCHTENEH 3a-
psiaa U yMmeHblneHuto ux noxaswkHocty [10, 11]. B
pe3yibTaTe BeIMYMHA YAEIBHOIO CONpPOTUBICHUSA
CIUTaBa, KaK MPaBHJIO, BBIIIE yIEIHHOTO COMPOTHBIIE-
HUSI METaljia, COCTABJISIOIIET0 €r0 OCHOBY, MOCKOIb-
Ky K CONPOTUBICHUIO Pr, OOYCIOBICHHOMY pacces-
HUEM Ha TEIUIOBBIX KOJIEOAHWSIX PEIIeTKH, T0O0aBIIs-
€TCSl OCTATOYHOE COMPOTHBIEHHE Poc;, BBIZBAHHOE
CTPYKTYPHBIMH JIe)EKTaMH.

CornacHo npaBuiy Martuccena 00 aaIuTHBHO-
cTH compotuBiieHus [12], obmiee ymensHOE COIpO-
TUBJICHHUE OTIPEETISETCS UX CyMMOU

P = Pocr T Pr- (3)
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[Ipu a3TOM TemmepaTypHbIi  KO3(PPUIMECHT
COTNPOTHUBJICHUS CIUIABA Olcy; MOXKHO MPEACTABUTH B
Buje [13]:

1 dpr

o = .
pOCT + pT dT

CILT (4)

Bripaxkenue (4) moiy4eHo B IPEANONIOKECHUH O
HE3aBUCUMOCTH Poc; OT TEMIIEpaTypbl. BumHo, 4TO
TeMIlepaTypHbI  KOA(M(UIIMEHT  CONPOTHUBIICHUS
CIUTaBa JIOJDKEH OBITh MEHbBIIE O JJIS YHUCTOTrO
MeTa/la, MPUYEeM TEM MEHBIIE, 4YeM OOJIbIIe Pocr
otnu4aercs ot pr. [locie mpocTeix mpeoOpa3zoBaHUil
U3 BheIpaXeHUs (4) TONXy4aercs COOTHOIICHHUE,
TIO3BOJISTIOIIEE OTPEACITUTD Pocr IS CILTABA:
O = Oy

pcnn :pT (5)

o

CILT

Pacuer mo dopmyne (5) ¢ HUCHOIB30BaHHEM
JNTUTepaTypHBIX HaHHBIX mo o = 0.0038 K™' u pr=
2710 Qm mgis uwmcroro amomumEs [12] u
3HAUYEHUA O, = 0.00354 K™ s HEOOTyYeHHOTO
cmiaBa CAB-1, ompenmeneHHOTO dKCIIEpUMEHTAIEHO
(puc. 1), 1an 3HAYEHHE Peyy = 2.9x107° Q-m, KoTOpOE
XOpOIIO  COBMAAaeT C  DKCICPUMEHTAILHBIM
3HAYEHUEM Peyy = 2.88x107° Q-m st HEOOITyICHHOTO
craa CAB-1 B mWccrmeoBaHHOM — TUATa30HE
TeMIepaTyp.

V. 3akiaroueHue

Takum 00pa3oM, aHAIN3 MOJTYYEHHBIX JKCIIEPH-
MEHTAJIBHBIX PE3yJNbTAaTOB MO3BOJINI YCTAHOBUTH, YTO
criaB CAB-1 mo cBoeil cTpyKType sIBIsieTCs TBEp-
JIBIM PAacTBOPOM BHEJIPEHHUS U UTO YIENbHOE COIpO-
TUBJIEHHE CIUIaBa M3MEHSIETCS HEIMHEHHO Kak OT
TEMIIEpaTyphl, TaK U OT 403kl 00mydeHus. [1pu aTom c
poctoM (hroeHca HEHTPOHOB OTKIIOHEHHUE OT JIMHCH-
HOM 3aBUCHMOCTH U COOTBETCTBEHHO CKOPOCTH pOCTa
COMpPOTHUBIIEHUS CIJIaBa C TEMIepaTypod yBEIWYH-
BaroTcs. UeM Oosnbire ¢GIroeHC HEUTPOHOB pH 00ITy-
YeHUH KOHCTpYyKIMoHHoro Mmartepuana CAB-1, tem
Oonblie o0pa3yloTCsl B KPHUCTAIUIMYECKOH peleTKe
napel OpeHKensi, BAKAHCUU U MEKAOY3€eIbHbIE aTo-
MBI, 1 COOTBETCTBEHHO YMEHBIIAETCS 3JIEKTPOINpPO-
BOJIHOCTh MaTepuana.

MeTagaHHbIE

Influence of neutron radiation on the electrical
conductivity of the SAV-1 aluminum alloy

©Akagemus Hayk Pecnybnvkm Y3bekucTaH, 2021 r.

Sh.A. Alikulov, S.A. Baytelesov, F.R. Kungurov, D.P.
Tadjibaev, D.D. Tojibaev

Institute of Nuclear Physics of the Academy of Sciences of the
Republic of Uzbekistan, Mirzo Ulugbek district, Ulugbek town-
ship, Khuroson str., 1, 100214, Tashkent, Uzbekistan.

The electrical conductivity of the SAV-1 structural alloy,
irradiated with fast neutrons with a fluence of 10'-10"
n/cm’, was investigated in the temperature range 290480
K. A nonlinear dependence of the specific resistivity on
dose and temperature was established. It is shown that the
higher the irradiation dose of the SAV-1 structural materi-
al, the higher the neutron fluence, the more Frenkel pairs,
vacancies and interstitial atoms, are formed in the crystal
lattice, and they reduce the electrical conductivity of the
material.

Keywords: clectrical conductivity, SAV-1 alloy, fast neu-
trons, fluence, resistivity, dose, crystal lattice, Frenkel
pairs, vacancies and interstitial atoms, point defects.
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Amomvun  Korummacu  CAB-1  HuHr  3jexkrp
VTKAa3yBYaAHJIMIUIa HeHTpOH HYpPJIaHUIIUHUHT
TabCHPH

II.A. AaukyaoB, C.A. BaiitenecoB, ®.P. KyHrypos,
JII. Tagxudaes, /1./1. To:xxndoen

V36exucron Pecrybmukacy ®anmap AKageMHsSCH AP0 (H3HKa-
cu MHCTUTYTH, XypoCOoH Kyuacu, l-yi., 100214, Toukenr,
Y306ekucTon

10'7-10" w/em® dmoencnapma mypaantupuaran CAB-1
kotummacuHu 290-480 K xapopatnap opaiauruzaa 3J1eKTp
yTKkazyBuaHauru  TaakuK  KuamHad.  Conmmrupma
KapIIWJIMKHUHT ~Xapoparra Ba jo3ajapra YU3HUKJIIH
Oynmaran Oormukiuru  ypranwman. CAB-1  xoOuK
MaTepHAIMHUHT HYpJIAaHUII J03aCH  KaHYaIdK KarTa
OyIca, HypJaHUII OKAMH KaHYAITUK KYTI OYica, IryHdYa Kyl
KpucTa/ul namkapaga Opanken xydriapu — BakaHcHsAIAp
Ba TyTyHJapapo aroMjap Xocwi Oymagum Ba ynap
MaTEPHATHUHT 3JIEKTp YTKa3yBUAHJIUTHHA KaMalTHPHUIIN
KYpCaTUIIH.

Kasmur cy3nap. anexrp yrkazypuannuk, CAB-1 xorummacu, tes
HeHTpoHnap, QuroeHcIap, KapLUWIHK, 1033, KPUCTAILI TaHXapa,
@penken xydr, BakaHCcusAIap Ba TYIyHJIApapo —aromiap,
HyKTaBUI HyKCOHJIAp.
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JKcnepuMmeHTanbHoe o6ocHoBaHue 3 PeKTUBHOCTU
ucnonb3oBaHua metopa cnekrpockonuu KP B npouecce
KOMMMEKCHbIX aHarIMTU4YeCKNX uccnegoBaHnm

B.M. PoTwreitn’, X.5. Awypos, P.X. AwypoB

MHCTUTYT MOHHO-NNa3MeHHbIX 1 na3epHbix TexHonorun AH PY3, Mup3o Ynyrbekckuin p-H, yn. ypmoH nynu, 33, 100125,
TawkeHT, Y3bekucraH

MonyyeHa 07.12.2021.
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B pabote npoaemoHcTpupoBaHa BhICOKas 3((EeKTHBHOCTh HCIONIb30BaHUS PamaH criekTpo-
MeTpa MpH MIPOBEJCHUN KOMIUIEKCHBIX MCCIIEOBAHUI B COCTaBE aHAIMTHIECKOr0 000pyHoBa-
uHust. Ha mpumepe ananmusza cnextpoB KP o0pasioB kapOuaa KpeMHHS, IO HAJIHUYHIO CIIEK-
TpanbHbIX T010¢ 194, 777 1 827 cM ™', ompesenieHa NPUHAIEKHOCTh 00Pa3La MOHOKPHCTAI-
mgeckoro kapouma kpemuuns K 4H momurumy. Crektpsr KP 00pa3ioB cemeHnna KaaMus ¥c-
MOJTB30BAIIM JJIs1 KOHTPOJIS 32 aMOp(HON M KpHcTa/uImdeckod (pazaMu B IUICHKAX CEJICHUAA
kaamusi. OTxur obpasna ceneHuaa kaamus npu temmeparype 800°C mpuBOIUT K 3HAUUTENb-
HOMY YMEHBIICHHIO MHTEHCHBHOCTH CHEKTPAIBHOW MOJOCHI, COOTBETCTBYOUIEH amopdHON
COCTaBJISTIONICH. XapaKTepHbIe U3MEHEHHUS, MIPOUCXOIAIINE B MOHOKPHCTAJUIMUYECKOM KpEM-
HHUHM B NIPOIIECCEe UMILTAHTAIUHU O00pa ¢ pa3HOM KOHLEHTPALUEH, HCCIEA0BAHbI TAK)KE METOJIOM
crexktpockonuu KP. JleranbHO pacCMOTPEHbI YUIMPEHUSI U CMELLEHUS MHKa 10 4acTOTe, CBU-
JIETEILCTBYIOIME O BOSHUKHOBEHUU HANpsbKeHUH, aedopmaiuii 1 1eheKTOB B KPUCTAILTHYE-
CKOM pelleTKe, sIBISIONMXCS PEe3yIbTaTOM Mpoliecca HOHHOM NMITIaHTaluu 0opa.

KiroueBble €j10Ba: KOMIUICKCHBIE aHATUTHYECKHC HCCIICIOBAHUSA, CIICKTPOMETPUA KOM6I/IHaHI/IOHHOF0
paccesaHus, NOJIUTUIIBI KPUCTAJLIIOB, aMOp(i)HbeI erMHHﬁ, mponecc NMILTaHTalluu.

The high efficiency of using the Raman spectroscopy method in complex investigations of a
number of physical properties of research objects has been demonstrated. On the example of
the analysis of the Raman spectra of silicon carbide samples, by the presence of spectral bands
at 194 cm™', 777 cm™', and 827 cm™, it was determined that the sample of single-crystal sili-
con carbide belongs to the 4H polytype.The Raman spectra of cadmium selenide samples were
used for monitoring the amorphous and crystalline phases in cadmium selenide films. It is
shown that annealing of a cadmium selenide sample at a temperature of 800°C leads to a sig-
nificant decrease in the intensity of the spectral band corresponding to the amorphous compo-
nent. The characteristic changes occurring in single-crystal silicon during implantation with
boron with different concentrations have been investigated by Raman spectroscopy. The issue
of the observed broadening and frequency shift of the peak, which indicates the appearance of
stresses, deformation, and defects in the crystal lattice, resulting from the process of ion im-
plantation of boron, is considered in detail.

Keywords: complex analytical studies, Raman spectrometry, crystal polytypes, amorphous silicon, im-
plantation process.

DOI: https//doi.org/10.52304/.v23i4.292

1. Bgegenne ITonyyenne nHanmbGosnee mMonHON MHGpOpPMALUK O
KAuEeCTBEHHBIX M KOJIMYECTBEHHBIX XapaKTEepHUCTHKAX
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uccieayeMbIX OOBEKTOB, KaK MPaBUIO, 00eCIeYnBacT-
csl B paMKax KOMIUIEKCHBIX aHAJMTHYECKUX HCCIIEHO-
BaHU. D((HEKTUBHOCTD TAKUX UCCIICIOBAHUI BO MHO-
TOM 3aBHUCUT KakK OT MPaBHJIBHOTO BBIOOpa MpUMEHsIe-
MBIX METOJIOB, TaK M OT aHAJIUTHUYECKUX BO3MOXKHO-
CTEH HCIIONIB3yeMOro 00OpYyIoBaHUA. B CBsI3M ¢ 3TUM
B TIpoliecce MOArOTOBKU K KOMIUIEKCHBIM aHAIUTHYe-
CKUM HCCIIEZIOBAaHUAM HEOOXOAMMO TPOHM3BECTH BHI-
0op TpPHOOPOB, ONTUMAIBHO COOTBETCTBYIOIIUX TIO
BO3MOKHOCTSIM CBOMX TEXHHUYECKHX XapaKTEPHCTHK
TpeOOBaHUAM peIIacMO 3a1auu.

B kadectBe omHOTO M3 HanmboJee YHUBEPCATIHHBIX
BapHaHTOB Takoro BbIOOpa B HacToAlleld padore pac-
CMAaTpUBAIOTCSl BO3MOXKHOCTH METOJa CIIEKTPOCKOIUH
KOMOWHAIIMOHHOTO PACCesiHUs, pealln3yeMble C TI0-
Mompio InViaRaman cmekrpomerpa TpoOM3BOACTBA
kommanuu «Renishawy, BenukoOpuranust.

CreKTpalibHbIi, WIN CIEKTPOCKOIMUYECKU aHa-
TH3 — 3TO PU3NYECKUH MITH (PU3UKO-XUMUYECKHNA Me-
TOJl YCTaHOBIICHHS XMMHUYECKOTO COCTaBa U CTPOCHHUS
COCIIMHEHWSI, OCHOBAaHHBI HAa PACCMOTPEHHUH pPa3IH-
HBIX CIIEKTPOB aToMOB Win Mojekyn [1-8]. JlaHHbIi
aHalN3 WCHOJB3YeTCA IS W3yYeHHS XUMHUYECKUX H
(U3HIECKIX OCOOCHHOCTEH BEIIeCTB Ha (pOHE HCITyC-
KaHHs WIK TorjomeHus ceera. OIHUM U3 OCHOBHBIX
HanpaBJIeHUH Takax WCCICAOBAHUI SBISETCS KadecT-
BEHHBII WITH KOJMYECTBEHHBIN aHAJN3 U3y4aeMbIX 00-
pastos [1, 2].

CJ0XHOCTD Ka4eCTBEHHOT'O CIIEKTPOMETPUUECKO-
TO aHallu3a CBs3aHa C HAJTMYHEM OOJIBIIOTO KOJINYECT-
Ba CHEKTPAIbHBIX JIMHUN HA aHAJTUTUYECKOU CIIEKTPO-
rpamme. [Iporecc pacmmdpoBkd W HUACHTUDHUKALUH
TaKOW CIEKTPOTPaMMbl OCYIIECTBISIETCS Oiaromapst
HAJIMYUIO Pa3IMYHBIX CHEKTPABHBIX aTJIacoB C JTa-
JIOHHBIMU CIIEKTpaMH HCIyCKaHHsS W TIOTJIOIICHUS
OOJIBILIOrO YHCNIA JIEMEHTOB, C YKa3aHUEM JJIMH BOJH
Y OTHOCHUTEBHBIX HHTEHCUBHOCTEH JIMHUM.

3agaya KOJMYECTBEHHOTO aHaliM3a — OMperese-
HHE peajibHOTO COJlepKaHUA KOHKPETHBIX 2JIEMEHTOB B
aHanmm3upyeMom oOpasie. [Ipu 3ToM B MeTonie KOIH-
YECTBEHHOTO CIIEKTPaJbHOTO aHaln3a HCHOJb3yeTCs
TOT (paKT, 4YTO MHTEHCHBHOCTh aHAJTUTHYCCKOW JIMHUU
BO3pacTaeT ¢ YBEIMYCHHEM COJEp)KAaHHS COOTBETCT-
BYIOIIIETO AJIEMEHTA B HCCIIEAYEMOM 00pasIie.

Kak m3BecTHO, CIIEKTPOCKOITHSI KOMOHHAIIMOHHO-
ro paccesaus (KP), Tak HasbiBaemas pamMaHOBCKas
CHEKTPOCKOIIHS, SBISETCS CIIEKTPOCKOITMYECKUM Me-
TOJIOM, TIpeNHA3HAYeHHBIM Ui W3Y4YEHHS Bpalla-
TENBHBIX, KOJIEOAaTENFHBIX U MPOYMX HU3KOYACTOTHBIX
MO/ aHAJIM3UPYEMOTO BEIIECTBA B CIIEKTPATBHOM WH-
TepBaie, PUMEpHO, 0T 2 10 4000 cm .

Metoa OCHOBaH Ha SIBIICHHH HEYIPYroro (KOM-
OMHAIIMOHHOTO, PAMAHOBCKOT'0) PacCesHUsS MOHOXPO-
MaTHYECKOT0 CBeTa B BuAMMOM, OmmkHemM MK wmm
ommwkaeM Y®, nuamazonax. CrieKTpockorusi KOMOU-
HAIIMOHHOTO pacCcesHusl JaeT OeCUEeHHYI0 BO3MOXK-
HOCTh TIOJYYEHHUS] «OTIIEYaTKOB IAIIBIIEBY» MOJIEKYII C
MOMOIIBI0 COOTBETCTBYIOIINX AHATUTHYCCKHX HCCIIC-
JOBaHMU. B paMkax Takux HCCIETOBaHMHA TaKXKe BO3-
MOJKCH aHaJM3 M3MEHCHUH, MPOMCXOISIIIUMX B CTPYK-
Type MOJICKYJISIPHBIX CBA3CH, CBA3aHHBIX C W3MEHEHU-
€M COCTOSIHUS, eopMaIvield 1 HanpsHKSHUSIMU.

Merton KP manomuHaeT wH(]pakpacHYIO CIEK-
TPOCKOIIMIO, HO 0O0JamaeT psaoM IOJIOKUTEIBHBIX
0COOEHHOCTEH, TAKUX KaK:

— Hepa3pyIarIni, 06CKOHTaKTHBINA METO/I;

— TIOJTHOE OTCYTCTBHE TIPOOOTIOTOTOBKY;

— BO3MOXHOCTh PETHUCTPUPOBATH CIEKTPHI Be-
MIECTB, HAXOJSIIUXCS B TPO3PAYHOU IS JTA3EPHOTO
M3ITYYCHUS YIIaKOBKE;

— TMOJyYeHHE CIIEKTPOB OOBEKTOB (JOMEHOB)
pasmepoM oT 1 MKwM;

— mIpAMas PEr’CTpalus CHEKTPoB oT 5—10 cm '
710 4000 cM ™' 6e3 IPOGOIOATOTOBKY H B TIPHCYTCTBHH
BOJIBL.

M3yueHnrue BO3MOKXHOCTEH METOJIMK HCCIIEeI0Ba-
HUW, TPOBOJUMBIX C HUCIOJIb30BaHMEM PaMaH cIiek-
TPOMETpa, OCYIIECTBIIIOCh HAMH B TIPOIIECCe MpOBe-
JIEHUS [IEJI0TO PsiZia AKCTIEPIMEHTOB, MTPUYeM IS II1-
POKOTO KpyTa HCCIIEAYEMBIX OOBEKTOB U IJISI CaMBIX
Pa3MYHBIX 00JIacTel MPUMEHEHHs. Pe3ynpTaThl Takux
WCCIIeIOBaHUH MTPeICTaBIeHBI B HACTOSAIIEH padoTe.

II. HccaenoBaHusi M aHAJIU3 Pe3yJIbTATOB

CnexTpbl KOMOMHAIIMOHHOTO PaccesHUsl MOHO-
KPUCTAJUIOB KapOuIa KPEMHUSI Pa3INYHbBIX TTOJHTHIIOB
HCCIICIIOBATIUCH JIOCTATOYHO TMOAPOOHO B paboTax ps-
Jla aBTOpOB, K pumepy [9, 10].

Xotsi pazHele Moaupukanuu KpuctamwioB SiC
MaJ0 OTJIMYAIOTCS MO 3HAYECHHSIM MHOTHX ITapameT-
POB, TaKk Kak MPEACTABIAIOT cOOOH OJMHAKOBEIE CIION
KpPEMHHS U YIJIepPO/a, COCTABICHHBIE B HECKOJIBKO OT-
JMYHOM TIOPSZIKE, YTO 3aTpyOHSET MX HICHTU(HKA-
M0 TIO TIOJIMTHITY, TIPHUMEHSIEMBIH aBTOpaMH METO.X
KOMOHMHAIIMOHHOTO PACCesHUs MO3BOJISUI, 32 CUET YYB-
CTBUTEIILHOCTH METOJa K JUTUTEIbHOCTH KPAaTHBIX Iie-
PHOIOB B KPHCTAUIMYECKOH pemeTke, 4eTKo (pukcH-
pOBaTh JIMHHH, COOTBETCTBYIOIIME OINpPECTICHHOMY
MOJMUTHITY MOHOKpHCTAIOB SiC.

Cretyer OTMETHTb, YTO METOJ KOMOMHAIIMOHHO-
IO paccestHUs MO3BOJISIET BHISIBUTH HAaJIMUYHE JAKE Ma-
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JIBIX BKJIFOUEHHH MOJHUTHUIIOB MOHOKPHUCTAJLIOB KapOu-
Jla KPEMHUS B HCCIIEAYEMBIX 00pasiiax.

PesynbraThl HcciaenoBaHUM, Mpe/ICTABICHHBIE B
[9, 10], Oblmi MpUMEHEHBI HAMM I MHTEpIpeTaluu
COOTBETCTBYIOIIUX CIEKTPOB KOMOWHALIMOHHOTO pac-
CesIHUS B TPOIecce WACHTHU(PHUKAINY U KaYeCTBEHHOTO
aHanu3a oopasios SiC.

HWccnenoBanus mpoBOAWIKMCH ¢ TTOMOIIBI0 InVia
Raman cmektpomeTpa MPOW3BOACTBA KOMITAHUH
«Renishawy, BemmkoOpuraHus.

N3mepenus: Benu mpu KOMHATHOM TeMIeparype.
B xadectBe wuCTOYHHMKA BO30YXKICHUS TPUMEHSIIH
Cobolt CW 532 nm DPSS ma3ep ¢ mimHO# BOJHEI H3-
nydenus 532 HM u HOMuHaIBHOM 3Heprueit 100 MBr,
C HCIOJIb30BaHUEM AU(PPAKIMOHHON PEMIETKH C Tie-
puogom 1800 muHMIA/MM, a B KAa4eCTBE PETHCTPUPYIO-
IMEero YCTPOMCTBa — INTATHBIA HeTeKTop Renishaw
CCD Camera.

Jns  ompeneneHusi TpPUHAUIEKHOCTH 00pasia
MOHOKPHCTaJUTHYECKOT0 KapOuaa KpeMHHS K TOMY
WIJIK UTHOMY TIOJIUTUITY OBUTM UCIIONIb30BAHbI IaHHBIE O
MOJIOKEHUU JIMHUM B CHEKTpax KOMOWHAIMOHHOTO
paccessHUS KapOuaa KpeMHHUS pa3iNUYHbBIX TOJIHUTHUIIOB,
npuBeneHHBIe B pabore [11]. AHamm3 mMoOIy4YeHHOTO
CIEKTpa IOKa3all, YTO CIEKTp, MpEACTaBICHHBIN Ha
puc. 1, DEMOHCTPUPYIOMINN CHEKTPAIbHBIE ITOJIOCHI
194 em™', 777 em, 827 em™', mocrarouno YBEPEHHO
coryacyercs ¢ JaHHBIMU U3 [11], COOTBETCTBYIOIUMU
MOHOKpHUCTAJUTHUYECKOMY KapOuay kpemuus 4H monu-
TUTIA.
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Pucynok 1. CriekTp KOMOHHAITMOHHOTO paccessHus oOpasia
KapOuaa KpeMHUSI.

B npoBenieHHBIX HAMU UCCIIENOBAHUAX TAKKE HC-
MOJIB30BaH TOT (akT, uyTo cnekTpockorusa KP, niu pa-
MaHOBCKasi CHEKTPOCKOIHS, MOXET OBITH MpPHMEHEHa
B BHJIE DKCIIPECCHOTO HEPa3pyLIAOLIET0 METOAA aHa-
Jn3a JUIS ONpeJeNIeHHs XapaKTepUCTHK OOBEKTOB HC-
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CJIeZIOBaHUH, ITO3BOJISAIONIETO 10 (hOpMe U MOJIOKESHHUIO
MMUKOB PaMaHOBCKOTO pacCesHHs OIIEHUTh pa3Mep Ha-
HOKPHUCTAJJIOB M COOTHOIIEHNE aMOP(HOH 1 KpHCTa-
nrueckoi (a3, aHaIM3UpPOBaTh COCTaB KPUCTAIOB U
OLICHHUBATH JIe(hOPMAIIUH U HATIPSHKCHUS B KPUCTAIIIAX.

OO0pa3ipl, UMEIoIIe TUICHOYHBIE TMOKPBITUS W3
ceneuuga kagMmus CdSe, MBI HMCCIIeIOBaId C MCHOJIb-
30BaHHUEM CIIEKTPOCKONHH KOMOMHAITMOHHOTO pacces-
Hus Ha InVia Raman cnextpomerpe mpou3BOICTBA
kommannu «Renishaw», BemukoOpuranus, mpu BO3-
oyxnennn muHussmu RL785 Class 3B Laser mazepa ¢
JUIMHOM BOJIHBI U3IIy4eHUs 785 HM.

Ha puc. 2 npencraBieH CrieKTp KOMOHMHAIIMOHHO-
ro paccesHusi 00pa3lia MOHOKPUCTAIUTHYECKOTO KpeM-
HUS C TUICHOYHBIM TMOKPBITUEM U3 CElICHHJA KaMHUS
CdSe, HaHECEHHBIM METOJIOM BaKyyMHOTO HCIIAPEHHUS.

] 206
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5 400003
S
200003
03
b L L T L P
200 300 400 500
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Pucynok 2. CriekTp KOMOMHAITMOHHOTO paccessHus oOpasiia
MOHOKPHUCTAJUIMYECKOI'0O KPEMHUA C ITUICHOYHBIM IOKPBITH-
eM u3 cenenuga kagmus CdSe, HaHECEHHBIM METOJOM Ba-
KYYMHOTO UCTIApCHHSL.

Ha puc. 3 npencrasnen cnekTp KOMOMHAITMOHHO-
ro paccesHusi o0pasla MOHOKPUCTAUINYECKOTO KpeM-
HUSI C IUICHOYHBIM IIOKPBITHEM U3 CEICHHIA KaJAMUS
CdSe, HaHECEHHBIM METO/IOM BaKyyMHOTO HCIIApEHUS,
MOABEPTHYTOrO MpPOLEAYpE MOCICAYIOIIEr0 OTKHUIa B
BakyyMe npu Temneparype 800°C.

[IpencraBnennsle Ha puc. 2 u 3 pe3yabTaThl XO-
POIIO COTJIACYIOTCSl ¢ AAHHBIMHU, NIPHUBEICHHBIMHU aB-
TopaMu paboThl [12, 13]. AHanu3 MONMyYEeHHBIX CIEK-
TPOB, IPOBEICHHBIN C HCIIOIb30BAHUEM PE3YJIbTATOB U
BBIBOJIOB, TIPUBEJICHHBIX B padorax [12, 13], mo3Bos-
€T IMPEIONI0KUTh, YTO B CIIEKTpe, N300pakeHHOM Ha
pHc. 2, HaOMOAAIOTCA KaK MOJBI aMOP(HOTO CeNICHUIa
kagmust ~180 cm_l, Tak ¥ MOJBI, OTBCUAIOIINE 32 Ha-
JIMYMe KPUCTAILTHUECKOH (Bas3bl B miéHKe ~206 cm .
Takum 00pa3oM, U3 aHaNM3a CHEKTpa KOMOMHAIMOH-
HOTO PaccesiHUs CIEAYyeT, YTO IUIEHKa MMeeT amopd-
HO-KPHUCTAJUIMYECKYIO CTPYKTYPY.
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Pucynoxk 3. CriekTp KOMOMHAILIIOHHOTO paccesHus 00pasia
MOHOKPHCTAJUTHMYECKOTO KPEMHHS C IUICHOYHBIM ITOKPBITH-
eM u3 ceiennga kagmus CdSe, HaHeceHHBIM METOIOM Ba-
KyyMHOTO HCIapeHHs, MOABEPTHYTOTO IPOLEAypE IOcie-
IYIOIIETO OTXKHUTa B BakyyMe rpu Temmeparype 800°C.

Crnemyer OTMETHTh, YTO YIIMPEHHE TMOJOC KOM-
61/IHaI_[I/IOHHOI‘O paccedaHus, Kak MIpaBUio, CBUACTCIIb-
CTBYET O CTPYKTYPHBIX OCOOCHHOCTAX, B YACTHOCTH,
CTeTIeH! KPUCTALTMYHOCTH M Ka4eCTBE KPUCTAIIOB, B
HaIlleM Clly4ae — CTPYKTYpHl IUIEHKH CEJIeHHIa Kaj-
Musl.

[ocnenmyrommii OTXHUT HCCIIEAyeMOTO 00Opasia
npu temmneparype nopsaka 800°C mpuBOIUT K BUAO-
M3MEHEHUIO COOTBETCTBYIOIIETO CIEKTpa KOMOUHAIIH-
OHHOTO paccesHus (puc. 3), YTO CBHIETEIHCTBYET O
CYIIECTBEHHOM BOCCTAHOBJICHHH KPHCTAJUTMUECKOM
CTPYKTYPHI TUICHOYHOTO MTOKPBITUS

[Ipn HEOOXOAMMOCTH, aHATH3UPYS PaMaHOBCKHUI
CHEKTp CeNeHUAa KaJMUs, MOXHO ONPEAEIUTh COOT-
HOIIeHHEe aMOp(HOH M KPUCTAIMYECKOH COCTaB-
JISIOIMIUX B CTPYKTYpeE TUIEHKH. J[JIs1 3TOr0 H10CTaToYHO
BBIYUCIIUTL HMHTCIPAJIbHBIC HWHTCHCUBHOCTH  CIICK-
TPaJIBHBIX MOJOC, COOTBETCTBYIOIIMX KpUCTAJINYe-
CKOMY 1 aMOp(HOMY THKaM.

Meroaom cnektpomerpun KP Hamu uccnenoa-
HBI U 00pa3Ibl MOHOKPHCTAJUTYECKOTO KPEMHUS, M-
TUIAHTUPOBaHHBIE OOPOM C pa3HOU KOHICHTPAIUEH.

Ha puc. 4 npencrasieH CrieKTp KOMOMHAIIMOHHO-
ro paccesHus o0pasla YHCTOTO MOHOKPUCTaJIIHYe-
cKoro kpemHus. Ha puc. 5 mpeacraBiieH CeKTp KOM-
OMHAIIMOHHOTO paccestHusl o0pas3lia MOHOKPHUCTAILIH-
9YEeCKOTO KPEMHHUSI, IMIUITAHTHPOBAHHOTO OOPOM C KOH-
nentpaumeii Cy=1.4x10" cm™. Ha puc. 6 npexcras-
JIH CIIEKTp KOMOWHAIIMOHHOTO paccesHus oOpasma
MOHOKPHCTATIMYECKOTO KPEMHHUS, HMIUIaHTHPOBAaH-
HOrO GopoM ¢ KoHneHTpammei Cp=4.55x10" cm™.

Region0 Region1

12000
10000
8000
6000

Counts

4000
2000

-

—

Raman shift / cm-1

Region Start End Width Area
Region0 515.953 [ 519.991 | 4.03769 | 31854.165240
Region1 519.959 [523.997 | 4.03769 | 31465.777268

Pucynok 4. Crnextp KP MOHOKpHCTaIIIMIECKOTO KPEMHHUS,
HE TPOILE/IIEro MPOLEAYPY UMILIAHTALUK OOPOM.

Region0 Region1
12000
10000
8000
'S 6000
3
4000
2000
/f/ \
0
T
520
Raman shift / cm-1
Region Start End Width Area
Region0 515.763 | 519.786 | 4.023 | 35864.043472
Region1 519.757 | 523.787 | 4.03 | 31652.248782

Pucynox 5. CriekTp KOMOHMHAIIMOHHOTO paccesHus oopasna
MOHOKPHCTAJJIMYECKOTO  KPEeMHHMS, HMMILIAHTHPOBAHHOTO
6opom c konuentpanuein Cp=1 Ax10™ em™,

Region0 Region1

12000
100003
8000
< 6000
[&)
4000
2000

\

T
520
Raman shift / cm-1

Region Start End Width Area
Region0 515.482 [ 519.489 | 4.007 | 38231.127202
Region1 519.475 | 523.496 | 4.021 | 31823.249781

Pucynox 6. CriekTp KOMOWHAITMOHHOTO PACCESTHUS MOHO-

KPUCTAJUIMICCKOI'O  KPpEMHUS

Cp=4.55x10" cm™.

C KOHIEHTpauueld Oopa

©Akagemus Hayk Pecnybnuku Y3bekuctaH, 2021 r.



74

B.M. PotwTtenH, X.B. Awypos, P.X. Awypos

AHanu3upysl MONy4YEeHHBIC PE3yIbTaThl, CICAYyET
OTMETHTH, YTO B CIIEKTPax HAOIIOJAaeTCs] M3MEHEHHE
(hopMBI TIHIKA M €T0 TOJOXKCHUS C XapaKTePHOH 3aBU-
CUMOCTBIO OT POCTa KOHILIEHTPALUU UMILIAHTUPOBAH-
HOTO OO0pa.

Jlnst Goree meTadbHOTO M3YUCHUS HAOIIOIAEMBIX
M3MEHECHUH CIEKTpa Y KaXIIOr0 U3 STHX CIIEKTPOB Obl-
JIM OTIpeJeNIeHbl WHTETpaNbHbIe HHTEHCHBHOCTH IBYX
obyacTelt CITEKTpaIbHOW TOJIOCHI MOHOKPHCTAJLTHYIC-
CKOTO KpeMHHUs, pacrojokeHHbIX cieBa (Region() u
cnpaBa (Regionl) oOT YacToTBI, COOTBETCTBYIOIICH
MaKCUMaJbHOM HHTEHCHUBHOCTH KA, UIMPUHOU
4cm™! Ka)kas.

O4eBHAHO, YTO COTIOCTABIISAS 3HAYEHHS OTHOIIE-
HUI MHTErpaJIbHBIX UHTEHCUBHOCTEH Region( x coot-
BETCTBYIOIIMM  HHTETPAIIbHBIM ~ HHTEHCHUBHOCTSIM
Regionl, onpenemeHHBIM IS KaXKI0TO CIIEKTPa, MOXK-
HO TIOJIYYUTh BRXKHYIO MH(GOPMAIIUIO O UMEIOIIHX Me-
CTO M3MEHEHUSX MHUKA MOHOKPUCTAIUIMYECKOTO KPEM-
HUSL.

B mporiecce ananu3za ObUTO OIpeneneHo, 9To 3Ha-
YeHHsI OTHOILIECHUH HUHTErpajibHBIX HHTEHCHUBHOCTEU
Region0 k cOOTBETCTBYIOMIMM HHTErpAIbHBIM WHTEH-
cuBHOCTAM Regionl mjIs 9MCTOrO0 KpEMHUS COCTaBIISI-
o1 1.012 mis xpeMHuUs1, UMIUTAHTHPOBAHHOTO OOPOM ¢
xonuenTpauueii Cp=1.4x10" cm™, u 1.133 mst kpem-
HUS, UMIUIAHTUPOBAHHOTO OOpPOM C KOHIICHTpAIUCH
Cp=4.55x10"* cm™; oTHOWEHME cocTasisier 1.201.

Peructpupyemsplii pocT 3HaY€HUsT OTHOLLEHUU
WHTETPANBEHBIX WHTEHCHBHOCTEH MOJTBEpKIaeT Ha-
OnromaeMoe HaMHU JUIsl CIIEKTPOB O0Opa3loB MOHOKpU-
CTAJUTUYECKOTO KPEMHHUSI, UMILIAHTUPOBAHHBIX OOPOM,
YIIMPEHUE MHUKa C I3MEHEHHUEM eT0 CUMMETPHUH.

IIpu sTOM HaOMFOMAETCSA CABWT MHKA IO YacTOTE
Y YBEIMYEHUE TIOMYITUPUHBI TIHKAa MOHOKPHUCTALTAYC-
CKOTO KPEMHHS, OT 00paslia YACTOro KPeMHUs, K 00-
pasiaM, IMIDIaHTHPOBAaHHBIM OOpOM, C XapaKTEepHOM
3aBHCHUMOCTBIO OT POCTa KOHIICHTPAIIMHA UMILTAHTHPO-
BaHHOTO Oopa.

Bce 3apermcrpupoBaHHBIE HaMH W3MEHEHUS
CIIEKTPOB KOMOHMHAIIMOHHOI'O paccesHusi 00pa3IoB
MOHOKPHUCTAJUTMYECKOTO KPEMHHUS, TAKUE KaK U3MEHe-
Hue QOpMBI MMKa KPEMHUS M €70 CMEICHHUE 110 9acTo-
T€ B CIIEKTPe KOMOWHAIIMOHHOTO PACCEVWBAHMUSI, SIBIISI-
I0TCSA PE3YyIBTATOM IMPOIlecca MOHHON HMMILTAHTAIUN
0opa, MPUBOSIIET0 K BOZHUKHOBEHHIO IIEJIOT0 psja
(haKTOpOB, BIUSIOMINX HA XapaKTEPUCTHKH HCCIEIye-
MbIX 00pa3IloB, HANpsDKEHU, aedopManuu U aedek-
TOB, B KPUCTAJUIMYECKOM peleTke oopas3ia MOHOKpH-
CTaJUTUIECKOTO KPEMHHUSL.

Takum 00pa3zoMm, TMONydeHHBIE pe3yNbTaThl Ha-
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TJISHO JEMOHCTPUPYIOT BO3MOXHOCTh HCIOJIb30Ba-
HUS METoJa KOMOWHAITMOHHOTO PACCESIHHS IS KOH-
TPOJIS 32 TaKOTO POJia U3MCHECHUSIMH B HCCIICYyEMBIX
oOpasmax.

[IpencraBnenHsie B HacTOsIIEH paboTe aHANNTH-
YeCKHe BO3MOXHOCTH criekTpomerpuu KP O 3¢-
(DEKTHBHO HCIOJB30BaHBl HAMU B TPOIECCE IIEIIOTO
psia ucciaeqoBaHui, MPOBOAUMBIX C MOMOINEI0 InVia
Raman cniekrpomerpa [14-17].

II1. 3akirouenne

Ha ocHoBaHuu pe3ynbTaTOB NpPOBEAECHHBIX HC-
CIICTIOBAaHUNA TPOIEMOHCTPHPOBAHA BBICOKas A dek-
TUBHOCTbH HCIIOJIb30BaHUS MeTona crekrpockonuu KP
TIIpY IPOBEJICHNN KOMIUIEKCHBIX UCCIIEIOBAHUI.

AHanM3 CIEKTPOB KOMOMHALIMOHHOTO PacCestHUS
00pa3roB kapOuaa KPeMHHS, ITOTYICHHBIX C HFCITOJNb-
3oBanreM InVia Raman cniekrpomerpa, mokaszan mnpu-
CYTCTBHE CIHEKTPAJIbHBIX I0JIOC, COOTBETCTBYIOLINX
194 cm™', 777 em™' u 827 eMm ™', uto obecreuno Bo3-
MOXHOCTb OTNpeeNieHUs] TNPHHAMLICKHOCTH o0pasua
MOHOKPHUCTAJUTMIECKOT0 kKapouma kpemuus kK 4H mo-
JIUTHITY.

Ha nmpumepe uccienoBanusi oOpasLoB celeHUAA
KaJIMUsI TIOKa3aHa BO3MOXKHOCTh KOHTPOJIS 38 HAJINYU-
eM aMOp(HOH M KpUCTAUTNYEeCKOH (a3 B TIICHKaX ce-
JICHUa KaJAMHUs METOAOM KOMOMHAIIMOHHOTO pacces-
Hu. [lomydeHo, yTo oTuUr 00paslia ceIeHUAA KaAMUs
npu temnepatype 800°C npuUBOIUT K 3HAYUTEIILHOMY
YMEHBILIEHUI0 MHTEHCUBHOCTH CIEKTPAIbHOM IOJIOCH,
COOTBETCTBYIOIIECH aMOP(GHON COCTABIISIONICH B CIICK-
Tpe KOMOMHALMOHHOTO paccesHUs CeIeHN1a KaIMUsl.

PesynbraTel uccnenoBaHus 00pa3loB MOHOKPH-
CTAJTIMYECKOTO KPEMHHUs, HMILUIAHTHPOBAHHBIX OOpPOM
C pa3HOW KOHLIEHTpaluel, MPOBEIEHHBIE C UCIIONIB30-
BaHueM crekrpockonuu KP, obecmeunnu Bo3MOX-
HOCTb OLIEHKHU BIIMSHUS Ipoliecca UMIIAHTAauKu Oopa
Ha XapaKTepUCTHKU oOpa3uoB. Tak, ecinu BeIMYMHA
OTHOILEHHS WHTETPaJbHOW HMHTEHCHBHOCTH JIEBOM
(Region0) o6yacTy CIIEKTPAILHOM ITOJIOCH K TIPaBOM
(Regionl) ans oOpasia YUCTOrO KPEMHHS COCTaBHIIA
1.012, To nyst oOpasna KpeMHUsI, UMIIAHTHPOBAHHOTO
6opom ¢ konnenTpammeit Cp=1.4x10"* cm™ cocrasuna
1.133, a s oOpa3ua KpeMHHUs, UMILIAHTUPOBAHHOTO
0OpOM ¢ KOHIIGHTpanue Cy=4.55x10" cm™; cocra-
Buia 1.201. CooTBeTCTBYIOIIEE 3TOMY HECUMMETPUY-
HOE YIIMpEHHE MHKa, a TakkKe HaOII0JaeMoe cMelle-
HUE TMHKa [0 YacTOTe CBUAETENBCTBYIOT O BO3HHMKHO-
BEHHMHU HalpspKeHui, negopmanuii U 1edexToB B Kpu-
CTAJNIMYECKOH PpEIIEeTKe, SBILIIOLIMXCA PEe3yJIbTaTOM
Tpoliecca HOHHOM UMITIaHTaIK 60pa.
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JaHHble pe3yNbTaThl, MPEACTABISIOUINE JIUIIb
YacTh AHAIUTHYECKUX BO3MOXHOCTEH METOJa KOMOU-
HAIlMOHHOTO PACCEesIHUS JUIS HCCIEIOBAHUS CaMbIX
Pa3IMYHbIX 00BEKTOB, HATJIAAHO AEMOHCTPUPYIOT 3¢h-
(exTuBHOCTH Hcmodb30Banus Merona KP B mponecce
KOMIUIEKCHBIX aHAJIMTUYECKUX UCCIEIOBAHUM.

MeTtagaHHbBIE

Experimental substantiation of the efficiency
of using the Raman spectroscopy method in
the complex analytical studies

V.M. Rotshteyn, Kh.B. Ashurov, R.Kh. Ashurov

Arifov Institute of lon-Plasma and Laser Technologies of
Uzbekistan Academy of Sciences, Durmon yuli st. 33,
100125, Tashkent, Uzbekistan

The high efficiency of using the Raman spectroscopy me-
thod in complex investigations of a number of physical
properties of research objects has been demonstrated. On
the example of the analysis of the Raman spectra of silicon
carbide samples, by the presence of spectral bands at 194
cm‘l, 777 cm™', and 827 cm™, it was determined that the
sample of single-crystal silicon carbide belongs to the 4H
polytype.The Raman spectra of cadmium selenide samples
were used for monitoring the amorphous and crystalline
phases in cadmium selenide films. It is shown that anneal-
ing of a cadmium selenide sample at a temperature of
800°C leads to a significant decrease in the intensity of the
spectral band corresponding to the amorphous component.
The characteristic changes occurring in single-crystal sili-
con during implantation with boron with different concen-
trations have been investigated by Raman spectroscopy.
The issue of the observed broadening and frequency shift
of the peak, which indicates the appearance of stresses, de-
formation, and defects in the crystal lattice, resulting from
the process of ion implantation of boron, is considered in
detail.

Keywords: complex analytical studies, Raman spectro-
metry, crystal polytypes, amorphous silicon, implantation
process
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KoMnieke aHAIMTHK TAAKUKOTJIAP KapaéHu-
na Paman cmektpockonusicn ycyJauaan ¢oii-
JAJIAHMII CAMAPATOPJMIHHH IKCIEPUMEHTA
acocJjam

B.M. Pormireiin, X.b. Amypos, P.X. Amypos

Y.A. ApudoB HOMHIATH MOH-TDIA3Ma Ba J1a3ep TEXHOJIO-
TUsIapd MHCTHTYTH, [¥pmoH #ynm kyuacm 33, 100125,
TomkeHT, Y30€KHCTOH.

AmManra OMmMPWITaH TaJKUKOTJIAp HaTIKajJapura
Kypa, KOMIUIEKC TaAKUKOTIAp YTKasumna Paman
CHEKTPOCKONHACH  YCylMuAaH  (QoHgaTaHUITHUHT
FOKOpH caMapaJopiura HamoéH Oymmm. Kpemuunit
KapOuJT HaMyHaJlapuHUHT PamaH cHOekTpiapuHu
TaxXJIMJI KWiIn muconuga 194 CM-I, 777 cm’! Ba 827
cv’ criekTpan ymsHKIap MaBxymura omnan 4H mo-
JUTUIIUTA TETULIUTH OMp KPUCTAILIN KPEMHHA KapOua
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HaMyHacu aHukjiaanau. KangMui ceneHun HaMyHaa-
puHUHT PaMaH crniekTpiiapyu KaaMui CeleHHu] IUIEH-
Kajapuna amop® Ba KpucTayul (azanapHu Ky3aTHII
yuyH unuiatiirad. 800°C xapoparma KagMuid cee-
HUJI HAMYHACHHH KH3IUPWIHAIIA aMOp( KOMIIOHEHT-
ra MOC KeJlaJuraH CoeKTpasl YN3UKHUHT UHTEHCHUBIIU-
THHH CE3WJIApii Japaxkaja racaiiuimmura oiaud Keu-
M KYpcaTHiTaH. Xap XUl KOHIEHTpauusiIu 6op O6u-
JaH UMIUIAHTAIMs TaRTHAa MOHOKPUCTALIA KpEeM-
HUWJA 103ara KeJaJuraH XapakTepiu Yy3rapuuuiap
Paman cnektpockonmsicu OwiaH YpraHnuiaau. bop-
HUHT WOH WMIUIAHTAIUSACH JKapaCHUIAH Keluo
YUKAJWTaH KyWIaHWIuap, nedopMarusuiap Ba KpH-
CTalNl ~ MaHXapaJard  HYKCOHJApHUHI  Maizno
OYIMIIMHN KypcaTaauraH YYKKWHUHT Ky3aTHJITaH
KCHTalWIIM Ba YaCTOTACHHUHT CHJDKHILU Macalacu
KYpuO IUKHIIIH.

Kamgur cys.ﬂap: KOMIUJICKC aHAJIMTHUK TaIKUKOTJIap, Paman cnek-

TPOMETPHSCH, KPHUCTAT IOJUTHILIApU, aMopd KpeMHHH, HM-
IUTaHTALUS JKapaéHu
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