NORTHWESTERN UNIVERSITY

Colloidal Superionics

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Chemistry

By

Yange Lin (/%)

EVANSTON, ILLINOIS

July 2023



© Copyright by Yange Lin (#fEX) 2023

All Rights Reserved



Loogooog

Colloidal Superionics

Yange Lin  (#K}EX)

This dissertation focuses on the study of the superionic state in multicomponent sys-
tems, where the smaller component exhibits delocalization and mobility while still main-
taining system compactness through component attractions. Superionic behavior is widely
observed in various systems and plays a crucial role in ceramic superionic conductors,
which offer high ion conductivities comparable to liquid electrolytes while ensuring en-
hanced safety. Consequently, comprehending the superionic state and effectively control-
ling the superionic transition hold both scientific and practical significance, particularly
in the development of solid-state batteries. Recent advancements have revealed superi-
onic behaviors in nanoparticle assemblies with asymmetric size, thereby expanding the
scope of nanoparticle engineering and proposing colloidal assemblies as potential models
for investigating the superionic state. This dissertation employs computer simulations
to explore the superionic state in a binary colloidal crystal formed by highly asymmetric
components in terms of size and charge. The research investigates the structural and

dynamic properties of the crystal concerning temperature variations, changes in solution



concentration, and the application of an external electric field. These preliminary efforts
deepen our understanding of superionics and establish a theoretical framework for the

improved design of superionic conductors.
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00U: body-centered cubic

LI: coarse-grained

00: counterion

U0: Debye-Hiickel

UOO0O: Derjaguin-Landau-Verwey-Overbeek
UO0O: deoxyribonucleic acid

U0O0O: degrees of freedom

[0: entropy production

U0O: face-centered cubic

00O0: fluctuation-dissipation theorem

UOO: free energy pertubation

UL10: insulator-metal transition

000: interstitial solid solution

O000O0O00: Large-scale Atomic/Molecular Massively Parallel Simulator
[100: molecular dynamics

L100: mean square displacement

UU0O: nonequilibrium steady state

[10: nearest-neighbor

[100: nanoparticles



O00O: constant (particle) number, constant pressure, and constant temperature
O00: constant (particle) number, constant pressure, and constant enthalpy
O0O0O: constant (particle) number, constant volume, and constant temperature
UL 0I0: polymethylmethacrylate

OO0 particle-particle particle-mesh

000: solid electrolyte interfaces

[00: steady state

00: small particle neutral cluster

000 thermodynamic uncertainty relation

L00: ultra-coarse-grained

U0 Visual Molecular Dynamics

L100: Weeks-Chandler-Andersen

L10: Wigner-Seitz
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: length unit
: time unit
" energy unit
t: time
T: temperature
V: volume
P orp: pressure
M: mass
g: charge
a; b; andc: primitive vectors of the crystal
a; b; and c: lattice constants of the crystal
Na: number of particles of type A
Ng: number of particles of type B
N;: number of large particles
Ngs: number of small particles
R: radius of the particle
D: diffusion coefficient

h: Planck constant

: thermal de Broglie wavelength
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Kg: Boltzmann constant
V.: unit cell volume
Te: critical temperature
n: stoichiometry (number ratio) of small particles and large particles
: screening constant in the Debey-Hiickel potential
0: vacuum permittivity, 8:854 10712 CV-tmt?
r: relative permittivity of the medium
F: free energy
Fext: external force
T: free energy per unit cell
. density, usually the density of small particles
o: mean density of small particles
g(r): radial distribution function
G: Gibbs free energy
g: Gibbs free energy per unit cell
(Chap. a) chemical potential
(Chap. @) mobility
: volume fraction
. o: the infinite set of coordinates of all ! positions when setting the
the origin
M ( =1; 8cor32f): Madelung constant for type i sites
U: internal energy, or interaction energy

Ujj: the interaction energy between particle i and j

11
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E: electric field
E: magnitude of the electric field

. the inverse of the thermal energy, 1/kgT
q (Chap. H) wavevector
q (Appendix A): quaternion

(Chap. E) Griineisen constant

(Chap. @) friction coefficient in Langevin dynamics
A(n): prefactor of the internal pressure as a function of the stoichiometry n
v: velocity of the particle

o: Vviscosity of the medium

: energy conversion efficiency

: Gaussian white noise
l4: identity matrix in a d-dimensional space

ij: Kronecker delta function
P (X): probability distribution function
Q: dissipation
U: input energy
W: work
T: a time interval

. entropy production
J: particle current
Stran: translational entropy, or two-body excess entropy

: dynamical activity
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: transport efficiency
1: evolution trajectory of the system in a time interval T
A[ 1]: Onsager-Machlup action functional along a trajectory t

Ri: orientation of a rigid body

r =(r; ; r): spatial vector in the real space
1 =(1,

= 1; 1) frequency vector in the reciprocal space
F(1): Fourier transform of f(r)

Y,: spherical harmonics of degree | and order k

Ji: spherical Bessel function of the l-order

P™: associated Legendre function of degree | and order m
(X): Gamma function

J (X): Bessel function of the first kind

Fn(1): spherical Hankel transform of order n of a function f(r)
SnT:::g: spherical Hankel transform of order n

f*: spherical harmonic expansion coefficient of F(r)

FX: spherical harmonic expansion coefficient of F (1)

C'OO(I; k;I; ko): Slater coefficients

R( ; ; ): 3D rotation operator with Euler angles ( ; : )
D:nmo( ;1 ): Wigner D-matrix

d'mmg( ): Wigner’s small d-matrix
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BQMb "2 "B;B/Hv ?2H/ BM }t2/ TQbBiBQMb #v M2B;?#Q BM; iQKb C
KQ#BHBivX

TQi2MiB HbQHMIBQM iQ i?Bb T'Q#H2K Bb i?2 mb2 Q7 bT2+B}
"B Hb rBi? ?B;? BQMB+ +QM/m+iBpBiB2b RPKIMQ#MRAGQ BQMIRM b
+QM/mM+Q@MT2 BQMBFRE BQMB+ +QM/m+iQ b ivTB+ HHv +QMbBbi
+QKTQM2Mib BM bBx2X h?2B" ?B;? +QM/m+iBpBiB2b "2 bbQ+B i
i?72r2 FHv #QM/2/ bK HH2  +QKTQM2Mi BM BQMB+ bQHB/bX * MQI
Ki2°’B Hb BM+HmM/2, (FARXM723#Br O9KyE- ;A 2tBbibBM bi #H2rm ixBi.
r22°2H *;2° BOQMDBKA?Qbi H iiB+2- M/ bk BH2mB@ M2/ BMi2 biBiB
bBi2bX #Qp2 9kyE- i?2 bh#RBHiB+2HRRQrBM; i?2K iQ /Bzmb2 > TB/F
i?72 H iiR&X (//BiBQM HHv- bmT2 'BQMB+ +QM/m+iQ b 7Q" HBi?Bm
:*2 i BMi2'2bi M/ bB;MB}+ M+2X .m2 QM?2B "BK 2HIBBBRX2h-+GB/
7°QK H iiB+2 bBi2b M/ + M /Bzmb2 i? ' Qm;? H iiB+2 ; TbX h?mb- +
BOMbmT2 BQMB+ +QM/m+iQ b+ M 2t?B#Bi HB[mMB/@HBF2 BQMB +

Ubm+? 1 p2GB:(R) /Bb+Qp2°2/ BM kyRRV- M/ i?2v ? p2 HQr +iBp iB



k' N

mb2 Qp2° rB/2  M;2 Q7 QT2  iBRORZRARARP ROFEM; i?2K i?2
+Q°2 +QKTQM2Mi Q7 bQHB/@bi i2 # ii2 B2bX

aQHB/b +QKTQb2/ Q7 /2HQ+ HBx2/bK HH+QKTQM2Mib “2°272"
bi i2X h?Bb bi i2? b #22M Q#b2 p2/ BM B+2 #v "2b2 “+?2 b- b 2pB/
RNKYKRKKkK)X i 2ti'2K2Hv ?B;? TiyabBm/ 2MJ i2KT2  iRyZpEV-
+Qp H2Mi #QM/b #2ir22M ?v/ Q;2M M/ Qtv;2M iQKb #'2 F- + mbB]I
#2+QK2 /BbT2 b2/i?2°Qm;?2Qmii?2 2MiB 2 bi'm+im 2 BMbi2 / Q7 #2
'2M iQKbX aBKBH " i° MbBiBQMb iQ bmT2 ' BQMB+ bi i2b ? p2 HbC
k)X AMi2 2biBM;Hv- bmT2 ' BQMB+ B+2 M/ KKQMB ? p2 #22M /2i
I’ Mmb M/ L2TimM2- M/ "2 #2HB2p2/iQ #2 i?2 bQm +2 Q7 i?2b2 T
k)X _2b2 “+22°b "2 2tTHQ'BM; i?2 TQi2MiB H7Q bmT2 BQMB+ T
i2°M iBp2b 7Q  mb2 b 2H2+i  QHvi2b KB\ §XQ HB b @lzi2 M BiMii T BRb K2 "
BOQM KQiBQM #2+QK2b /2+QmTH2/ 7°QK TQHVK2  "2H t iBQM M/ "
7 bi2> BQM i MbTQ iX Ai Bb rQ i? MQiBM; i? i bmT2 ' BQMB+ bi i2b
. MB+ bQHB/ 2H2+i"QHvVi2b- #mi + M HbQ 2tBbi KQ 2 #°Q /HvX Ai
i?Bb mMBp2'b HT?2MQK2MQM X

RXjX S? b2 i° MbBiBQMb iQ bmT2 ' BQMB+ bi i2b

q?2M b Hib K2Hi-i?2B°BQMB+ +QM/m+iBpBiB2b :2M2° HHv 2tT2"
b2p2° HQ/2'b Q7K ;MBim/2iQp Hm2b bBKB A M HRQIN Q bi2i Qi7 & B QMM
+QM/m+iBpBiB2b Q7 bmT2 BQMB+ bQHB/ 2H2+i ' QHVi2b Q" K i2 B
Q KQ'2b? "TBM+'2 b2b b i?2v 2?2 i mT r?BH2 2K BMBM; bQHB/;



1y

Q7 T? b2i> MbBiBQMb-2Bi?2  +QMiBMmMQmb Q" /Bb+QMiBMmQmb-
bi i2X

h?2 ;" /m HQ b2[m2MiB Hobm#H iiB+2 K2HIiBM;6 Q7 T 'iB+H2b
TQbBiBQMb Bb #2HB2p2/iQ + mb2 i?Bb b2'B2b Q7 T? b2i° MbBIiBQ
KQ#BH2 M/ HKQbi HB[mB/@HBF2-r?BH2i?2 2bi 2K BM BM i?2B"
K2HiBM; Bbi?Qm;?iiQ #2 "2bTQMbB#H2 7Q  i?2 ?B;?2 BQM +QM/m+i
QMB+ TR (2b2 “+22 b ? p2 BMp2biB; i2/i?2 T '2°2[mBbBi2b7Q b
i?72 bmT2 BQMB+ T? b2-rBi? bm{+B2Mi H iiB+2 /272+ib M/ BMi2 b
b F2v 7 +k@kld k3 X AMi2 biBiB H bBi2b +2 i2 bT +2 7Q" i?2 KQHi2
“2/m+2i?2 +iBp iBQM 2M2';vQ7i?2BQM i  MbTQiT i? 77QKQM2
BM; p + MIKINRIZX(h?2 27Q 2- BKT QpBM; i?2/2MbBivQ7H iiB+2 /27
2MQm;? +? ;2+ 'B2'bBb+ m+B H#mi+? HH2M;BM;X Pi?2 7 +iQ’
rQ°Fb Q7 BKKQ#BH2 BQMb M/ HBM2 " i° MbTQ'i +?2 MM2Hb- K v
+iBp iBQM 2M2 ;v BM i MbTQ i Hi?QR® "2 MQi M2+2bb “v (

hQ mM/2 bi M/ i?2 +QM/BiBQMb mM/2 r?B+? bmT2 BQMB+ K i2
bi ;2b-Q i +2'1i BM TQBMi- Bi Bb BKTQ i MiiQ B/2MiB7v i?2 /BzzZ
iQ bmT2'BQMB+ T? b2bX _2b2 "+?2°b ? p2 +H bbB)X/ h¥ TZ22AvT2b (
Bb }'bi@Q /2 i° MbBiBQM r?2°2i?2 Q'/2 2/ bm#H iiB+2 Q7 KQ#B
i MbBIiBQM i2KT,2  2amHiBM; BM b? T M/ /Bb+QMiBMmQmb BM-
/Im+iBpBivX h?Bbi° MbBiBQM Bb HbQ FMQrM b M BRWEKMAMIQ @K:
KQbi hvT2 A bmT2 'BQMB+ +QM/m+iQ b- i?2 i MbBiBQM Bb ++QK
Q7 i?2 BKKQ#BH2 BQM H iiB+2- ivTB+ HHv 7°QK HQr@bvKK2i'v bi

bi'm+im)X(h?Bb 2 > M;2K2Mi Bb M2+2bb "viQ ++QKKQ/ i2i?2/Bb



IR

BQMb M/ i?2 2bmHIBM; BM+ 2 b2 BM bvKK2i'v BM iZ%2-bim2H iiB+2
& H iiB+2 +? M;2b 7'QK KQMQ+HBMB+ iQ #Q/v@+2Mi2 2/ +m#B+ U
U**VTi- M/i?2& M iiB+2,BRIGBM;:2b 7°QK KQMQ+HBMB+ iQ 6**X h
72r 2t+2TiBQMb iQ i?Bb-bm+? b *mA-r?QWN2 BK KBQ#B6H2Z BDMIF2iiE
M/ 7i2 i?72 bmT2 BQMB+ i° MbBIiBQMX >Qr2p2 - BM ;2M2" H- H i
MTQM }'bi@Q /2" bm#H iiB+2 K2HiBM; M/ “2rQ i? +QMbB/2 BM;X

hvT2 AAi° MbBiBQMb 2 +? ° +i2'Bx2/ #v +QMiBMmMQmb BM+"2
1?72 Ki2 ' B HBb ?2 i2/- #mi 2t?B#Bi T2 Fb Q° MQKRIB2L?BM i?2 b
BKKQ#BH2 BQM H iiB+2 "2K BMb mM+? M;2/ M/ Bb ivTB+ HHv +Q
GY)X AM M 6** H iiB+2-i?2 KQ#BH2 BQMb i2M/ iQ Q++mTv i?2i2i"
2M2°;2iB+ HHvV 7 pQ " #H2 /m2 iQ i?2 K tBKBx iBQM Q7 i?2 2H2+i"Q
i?72i2i° ?22/° HpQB/bBMi?26**bi m+im 2 "2b2T " i2/#vi?2Q+i ?2
2M2°;2iB+ HHVvmMM7 pQ #H27Q KQ#BH2BQMbiQ/Bzmb2i?2 Qm;?
BM+'2 b2b-i?2 KQ#BH2BQMb ;  /m HHvKQp2iQi?2Q+i ?2/° HpQB
/IBbi B#miBQM-H2 /BM;iQ ;" /m HBM+ 2 b2BMBQM +QM/m+iBpB
p B iBQMX hvT2 AAA i MbBIiBQMb "2 bBKBH " iQ hvT2 AA- #mi |
BMi?2 bT2+Bj}dXh23v QMHvV Q++m> BM MQM@biQB+?BQK2i B+ K
+ ' vbi Hbi'm+im 2b-r?2 2 KBt2/ T? b2b +QmH/ #2172 + mb2 Q7 i?2
i MbBiBQMX

h?2 T°2+2/BM; /I Bb+Qm b2 ?B;?HB;?ib i?2 /IBp2 b2 7 +iQ b i? i B
iQ bmT2'BQMB+ bi i2bX h?2 M im 2 Q7 i?2 BQM@BQM BMi2" +iBC
i?72 biQB+?BQK2i'v HH BKT +i i?2b2 i MbBiBQMb BM mMB[m2 r v

bmT2 BQMB+ K i2°'B Hb b bQH2HV bQHB/b rBi? MmK2 Qmb p + M+



Ik

"B;B/ 7° K2rQ FX h?2 BMi2  +iBQMb #2ir22M i?2 KQ#BH2 M/ bi iE
/Bb"mTiBM; i?2 +mbiQK v T?2QMQM bT2+i'mK Q7 i?2 bQHB/ M/ ii:
BQM "2TmHbBQMX h?2°2 Bb biBHH Km+? iQ H2 "M #Qmi i?2b2 K |
mM/2 bi M/BM; 2K BMb 2HmbBp2X

AM bmKK “v-iQ 7m i?2  i?2 /2p2HQTK2Mi Q7 # ii2 'B2b M/ 2M2 ;\
Bi Bb 2bb2MiB HiQ +QKT 2?22M/ +? “:2i° MbTQ i BM bmT2 'BQMB+
bvMi?2bBb Q7 M2r bmT2 'BQMB+ +QM/m+iQ bX //BiBQM HHv- +QMi
bi i2b Bb BKTQ i Mi /m2iQ i?2rB/2  M;2 Q7 bmT2 'BQMB+ #2? pBQC

+QKT 2?2MbBp2 mM/2 bi M/BM; Q7 bmT2 BQMB+ K i2°B Hb M/ i?
i i2b ;QQ/ KQ/2Hb 7Q" #Qi? 2tT2 ' BK2Mi H M/ i?2Q 2iB+ H bim/B2kt
#HB2b +QmH/ #2 T2 72+i }iX

h?Bb /Bbb2 i iBQM rBHH 7Q+mb QM bim/B2b Q7 bmT2 BQMB+ #
+ vbi Hb M/ Bb /BpB/2/BMiQ i? R2-+MAUX AN *R FX2tTHQ 2 i?2
/IBb+Qp2'vQ7 bmT2 ' BQMB+bi i2bBM MBbQH i2/#BM v +QHHQB/
+QKTQM2Mib BM bBx2 M/ 42r22X KBM2 i PXBQMB+ iQ bmT2 BQMB-
BM #BM ‘v+? ;2/+QHHQB/ H + vbi HBM2[mBHB# BmK rBi? bQH
*2 TR r2BMp2biB; i2i?2bi'm+im> Hi> MbBiBQMb M/ +? “;2i  MbTC
+QHHQB/ H + vbi HmM/2> M2ti2 M H2H2+i'B+}2H/X # B27 bmKK
M/ Q; MBx iBQM Bb T 2b2Mi2/ #2HQrX

*?2 Ti2" kg2 2tTHQ 2 i?2 /Bb+Qp2'vQ7 bmT2'BQMB+ bi i2b BM
+QHHQB/ H +'vbi H+QKTQb2/ Q7 ?B;?Hv bvKK2i B+ +QKTQI

g2 Q#b2 p2 bm#H iiB+2 K2HiBM; BM +QHHQB/ H + vbi Hb Q7 C



1]

BKK2 b2/ BM b Hi bQHmMIiBQMbX b i?2 i2KT2 im 2 BM+ 2 bz
FBM iQ KQ#BH2 BQMb BM bmT2 ' BQMB+ +QKTQmM/b- mM/2";
"BQMB+ T? b2X IMHBF2bmT2'BQMB+ T? b2bBM iQKB+ bvbiz
T "iB+H2b BM +'vbi HQ7 H ;2 QTTQbBi2HvV +? “;2/ T iB+H:
MQM@2H2+i'QM2mi> HbiQB+?BQK2i'B+ " iBQbX h?Bb H2 /b
iBTH2 /QK BMb Q7 BQMB+ + vbi Hb BM T2 +QH i2/ bmT2'BQ
biQB+?BQK2i'B2bX

*2 Ti2  j,q2 bBKmH i2 +? ;2/ +QHHQB/ H + vbi H BM 2[mBH
HmiBQM +QMi BMBM; bK HH +QHHQB/ H T iB+H2b M/ +QmM
+iBQM #2ir22M i?2 }MBi2@bBx2 +QKTQM2MibX g2 }M/ BQMB
i MbBiBQMb #v BM+ 2 bBM; 2Bi?2 i?2 i2KT2 im 2 Q i?2 +
T 'iB+H2b BM i?2 bQHMIBQMX h?2 i’ MbBiBQM Bb ++QKT M
M/ BM+ 2 b2/ #bQ ' TiBQM Q7 bK HH T 'iB+H2b BMiQ i?2 + v
7°22 2M2°;B2b Q7 i?72 BQMB+ M/ K2i HHB+ bi i2b mbBM; i?2
gB;M2 @a2Bix +2HH TT Q +?2b- 2bT2+iBp2Hv- +QK#BM2/
H iiB+2 KQ/2HX h?2 + H+mH iBQM 2T °Q/m+2b i?2 bBKmH i2
i? ii?2 2Mi? HTB+ : BM Bb KQ 2 T'QMQmM+2/i? M i?2 2Mi Q
bBiBQM 7°QK BQMB+ iQ K2i HHB+ #QM/BM; r?2M K i2°B Hb
bQHMiIiBQMX

*?2 Ti2° 992 mb2 +Q b2@; BM2/ KQH2+mH ~ bBKmH iBQMb 1
G M;2pBM /vM KB+b iQ 2tTHQ 2 ?2Qr #BM ‘v +? ;2/ +QHHQB/
2ti2°M H 2H2+i'B+ }2H/X b i?2 }2H/ bi'2M;i? BM+ 2 b2b- r2

BMbmH iQ° UBQMB+ bi i2V- iQ bmT2 'BQMB+ U+QM/m+iBp2 b
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K2HiBM; UHB[mB/ bi i2VX AM i?2 bmT2 BQMB+ bi i2- i?2 “2b]
+°2 bBM; i2KT2 im 2-r?B+? Bb +QMi’ "viQ K2i Hb-v2ii?2 BN
i?72 2H2+i B+ }2H/ #2+QK2b bi'QM;2 X //BiBQM HHv-r2 p2 B7
i?2bvbi2K M/i?2 ~m+im iBQM Q7 +? ;2 +m "2Mib Q#2v 2+2M
/VM KB+ mM+2 i BMiv '2H iBQMX Pm" "2bmHib /2b+ B#2 +? °;

BM +QHHQB/ HbmT2 'BQMB+ +QM/m+iQ bX
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*> Shl_ k
am#H iiB+2 J2HIiBM; BM *? ;2/ *QHHQB/ H * vbi F
KXRX AMiQ/m+iBQM

*QHHQB/ H T "iB+H2b- r?B+? >~ M;2 BM bBx2 7' QK b2p2  H M MC
"2 bK HH bQHB/ T "iB+H2b i? i + M #2 bmbT2M/2/ BM ~mB/b pB 7
M+vX *QKKQM K i2°B Hb 7Q° +QHHQB/ H bmbT2MbBQMb BM+Hm/:
HUP>W/ 62UP->\?B+? + M 7Q K bK HH +Hmbi2 b rBi?BM i?2 M MQl
i22vT 2+BTBi i27 QKri2' i MmM+QMi QHH2/  i2X >Qr2p2 - TQH
Ki2'B Hb 7Q  T'Q/m+BM; +QHHQB/ H T iB+H2bX PM2 Q7 i?2 KQb
Q7 TQHVK2i?vHK2i? + vH i2 USJJ VM MQT "iB+H2b- r?B+? + M #?2
T 2+BbBQMX *QHHQB/ HT iB+H2b K /2 Q7 SJJ + M ? p2 bBx2 T«
jW(i)-K FBM; i?2KB/2 H7Q" rB/2  M;2Q7 TTHB+ iBQMb- 7 QK T
B+ H/B ;MQbijBXiBMLEA2 ' KQ 2- +QHHQB/ HT "iB+H2b M/ i?2B" b
b T2 72+i KQ/2HDb iQ bim/v p "BQmb bi'm+im 2b M/ #2? pBQ b- 2t
M/ KQH2+mH ~bvbi2Kb i? i "2 /B{+mHiiQ $®j8 #éJUGBINNK/ i~ +F (
"v b+ HBM; mT i?2 T "iB+H2b 7°QK i?2 iQKB+ b+ H2 iQ i?2 M MQl
i?72B° bBx2 " iBQ- Bi Bb TQbbB#H2 iQ "2T°Q/m+2 i?2 b K2 Q" bBKBI

BM +QHHQB/ H bvbi2Kb- M/ 2p2M bvMi?2bBx2 MQp2H bi m+im 2b

»h?Bb +? Ti2 Bb T'BK "BHv # b2/ QM jlg2Q7m#t MBb GB/MQMF (QMB+ PHp2 /2 H *°
am#H iiB+2 K2HiBM; BM #BM v bmT2 BQMES? v HQBY RX4 Why Ky, yjkey]-
rBi? KQ/B}2/ MQi iBQMb M/ 2ti2M/2/ /2i BHb iQ +QKTHV rBi? i?2 bi'm+im 2 Q7 i-



je

h2+?MB[m2b bm+? b H b2 " @b+ MMBM; +QM7jQ 2NH #FDp B+ MBR K
iBQM Q72 +?2 T 'iB+H2 M/i' +FBM: Q7 Bib KQiBQM BM #Qi? bT +2 |
mM/2 bi M/BM; 1i?2 T 'iB+H2 H2p2HX

AM //BiBQM iQ i?2 T 2+Bb2 +QMi'QH Q7 T "iB+H2 bBx2- +QHH
BMi2 T 'iB+H2 BMi2 +iBQMb i? i 22 bB2 iQ imM2i? Mi?Qb2 BN
i2KbX h?Bb K F2b +QHHQB/b M BMi2 2biBM; KQ/2H bvbi2K 7Q " 7m]
T?2vbB+bX AM //BiBQMiQ ? ‘/@+Q'2 M/ p M /2 g Hb BMi2  +iBQNMN
i?72 KQbi +QKKQM BMi2' +iBQMb BM +QHHQB/bX .m2 iQ i?2B" H °;
HQB/ HT "iB+H2bi2M/iQ /bQ #+Q@BQMb M/ #2+QK2 +? :2/X 6Q
K2i H?v/ QtB/2b bm+7? M/ 62U Q # + iBQMb-r?BH2 K2i HbmH}/:
b 3a /bQ # MBQMbX "v+Q iBM; SJJ rBi? TQHV@QRKk@?v/ Qtvbi2 °
M/ bB;M Q7 +? ;2 QM 2 +? M MQT "iB+H2 + M#2 T 2+Bb2Hv imM2
KQMBmMK # QKBMIBRXHIGBF2@+? ;2 2TmHbBQMb bi #BHBx2 i?2 +(
M/ T 2p2Mi T iB+H2 ;;°2; iBQMX .BbbQ+B iBOQM Q7 bm 7 +2 :°Qm
KBMQ +B/b- HbQ +? “;2BHX2 F i?B+BIRbQ+B iBQM Bb Q7i2M T>@/:
T QpB/2b MQi?2 K2 MbiQ +QMi'QH T "iB+H2 +? ;2 #v /DmbiBM;

IM/2° TT QT 'B i2 +QM/BiBQMb- irQ ivT2b Q7 M MQT ‘iB+H2b rB
7Q K +QKTH2tbmT2 bi'm+im 2b i? QaRPkOPHIKQBY 2H QbR KRAM (Q 7
1?2b2 bi m+im 2b+ M#2 / Bp2M #vp BQmbBMi2 +iBQMb-BM+HmM
7°Q0KTm'2?2 '/@+Q°2 "2TmHbBQMb Q7 LSb M/ bK HH2 T "iB+H2b
©989e9d93X AMi2 2biBM;Hv- 2p2M BM i?2 #b2M+2 Q7 bK HH2 T "iB
biBHH + vbi HHBx2 pB 2Mi QOINB@8WBXp2MM2(B+H2bQHHQ B/ H T “iB+F
bb2K#H2i? Qm;? /BTQH2@/BTQH2BMi2 +iBQMbi? i+ M#2 K MB"~



jd

}2H/b- H2 /BM; iQ 7 b+BM iBM; iBK28@B |- &BIXT 2ZBIGIQMI HHV- #vV
Y 7iBM; .L b2[m2M+2b QMiQ i?2bm 7 +2 Q7 /Bz2 2Mi LSb-T "iB+*t
b2[m2M+2b + M +Q@ bb2K#H2 r?BH2 2T2HHBM; i?Qb2 rBi? mMK i
i72 bvMi?2bBb Q7 p "BQmb LS bmT2 H iiB+2b3eMHd8B&Ney*B+ H bi i

IMHBF2 +?22KB+ H +QKTQmM/b BM iQKB+ bvbi2Kb- +QHHQB/ H
bi® BMib7 QK i?2 MmK#2 -bvKK2i'v-Q 2M2 ;vQ7 Q #Bi HbX h?Bb
i?72TQbbB#H2 + vbi Hbim+im ' 2bi? i+ M+QMi BM KmHIBTH2 ivT2!
+QHHQB/ H + vbi HbX Pp2 i?2 T bi 72r /2+ /2b- b2p2° H ivT2b Q7
rBi? /Bz2 2Mi +QKTQM2Mi * iBQb ? p2 AR IeVRABm (B)2>-/-N&B+? b
ORX 1tT2 ' BK2Mi H M/ +QKTmi iBQM Hbim/B2b ? p2 b?QrM i? ii?2
Q7 i?2irQ +QKTQM2Mib- br2HH bi?2BQMB+ bi'2M;i? Q7 i?2 bQH
i?72 bb2K#Hv T°Q+2bb Q7 #BMRYBOHX2 'H iiB+2b (

h?2 K DQ'Biv Q7 2b2 "+?2 QM #BM ‘v +? “;2/ +QHHQB/ H + vbi HI
iQKB+ BQMB+ +QKTQmM/b rBi? }t2/ T "iB+H2 TQbBIiRQMBX >Qr2|
/IBb+Qp2°2/ +QHHQB/ H + vbi Hb i? i "2b2K#H2 iQKB+ K2i HHB+ +
7Q K2/1i?2 Qm;?2i?2+Q@ bb2K#Hv Q7 ?B;?HvDbBx2@ bvKK2i B+ .L (
+H2b ULSbV rBi? +QKTH2K2Mi ‘v 2M/ &BiX+H 2 Q iB 22 hE2NIm RAR+N n K # 2
Q7; 7i2/.L +? BMbQMi?2bK HH2 LSb M/fQ BM+ 2 bBM; i?2i2K
Q7 BMi2  +iBQMb #2ir22M i?2 irQ +QKTQM2Mib Bb “2/m+2/X h?Bb
mM/2;Q i° MbBIiBQM 7°'QK HQ+ HBx2/ ii?2BMi2 biBiB HbBi2biQ
+ vbi Hr?BH2 biBHH T 2b2 pBM; i?2 BMi2; Biv Q7 i?2 H iiB+2 7Q"

BH ~iQ i?2 #2? pBQ Q7 2H2+i"QMb BM K2i HbX JQH2+mH " /vM K
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/2KQMbi  i2/i?Bb #QM/BM; #2? pBQ BM +Q@ bb2K#HB2b Q7 bvKt}
b2M+2 Q7 2H2+i Qbi iBkeFM9X HABQMBHBIBQM 7 QK HQ+ HBxXx2/iQ
bK HH +QKTQM2MiK2F M & BW AIBQAME2M T 2/B+i2/ iQ 2eRbiVBM +m#B +
p 'BQOmb MQM@+m#B+ 7mM+iBQM HB«x®X aQKiE @F/i P22 Bi iHBH 2 bB
#22M bm++2bb7mHHV Q#i BR®X 21 TRIB&MM HYHK2i HHBXx iBQM #21
#22M Q#b2 p2/ BM irQ@/BK2RWBQM H H iiB+2b (

AMi?2 7TQHHQIBM; b2+iBQMb Q7 i?Bb +? Ti2 -r2 BMp2biB; i2r?2
2tBbib BM +? *;2/ +QHHQB/ H bvbi2Kb #v BM+Q TQ  iBM; 2H2+i QI
+ BiB+ HDbi2T BM 2tTHQ BM; i?2 TQi2MiB HiQ bb2K#H2 2 HbmT2
bBi2Hv +? ;2/ +QHHQB/bBMb HibQHMIBQMbX AM +? *;2/ +QHHQE
"2pi"B+iBQM T 2b2MiBM i /BiBQM HBQMB+ M/bmT2 BQMB+ iQK
bK HH BQMb b+ 22BIRPRX+2/BPBQM HHv-i?2 " M:;2 Q7 i?2 BMi2  +iB
+ M #2 /Dmbi2/ #v +QMi ' QHHBM; i?2 b Hi +QM+2Mi’ iBQM BM “2;B}
TT QtBK iBQM BKWIPXBbH om+2?- i?2b2 +QHHQB/ H bvbi2Kb ? p2 i?:
2tT M/ i?2 b+QT2 Q7 +QHHQB/ Hb+B2M+2 M/ bmT2 BQMB+ K i2°B

q2 2vTQi?2bBx2 i? i i?2 bB;MB}+ Mi bBx2 /Bz2 2M+2 #2ir22M i?2
Bb + m+B H7Q  Q#b2 pBM; bm#H iiB+2 K2HiBM; BM +QHHQB/ H b
T2 2[mBbBi2b7Q " iQKB+bmT2 BQWBhBZBDAQII2b22H D +M T @M #B
QTTQbBI2HV +? “;2/ +QHHQB/ H + vbi Hb rBi? bm#bi MiB H /Bz2";
bim/v i?2 i?2 K H 2tT MbBQM Q7 i?2 bmT2 H iiB+2 rBi? /Bz2 2Mi b

b? "Ti° MbBiBQM 7 QK BQMB+ iQ bmT2 ' BQMB+ T? b2b mM/2" bT
i° MbBiBQM Bb +? ° +i2 'Bx2/ #v /Bb+QMiBMmQmb DmKT BM H iil
BM+ 2 b2b M/ #v i?2 /IQm#H2@r2HH b? T2 Q7 i?2 7°22 2M2 ;v H N



IN

J. bBKmH iBQMbX g2 HbQ Q#b2'p2 "2;BQMb Q7 +Q2tBbi2M+2 #2iI
b BQOMB+@HBF2 T? b2b Q7 p '"VBM; biQB+?BQK2i'B2b i HQr i2KT
+Q2tBbiBM; rBi? bmT2 BQMB+@HBF2 T? b2b i BMi2 ' K2/B i2 i2KT
"2;BQMb Q7 +Q2tBbi2M+2 #v + H+mH iBM; i?2 iBK2@ 2" ;2/ /2MEk
M/ 2tTH BM r?vi?2 ii  +iBQMb T QpB/2/ #vi?2 bK HH T 'iB+H2b B
"2 MQi /2TH2iBQM@ivT2 BMi2" +iBQMbX 6BM HHv- r2 /Bb+mbb i?

Q#b2 p iBQMb BM 2tT2 BK2Mib M/ i?2B  TQi2MiB H TTHB+ iBQME

kXkX J2i?Q/Db

KXKXRX *Q "b2@:  BM2/ JQH2+mH > aBKmH iBQM JQ/2H

AM Qm' KQ/2H Q7 bBx2@ bvKK2i B+ #BM v +QHHQB/ H + vbi Hb-
T°Q +7-r?2 2 #Qi? H ;2U V M/ bK HHU"VLSb “2i'2i2/ bBbQi C
+? ":2/ bT?2°2bX h?2 BMi2  +iBQM #2ir22M T "iB+H2b Q7 i?2 b K2
bBp2- T 2p2MiBM; i?2 bTQMi M2Qmb 7Q K iBQM Q7 + vbi H bi m+
h?2 BKTHB+Bi T'2b2M+2 Q7 BQMb BM i?2 bvbi2K Bb ++QmMi2/ 7
>m+F2H TT QtBK iBQM-r?B+? /2b+ B#2b T B  TQi2MiB Hb #2ir221
b Hi +QM+2Mi> iBQMb mT 300K QItBKHPMVAM Qm > KQ/2H- T “iB+t
BMi2  +ii?2 ' Qm;?i?2 q22Fb@*? M/H2 @ M/2'b2M Uq* V TQi2MiB H-
+Hm/2/ pQHMK2 2z2+ib- M/ i?2 .2#v2@>C+F2H U.>V TQi2MiB H- r

i?72 b+ 22M2/ *QmHQK#B+ BMi2> +iBQMb,

UkXRV U(r) = Uwea(r) + Upn (r);
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r?2 2
8
E " j 12 i & .
4 v v + rij <T cut;
UkXkV Uwea (rij) = Fi i
0 Fij =T cuts
. qge "7,
UkX]V UDH(rij):?—/:
j

h?2 2M2 ;v i2 'K Q7 i?2 q* 'T-QBDMHBQH2M iQ #2 i?2 +? ~ +i2 BbiB+
T K2i2°BMQm bBKmH iBQMbX h?2 +miQz /BhjM*2607i?2q* TQi
r?2°2 Bb T B @/2T2M/2Mi M/ Bb + H+mH i2/ 7 QK i?2 GQ 2Mix@"
i = Ri+R X >2°21i?2 /BB Q7 i?2 irQ bT2HRR2Z6r2 MRE2H 11 -
re2°2Bbi?2 +? ° +i2°'BbiB+ /Bbi M+2 T ~ K2i2 ' X 6Q i?Bb2i#2v@>C+
b+ 22MBM; bi 2d;iMlg MR 2z2+iBp2 "2/m+2/ +? ";2bX 6Q° +QHHQB
M 2ti2M/2/ 7TQ KQRKQMHY mb2/ BM bBKmH iBQMb BM+HmM/2b i?2
.2°'D ;mBM@G M/ m@o2'r2v@Pp2 #22F U.GpR\GEQ(RMRB)H r?B+? ;E
OR99-v2i BiBb ++m  i2 QMHvV 7Q /BHmMi2 bvbi2KbX AM +QM+2Mi"
bm+? b BMi?2 + vbi HIgb?nb/BRKIQ?2 2QKTHB+e32X QMW {rBi?Qmi
HQbBM; ;2M2" HBiv rg /B BBKhvHMIB2QM T ~ K2i2' b i? i "2 BM/2T2M
M/ 1?2 +QKT +iM2bb Q7 i?2 bvbi2KX g2 F22T i?2 2tTQM2MiB HHV
/IBbi M+2 #2ir22M T 'iB+H2b #2+ mb2 Bi Bb T 2b2 p2/ BM MQMHBM
2z2+ib M/ BQMb "2 2tTHBYKiHV?BMMH@Z2/Bpi M+2 Q7 i?72 .2#2v@
TQi2M{B,H=3 1+ ; X
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6°QK i?2 2M2 "v MMMBBibi M+2 -mMBi2/m+2/ [m MiBiB2b + M #2 /2}
BM+HM/BM; i?2 “2/m+2T i2 KglT2"-ii®22°2/m+2/ TP2btPm32- i?2
“2/m+2/iBKE "I(m 2)- M/i?2 2/m+2/¢?2 q/;pzthx >2eBbi?2
2H2K2Mi "V +? M/2¢c 2 i?2 p +mmK T2 KBiiBpBiv M/i?2 "2H iBp2 T2
i?72 K2/BmK- "2bT2+iBp2HvX AM i?2 “2bi Q2B HHTHRZ QARBTI24tM/
i?2b2 [m MiBiB2b "2 BM i2°Kb Q7 i?2 “2/m+2/[m MiBiB2bX

KXkXKkX x2°Q T '2bbm 2 LSh bBKmH iBQMb

HH i?2 J. bBKmH iBQMb 2 /QM2 BM i?72 G JEHX bR7BIMRIB HB X2 |
i?72 bvbi2K #v b2iiBM; H ;2 T "iB+H2bBM T2 72+i 6** + vbi HTQbB
#Qt- rBi? bK HH T "iB+H2b ° M/QKHvV TH +2/i?2°Qm;?2Qmi i?2 H iiBH
Qp2'H TX h?2 MmK#2"> Q7 + vbi H mMBIi6+H2d¢2HD BM22 KB KR 2HIiBQM I
bvbi2Kb M/ 7QmM/i? ii?2bvbi2KbBx2 2z2+kEBMMBBHBR)XBMI 2X a22
i?72 TT2M/Bt b2+iBQM Q7 i?Bb +? Ti2 7Q KQ 2/2i BHbVX h?2 bvb
i?72+ MQMB+ HULohV 2Mb2K#H2 rBi? G M;2pBM i?2 KQbi i-i?2M
+HQb2@T +FBM; bi i2 #v 2/m+BM; i?2 bBKmH iBQM #Qt bBx2X 7i
7@ 10 WP iBK2bi2TbV- Bi Bb brBi+?2/iQ i?2 BbQ# "B+ BbQi?2'K
rBi? H ;22MQm;? 2ti2"M HT 2bbm 2iQ F22T i?2 bvbi2K +QKT 2b
2 100 X h?2 T°'2bbm 2 Bb bm#b2[m2MiHv "2H t2/iQ 2t +iHvy M/ i-
2[MBHB# 2i207QQ0 iBK2bi2TbhVX hQ bBKTHB7vi?2bBKmH iBQMb- i
Q7 i?2 bBKmH iBQM #Qt Bb K BMi BM2/ /m " BM; i?2 mMX

aBKmH iBM; + vbi HmM/2 x2 ' QT 2bbm 2 Bb + m+B HiQ 2Mbm

Tm 2Hv/m2iQi?2 ii +iBQM #2ir22Mi?2H ;2 M/bK HHT "iB+H2b
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2ti2°M H +QKT 2bbBQMX >Qr2p2 - x2 ' Q@T 2bbm 2 LSh bBKmH iB(
+ MiBOQMK(AM T'BM+BTH2- Mv bQHB/ rBHH 2p2Mim HHv p TQ Bx2r
iQ i?2 #b2M+2 Q7 bi #H2 + vbi Hb BM 2[mBHB# BmKX h?Bb K2 Mb
Q#i BM2/ BM bBKmH iBQMb "2 K2i bi #H2 M/ K v +QHH Tbh2 BM i?.
BMi2 Kb Q7 7°222M2 ;v-i?2 2[mBHB# BmK pQHMK2 UQ  H iiB+2 b’
i?2 2[m iBQM,

@F

UkX9V 0= — = :
ev ,

h?Bb BM/B+ i2bi? ii?2 K2i bi #H2bi m+im 2b-BM 7 +i-;Bp2i?2 ++
UQ H iiB+2 bT +BM;V- b +QM} K2/ #vi?2 +QKT "BbQM Q7 LSh bBK
bBKmH iBQM “2bmHib BMi?2 H ii2  b2+iBQMX h?2°27Q0°2-x2'Q@T"

7 bi K2i?Q/ Q7 +[mB BM; i?2 2[mBHB# BmK bi' m+im 2b- #mi b?
2ti2M/2/ T2 BQ/X

AM i?Bb rQ F-r27Q+mb QM i?2 6**bi'm+im 2-r?B+? Bb QM2 Q7 i
im2b +QKKQMHV Q#b2 p2/ BM +? ;29 RIKI HDBN HH? ob2 Ki# kB 2 (2 b
K tBKBx2 i?2HQM:@  M:2 2H2+i Qbi iB+ BMi2" +iBQMbX 2KQpBM
bBKmH iBQMb K v HHQri?2 +'vbi HiQi° Mb7Q K 7 QK i?26**iQ Qi
bi'm+im 2b-bm+? bi?2"**bi m+im 2-KQ 22 bBHvX 7QHHQrBM;
bBXx2@ bVKK2i'B+.L @7mM+iBQM HBx2/ +QHHQB/ H + vbi Hb Q#b:
Q7 H ;2T iB+H2b Ui?2 BKKQ#BH2 +QKTQM2MiVedR iQ b?Q i@ |

AMi2 Kb Q7 +QM/m+iBp2 #27? pBQ b-i?2"**bi m+im 2Bb #2ii2 i
h?22 "**pbi'm+im 2 +QMi BMb i2i® ?22/° i? ib? 27 +2brBi? QM2 MQ

pQB/b "2 i2i° ?22/° X h?mb- bK HH T "iB+H2b + M KQp2 KQM; 2[mE
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i2°Qm:? i?2i2i° ?22/° H7 +2bX AM +QMi" bi- i?2 6** bi'm+im-2 +QN\
b? "2 +Q M2 brBi? QM2 MQi?2° M/ Db? 27 +2brBi? Q+i ?22/° - MQ|
aBKBH “Hv-i?2 Q+i ?2/° b? 27 +2b QMHvV rBi? i2i° 22/° X A7 bK F
i72 7 +2b Q7 i?2 TQHV?2/" - i?2 +QM/m+iBQM T i? +QMbBbib Q7 F
Q+i ?2/° HbBi2bX h?Bb /Bz2 2M+2 BM H iiB+2 Q7i2M “2bmHib BM |
+iBp iBQM 2M2 ;B2b M/ bK HH2 /BzmbBQM +Qj3] XBL2\ i 22M0" * * L
H2bb-i?BbrQ ' F7Q+mb2b QM i?2p 'B iBQM Q7 i?2bK HHT “iB+H2T
i72 H iiB+2 /27Q K iBQM Q7 i?2 H ;2 T "iB+H2b /m ' BM; i° MbBiBQ

iQTB+ #mi Bb QmibB/2 i?2 b+QT2 Q7 i?Bb bim/vX

kXjX _2bmHib M/ .Bb+mbbBQMb
KX]XRX 6B bi@P /2" am#H iiB+2 J2HiBM;

g2 } biBMp2biB; i2i?2 "2H iBQMb?BT #2ir22Mi?2bi 2M;i? Q71?2 ii
+QKTQM2Mib U @" ii° +iBQMV M/ i?2 + vbi Hbi'm+im 2 Q7 +QHH(
“2/m+BM; i?2 @" ii° +iBQM H2 /biQ MBM+'2 b2 BM TQi2MiB H 2N\
BM i?2 +iBp iBQM 2M2 ;v Q7 i° MbTQi- r?B+?2 + M + mb2 i?2 /2HQ
+QKTQM2MiX S '2pBOMDMZHY "ib?2i?Bb B/2 X

Pm® “2bmHib b?2Qr i? i mM/2> KQ/2  i2 b Hi +QM/BiBQMb- “2/m+E
+ M+ mb2 +QHHQB/ H + vbi Hb iQ i MbBiBQM 7' QK BQMB+ T? b2
KXMRX hQ BHHmbi  i2 i?Bb-r2 2t KBM2 i?2 2[mBHB# BmK bBx2 Q7 i~
2[mBp H2Mi iQ bBt H iiB+2 +QMbi MibX g2 p vi?2 2/m+2/ +? ;2
[2MQi28; br?BH2 F22TBM; i?2 i2KF20:383i-m M/ i?2 biQB+?BQK2i B+ " |

Q7 bK HHU"V M/ H ;2U VT " iNg+tH2b-/3MQIi2BiBQM HHv-r1r2 b2ii?
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+? ;2 Q7 i?2 H ;2 T, ¥BRBM2bNIQi?2 b+ 22MBM; bi=DNMXPqRQ

M7 i? i r?M+11 - i?72 bK HH T "iB+H2b ;;°2; i2BMiQ M BQMB+ + v
"2 }t2/ iBMi2 biBiB HTQbBiIiBQMb M/ 7Q K "2;mg -ita#@ iiB+2X
" il +iBQMr2 F2Mb- M/ i?2 2[mBHB# BmK #Qt bBg2=,+5/%n HHv BM+
MA4 - 1?22 ii +iBQM bi 2M;i? Bb MQ HQM;2 bm{+B2Mi iQ HQ+ HB>»
bT2+B}+ TQbBiIiBQMb-#mi Bi+ M biBHH F22T i?2 + vbi H bi #H2X h'
M/ i?2 bvbi2Ki® MbBIiBQMb iQ bmT2 BQMB+@HBEFBM/ m+2m 2X 6
i?72 K2ZHIiBM; Q7 i?2r?QH2 6** + vbi HX

Pg2 MQi2 i? i r?2M b2iliBM;- i?2 b+ 22MBM; bi2M;i? r2 mb2 +Q "2bTQM/biQ b Hi
Q7 TT QtBKAKHIY *HX h?Bb +QM+2Mi> iBQM 7 HHb rBi?BM i?2 +QM+2Mi" iBQM "
>m+F2H TT QtBK iBQM Bb TTHB+ #H2X JQ 2Qp2 - i?2 bBx2b Q7 i?2 H ;2 M/ |
M/ KMK- "2bT2+iBp2Hv- r?B+? 22 bQM #H2 p Hm2b BM 2tT2 BK2MibX
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6B;m 2 kXRX aBKmH iBQM #Qt bBx2 mM/2  /Bz2 2Mi 2/m+2/ +°
T "iB+¢2b D =0:3- 7Qa/Na=8-q,= 247 i =0:7X hrQ
/BbiBM+i T? b2b "2 Q#b2 p2/- bmT2 ' BQMB+@HBF2 M/ BQMB
"2 7°QK i?2 (yyR) /B 2+iBQM Q7 i?2 6** + vbi HX

J BMi BMBM: K2/BmKb Hi +QM+2Mi" iBQM Bb + BiB+ H7Q i?2
i Hb- T "iB+mH "Hv r?2M i?2 +QHHQB/ HT 'iB+H2b i?2Kb2Hp2b 2
b Hi +QM+2Mi" iBQMUFREMP2i?2 @" ii° +iBQM #v b+ 22MBM; i?2 +?
+ mb2b i?2 +'vbi HiQ K2Hi /m2 iQ BMbm{+B2Mi +Q?2bBp2 2M2 ;VvX
b Hi +QM+2Mi’ iBQM BM+ 2 b2b i?2 @" ii° +iBQM- r?B+? 2M? M+
H ;2T 'iB+H2b- "2bmHiIiBM; BM ; b bii2r?2°2H ;2T "iB+H2b bi
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#v bK HH T “iB+H2bX b i?2 b Hi +QM+2Mi° iBQM TT Q +?2b y- +
BM+ 2 bBM;Hv BKTQ i Mi M/ 2p2Mim HHv #2+QK2b 2[mB 2K2Mi
BM *? TX h?2 K2HiBM; #2? pBQ Q7 M mMbi #H2 + vbi H i HQr T
6B;MKXBM i?2 TT2M/Bt b2+iBQM Q7 i?Bb +? Ti2 X

AM+ 2 bBM; i?2 i2KRTV2 #i@p2 WXj BM i?2 boylxi 2 RATB 2 +11 -
M/ =0:7 + mb2b i?2 bm#H iiB+2 iQ K2HiX g2 HbQ Q#b2'p2 bi QI
iQ@bmT2 BQMB+Ng/NAbBESXQM7 12 +@MpQ#E "2 +?2 G;BHBM; i?2
.GoP TT QtBK iBQM 7Q  i?2b2 T 2 K2i24bMkg ;249 - BM/B+ iBM;
i? ii?2 + vbi HBb MQi +? “;2@M2mi> HX AM +QMi" bi-i?2 M2 "Hv +
Q= 247-¢u =+11 Gy 34 Ml +4V HDQ 2t?B#Bib bm#H iiB+2 K2HiBM;
BM 6B k00®h?Bb +QKT "BbQM /2KQMbi  i2bi? i bm#H iiB+2 K2HiBM
+? *:2 M2mi'® HBivB7 bm{+B2Mi b+ 22MBM:; 2tBbibX q2 /2i2 ' KBM?2 i
T2 im 2 #v M HvXBM; +? M:2b BM i?2 2[mBHB#" i2/ bBKmH iBQM ¢#
i?72 #Qt bBx2 7Q" /Bz2 2 MNMNRKEEB S iBEO? Qr i? i i?2 H iiB+2 2tT M/k
b i?2 i2KT2  im 2 BM+ 2NY/NR-=#Bmii7D2tT MbBQM Bb /Bb+QMiBMm
bT2+B}+ i2KTZT 4®5B8W BM/B+ iBM; }'bi@Q /2 T? b2 i MbBiBQM
K2HiBMN%/Na=10- bBKBH " #mir2 F2  /Bb+QMiBMmQmb H iiB+2 2t
6QNg/Na=9-i?2 H iiB+2 ? b irQ /BbiBM+i /Bb+QMTBMMI vy 2tT MbB
T =0:46V-r?B+?2r2H i2 }M/ "2+ mb2/ #vi?2 K2HiBM; Q7 irQ b2T " i
/IBz2 2Mi 7 pQ" #H2 biQB +NS QK28 BWN/iBQHIWV X
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6B;m 2 kXkX >2 iBM; +m p2b Q7 i?22[mBHB# BmK #QtbBx2 ml
#2° " iBIRIDbly rBig, = 247-¢g =+11- =0:7X 6B bi@Q /2 bm#@
H iiB+2 K2HIiBM; BINQ&KR28p2M-i M/ Ry X

h?2 T?22MQK2MQM Q7 i?2 }'bi@Q /2  T? b2 i’ WpbBiBG@M Q++m "
MMNg/No=10 BM bBx2@ bvKK2i B+ #BM v + vbi H+ M #2 2tTH BM2
TQbBIBQMb- 7mM/ K2Mi H +QM + XTRXB v+ Fdi HOIQBIiBTPME "2 mb?2
/2b+ B#2 i?2 TQbBiBQMb Q7 bT2+B HbBi2b M/i?2B  bvKK2i'B2b B
r2 mb2 i?2K iQ /2b+ B#2 i?2 HQ+ iBQM Q7 bK HH T "iB+H2b BM i?:
+2HH-i?2°2 "2 irQ BKTQ i Mi qv+B®Rz MIQi?RiBQMB|BiQMHEX h?2
TQbBiIBQMb “2i?227Qm BMM2 7 +2 +2Mi2°b Q7 i?2i2i° 22/ HpQE
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8 TQbBiBQMb "2 i?2 +2Mi2°b Q7 i?2b2i2i° ?2/°"QMbX aBM+2 QM2 ¢
70m H ;2T "iB+H2b-i?2 MmK#2¥ TiBEB#RQRDMNM?2?2 H ;2 T iB+
8:1- M/ #2ir228ciPQbBiBQMb M/ i?2 H 221K ABI+ HZ2BxB@® bvKK2i B-
QTTQbBiIi2Hv@+? “;2/ #BM v + vbi H- i?2fbRQbIBiB Qb FP2h2QHVR 2
2M2°;v i? M @MTIQBBiBQMbX h?Bb Bb #2+ mbh232 TROHBIiBOMD @M i
+HQb2 iQQTTQbBi2HV@+? “;2/ Bc TQHBIEBGMBOK?tBIKIBEZBM; i?2 b+
2H2+i'Qbi iB+ BMi2® +iBQMbi? i "2MQiHQM;@  M:2X h?2°27Q 2-
T "iB+H2b i2M/iQ } b8®) T OMBVBDMb MSciPQMBPRQMb- "2bmHiBM; B
7 pQ° #H2 MMKARINAiBDMMNg/Ns, =10X AM 7 +BXiTRbBIiBQMb "2
+QKKQMHV i?2 ?2QK2 7Q " i?2 bKAB4 B M i BA+BIQ M B ¥R9 kDiji 49 X

i HQr i2KT2 im 2b-i?2 + vbi HBb BM i?2 BQMB+ bi i2i? i Bb 2Mi"
2Mi ' QTB+ HHv mM7 pQ" #H2X AM i?Bb bi i2-i?2 bK HH T "iB+H2b
2[MBHB# BmK TQbBiBQMb- "2bmHiBM; BM ;'2 i 2Mi'QTv HQbb +Q
BMr?B+? i?2bK HHT "iB+H2b+ M ++2bbi?2r?QH27°22bT +2 BMt
i?72°22tBbib i° MbBIiBQMi2KT2 im 2 #Qp2r?B+?i?2bvbi2K7 pQ"
M/ 2tT M/bi?2 H iiB+2 bT +BM; 7Q bK HH T "iB+H2b T 2pBQmbH\
TQbBIBQMb iQ /2HQ kXHRBM2iR 26 B, T2 /Bt b2+iBQM Q7 i?Bb +? Ti2"
i?72 /BzmbBQM +Q2{+B2Mi Q7 bK HH T "iB+H2b p B2b rBi? i?2 i2KT
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6B:m 2 kXjX a+?2K iB+3XH®ilc QV+PQz TQbBiBQMb BM i?2
6** + vbi HX UG27iV PM2 6** mMBi +2HH +QMi BMb 7Qm" iQK
8 TQbBiIBQMb U#Hm2V32XMIQ®BIB/QMD U 2/VX U _B:?iV h?2 pB:
7 QK i?2 (yyR) /B 2+iBQMX

" b2/ QM pQHMK2 2tT MbBQM-i?2BQMB+@iQ@bmT2'BQMB+i" M
i MmK#2" 'NgBMQb 8X PM2 TQbbB#H2 2tTH M iBQM7Q i?Bb Bbi? ii?
“i?227i? MQi?2 7 +iQ b-;Qp2 'MbpQHMK2 2tT MbBQM BM i?2b2 bvt
p + M+v /272+ibURBMOPYHBIMBB2MbY M/ HQr2 +Q?2bBp22M2 ;vX q?:
bi i2-i?2b2bmT2 bi m+im 2b "2b2K#H2i?2 BMi2 ' biBiB HbQHB/ bQ
bBx2 bvKK2i'B+? '/@bT?2 2 KBtim 2b mM/@RXR B;M P2P2AKaH 7 R2Dbn
i?72 +vbi HH iiB+2 Bb 7Q K2/ #v H ;2 bT?2 2b-r?BH2 i?2 bK HH b
bBi2b M/ /Bzmb2 KQM; i?2KpB p + M+B2b HBF2 ~mB/-rBi?i?2 M\
H2bb i? Mi?2 MmK#2 Q7 BMi2 biBiB HbBi2bX

hQ2p Hm i2i?2M im2Q7i?2i MbBiIiBQM-BiBb M2+2bb "viQ M
ivTB+ HHv i?2 /2MbBiv ~m+im iBQM ~Q mNWV/ii?2 Q@ M2 H2 MBEBNIVH 2 M ; i
gq?2Mi° MbBIiBQMBM; 7°'QKBbQi'QTB+UQ /2HQ+ HBXx2/BMbT +2V
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