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ABSTRACT

Bovhyra R.V.Structure and electronic properties of zinc oxide nanostructures.
I Qualifying scientific work on the rights of manuscripts. Dissertation Fa t
candidate degree in physical and mathematical scigftd3) specialty 01.04.18
Physics and chemistry of a surfateRidstryhach Institute for Applied Problems of
Mechanics and Mathematics NASU, Lviv, 2019The Vasyl Stefanyk Precarpathian
Nationd University, lvaneFrankivsk, 2019.

The work is dedicated to the complex theoretical and experimental study of
structural, electronic, luminescent and-gassing properties of nanostructures based
on ZnO (nanoclusters, nanotubes, nanopowders).

The first section presents the results of the analysis of theoretical and
experimental work on the production of zinc oxide and structures on its basis anc
their properties. The electronic structure and optical properties of ZnO crystals are
described. The criticanalysis of works on the study of the peculiarities of structural
and optical properties of zinc oxide nanostructures is carried out.

In the second section, the figtinciple researchechniques withirthe density
functional theory (DFT) are given. Thespudopotential method for selbnsistent
calculations of the banenergy structure of crystals is described, where the ion
potential is described in thpattern of the normpreserving pseudoperttials of
BacheletHammanSchlitter and the ultr&oft pseudpotentials of Vanderbilt in the
basis of plane waves. The exchawgerelation energy is considered in the
generalization of gradient approximation (GGA) and the approximation using Habard
corrections (GGA + U). The iterative selfreement procedure aritetcalculation of
total energy and density of electronic states of structures are given. The wave
functions of the electrons werdivided in the basis of plane waves, and the
integration in thdirst Brillouin zone was carried oum the MonkhorstPackk-point
set.The laboratory technological schemesefupdor pulsed laseobtaining doping
and annealing of nanopowdecseatedon the basis of high vacuumstalltionsVUP-

5 and VUR5M with the use of the optical quantum generator20b-1: YAG: Nd-
1 .-056r 120ms, engrgyldensity gl=u r

laser ( wavelength @&
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10°1 10°W/ ¢m|] , pul se r e p e-b6Hzibeam didmeterq & & mns, y
pulse energy . = 0.35 J).

Photoluminescent studies of nanopowder oxides in gas envinbnmere
carried out on a mounted computerized installation using a dual monochromatograp
DMR-4. Excitedphotoluminescence was carried out usingtU¥E D W= B55 &

Ol max=375nm.

The third section of the dissertation is devoted to the resultslaflagons
within the density functionaltheory of the peculiarities of the formation of the
structure and electronic properties of nanostructures based on ZnO.

Character of the formation patterns of the structure and electronic properties o
small clustes (ZnO), (n = 212), of the ideal structure and doped with impurities of
3d-metals (Mn, Cu, Co) was establsihédvas found that with increasing number of
formula units in small ZnO clusters, fullerehiee structures with quadrilateral and
hexagonal faes become more energyficient than ringstructures and all atoms
hawe a coordination number equalhr e e . Wi t h nO011, t he
unstable, due to the fact that with increasing n the cluster energy can no longe
effectivelydecrease, becauammmsof Zn and O tend to form coordination spheres of
higher orders.

Next, a model of a ZrO,, nanocluster, aruncatedoctahedron, consisting of
eight hexagons and six quadrangular faces, was considered. In this model, each of tl
12 zinc atoms is surumded by three oxygen atoms (and vice versa), all 3® Zn
bonds aresp’ hybridized The lack of norhybridized and therefore less potentZm
and QO bonds ensures the existence of such nanoclusters and, accordingly, the
stability.

An analysis of the ektronic and optical properties of zinc oxide clusters with
admixture of 3d transition elements (Mn, ,Gou) for a small cluster (Zn@)was
performed andthe obtained cluster binding energy valuemdicated that the
substitution of the zinc atom by theoat of the impurity is more energy efficient than
enddedraldoping. In this case, the binding energy of clusters with impurities, as

compared with pure clusters (Zng)is increasing, indicating a higher stability of
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such molecular compounds, and the ggpagaps between the highest filled (HOMO)
and the lowest unbranched molecular orbitals (LUMO ) orbitals are reduced due tc
the pd hybridizationof the oxygen atonorbitals with the impurity atomorbitals
which also indicates the presence of large magmetdments. In the case of doping a
cluster with two impurity atoms, their antiferromagnetic ordering is observed, which
changes to ferromagnetic in the presence of defects in the cluster.

First principles studies of the structural and electronic propertiafs
nanoclusters (ZnQ)(n = 34, 60) in different geometric configurations were
performed Among them were hollow fullererlike structures and cage structures
which met the rule of six isolated quadrangles. There were also sdifalite
structures composeof structural units of (Zn®@), as well as fragnms of a bulk
crystal type of wuzite. Analysis of thetotal energy values shows that the most
energetically favorable (Zng@)nanoclusters are fulleretié&e hollow structures. In
the case of (Zn@Q) naroclusterghe most stable is the sodalite structure which is built
from seven(ZnO),, nanoclusters.

The properties of the eleotric spectrum of clusters (Zn£and (ZnO)y with
the following pointtype defects: zinc vacancy £\, oxygen vacancy (&), zinc
antisite (Zrp), and oxygen antisite (&) have been studied. The values of the
formationenergy, band gap and partial densifystatesor each of the clustersere
obtained and the influence of defects on the electronic prepedti zinc oxide
nanoclsters wagstablished. It has beeetermired thatthe most favourable defects
of the clusters structure were Zn and O vacancies

Structural and electronic properties of model singé&tled nanotubetSWNT)

ZnO ofarmchair(4, 4) andzigzag(8, 0)typeof ideal structure are investigated. It has
been found that, unlikeimilar carbon nanotubes, all investigatstucturesof zinc
oxide exhibit semiconducting propertidhe comparison of the band gaps between
nanotubes and bulk crystal ZnO showed high&resafor the nanotubes.

Theoretical studies of the influence of doping with 3d transition metal atoms
(Mn, Co, Cu) on the electron structure of singlall nanotubes of zinc oxide have

been carried outt has been determined thaire ZnO nanotubes ar@mmagnetic
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semiconductors, whildopednanotubes have large magnetic moments arising from
the hybridization ofO 2p-orbitals with thetransition metal atom8d-states The
greatest magnetic moment is manifested for nanotubes (8, 0) doped with Mn atom
(49 2 ). Alloyed nanotubes ZnO are semimetaith 100% spin polarizatiomand
with magnetic properties that do not depend on the chirality of nanotubes.
Nanostructures of zinc oxide with admixtures of 3d transition metals are promising
materials for new maggtic semiconductors that can be used in spintronic devices.

In the fourth section, the results of theoretical and experimental studies of
photoluminescence and gas sensory properties of zinc oxide nanostructures are give

First principles calculations dhe adsorption of molecules of different gases
(O,, HO, NH;, NO,, CO, CH;0H, GHgO and GHsOH) on theZn;,0;,nanoclusters
surfacehave been carried outhe adsorption character was determined in light of the
distribution of the density of electronicasés and the shape of the highest filled
molecular orbital (HOMO) and the lowest rblhed molecular orbital (LUMO) of
the adsorbate molecules. To establish the nature of adsorption, two mechanisms
charge transfer are considered: a) the charge transfeends on the relative
positioning of the HOM® and LUMGO-orbitals of the adsorbate on the density of
states of the system. In particular, if HOMO lies above the Fermi level of a pure
cluster, then the charge transfer to the adsorbed molecule occung; toarisfer of
charge between the adsorbate molecule and the ZnO cluster is determined by tt
hybridization of the HOM®and LUMOorbitals of the molecule with the electron
orbitals of the clusteit was determinedhat the molecules of 0, CO, NQ, NHs,
CH;OH, GHO and GHsOH increase the concentration of the main charge carriers
(electrons) in sensor systems, whereas molecuyleré&luce their concentration.
Adsorption of molecules causes the reduction of the band gap of nanoclusters. Th
sharpest decrsa is observed for Omolecules, and among donor molecules the
greatest impact was observed with CO and Midlecules

DFT studes of the adsorption of various gas molecules, (8,0, CO, NH,
CH;OH and GHsOH) on a surface of ZnO nanotubes were performdmk exact

orientation on the nabotube wall and the preferential binding site of the molecules
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was determined. The charge transfer from the gas molecule to the nanotube wall we
investigated in order to determine the donor or acceptor character of theulaole
adsorbates.

The regularities of the formation of the crystalline structure and
photoluminescence properties of nanostructures based on ZnO olidginmexhns of
pulselaserreactive technologgre established. The nature of the visible region of the
spectrum of photoluminescence, which is determined byntini@sic defect structure
of the material, depends on the technological parameters of obtaining nanopowdet
ZnO. Investigation of the spectra of photoluminescence of nanopowder zinc oxide ir
different gas atmospheres has made it possible to establish that the nature of the glo
is determined by itantrinsic defect structure and the appearance of adsorption
surface states.

The features of photoluminescent properties in gases of ZnO nanopowder:
including lasermodified and surfacdoped with impurities of noble metals (Au, Ag,

Pt) have been studied. The influence of laser modified and surface doping of ZnC
nanopowders with impurities of noble metals on the adsorption ability have been
studied and it &s found that there is a growth in sensory sensitivity to gases.
Established the tendency to reduce the adsorption ability of ZnO nanopowders witt
decreasing size of thenanogranuleftd O 40 nm) , whi ch ne
nanopowders with agranulari ze d O 40 & 6 04060mm.f or t h

The operation of semiconductor chemical sensor is based on transformation o
adsorption level into electronic signal corresponding to the number and type of ga:s
particles adsorbed from the environment. Tdusorbed gas particles are able to
exchange charge with extensional areas of adsorbent or interact directly witr
electrically active defects and impurities of semiconductor metallic oxides thereby
changing their electronic properties The main specifiaufeadf the designed sensor
system is registration of photoluminescence of nanopowder metallic oxide with gas
particlesadsorbed on jtinstead of record of electric signal as in the conventional gas
sensors Gas sensor properties of nanopowder metallidexxi(adsorption capacity,

speed of response, sensitivity, and selectivity) have been found, with configuratior
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and opti mal materials for recording I
luminescence record using CCD matrix with further digital analgsighe signal
obtained enables to determine gas components in analyzed environment in terms
guality and quantityTheir digital processing enables to significantly enhance the
selectivity of analysis and to define simultaneously concentrations andftypany
active gas particles adsorbed onto the surface of metallic o¥tketronic energy
levels created bywadsorbed particles allow observing individual spectral electronic
levels of adsorbed atoms, which enables them to be selectively idenfined.
algorithm and program for identification of gas components by analyzing spectral
luminescence of matrix cells have been developed and the gas sensor system built I
been established to be effective with respect to detection and analysis of gases al
gas mxes.

Keywords: zinc oxide, ZnO nanostructures, density functional theory,
pseudopotential, density of states, electronic structure, adsorption, structural defect

laser doping, gas sensor.
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W' LGS &) ydzd n o dzOMmls d o tseitisg) @ HMzOQzts ff ofs to =
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d Sy jted d3gj dzls Odz! dets”’ W'Lded Arltrsdo ([ 8
BsdzsHdnr 9o yd P’ gifh’ G'mistmd IsOdzdzv 0 ([ ' 9" 9,
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stsh 5, ttsBdwlils! yYyj?2 ®&BOLjt' Odz MftcOoH' z dz'

1.1. ulstezCskzteO® SO o &zOMisdoetsMmis® SMdHE

[CMdH vyddSk (ZnO) dzOdzj ydls! * Htslzd T & &t
M sk ¢ "¢bwhdzd Isttd StedmsOod yd' GsHdW "
i Sk ydz MbstekzClszted OMY O dzjctOR s Iz ( te dsfij .C MO«
ot gydlsk @EHdM.] Ol.detstedBOdz dzgd 2 ERse Isj ted
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fn= 0,52042(20)zd3. 1 Offtiefiyidz Cted MisOdzO ff sL dzgOYO*¥ Is.
fjtef jdzH S tedz@ HB ' f ° ¢j ¢ MOt dOd

vl 99" Hdgfilg @atlAso dIs' o' H 1,593 HB 1,6
1,633 HdY 'HjOd ds' ¢jSiMOcsdOd ds'
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¢ Md el jtaddiA). | ©O2 Bj dz" O &' H Ols BBEO M ¢ H dptsydg dC |
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3,5 LO hCOdzs® 1 t5dz' dzgc ©O.  OL 53 ts1dzj 16 ©fsdf ls ‘dz
ydqdzeCz 0, 91, Y J ftocdLotsHdIS! His ' tsdzdzts il
f sdzw tedz” Mmls LoOwWLGC " 9 ® Hfso " HO' L O B
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tcjLizd sOlssds ysets *°  dzOW o dz M o Hof{dBdswd
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©ZO2CtOh ] bLEHYjdadzy L ST jtedd3j delstsdi B &
sitste’’ WhkdSy tdOdkz ckfksddd 'L L OMlst
OfesCMdBOy' ° (GGA), hts HO' -1 d0OUF deded
o8 GydAslZ,9 1 Hdv -THWUGHE] edlsm &Y cOd sk [ 3

1.2. [dzjSktddkd MEOzSLEztO CtdmlsOd o
[SfidH yddeSbk & My bddd s Casy usyafids(2  dzC
(3437j1 L O Ij&fjtObkicd 2 K) 'L o6®dd: ]
sflsqdudedn SO @MisiflediddR, o "5 odL ZOYO' -
o' H GfltsjdjSktesdg € HB Ccjlsjttcj ddscs

o dBOEOs 5! ddhj §od StedmsOd ydeds  &OIs j
s ddylss' @BosksStdhnsOod o o) d&dCs'ls0Of d
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ZOf " aoftctseo " Hdzd S s 58 L 9 Odzj dzls dzts & L tsdzts
Ctso Odzj dzls dzts L9 O0OwWdsc ogd(tizdp) . ste& h B®O dzW f oW C
ZOf " oftotse " Hdzgd S tsds 'L dzO2 dBj dzgh 5% ¥L OB Hdadsulzy
L sdad 1 to' dzdfstg=ipO . H dptsipisaizj f @ dcdliEds @ dZ s 0B & n
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CjCMOCEdROW dsets StdhEOksQdsds’ §6B&O' &t
(A, B kO C).
VL SwdMmsOkOr 'L fikSlkktsy o¢wydlsk
o Odzj dzls dads B dztzg IsAe " 71 | ol ©BL R @z) @ ZdetsC
SteB' SOd dats’ oL O BsH' )l idzO o3¢S tdafilseCrgs frus
mMddd se” ° (tedm. 1. 2).

¥ I conduction
A t T band
<
o
we
[a)]
E, y W E,
s il7 j=1/12
>\ l'—f\ :
g 'rl : \rf Y ‘ " ; .
J“l “\ H r " ‘\: A \\‘
S : \ 9 R [Asol P valence
\ A ) ~= ,_+_ bands
A cf h) 1
i w =312
\ "- ;;f

tdf. 1.2. wfnjkO woLhjfdjdd' jdtejkdy
oveydlsk §' H of dzd o deell) € b O @ ArldAy dzts dzssOfSEL O 3t

vjstjdstdEfssod?2 OdOd L fsSOLE, ht oL
L sdafL |4 dzf C stetsdpmdzd * Hdfpddg] stk St ©  J C Mt
fd dsd lstes ] "ICHoBCWOIsdas o d tots'H Y AadigRR{ds HigE i d
HisL o Sdzj dzgfids] @B s tsydzj dzd di3d . [ Mdzs e dz2' f Ot OB
jWiClkdodd ROBJ ESdg Wyl Gdzs ZOdROd' L &

9 HBdo Odzdz? * ftotsfkzMC Odedzy (tedfm. 1. 3) .
] seWHBE tisLISOhMzo Odzdzy o Odzj ®dzd A tcy B dz.
stcd o Odzts’™ dzOkzSCBots™ HIdMCEM® . v tcOdede 7

9 HBJdoOdedz?" HdzW ' Ldedr §dzvtcdL Oy 2 Mo
9 Odzj dzlsdz' 2 tsB dzOMIs® totsL Ishoigo Lz’ A WdzQffridshrizdf' dc
fswihds v § OtOBEbicsGzhtecdas tosL h j f dzj dzdgw
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T+b

E,(T)=E/(T 9) (1.1).
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[ SMdlstsdzedz’ Pl OE d,. totg tendz® &3d o Odzj dz
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(ARPES), tjdzsejdz afns ¢8° OBMtsteBYy' 2dets’ Is
toj L sdzOdzdzse s dzj ez detsets toj dalse j d2' o fp! C s

[ HBEZOS odL dzOyj dzdzv €' dz €' Mdzd~ L dzOyYJ dz
mMa3ze dfin @pdzj 6¢Jd UL GEREYl'Y dz fojst HS da
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tdfm. 1.5. s90L' yomlsddzE seo* L sdedz’ MlstelzClIs
(ftcQoatclzy) ZnO, tcsSL On 5O Odz' 9 B 1 Or dJ Ists
(ud cotsdz dz' dz' ") [24] .

1 O0d 1g. 1.6. J6CmMmfjteddzj dzlsOdz! dz’ HOdz W
odds tetsL H' dzj degdgv a3 [ 2 5] HdzW 9o jtemndz -~ 9-0dzj
sOIsO®d IsjtstejIsdudzedr tetsL e On 2 dzC ° W, [28Fs dzdzts
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'L sdz! s Odzd n ytslsdiedSkzlsdzds® o, -O,L HH tig eishdgPd
ysslsdted ydzjy dgdzsdzgz ¢ d&zr y* 0 Cwstetslsh d2, hMts 1

dlstczCIsztc® SOD BRHE' Is* Mw L 6" HdzOdzdzw &3 yd -
LO' HdzOdzdzgw d3 dzOdzts € dzOfisjte’ © N j Misd ydzj dzdzd d3c
BkHE  Is+ fmw L ol 2fdd dizdg© ytstsf tcd € &z Is dzd dzd dz
LoOwWLCOd]) .

1 BB sts¥ o MlsOdzse dzj dzde? dzso dm 9 dZOMiIsd o
etsL Ortso Odzts - dz J dzd € Is te ts dzdz' MstezC Iskted
otsded ofm'  dz2Of " oaftctseo ' Hded C OdzdB 'L dzf et 135 & d
CtedMlsOdzOr ZnO Isdfkz ot tydlskz.

L L H'  d (o jHjdets OdOd L dz IsjtcO
flstczSskzted SO thsBdkdotsilsj?2 L sdksct M
o' L detsBOdz' Isdzd 3 ted e’ dzOdz dzgd B8 % * L d ydzd &
we, st ted MidBdz unlstcz WOW o ls o 5 ozO iy B2d 1 tdschy Is
ojdzde' 2 hdtedds L OB stotsdzj dats’ L tsdzd , dzj M ls
9 dteOy J dats® o dzOMmdatsH j W j Clsdatss MstczC skztetss |,
o zOMIsdo tsfls® dz¢ B dzj My dzels dgd sMiEO , W HOE
jdzj Stestsflsdudzd? jWjiSld, odMsCO o' HBJ:
" delsj demd o dzy § SGEdzd dzOdzdzy o BkZdz' StcOW " tsdzj Istse
fo-Ltsf esjWjCl' o.
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ltcso jJHjdets I M d3j ssH' © sH | oy Odedz? dzC
HjlkOd dats tetsL Gcdzw dgklsts d5j IstsH ' B Zdz' fdets’
it sLedzv dzzlsts d3tsy dzd @ * fyls MlsOB " dz' L o Olsd d
sCMdHdedr BOIjte' Odz' © hdzwrassdz fted2dgWislsw
BdzsC " &9 Hdzw sy dzdodea dzsodrm WOL.

[Off jCstesME " W ftesHESCIS 8 dzOL j toedats’™ — (
CdzOMisj to' B T OEaRS|EHD s tesL tORkdS d L OL o dyo?
Hdzvw o MlsOdztse dzj dzdzv f OtcOd3j Iste’ 98  Ols s d3dats
Hitsfydz' H Y j dz Hi @3t dzmistczisds@ y J di' s L jsdggdz’ to dinisias
HsMIsOIsdz! 5 Issydzdd3dd, hH 5B lsted B3OS L tsdzdz
tesLh jfdzjdgdgr E CtedMmlsOdz ydesdzz 1 tsdz' BJL
1 sCOLOdets, hts HdzZw OHJjCoOldetsets Isjstej Isd Y
O lstczC Iskzte dz0O 2 tscts sfdekjoedz) Cdpjtctisedad’ HZdats Wid
letslsy, bisttjldyuds tLttOabkzdid 'L oditst
Hdzv i dMEC st dZ2vdgdzt? dats oL O diBsSH "’ jdzj Cls
toj Lizdz! SOIsd fts9 6w L Qodedz” o3 L oz dedatis o @ tzq
Lisded SO dzgj zL etsHY J dzdief dzp € BB 08 zo Pdadlz’ Z 1l
9d ¢ sted Mmls Odadaw BJ IssHE L DA HisY' dz' dzts L O
Cdztsdz o' Sz oL O dISH" 8 B ¥y jdzj € IstetsdzOdzqd

[ " sjHcOISHB L H' d&k:
1-63.
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tdrrwf 2.
fruvfrrs¢o t 11 omugpemwsd (sed 1RSI
[JHdddEB 'L jWjClsdeodzgdms "  HRBBH' ® HB {tsh
ftesegdesL 2~ wmdedim ydtd AL d e zOMmisd o sfmis g 2 L Ofmdz
MzyoOmdedr dBjlssH 8 Isj stc] Isd ydesdztse si3tsdgQ Isizf te
L&zOoafMMlse © [ 64, 65].
L sBYyd mdzs 9 Odz' dzg' 3y ssHd sy dzOT ot

CdzOMmilsj tedz" , wC ftodL dzOyd dz HdzZw HtsMdz' HY
ydmdzs Obtsdid 9 (Bsdzj Skdzd H dz¢ zGHE e B B
wC'9otsdztsH " 8 IS Istc Odzfdzwv y' 2 dats s mMddzj Iste® * & .
LOMmMssmMtso z¥ Is H dzW Hismdz' HY J dadzW dzO dzts te t5
C dzOMmlisJ tedzd n f ' HRtSH' o, w et odiBdmlstse iz

so jteHBSEE I8' dZO, o' Hdzsmw s Mw  Ouzdzy dzH Bz’
fstcWHCEZ. 10 ftOCIsdy’ o©dB' to L tsdades’™ yd ¢
w Q sdf sd3 HBMdzZ Hdedy* $dm ©BBO" CIs’' o, Is ©¢
o ZOMlsdoatsmisy 2, fdMOddzy W dm MEEZOHO" L (
ltedtotsH dets € dzOffjls jLe@) s stk s Mw H dzw
CdzOMmMlsj e’ 9 ° Mytste’ Hdzgj dedr 2Oz yOMiIsd dets & .
o ftsMmisst Mstesets HJjto' sHdydes ( dzOff tod €
"HjOdzt desets StodMlsOdzO) , sy dz0 MW stcedizg Ols
wWeCO odittedMmlssolz’ o zOMmisdo ' Mmis fjto" sHJ
L 5 dzdets’ Isj tstc ° ‘ C ntesh j L OMstsmizoe Oda
SBz@sodzj dzgdr HJ dzsC Odz' L 59 Oded dgd j dzj HKls te 5 d:
Jd dzj 66 JIsdyds ' dzd deylls * . J disjCYlsdeds fdeds off) ls+ dg’
O dzs Mis o Cdp@rdetsflstczB ¢ d Ostsdddz® MistelzC IskztcC
CoOL BHdsodd todets® ff jto' sHdydz' Miss , slsted c
B IssH" 9, LOMdcoaOddr dO0 W stcd3lzdzt 98 Odadzv = L
U LGOHOddr " WEXtsHe@ANlssd s Gts My dzOf ' o
wednrn Mddzd oL 0O @BSH' B ) OLsROBd f§ OO
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HOdzd ~ , sO¢dr wEC ' odetso O dzO G Jjtsd3d ste’ W,
GteOIsSCd (Wtdetsdzed) . K Mard &3 HESMW e dztf 9o ¢
oS Btedmlsso zs Is! fmw H dzw BOIsjtc’ Odz' o tc’ L d
f OtcOd3j sted 9o % J o' HBd3 . J HdzOC wehis IsC
MdMmisj ©3O0 H j Bsdzmistclz® wEC' M+ daiLodyo?2 dz )
f sC dzOH Olsdmw Is' dz! ¢ dIs =0 jdighj =i tafcigrtigpfirstz’  Is(
principle ©BLKOREZAdSd. 1 Jjtc]jo OO d&ilstsH' 8 ¢L
hts otsded dzj f BUsGed B zf Gl ptdids] dzls Odz! dzd = L «
totsL cOn ZdzC ' o .

v ' sdiakz tesL H' dZ tetsL G dzv dzlz Is ¥ Js dzdigtz d
tcsL tcOrn Zaghitoaz s sH" 8, WwWC' odCttedmistsolzs Is! |

2.1. [jltsHd tLtcORkzdS " o

2.1. 1. ANStod3OS L@ ‘| Otfslg tsts ' WEdC y' s

G kzMmls d dzed

wdzW stedzgOy " W ftots J dzj € Is tc ts dzdzlz MlstezC Iskz
o zOMisd o sflsj 2 odg@Is j ¥ COdz' ® ddr- o HBEzoO OB Is:
fmMdzz ) Ols ! Isdds LO' Hdzzo Odz' degd d3 MJ e Hisa dn j d

' Hd 0TS ' EsdjSkdOL, Odj kOSCsY o' HiSs
sflsdydds = ROcdz kdzdm o d&zOMis d o sy @ ts daelzt
mdfmlsj ddd odL dZOYO® kOS' FOwOCIkjiedmisdsd,
Cjt®Rjlte’ W, ftkyd Ml 2d’, LOBYHESS O
H' jdzj Slstedyde '  BOcdz lsdz Myted? dgvlsdzd o ts
j dzj € Is tets dzdz Ms®dsd ,yjteglz, MoodL dzOYO*¥ Is+

jdzjChtesftese Hdz M, s{§lsdyds o ZOMIsdo s

sByYdMmdzs o Olsqd jdzj Clstetsdzdze flstekzSlskztelz HESL o t
o ZOMIsdotsMmisj 2 HBMA HYEZzo Oddn MmdMmlsj .

[ zZvtesL 90w L C Iz MC dzOH dzts° 9o WdAsHEPISHO jdalz jyD
LOHOY ' HoOMdHYd ' HoSHGSE0 GilH ' | Gig kst
ckfmisdded (vAayg). vEOHdYU' 2d0 Moj KO o) lssH
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Wikdly' z o dcdzwH' SH dGE s Hilsd ted3’ dzO0
sStcOC sk’ Is! Mw stsjsdgdats’, 2 d@dzjj Wej CIsd dzJ otcOAts
Blzlsd oCdzg yjdzg o© B'd2h MCEZOHd2zdr ' HRA BH
O dzj otsdzd o ddBBOGOE Is! dzOB O OIsts B ' dz' h § L
LOMistsMize Odzgdzy ' séts BjlssHlz oGyl ds' c
B Mlswis! ¢C' dz2 €O HjMWIS & Obtsdz" . ¢dz' Is
odStedMmlstsolz’ Is! MW Hozv BLELOREZER E jdjCls
B Miswils! BOGCOIs Oltsdz" 9, OSdm WwWEC o jdzd¢"
UA] BMMdseo Odz0 dzBbfmigdae S lstc®@dzdiZj?2 dad® = o d ¢
208 dzd Y j dzs teSLE BV HO' WwWC wmB& dds , kOS
odL dzOy0O' Is! mqw  j dzj d3j dzls Otc dzats © Ctsd3' e 58
fsolststes ‘' Is! Mw dzgj ME " dzyj dedets o' HY B9 ' H dzt8 SH
L d&Z2Or SH s Mw o tshdztso dzts fzf M iz EOs dattsof Adpiatsdslz
Ztd H' dzG § 60O, 9 VCtdRkBkz otwOB@aQdts OclEsHiz
WHteORRd IsO jdzj SbtesdzO3d. 10 fwOCIsdy’ H
dedL S Jtodflzh jd@ SO dzOB dzd ¥y § dz' :
IsMe &z € d&BOMdoe dz WHi O tekzmO¥Ils! v L d
dzj f jtojtoodetss L B dzss sttt tsets tofs
to' odaW dgdz" ZtejH' dz@d jtcO tetSLH' dzv¥ s dzg@ ¢
ftezn BEM' 7 Jjdzj Cltesdz o d3tsy dz@  tztingj Hefy It @AY
jdzj Stetsdz®, WwWCd?2 tkzrO'lsifw o jWjiClde
WHjte. 1 tjLikzd IsOl® tHdats] dzj S Istetsdadzz R
YyjtejL modd se’ WkdeSpy' W wCtojdBdm Jdzj ¢
10 fslsjdzy’ Odz, ,(dAQ€@H O deiip§ tecd fisls @ dg dzts i ls
V(r+t,)=V(r) (2.1)
Hi TlstcOdzmdzw y' 2 dzd2 o] CIssts.
AStod3Odz' L a3 WkdCy' sdOdzkz j dzj € Isto s dzdets’
MtsjdeB jtce O ° stsdgO, stz ' zZjBO [ 66, 67]
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] LOCOd dzsBz o difOHSE HORI2 ¥ stkdkod
SBd dzdesets ' St jdvy 2dscts fslsjdy Od o
ddgj e' s MmdMmilsj d3d .
LO®B & stsde Odz MdMmlsj &g jdzj Skesdz o L Of
HE=TFEr\E+LF, (2.2)
HJT-C " dzgj sqyudzO© j dzj to\6-' Wwiso palz) G5 R s dff wls j
U-Jjdgj tec ' W ijjdig] Cldstictisddzlzts” oL O° BsSH'
1 ZORsHd B3ts jdzj o' ¥ Mdesoe dztsc ts° fiyls Gaalx j T
GO dz/ $Hod® Gde@f dz 59 d dgg(): W 2z dzC y* W d&3qd

E=fy.Hyd’r, (2.3)
[dej e W  WikdSy' sdzOdzdg )J dzj € Is te ts dzdats
E(r)=T(r)+V(r)+E.(r)+E.(r), (2.4)
Hy odtEl)-HhiMej Hdz' 5° jdgj e’ Slkdztsdg o fy! ¢

_Lo rfn)r(ri)ys s
Eee(r)_§n4|‘%Td rd r, (25)

] 0L H A€ Stog diZvdgdz® &) L PdeHitd s B §EzdS s’
1 Bodzg "dzg' 2 fslsjdgy’ Oz WHJ te
V(r)=fu(r)r(r)dr, (2.6)
Hiv(r)- jWjiClsdoe dzed 2, of s dzy’ @ & =clssts 2S5 L & ) detc
jdzj Clstetsdz o .
1 OfmMssmMsoze yd HB yY! sets Ctsdzyj fy' o fnC
GemMlsddze By dzO L O dMOIsd dzOmMiskzy dzd &3 yd dzts c
r=abf. (2.7)
Hi ' HiEdsokzo Odzdzy " Hj 65 tsH/kzE ORS¢ g
LOMIssmMkzo Ooah d dOMiskzy d' bkdse d:
1 dzts to d3lz o Pietgctdr =1
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ToOt' Oy' ~ V@S y c'dod® v < ted) flosoues
Jdgjtcg" v 3 dz' B3ZOdz! des¥ ' HBt' odzf ' | dzf
| Hieke s’ @OGEEd "t fed ek digd s oeq
Jdzj s 2 BOd wiASte' o dzd ' j dzj oG tMdase datsE s
olE - E, i (r)d’r)=0, (2.8)
HJE - 9 dzOMdz L dzgOyJ dadgv J dzj e’ BHdSYOmsd d
) 58 Hdzz o' H Wikd y' tsdEQ OO ' dixj* Isotay dast |
C'dzj s ydaets® jdzjteg '
2
d;’(rr)z_:sz'
HOBSEZL cgtsH Y j dad 2 tesLoOWL S dzOB stc Iz LS
LOf dh j &35 dzOMiIs k2 dzd &3 ud dzts d3:

(2.9)

Z%%W‘(r”ﬁ%ds”*”lc(’)@n =B, (2.10)

Hy%:§%9153@uwwm;¢wu‘2@qz fslsjdy’ Oz BHd

[lsyi, BfdMOd kLOCOd dzj ddz® *° dzOMmiskq

A 1 0cOktjdjChtesddzd Ndhnksj B0 tsL ¢ dvH
jdzjClkiesdg o, © WwWC'2 Cwyjd jd&jSktsd &
flso stes 0 Odzats Bz ' dzgh dagd § dzj S Is to ts dzO d3q .

A At Ldyded?2 fjdefn B30 s &S, oS edB velzlzG
shdzso dzd &5 MsOdesds Mdflsj &gd .

2.1.2. [jlbsH fMmMjoutsfljdy Oz o BOL
vjtste' W ffMjoHsytlsjdy Okkz o¢OLE', hts
fsls] dzRsEPdzO L OB dzd Isd L dzOydets T filgd@@B " o 50 d
fmMjoHftslsjdy Odtsdz, hts OHjCoOldts fdhk
jdzj Stesdz’ ® E Stedfls Odz z ) tfite@sdh Qrls tdsj Q| S tS C
MOBsEZL ¢ tsH,Y jazpmy Szizj C stctsdzdz! i O dzd) Is £ & dz'
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mils O dzd fsedzdL 2 WHKGO) s© 9o Odzj dzls dz' . [
L tcORlzdzE " 8 d20O GMdatso ftedf z2h j dzdzv , h s
n' o YydetsEts Slstsyjdadey. 1 MjoHtislsjdy Odz ot

1 o tMmistseo dz' 2 tHBzOMIEZOBS A&z dalz® ¢ Iz dzts &
WHjtco sdzdgif dec Zdw dgdifs rflss L d y* W e WHJ 5]

1 H' 2fMde R~Reddz se' WEkEdSyYy' ' ' {§MmMjoHt
BdYOBd oadBOdses AtcOH' MO tMmisse OO0 ;

1 MO fMmMjoHtsy slsjdzy’ Odz ° fmdoHtsh o ddd
BOLdM" f§dtsmSdrs rodd .

L y' 2 tctsB tsls B kzax IsetOdFI WS zo O brg o
l OdzgH jteB " dz2 sO [ 68] . cS oCOLE’ dzOL 9 O, L

L dz0 y dzts G dzOH M d R fMmjoHtsneaddz sodn Wiz c
fMmjonsftlsjdy Odd, -mMEPHERsE PO [| OY) dj b
fMmMdoHBYSIs] dzy” Oadz' 9o ‘o L sCtc] BBO, Is 52 W
LBJjtejdJdede Istsydesmils’' totsL tcORlzdzS o  Slstc’ E

ltcd fsBRZHEBSE Zdz? stceOdzowW S dr tMjoHBYH S
1) fsHYZzE®OEMNMRCEME ZGa B8 2,

r ('f)=:c1"k Fac (1) W) +i?l () (2.11)

H J

rij:§(< (%M nkfj> (2.12)

Q)=ri)xt) - A), ) (2.13)
|b)T dzts € Odz! dz' Roddz so' WhkdCy" "y (r)&i" L
H'2fd2 Reddr e’ WS Wi oy e 6 tzstzb b, (
WEedzCy' "’ f§tBkHto Odz BjL oK) O Ld&te

[ dzv tslsted 3Odedzy f MjoHtroddz sodr W kd€
fjtejSCtedilslsw :
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S=1 *6} Qla){ # (2.14)

18] =l 219
wed2 LOMB dav' dzj sCOd dzd?2 Y j Okt f
1Jrlblo Odzdzy bdsse 55 @ f )-8 jo MaRd@0’ dzts 8 dsq

neddz 590  HbEMSiEZMC stttz ko fgmEiRE f

fijontnedd sorge), Wde@S S ks dzOC d&ZOH j dzO® dzd b

yir)fsL 0 B3 3 O0Bd ®@OH' MO tMistse O
gff " 9of OH' dzdgv OB dz' IszHdzdR” L dzOyj dz H'

LOBjJLYfJyk' E®kto O ttlstsetsdzOdz dzsfmils' =~ o d dz!

(FuclS| )= of (2.16)
[ " odzW dzdmj SAsdaOdY b dz kwOROWSHE §MjoHE

LOf dMmMEkze Is! & ode dzwH

HIf)e= &) (2.17)
HH fMbkdss ¢ dzj squdes’ jdzjteg' ° dzsCC
UH' fBod® jdajtecd' W jdzj Cltetsdzdats’ ' W

C

E[ot = < nk ‘eT -P\/I:;Jkn D IOﬂ < b‘Unk

+EH[ru] +E><c[ ru +c} (218)

st W' YHdzsdzdz! stcOBOWECdRe f Iy
DI = f§°rV,, (r)Q (r) (2.19)
l sBzHtsS9 O EZdzt stcOBOVWEdr HMjoHBY slsj day
O dz¢ s to d Isteitsadfids Mo dzd 2 j dzj S Is to tiscedzd s’ cts tetatsts O 7
CodeW ' cztcPylz d S@slstcd dskzs Is! j € tc O dzVacO dzqf D dzff
tcSLoOWL z8 Is! j 6" edzdzy tz@W H et dzOB tstclz o doff OH € T

BT +Vee(r) s (r) =e o) (2.20)
OB s
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(T+Vie -&)| %)=0 (2.21)
1 slIs* &3 BkzHEkzEIs! fMmMjoHBaoddz SO SO dzts¢

‘Ci>:( e-T \’(oc)‘ i>‘ (2.22)
B =(f| ¢) (2.23)
|bi>:é-(B'l)ii‘ci> (2.24)

J

AZdS|fIT HMls@o dzws st E fMjShkdvisd) ' o d

é IOn z é n
T +Voe A D) A lndh 7 EEAQ | ) b @25)
e u ei u
D=8 €Q (2.26)
10 L Oajteh j dadav i to ts diteHs'e Ig 'S to G deltsoyQ dzdztedz
fslsjdy' Oz ' dzj ZsCOd ded R Stsj%' y' * dels’ o
Vier (1) = Vi) ncdu r(r') mL ) (2.27)
=0 fArV..)Q€) (2.28)

Ly' 2 @ did MbEpdg&SY ' desmMe' rfRoddz' , tots
WkdzZCy' 2 1 &zt O BO° o dG6 dzW H:

Vulr) o8 ale, ke (2.29)
Gy
Hja(G . k)i 9 Ote" Oy 2dz’ CtsjW' y' * dzsd Bt 1 INdz@

f ZsRC ¢ gkid® o OL ' 'Y jediy GSE B Cdssted B j t6dzj

WisB 6" o f)dats oty s OlrQizO i @ Gaig) dgls @tsdzd & € ts ¢
{ " odwdzdzy (2.10) Ek BOLdM' fdsmSds 5o

(ki 1FE Ik, >- K, ASaNKK) Yy (2:30)

HJl(i:k+Gi1kj:k+Gj,q:Gi-Gi_
ulstelz ¢ Is iz t6 dzd 2 MO Wists 820 2§ dzd s © d B OL 5 s
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S“(q) =Nié expat « ») (2.31)

Hils o jCltstg fkShusstor hez®ls d & dz@o fistzk 3 dzls C
¢ sdg iy s deO B .
) slsjdzy' Oz mOwlste' w©YdMk' k! MY o' o dgv dzdz

DV, =4pe’r (r) (2.32)
19" HEJ:
v, =% r(r) (2.33)
d
H v, (q)= %. Fre v, (1), (2.34)
r(q)= %I ipcre @ r(r). (2.35)

[ B3 Gztgts j dzw y' 2 dzd 2 f tslsj dzy' Odz:
V,. = fre” m.(r). (2.36)

2.1.3. ¢ftess md sOEtt] dugv 2 dzB et dafiasls j dzy

I qwedv® Is! v d&tsy dzde di3-¢ By gziigd? dzd X5 st
Fdz COdz' dzgdds WhkdzS y' sdzOdzsds, Mistetse d d3 H dzw
ftslsjdzy’ Oz dzj oBHISERI@ . v A LOZ His' L dgw s Ist v
ydmdz odettetsdy Wistedsd y! tseéts Wlkdy' tsdzOadzlz
f OttOdj Istc’ o .

1oduO2dedds f° HRhiEdy ‘o ey @dedevin 2B s
Cotej dzw Wi fasdstgeilys O " sy® Mmistetse' Mis! ISOCEts

10 tetsf Sdetso Odzgs H S dzr €O 90t OdMsK@B. ¢ ts
1028 &z b ftetsisd?, dzOB dzd ¥ § dzdzv dzsC Odz' dz
odf OHwES Odz' dzts’ MY detsioBsO Y @& Iz, M) st Had Yizis ¢ @ geits
GeMmMlsddz® WwWodzw' ftsBtcY GHds' Hdzd2 jdzj Clste
L3 dedz’ 2 WkdeSy' ' clkzmisdda].
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1 OB dzd ) § dzdzv dzsS§ Odz! dzts® Gkmilsdded (| ocal
LOf ol sSdatso Odzgts stsdatsdyz * z j dzssd3 H dzv  adgf@2dgO
sBd3 -Caddls ] dzw y' 2 dese s WEkdeS y' sdzOdzz. [ fdzats o da
tcj] Odz! des’ jdzj CSlstesdedets’™ cGlkzMmilsdded © HOdz 2 &k
GOL Iz.

[ dzv dzOB dzd ¥ J dzdzv dzts € OdH ®As j dzwe Uz frplsdgdd2d  Wis
zOBkZH,j odcdzvHE:

Ef4p] = [ exlplp(d®r, (2.37)
HiEyl jdadtce' W Bl dgz @ Cstejdzvy’ ° dgO | dzj ¢
idzj Clstetsdedzs e s prdL £ G kMlsd dess
[ BH Q98 O dzdzW M ' dztso 5° fsdzvtedL Oy"' ’ H S
ZzsC Odz dese s MY * dzts o tensityapplipisnjated, LD c al s pi
ExP4[p]l = [ exlon, plp(r)d®r, (2.38)

sjfjtc tSesol jodeietsy 2dzd2 WEdS Y tSdzOdz  we das
p=prTp,.

1 OB dzdy j dzdz" L SDA otdzsH' ° HJS' d&z € 5RO
dz0B dzd 3 j dzdz¥ B . -C fs Uiz} dZMs\p' AP ddislzts  j OfjlddetE fij ls O g
oL O iBH "’ &ZO HJVWEBREz oicH o Gyl tc Os '] H dze
My "' oo H el uwzezp, +p.:

Evelonp] == [ p()dr [ p, [r,r +ul /ud®u (2.39)
[ B dzOfidsu dzOL d o O° 5! WS tofp Bzts Y teletzats®  H " totss | [
Ckflsd d#®s &eOfg 2 s dMmk' Is: Mw wg;

pE2A(rr +w) = p (pi (1), pu (N5 w), (2.40)
H ™ (o), ()W) i cEMisddz® | dzj Sstesdzdatse s G O
' dzzt ssYdkzO OdzOdz' Isdydz® dBtsHj dz . 1 v dz

sOCty MitcOojHddo' dOfMEzYyd 0o ddO:

fdau.n.px(r,r +u) =—1,

f d*up.(r,r +u) =0,
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hts dz2OC d&zOH O° tsB Bipdeidmisy’ dzO@ ' dzls j e Oz
wdzh d &3 dzOB dzd 3 j dade A3  H &'tsto j vy 2 detssS B o3

Jdzj Slstetsdz’ 9 ° OftwsimdBOyY' Wi GanddatizEdigradiintdzts «

approximati on) [ 71] . L -C Fiop dglt y DAz ¥ ¥ «

LOdzy ¥ dls+ dai I8' dz' k'dH ‘9’ HY jotzhnts' d didts ts iPls B @S
ECTr(M=f ¢ 2K (ry] DE)pdr (2.41)

1 ¢ tsted i lcOogiEy ¢ dzls dzd 7 f tf dsdf terOd Iis'E te tsHts O dzc
sydmdze o Ozt dzd o ff tesBIgtc OMisslsdzgs SO 2
fOORibB] &R sdy 1 slsj dyg'j Gdsdipddn ISR e e * o
B' dz' h ' s dzgjHsdZ $' o LDA, &OftedS &zOH Is
2 HEsYy" &2 O hdicdded L OB ttedz] dets’ h ' dzd dzd ,
® HOdzd = f OtcOd3j stedL Oy* 2, h 5 HiSL o tSdzw 8 Is
1 02 B ' dZ'td oy Efilic d Mistso o Odz' o MmMkzyomdz 2 o
PBE [72], w¢' LOfMksMsoksls!: v o HOd 2 b

1ted odCtstedfmlsOdzdz Haz C s s datz®n Iz d2C ' ofr
9 dzOMls d o s MlEQB2Adzd A P@e' @HAz) CSBtesdzd Zn L
4 dzj ¢ lsac®dizH dzIS dzezdf 6z A Cdpdre dzd X H @Edsy! HiIzy fz0 1 js dpds
fsmle 26O d%edslsd , -  dndf s dakhy'ls CedmipdiA dzj dz’
hdtedqudOB stetsdzj, dzt0 B @Al dzi tcc j Isd ydzj d-if tsdztsF g
[ dZ2v § SHE&OdEY ' ‘ to iftclss dzgzGRe dxdug f dadzl thdstd
fsdzv ¢ O o tfdf Afnd dz' dets S tstej dz' 59 O dac
(diztsC Odz' - ®8 Bjizdey S ld sz E® dzgs® 4 j oz’ [73)h @B Gis C
yofp wg Cdzh i dzjSQddsepidziodzls dats ¢ 5 tEtofoff o j IS fry &
o d ¢ tstcd MisilstzdaizidzO tc Is dgdtason | dzO B dzd »

[ v Ctstej Clsde' "sets sfdMmz LBERZHY J ddn
Cstej dzw y' 2dets’ JjdgjteG' ' HBHO I mw [74] ¢t

E, = ; ¥, U, (n, —n2). (2.42)

L Y’ Bdik n,eiduedEn ] dzj dz' Mls ¢ Ols slipdzs " dzOtH § tzdz

f OttO3j Ouc@ Om®ds ' *° B tridbi lso sz Ll Mw
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f sodz Mmise L O2dg¥v Ists” OBfts Y sty dy ts° tsB
L dzOy J dzdzv H dzw YoOfmlsSsots L Of tso dzgj dats”’ 5B
dzedy 2° Is+ Mw  H dzwe difj slafde' Mflsls O da’ @ ' f "  Hodh |
f stetsy dz' =~ . b Is ©dzd ' HHOdzw 8 Is! Mmw ® "' H tc
OB Stetsdzj Eats ' | dz@Udgfdtedzy y* ° @ Ol dides’ B dziscC
we jJif edyded? § OtcOd3j Istc, N Hsdz'Hfipls ‘0 tstday L tc G-
LdzOyj dz@ IsO JSMmff jtedd3d dzlsOdz! dzed- H Odzd - .
YyOfMmlsts, HdzVW ttLOrkzds &8 oditstcdMmistselzs
w gt ZzOL do O Is! ). ¢ BGCH H dgd i3d { B Isdzvy tdatzdy2 2
WEdS y' tsdzOdz B 3 LY P-paran&er,c keyangParph r eLeOff d iz
dzOMmis iz § ded df]: U d dets a3 [
EZVP[p(r)] = EFP4 + a0 (EFF — EP*) + ay (E§S — EFP*
+ELPA 4 q (ES6A — ELP4) (2.43)
H ja,=0,20,axy= 0, 7a2 =0,84.0
wdzh d2 Wkdy' sdzOdz PBEO [77] L& hk' ¢
jJdzgj tec' 6-AngOWwIse’” MY " 99  Hdzsh j dzdz’ OB YH S &b
Cstej dzw y' 2 dgz j dzgj 66" ¢ PBE

-

-

EFPE0 — ~EHF + ZE[PE 4 EPPE (2.44)

HJEFF T Istsyded 2 5B o3 dzded 2 h is&EFGT T ssEOd? dadft
WideC y' sde@fBF iEBsHs, ] dfY y' 2 ded?2 WEkEdeCy' sdzOdz PB

2.1. 4. d40O0OB@BBERzLEBH)Y | dzO' ¢ desdpj-H @O tcsL o
[ Olsted ydz jdzj i3 dzlsd MlsOlssoatsegts ¢ Od3' dz
odGedzWwH

(k 1l ) =5-d, 6 S VK K,) (2.45)

10 teLtcOntBoOdddidd §syOlsStseoaddzd ~odddz s
yY.BBUYd Mdzt 9 Odzd J dzj K, Is tddsBarigiizdedptdlz 15 ' 2izllzd\D. Is @ s Is
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Ckdztsdz oM CdvR. Yisjsyldzy ©AMsd ts8ydmdj d@ od¢
isOfk odL dOUj dzdz? “H et §slsj dzy de@eizlz
[MS  d S o wvAy WYkdHO®R) dsOd dass o O
jdzj Steisde oCtedlsjte’ 2 MOdBBSEL ¢sHY j dedz? § sd

riex Flos . [ HazO% | Odz ded R 5B yd Makzs ¥ @temtef 7 C &

MOits zL ¢ DHPE jsdpdgvdgtidcts a izgf dp® ) dzd » Ek)de@izy] df s dzts
M Jy O0dz dzd ermibk st ' ' MsgdejOtys BdskZgisdf@Eels * 2
‘s @@t OO odfts dzv H
=@ mrli+mEy, (2.46)
Hd L dzOyd dzdzv s Isd @3 mLFcOxiessy L Goei@3 jlds td
LOdzj ¥ dIls! o' H o dzOMIsd o tsmls EpRL THESHEG '~ H Mf Heas® djt
HOdz 2 toetsBlg'sa dL dgOYPdedzvL dD yppizsai’s s f s

'kj.OyY' 2, kdsets & d & LOY' °~ ' Lddy'
(@ Arrt+me2)- (@ mrrde mepe. (2.47)
10 BigfsLd fc5COLOdts Oddtstedlsd L

HisMmdz' HYdzOsEdmis | d3 digtflsdsHj=iidzic apglo 2 . 1)
Il ftesyjm MOBskzL eHYjddz? tsBYdfdzs 9 Oc
jdzj i3j dzsOtedze St ©CEk Ctod MmlsOdO:

Eo _ 1 , 4p€ Ial(G) |
V\,—Zmeak GEi.nla¢%(<3 k),?k |G| GIo

e . YA
+ G —|Gtchore G +
Q_Or ( )sae (G) —Wi San %sore (2.48)
N,b

+4 4 a4 aGkaGik), B Gk+G )g'*c)

k n=1 I's GGj

1
+tar (G G) +~ 9.
%()Q()WQ

Hjg(GK)T Ctsj W' y' “dalsd tetsL S dzOHE W bz dsiiy" 2
sBO" 5 J dzj d3j dzls@itcaigisS Is t€ tescfi3" o el dEjfdss "d Y™ © O IO
o Jjdzj d3j dzls Oteglg'i1 Y dz§ 53" 8y [ OH j dZEdze O IstsyC 59
SHdSte' Hdzd &3 dzi e Olsdo dzdd3 L OtewW H 5d3.
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Po(r) g) 2__./0
} o1 \
vKg(r) — E [ ]
! A \ /N
[-lvf +v (r)}ﬁ =cg @ -1- e
) KS P < E [}
! ¥ 7 N
p(r)=2>[4(r) A 234
2 7 3 \,
m ~
l . — '4—- .\o\.
-6 T T T T T T T T T T T T T T T T T T T T T T T T T T T
Tak 1 2 3 4 5 6 7 8 9 10 11 12 13 1
[ KichbunKﬂy] 1 BRBIte “IsjtOy’

tdB. 1 MEEGO Odctstdlsdz oL OibdSkz o tof
f st ROd Ll B @i otz sdfsad? S'H 'ljOy'
L eORdsS § o dzs’ 4 (0 @8 Bt € WPOMIs j 6O ( ZnO)

VL HOd 2g. BEEEE ‘s MY LO BjlssHEd [ oC
162

14p€ .. €7 | .._ o2

== Z &°'s 2.49

2w & |3 (2:49)

HpifOLOdjsts, wCd2 odL dzOYyO' LB yd Ml

1 sn' Hddlg ClstetsMisOIsd ydets™ ~  § ‘ddgsiB’'cpd 'y dzsoa. @dzo
o QL 53

gEW

4 W 22 P 7 5 Cisi, - g 2.50
an?HUZ',- W Ssi,ase,oazsqz | ¢ -9 (250
Icn  HAZO f tso dzfs’ J dzj tec '’ L Q O rs@'dis tds'teH
s cOd dsEt GOf kYt QI MBBwWd o L

R,+t),-R ,+) &, B . Hie-Mddjbtedyde)Bolted:
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_ lpug, _1. Mo )
§,,= —— == k) “k G &
= Wie, mfi‘ ngeaaq@ )"k G) k &) ,
p.Vscore(zGZ)
WG")

T . W_  (k 6k, Gij
_a a a aI(G Gl)fsa](G k)q-.(GIk),u S,I( I’-

k sl| nEGG] ueab

1. .Zp€ 4 |l ©)?],G,G
+a:alea a;g,,e f 6ll |é2) |ﬂ2 62 4 'Qla]b
s n G,0

n

+a ' (G) @& *“[\,"(G) ¢, 2G G ],
G,0 S

(2.4.10)

", KON AB - (BN o h

[ BHOdsE [ 90Odzr HO Hdzv dz2Off tclzy J dzdzv :

_G% 2
e L | 62G,G 2 g

ngw = 2\‘\% e 5 aZSéGtS g a2 b(G 'H.) dab H (251)
ue, , 0 G s ¢ G 4 h g

2.1.5. [jlbsHd ' dadsjctczoOdzdz" L O R o dd
i BLYBH & jdj Cltetsdadets’ ¢k mbafdap toasd s OF |
o Odzj dzls dzdyf, (1) fisls@AEBO zd & L O to] MolsdiclOO lk @y oL

r(r) :Vﬁva'” Al Ji €)fk (2.52)

n o
HWitsB O ' d3 L sdzd Nyl Qe dy dd@0® Clpls dzls dzd = L s dz.
1 jLY®fgg toj tsBydMmodzj dzdzv ) dzlsg d BOEZR (e
sydmdzs o Odz' dzd Rls 5 3@ Is teHOABY dzO B dzd Mrir)dasE 5 die tsh
oS stedmsOlsd -siihjjddez [Y7j8H]' OBOSC g ts dpR7tdd il
LOf tesyf sdzlzo Odzd d&3d IstsH d, h ts HiSL 9o sdzw & Is!
1 o' dzdze j dzOf v d2® Y Hedd® y '
v B dz htsmis' teiss Mk, dZOs dpi dsy @O dzPw 1S
MeS e dsmis® Mfjy' Od dzeds IbsysS Hdv (b
ljLrfsmjtejHds tBYdmdzj dzdzv ftetsosHddzdm: L C
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2
NSP va

r)=22 83 adalaaG, k)™ ) (2.53)
\NnT i=1  n=l T |G,

I

BG,L,K)Toa Ot Oy' 2dzg St W' y' ‘ dzls dB Gotsoif§fdas@)E &
~notRi HicsBtsS9 O IO d&hdzy G ils! MY jryl" JO=i Wdadis-¢
OCIktictzf d L O "  Hetkzf s IsteOdglmdzv y' 2 1 totst

L B sisedz- tcsBEOQ | I)) Odzr dz' 2 lsttstyde’'d 1 o' «
oL fstHdotzo des 3" tc s s fks-i5s & gL K "fEEAO dzj dz' dz
9 Cltste' © BB j todzj dgts’ TtOIsC(d. dnj B3O  tsB
odL d&OyYyddss ff sfmdz' Htse dz' Mis! yYydmj dz

==

" :w (r=12,3,...q),
2g (2.54)

HPpiy' dzf ydmds, wej odL dzOyo' ¢ dz ¢ fyl
10 HEfchRcEtsrdz0 o dqtz@Udldadn boytssE
GtsL sOh s Odzdn o L tsdz 1 to° dzdz¥ j dzO
K, =uy,b; +u,b; +ub,, (2.55)
Hp,b,bsio jClststed tBjtodzj dets’ GtOIsSd.
Lemisddzz j dzj Clstetsdeded » MisOdz @ ftoj HilsOo

N(E):Vivﬁjskd(g- E(k)), (2.56)
[y L COSfSak(E § 5° nigtssj IStsH s j stcOj
CoOHE@ddgdsisH * dzls j toff tegpistp'O) BzDo R Is ts ezt
sjlsteOjHted, HdAv othd Gdmaztelisd dz o WwDHA L d
IfmjtejHddzL SHEPFdzcOBI O Is! MW E odedvH' d& dz

Ek)=Elko)+ (k- ko)ByE(k), . (2.57)

HjkoT roddz sod2?2 oll& jlsldstdcO jwijtcddstc 6 BH f ts¢
J dzj ecf dztsh  datss |-t " WCdEs itz ts f j toj Isd dzO° Isj Istc O,
Jdzjtte' 2 9o 9o jtthddOr IIjlstcOj HBIBRCEKE)L di3lsfgls
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By dzdo' Istod odf OHCH Kcgs, L @& dasodst] OHe
L OGOdz dzj dzO Wz dzC y' v:

d

NA(E) == & AK)d(E - E(k))=%dEék'lA(k)Q(E- E(k)), (2.58)

1
N

HiQXW 1T Miskzf * dzyOls O W kzdikyt Wiz deSj 9" i RAWHNEs 5
fted2 30’ Isted OdzOdz' Isd ydz'® W tstedzd.

CCh k) CoOHEBOIydzd di3 totsLAECAOH s dg G ottatm
CoOdzlstso d di, y dsfpdrfsiei®a{2.58) sB Yyd Md#f Oz’ Odz' dzlz ¢
MlsOdz' o AK)Gliffftaxfo dzz ¢ ZMisd Hzllzz MO O ' of Otcy' Odz
fMils Ouds 8 d d3iz' dylzgt® @holz@zw o ' BB de[J. Ste O H to

2.1.6.s d&zOMmls j tc dz' BB ssHd BtsH j dzs 9 O dadaw ]
ZOdetsMistclzC Iskz te

ltesHEZGCIsdodess * " HJW odC sted fls Odatizits H dz
dzj o j &zd S d R-55 B Odels sazsn S ZOMlsjte' o, hts oL
Yy jy' Odz dzd 7 G tc Otled judzef & Is &z BS @ o st tz' WARJS Ok
50CdR ctOddyuddr bdse (dsSteod’ ¥ kdsCWd2
C &zOMlsj tedzs’ B d&OM' , "t *  wfjdazs dzd@ jiCtc
C dzOMls j odes’ | BsHj &2 . Aj 7 sdded o S EARECY, OfdH
of dzdo dOoCtdzdh dz' s¢ts CtodMlsO®LO MS ZOH O
ftesMmisy LB dz' hj dgdgy totsL o3 d3bdiss o€ wizOffidsdz’ tafO jydads
LB dz' h jdzdz" odltOkdatsimls’' Ctdfoslsjteddn to]

l esfls j otcORkzo Odzadz? o ff dzd o z H divvls s g §f tetlzW _
mMzyoOmdzdes L OoHOdy fdMmk twHbkz B" d b ¢ dzC
iWjiCk'es tj ZOCMOY' ~ SttdmsOod ydses it
HiWJjClsdedrn MlstekzCIskts, hs o ¢Cdzs yoOs Is L Otev
sOC sy OHMgeRd  Adz' § shgRf fislszed i3 § tc  ideczfipthds 610!
l Oy dzdoe " s BBdz' S HOdsEets Yddzded C O dzj L Of
" sdzded Mddz desf sdzw teded n MY sdzz €, h 5 d3
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fsdr d2® d3j ' teBLH' &z W OL, ofddddg® v
fstc’ odgv dgs dzj o j 2 S a8 MlstekzShkbktwdds L & dzO
dzOB z9o O s G' BtedH dz mMrj BB totsLtcORkzdS " ' o
BjrOde yded?2 L sdedzed?2 s dMm vy dzkiE © @oztztyg dzd g
BsHj &zv i3 fsls sy jwdgdsw, OHg CrotLsediisdz o tOR Zo Ols
vy ' 5d o twoLodlkCbk fsH' Bddn S &zOfls todz
Hisfpdz' HY o Olsd OCIsd o dz yJj dzlsted o jton sdz

fsojtendzj ©° Ced3f dzj ¢ Mmd w G f syols¢ so
COOHA L ®Is

VL CdzZOMmisjtedzdr BHjAdZVW A OdrBHWIS! "L C
CtedmMlsOdzO MdMmlsj sz tL Cdzyjotsets (Lodu
dzOdzj 3 Ols mModz" 2 ftso jten dzf ‘ Bdzdy ydd3 HTB
Hi)yd f§sfikdwtedzd?2 Hdzv Bsu§ dze 4 @®ddglb sl so st
BsH j dz' 2 By dzde tsmls’ C 9d¢tsted mlis O dzdz™

CoOdEssoats” W' Ld&d, wg LOBJ LY Jykze st o teC

1 Ofmis sz o Odadzw C dzOMmlis j todzts’ BBsSH § dzf HS
Csi3f 66 Isj tcdg fiizs OB &2V s On Zdz2¢ &2 di3sd
BJjLHBCOdGREEE VY MOBSet Wdsd] Sy tcdsets
[ dzv o dHOdzj dedz?¥ cGteOded yded-s JWJjSEI'™ 9 tisL ' to:
OlstsdB30id, ud §MjoHBOSBOKR], (Lt ysHEdgEZ"
Cedzsdz afp? € Yodzj, wWECJ BSHjds' of dzde
ftedCtets, Odzj tjLbkd sOIsd, tktedd®kdOd L od!
LOdzj ) Ols 9  H LA iz ¢ dzOmisj 0O, 26t M
BsHj dz2 Q@eOsid HE Bsted Mdzz ' daW sted3dOy' 8, C wOMs
Ostsd3' @ o9dBttOdZO §lstc’ Bdeddz yddasdz H s fi
SHjty Odz' tojLlkzdz sOIs(.

Il wCtshmls' fteds dzOHE &y O ftede jMmisd ¢ d
[ 78] H dzw " 5 dzdzd - yd - yOfpld MisOtez' of.s50 O dzj
cBLEdWHOE Is! Mw Isted ' 9ade Bsdzj SEzdzwtcded »
9C dZOHd HOdzj SH' 8 ydnmes Ckdzsdz oafmy! Cdra € tsdzk
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oBdC O Is! MW o daj j B teduded? L EOD ZdasS .
dzj | Hfyde 2 tELGOSLdES odBdSO' k! v  kOS &
(ffjoHBOB®R]) .

() IIN

(b)

tdm. 2. 2. 1JitBstedyds MEtclzCB)ztctn & da@dgdsy
G' HicsG jdzg' Lsoa Odz fdzwtcde o jtende ZnO, (d)

v fiyw 9C0OLOdRO MdkO] EEBMsBltdg o ' Hists
jdzj Ctetsdaj 2 stcOdz dzgsfyls' . | dzv o tOR ko Odada?
BEHE 5! MW M jy' Od dz@ RBdztsy ddz® L Otew H Y j dz
LOBS dzzls' 2 5o jtends zOo Ctsdzts § zOMlsjte@, f
y“ ' yOmisddzd StedlsOdz.

Uit BO I ZERO daj &syj BlRlsd LOMssmEe (
Hs ' HSdR CSttdmlsOd o ' SCd&OfMmlsjte' o. [l
fMls®° Ctdbsddbzdsd ' djLOdjyds o' H ket
sBtc' L @dsdpf)dzd® ©WH MO’ daj MS " deyj deded d5. )
f dzsMSdr fodd sybkls! fsosHdlsdmw Hdw
fjte' sHdudedr Mk jeCtd tes. wbkfjtisd ©¢
f5COL 0Ok@3.dz0 tod .

sl jeCEd ©6 0O dsisiglodlszg 2+ jSBjdEOdnls s * H j Od
My jeCtd Sk dzOC &ZOHOs 5! v § jt' sHJYdz
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BOCOSBtOL ot folststes Is! v, LOfsode "’ o
y' ' ftduydded Jjdgjtec’ W, WwWCO 2H] dz®ls ¢ ededdl
jdzjtec' v CtdMmlsOdkO L GHddduyddd HjWjSiktsd
C'dz ¢ My fite BHUdes fmolststes o Odedn HJ W

{dB. 3. ufojBOdUuRO ' & MsteOy' v &sHjd @
(90COdN ") o SwdfbOd . ol tdSaaikE yigSdas 4 tofjxd
dz' dz° v Bq

[Hd&OC, wehw oCdsydlsd o fMbkfjtssd t
"HjOd desets SwdMmsOdkz, Ikt yYj HGLosddls:
Hj%jClkodd o Mk Hd 7 C6& ©EOR, ° HIEI
L JLOdzjy d fiplsio HEsHdEO G jtejo  tedlsd N dzw At
] jteSesd ©¢d ' HsBdo O ydm' LB' ydshls' |

2. 1.7. J[fflsddBd LOYy' w tc' adetso Oy dets’™ G |

vdteddstidsd &z’ L Oy W sL dzZ0yo* d3' dz' Wd deSOuY

1 O HOdzdzw tSflsdd3’ L OWw "W " uQfnc - o dHdsdfrdD EHIS|! J
tctsL tesB ¢ On .

1" H tfkddi LOy' ‘¥ GGjtsdi e’ ’ tesL Zd3" ¥ |

stsBlsts C BtStcH@DOE R Of dh ERizEID di3d dghdzO yd3 dzizs o dzts
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ddzgj o' 'to) AOL @y 2 dzts dstf Is D dgc s @ Is d3 iz cig) G oy j disd
fsdzv c O o WdaOE S t¢ dzdizsdz@20stc O3 jhis ey’ 2 € d -
MstezC sztdnlske@ C @A stc’ d3 dsjstEdg] Is sy B s iEtE)E
f 5y OlsBtudf fidz¥ o @dn fdpdet d3fs dals © & ezt wzCet’

[fIsddiB LOyYy' v @ j sdjugus'd frHsEalzeCtdsdzms'lz  adzfo d
J dzj tog ' o' dz desdzdz MmisOdz' . 10 M BEBHI
sfdtsodddy it StRfdsilsjtedetsets JECMY Jjtedd
(BOGOItstcOL sosliidz) BBYdMdzj &2 ~roddz st
MstczC sktedzd n  OtcOBj ste” 9 SOC, htsB HGMWE
f so dats”’ d dzj oG '’ dzOdets d Mis jJ d3d . l Ote" Oy w
teSL tcOn zdzsC J dzj t6G " ftcd ftyolkStse 2 (L (
CGteOH ' ‘' dzls©® jdzjtee ' J tornodz H QdsIs?) ddsits Qdz dztf 5o j
dzsodrn MlstckzClskztcdzedr OO Iste” © ( dzeso t5° I
GtcOH' ‘“ dzsd IO/ OBt ¢ Jj MM Odg, ‘ fjtedo' €
sfisddz" LOy" ° (tedm. 2. 4) .

{bted 3OdZ0 o ABH' sflsd& @y’ ( sffyletddz €
Gjtshigjlste’" v) M C o' dzt desdzz fls O dz'
"H]jOdz descigz cOL ', Htd Isj B jtcOlskzte' OBMiES
hts fted OBMtsdzt Isdesds dzzdz' W HtCO Oltsdy o L
Cedzdo,Odzd ) HtocdL o BHWIS! HIS Istscets, hts toj O
Cklsd) Gy kls! HJjhI o ' Hto' Ldwe s v o' H Ml
zO0 11 .

L B' dz M tsfls’ odfoOHE 8 BYflsddz" L OYy' v 64
3" dz' Zlz 3z . ltoslsp € Or HYiwtS g jFH kotaff Ostf Isd d3' L ©
fcdotsHdlsd HE " dhdr Isdf' o MmMlsOy' tsdzOtcdzd n
OBt WwsCOdz dzsegts d306¢ Md A3z d3kz . ltod yddetss vy

sdf ©On MlsOy' sdzOtcdzd n Istsyts S Histe' o dz¥ d
sfddz' LOYy" . 1 dOmd Hts¢ Y’ tscets, Hdzw  ff s d
f' ' mMdzw sflddk LOy' ' cEijtikRilte’ ™ o L dO2H] d

L EOREdsS ¢ jMmif' OO ' Stdde Od ddi YOl
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9 Bflkdd LtsoOdz BHdgBtc@REBEZI] C" dzr €O BkWwo dzd
sflsdd3" L Oy"' &, odCtstedMmlstsoa z¥ yd dzts o Iz i sy
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jSMijted i) dzs Oz dz®@ ' dz¥ steBOY" dg' ffls i CdizOdio
CdzOMmisj to, dDIstdZdpOAEO L H-BYf FRsEsERE] BOM ot
OBdkzvwy" " ZnO [ 45].

] etsldsisydesl MY j tod d3j dzls Odz! dzg' H O dz' ftots OI
sCMdukz yddeCkz fjtcjoOydess o' Himkzlsdz |, h s s

jWils' 8 E HGMd HyEZzoOddr MsttkSlktOn.
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1 © ! sétsHdz h dg' 2 H j dg dzJj " Mmdzlz Is =

fls OB ' dz detsfls" GOds S O jt' & L ABOE' Y
[ dzdo "' Miss ydr &Oc' ydedr dzOdetsS d&zOMlsj ts
Bisdzj Cdzvtedes’ , § ®EW' cCz'toOfys s HO' o d B Od

o' Hftse' HO* LOS ' deyjdedds ¢ jtsdsj Isted yded oz W
flstezSskzte® € kzOMIsjtt® &BO' Bllsd W &6 KREE QG §
LO BO' s MisOB' dz' dzgdn Oltsddzdn StsdzV ' ¢zt
VL Mot 2 tBBIZS JodsSute fftatfflstazz©  dzOfls
BsHJ dzl . 5 zAMEQ s (e OB OB J tcd 1-Mdz] ¢ ktc " BOYHts
ZOL jtedzs® OBV yY'  MSEZOHOEIs: fqw L € tndeyj dz
12, m= 1, 2, 3.m31(Ze0)g?2 Htate 22 (nO)gls © Istej Is
h Om=3(Zn0)gs. HIstolz C Isdz'tc OH o ZNAX spasfyj 6 Zmdge  (
I'" " Hftse ' HdasSsteZ OB)soQ (Z00kdh GNO)os - vsOCddz u
BOI j B3OIsdydzd?2 tavwH 12 tswigizedzd?  sh dicj dz' fls-
My sMisjte’ cOlsd ktodigPml . iyf)J.Clsted sd3d Isted ydats
ftcjHMIsOodzj dgd?2 W EC dzOB ' tc BOGCOItsctceOdzd ¢ " o
ysslsdted S lsdzd € O3d L OB Ml (l,1)fGH (28,0663l ddd) S * lots
[ dzv o dL dzOyj dzdzy dzg@2B " dz' b flsddpr df dizBf |
(ZnO)s ' ( &BEGYZS L cdvdkzlsts ddLSEz 'Lsdkjs
fstotsy dzgd Mils® Wkdzjtej detsf sH' Bdz® MbstekzSlskzted
LOHBo sz dgv dzd HtwOQoaddzes " jMilsd ‘Lisdz 59 Oc
{fsBEzHBO Odz CO@ls'S Ofyitzic 2 QOER; Is(OZ N FE(ZDP)s.
[ Odz'  totsLicsaf®ulEd B dz fMistckzSIskzted MS &zOH | dz
(ZnO)2 O B @ M6 WjtdsQlE’ d3 dzlsflztste isO ¢ to d fi) lsyfdidzz  Is(dtdfc
3.163.17) [104].
(v GOy detsets C d&zOMlsjteO RBLZ@RP Wi tots p 15 €,
{00k L so Odz' o &zOMisdo tsfls’ L tsdedets’ flstst
L OB dd Yy 3.5 d&Oo jHJ dz G Jj sd3j Is tesdspdz'
(ZnO)o. | tsded oS dzs yOslk: o MmjiBj & dz BOd dg
LOWLE 9 ObtsdBOBd yddlbkz Lkt HOE | dez "g Mg
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o' Hftseo ' Hdzts, H' O3 ste C zOMIsjte' 9, IO H' Ot
hiMmsdSElsded S Orn. [ dzv of' 7 C dzOMiIsj d'Wvad§ 3O
OlstsdzOdd Zn * O o' Hite HO' M dz@ dz' 2 . G to(
rdzv L dzOyjdz2 SCEIO BB oMlsOdetso ddzd, H s d3d
B' dzt h' LdzOyj dzdz? o Hytseo®  HOB IS4 Olss®ROA3 yc

tdfm. 3.16. uwlttkSlkizteds? HBSHj d' 242028 dz h

v IkOBddY' 3.6 HBHOdS L dOyj ddz" ftso
sHdddwdy Ctydtes ' LRjttO, Jjdjtec' 8 L 9o
sHdded Yy , o' L dzd ys L dzOy 4 dz f o dats’ 4 dzj to
CdzOMmilsj O L ZzO02 osj dgh dd3 L dzOyj dedgW 53 IsO b
C ZOMls j 6O. ¢ &zOd' L L dzOyj dz' j dpjotg dgjcls d y dftss oo
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odtf OHSC 2 dzOdats CaezO M Is jWidZ daj to(j ZdpsA)sH tsB dz'  ff Sict
sO¢ " MstczC skzted, wog e L OHtso tsdz! dgw & Is i tc
Bdzd L' ¢ LO Ld&Oyjddzv dz jdzi e’ LoOwWLClz.
Jdzj @ OWL C B dydalse SsBC tedfifls O&lz j4n @zO0( W stcd3lz dz
ydtejL ofdzde ftceojtendzjodma JWJjClIls' 0.

1 " HIso jJtoHY jdzdzv &3 o dh s’ MilsOB " dz! detsfls’ y
sOSCtsy B ' dzh odMmtsC’ L dzOyj dedz" M dtedded L Or
Bsdzj € &z d® EeZsls Odzdzée ( HOMO) ' 202 dzd Y ytss ¢
steB ' IsOdzdz# (LUJf [), tME'  d ¢d LOC' ¢ dzOMmlsj

(ZNO)os (ZnO)ow (0 & teflp )
tdf. 3.17. ulbik&ls't il O st daf 2@ M | t



14 BB sedyds
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v OB dzd yw
f Ot O Is te s, B0 dgtsgFndB) M ls § to

3

3

wL sddd, | bk|d, | Ek/ D, |U, EkE ysU, & n
Cklsdzd (¢ € Izls dzd ¢ Cklsdzd ¢ Q¢ EIsdzd €
113,612
(ZnO)sy | 1,9451,984 | 1,8861,984 | 14,827 84,76191,%0
132,058
117,331
(ZNO)3y, 1,9381,994 | 1,8811,994 | 13,013| 85,31593,708
122,628
107,145
(ZnO)4y | 1,9381,992 | 1,9121,992 | 13,018| 84,79193,952
128,283
(ZnO)go. 106,583
1,9312,284 | 1,8842,284 | 15,659 83,92797,183
sodalite 130,913
109,977
(ZnO)oy | 19631,968 | 1,8961,968 | 16,342 85,78292,117
120,871
110,16%
(4 [0) Y 1,9641,970 | 1,8901,970 |16,112| 85,62292,846
129,060
v OB odzd yw
1 20y dzdzv § Soels J ez & [, LhEPWJ &Rz L[ OB G ipHsdl dzfs
dzO dzts € dzOMis jsse”™ © ( Zn O)
wits dSJ te Etotaly QDE/ Zn EL ézno; Eg, e Eg, € |
el el (GGA) (GGA+U)
(ZNO)yn -50461,66 0 -6,764 2,275 5,63
(ZNOky4s -50461,64 0,02 -6,748 2,151 5,27
(ZnOksc -50461,62 0,04 -6,724 2,048 4,87
(ZNOkaw -50461,54 0,12 -6,645 1,124 3,74
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wjtojH MBSl cdvH' 9SS d&OHj ddE: ¢ &Of
odwoeddzdfm! oRSHYGHE o' HHOM &' Y Lbods M da t
B' dz hddsd, IstsBlts odizlste' h dz' sh Otese' oL O' C

e S 3745 .

—— 25053 —— #5922

THOMO —Y—  -6.020

tdm. 3.18. HOMO IsO LUMO t' 9adzg & dzO

10 tdfl9. 3 ftcjHimOo dzj dz f Otey' Odz' dg'
SteB ' IsOdz! dzad = St Sdzj dzls” o H dgt dz¥ 59 @izg Hzls de
(Ldz 9 0) ‘ Ltsded ftotseo ' HddatsMis” (f 0o stclz y
jdzgj e jIsdydzs 27 .s@BAZ@MI" ] dfj ©dzGHinEZsls difiplaigzdz'Le 3

pBlsOdz @ O.-438ded & % 1 WHKEOGEH H-HHOdzL o 2
IsOC t5y . o3j dzgh sdzdz €' dz¢ € ' pn'dztsdiids Oflglf b 9 oZ nH. d
fteso " Hdesils® , L ' dzZhtsets BSCE, 9o 5B dZOshIs'
lsOdz op' ZMIs OB 9o ECMdaej dzlz.

v odf OHC E dz0 dzts §oda®dn Is jifte "Hals o j & dDdzd h
MisOB " dzt dgd dsd MJjtejH dedrm ° MbstelkzCIlskzted Isd |
O dats § dzOMls juts( 8 M Zn®D)20) L' M dz dzed &g
(OB dz. B @Y’ v3. 1, Bbkds §c6O0L Qdts,' L OEzdQd
odqweddzOmw HEXYJ MlsOB' dz dzgd s o § tstc’ o dzv d
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(ZnO),, sO Bzt odmkzdzzlsts fHtedf zh j dadav , h ts
BEZH' o jdz detséts BdzsCz HdzWw tefplso stej dzdz?" Zn O ¢
) \ s p d Zn s p d Zn
e M
@] 0]
6)/\
s
;. B) Zn Zn
2 | L
2o o o
E
=
Q)A /“U Y |
-7 -6 -5 E-f[epriﬂ-,seB -2 1 0 1 EHep]"iH,SCB 4 5
tdm. 3.19. (6LYH dzd § Otty' Odz' des’ ckfyls
ftotso ' Hdatsfls® ( MY 6 &ZAksa & @PENOU. (" @ (20O Fd(H.
v OB dzd yw 3
] 20Oy dedzv  f Sogats’ J gedele it [, LhEPW] dids dzf QEsE Lt
Eq, HzW dzOdetsC dz@fmisjte’ © ( ZnO)
wL sd3d Eotan J | E/ Zn E KnO, Eg, e , e
e J el (GGA) (GGA+U)
(ZnOgo s -50461,744 0 -6,847 1,93 4,69
(ZnOko.a -50461,734 0,01 -6,836 2,184 5,308
(ZnOkos -50461,732 0,012 -6,835 2,42 5,83
(ZNOkow -50461,699 0,045 -6,802 0,982 3,36
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el HOMO — -5.838 — -5.905 —  -5.830

tdm. 3.20. HOMO IsO LUMO t' odz & d&zO

1 OfMszf detste & MfdmMekz MlsOB' dz' dzgdr Mistclz
CdzOMls j @ ', MMSAdEY ISLtcOH o tCdz! dgv ° f tc Qo d dzts
dlstclzCIszZwe®O WY d Es'HIgedzdzs € dzOH j dz2dr tHJdz o
(ZnOh, ( 4mQ@)" o ddazOfm!  dj dz" MsOs ' dzt Gels® d20O
Wistcdslzdz! dzz tsH decaiE@ 0, 2 X3  jdd") .

1 © tcd M. 3.21 ftcj HMIsOo dzj dz f Otey’' O
SteB ' ISOdz dzd rn € s BY tsdi) diAisC drO f Isigiutal® ts(p Ay )dzls dz!
(Ldz" 90) Ldzd ftotseo ' HdzsMlis® (ftcOo stolzy)
MlsOdzed Olstsdz" © Zn, CteOW ' €~ -iiislOdz’ bV Ols s
o OHC 2 ¢ dzQdndssjLtdf tsoH ' (dZfn Q)OO tc y 'OQzlz o dzts °  f dSf) I8
(ZnOy.
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AN I

VI

PDOS, a.u.
<
PDOS, a.u
<

-5 -2 -1 0 1 5

~
'
>

-4 -3 3
Energy, eV Energy, eV

tdf. 3.21. 10ty' OHtzdz o O trjiizkidsts( LivE @d®)oe,
ftose ' Hdsfls' ( MfcOZA) HdY dOdsS &ZOMmisj ' o (

33l fdzdeo HIWJjCIs' & dgO Jjdzj Slstetsdzdzs’ o dzOMm!

sff syoOlsCkz & tetsLcdzv dzj A3t b ddzPeo W &A@
of StcWHC Lo Odzdz? b HEOBCsodr § dzOMmisj tcOR

1 fydzw o do yd dzdav Bsy dzd o sfls 99 J HJ dzdz
cBLtcOnzo Odzd d3OGdz Isdzgz tsBd3 dzdzgz oL O d3gtsH

odoyj dedg? BB R dedes’ 9L O BsH' W g2 @b
HoO 'Bdz® o CdkOMmibsjt' (tedfm. 3.22).
[ BLEBOREdSd jdjte' ' OdsdfOowOd| d dsd:t

oftsWHC o Odzdgw MY " d2 © Hotsma HEGA hCtseodnm
Is j , hts BB dzadzO oL O dBsH" W EMm" 7 HHEsh Ct
( An]) .
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tdB. 22. [flddi Lo OdzO (ZiOtalC sz @O S OISt
Ol &OBd Mn.

vddz dzj Bjdh g, ° JEMYjtedd3j dadsOdz dz'
JiesBOGde sdL d3 k2 dOdshistckzSskztcOr ZI10 1L
Oydzdoez twdz! LOYMISOB j toesdBOGcdzj sdL &3z o- 10O
90Olsd HJWJjCIsd. t "L dg sdfd o dzOMmdzd~ HJ W,
LOR M jdzdgv) BRdzd odL dzOyj dz' L HJ B[13&8139s¢G 5

10 thdtse f4tehsfteddzyd dzed & fn) Idc@sdzttcoCR jlzads
9 0¢0Odem* ° Zn [ ° dgO2B"  dz2h OCIEZzOWM dad d
Htsfpdz' HY jdzadgv HBR hEBseadnm CdOMIsjte @ "Lt
1 © todfm. 3.23. ftcj HMIsOo dzj dets to' L dad y*
J esdBOcdz Isdetst € tsdaW ‘LG H@AYWO &' SCdde@thyfls MO
O k& t'Lddr LOWHtsoadnr MisOdzOR. [ L tcOR zd
OBts O), wC¢' twLIsOhsakels! Mw HYoBdzdLEz {§ Ot
o' HiMkzIlsdztsMmls HJWJCIs' o 2 HBd MPCadsdizzl ¢
ftcdotsHdIs! HB W kBd@BOcdz Isdzsets o f SteWHE EZ9 C

VL o9dfOHCE CdOMjttO® 'L 90C0OdMm" ‘¥ Zn
ftcdosHdlIs! sOC sy MIlsOek. H jJJWOIelsldsz o' LH L dzO g Y
o i OHCOR HBHR PCO 1[] fHjttjBlzOo O 2 odQ@Rizj d
WOSCIsttetsdy H dzw MlsOB " dz' L Oy °’ ¥WJtesdsOc dz' |
f "  Hiso joHy 2’ Is! mMw {tod L ¢ dljHdz) CtdsEasids ' dr
Mn E CdzOMmisjte’" "L 90C0dzm1'  efldzC B. P4L P

==

S

==
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sd&zOMIsj tc B Jj L soddEfid

sdgfilc 2° L 9 @Qﬂ@)dﬁf&u ‘e "4n 9 O¢

b 0125 T T T T T 0125 T T T T T T T T T T
] 0,5 E
—~ 0,204 4 0,204
— 0,44 —
Z |
— 0,154 - 0,154
N 0,34
0,104 0,10+ 0,24
:“ 0,05- 0,05 0,14
= E
— 0,0
w 0,00 0,004
1-0,1
0,054 0,05+ ]
1-0,2
-0,10 -0,10 :
2 1 0 1 2 2 -1 0 1 2 2 -1 0 1 2

106WHBe 2 fMlOdz S &zOMmlsj tcO®

td®. 23. ' Lddyw jdgsttc (20 AQdes d'f OBOYdz dz' dat
HEdB hCsodn Oltd O Mhp § dE@MPESidE O (BA 1o d&dzj )
fiots % jteskOcd sdd?2 (Odsdijtskocd sdd2) Ml

(o3}

N
1

N
1

|l Mmisd dzO Mmlis ©dz'
o

td®. 24. it sLftsH' dz f Otcy' Odis taigts ' Is Ocdizj fiRls dMiad A
Zn110Mn.
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10y d dits, hts E odigkg @Qzlsdlz’ Min L sz MB ' des iR
dzj L O2dgv Isd iz, IstsH® WwWC MlsOded 'L M " detsdz ¢

103 ftosOdzOdz' L tso Odzs IsOC 5y o ff dzd o 9
Jdzj Ctosdzdzse s MY j Slstclz  ZdPhse ' YdgilFE) dpO daeEde
tetsB sls Bzdzs totsLedzw dzgkzlss IssysSso Hzd W 4 ©
9 OC Odzf" W) ¢C d ipddls dloMz L dzts o d 20) H pWj ©Oldzls tf f tzf tzts
CdMmds,) (O ' Ldzdn BJfOr " LB @ ¢HBREON
(tedfm.tcd3.253. 26) .

{dB. 25. [flsddi Lo Odz f@e@MzSis ze'dL daPdgph S ke
HjWjSlsodkd

[dv Cwydsets §dzOMmlsjtelk Bbds fso jH,j

fesOdzOd' L 5o Odgts ~ Rdzs  j dzj S st ts dzeiias tofj lsiAe S 1B

jdzj e’ jYdzjrSHisdieslidasd o S Sted Mls Odets Wl dzS Yy

[dzjtee' 5 Wtdkzo Odzdz H W J Cls'188] 5B yd f)dze
Ef — Eéef _ gideal _ Y An (3.6)
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Hji dgz d3j ez to' L detvm if e L RSB’ o, ' dz C s
HjWjiSlkdzss IsOdal Hg DEQuEY dif s dzd2 § lsj dzy' C

ftod S &OHE, WwWChis HjWjClsd ‘° ©0COd' W, |
"HjOd des’ MdMmisj B jdzjtec's HOMSEt Obfsc
COSd. [dajted’ ’ Wittdkzo Gde@ir ez &d HiEY j § 5t

b kOBdZJYyw=s 3.8 IO 3.9 dOo jHJ d& L dzC
L dzO0ydJ dzdzv h d ted dzd L OB Stetsdzj dzts” L t5 dzd a3’
J dzj Clstetsdedzd di3d Mils OdzO B H dz"( &BAdes ¢ zOMis j o' &

1 dyu L dzOyJ dzdz" J dzj oG J lsldM@ets(Ey) " H dzyf
ZOdes ¢ &ZOMIs jzfsls® (£ NO) IssyYs so d dizd HjWJjGSlsO
HSHOLSCtsoddid Jjdzgjteejlsdydedddd MlsOdzOdzd o L
sf dMod dzdy uJ .

{dB.26. [flsdd Lo Odz fida@gSis ztedL daPdip S Kk
HjW%jClsOddgd



1 dzOy j dzdaw
OdzZsdo zL dztso sG s

J daj oG "’
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v OB dzd yw 3
W sted3zg ©@zdas ¢ B € Ddzn ' V
Hioff | BOEZOdp dzS L Ba e i) HJ W §

Ef

e |

wL sd3y

Vo

ZNo

(ZnOkaa

5,20

5,09

8,75

9,16

(Zn 0)34,3

5,07

4,93

8,51

8,87

(ZnOkac

491

4,80

8,35

8,74

(ZnOXos

5,52

4,89

9,33

9,60

(ZnO)son

5,38

4,78

9,15

9,25

(ZnO)sos

5,31

4,71

8,97

9,08

1 dzO Y J dazdz”

(Zn0)eo

v OB dzd yw 3

wL tsd3

“hj Od
flstskz ¢

VZn

ZNo

OZn

(Zn 0)34-A

3,91

1,86

2,30

1,426

2,184

(ZNO)sp

3,72

1,74

2,13

1,238

1,951

(ZnO)ssc

3,58

1,64

1,99

1,084

1,708

(ZnO)sos

3,32

1,63

2,05

1,314

1,882

(ZnO)e(}A

3,78

1,82

2,26

1,627

2,041

(ZnO)e(}B

4,15

1,95

2,39

1,967

2,358

1 OC Odzfy™ w
L OB BStetsdz) dz' 2

L sdz

fsBdzdL 2
OSyJjtilsstedzz ftso jH" dgf Iz

HOMzG 1S

d dzj 6G j Isd ytzd MOM H dzef dzdzO Hz@ M @@ M Is |

yd dzC & s ejsods yOfsS so s |
o j toh d dzd
Hj%jChk E

9 Od
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Fi%iVelso stes* HoO OCYjfltteddn to' o dz
L jdjc wasd 4 RQfEe w@s.2 ljdlkt' Bds o' HL
BO° dzO2dzdy Uk Jjdzjtec' ¥ Wisttdkze Odzdzy Mj teg H
Cd 827 ftcj HiNlsOo dzj &z § Otey' Odz' dz & kzfls d dad
MlstezClskted 5O dzOdsS dzOMmisj e’ o J dzd CojO S 1Oakm"
b R MlsOd' @ yddeSk o B' S 00dzj desdets’ L tsd
hts 90COd' v yddeSlk ' cddesCdd OCyjflstt
L ' Ldddisd fsyOkSsoddd bkdso Odd, o' HBEOC

11
M T T L N ' I_'A 1 v
v ! T _l‘qu T

5

3]
7]
O
Q
o i y T y P —
Os
states
— | I | T
T T—!'.‘Al_
0 2 4 6 8
Energy, eV Energy,eV

{ d B27.) Otey' Odz dz' j Tliztetisdidiaf{n j figds O dz'(ZDO) IS € It
(ZnOko( Ww) ¢' HjOd dzs’ & MhstekSlsbkted ( ystdO S tod

]l ©OC Odziy" W ¢ d fdes BO H ts dzts te dzd 2 -~ Ot O
Wistcdslzo Odzgdzy MjtejH EM' R HJWJCls' otoH'ts das it dz
cdzdBeCd?2 BHdts] dzi Ctetsdzgdzd?2 MlsOdz dzO 1, 5
odfOHCEZ BdHOBR o dH' ' 828deOdzts & gz s f ®tcay. O
mMisOdz o RO dets € dzOMis j o' o C' HJjOdz dets” &€ Miste
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Cdfdzs . 1 53 Isdethls Qg o jCdzfifydze2 o o Odzj dzls dzkz

dzOh odMmdeso ¢ Htets Isj, hts 90COdzm" v ydo
' HLdOuydIlsd hHhts 90C0Odzm" ° C d fndzs sO ydd
s &5 dzj Mud ey k odudds 2 uOMmisddz i Clist
I E Znssates]| [ [

[2n d states]| [zn d states)|

PDOS, a.u.
PDOS, a.u.

[Opstates|

I T
O pstates]

-10 -8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6
Energy, eV Energy, eV

{ B28.) Otey' Odz dz' & s figkzd &zd s @S b (Zn@E) dzrlg dzasig
(ZnOko (WW) ¢ HjOd des’ @ MlstekSlsbkted (ysttdO § &
Ctedo O) .

dbdalsdozL dztso d2 i jyYj SHisj Wy ddeC ElstczC skzted,
LdZORBHdI Mw E eokLd SCdmdz. | ©@dzd2 dad &Wzp
Hsdztstedz to' odz’ E Ltsdedz 2 MlstckzCIskte’ dzOdzs!

Bsyj bcOClskzo Olsdm! W {5 HdOdzdzw € d M
1" dzw ftetseo jHjdedzy SHIsdd3 L Oy" G i3 st
ftodBdzdL dzgsHdz® 200 dz@ D e . L dg BEts G dzd B E
Ld&ZOr sHdIs! Mw dedyyd MdtedHdded L OB ttetsdzj dzts
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W stodszo Odgdz? HOded2 HJWjiSls * HEY] t© HE'
of zdokz &O Gfldydy o &zOMisdo tsMI8.29 daB® gztn §
f Otey' Odz' &z cGhkfylsdded | dzj Stetsdzdzd n fls Odz' o
ROds S ZOMisjte' © L OdzsdobkzL dztsodd3 HjWjSlstsds

I :Q Znssaes]| 1] @

PDOS, a.u.
PDOS, a.u.

Os
states

Os
states

-0 8 6 -4 2 o0 2 4 8 8 -0 -8 € 4 -2 0 2 4 B
Energy, eV Energy, eV

t d 8329.1 Otey’' Odz' dz' ckmisdded J dzj € Is @eOdadedul) sl
(ZNO)o ( WW) ¢ " HJjOdz! dzesOe SYPYFERY SO L ( PEdsdE o 2 L dzt
(UdtcotsdzO Ctedo O) .

I MisOdzdz' &3 L. HtsMdzZ HYEZo Odzdr HJW jCIs' o
Obtsds SdMmdzs tetsL sOh s Odzd2 bk okL dz £dOMls,
odMmMClkz jdjteeg 8 Whtoedidzo Odzdz"QSC Ygd siglcazaf s
Jdzijtee" " wdsd 1,5 41 IsO© 1,9 jl, o ' HYiBse' HOU
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