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Abstract

This report is divided into two main parts. In the first part, we investigate the
microphase separation of charged diblock copolymers by self-consistent field theory
(SCFT). Although SCFT has become a standard technique for studying neutral block
copolymers, its applications on charged polymers are rare. While earlier SCFT studies
on charged systems are mostly restricted in one-dimensional (1D) space, we
successfully extend SCFT technique to two-dimensional (2D) space or higher by
introducing multigrid method to solve the Poisson-Boltzman equation arisen from
electrostatic interactions. The main results are:

(1) The phase diagram of the charged-neutral (A-B) diblock copolymer solution in
¥N~f space was constructed by SCFT calculations. The order-disorder transition (ODT)
line and the order-order transition (OOT) line were both higher than those in the neutral
diblock copolymer solution. Meanwhile, the ODT line and the OOT line are asymmetric.
These features of the phase diagram lead to larger parameter space for the hexagonal
phase (HEX) near /=0.5, which is consistent with the recent experiments.

(2) The detailed structures of the ordered phases of the charged-neutral diblock
copolymer solution were examined. The effects of the control parameters, such as the
interaction parameters yag/NV and the degree of ionization /N, on the compatibility, the
period of the ordered phases L, the density distributions of the polymer segments, the
solvent, the counterions and the net charge were systematically analyzed. It is found that
the yagN and aaN have similar effects on the structures of lamellar phase (LAM) and
HEX.

The increase of yagN, the dielectric constant & the salt concentration c;,
| xasN— yssN|, and the polymer density <EC , and the decrease of aaN all result in less
compatibility of the charged block copolymers and larger L except ¢ and ¢, With
increasing &, L first decreases and then increases. For c¢;, L decreases when ¢, increases.

The control parameters can be roughly assigned to two categories: one category,
including yasN, aal, & and (EC , they do not destroy the central symmetric property of
the segment density distributions, while the other category do. In most cases, the solvent
molecules tend to gather in either A-rich domains or B-rich domains. When yash is less
than sV, the solvent density in A-rich domains is higher than the averaging value

while it is lower than the averaging value in B-rich domain, and vice versa. When yasN

111
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is equal to ygsN, the solvent molecules favors the domain containing charged blocks
though the difference in density between A-rich and B-rich domains is insignificant.

The effects of aal, ¢, 50, and f on the net charge density can be characterized by
the Debye screening length Ap. Increase of aalV, gEC and f, and decrease of ¢all lead to
smaller Ap. Smaller Ap corresponds to sharper decrease of the net charge density near
the interfaces of A-rich and B-rich domains and clearer electrical double-layers.
Although increase of yagN and | yasN— yssN| can also enhance the electrical
double-layers, its effects cannot be explained by Debye-Hiickel theory. Besides, adding
salts into the block copolymer solution will destroy the electrical double-layers.

In the second part of this report, we adopt the Monte-Carlo simulation to study the
crystallization kinetics of lamellar crystal monolayers. We proposed a kinetic model for
three-phase systems and implemented the corresponding Monte-Carlo algorithm for it.
Through a thorough study of the effects of the growth rate of IF(1) crystals, the
nucleation rate and the growth rate of IF(0) crystals, the size of critical IF(0) nucleus,
and the size of “seed” on the apparent nucleation rate, the fraction of transformed IF(1)
crystals, and the particle size distribution of IF(0) domains, we have roughly determined
a set of control parameters corresponding to the actual systems. In this parameter space,
the Monte-Carlo simulation can reproduce the experimental results. The simulation
results indicate that the log-normal particle size distribution of IF(0) domains is the
consequence of following kinetic processes: (i) the growth of IF(1) crystals is
constrained by the growth of the embedded IF(0) crystals. (i1)) The growth of IF(0)
crystals stops as long as they touch IF(1) crystals or the other IF(0) crystals. (ii1) there

exists a minimum critical nucleus size when IF(0) crystals nucleate in IF(1) crystals.

Keywords: self-consistent field theory; charged block copolymer; lamellar thickening;

Monte-Carlo simulation; log-normal distribution
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R R s R . M B IREH B, SIN o ARGV Y E o, THERE AT

*

nN+n +n_

o a0
Efdrfdrp,,,rh_r,p@(r']d Pe fdrpp

Hrp 34T delta ¥Z BRZ5E | HLH LR KA B BN R delta 12 iR 5 A
FRRGr AT 1
exp|=BU, ("™ 7+ ) |5 [ dp, (1))
= fD@fd)\exp[fifdr[)e(r)@(r)} X (1.35)

() + i [ dr(p(r l

Hr oAz il '5( 3 ZATHE—FE A delta ZBRXT A, b
A, RIEESE 2 M) Sz K (Gaussian functional) F143. FIH Ip/jr-r’| 1
UMY

exp [

1.34
= f’Dp{i exp ( )

T, S(r—r") (1.36)

ALK Rz BB RUEDT, g R

fdrfdr |r () + i [ dr(p(r

2
=C, exp[—@fdﬂVgo(rﬂ ]

po(3 exp| —

(1.37)
¥ ESRARA(L3S)RIRIAEATBY . BEATTIREIET 37 Hb M S0, 3
P RO B T 5

o) = [ . 00t0) - et (1.38)

Kby =ip

ERRA3)NTEAHELENI, XS EWHREGE, KIS RN
gy R, DRI F B S PR B G 20 eR BCRE R K



B Al

Q[wAawBﬂ/}] B Z(]fDR(S) exp[% UNdS de—iS)
eXp[_j;N,4 ds [UJA R(s) +z,a,1 R(s) ]]X (1.39)

e@Pﬁ&BWBM$+%%wR@”

1 B R RIRE AT RUE M IE S AR R R AR, R B R UL RS AR R
Kb B A BUeR AL T ARSI s (6, i 2 9 SO R AN F 1, R
I 2% 30, R — 2.

13/ TERERER RBEEE

AN T4 S R A TR LA d AN B R PO T
2R T K o T, S AR N R T X — R
() BB G oy o CESERRRIF R, o TS SR AE O TR LB A T,
FlanZe 0% (PEY A DI &R KM —HKm oy PR —Fd im0 1. R
m T En P R . A E SRR AL N & 2 A AR A A TR
T T, AT AT B i 2 T AR M S Bk B, IR E . Bk bk R B
A, EHEARHE TR, B R A A AT HE N R 1 AR R IRl — B T R
Fh W AR AR LS AR — P BB ER IR . & 145 d e — I e 2R B A o
KT 7S5 0 AR BT R o VB 4 B A B e 1 7 2 B0 0 F 12 B e 2 1)
S A, RN A 07 R SN TR R o 145 SR AT N I
HRESEt N2, BAREEEX -KRNRGEEL 50 FIRAR. 1k
BT AR A, AT T4 S OR— B T4tz PO
m T AT AS BAA 2R 2 R MR AL IR SRR 2 IaaR
piR A, W T AR 2 A d (lamellae) « 22 /2 A (multilayer crystas)
BiEG 5 (dendrites) « Ht i (shish-kebab crystals) . 14/ (fibrous crystals) . 2%
il 5% (isometric crystals) F1ER{H (spherulites) 258 FETEAS I k. OfA T R ~F
AR B R BASE, I HAEA 7 ) B RS AT B J LA SO U 2 8
oAb B2 R S PO A, TR AE 5-50nm 2 [A], T AENN AT DAKE JE 5 L1
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KEEJLZAK. BOREZ S F LR, BREAREHHLERRESREAR
g, UG, MWFFTE)E I @ 4 AT N TR S m o0 T 45 i, AMEfEAT
FORT RS TN H, 3R] DA G e e AR S I G RE X v 1 A e B B i
FER T

>

131 ®ATERERER

HAT Ei &7 T4 mBR K2 B T aia A KR, ENTA KOS Tl e
K8, MIEB TSR f R G A S A K S NS, WX & 145
AL B A T . Ve 4 1 ER T, A T RES M AL
AT B A S AR R AR AR, 3k S I 5 4 T [ F) 10 PR A 0 3 3o 2 0K
(R4 i E B AE KA . Lauritzen-Hoffmann 2 1 sl BEE UL w40 1 45 i 3h 112
MR AR, RNt B AT SEbr N i) 2 &7 T an Bt . tah, w7
25 IR IEEEE Sadler-Gilmer HUREH A KH gL Wunderlich 4 iz ig!"
A Hikosaka HE1E 3 #0112, X sbFIe MOR [F) M B X LH AT 17— &1
BIEFAHNTE .

SR, 0T 45 AR B 0 ERTE AR R T 4 do R AT 5 R I
(T AR R SR 22 S0 I RS RE FH 15 0 1 45 8 0 S B SRR, AT R Iix &
PGB 0 53145 i P T UA% I R e BE A 9% . Muthukumar-Sommer-Crist #4772
%N Hu-Frenkel 431 A BAZ RN, Strobl H Al AHEE IS L K Olmsted
JE 15 LM o B 4t S R PSR T R A IR B L . X AR ER 1R 342
BT AL A R M LA S 7 TR R G B A R B BE DTk, AR,
FIRBEAR B AR TR . B AR E RS R, B RhR RIS A 2.

132 HHRBEE

WIRTPTIE, EIRNATR 20 4 AT 1 RIS 2 BRI AT, B A
AR RS Z . SRR, &0 7aiemE SRR R R, A5
X GRS 26 A (O BR 1 [RIAE A T s o A% ST Ry 70 1 &5 B T FE ) v o 1A &
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RS, FERITNERN, SBERRBIRESEZE, AR T E =K.
SAXS, SANS &SI TBARMER G =70 7 F e /5 8, 1 TEM. SEM 4&5Z
BT BOCA BT EANEE, I HAELIRE & 0 TR i ROHE R (e
a R, SR R B E R

O LA A G 1R T 1 B (AFMD JRA RS 2R 0% (PEO) FIK:
Bt I 40 T 1 45 L R IB T BN R 4 T 48 SR AR . TR R
PEO RASERIEL . 7 TR EER N, —HEWRE) T8RNk R,
AFM YEN—FPi B R TSR AE TR, AT S it e 431 45 dd R 30 70 445
B, dgsdEn gt ERAE A R A KEREERER. AT
TS, FERERE BRI E > T8 e AFM JRALIRER BB B R

y )% O¢
AR
j LA
)% r\/\r\r\"\
X )) ; ~ T\ M\
T ) /l |7 y
1 Oi X

[
Bl 1.1 JRRm EMGH (edge-on) FITHE (flat-on) PIFHERIIHZEF &b MUGHH & 10 5B

7 ) SRR AT, 100 Py i (S 07 1P S B R I EL o iy 5 V5B 77 17 2 L A
RIS AR BT, PAONBET R HRREWAOVRR. [ Ron iR, x My
S AT RS o Ao 20 IR BT B T (928 TH ) eh A A0 2 0 (o2 T i g, U1

FESRIG T, LR P AL R AR T AT P AP iR R 5 30 G Cedge-on)
APGE (flat-on) » & 1.1 frzs. BT-500JZ il P 3T 28 2 T A= i 1 R i
HBEIE 2200 S35, i (0 S AT S K p RS SR R E T BT B R T 5 EEIK
M PES, DR P AR S SRR T 5 1) CRDN S -7 S D 53 v 70 1 A4 O AR
FEMIBEJ5 00 & A A R AN . BIE AL, 28 S b b 721 I 1y
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Fo 3l AFM JRA BRERT S0 P S T FERIRAZ ARG A R DA R

Hidf, 110

133 H R R AT
ST LB 0 A— KA RAK L HH T AT WRE S . W4T
R RN T R4 TR, 540 T8 F AT B0 77 s BT 50 o
WTTAE BT 6 72 A B . — MO, B T AT BN & (- T ST
BRI R AT 10 6 AL IE0 T R B & (R4 THEAE @ h R
PRI 75 4 T4 2 4 50 SR P BB 98, 1 — T R4 T
ORI FROTSE, T B0 A LR R

LN EmIE M A X O (SAXS) BFITRT 4 T Ak R F 5t 8
%. Fischer "WEBI S PE SN RBL, IR RIERLE G B RV SRR
SAXS WM 0 1 38 KB I ORI H o 3 T3 — 3052, Hirai 2 ALY
YL T M SR ROHLER, Sanchez % AU PSR UL T H 548 1 AT E) 1
BUER. AT (RSP 5 — A 25 B R 2 AR TR, S th 2 SAXS
45515 2 I R R R FITAE A1 RSt MR 4 h 076 S5 LA 53 41
A I FEFOO 25 o (5% I AR A T 0 5 L A2 DL 4T U b
P, LU R TR A S T — SRR, B R S R R
LR X SRR IR T, SR R T 8 X A2

2 PR 527 I O WL 5T B BB (Rt B BB CPLMD, 335 1 T B BB CTEMD,
4 P T S B (SEMD 1 AEM 25 A F 50850 Bt R A T T 2
AFM BRIIEIN, F043 MV A7 B L5 B 50 7 R Y SRS A2, 7980
ST B A T SRR JR 2 — RS TS B S0 AFM BF SR 5 b
S R I, AT APM =TSR By, LU G BRI R 5B
A NSEH RIS 7 15 B APHT T 2 BERTET PEO 0By i, (22129
AT R 0 AT AR 2 B R I T T .

el
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R b, BATRBI BRI _ LR PEO Fdh ¥ Z A 1+ P _E 3R,
IX LG By SR RLE S R AT AR KB R AR R, 1 B DUTE s 90 4 0™ AR
JRI NG JRE XA (ML) 177 S AT I YRR TR I R AR B 2
A BUZ AR . A% AR R JGR BT ARG O, IR RS B S e
338 JERL - T L B AN [ )ROSF PN BE TR AR . R RE T Tl i AR KO AR T 3 R
FAZAL IR IR, A KT R A 08 R 0 BB E B ] ) A= R i 0 —
AN A RKOSRE, AR KRR JOR BT sk, 3 BANZ IF() F dis
ISyl AR

FEFE F, IRATE VCKAHIZ L (phase field theory) I B &40 1 Fr dhig )5 i
FERIREFE b o I AR RL AL S P T RS P, TN IRORDRL A
B, JFREAE R A S A0 IE GG T AR TR B BRIz R . ARG T
FEABEE — 20 F TR 0 5L R o e o J P A A I R o B T R L
PR SR I 1 L S I PO S B A Y R I 5 .l 5 e e g R X e o i, o
SN IR 7~ R s b 3R HH AR5 R B 1 2R 1k A DG W s T 3 R R A R
P S P AR A

A2, PEO Fr i B2 BRI 3G JE AN AT FER K I R A, SEPTHE v i A KT 2
kA PRy F PEO fE4E I AT ANFE AL, Bl PEO 43 FHELE Fr it i R AR B8
A S, Hikm s PR BRI BATK TS o KW SR
N IF(m) sk, Hodn AREEL TR, TFO) SRR MRS A &, IF() SRR
N PEO #r FHEKI—2. B 124 H T PEO (M,=3000 g/mol) 7E 47.0 °C 45 i
HITESEAL B (It PEO A 54 Y TF(L) B AR R J /UAE 48.0 °C 2 48.5°C Z[H)) « T
PEO Ff i fE 47.0 °C FARMEE KR 4, FRATRA T AT AR AR S 45 i v B
EHR (self-seeding) . B /o PEO A0 75 il T A5 1 A 4 22 % iR RIS
IREE, ANITA G IF(2) i B I A, AR5 RS THIR 2 TF(0) MR RIE R, b
I A AR T AR R /N RS A, B 128 B — AN R SAR BB, e RIRSE
fE 1 pm Zids, FRATEXFER/NBIAFR Y “ @M



HE R G0 AR RS H—H

(a) (b)
(d) (e)
(& (h)

(1)
K 1.2 PEO (M,=3000 g/mol) 7E 47.0 °C 2535 45 S It AFM R A7 R B0 7 (0w FZ 1R 124, (a) 0 min,

(b) 11.8 min, (c) 17.6 min, (d) 29.2 min, (e) 58.0 min, (f) 69.7 min, (g) 87.0 min, (h) 121.2 min,

(i) 150.5 min. R~} H(a-g) 7 um x 7 um, (h, i) 8 um x 8 umo

BB 1.2a R RAIE R 47.0 °C HEATSE d, SRR R 9 A= E: 2R
—M B RA IF) S ESMEEAK (120 , ZIFASEKS—e R )G
(E 120) , HERFEZHBL, MEENE B 58 B, IR &KL
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K (S M IF(D)IGE (S10) WFIERGES, 3G 5k 1 HILEZ AL
(] A A SRR BT 7 1 B /N I IRQ) SR AR AR KO 3 (AL RTB 3 1
AR B, 38 K77 IF(D) 7 s AR KT R & I 516 B, 7554 K IF(0)
Fan (B 120 HIEBENSE =B B SB=FrBenr, S1IEREDY IF(0) B M E A4
K (S0) Msedr ikt B 2R 251k, R S10 A2 XORBH#E IF(1) A di 8 3
R WABERFAERGE N TFO) A& (B 1 RGHRABRELER « e
T S AR 25 i SR K, 1% PEO FERMAE 47.5 °C LR 45 F it B KT

M504 AFM & AT A5 2] IF(D)ERAR . TF(0) S AR LE SN 2 R ~F
&SR, nHEE &% PEO F i K. W R MM AR ) F 45 0E . W%%
B 1.2 FTRLE H TR(L) d A 338 )5 72 5 4 R AR O R AR A 284, R BRATT o
Jo R G SRR I T A% B 1% . EA SRR R b, B AR RS 2
WO A ST BT Y FE, TAERRATI R Rk, BEAHIARFRAERE S10 AR IHFEM
AN S1 SR 2% 78, 7E SO IR I G S1 BRI R A 2 1MW 1k, X
IR RS2 BUBAZ AR R — 80 ARBLI B T U AL U L e AL, R A2
S10 I FRMIAE K BOm ERAZ M B B 1.3a 45 H 1 47.0 °C 3 R 750 n AR 14K
1H1% B2 o, KT . ATAE R n 5 S G LR AR, 5 K&
LB T RS TR (AR AE R G, BEAN AT R 5 28 M U AR 2R 2848 X AFM
FUGEE, TR A AR e 1 A DX IR) 465 AR BT X R PR R ) R B 47 s B 1D 4
TFxF BT SO WIFFas B 1a] . Bhis SO B 7 S1 kbR, TR &RA K LT
(R ISP57 A VAT % NV SE 2 5w N AR e 2 P A B4 G LE s s (= Y S (DL
T pur TEOHURAME T o B T F8E KX AAR FEIX A S, B AEE—A
A X[, ZEIXAN X 8] T, p, JLPANAR o P46 [X ] 1 B 8] 96 BB 7E 37.2 min £1] 69.7 min
Z 0], SEIXTE ERRAZ n dERmdT A iR BRI RS S 8RR T B AR
AT RAXS B o



HHKEE G TR X —Hr
0-30 [ T T T T T T .'. ]
150 15 L 0 )
- 025 -« 1w L .
1201 12 N L
L m’; 020 o a §
90 | 19 ™ N
= F E \EL/ 0 15 L .IIE ‘AA‘ i
60 | 16 3 2 ISR
' = 5010} NG ]
30 B T 3 Q E L ' ‘ ,:l.l.."' .
L > | . [ ‘:: ...I: LYY i
ol lo 0.05 Lttt
30 i | | | 3 0.00F Tlllzgal“ I ' : I I i
0 30 100 0 20 40 60 80 100 120
¢ (mmin) t (min)

K] 1.3 PEO (M,=3000 g/mol) 7E 47.0 °C 455 (a) HAJERI T n S LT E p, HALI2Y,
(b) IFO)S A (F(0)) IR AR (1)) RUaAER v it U3, n fip, thZm

RLZE R4 124 2.41 £0.04 min F10.46+0.04 pm™min”', FH7 SALE 43 5 69.7 min A1 37.2 min.

Count

20

10/
0

20

10/
0

20
10

0
20

0
20
10

0
20

10/
0

20

10/
0

20

10/
o

10/

- 136.0 min

101.5 min

r . 72.6 min

r 58.0min

-100 0O 100 200 300 400 3500

d (nm)

K] 1.4 PEO (M,=3000 g/mol) 7E 47.0 °C 4 5 i 3 ok i o0 A s ak . 24V B 5 B Ay s
GEitgh I, Sz B2 A S MO (R M E A5 A A P 5 5

18



B Al

N T a8 H ST AR S10 AR IFEF+47 4, B 1.3b Giit 1 IF(0)1AFR 1(0),
IF()AF V(D) PSSR v BEI 8] (AR A %y . ZESS T (D KT 110), HiH
T MO KIEZ KT V1), RS R R 2A 39 £ 2 min J5, V(0)EEE 1(1)
Hm 2 V(). £ V()i ol e, HISKERZEAR /N R&ET 0 H£2
FEAE, X ULIITE TR(L) &R A 38R A [ S10 3L FEsRZ1MmE] T S1 bR, A4y
BT TR B S10 1 FEBTTHHE

B ERAR R I AZ BN 715 5 — AN B BAA R0 TR R G F& ok 1 Hon
HE RS (EfAE. B, WAL BB At RIKL4E 4 4 (Particle Size
Distribution, PSD)!"*'#1, PEO (M,=3000 g/mol) £ 47.0 °C & /i S10 i f =4
R EAE LA B LEANZ 0, EEE TSI NTFE sk R, REsm
BB — SR R B, R R AE I SR ORI, s BUE TR T R, BRI
R EHIL—F GBS THX, P& 5% AN RN, K52’
PRIE R FEX E] . 2 SR B TR AE T & X, R4S 73 AT R AU A — A A A
U,

GRS
o0 d (1.40)

Horb fid, )8 ¢ NZIRAR AT R EL n(0) N ¢ 20K R R T4 D vk & 4Rl 4
FZ, $RSH v AT AR AR (R EIT) BIRT BRI EAR S T, X
T CEAR” Pz dr KL v=1, DL 05 s AL =2

SRIMAERATHI R R R, Wl 1.4, KR AT R EBOY— B0 A, REUE 2 L
Tt BIAWEAG G XOFIR TR, X 54 MU B AT . Shi 45 A1 gt
TG E TR A 22 R 7 O SE 0 L AL T RIAR LR o A AT 9 IR R
1253 A A FH — A S BROE 2507 R HOR A R

exp{-ﬁwfi:ﬂlﬂ)—] (1.41)

f(d,t)=

C
\27od
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Hd A FBhiAR, oGS AT . L1410 BLE B 1.4 RS sdE, s
ek bl 1.4 1, FATKI SR 5 EHRH MY & . PEO IF(1)& 1A
18 5 3 R v 48 JEORE T RDREAR 73 A 5 /R R BRI — F SR B, Bk &R
PR A S BE 25 0 A kL AR 70 A R 80T OB Bk TR S AL CR AL, 5 s 91D
A RAZAL B RHLERZ A7 20 A

1.4 TR HIHREH

AR B B Sens i iR BRI A 0 BAT N ROT, B B =
P A% . BinBERaTh RS IS VB, RimfET R &Y+
RN A NINGED, A& AR EER BRI ERE TR RS
N2 32 SR AR SR 2 A B R AR o — g A [ L, 3RAT T 51
Z HE PR EIT R R S —4E A e BRIt . BT R TN A
(ERCT

(1) G- PR BOL RV AR B 7T . 8 —4Ese 8] B g R i
S, HGE G- PR R BOL R L, R E - P AL S 2k (ODT) My
AFHAFL (00T) o HrERBALRMIII L, iR ik BOR & Y5H 70 &
A AL o

(2) - PR B RO 73 S RZEHI S B e . AT AR R T
Rk BOL IR R i S22 8] Bie B T SR DUE Tk AT — 458, —
HE oK =AW FOEAR WA T AR5 — M WASERL b, R 4Esia (a5
R T RIS SO - TR R IR BOL RIS 0 B AR RS, R &
Gt EAE 28 BB SRR S EO R R AE . AP A BEBOK
FET A« VTR BE A« e 8 IR EE 70 A1 RT3 ) FL A YA J5E 93 A1 R R T o

AR HR sy R ED 2K T m T et EI R BRI . moTH
T Y (RS NIP T U R/ 1<i75 /= Rt e/ N PR -6 o111 1 N L1 5 s W L
HREARFN = 7 T AR PERE . FATE SCIR LS M JE Al b, TR0 1 Fr i 1
JENLER AT T BARWE U G @S DR =01 B )R B 1 22 i AR
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RS R RG A RHATHIEE, b im0 7 d g JE AL

B3R

[1] Barrat, J.; Joanny, F. "Theory of Polyelectrolyte Solutions™ Adv. Chem. Phys.
1996, 94, 1.

[2] Messina, R. "Electrostatics in Soft Matter" J. Phys. Chem. Matt. 2009, 21,
113102.

[3] Holm, C.; Joanny, J. F.; Kremer, K.; Netz, R. R.; Reineker, P.; Seidel, C.;
Vilgis, T. A.; Winkler, R. G. "Polyelectrolyte Theory" Adv. Polym. Sci. 2004,
166, 66.

[4] Netz, R. R.; Andelman, D. "Neutral and Charged Polymers at Interfaces™ Phys.
Rep. 2003, 380, 1.

[5] Radeva, T. Physical Chemistry of Polyelectrolytes; Marcel Dekker, Inc.: New
York, 2001.

[6] Hara, M., Polyelectrolytes: Science and Technology. Marcel Dekker, Inc.: New
York, 1993.

[7] Rice, S. A. "Polyelectrolytes” Rev. Mod. Phys. 1959, 31, 69.

[8] Dobrynin, A. V. "Theory and Simulations of Charged Polymers: From Solution
Properties to Polymeric Nanomaterials” Curr. Opin. Colloid Interface Sci.
2008, 13, 376.

[9] Fredrickson, G. H. The Equilibrium Theory of Inhomogeneous Polymers;
Oxford University Press: Oxford, 2006.

[10] Dobrynin, A. V.; Rubinstein, M. "Theory of Polyelectrolytes in Solutions and
at Surfaces" Prog. Polym. Sci. 2005, 30, 1049.

[11] Boroudjerdi, H.; Kim, Y. W.; Naji, A.; Netz, R. R.; Schlagberger, X.; Serr, A.

"Statics and Dynamics of Strongly Charged Soft Matter" Phys. Rep. 2005, 416,

129.
21



HE R L R AR X

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Muthukumar, M. "Polyelectrolyte Dynamics™ Adv. Chem. Phys. 2005, 131, 1.
Dobrynin, A. V.; Colby, R. H.; Rubinstein, M. "Polyampholytes"” J. Polym. Sci.
Part B: Polym. Phys. 2004, 42, 3513.

Balasubramanian, V.; Onaca, O.; Enea, R.; Hughes, D. W.; Palivan, C. G.
"Protein Delivery: From Conventional Drug Delivery Carriers to Polymeric
Nanoreactors" Expert Opin. Drug Deliv. 2010, 7, 63.

Wang, C.; Wang, W.; Hsiue, G. "Development of Polyion Complex Micelles
for Encapsulating and Delivering Amphotericin B" Biomaterials 2009, 30,
3352.

Voets, I. K.; de Keizer, A.; Cohen Stuart, M. A. "Complex Coacervate Core
Micelles” Adv. Colloid Interface Sci. 2009, 147-148, 300.

Mahmud, A.; Xiong, X.; Aliabadi, H. M.; Lavasanifar, A. "Polymeric Micelles
for Drug Targeting™ J. Drug Target. 2007, 15, 553.

Koetz, J.; Kosmella, S. Polyelectrolytes and Nanoparticles; Springer: Berlin,
2007.

Croy, S. R.; Kwon, G. S. "Polymeric Micelles for Drug Delivery" Curr. Pharm.
Design 2006, 12, 4669.

de Vries, R.; Cohen Stuart, M. "Theory and Simulations of Macroion
Complexation” Curr. Opin. Colloid Interface Sci. 2006, 11, 295.

Ulrich, S.; Seijo, M.; Stoll, S. "The Many Facets of Polyelectrolytes and
Oppositely Charged Macroions Complex Formation” Curr. Opin. Colloid
Interface Sci. 2006, 11, 268.

French, R. H.; Parsegian, V. A.; Podgornik, R.; Rajter, R. F.; Jagota, A.; Luo, J.;
Asthagiri, D.; Chaudhury, M. K.; Chiang, Y.; Granick, S.; Kalinin, S.; Kardar,
M.; Kjellander, R.; Langreth, D. C.; Lewis, J.; Lustig, S.; Wesolowski, D.;
Wettlaufer, J. S.; Ching, W.; Finnis, M.; Houlihan, F.; von Lilienfeld, O. A;
van Oss, C. J.; Zemb, T. "Long Range Interactions in Nanoscale Science" Rev.

Mod. Phys. 2010, 82, 1887.
22



B Al

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Andelman, D., Introduction to Electrostatics in Soft and Biological Matter. In
Proceedings of the Nato ASI & SUSSP on "soft condensed matter physics in
molecular and cell biology", Poon, W.; Andelman, D., Eds. Taylor & Francis:
New York, 2006; pp 97.

Rubinstein, M.; Colby, R. Polymer Physics; Oxford University Press: New
York, 2003.

Dobrynin, A. V.; Colby, R. H.; Rubinstein, M. "Scaling Theory of
Polyelectrolyte Solutions" Macromolecules 1995, 28, 1859.

Khokhlov, A. R.; Khachaturian, K. A. "On the Theory of Weakly Charged
Polyelectrolytes” Polymer 1982, 23, 1742.

De Gennes, P. G. Scaling Concepts in Polymer Physics; Cornell University
Press

: London, 1979.

Liao, Q.; Dobrynin, A. V.; Rubinstein, M. "Molecular Dynamics Simulations
of Polyelectrolyte Solutions: Nonuniform Stretching of Chains and Scaling
Behavior" Macromolecules 2003, 36, 3386.

Castelnovo, M.; Sens, P.; Joanny, J. F. "Charge Distribution On Annealed
Polyelectrolytes” Eur. Phys. J. E 2000, 1, 115.

Dobrynin, A. V.; Rubinstein, M.; Obukhov, S. P. "Cascade of Transitions of
Polyelectrolytes in Poor Solvents" Macromolecules 1996, 29, 2974.

Hooper, H. H.; Beltran, S.; Sassi, A. P.; Blanch, H. W.; Prausnitz, J. M. "Monte
Carlo Simulations of Hydrophobic Polyelectrolytes. Evidence for a Structural
Transition in Response to Increasing Chain lonization™ J. Chem. Phys. 1990,
93, 2715.

Higgs, P. G.; Orland, H. "Scaling Behavior of Polyelectrolytes and
Polyampholytes: Simulation by an Ensemble Growth Method™ J. Chem. Phys.
1991, 95, 4506.

Chodanowski, P.; Stoll, S. "Monte Carlo Simulations of Hydrophobic
23



HE R L R AR X

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Polyelectrolytes: Evidence of Complex Configurational Transitions” J. Chem.
Phys. 1999, 111, 60609.

Lyulin, A. V.; Dinweg, B.; Borisov, O. V.; Darinskii, A. A. "Computer
Simulation Studies of a Single Polyelectrolyte Chain in Poor Solvent"
Macromolecules 1999, 32, 3264.

Solis, F. J.; Olvera De La Cruz, M. "Variational Approach to Necklace
Formation in Polyelectrolytes" Macromolecules 1998, 31, 5502.

Migliorini, G.; Lee, N.; Rostiashvili, V.; Vilgis, T. A. "Polyelectrolyte Chains
in Poor Solvent. A Variational Description of Necklace Formation™ Eur. Phys.
J. E 2001, 6, 259.

Tamashiro, M. N.; Schiessel, H. "Stepwise Unwinding of Polyelectrolytes
Under Stretching™ Macromolecules 2000, 33, 5263.

Vilgis, T. A.; Johner, A.; Joanny, J. F. "Stretching Necklaces" Eur. Phys. J. E
2000, 2, 289.

Limbach, H. J.; Holm, C.; Kremer, K. "Structure of Polyelectrolytes in Poor
Solvent™" Europhys. Lett. 2002, 60, 566.

Manning, G. S. "Limiting Laws and Counterion Condensation in
Polyelectrolyte Solutions I. Colligative Properties” J. Chem. Phys. 1969, 51,
924.

Gerald S., M. "Counterion Condensation Theory Constructed From Different
Models" Physica A. 1996, 231, 236.

Manning, G.; Ray, J. "Counterion Condensation Revisited" J. Biomol. Struct.
Dyn. 1998, 16, 461.

Raphael, E.; Joanny, J. F. "Annealed and Quenched Polyelectrolytes" Europhys.
Lett. 1990, 13, 623.

Muthukumar, M. "Theory of Counter-lon Condensation On Flexible
Polyelectrolytes: Adsorption Mechanism" J. Chem. Phys. 2004, 120, 9343.

Kramarenko, E. Y.; Khokhlov, A. R.; Yoshikawa, K. "A Three-State Model for
24



B Al

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Counterions in a Dilute Solution of Weakly Charged Polyelectrolytes”
Macromol. Theory Simul. 2000, 9, 249.

Katchalsky, A. "Polyelectrolytes” Pure Appl. Chem. 1971, 26, 327.
Deshkovski, A.; Obukhov, S.; Rubinstein, M. "Counterion Phase Transitions in
Dilute Polyelectrolyte Solutions™ Phys. Rev. Lett. 2001, 86, 2341.

Antypov, D.; Holm, C. "Optimal Cell Approach to Osmotic Properties of Finite
Stiff-Chain Polyelectrolytes” Phys. Rev. Lett. 2006, 96, 88302.

Grosberg, A. Y.; Nguyen, T. T.; Shklovskii, B. I. "Colloquium: The Physics of
Charge Inversion in Chemical and Biological Systems™ Rev. Mod. Phys. 2002,
74, 329.

Gonzalez-Mozuelos, P.; de la Cruz, M. O. "lon Condensation in Salt-Free
Dilute Polyelectrolyte Solutions™ J. Chem. Phys. 1995, 103, 3145.

Holm, C., Polyelectrolytes-Theory and Simulations. In Soft Matter
Characterization, Borsali, R.; Pecora, R., Eds. Springer Netherlands: 2008; pp
287.

Holm, C.; Kekicheff, P.; Podgornik, R., Electrostatic Effects in Soft Matter and
Biophysics. Kluwer Academic Publishers: Dordrecht, Netherlands, 2001; Vol.
46.

Gelbart, W. M.; Bruinsma, R. F.; Pincus, P. A.; Parsegian, V. A. "Dna-Inspired
Electrostatics" Phys. Today 2000, 53, 38.

Odijk, T. "Polyelectrolytes Near the Rod Limit" J. Polym. Sci. Part B: Polym.
Phys. 1977, 15, 477.

Skolnick, J.; Fixman, M. "Electrostatic Persistence Length of a Wormlike
Polyelectrolyte” Macromolecules 1977, 10, 944.

Ha, B. Y.; Thirumalai, D. "Persistence Length of Flexible Polyelectrolyte
Chains" J. Chem. Phys. 1999, 110, 7533.

Sch&er, H.; Seidel, C. "Structure of Polyelectrolytes in Solution: a Monte

Carlo Study" Macromolecules 1997, 30, 6658.
25



HE R L R AR X

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Beer, M.; Schmidt, M.; Muthukumar, M. "The Electrostatic Expansion of
Linear Polyelectrolytes: Effects of Gegenions, Co-lons, and Hydrophobicity™"
Macromolecules 1997, 30, 8375.

Netz, R. R.; Orland, H. "Variational Theory for a Single Polyelectrolyte Chain"
Eur. Phys. J. B 1999, 8, 81.

Manghi, M.; Netz, R. R. "Variational Theory for a Single Polyelectrolyte Chain
Revisited" Eur. Phys. J. E 2004, 14, 67.

Fixman, M. "Electrostatic Persistence Length" J. Phys. Chem. B 2010, 114,
3185.

Rubinstein, M.; Colby, R. H.; Dobrynin, A. V. "Dynamics of Semidilute
Polyelectrolyte Solutions™” Phys. Rev. Lett. 1994, 73, 2776.

Dormidontova, E. E.; Erukhimovich, I. Y.; Khokhlov, A. R. "Microphase
Separation in Poor-Solvent Polyelectrolyte Solutions - Phase-Diagram”
Macromol. Theory Simul. 1994, 3, 661.

Schweizer, K.; Curro, J. "Prism Theory of the Structure, Thermodynamics, and
Phase Transitions of Polymer Liquids and Alloysatomistic Modeling of
Physical Properties” Adv. Polym. Sci. 1994, 116, 319.

Boryu, V. Y.; Erukhimovich, I. Y. "A Statistical Theory of Weakly Charged
Polyelectrolytes: Fluctuations, Equation of State and Microphase Separation™
Macromolecules 1988, 21, 3240.

Vilgis, T. A.; Borsali, R. "Mean-Field Theory of Concentrated Polyelectrolyte
Solutions: Statics and Dynamics"” Phys. Rev. A 1991, 43, 6857.

Khokhlov, A. R.; Nyrkova, I|. A. "Compatibility Enhancement and
Microdomain Structuring in Weakly Charged Polyelectrolyte Mixtures"”
Macromolecules 1992, 25, 1493.

Mahdi, K. A.; Olvera De La Cruz, M. "Phase Diagrams of Salt-Free
Polyelectrolyte Semidilute Solutions"” Macromolecules 2000, 33, 7649.

Ermoshkin, A. V.; Olvera De La Cruz, M. "A Modified Random Phase
26



B Al

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Approximation of Polyelectrolyte Solutions™ Macromolecules 2003, 36, 7824.
Muthukumar, M. "Double Screening in Polyelectrolyte Solutions: Limiting
Laws and Crossover Formulas™ J. Chem. Phys. 1996, 105, 5183.

Kumar, R.; Muthukumar, M. "Microphase Separation in Polyelectrolytic
Diblock Copolymer Melt: Weak Segregation Limit" J. Chem. Phys. 2007, 126,
214902.

Wang, Q.; Taniguchi, T.; Fredrickson, G. H. "Self-Consistent Field Theory of
Polyelectrolyte Systems" J. Phys. Chem. B 2004, 108, 6733.

Shi, A. C.; Noolandi, J. "Theory of Inhomogeneous Weakly Charged
Polyelectrolytes” Macromol. Theory Simul. 1999, 8, 214.

Yang, S.; Vishnyakov, A.; Neimark, A. V. "Self-Assembly in Block
Polyelectrolytes” J. Chem. Phys. 2011, 134, 54104.

Liu, Y.; Zhang, H.; Tong, C.; Yang, Y. "Microphase Separation and Phase
Diagram of Concentrated Diblock Copolyelectrolyte Solutions Studied by
Self-Consistent Field Theory Calculations in Two-Dimensional Space"
Macromolecules 2011, 44, 8261.

Matsen, M. W. "The Standard Gaussian Model for Block Copolymer Melts" J.
Phys. Chem. Matt. 2002, 14, R21.

Matsen, M. W., Self-Consistent Field Theory and its Applications. In Soft
Matter, Gompper, G.; Schick, M., Eds. 2007; pp 87.

F, S. "Self-Consistent-Field Theories for Complex Fluids" J. Phys. Chem. Matt.
1998, 10, 8105.

Fredrickson, G. H. "Theoretical Profits" 2008, 7, 261.

Fredrickson, G. H.; Ganesan, V.; Drolet, F. "Field-Theoretic Computer
Simulation Methods for Polymers and Complex Fluids" Macromolecules 2002,
35, 16.

Vilgis, T. A. "Polymer Theory: Path Integrals and Scaling” Phys. Rep. 2000,

336, 167.
27



HE R L R AR X

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

S, F. E. "The Statistical Mechanics of Polymers with Excluded Volume"
Proceed. Phys. Soc. 1965, 85, 613.

Papadopoulos, G. J.; Devreese, J. T., Path Integrals and their Applications in
Quantum, Statistical, and Solid State Physics. Plenum Press: New York, 1978.
Helfand, E.; Tagami, Y. "Theory of the Interface Between Immiscible
Polymers. 1i" J. Chem. Phys. 1972, 56, 3592.

Helfand, E.; Tagami, Y. "Theory of the Interface Between Immiscible
Polymers" J. Polym. Sci. Part B: Polym. Phys. 1971, 9, 741.

Helfand, E. "Theory of Inhomogeneous Polymers: Fundamentals of the
Gaussian Random-Walk Model" J. Chem. Phys. 1975, 62, 999.

Whitmore, M. D.; Noolandi, J. "Self-Consistent Theory of Block Copolymer
Blends: Neutral Solvent™ J. Chem. Phys. 1990, 93, 2946.

Hong, K. M.; Noolandi, J. "Theory of Inhomogeneous Multicomponent
Polymer Systems" Macromolecules 1981, 14, 727.

Shull, K. R.; Mayes, A. M.; Russell, T. P. "Segment Distributions in Lamellar
Diblock Copolymers" Macromolecules 1993, 26, 3929.

Shull, K. R. "Mean-Field Theory of Block Copolymers: Bulk Melts, Surfaces,
and Thin Films™ Macromolecules 1992, 25, 2122.

Matsen, M. W.; Schick, M. "Stable and Unstable Phases of a Diblock
Copolymer Melt" Phys. Rev. Lett. 1994, 72, 2660.

Drolet, F.; Fredrickson, G. H. "Combinatorial Screening of Complex Block
Copolymer Assembly with Self-Consistent Field Theory™” Phys. Rev. Lett. 1999,
83, 4317.

Rasmussen, K.; Kalosakas, G. "Improved Numerical Algorithm for Exploring
Block Copolymer Mesophases™ J. Polym. Sci. Part B: Polym. Phys. 2002, 40,
1777.

Tzeremes, G.; Rasmussen, K.; Lookman, T.; Saxena, A. "Efficient

Computation of the Structural Phase Behavior of Block Copolymers™ Phys. Rev.
28



B Al

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

E 2002, 65, 41806.

Feynman, R. P.; Hibbs, A. R. Quantum Mechanics and Path Integrals;
McGraw-Hill: New York, 1965.

Cheng, S. Z. D. Phase Transitions in Polymers: The Role of Metastable States;
Elsevier: Amsterdam, 2008.

Reiter, G.; Strobl, G. R. Progress in Understanding of Polymer Crystallization;
Springer: Berlin Heidelberg, 2007.

Mandelkern, L. Crystallization of Polymers Vol. 2; 2 ed.; Cambridge
University Press: Cambridge, 2004.

Reiter, G.; Sommer, J. U. Polymer Crystallization: Observations, Concepts and
Interpretations; Springer-Verlag: Berlin Heidelberg, 2003.

Mandelkern, L. Crystallization of Polymers Vol. 1; 2 ed.; Cambridge
University Press: Cambridge, 2002.

Wunderlich, B. Macromolecular Physics Vol. 2; Academic Press: New York,
1976.

Wunderlich, B. Macromolecular Physics Vol. 1; Academic Press: New York,
1973.

Keller, A.; Goldbeck-Wood, G., Polymer Crystallization: Fundamentals of
Structure and Crystal Growth of Flexible Chains. In Comprehensive polymer
science: 2nd Supplement, Aggarwal, S. L.; Russo, S., Eds. Elsevier: Oxford,
1996; pp 241.

Armitstead, K.; Goldbeck-Wood, G. "Polymer Crystallization Theories" Adv.
Polym. Sci. 1992, 100, 219.

Hoffman, J. D.; Miller, R. L. "Kinetic of Crystallization From the Melt and
Chain Folding in Polyethylene Fractions Revisited: Theory and Experiment"
Polymer 1997, 38, 3151.

Sadler, D. M.; Gilmer, G. H. "Rate-Theory Model of Polymer Crystallization"

Phys. Rev. Lett. 1986, 56, 2708.
29



HE R L R AR X

[107] Wounderlich, B.; Mehta, A. "Macromolecular Nucleation™ J. Polym. Sci. Part B:

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Polym. Phys. 1974, 12, 255.

Hikosaka, M.; Watanabe, K.; Okada, K.; Yamazaki, S. "Topological
Mechanism of Polymer Nucleation and Growth - The Role of Chain Sliding
Diffusion and Entanglement” Adv. Polym. Sci. 2005, 191, 137.

Muthukumar, M. "Molecular Modelling of Nucleation in Polymers" Phil.
Trans. R. Soc. Lond. A 2003, 361, 539.

Hu, W.; Frenkel, D.; Mathot, V. B. F. "Intramolecular Nucleation Model for
Polymer Crystallization” Macromolecules 2003, 36, 8178.

Strobl, G. "Colloquium: Laws Controlling Crystallization and Melting in Bulk
Polymers" Rev. Mod. Phys. 2009, 81, 1287.

Olmsted, P. D.; Poon, W. C.; McLeish, T. C.; Terrill, N. J.; Ryan, A. J.
"Spinodal-Assisted Crystallization in Polymer Melts" Phys. Rev. Lett. 1998, 81,
373.

Magonov, S. N.; Reneker, D. H. "Characterization of Polymer Surfaces with
Atomic Force Microscopy™ Annu. Rev. Mater. Sci. 1997, 27, 175.

Sommer, J. U.; Reiter, G. "The Formation of Ordered Polymer Structures at
Interfaces: A Few Intriguing Aspects" Adv. Polym. Sci. 2006, 200, 1.

Hobbs, J. K.; Mullin, N.; Weber, C. H. M.; Farrance, O. E.; Vasilev, C.
""Watching' Processes in Soft Matter with Spm" Mater. Today 2009, 12, 26.
Liu, Y. X.; Chen, E. Q. "Polymer Crystallization of Ultrathin Films On Solid
Substrates” Coord. Chem. Rev. 2010, 254, 1011.

Chan, C.; Li, L. "Direct Observation of the Growth of Lamellae and
Spherulites by Afm™ Adv. Polym. Sci. 2005, 188, 1.

Wang, Y.; Rafailovich, M.; Sokolov, J.; Gersappe, D.; Araki, T.; Zou, Y.;
Kilcoyne, A. D. L.; Ade, H.; Marom, G.; Lustiger, A. "Substrate Effect On the
Melting Temperature of Thin Polyethylene Films" Phys. Rev. Lett. 2006, 96,

28303.
30



B Al

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Fischer, E. W. "Long Periods in Drawn Polyethylene™ Angew. Chem. Int. Edit.
1962, 1, 488.

Sanchez, I. C.; Peterlin, A.; Eby, R. K.; McCrackin, F. L. "Theory of Polymer
Crystal Thickening During Annealing.” J Appl. Phys. 1974, 45, 4216.

Sanchez, I. C.; Colson, J. P.; Eby, R. K. "Theory and Observations of Polymer
Crystal Thickening™ J Appl. Phys. 1973, 44, 4332.

Liu, Y. X.; Li, J. F.; Zhu, D. S.; Chen, E. Q.; Zhang, H. D. "Direct Observation
and Modeling of Transient Nucleation in Isothermal Thickening of Polymer
Lamellar Crystal Monolayers” Macromolecules 2009, 42, 2886.

Liu, Y. X.; Zhong, L. W.; Su, S. Z.; Chen, E. Q. "Phase Selection Pathways in
Ultrathin Film Crystallization of a Low Molecular Weight Poly(Ethylene
Oxide) Fraction On Mica Surfaces" Macromolecules 2011, 44, 8819.

X—Hr. " TE TR AR S RS SR TERA K —
SESEIG PR 7T, AL AR L, dbRUR S, bk, 2009.
Onuki, A. Phase Transition Dynamics; Cambridge University Press:
Cambridge, 2002.

Kozisek, Z.; Demo, P.; Sveshnikov, A. M. "Size Distribution of Nuclei in a
Closed System" J. Chem. Phys. 2006, 125, 114504.

Crespo, D.; Pradell, T. "Evaluation of Time-Dependent Grain-Size Populations
for Nucleation and Growth Kinetics" Phys. Rev. B 1996, 54, 3101.

Family, F.; Meakin, P. "Scaling of the Droplet-Size Distribution in
Vapor-Deposited Thin Films" Phys. Rev. Lett. 1988, 61, 428.

Shi, F. G.; Seinfeld, J. H. "Nucleation in the Pre-Coalescence Stages: Universal
Kinetic Laws" Mater. Chem. Phys. 1994, 37, 1.

Kumomi, H.; Shi, F. G. "Alternative Origin of Log-Normal Size Distributions
of Crystallites in Controlled Solid-Phase Crystallization of Amorphous Si Thin
Films" Phys. Rev. Lett. 1999, 82, 2717.

Bergmann, R. B.; Shi, F. G.; Krinke, J. "Noncoarsening Origin of
31



HE R L R AR X

[132]

Logarithmic-Normal Size Distributions During Crystallization of Amorphous
Thin Films™ Phys. Rev. Lett. 1998, 80, 1011.

Bergmann, R. B.; Shi, F. G.; Queisser, H. J.; Krinke, J. "Formation of
Polycrystalline Silicon with Log-Normal Grain Size Distribution” Appl. Surf.
Sci. 1998, 123-124, 376.

32



BE SCR-P R RBSLRYIRE AR E

2158|8

BRI B IL Y (Polyelectrolyte Block Copolymers) £ —253E /K P 5
A F, RS RKEERFEEIMESEN, EPREAR. EWEAR. ZiYmizs
B VR« 2 S AR B i i 22 AT LA T A VS PR T 2T 7 - B R B
RYRRX Ry TIRARE, CRAEHWE R, 58 B0 ERME B &7,
D] bt 2 S5 wh e R T ORI 70 R P . H AT o R BT T A R R IR 2 0%
-b-F IR (PS-b-PAA) 7, B2 J55-b-K 4-2 I HEmEnE (PS-b-P4VP) [, R
L I-b- TR EEFIGIR (PEO-b-PMAA) TIRIERUT 3 5 205 -b- T 0ot ZE R IR A 2
2% (PtBS-b-PSSNa) P14,

KT FE R SR BRI 7 K 2 S AR E ATV IR R o SEBRER By
R R R B S SR A E R K I T DUR A AL, T A R e R > 101,
FETRI AR . bR e SRR B3 2> TR A A I B SR AR R 4048 B — AN SO B K
B (PR B b — Aok i s E - G i) 4. Borisov A1 Zhulina
KT —B KT H-rh M R B SRR R P A Y34 B, DA R
S IEAE AR BRI DL SR LA g 2 U2 AT T IX — B IR M T -
1 B AR T TR AS R AR HR, AT H- e R B SR )
MV A 2R KECE T — AN X P R E 22647 9 2 B B K AZ R B 1 r
IERI RS, FLIHAERISE 2 B0 HE = /R 5 M BAE AR =R e S I E5 R . R T
SRR, A H-rh R IR B R R L R R T A 2 F I AL S5 i
Foelr AR O AR BLAE R, AAT AR Y UE N 2 R M RS .
an, NAFEREE SR S 50T T DA S22 PS-b-PAA ZH 25 R AR s R Bl bl S50 R AR AR
MR I — YR R B AT 10,

SR, B AT AL, O&T 5 o 2 iR BRI S AT o AR ORI e AT AR Al
B, AP AT D KAREE TR SUS RS KT, M TR
AR 2 A1 SR DS F — D7 TR O3 0 14 SRAEAT NI R B, 3 — 7 T4

33



& HRZE L S0 AR KI5

SIS UK T2 RO, BUEAR 22 S0 LA R ST S R DA . —
Hb, BRI T SR ARARAE SR BB RS A N T HES s — @ A P 4. B
B EUT, NN KA R 40 82 Balsara 58 4 7E SR R) R b () 38 R AR R IS 4 L
PSS-b-PMB H1 i O 5 3] 471 - 4 P 1 B SR S P (R O 7 BT S, IX T
SURAEZRA . AN ERA . SOESA R 5 FLZRAR S . A A TR 221 T4k R 1R
FE~ R BOAR B G ) AR,

SRy H- R R B SRR T A A 43 B AT D K AR A 5T B BT sk
BT IT o XL PRI K BOAT LA N RUARIE AR (RPAD A1 HVE T 33 318 (SCFT)
PRZE. FAE 4l 90 4E404), Marko FI Rabin g 78 15 - rp PE P 1 BLAL R )
WA A R RS2, st RPA BSHHE HHAR R0 B BHRE, fbA 173 B4 S 2 h
W (D EHRBSERY TSI N AT LUK @ik RIS (2) BETAHS
B L AN R A2 1) T R M R BE— 5« I, Kumar A1 Muthukumar FJf] RPA
BRI TR R T - IR B R A - TP A (ODT) FIA -
AFFHEAZ (O0T) , HiTie /7 RE A E XS ODT M OOT HIFZM, Xf Marko
A1 Rabin [ 7 T A 2 AN S . SRS T RPA BRI 10 5 A4 AR 20 28 )5
FIARTERS . AHIXIRRSS S W B A AL o A 4 L EE S, AR BRI 1 & 1 B
H

SCFT 75 V2 1E 5 v fif o 4k R Wit 76 b 1 2 FH e vl I8 31 31 Bt 40 90 4R AR
Muthukumar?, Varoqui 2 ANV Borukhov 25 A P*26%:5 58 B i J5 1 26 1 W B 1) 5
I FE o M4 SCFT J7vE B IE 51 N3 5 v fif Jot iy v ik B SR A (Rt 7 v U 2 U1 1
T 522 B 4% A Noolandi®F 1999 4F R LM TAE, A0TSR AR 1k R ) SCFT
JNEMAT T ZG L, 2 DL HE 2% 8 R AR TR i B R A &
I DALEHIF 78 T — A B4 SR U R R I AR Ay B JE A T . 2 )5, Wang
S Nilk— D 5e s T WHMFA R SCFT AL S, Ik 2 3 2 AT AR A8 21
I HCE BB IR, ABTIE VARG T SRR SCFT Jy R )ik, A
I BRI AR FH v AR 005 2 B S R PR, R R —4ETHE, BRI T
Kumar I Muthukumar I [EFERIT7VETHE 1 870 - i PP R BOHL SRR R 4340 S I
%%%Wﬁ%ﬁmmo%ﬁpm@%ATE@T%%%E@%%E*%%%%E

4



o G- R R BOL SRR I VU

KRB SRR &R SCFT #2840, R 7 SCFT RBeH & —4e it MR %I, Ll
i SCFT SR =48~ A K.

FCw F DA 56 58 R I 288 i B 3 SRR I VBRI S A2 1) 5 V3 A0 4 ST 3539 0 v
B2, A EZ MEW (DDFT) J5vEP> Y, M sh 712 o i, SR
(W RPN | ) DA K R 7 S I eoN | 7 6

A% B K FH S22 () [ 18 3 BRAR 7 1200 B R - rh I R B SRR VMR B IR 23 B AT
NREHAT TWETC. BB AN Z EMREE (MG) WOKHE S 7 SRR SCFT 7 R4 3L
e, AHIRLE LER = 4k 7S A I R s (8] SCFT T N vl . AT (1A 7T B 1% 2
HSEIEIT RPA B TH AT B0 R A R T 19 AH 70 B9 4k, fEMCERAl BT —4Esess
[] SCFT 1H54532] 1 S -rh VIR BOL SRR AR, JF0he 17X — R R AH
IR AR E o

2.2 BIRHER K 7 vk

AR E I TN G- R IR BOLRIRIEI, Pl ne K@ THEM ng
MNERGT, @O TRBIRE NG, , BHRIKERNG, =1—¢, . TEkmmTHEHW
TR 4 HRBONTRER B iREBRG, REBEN N, A K1 B HAEFR 72 2o 09 f A
1-fo FANMERBE A4 BB, B BEBONETN 0 T HAMFEIRI S E o, FF2MEM A R BE
BT RRE T (FIER) BRI 4 B BT R S -1, BEE N aa.
RETNEN+, RENG, = o, fo. . BWREINHEHEL N,

221 BEHERESR

B — R /N, TEFRER RO ATER ™, RO FBEym e, Aoy
£ 773N smeared B, Hfi A AR LAY primitive A8, A5 A BAREE MG 800
LT 5 g

35



& HRZE L S0 AR KI5

- éfdr[XABNqu (1) (x) + XN D, ()5 (r) 4 XN By (x) 55 ()
—w, (1), (r) — w, (1), (r) — w,(r)e,(x) .
—n(r) 1= ¢, (r) — 6,(r) — &y(r) ] 2.1

——fd “|Vu \—qﬁln—— Z
AP ER S EE BRI S BEA MR E

KB R, AT LA 2T SCFT J5f24l. Bk, 5 H X S5 4Lk B RAR
gy, FREERASZEET 0, AR iR

I\;Q

w, (1) = X, Ny (r) + X, , Ny (r) + n(r) (2.2)
wy (1) = XN s (T) + X, N, () + 1(r) (2.3)
wy(r) = X, N @, (1) + XN (r) 4 71(r) (2.4)

w, (r) = t)(r) (2.5)

LS RO R AR IE R R E T, ITBLE R T w(r)ifE. 2
i, K HX5 5, 4R ET 0, AR~ IE:

_ g_z )  dsq(r, ) (r,1— s) (2.6)
_ g_z ff "dsq(r,s)g" (r,1 — s) 2.7)
e 8
¢, = C;—+exp[—w+(r)] (2.9)

LS B A R A IE R R 1, ITBLRE R T o072 . 3((2.6)
M g(r,s) NIERAESE T, ERIPIELE SR r(x,y.2) B 4 BEEH)
B I aaEE sN MER LR, HICEAF B2 —MEBI LR AR . 1R
RS I | OUF ST

36



o G- R R BOL SRR I VU

(2.10)

dq(r,s) Viq(r,s) — [w, (r) — ca, No(r)]g(r, 5), if s < fN
Viq(r,s) — w,(r)g(r, s), if s > fN

@s_
FRMBIEE S g(r,00=1. BT P IREB IR Wi R AR R, FisEE—A
RIEERT ¢ (r,s), BT MWEL R 805 PR

Vg (r,s) — w, (r)q (x,5), if s <(1— fN)

557 B9 = lvzq*(r, 9 —[w, (@) — a Np@g (rs), s> 1))

BRI FAER ¢ (r,0=1. IERAL BBERC 5 08 K0T LSS 5 1 388 3o o 1 )+ 76
TR FERE T AR RS, W

1 1po
@ = ;fdrfJ(r,l) = ;fdrq (r,1) (2.12)

TN S 88 1 R PG 23 BR AU AT DA AR B R 37 83808 -

Q, = éfdrexp[—wST(r)] (2.13)
Q = %fdrexp[—u@(r)] (2.14)

Bk, KA RE F A EE Sy, AEERET 0 Al

V() = - a0, 1) + 6, ) 2.15)
ORI AR - B 22 2 5 R, B2 HILS EATE B A A AR R P, R
APRAE 2.2.3 W BARN HUFEE SR B AN TTHE . B, ¥ H XN B0 a5 2451 5E
T 0 745

¢, (r) = d(r) — oy(r) =1 (2.16)
ERRE T2 EE— SR ES N 1, BIER 4 8K, B BEBAER Tk
AN R4 %A
TERE L AR 26 R, AR RAE 37N I H HEE A
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F = %fdr[XABN(ﬁA (r)¢B (I‘) + XASN¢A(r)¢S(r) + XBSN¢B(r)¢S(r)

0, (1) (7) =, (16, () — w (£)e (1) — [V i(o)] (2.17)
—(EC ln% — N(ES ln% — ng+ hﬂ—i

RQ2.2)-QAI K T 5B HIR I TR . — ki, 1RMEM B 7 R4
RH AT, RSB BE R AR R A . AT E R TR AN b
5 FELHAE s 1) A BB R

=y

222 HRGITEARNBERE

EWAZES FHA, Wang 5 NPVR R T - 002K i —4e s 2 [0 (0 B 6 3 7
FRUL, 1 Yang 5 AP0 A 5 VL LR (81 5 25 10 R AR T EVA R T R4 FRATIA BEAE
S (R AR 1 3 5 R4, Wi ZR 00k B T8 — AN A BE O(MP) ISR I vT L
LR, SEOLARRM BRI AT IR A, IRATR A Ak
TR XA AR I LR AN R E 2 IR, (B PR BRI
FF 9 Pt IR W 2 R A R

FAR B R AR IEA Z IR Drolet 1 Fredrickson® i 1 i 7k . FA T 564 b7
WIFFE 4R R R B B A% T L, x Ly, FFEMAK P T8, Rk e A
FAME D A . TR W BT A SR A A UL, TR RN AT
LG ) KRER, Hdi()=0,1,2, ..., L- 1 (L, - 1), i85 X(i,))RRTE 5.0 P HE
B X MME. SRS AR A B Bk, X T x O ] AR AT A
W, HERSRBONAY, 1E y TR AHAR AN R B R B N AY . I8 AFRATFTE
TR R R /NEBR N Ledx x LAy, FEMTFE R —RE AHEERN TR

(D) WESHBFEBAGVIAE. VIRE - BEMIIGY, EREYES
FN7S R RRIRI 061 55

(i) RFIX LI AN T2 10)A1(2.11) 73 531 3K H IE AT S [ A% 3% 5o 3 LA
KON VIR SO R IR R PR, RS S,
HERE RN OMInM), 5 505E F T 3R 8 e 5 A iy #o /8, T4k
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JEIRAME 1D A A 2 iE 4 A B AR T . SRAEY BT RERT, BRATHVE = FEEG
HAEEEECA N B, Bls=0, /N, 2/N,, ..., 1o

Gii) A (2.6)-(2.9)3K Ak Z & 20 7 IR FE

Giv) BB SR AR BE J B AR N 20(2.2)-(2.5) AT 453 211387 14 30

(v) BIREEANR(2.15) 5 il BUE R AR AL -3 2% 2 T R BB K B 55 475
FEIX — B 3RAT 51N 2 kS B0 A G 7 FEEAT SR AR, AR & 1 S0,
W AE 2.2.3 TvER.

(vi) THEFIA MBS ZE I I P

J SN S T wr i) — )]
P — P ¢ J

(2.18)

2

AL L,
Hhp=4, B, S, -o HEEWEAGEAGH p—IFINLLEE.

(viD) SR Py ANT I8 E, MIAKRIRNTCE RS TENME, 510015,
BN H 5 IR AT ARG I E N MPIEME, =R PR i - vii.

B THEE RR , FATR AT LUK R vi B Py B AR R I B HRE F
FR AP ANME R R R E AR ZEAF. M58, XRTES vii B, AF
TR A SR AR RS B . IR, RIS P I 7 A JaU 90 A7 A S B B 75 AL S
WA BN 2K

FEAT M LRI E R, RATH N = 400, ¢, =08, Fitg, =0.29FH
¢, = 0.8, f o IBLEFXTIRBL 4 FURBL B #2 RIER], I yus= yos= 0. BE
Le=L,=L, JFH L=2", i m RIERE. B B0 2 AR 2 T8
DIk BB, I B T 2 B EIENGRS . BTAx = Ay, FRA7T7T
PLid I SO Ax R4 - E x Ay BN A B RS, o FETHERT, Ax HURUE
0.03 Ry, LUSCHRIR T (0 It i BL AL R Y SCFT 1S R 0.2 R, BN Z . 1X 2
Ko (1) N7kl Ras — 2 A IR P40, AR 7R E R
RSN (2) ZEME T IEERM TR EE, B LOBOCHEF . SRARY HIOT T2
I, FRATHL N, = 200,
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BRI SR A A I 8 VRS SO 20 B 8 S5 R P AR SE U i, H
A EAT T ERIR T R LR AR LR, 1 RIIRE SH0K S BuT FAL
S, TN R G S R ST SR SIOHE B 18 TR I TSR R . FRA TE e
%, KU wHHREZHI 0.05, BAGKIEEGSHIN 0.1, piafiREE&ZHI 10
i, T — BT R SRR A B LU B AR R . TR AR AL,
T EAR N PR DA HIR A S EE, s T E R BT E AR E

LR R LM Ll ERE, AR R 770 LS B4R LR IS SUECR .
ttn P, —fBE/NT 107, TAF —B/NT 10°, — BB F, kBl s a1
FEEARKAME 5000 K, 7F 2.5 GHz ) CPU _LEAERT £ 30 43%h . ST AR AR i A okl
T T RIS, WIFE 2 2 RS, HARRIEA B TR & 2 8 ik
B

223 ZEMBEDS
Ean(2.15) GERXEMNEFIE) PG J7 22— R MR (g i,
BAE KM T 1EA Fourier V5, TEINERRTE, W7, EMEMZ EMKES, Xk
BER N OM)E] OM)AREEM, BSREEIN Fourier X Btk ig vk BA O
(MindD) WL SYERE, (EZ BRI N G AN IR T — R IR R 5 1. 1 20 B
WA FIEAMUEAE OMInM)E 2 OMRIFIER IR, IEREW T 3R 5 — A A
B 52, Eein AR R G RE . Ak, 2 AR SRR AN Z [
REALE O(MInM) S I FE T SRR TT 1R I 7%
— R Mmoo TR B N e
Lu=f (2.19)
Hrbu &R, LASHE T, f85 u BRRE. 0HR v u B—NIELUE,
45 R E e
e=u—v (2.20)
K7 LR T R pin s
Le = L(u —v) (2.21)
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T LS T, A

Le=ILu—Lv=f—ILv (2.22)
E XIRFE 1
r=f—Lv (2.23)
BRI IRZE e W 25 u B —FE R o) 77 2
Le=r (2.24)

bR R 2 R BRI A

Z B SR 2 A AN [F) (R A%, — SRR <8 s (B R 4 AR 22— %5 . FIH
% EAN AR GH A, ] DA A (R A3 2R 1 i 22 EA TP Ak o A% o] LAY Bk v A3
RHRE, (AR IR Z MM LR 25 A0k BUSUE, ke 158 22 PR o 20HE
% b, BRI RASR AR 22 . G DL EOD BRRTATAR O bRk AR SR s 2 . I
% Wk 7V SR AR A (2. 1) IR I R M AR S 23 7 R B U S E = e 4 2 F W
#5092 (Full Multigrid Algorithm, FMG) . FMG HiEHE 4 N O(M).

FMG W% 02 15 2 AR SR, BB IRINT

(a) HIEM (Relaxation) o J&F—E K FBE X B R L' = f AT
s, JHEREIRRZE, B RILEME

(b) FRE (Restriction) o H477FEEE fREH T R BN FH — % 20 H15
B L = R(f - LV, FEAEHIRIRG EoRAEASRIX— 2 LR %

(¢) 4 (Prolongation) o KEAH—ZMA% b HME IE@ I 1B ¥ 5+ P WS (A1 4
WA, 13 BDB AU V' + P . AU MR M IAA M, 4kais A gk AR i
BEATRA G, 15 B0 TE ARG B (1A o

FMG SRR3R0 BT O3 VA, M a2 1) 0 A28 2 e i 381) gL 1 O
- E SRR ) DR S 2T RS [ ) DR RS A9 B A ot SRR 17 IO A o ) s 25012
ig/b, behn 2 x 2, MIZRIE R o 75 FE T B 32 R AR B A 0 AN AT AT 14 (R
2005 R AT FMG B0 o — NS R S i PR EE SR A, R 2R Bk
fir 7 R BN R 2 R AT IR AR AT AR . BAR B ] S5 Press 55 A
Y1 (Numerical Recipes) —1i. VL B35 RHIFIBHE T, BREH FRIERE 11
EEEZLUI W N S v
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AT OE 7 MR BRI 1 MR A, FRATTIEH red-black
Gauss-Seidel fa i fE R-FIgH ¥, BN EEH T (full-weighting restriction
operator) A ZEVEZESREL T (bilinear prolongation operator) o M Ab ¥ K 58 EL Ak
(% T BT, 32A113% i semicoarsening / line relaxation “F-#g 5714447, 524k &
BR5ES T (full-weighting restriction operator) FHIXUZ I I+ 5T

2.3 R 5

B LN A BRI B LOEBUEARE, BATZE] TR 0.8 A H-
PRI IR BOL IR AT o RIS, 3RATTHET 1 A RPA B THRAS 2 1A S
SEMRIREL, —J5T{EN SCFT iHEAM KN 2%, 55— Jimtn 5 SCFT 5452
FRIAH B 2EAT X B

231 RPAIEMITHIAHE

Benmouna 1 Bouayed ¥ §5 7 L ik B SEIVRIA ) RPA BRIR AR 17 1/ 1 #E
SIS BRATHG LS B G - T R P R B SRR ISR R, X A S R
TEE IS5 BT B . IRIR M R ER IS, — A2 BAEF R
BEIIIE ST (q) Fi 22 AR TEAR AR F R G0 1A S5 W RE R PR3 So™" ()RR AR PR R 2L i
Horp g 25 5 2 R AR E B o ST rh P s 0, R E AR P R o R 3 17
FEMIERE V, Wi T ERSIMN S, MEEMRERZ V5 E W, &

S'(¢9)=S,'(9)+ V+E (2.25)

ST WRBEERYT =, S (@BEHmTFRR:

Sy (@) S,
Spa) S),()

EIRHE R R RS T R AR S 0 A2 -

Sia(@) = Noh(f,z) (2.27)

(2.26)

0

0



o G- R R BOL SRR I VU

SZB(Q) = SJ(_E);A(Q) = %N(b[h(l, ,TI) - h(f7 ‘T) - h(l - f7 33)] (228)

S° (q) = Noh(1— f,xz) (2.29)

Horh B A IR H, x=q¢"RS o h RAEFFRE, 0T

h(f,z) = % fr+e” —1 (2.30)

T
X PIRBOLRY, IS P AN R E AR AR 280278 0, WHEFARR
SEYSE

V= [1 / 0135/ fSXAB 1/ qfs/g SXAB 2.31)
X T4 - R R B R B, RAE AT A EAE AR RE E A W R R
B — ()| 0] (232)
0 0

Debye-HUckel I A5 H A L H0R -

q) = il (2.33)
¢ +4xl fo ¢

Horb Ig /2 Bjerrum KA, BT EUE X

a (2.34)

l, =
ek, T
K :(2.26)-2.39)RA R Q2.25) P A RAFHFE S(g)o AFIRATH ROHFEF —A
TCE Sia(q), ERAE T HREL A HEBIRFEEKVE I RERAREE Sia(9)=<504(q) 5pu(—q)> -
H20(2.25)45 B iR 9
(o, N

(q)=NS . ..(a)+ = (2.35)

NS?I neutral
ex +(a,N)f b,

AA

BRI T B A A AR AN A A EAE R DTk, e S T Bt
RV R B R, W] LRIE N
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- 1 / Q_SC + ﬁNhf + (XABN)h12 - (XABN)[(XABN) + 219N]$c(h’1h2 - h122 / 4)
a N[h, + INg,(hh, — B> ] 4)]

-1
Sneutml (q)

(2.36)
ot hi=h(fx)s ho=h(1~fx)s h=h(LXR hip=hehi-hye O =1/ ¢, Fe—ANFAEHAI5
TR THEREBH R LIRS, TRQ35)% g 7k T

FEAE B DT o

400 —
350 L — N4 ]
.' \ - - ;(ABN: 8
) —
300 f [ 2, ,N=12
; \ —— g, N=16
250 | 2 N=20
1]
----- 2 N=24
> 200 | 4
N
3
%)
150 |- -
100 [ -
50 -
O S Tt P
o les=im e L TE e e
0 5 10 15 20 25 30

B 2.1 - PR BOL IR A R SR 1. ZH0E: f=0.05, auN =20, =18

ZHRIN T SaalNEHRIHREL EAERMNMFERK ¢ BERIRKE. B g
SRR K170 Bt (segregation effect) ook, R Spa(q) RIFLIR I 55 UM T 70 Bk P
BE yapN HIBEK, g BEARL, M0 Saa(q) EIASETE R, B 2.0 45 17—t
BB ATRVESR, 2N SR BIRE I A (ranN)s I SaalgsREAE g5 BERHL
SIS A1 A Ak 2 AR A R W PR o B0 T SR T B A FRIAAR 73 B SRS BT s 5 (48N
6, HEDredimie e iRk, i 2.2, fEMIARE MR b7 14 R mT B il i #vik
Ve DRIE F) e AR e A2 T e AR AR D9 AT e At

44



o G- R R BOL SRR I VU

300 ————————————1——1——1——1—————

250 \ _ = -
R ayN =40

‘\
200 \ .
A

=z, 150
<

100

B 2.2 G- Ve IR BOL IR AR R R AR 2k

ST PR BOLERYM S, R — AW IR 28N, T T ik Bt
R, MN(Q2.35MQ2.36)FT LLEEIIE S, bR T yusN A, AR T — AR )
B auN, HEEIE RIMREYE . B 2.2 4 T R FE I BOAR e e R PR 2K .
1 2.3 W25 Hy 7 AR BE 4 BR800 B R 5 (rasN)s 5 auN RIHRIR 2R o
ME AT LAE H, W THFEIR £ (rasN)s SEREE auN IR R, XRHaN
I8 K S8 T AR R A ATERIIE R, JX 5 Rabin AT Marko %5 A\P% 25 R 45 162 —
S

ME 2.3 e LB W, Ef> 0.5 8, SFFARFEM L KIS TR
(asN)s B o TTE £< 0.5 B, K £ AR BT B (rasN)s M CEIFPREHD
XU A R E IR G T £ AR — I DA e, R R R AL
UCST H#iE, TMiix 5 i B R AT A — 8. TREZERRZ, WE 2318
REE HBEE G K, AF B (rapN) (B Z BRSO/, X2 T -
ik B ik B SRR B e B BR 2R AR R I B i, T 2.2 R S S e X —

\
Pl
(e}
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40 |

45

38 ——

36 |-

34 |

32

30 -

IV,

28 -

26 |-

24 L

. N I R R NI R R N S R R
00 02 04 06 08 10 12 14 16 18 20 22

&

B 2.4 It (rsN)s S IR R B . ZHE: auN =20,

X235 LW, Xt - PR B RYIEAT 7 — MR S8 AR
e B 2.4 Mgy 1 ASRIHRBE A FIARAR 2 Hf R RLI I 5 (rasN)s 3 sHIHRATOC R o
WA R, (pasN)s R T IR R . BB R RS EIRER, g AR
WeHlgs, MIMSBUARKMBENEARZ. ERERNZ, =058 =07 fi-i
BOL RV R BT e = 0.31 ZE AR A, W9 HUH H50mT LR35 [ e A A
FasE R FRZE AR
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232 SCFTitHFBMHE

I 5N 2 AR SR RIS -3 25 2 7 R, RK$E S T SCFT fEH7 Hifk R
R THE R, AR SRR AR R G R S R R b AR R OT R i
FEATR—HER b FEIRATRT DG AL B A v 1% B L SRk RIAFE AL 3 2R v
F ST R B LR i FR o TN b AT DE S A B A 1 B T VAR S T AT
Aty HL R B SR 2 A 1] o FE AR T RATT DA 7 e - PR R IR B SR IRV W R 1
TR T IZE RERE HEE (auN=20) FINHEER (e=1.8) THHE (K 2.5,

HeYHES R ESES 222 7.

100 ' 1 > 1 & 1 o 1 Al 1 £ 1 . 1 . 1 s ]
1 I
" 1 |
90 | | | -
L | ]
\
80| e sls ® - o
L \ ]
70 k \ I i
\ |
60 [ \ I
2&% \\ HEX HEX [I
\
N 50 coode oo bz -
B \ 1
40 \ / .
- ‘L:&) L LN k‘{é (o]
N
30 B o T:r‘emzﬂ t.\:-‘;e;-m-:!ﬂn: [e} o T
g disordered AL el disordered
20 1 1 1 1 1 1 1 1 1 1 1 1 " 1 1 1 1 1 1
0.0 0.1 0.2 03 04 05 0.6 0.7 0.8 09 1.0

2.5 THESA[A) SCFT i 54T 2 G f- P R P BOE SR WA B« Z2H050€E - oV =20, 6= 1.8,
B 20, JTTRFH: SR, NTTFDIRA (HEXD ¢ J78, EOIRMEH (LAMD ¢ B4, RPA
TR I AR e B BR 2 SR, HEX-LAM G )7-0 7 A AR 2%

EE 2.5 I T EFPAH, B (LAMD RIS FIRA (HEX) =FiAH4,
1, X SERCABRAE e 2= [ gk 4T SCFT i+, 1M B He xR A 454, L
WXGESLA, WO HERA (BCC) , ANHEMERRCIRM (HCP) %5454 7 28
=4k SCFT 1HHE A Refd 3. &l 2.5 tidid SCFT M€ AL S KT £ BIKE B2
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1% 0.001, KT pasN KEEEIL 0.1, Jy 1 SEIL Ik s AL SR B, AR AT
P

%—2, R Drolet Fl Fredrickson /& J& {120 & §ifi i B ACK B (13745 5/ e
FAEMREIX . EIX— i, R BEN O TR . BI85 5E yasN BT
BABHK UK 0.1 BT — BRI RS, AT R
Fk ZRMTEFAHE] HEX, T HEX 3| LAM £ B4t HEX &5 [F 2 E 7 H 1
. IS AR BEFRATT AT DAHEIU7E 25 b I S B, ROZEAE A2 e PR 2k
Be/MEMEEL, T AL A AR T, B R R AR SRS . R ERAT
SO RS, B A E £ IE O — U R R D LB 1.0 B8
WK yapNo W IXFPERE, TENGT AL, HARE DI R LAM AH— AN AR
MEREME, KALHMNLFHD HEX 2] LAM WAL, XBERIMNS% T
7% RPA BLTH ARG T A 0E, SHTFARYEERIAR, KR A EE =
0.53, yupN=24.5 k. Gl A PP, JRATHREWE 7 & ML AL E, 3L
R EER LN £ F N HIP K

i LAM1 1 LAM2

V3l HEX1 V3l HEX2

21 i

2.6 JUAHHE T ISR

B0, BATRAHEE 4205 — D g AL A L. CIBEHLIZ a0Ia6 2%
PETH A 2 USSR T RE 2 ORI WA A b, X — RAEAR L SR L R B IC N
I o DR 1 SRR A AR E AR B R R R RRE A, AR D AT A
NG E RN TR E /U, rasN), BATES € =FA1ia37, BIEENLY]
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B GO PTR BOS R

Y, BA LAM S H3 M BA HEX Gk . 4 1 UL HEX S8R AR,
BATRFAIKSE Ly 203 BiV3:1 (s 7o A% T rh— RS 8 A I — U/ A
GERE o JATTRE i FH 24 T 2R BT 4637 2K 8451 T 18] 2.6 - 2.8

LAM2

LAM3 LAM4

K 2.7 LAM ¥]iE7358,

HEX1 HEX2

HEX3 HEX4

K 2.8 HEX #IUE37 1287,

RS 0, N TR TR ST i e AR AR e M se ), X R — Mg
Y, BAIY RGOSR T RSTH T — R E, RAREE B e Rk iR
ANRSF. FEE, MTRE—HS8, 6 LAM fl HEX H H A8 B AR IS 7 R ~F &
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AR 2, @S HETLFMH. LAM 1 HEX X =M IR E HgE, $RIL
HR AR RS A AR B D =5 AR B A X — s R E A

nle 2.5, AR, BAE THEF R G RREM, Hhs4
P IRER A B 2RSS R PRI HACRANFAE 755 1]
A B IATENN Y R AR N AL 5 B e I R I [F) 2 R R A, JRATTAT LA
RN N AHIARIL A2, BIJC P AH-HEX AHIA A A HEX-LAM A 5. 18 2.5 dhag il
T IXFEAT R B HEX-LAM AHILF, 10 o Fe A -HEX AR 5 5 AHAS E PR LT A o
oAy AL 55 ARG 8 W PR 2 A 2 3230 2 T Mk ik B IR WA 70 I AT 9 i) S R s
E™Y, 2 A AR AT I 7E R R S Mk B LR AR AE R BRI IR . i m]
PIVEJ9 W SCFT TS A Sk A4 o PRk, BATTIAN AT/ SCFT THE & rl 52/ .

26.5 F a
260} ¢ _
2551 ¢ i
m ~.o HEX §
< 250F5. " § " H 4
245F O o O Tt— O.oun- o -
o o) i A o}
| o) o) 6} 0
8 8 S disondated
240F o o o 3 1SORCEE A

0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60

f

2.9 Il Fr s 4SS 8] SCFT RS 2 A 57 -rh PR R BOL IR IE . S 8050E e

EBIF I 2.5,

£ SCFT S FEVEME 2 Jm, AEFRATRAFA 0t o - P ik B R AT
K. B, MPTERBILRMAMLL, 7i- VR BOS IRy - Fr 24k 1l
H ) ET7 B, 2 f= 0.5 I, AH R 0 VE IR BOS VDT (rasN)s 55T 11012,
1A T 5452 4 %-*ﬁﬁ”ﬁ%’i%%%?ﬁﬁzﬂ@(zfmms {EN 24.65 + 0.05, IIf FLAH HAE



S SR R BOL SRR I ]

HZ 48 m B R B AR R P S NAT, R A4 FIREE B A2 3RS T 42
5 - Marko 1 Rabin 4T i 25 P £ o VA R 4% Bt A R AR S 88 T3 K T TR A 0
SEBR b, VR AT B 3 8] 1 E A A LR A A SR AR A R R AR A TR

- PR BOE RV RS PR BUIE R 1 53— AN E) 2 AR AE T A
EURAKFRI . T EEE, HATEE 2.5 % f = 0.5 Bz i AH B 3 2 e K
2.9 o N 2.9 FTLAE £, SCFT i+ 5G| K Jo Fp - P AL A 2 B AR fU4b T = 0.53
FeAT (B RPA B4 NN 0.536) AR kB RUIE AN =05, 5
b, TFF-B P AL REIE > 0.53 —MEL £ < 0.53 —MIBEUS . XFAXSFRiEAL1
HEX Fl LAM AH X #AR [ B0 £ AL B AwmAs . i, AH BT HEX AH X B T4
AR LRSI R T, FR AR HEX AR XA SRR . 1X—17 05 B A AR
B AL rp P A i B PSSR (R AR AR 1 5 SR e AR T 2R B SR I A 25
BERT INE Py v M BE SR SR B ) BRI AN ), A TR AR AS O Bk = 2 A R rpts B
3 11 FF) B A K ELAE FH 51 RS A

DL b e 2 BURT DL M AR — S SE OISR LM B SRR B R A T
5, BARMIERSAELT =05, MRRKTEAME. Fit, f=0.5 ikt eH
ZER AN IR AR o 3X — F 52 0] AERE ] PSS-5-PMB ixX — 4 Hi-rf PR iR Br 3L 58
WILE f= 0.5 BHE R IR &) HEX RIXGESA AN 1, fEseb e, PSS B s
B FRAE 10% - 50%, X E i s T-3AE SCFT tH B AP AT H 5%, RAEE 2.2
T DL K S5 b e B PR, AR B A R R AR MR AR B 5, AN B0 HEX AL
ELLANBATE £ = 0.5 T e A . thah, ML ST AR R d il AR 2
rfqﬁmmmeNﬁmNm%A@4Mh%Eg; Xk i YR ERATME SR 1 718
ZeHIAR N T 2 A%, BRI IR R BARTE S 50 T & A AR & A .
TR HIAR K, R N FEARAEE, SEHIT 2 IRIET 7
PRIARIL 2R . XA SRR IR o A N I AR 7 20 56
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2.4 /NG5

gi bpng, FRATRA RPA BRIQA —4ESEA5 (0] Ha BRI 1 G- It i ik
BALRYIRI A 7 B AHE . RPA BRIRHT TR : BR T Flory-Huggins A HAE IS4
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