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1.1 AEXDBE

V7 b=y —LiE, W, ERE, FLEEDXSPOWYEORITH S, sk, LIF
LI TRt E ik 2 0ouofkpidz & 0, BRI L TN 2R RIS, T4hbb,
WA E 2R, ZOHT, WihIEZ ORIFHHE D 72 O ICTREINIEE & e E Z2 e Fi b,
FFv 7, AVATUw Y, ARXTFv Y, a7 L= EDKRLBMHERT, FRCZAX Y
Fv 7RG, B2 XITOWME E L TR2 5D kG 2 R D, 2O 1 ZonlbENFRED &
BRZ 72 YRt R M 2 R T 2 2 L3 CTE B, TD®, F /839 —= v JEER T«
ATVA, 72V R, FEELEEDTI LIS TITNETFT AL ZAICBWT AL BELEZED T
W3 [176]

ARX 7 F v 7L, RO TR O NS X9 7 3 XouDEHEEONGERRTF2372\0 03, 5
7 1 XoolERF 2 D, 2 DIRXITURFREED 72 D12, A7 — IV KREL B BITONHE
5 EDFEIT 5 Landau-Peierls NEWDH D, RIRKECIRIRFEHEZMRO I L3 TE W,
FAAL VA R HETIHEE ¢ 3 e=10mm- 1 umBETH L, ZOLDICARX I F v
7 WD FERIZFEROHMMER X ) H/NE v, e Z21E, @FEoYv v 7K B X100 GPa D A4 —
F—ThHoHH, AXTF v 7RHOEMHEREBIZB=1-10MPa 1 Th b, BEICHAX
THERDI 45K/ S v, I 61T, 202 RN, ARSI Z 2 SR A R e T %, B
PEEDLES EDWEAN T P IVITREE L, NI OB CREFER L 128 5 -E A BIR S IERR
Bz 2 U4 i) SN2t S I X D KR EDS T T 2 10, P ARG &L
IEREAE G L T B DT, AX T F v 7O MERE X ORI, HEWAEEZ T TR <,
BB EZ R, Thbb, AXT7F v 7REIGER SRR R E 2R, 356
2, ARX7Fy 7RISR E X OB BE)C N L TBIRTH 5720, /NS sl
XD b Ru P ANKREEDOAE ) A R EEER 2 &l T U, EREAIC K > TE
DOMFBEDEFEREIET 2 &, FHHD S FERMHANOERIEE IR E, I o Iz L T8 2
DIEFFAEIET 5 L5 XA FREIIRAEL, FRa ALK FHEET 2, Ldi>T, Rk
R B L EEALEED A D = AL %25 LV TR L, IR0 1A 2 RE0
R4 B ELAZEEDOM G 2 525 2 L DSHEETH 5.

CDXIHIZ, ARXTF v VWA DOEEER I, YL LTI TR, ZONEN - B
WRIER I % 2 L 72 B PRIV TNA AT D 7= D ICHETH 5. BRI 2 EED & 734

AREET DTz DRGSR Z B S 22 L, FEHER OO MO ZEWFI#HZ T 2 L2
MEETH L. ARX 7 F v 7O R SREHE2EE) B E RS B R 2 iy 22 8L D #0951k
& LC, MBI TE171%% (Coarse-grained molecular dynamics, BT CGMD & FE.3) 18211 %
TFREEZERE L2210 - 100 nm FREE, 1 us FRE O IR & 2IRGHEMA 7 — V2 A N—TF 2
CEMTELREEY I aL—aviEchs, LrL, RIKLEEROMOMEEZK> A X



H1E i 5

7 F v 7N, OB OB 2R F Ru Y —RIEEREE 2 A L, BEO
St 185 (Coarse-grained /145, AT CG /1¥5) TIEIN o DFEHEHZIOIK S T LR TE W,
D, KWL ClEEMAE IS S L HNREIC LD, MR a2 X FoFEvaE+ MD 5

5 CG I DEST %, 2L ¢, kI CG g2 HWTCGMD ¥ 2 2L —Y 3
VT, PEIRR O RG2S DS, R PO AT & IR IS A L CERRC BT SR e
K28 2R3 2 L 2SI T 5, RIS, FFoWE LdkoE bz Ko 5720
2, BiNEGMER 2B 2 HOWTAX 7Ty ZIRBOBIE T V2 H 7 1T 5, I 6ICHD
ARREERC 2w, MgMkick Y RbnHHEZEES & L THA, CGMD THZ 72
O EDHELZRME T VOMEEBIHRDIAALZA T =) VY TETVEMET L. 2D CGMD
PIal =y aviRT =YY TETADSRIMHAIC KD, FEERCRIEE AT AE 2o (5K
2> 5 FEERDA OB 72 SRR £ ¢, DGR KL 72 2 X 7 F v 735O B R % A
CEMEIT 5 2 EDHBEICR S, 2L C, B LAEZ7L—2T—22H0T, EBEOS G
FEL 72 A X 7 F v 7 QEERBIRICN LT, FrsbpimipE2me bR u o 2 VR Z £ 9 B A
RTINS B X = R LEHZTS.

ARHLTHS T 2, 2D &) AR o 5l 2eeE vk 2 HlH 3 2 5th, FicE A
BeAEIRIC B 2 e LA, F- BRI ZARBIC T 5. 2L 21X, AX 7 F v 7%
FH O 72 48 25 0 FR I I & o 72 SR RS S RUEBRBE T & T 4 A LA, 7o, BEEL
ERAR T F v 7RG Z OBt 2 00 TERENEHTE 2 L& 2605, iz
1E, BRI B0 T, @BE IR Z 2 2~ T v 2 T O REC A T A 2 > 7
AL v ADE I N TV S, A9 AICEBERIA L 22 A, RAICEEY » 7
ZHH115 LT, EEZTOEEFWHIRIIC X D RMEEN Z EBERRA > S 2SI 5 ik
D, LY AOMITRE2Z I EEAREIEIIN WS, 4, HloHEf B i, &
iR U~ — DN S D IR B TR G BB E 20 2 b 2 EZ HW T, Fov 7
T YN —2 27 L (Drug delivery system, BA N DDS &8 S) 72 ED X 7 4 A VR~ DI
DIRE I N TS, WEHEMERISEANE SR ) = — 225 72 B TEAHY 0.15 um D I &L % KREHE
FICHRT 3 &, I kd6 0RYEMaZEOBRBIIE T v 2HTIRIHI N 22, %5
MCIRBMIIEES NS 2 EDMEIN TS, 2vF v 7 HHEHIERICHE S, BRIBIC
X 2RI S T 2 EEDINE LD EETH L 2 L 2R THEITH S, DX I ICHEFW
IREN 722 & DOFi T e AR X B IRE R HIE L, BRALZEEZAET5 I Eick), =L 7
PR 20X T4 ANTEICE T 2R O FEBLT 2 WD D 5. DL TR 7 AR
XDOHMN% Fig. 1.1ICE LD 5,
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Fig. 1.1. Purpose of this research.

1.2 FEXDEBREREDAR

Fig. 1.2 I VARG X ORI L FHEONEZHHT 5, H2FETIE, HI,4HORX—R L% 5
W DIEEENASL 21T 9. 4 DOIEEL & 2R HOMEZ NFREOBN» S 3L z0E, 2
NS DN Z RO T AP ER A EAT 2, BRFEEIC X DB 2508 T2 XV R —
VIOV BRI R 7 — )L DGR E TSR S 5, AT 7IUIE A RIRFRE OB o8
MO HERZIHHT S, A X7 F v 7O E 57V (Landau-de Gennes €7 L) (134H
BEETIVER-MEZ LS, BEEEENHEAEAZIEANE TR LEAONSG I L
HHT %, I oI OMEROIEARI 22 HEEDOFIH, 0 IAATEEE, ROREEBORERIZ DWW
THHT 2, WRICARX 7 F v 7D RERED BN EE %2 L, (ERETNVORER
WBRL, ZNSZEFZTELIAETHLVAX 7 F v Z7REDEN A r—1) v 7€ 7 )L % R
45,

W3 E IR 2 B AICEL D ) 729D CGMD ¥ S 2 L— a VoML (CG) 1135
ZENT 5, BHICIHEETFN 7L T RAIT K 3 Pareto 41230 K % HIVRwELE % v
T, FToOMEE EA DD, +oBECEBNEZHEHT 2 AX 7 F v 7D CG 1%
PRAET 2 Wi E N CGEFNIE, PR A NRMBDOER %ML BIRER 2 HE T2 2 &
IR L7z, £72, BRI X D FET 20 o@E 2 T 2 720121, S FOERNTED
HETH B EERT,

FAFETIEICGMD ¥ 2 2L —> a vl kB A X7 F v 7S DGR 75 2 B N 12>
WCHIHT %, 55 3 B CEH T 2 B Bl 2 TS HINEGEA L L 72 CG IR v,
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Fig. 1.2. Structure of the thesis and contents of each chapter.

CGMD IC K Y S 2 L —> a v ZITo iR, AX 7 F v 7, ik & oMo
MR % Hi DR I 2o KRB DS & 22 IS e o 72, T D X 9 R BN 2 R 25 B 3 E Sk
HEAHG IR FICEBIN TR0k, LENST, AX7F v 7O BRI
Y% FHEICTHE T 2 72 0 OEBHERO RSN TH 2, IS X W FHR I NmE Fics
2 AX 7 Fy 7REDEEZRT S, o ER2EARL AV R — LOREE TV E BT
T 2. S SICHE D IAARTEAHIC X D RS TV DR EEBIC A 7 — VREE%E & 724,
AN R — )V & BEINA Y — )V TOMRIAHEIPHcoE T VEAZREICT 5. Mo k)
IZ, CGMD ¥ S aL—Ya v iR =Y Ve T VEflAaGbYE 5 2 8T, EETHERET
T RO R EGEE D &, BEDOFEERTIZENETE 2 WiE» A EGER  co A WHiFET, o
TRGEZR ML 72 A X 7 F v 7RSO MERREAHE T 2 2 L NHE L 2 2 L 2bR S, H
SETEEDEIRRD,
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1L

~4 m
SH mi

21 FL2EBDHE

2T, H3,4HDOR—R L L BZEHMOGOMEmOIBENGEH 21T, i DpEZ
L AR OREE 2 O BLUS A SFHH L 72D L, 205 ORI 2 B ) 3 B E %
MAT %, BREERIC X DB 23003 2 XV A7 — )V ROBEHRN AR 7 — )L O ifiike 7)1
IR E NS, EFAE T VI EFENHEOB OB S HEEEZHHT 2, AX 7 Fy
7 Wi D€ TV (Landau-de Gennes €7 )V) I3HHEEFEE T EE—oE2 b b, JEH
BEDHERAEAZERNET2HER LRI NS Z L 2FHT 5.
AR OHE, LS E TV EBZ T, BN AEHE?»S5 CGMD Y S 2L —2a v D
%%%%6?-ﬁ@%%%ﬁttxVzﬁ—w@ﬁ%%%wm%ﬁ?%:km%%ﬁ,:@t
2, BRI L 272 2 7L — A0 — VDT H B, Z@ii&?V—AV—
7@&%%1%%(%#A®)l% i RKOHERET LV EZSEZICLT, ffoE¥%2ERL 1k
AN R — VB TIIV RGN A r — L L EFRINA 7 — )Ll &%?5%@@7u LT — 7 B
HY %, BMRWIZIZ 7L =207 —=2ICHW2, &5 %K) GOMEROFEAGE - D AARE
Y fﬁﬁa(%%%@%@)%ﬁ%?%.?% AR T F vy 7SO RR R 2R 2 B &
AR 2 W CRLR L, BSGRIC X 2 @M ABME2 HIET & £ b, ApFZEicB Tk
TAREHEICOWTHERS,

2.2 &t

ﬁmiﬁﬁ“?%ﬂffmﬁ?ﬁkﬁéﬁb T 7 EORDENGIC X O B2 AT 21k% 7%
G Z & %, BIZE, Fig. 2.1 (a) ICHBIRY 2 BRIRIR 53T T % 4°-octyl-4-biphenylcarbonitrile,
VH W % 8CB DIy f it 2 N Y, %Bﬂmﬁ?i«/%/%#%&%mE%&Yw%wﬁt&
DI © 72 BRI F0 GRER S N 5, FHABREOIREEIZIG U T Fig. 2.1 (b) I8 X 9 1S,
RIRTIEARX 7 Fy 7z LD, BEHNT,=335C fHacr~Fy 7MICEET 2, 2L T,
TR Tn = 40.8 C°ANETHAMICMIER § 2. 22T, S L IFRRmD TORLPTTD
RHGIAR 7 V¥ LREEZ V), =Ty 7HEE, BOET V¥ L3 FORMT D
ZHoTCwaMHEVY), £, EHEZ LD OTORMATMD)EDERTICH S H D% A X
7F v M, RIZSm-AHHE V), AXT7F v Z7HIETFOELNE 1 RouDMENFEZ A L
BRI 22 2 8 2%, JEOmEWNAIE 7 v ¥ 204 LR zEm 2 n3, o k)
SR E, AP X o TR &6 002 B 2289723, W [l FR ik 2 269
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(a)

Y
Alkyl Cyanobiphenyl

(b) (c)

Smectic Nematic Isotropic z
x

Ty = 33.5 C° Tn = 40.8 C°

Fig. 2.1. Liquid crystal molecules and their various phases: (a) the molecular structure of 8CB, (b) the structures
of smectic, nematic and isotropic phases, and (c) the undulation of smectic cells. The rotational order parameter
n and the translation order parameter u are also shown in the figures.

PP ARBICE D DT LN TES, Fo, RPEEEZARE L CROHHZ ALV —%2F
T2 LI DB Z &L RDIEN - BIIENEE 2 £ T LR TE 3,

22.1 RREOHKBEZEZE
X¥Fv I

F Ty 7 WS S TR O E D S BRRIFHO 2 < F v ZHICHER T 2, &
FHHEECRESHFRME 2 /S, SOioRERICR L TCOAETH 2, —F, < F v 73R
MFREDMER, 22Ty 7RSS FRIEIME S, 32351 L T 2 R/8E Ol i - 72 Al 12
WL TOARAETH S, ZOREDHE, DT CORTHENMEZRF M7 PV (n=-n)
THHIAL 7Y nTRTIENTES, Fig2l b)IZ¥AL 7Y nZ2MilLl T3, &, ¥
AV nz2EET LD, 22F v 7HORAKET YV QZRDXHITEAT 5.

Q:<d®d—%D:S(n®n—%d. 2.1)
CITC ) xDT VI IV REL, dIZTFOTERT, BREEORIERT A

7 =Bl ST A =% S 1%, ZOEAKET >~ VL Q DRKEGED? 6RO S0, MIET 5
FEHXZ b6 ¥ ALY nDEEEINSG, Y41V 7% nid|nl=1THELINS,



B2 A O FEEERL R, KON oML T 10
AXIF v iRem

ARX 7 F v 7HIZ, 2RICOWEIEAEL 727 X IHEZR LTED, WENHMER 100
Th5, ODHMALAX 7 F v Z7HIZSM-AHTHD, ¥4V 7% nlFFIIN L TERETH S,
ARX 7 F v 7iEEE, Fig.2.1 () DX 9IS, 1 RIUTHRMINTSH 570, B q = 2r/a DIETL
BB FEW p(r) TRV 65, 22T, o XM,  ZEERANOERE, Thbb, 5
AV 7 —nlliho HRIDOMEEEL T2, DK, AXT7F v ZHOBEESAEIZRD X H 1K
N5,

p(r)=po+picos|q (n-r—u(r)]. 2.2)

22 TuldBuler Zi2& L, VHRIRED S OFES I X 2286 mICHYM L, Fig2.1(c) 12X
NS, Fh, YAV 7% nkili0ondMEoETEE, 0=0u/dxTH%, HE>T, AXY
F v 7 HOMTFELL, EOEMNETH S uTibINns,

222 M RAOYVAHILRE

@) (b) (©

—% disclination Number of density maxima = 3 Number of density maxima = 2

A

-1-% disclination

m N

Number of density maxima =5 Number of density maxima = 3

Fig. 2.2. Topological defects of smectic liquid crystals: (a) +1/2 disclinations, (b) the schematic of a dipole
disclination pair around a dislocation, and (c) the schematic of a dislocation without disclinations.

RIZ, ARX7F v 7D b ARa P ANVRMICOWTHAT 5, @S UERE = 2
E, AXTF v 7BEBFEER uY AL 7Y n = 0u/ox DIEDSEIR ZEEDOT T F A4 v
o bDd, I oI EEETEZD P AL VERTRBEO T N4, Fig22 D X9 7%
FRB Y ANVREDBFHET S, AX 7 F v 7WEDRAGICIE, WENTREDOBEIIC X 5 HRA67
(dislocation) & [AEENFEDOIENIC X B2 F 4 A2 Y 2 —2 3~ (disclination, ¥ 7-1X[Alf7) @
QMDD 5. I o DKL, WhiEm, T4 A7V F—avidlDbRa Y hVERTY
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BEN, m=§ Vu-di, RO 1= §.V6-dP LEFIND. T2 TCERRIAY DMHL—7TdH
D, F=r/lr| THD. WD mIIL—7D Burgers X7 FIVICKIRT 2BEIETH D, HWAD 1
AL AR ZE 2 BR E 72 13 CH 5 2 o P 0%, Bt bRuPHLE
2RO RMIZE IS TE R\, LED-T, bRad ALV ERHBEr DR s IiREE
IIFEBTE RV, Fig. 223 bR ALVROBIZERLTED, (@l3l=12K01=-1/2
DTAAIY =2 aviEnRlTwd, 7, 0) 3i=+x12074 A7 %= arNzfh)
Burgers X7 bl m =2 DM EZRLTED, (¢) Z7T4 A7) %= a %&b 7\ Burgers
X7 bvm=1DEMNZRL TV,

2.3 HEMNWTMOBNEEZ S OHERET I ERRADEEE
BETI

EEEO X 9 IR X o THRFS 2 I B2 2 IR 2R 2 725, s 3T
TARTHRENNFREOBNCHAI NS, -, WMEFEERGE2LO0, ERZFERIC
WEEICHIMT 2 EBEERE L ETY A L 7 7 DMK WD o \E R TN EINET
5. ZOBRY HIEEEZFICHRENNTREDIEN 2B R TH ), 1HOMHER LRSI L
DCTEL, £, BHEZKICE VLTS, HHHEHREAR s, DA ETHHRED & BEIEREA L&
B L CHRUNEPHEN 2 HER & AT 2 EDHEETH S, BT, HIFEONFHRMEIZOWT
SHHL, ZONHETIVTH % Landau 7NV 2FHT 5, KIZ, Landau €T )V %2 A X 7 F v
27 Wi\ 2B L 72 Landau-de Gennes (LdG) €7 V%37 %,

2.3.1 BEWIREOHEN

Wi & 5 ICHERIFIRE D ZALIC X D S 5 2= F v 7N, E5ICAX 7 F v 7HA
EREE 2RI, C OMERIERONESHIER I, S & B & &R
T2RAE LA S 2 ENTED, HREWHTEOMIEIUTO X 9 IcERING, ThbL,
FAERZ ¢ & LW, B LAERFREHIZE UM S[p0)] (F713HET 2L ¥— Flg(x)])
THid X4, TR S[o(x)] 1ZRIBEEL R : ¢[x] = Ro[x] IS L CRFREEZET 2., 21Ul b o
Db 5T, ERFH O FLESIRAE I IR TR LR Rplx] = ¢lx] 2F LTV 2 —1T,
(BB O SEESIRAE (X FRIED AL T R[] # ¢[x] £ %52 T L%\, T Fig. 23 2T
BARIICHIAT 2. A YD—FICWATREIC> TV LREEZEZ S, ACY T4
M% ziill, ZNEERT 2 4% e L, 287 s SsrroT0s LTS, £
Ay EREI»SDRTAZ ¢ LTS, I DK, Fig. 2.3 (a) D—FICTEE I > TV B IRAE
PEFIREETH D, ZOHBZ R X -3 T ICMOBYIERE £ 0. ¢ = 0 DfRFALOIRIEASE
ERIETH 2. 4, WO A E Y IR Lz o < x i PATIs I 2 g 5. 5%
B LT ERAEVIIRY, ARG LT Fig. 2.3 (b) OIRBISER T 2, HHI 2L F—
X ¢ =x¢ #0ICTICHDYTNE—2ZEDOIRERD, ¢ =x¢py (FAHDIRFE &L HRALDIR
f8) O 2REOPIEFREE L THHEL T3, ZORDAEVIZd=gyDFAL v E ¢=—¢
DRERAAL TS, ZORAAL vORIZHBE e LS, DLEZ BARMIZ Landau B
ZHv, BHZZVX —BNHEZ2R > Tw 212200567, 2 OMLEIREO MW
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(a) , 15

Free energy, I/
o (&}

-5
P

(b) 10

5 0

2 o0

[0)]

S -5

L

¢ @ ¢ @

Fig. 2.3. Collective behaviors of spins representing spontaneous symmetry breaking: (a) the schematic of
homogenous spin states and its free energy in the high-symmetry phase, and (b) the schematic of spin-wave
states and its free energy in the low-symmetry phase. The colored circles represent the ground states in each
phase, and £ is the correlation length i.e., the domain size.

52 ERBATE, ZOETNVIEFEERLUC L B ARX 7 F v ZIREEDERE T LDR— R &
%5,

Landau #iiid, HHZ AL X —DEEERZUTDO X HITED 5 2 £ T, BRFEEDO M
DHEFEICHN CHIEEBBERDBAIF T 2 2 L 2NHNICHHT 2 S o< LG HETH 5.
Landau O HiHZ # V¥ — 13D TR I NS,

1 1 1
Flg] = SD(VO)y' +5r¢* + 46" — ho, (2.3)

r = a(t—1.).

D, r, AFHAEBTHY, 1 BI X IFHBIZETH 2. ‘PHEMRTH 2720, 6 EDF)
RizEEI N, FRofITIE, hide ZAECYDORING T V3 v 7V TH 2 01E M
ELROBSG HTHY, 1 3ELAPSHIMT 261 TH 5. 1. 13 A E VN0 IRICER T
LD I TH S, EqQ.23Dp= - DZ, WNHMEEZETIHHIZ RV X =2 b DOETILDS,
HIHIZE S 1 X D FEEIRREDS A SIS MED I 2 2 2R T, D7, Vo =0D—kRIR
BEZREL, h=0&T2%, ZODK, BTDED I IHFLEEGIE6F/66=0%D),

rd + 2&3 - DV?*$ =0, (2.4)

TEHEZoNb, 2ZTDV$=0ThH5, Eq24ld1>7. TlEd=0%2LEMELTHE, 1<,
Tl
= x¢9 = = (6]r]/ )" o< |t — 7|2, (2.5)

¢
BRERRICHD, I ldZNEFN, Fig. 2.3 D (a) XU (b) 1R TREIRE ISR T 5.



2R A OREER G, KOz DR Tk 13

RIZ, T>71. DIEIRFEF Z, WFEZTE S W DIZ L, 1< 1. DILESIREE L Z, ST 2 1
52 LRFNAT L, 1> 1. DYH, HEENICHREBIEERREIL 6 =0TH 206, HEERED
S DEN ¢(x) = ¢+ p(x) % ¢ = 0 TEB L 2E5E1C, px) Dl T HHZ #V X —I13Eq. 23D
FETHD. h=0D7», p DALEXHIZHR L, HHZFVX — F X Z, NE2iE7- 9. —
Ti, T<1 DGEDIERIREIL = +¢) TH D, ZDD, ¢(x) = 2o+ p(x) & ¢ = +¢ IZE
THERT % L X

Flp(x)] = Folgol + %%pz + %/ﬁ + 4£!p4, (2.6)

ED, pDFWBXREDIBING, ZDdD, Z, NHMEXIENS, Thbb, TOHHIZ LY —
FRAHHEEAL T RICOBD ST, HERIRED ¢ =+¢) 40D ¢=026T N2 DI
JEIRFED I D TR L AR AV F =R Z, 2 b 7w L 83bn 5,

51T, HEBOEHRE T, Y h BT 2 &3Z# v, Green %G, MR %k 3.
> 1. DERFHZZ 2%, HEERRE =0 =0I1C8WT, shDEBEZ 5 2 -1, HEEIRED
5¢—¢+0p LT B ET D, ZDW, Zf76plEEqQ23 ToDEN R p=¢lBVTLS
ZET,

(r+%ﬂaﬁ-pvﬂ5¢:5h 2.7)
ThHZ 54 %, Eq.2.7 D Green B G (r) 13,
(r + %W —~ sz) G(r)=6(r), (2.8)
%Zii729. 6(r) 13 Dirac D s BIETH 5. Z DfEIZ,
G(r) = 471D eXP(;r/f)’ 2.9
& = (Dy'?,

ThHD, TITERSW DEFDPKIZTT F AL Oz ED, HEAR W), v I hiTHT

LIEZRTH D,
1

X:
THRINSG., ¢~0DK, HER ¢ X
E=1r=lr-7['7, 1D

THY, BB IOEICICONI T 2. ThbE, BER =1 ICBWTHERZEI T
ZEbrs, i, B2 (B 1H) MEBREMD S

wm:f(Www@m (2.12)
rev

THENE, Gr) =66 (r)6p(0)) &7, Green BIBL G (r) 132D EHUFHEIEE S %2 2637, MHBIRY

#? Fourier B4 G (¢) 1%
~ 1 1 1
G = — ~
@ D@+&2 D> +r

E%, FI3XI S~ 0DIRDLELTH 5. Gy Z{EMEIE (propagator) & b5,

Go, (2.13)
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232 REODOERERZEBTTIL (Landau-de Gennes F1915IE5H)

BEAERFZR S5 B34 CREER S LT\ B A X 7 F v 7R D FE R B DOFER D€ 77 )L (Landau-de
Gennes €7 /L, BUFNLAG £ b)) ZFHT 2, flHDLDIC, 2RIGD xz ZZRIH OIA F
NIARXTFy 7 V%2EZ5, P TIE, fEOLOICEREZ2RITTERT 5. YIHEED
L VIE{(x,2)| x € [=Ly/2,L/2),z € [-L./2,L./2]} DAMIR v 7 ZANICED I, Z DI EEE
DFERIZH 5. JEOERAF ML 2 8By, BRI x8ii2h ). 2ok z 2 FAICHIEL
720, x HEICEM L2052 L, BE %2 ~EIXRED7DDEHROT A s, 1I2E W TFEHEMD
SEEJEMIES T 5. r=(x,2) 1B 28R 6 DZEAL u %2 u = (u(x,2), u(x,2)) EEET
5, WNEN u, Z# ARX T F v VRS ORITEAR EEFRT S &, FHIREBICBITZ2AX7F v
W DIERDODEHBHZ 2 VX — FIIRXATEZ 515,

1 L:/2 Li/2
F = ‘—/f dz dx f, (2.14)

L. /2 —L,/2
- a3
— 27 loz 2\ ox 27 \ox2 )
CICfIRAHI ALY —EETHD, B IFBICEETMOEMEHERTH D, K (2T HM:
KThD, V=LL ZFDEETH 5. EEAROERHEZ 2L —2RTH T,
Au, 0z DD VIT u,, = du, /07 — 1/2 (Ou,/dx)? DIV SNT WS, ZT3UF u, BFED 7 a— )L
ZAERICN L CAETH 570 TH 5. JEzyifhE L Jaz T 4.4 T, HNZEN u, 13585,
fEiXns, Lo, CGMD OfERZFHET 27201213, ST AREKT x HIAICHEML 72 &
SICEDEEIR T 5 & 9 ICHNER u, Z2EI8T 2080835 2, 22T, HNOT RO
DI (Ou, )Oxy DAZEEEL, TAWRDIZEHT 22 LT3, DITTIE, LD x A
WZOT R s, = (Qu,/0x) = —s THEEINBLGAITOWTEZ S, 2L E, INMEL 2L X —
fi 1%

2

1 1 (0u, :
f” = EB“ —-S + 5 (a) l . (215)
2 2 TB BEICH > EMEHIERTDH 5. 2 HHDVFHOT A, 13
Ou;\ Ou,\
s, = <8_Z> = V< Fp > = vs, (2.16)

ERIN, vikPoisson i TH 5, FEEMESTAELD, UTv=18LT2. ZOVPHOTHs, =5
ZHVE L,  HTHDZEN u, IZIRXATHEA N5,

u, (x,2) = sz +u(x,z). (2.17)

u \FFEEAR sz Z RO RN ZENEN . TH S, 20K, AHZ RV —%E FIZRD LX)
WZEth I %,

2
1 1 [ou 1 (0u\
_ lp go._p|ou_lfou 2.18
Jo= Bty l[@z 2(ax)] (2.18)

1 0u S| ou\’
+§K(@) - EA(a) *h

A = 2B;s.
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LURCIE, B.>» B Z2RELT, fizaML, B, 2 BLKilT %, Eq.2.18 DA =L ¥ —
X 0u/dz ~ 6y & L TEBME L u/ox =0 LJEAETERTE, LandauET NV ER D, ZDDPE
JH B 13 H RN FRE O 7 HEEFE TH D, LdG € 7 /VIE VMY & FEEH A~ O R % 50
BTLETNERRTIENTES,

Eq. 218 DHHZ F V¥ —Zk/IMb T 2% 2 & ¢, HFERERICNT 2 F 5RO Euler-
Lagrange IR 245 2 L3 T& %, ZOHBRAEIRDLIITHEILNS,

g = gLtgn =0, (2.19)
B 0*u 0*u 0u
gL = 072 ox* ox?’

_p| O (Pu) _3 (9u)" Fu
SNL oz \ox2] 2\ox) ox*|
22T, gl —MBALINABNFNNGEETHY, g ZZDMIBHTH D, ga 1% DIEIE
JHCdH %. Euler-Lagrange X2 < &, FAOT A s, LRV T ATOREEART L (ge.ke)
PRDEXHIBFESNS,

(2.20)

Sc

2, A,
LNV R
L " TNB TN
S50z, HERHATIE, BN 1, 1

figs ~ VIs — sclg™". (2.21)
EaMlEng, WNInd 3EAE 0= -0u/ox X

ke

6 ~ 6, tanh [i] (2.22)
int
6o ~ \/2|j — Scl,
fint = 0—0,
THEINS, TIT, TIT, 0=+0, IKEHOVPHEARE, &3> = 70 v HETBO
BERDETH 5,

24 ESZEEEZEBEURAVRT—=ILETIVOBEFE

20T L 72 Landau-de Gennes (LdG) & TV EHESEMZHWTED, o X2 E5E
LW, VY7 9T —THBEAAZF v 7EIIES 2 KE L, FEMRFORMERM: 2 8
THIIFES SOMBEEZID ANDZLERH S5, 2 D7D IEN S ED S 73 1 DR & 1
FZTCCGMD Y I aLl—YavzEML, o DERZENLROREERZ AV A r —
WETFNLVZHERT 2. MENEZCGMDD F5¥ 27 M) = oREEEZMB LAYV R r—)L
ETNEBEL, BHNZBERRNE TV EBERT 2120F, MR lL 7L —07 —
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IBRETH D, AHTIEIDEI R T7L—L0T7 =7 TH 5 (FEHED) FEETF
KOMHEBEET LV EZSELE L THY, HoEZ2EE LAYV AT —LETILVEZMEANET I &
EHNETVICERT 20D 7L —07— 27 23HT 3,

Fig. 24 3 A X 7 F v 7 fiiilk€ 7u « ERERE 7LV - WHHER T T VI T 5, Ml
AT —)b « XA —)b « BRI A 7T — LV TOZNFNOBH, ROZns ofRtEz2RL
TW3, KMETHET 2 A X7 F v 7TV TIIEENE TV 35Tt T % CGMD €
TIVTHY, XAV AT —)VETIVIE 4 ECTHAT 2MEICH S 425 L ke 7 1e
HbH., INLIFFREEBPLEZRICA T — VIR %z < DiAte 2 L THIffiD LdG € 7L & ##i S
N5, FERETZTIE, B HEEEE T o, ¢ 228 & L TN 7 Hamiltonian ZHE5E L, 4
m-%Wﬁ%%@%%ﬁ@%%ﬁﬁ%%ﬁn:W@%Qﬁm$oxfx7—wwﬁﬁmﬁﬁ
HIHZ 2V X — Fln(r)] ZREE L, FREEOREH 2 &2 600 L 72285 FLEIRIE R ORI IREE 2
XD, A TH 57O, B-BTHAFHZEHREMT % 2 &£ THHZ 2L X —% Green
B % ko, BZREOYHELZEIFE L, EHNALZETILTH % Fermi Jik - A€ TV L #
fed 5 2 EDARE L 72 5. BEIDISSHE S TH D Y 2 AN 2 35 H L CHRINA S I B
ETNEEHRTE S LD 5, WD TERLYIMEFHID AR 2Kl & w2 5, BB FHA
TEHPAE V-2 VAR EESIC RS &, HiEg2EC L, BASAhE cixMEER %
BEIE LT ZEVBTER VD, WO HL 25, HiEEZHKINHET LE LT,
Ising €7V (IR =)L) -¢* €TV (XY R —)V) -Landau FE5E 7L (ERNA
r—v) ZEY B3, 2 oMEBBINAHE TV CIREERI 7 Ising € T IVDOEES # kN
RFER ¢ 12 Z DR 2R Z & 5 2 & OB L oiBI% z # R L, MBI EHE
FVF— Flo(r)] ZINBEEBE D TRYT., chzL—7EMT3 2 cMiEETh s HEZ 2L
¥F—REAEN A 2D, JEEIEDSR D ICH R 2 B XEHERZ T TOHEEZED %
ZEDVTER, F, IERIBERROE - NN A7 — L6 XY A —)Lic E
TS, > T, BRDNV—TIREADEICHE D IAARE L Z v, IERIERIES E0E%x A
M 2L F—DEEEIC DAL, WACEICR Ty — U ikiFEzRi-¢ 32 L ©, HHZ *
VX — DN TdH % Euler-Lagrange TR 2 i S R D FIE TR 6 T2 S A X R DEEH)
ZENTT 2 2 LB TE B,

IR, &27y 71282 FE2HEBEBRE T LVREEETRETAZHOTIHHL, A X7
F v P WD PEERHPE X VAT —VE T IVORER N Z DRy =) v JOHEL T 5. F7,
FEOREM 2 W T A X 7 F v 7SO MMEREZ, BEEFE T VIS 2FERPHE
HREWET 22T, Z2OERMLOBEAZIT).

241 WHREOETILDOSAYVRAT—=ILETILADBRILFE
24.1.1 #HHROETILOERCEHZTIR

B 70 % COYIBLE ¢ CRlib & 11 B MY Hamiltonian H([$] % CGMD 2 & b FHE S fe
FIY 27 FUDS XA —IVDIEH S[pl, ROZDEE L 2 2T ER ¢ 2 RD B, AR
7 F v 7 EFILOEEZ, BENAZTOYIRI, DoEIAd % CG RO EOMERE R
THY, XVAT=NVTOMRFERIZZNSDT Vv H Y TNV TH LA L 7Y n OB H
Zolm L 7254 DEOFERED o DEOBEE S MOEN B £k 5, HIERETLTIE, M
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e EAETR (GBS o HEBET L ® SmectictiBEEETIL

AT =V RN JEE A (AHR) |, ML
2F | |+ #dRKHamiltonian | [« IsingEF 1L | [+ ceMD |
PR Lo € BRI EH LB
(BE) (BFEH) (BRFZEH)
Xy « BENEEE(DFT) c DAESTETL - MENEEELIEST
E5FI)L
GreenBl¥{ HRIEBER BYUAHEICLD BYARBICL BRI —Y
EEBUREE Ry—=Yvy v
ERERTE
HAEM/ BER | BATH/BEER | | BEER/BERE
EFK | Fermikfr - RAAEE e Landau®s /L . Lgndau-de Gennes¥®
T (PERER) || (PSR 7L (FHBER)
« S o S|

Fig. 2.4. Coarse-graining procedure from microscopic model to mesoscale and macro-scale models.

BN R COYIREIE, AEY$=5THD, AVAT—LVTORTFERIIZDOT Vv 7L
T ¢ = (p) TH 5.
DUF, MHEE%E 7V CHHZITY) . Bl 7Z % Hamiltonian 1 Ising €7V TH D,

N

7:{[@] = —ZS,'C[ij—hZS[, (223)
ij) i=1

TERINDE, ZITYHA FMENELTIEHDY A MR, -1} DRERZELAE YV sie s

2RO, @) BBV AL FR7 2R, G BREERTH D, b3 oML T

HNWSHITHYT 5, DM p &4 ) = A 5hiE W

p=2"exp(-H). (2.24)
TH 3. kg % Boltzmann 7EEL, T ZHREE LT, 1/(kagT)=1& L7, ZIZ0HBEHTHD,
Z="Tr [exp (—f{)], (2.25)

TERINDS, ZITTridEeY A FOREVELS(HICHET 2ETOMAGDLEDOHZ LS Z &
BET. BREEB o) ICHELEIRT 2720, AV SRR T vy 7VEE%E L 5,
7YY TV
olrl = (8) (2.26)
= Tr [p5],
TEZo6N%, £, XAV AT —)VICERL 72 2DEH Slo(r)] ZRFEE o(r) 2 E LT
Hubbard-Stratonovich 22§ 331 241>, DINCidib I 5,

_ e | LD vey + Lre + Lagt -
S[¢]_fr€Vdd rx [ZD(W&) +ord 4 A8t =g 2.27)
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22T, dREMICTHY, D r, ARRAELTHL, i, SR ONRDYIC g DT
H5H—MAb T E L7z, DARIC XD BRI 72 5 O BRI 72 22 503 e (19 7 BRI 22 B\ D 284 X
n, AV AT =L TORDIEHIES N,

2412 AXAYVRAT—=ILETFILOHHIXRILF—REHOEE

RIZA AT —VETIVOHBIZRLVX — Flp]l #8H L, bt TEMEE (b2 \vid2 5l
FHBIEE%L, Green B E B\ 9), AT 2L X —, THRBE, BHEHICOVWTHR, o &
DEEPACL I ANV X —PHEHABEZ H O THHZ A VX —ISHAAL 2 I TE L T L2
BHT 2., FARTHHINEAX 7 Fy 7EE T VOB 2 VX — I EOHAZ 2L
¥—PHEABHKZ Ho TR I N, WEPRHE S EORENHAAE NS,

HHRIRIE (Green BEEY) X V'A% — L O{EH S 3BT 7L D Hamiltonian H 24T 2
DT, DA p, DEBIE Z, ROYBEEADT VY 7V (A I3H 7 =) 554 %
W

pl¢l = Z[0] ' exp(-S), (2.28)
Z[J] = Trlexp(-9)],
(A) = Tr[pA],

ThEZoNnb, ZIZTZ01=Z[J=0] kL7, 7, TridNBEERES T, ¢ DEDHIZLETD
BB DENL ¢ = p[r;] (j=1...N)ITHL T

N 00
nﬂmfw@fm, (2.29)
i=1 -

Lz LB L BET,
FlonmiXx 2 b7y BB (o(r) - - - p(r)), EOTCREE Z % n 05y JICBAL TE D% & 5
eIk,

5 1 Z[J]

(p(ry) - d(r,)), = 57 5T Z0] (2.30)
THEZo 5, FC2 8% 2 3 27 v MHBIRIEZ (B BAECL 1X Green BA%L & MU,
G(r) = {(p(r)e(0)), (2.31)

($(r)p(0)) — (P(r)}$(0)),
TERINDG, (HYETUYH Y IV TH S,

Gauss i EBY Eq. 227 1BV TG I =0 To* DFEEREZ 1=0 & L7 Gauss Bl 2 E 2 %,
Thbt, MELEHEERS 2 OEEID 720, Z DEBEIE Go(r) %2 B h 2 milEE % &
5. % @ Fourier 241X |

G0 = pEsr

(2.32)
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(a) 10

8 Mean Fluctuation
— 6 ©0 +\IJ—
S 4
2 Qg
O_
(b)
Free energy Landau free energy
F [¢0] — SO [¢0] T Correction due to fluctuation
o0 —1)"
f ar Y ED f &'k, -+ d'%, [(Golki1X) -+ (Golk,1X)]
rev, o 2n Jyekeq,

Fig. 2.5. Incorporation of fluctuation effects into the free energy: (a) the mean and fluctuation of the order
parameter ¢(x), and (b) the loop expansion of its free energy with the corresponding fluctuation correction.

ThHZo6M5, ZHUTEBq. 213123 L, ¥ Fourier £#19 % 2 & TEq.29, T%&bbH,
1 exp(=r/¢)

Go(r) = ;——— (2.33)
ZHBIT 5. %7, M S 3 Fourier 24[H] T
S = fk . (g:;d x $/Gy' dr, (2.34)
L%, ¢l 1d ¢ O Hermite 12 ThH 5. 7z, /EIBIHUL,
Z[J=0] = f D¢ x exp [ f A% NZG},I@] (2.35)
req (2m)?

~ [det(Gy)]'",

E% %, Thhbb, Gauss ROTACEE Z 1%, FEERE ¢ = 0 & L R DBIE ¢ % 4T % Gauss
W ¢ ~ GPO,G™") DAERBIBIC L7 6§, o SRR L b 22w, 72, 7l
BI%L Z 13 ¢ DINBHBRE 73 D3 Al fif T ¢ 1THKAF L 7o,

HBEHEIXILF— (EWEBR) RIS T 20 TUTTEERTBHAMEREY 205 ¢* O
BEBDBA+0DGE%2E2 5,

14
V= aet (2.36)

DA, DR Z 3R \Wied, EH S ZEFEER L T, Z DNBEER S % FZT7T 540
B3 5, Z DA DILEIRAEIL 6S /6 = 0DFRETH D, ¢ = ¢olr] £ T 5. RIZ@lr] = golrl+ylr]
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L, TS %Z ¢o DD TUTD & 5 ICEENET 5.

S:&+lj\d%f dr i (r) E(r, r) (), (2.37)
2 reVy rEVd
Ehb. Yi(r) lZy(r) D Hermite %2 £, 22T, Sy KUE X
Sy = Sl¢o] - f d’r J oy, (2.38)
reVy
o _ S [g]
=0T) = et v
2
:(DW+14_£XEi— )M@—ﬂ,
20 0p(r)og(r')lg=¢,

TRINS,
HEZ 2L X— Flg] I3

Fl¢o] = —logZ, (2.39)
z = waxexp<—S[w]),

THZ N5, GoOMEmOEIEHOLV—7RMEZM\2% &, Bq.237 2BHEKTE 5. &
IS, FERNBEBHZ VX — (GAEH) Flg] 13 1 V—7aloarzRT &

Flgo]l = Solgo]l - (2.40)
o _1 n
f dd’Z (2 ) f d'ky - - Ak, [(Gok)X) - - - (Go(k)X)] ,
revy o1 N JkkeQq
eV 1,
X = 5¢5¢|¢=¢o =2

80 = f ddr X
reVy

THZ 6%, Eq. 240 O 1 HIZ SO Landan H X 7L X — IS4 T 5, 52 HIZ
FEO WL 2MIIEETH 5., EIEHE (1/4)A¢* D721, HHZ RV X —ICHES EORIR%E
FRTHIEESHIE L 722 EEEOFHEIE Feynman ' A4 777 L2 L Tfrbin s, Do
BER DN — 7RIS S 2 ZIE L 2 WSRO ¢ DJRD To = ¢o+y LIEFIT 5 2
E Tl o 7. #%iR3 % Wilson DICD G TRUH S L7 DIAARETIE, TR ¢ 2\ i
5@ EBVIES T¢Il Top=¢"+¢° & L TROWIES T2MAULT 228, EERIEAEW
WKHRIL 2 EZ2FTLCwd Ewz 3, Thbb, H2HEIES T2 HALL TS ik
ZHEZ R VX =% ROTVWE I LIRS, 200, FE2HEICHEDIAAEIEZZTT N
1X Wilson D D IAAMLZEMZ DB DTH 5.

1 2 1 2 1 4 d
ED (V¢O) + §r¢0 + 47/l¢0] - fr;v‘i d I‘J¢0,

HBEIXRIL¥—, TEAEH DT, & Te % ¢ £ilT. Eq 240 DABZ 2L X — Fl¢] %

Flo] = xS g, 2.41
[¢] fv rx; ¢ (2.41)

™ = P+ +..
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ERL, T % p RIERBEE S, 52 i — 7" RE0c X v HRBEE 2 BEEM L Tw 23,
R,

PG = 1, (2.42)
DKL, £, HRBEBOERDS,
G' = G,'+3, (2.43)
T =19,
DR D, TEACZRNX — LI, BREDOMEGER r OMIEHEE & 5.
M%%w@%éﬁﬁ%%%?ﬁﬁéﬁw%miwé.2ﬁﬁﬁ%ﬁﬁﬂwﬁ@%éﬁﬁr®
FERIHE & &1 X 2 HiEIR
Pl dp 1
r+(51f—r+§f;€‘~/d (27r)d (—r+p2)’ (2.44)

ThHEZons, ADBGOMED Feynman ¥ 4 77 7 LARRNICE T 5HE M) 7 ATHD,
1/ (r + p2) DMEMEE %L (propagator) (X T %, WFMULAFS1/2 TH 5., £, 4 5THMNE
e F<4)|q=0 D5 RS TER A DIERIEHE & T DOHIEIE

3 dp 1V
Pl 5A:A—ﬂﬂj‘ (———), 2.45
" 2 peVy (27T)d r+ p2 ( )
THZoNnsd, PPEEAZFY 7 AT, 4 R5ONEOHAG D ITHIG L TRFMERF 13 3 x

(-1/2) = =-3/2TH Y, BMEKIZFLCTHS. LETEI ATy 7D 1 )V—7RBEICX 2856
EBDHIIEDBENEDME & 17z,

242 BOAHBTHICLEDZIERNTETILADES

Hi i T Eq. 2.40 DIFFYPIHIC X 2586 EDORRZHD Adr s 2 & 3R DS, A AAHET
X r> or DFLMEPRIEZ T, BENIZYTIE R, 2070, KEHiTIE Wilson DD IA
AEEDHIELIIZONWTD I L =T =0 % F LD, XAVAT—LDOEZFLF—FRETIL
ZREET 2 FEEEHT A, Tk D, MAEBICA T =) v Tk E 72T 2 LITE,
CGMD Z LT 2B TE T VD6, AW R - ARSI T D LR 2L X —F%X)
ETNVOREEINREL 2 5. 7, BVIAAMEMOMEZFTHL, RICEEKNZ ¢* T T LI
D AAREDSTEZ BT 5. ¥, Wilson Df D IABRED TN I BERESCHR S 2 2F 12 L 7.

BOAHBETRICE D ¢* ETILORT—Y) VT EIR

CGMD % Ising € 7 /v 7% EREIINBLA D> & 57 B 2 Glid 9 2 SN 2SI Ok D 320
BHOELRNVF —DET VO %,

N
S[g] = ) KeOu[p (], (2.46)
a=1

r € Vg
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Real Space Momentum Space

__________________ Scaling relation of

Green function
ol _ — \35
SRR Gme=%4V“”?hﬂé)%4
/d

T
T AR !
1 1 . .
f{% , Running coupling
1 z constants

Scaling exponents

Fig. 2.6. Scale transformation by the renormalization group procedure.

TET. K, 3FEEEBTHD, 0, 1F¢" V" (n,m=0,1,2,...) 5HDZOHEEFTH
%, Vi l3FEZEM Lo RO TH D, Z D Fourier 22 EOHEIFH V13 Vy = [ARr, Auy] & A7 T
ZIZTC ARIZIRAY A 7HBTED 1UDOEZIDWETHD, Ap iUV Ay b4 7KK
T, ROMHGULOMBRIEZ YD 25N VD 1 LOR I DOWETH 5, Z DHHNZLERD €
TUDPOHENEVOBMNEZIZ L > LA AT —LVEHL T, AVAT— VDRI IILY—F
ET IS €] ZWEFET 2. ZHUIHIET 2SR OMEE L C LT, X DAV ZHIE
THIEIHYTS, T4abb, A7 — AR

R: S[¢]l— S'[¢'], (2.47)

ThEZoNb, BNEIZEHET 0T, BHEERTH 5 Fourier 22 EDRHIE V, 13 A7 —
WEARIR TR CTH 5. MHEBROERSMETIE 7 72 79 V23 726, 1B S ORfEIX
EbohwtEZoNS, Thbb, N,OJ¢] 1 ZRICEEZ DL, Hil-BEEIMTMAsNn
RWET S, i, BAEBRK,) DAVPEELZZ, PFER ¢ I ZEBEZRATHL &9 5,
:@iiﬁﬁbﬁ&%%T@%S®%Lifb6&w%é,%?W@ﬁbﬂ&ﬂ%?%%kw
5. BRI, BOIAABOTH FICL 2 A7 — VAT Fig. 2.6 D X ) (2,

e Loop expansion:
Eq.2.46 CEF 2 2D1EH S % Eq. 240 Z HH TV —7REETZ 257 v 7L,
e Coarse graining:
V— 7B U 72 JERRIZHE & I D Fourier Z2[8] E DMK [Ae™!, A] DR LS 0 % 18
L CBREL, HEULT 2 2T v 7L,
° Resize
BT Z2BRET 2 2 ET0,Ae”] ENS Ko7 RZ2ILER U A IR 201, ¥
Bg—q(e) LR =L, 0, BIFERS ¢ — () LERIET 225 7



2R A OREER G, KOz DR Tk 23

D3IAT Y ITN6khs, ZOMYIAABOFHRES 2 EI2 k) A7 — VAKX, EEEH
DZEHaH]

R: (Ko} (K, (2.48)
TERIND, EBITIIBUN R r — VAL X S5 ER DO iR
d{K,
gy = & = DRIk, (2.49)

DO AT —NVEHIZ X 537 X —F 2] LOREAEEBRD 7 a—%2 KD S5 Z LT, #EDIAAFED
W& %NS, ZOWDHERZR D IARBEOR— VB L W5, Eq. 249138, =0 & 72 B [EE
WK 2 b0, I ROBERBR 2O, 7 XA —FEMIcE ) 3R EICAEL,
T D ABBZEHDOME D K LIC K DG ERDZALZ RO T 5. BIERED TK, = K + 0K,
EEFIL, 6K ={6K,} T5&, #DIAABEIR IV LI NTR—YEEB X

doK
B= Tl WOK, (2.50)

Lhd, WOREGHEE x,, ZOREERZ PIVOIEE R ZERLLEAr =) v IERB% g,
55, Fh, AT NVERTOK, % 6Ky = YN vege T 5. 2O, HRE (A7 —L D
B) ZHLULT 2 A 5w, A =pe! DEDAABBC K B A7 — VEBUZ X D EZLL 72 A7 — V)
v TRRBUS

8o = Lal€)™, (2.51)

DEHaZ I T D, THhDOL x, FAT =V I ER g, DAT =V TRETHD, x,>1DE
E, BUIAABEER DR T EEATER g, ZKEL B3O THELEER, x, <1 DRII/NE
(D, METELZIIICRIDTHERTLROERENSR, £, x,=1%2v—YF VB EK
WS, ZDXICARYT =) v IV EBIIMHIESE 2 E O 2 KIS RIR2 W2 HET 5.
B DR ST CIIAEED 7 5 7 9 VD3 H 2 DT, D IAABETD I TEIY
HBIRBUT EE ST Z RT3 T 5. MOIAABELIIHL T, g, — g = gue)*, G =
fdxd exp(igx)d® — G(e)1 L ZNZFNOYMBEIIEW I NG, kD, BonlAr—J v
PER R RGT, BB G [pg ] PAT =V v JHIBM D X I ICEE 3.

G lgui Al = ()7 G lau(e!) " 51]. (252)
HHEHBI%L G 13 Fourier 22 TR L7z, 72, dI3ZEMRICTH D, d+2n 1 ZHHBIEIE D R 5 —
VY TR TH S, Bq. 2.2 % DIAABARERNE W), BlAZEZFLVE—DET NV THU
FRIFLX —DETIVRE, /53812 CGMD DfE&ER % AW, GUOEHEREMERTH
FAEBDBHWETED, ZANVX AT =V u ZBUTET VDR —VZIBZ TRV A Y b A
7 (IR cutoff) fHEEF TR — L TE S Z LR DIAABEDRIETH 5.

BOAHBETRICE D ¢* ETILORT—Y) Y TRk

R OIARREC & 2 27—V v JER 2 BARINICIE S 729, {EHIDYEgs. 227 TED 65 ¢* €
TN ZBEICHY B35, #0AAREZ EET 2 50 AT 2 FEMid 5. Z9d Eq. 2.40
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XL C, IR S FOMRZME L TR IAABHRIT 21T 2 &, IERBED 0 KB
BE LTORKE SO, TIU So[8] 16 L THED IARBEIRD 2 T » 73 032 FHET 5
L5, BEVIABBEDYGR, ¢ DA —) v IREUIEREEDH D, #0IAABEOBIELSE
fhe LTED 2REDRD D, ¢* TTFVOBEFRAT =) v Vi T [dx (Vo) L 72\ &
V)) Kﬁ&)% :ﬂCiL}LF@i “)) 0:1/'?")) A — U, A :,uel O)X}T‘_}I/Qm(/:%ftf, Yo x = x’el,
¢ — ¢ DEREZ TS, DR,

f d’(x'e")? (V’e‘l¢'en1)2 (2.53)

f d’x (V)
=jﬂwwwﬂ&ﬂw,

THLHE, A=V Y IHIERT [dx(Ve) DIBDALL T HEGHILD, —d+20+1) =0
KV n=d2-1ThH%. OpIKRHLT, [dlx(r¢?) bELLRVDT, rd A7 —Y ¥ I RE
%mmm&?%&,ﬁ+mmm+mzoﬁﬁbﬁ0.?&b%mmmzzaﬁb,wadaz

ERT—AENG, RIS Ao A() e Rr—LEns,

RICHEDAATEDE 1 AT v 7T %, Eq.2.40 DIEFIEHO BAERNZ 1 v — 7 Z1T 9.
P*ETIVOHEIATT =) VY IHIBTEM LBV LI IKp 2R ELDT, DT, D=1t7
%, HIEiORHD S, FEER r DIERIEHE S 12 X 2HHIER

A dp ( 1 )
Sr=r+— , 2.54
r+6r r+2jl;e‘7d o 7752 (2.54)
ThEzZon, ¥, EEERADIERIE S E0MiiklZ
3 dp 1y
1 M:ﬂ——ﬁj\ (———), 2.55
" 2 peVd (27T)d r+q2 ( )

ThZons,

Bl ATy T CELEAEEROMIEEIE, r~0DEEIRETVBRIT 572012, 6r/r < 1,
A < VIFHR D 32729, BEERHOZ YWD R D L7z, D7D, 2 AT v 71280V,
HIFHEOR S Z IR 0Vy = [Ae, Al X - - X [Ae™!, Al DIEEE S THT D ADIETICEH T 5,

Z DK, orlZ
A d4 1
or = = f P ( 2) (2.56)
2 peavy 2m)* \r+p
1 A -1
Ae! r+p
= &Q fA dp(pd‘3 _r_pd—s)
2 d Ae—l
A A2 n-d\  rd o A Né-d
- EQW—z(L_&) )_3{%d—4O_Gﬁ )’
b, 22T
1 @n)?

d (2.57)

T 2T @)2)
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THY, TORTY<EBTH S, FRIC,

3., AT Nd-d
61:—§/led_4(l—(e) ) (2.58)

El A,

KIS IABBEFREEOHIAT v 7L LT, Wl — q(e) DBR 7 =V 2479, THX0L
BT OREID S (r+6r) > (r+on) (), RO A+6) » @+an(e) " exr—rsnz, <
nkoyn

r - r= (61)2 r+ %Qd c/l\i_; (1 B (el)Z_d) - %lgd;\i: (1 B (61)4_d)] ’ 2.59)
v =@ - Srags (-]

5,
DLEED, =1+ DERNDAr — NVEHUZ X DEDIABBEOXR—YEIEBLIT D X 9
G545,

dr

B = ai:zwhu%A%qﬂgm (2.60)
dA
Bi = g =el- 322 QuA°.

IITe=4-dTh%. INXYEEN(BLL) X (B.B) = (0.0 D Gauss [EHE DM, B
T DIEX v D Wilson-Fisher [H7E 15 % b,

5 ®\ _l 2—€ EE

(ﬁr,ﬁﬁ)—( <A ,3Qd). (2.61)
X561, BIFADEBDOATEIN, D IAABEEZRTHIBTIIW (Eq. 2.50 2d) &
TTIRERILINTVS, 2D, A7 =9 7HT x, x, 1%

- ﬁr oy gA‘f, X, = % - e, (2.62)
THEZ o5, rDPAREGHEAEERTHS, ex 0O TAT =YV IRFIIRILe=4—-d DA TEE
D, AFIZX SN RERE RS, k)R =1 Y IR 7DT, Egs.2.52
TEFE 2V IAABARERX (A7 =V v 7B ICk WP ED Ry — V) v ke 25 E T
52 EA[REE 2 B,

W, e WHRDEGAIAT =V VY 7RFIZAREDRICHEALRRICIKFELTLE ). Z4d,
A, XiE, znzERIUL L HIHER g0 = AN ZEERICEEL TCrOA 77— v /T %
AR L7720 TH 5, flfllNF%Z g =G(g0,e) & LTHEHULEB G ZEDT, gZEER g I
EDOTrDAT—Y VI IRTZHET S ETARGEHEZIRINCTE 2 2 & DSEEAE ST PO I12E
WMINTW3,

Xr
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243 REBERICLIESETZEEUVYBEDSE

i T X1 7 Hamiltonian 2> 5 FRIF A ¢ 2B ETHEAYV AT —VOHBH I FL X —
Flg] 8%, BDAARHDOTEEZ TS SOFEL AT g, 12 DAL, RICFHEE
WCHIE SN A YBEE X ~OF & EOWE L2 IVEHImIC K DFHT 2. A THS T 28
JERFIZ BT 2 A X 7 F v 7SO REHIERHE (34 S % { DIAA AR B2 X ) R
JFonsn, LN CHHSIN2IEMHmICL VAR T LN TE S,

IRENELRER

£9, PEHREBICBUNZA T E T a0 YEE (DIRHE) DIBE R, BBiE R 7 —
WIZBIT 25T 2PHEOR S ETRIND L), FEIFGRER (Green-Kubo D/AT) BT
oW TBRS, DU, fiHo7rze, ZHENIC—R TRV EEIBORER 2R . 1/ksT = 1
£9 %, kgldBoltzmann EHTH D, T IZHEE%#F9. Hamiltonian PYELE%Z H, X TF
7. X612, N3 nigED %D Hamiltonian 2 Hy & L, ZUl& Nz F L35, %
ING T F ZMZ 7RIS, PR XIEX - X+6X &% 5 8T 5, e hzmz-bae,
Hamiltonian |3 H = Hy — FX THZ 60, BEGMip 3/ =)V 546IciE) 75 L,

p(X + 6X, F) = p(X) exp (F6X), (2.63)
L%, AEDEA 6p = p(X + 6X,6F) — p(X) 1%,
6p = p X FéX, (2.64)
L%, O, YHEX DZLX DT v v T

(6X) = (X&p) (2.65)
= (X6X)F
(X =(X))0X) F
= (6X*)F,
7%, 3FHDOEF X (X)6X)) = (XN6X) =0 2 w7z, Exic Xk, i Ficad 3

B (6X) 3RS E(6X?) EREND L. 2L D, MDY AR 2 v L 95 &, LT
BHORE B

(6X) = yF, (2.66)
_ %) sy
X = g = (6X"),

L5,
EfRIC, BIRIESZHE v(w) 1B L CTH FAIRROFEBIHORE DL D 2D, T4bs, EHT Y
HEZX EL, ROWEREq, BFERE2 0L LT,

Xpw = XgowFow, (2.67)

Xgw = Xotiw f dtei“”<6X(t)5X(0)>,
0
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DI DALD, 22T, (SX()6X(0) FIRHEMHBEREETH D, (YE7 Iy TV PEEEZET. yo
3w — 0 DRFDENIRZRTH 5, fow dze! 1% Laplace-Fourier Z#4TdH D, FEIE Green A% %

GR(1) = %@(t)(éX(t)(SX(O)>, (2.68)

TEETIUR, y . (FEH D Fourier BT I NS,
T, BALoX IHIBT B X = doX/dt Z K D B, BINIEZE v, 1F

Xow = = f die (X()X(0)). (2.69)

0

ERTIENTES, MiNzEZ 25838 NLENZEZ R OCEADBL DT, yvo=0L
L 7.

EFBEFROBRRE  FEREOEX

WL DIEZH v, , 13, PIZIXEFRICE W CIERIGION T 2 0 E BT 2 HRFEHR
PEBEERTH Y, AAT7F v 7RO ERRORMERE B W TE, ISR 3 A7
JREICBI T A EENERDEBZRMERCTH 2. Z Do, EEFEREEMIE, HFEER-
BEMEROWNBEGERH 5. £, BFRICBITA2FMIGEZE, A X7 F v 7 HKEORHE
FEoIFIIEICE T 288 L LTak L THPoERMLT 522 Lo3TE s, DEXD, £7
SREROBEDA S 2B RICE T 2 EFRFERCEHFZEER IOV UL L EAl
T5.

HEHETF A ADRIZT A FET p™(r,0) ZFibiAte, UM EFOEMEZ —e=-1L,T5, Z
DKf, TAMETD pr, ) DIEDZ R T 2 v )L V¥U(r, 1) 1X

—&V2V(r,1) = p™(r, 1), (2.70)

IZHE 9. Fourer 21 L T,

" Vi = P 2.71)
L%, SHEA T V2 L VLIRS L TR pies, 230G BIAR

Pao = XqwVge (2.72)

q.w°

Ziifcy &) ICHAET 5, FREIHOREHED o BTEEZE vy, 13
Xow = f dte (g p(t) p-p(0)), (2.73)
0

ZilizzT. V-D=p™, V- E = p™ - p % Fourier 13 2 &,

€€ wd Ve = P (2.74)

2 y7ext _ ext res
€4 Vq,w = Pgow " Pgw>
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E%,. Tl Te, BHEFEERTH L. MEICKDEHNELTHEEER e = ¢,(w=0) 1

P
€ = ext - res (275)
pq,w - pq,w

1
1 _Xq,w/q2 ’

L%, BERIZOWTHHEBKICRDZ ZERTES, B EICHT 3)I0EERE jo & L
T, DMEP% P = [ df ju(t) TEFERL, WIPIGEBKRTS S Ohm DHEH j1 = 07y g, % H
W3k,

Tgw = fom d1e" " jgup(t) j_p(0)), (2.76)
THY, Dy, =eE+PZHNT
.Oqw0
€€ = € +1—, .77)
w

b, Ik, HEFEKe, EEFEEL,, 2 In [eoeq,w] =Re [O'q,w/w] DBER % i 7
L, =5 2602 LMhjIZEIRTE 2 2 Lbr s,

2.5 AXTF v RBOFHEERFE

AR 7 F v 7HEEIEZF DERITTREREE D 7= D12, A7 — LK EL %51 ONEES 3%
B9 % Landau-Peierls NZEEMWDIH D, HERDEE S T ORI P IVITHRIFEL, /NS LT
WNBFEET 5 128 F7, MMERED FRRICHEET 2 16, I 512, BRIPAEUIEES & LIERK
FEAEG LTV EDT, AXT7F v ZREDOHERE X OKMERE, BEEUREFEZ %, M
BE A2 R >, HEMMERDO I TH 2 HERIE, AX 7 F v 7RO ELIE
T R IR T R B AR A E DY D 2 2 L A3, EERIY - BEERIVICHERR ST\ B B8 2 X 7 5y
7 ADSARXY Ty 7 C DD ST CHEFHMERD I 2 SMHz-85MHz £ TIZ 6
fEWEMS %2 2 EPMEIN TS B8 T, @RMEROBEIRCTH 2 MR, KEHE
TR BIRAAE 2 R 751 T { W01 S AEIR T b IR R 2 R 144 2 L T
BINTVS, Tabb, AX7F v 7REIIEFUS R R 2NN E 2 R 3. AREicid
B B2 REE2EE 2 B O S BER 2 W CEl L, BIREIC X 2 EM R g 2 Hig T
I, AVRT—ILL X)L TDRRX T F v 7 BN LK NER O ENIS %2 E5E L Thiknizd,
AN AT — VKR A7 — VBT 2 HRRICIEIED D 5 2 L 2R %, Z oI
WNLT, BABETRES E - B Z2ZB L 72XV AT =)L TDARX 7 F v 7 @GR %
U, RGE B O 2179

2.5.1 FRRVARTRIMESR

RICEH 22 AR e Z RO T FIE L AKO FIEZ LT, HEKICEITZ A X 7F v 7]
m DRERICEE S EOMR 2D AL, HHZ RV X —HE f 20T A s, = s IR L THIL,
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o2y 2 L, IWHolBRDE ) ITKINS,

e 42

(A IYHEADOT VY Yy 7NV 2 RT, F2HIIEAERS 0 = —0u/ox DEEZEL,
FEO ENKREL 22 LEEMEHIER By 3N k3, Zokd, InH-0F AiiFkEZ, o
FERPPIH DR X D BIEBIRD 6 /M 5. B2 HZIGHIC K > TULE L 2 EAERE S T D8
B LTHASE, Eq2.72 DFWEMMICHIEIES I ENTE S, BAERELS TOFIEX
DRI E B & i 72 7.

—~—

1 (0u\’
)

Z 2Ty ARG o WO B IEA R S EDINVEGEETH B, A IXYEEE A @ Fourier 2
3T Eqgs. 2.78, 2.79 5,

B
B = 0 (2.80)
1+ BOXB
= B+ 6B,
6B = -Biys,

L%%, I TOB=-Byp WMES EIC LB BOWIEHTH 5. FREIHGREI % V> CORE R
B

6B -Bxs

—_— ——

g LYy L)

Bo<2(ax (@) o\ 7 (-q) (2.81)
dq 1 ,~ ~

_ 2 - 4

2BO \fq;A (27T)d X 4q GqG—q,

LRIND, TITG, BROEIEE (Green BI%) THY, q 3L FOWHMANY AL TH

%, EERILE d E LT, TEMHER BIRIES EOMETBLEINIL B3 bbb, 1

5 XX 21 OB X FEIRDEFEHREA s = s MHITIREES ERRE VLT DICEEI Tl ) 2 &

NTET, BFNBRORE D IAARBEEEZ V308N H 5, FHEOFEMIZE 4 ZICTHHT 3,

252 AXVFv U RBOIEERE | EREMEE

RIZ, KRR EZ K D 729, HEEMHMEF (complex elastic modulus) B (w) % FEBHEGRE B
DBIRDSHHT 5, FADEZFEROEH ERNILL TEZL DD PT v, Fig.27 %
JLICHIHT 2 &, T A MEAM G, 6T A PEMICEZRT YLV, BWEL, JOXRT
Vo SR B SRR o, DIGE & LT, 2 OISEMIKO Fourier £ & L THEHEEH
MOEFEFERPR S N, BRIEZRIIROIES & (044p (Dpg (0)) & FREIHOREH & 500D
CoBALREXD, @m0, ERER RN (Maxwell G50 , fREIHCRER D S KO
52 EDTEL, M hoglEff L EEFEEO T FuY =06, EEMHEERZEZ S, 4
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*WJ) LA EEZ 5L, IEMBHDOEL 25 2 I 0GE TR TS o &£ OBIfRIX

= Bs™ TH Y, WHMETIE o = s TH S, 2 I TB. nld w AL 0 ERN 22
3 k R TH 5, MBI 72 Vogit ET LV Cld o = 0¥ + 0 £ D, Fourier Z%fd] £
g0 = Bsgo, +iwnssy, £ %, T & D BN 2R s R IR 2 & § % & Fourier 22
] _C,

—\2
1 0
T g0 = Bsgy, +iwnsg,, — §B<[a—jz)qw>, (2.82)

L%, BRFERLHILT 2 L, HHMEMICIEIPHEIWEL TWb I Ld3bhr s, T4b
5, JEEHORE S E03E — MG L CEANZEEMMRICEE 2 52T, RIS R85
PR EDE U T 2, JERIBIHDSMGICX§ 2 0% I3 FN 2 & & RIS, JERIBIHOERIE
ZHR%Z x:, ELT,

— 2
1{0u .
THZoN%, EMIBHOESZRZ T, RORMIERM: 2 2 T8RRI
B,, = B+iwn-0B,,, (2.84)

* 2 %
5Bq’w = B)(q,w’

L%, JHUBIIC X 235 6B, 13 PRLICR @YD, HBROERZ L IcALTED, BH
PR D T %w—k( )iﬁ%&ﬂﬁﬂ%ﬁ%%%o WA SCHR ) 13 FR B oo B &
BIWHERL (de-coupling apprOX1mat10n) ZHWT, IFBEHOERBEZEZEE L T0s, 21

k%L,
72 fg-’Z
Xgw =wazw”«l) @(ﬁ)aw (2.85)
0 0x),0q dx)_, )

C f &'y x (p + q)* 2G° GO D, , (w)
= . w),
B er (27T)d P q p+q- —-q~ P4

. Toig ¥ T,

Dpq (@) = —iw+ Tyl + T8 (2:86)
ThH 5. CB FEBTH Y. 1, ZENERTH B, G, i?Ff?ﬁﬂE%%X_&b)% DIHEIRE%L
Th3. T, =1l +1 L, D q(w)O);@ﬁFourlerxTﬁ@’E%Z_% L, iw =1, ICR—VZED
;ki)>%”ﬁﬂﬂlﬁfﬁ X0, ZD9KIL, Re[ p,q(t)]~exp( qu/t)’C%b %@Jﬁ*ﬁ Yiw~1,,
THWT 5.

EoT, RZEHIMT2ROERMEL § £ T2 &, ERMUR B,  13FFRLRHERS) 2R

L, ZDFEIF

d

. d’p :
Re[B;,| = B-CpB f Gy X P TGy, G° Re|Dypy (5] (2.87)
PEA

Re [Dp,q (5)] ~ ©eXp (_STp,q) )
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L35,
D, BHRBERAFMEDTEERNIC DS,

WA D RBE MG, N2 OB Tk

31

fit>C, Re[B, |13 5> 00 TRe[B; | =BIc, §—0TRe|B,|=B-CpBiyslci

Lo L, MEMWICIZEREE s ZEALKOCBEROMESZEC I TED, £/, KEIE
—RK TR KL TES WTED, de Gennes D i TV 9 “undulation” (H 4 h)) 721 T
{ "permeation” (BEEEE~DWEIGDIRA) EL I T0EIETTHS, FI4RHICBWT, Z

NS DEEDOIE S EDOELIRENG D2 % CGMD % Wi,

Mz et d 3,
ERFEXR
mﬁ@?{mg !
BARR pffi; = X;M‘/:],w ‘
HIBBH BE
&R MRS :
Maxwell
A2zt 2 y
* €00 Vow = Pyw — Py
€0
‘ €0 =€+ 5Xow
B9t Lt
. b Y
HEXFEX HEX BHESE

ERRETE 1, — / At (pg(t) pp(0))

N6 DRFE 7 RE Ry
BEREMER
—_—2
JEE 1,0u
Bt - Z41% GER®) A
Viscoelastic 5./
1 U 2
_ xt : xt
0‘17‘” - BSZ w + ICU’)’]SZ w §B<(%)q,w>

B R

B;"*f = B +iwn - 6B;’w‘

BB

R
0B, = B’X;.,

VAL

—_—

x;w~1£“dww%(§g)?ﬂ(§§)?m>

—_—

Fig. 2.7. Comparison of complex permittivity and complex elastic modulus.
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BIE ZENSRELEMFEEICESCGT
S DFFE

3.1 FEIEDHE

ARETIE, Pareto £AITHD K L HNRELIEZ HWT, 27Oz &A 2D, 1%k
ECHEEREZHET 2 AX 7 F v 7IED CG 5% M3 %, WSO BB AZ E M % il
T57012, HHT27-00HMWEEEE LT, HEElfEOERM LEiLRkF N7 X —% 2B D&
(Quantity of Interest, AN Qol) ZET 5. T, T TFONHMZLZ RIS 205G OHIE
REERELEE LT 5, 24U X D Iterative Boltzmann Inversion (IBI) 7% TEM L 72{KD 1145
DOHIIEZATH . F72, RERZEMEZ2 0 RHEDE O RO SEI L, 202 o
B2 RbEFEEZRD L, FOoNTETIVE, T4 AZY 32— a yNOFRAEENE) ERETY
WX B EORREDINGE T — & 1746 2 HBIT 2 22T, £/, BonkETNVIEFRRY
AVRAHGR NI FIE L W E 2R L, DRSO EERIC X D ERINS PR
v Y A IVRGORIDBIRIEIC O WT I 5ICELT 5,

32 BIEOEREEAW

3 FE1 /1% (Molecular dynamics, LT MD) > S 2L —3 a vid, FHE S 72 EoiiE
DT vH TN EDLIETROBIFREE RN 2 LITE, HEHATE DM 72 3¢
ZHRDZDIHEL T3, PHERH B TIE, w4 708X — VAT —LoMEICBHCIAD 5N
722 F v 7 WA DELA 2 United-atom MD % LTRSS 4, FEIOWNEIC R e 2 AV Kk
DB IS ZEDHSPIZINT WS, LaL, FRa YAV KRIEDARIE O iER
WBETH L0, RgOWEZONT27-0I1Icid~vA 7abt —4—o3 v 7)) v 70T
H5. ZOREZIRT 57-9D121E CGMD 2G5 TH 5 52331 Hlo = B ¢k, Gay-Berne
NGEHWEIAREDCGMD & 2 2L —a iz kb, 2=F v 7D b X a P AV RIEH3H]
LI T3, FPOHEFIBI ClE, ANRICK DFERING A X7 F v 7REDERA
LEVEDS, CGMD K175 7% % 4 BiAHE A-A-B-B Z L THIZEENTV%, ZNH6DY S a
L—a VIFEED bR a Y VR Iz G B AL E M 2 ARG T 5 23, EER O
FFINEED K TIG 2L T, T T O kG & EEALEMEDBIRZ B K
THIEIETER, — 7, 2EFETAD26 CGCUE2ERT 28RN Fik L L T Iterative
Boltzmann Inversion (IBI) 7 B3 3% 2. BEEHHI Y Clx, AX7F v 7-74Y tuty 7
BTG D7 A Y Fa vy 7 HOEESAEI% (Radial Distribtuion Function, BU T
RDF) 226 7V RVEVRED CGC G IBLEIC KV EHRINTHS, LaL, @mHl7 A
VihutEy JHDORDF 2 6E T AZME L7286, BHEZEZ T X9 2RELEADEFIHN
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JIBTER, AXTF v VHOEREND 7 49 T 4 ¥ 7R +5T, BIBIHEI S
B VI XA IWERELL, BAICAX 7 F v VMBS 206 TH 5, IEObT 0%
HORZARX 7 F v 7 REDERALERIC L2 52 57O, IBIETEE L TR WIREEOR
WEREL SR L 72 189 A =5 DA TIX, ARX T F v 7D ERALE:ZHHT 3 2
EIEREETH D, DD, BIIC X S EOEZ R T 2R EE HWT CG 7 X —
8 it g 2B H 5.

NG EMIET 2 HEE LT, ZHNRECFEP S B 5, R, BEI7ra) XL (Ge-
netic Algorithm, AT GA) P01 1%, L SRBEITRETH O, WIHLWED -0, ATk
ThH3. GAIZLDEHI N/ Pareto 71 > F %) BTl 7%  —HEDRERES = 14
LTEDTESL, Lo, IEMER Pareto IRERES 257011, NI XA —=FERBICE VT
105 ML LW v 7Y v ZRICOWTEIRZTIMER D 5, £/, HH 7Y v IHIZONT
MD i HE %2179 Z &g, Rk o N#Ech 5, JIoEiEE (Response Surface Method,
DT RSM) & Gauss 2 (Gaussian Process, LA T GP) 2% HIWBEEORER ZHERT 5720
DR 7 7 —FTh b, T IT, IEMIEIE, 7 X —5F2EH LEo% HWBEBDEXRIG
kiR TR 2 HiE & L CERSI N, GP RINEHmoEM 22 S EICHE T3 2 &
DTE S, B 074 Tk, WiRT LY EKRD NG GP Z W72 RSMIC L > TET IV
fbxnTw 3, BloOEH 01 ¢lk, RSM & GP # W% HiNRELFEIc X b, EELED
DFET—=%2y F 6, HINORMEIZHE L 72 5@ fE D Pareto F2ADRD 5TV 5, F 74
D Hfl 1001 Ik, 2 RITRHRYIE 2H-MoSe, 12X L T, GA ZH W T 8T X —% D% HINx
21TV, WHEORERE, BUIIERtE, MOBEHREESHEI N Tw 5,

LoL, AX 7 Fy 7RO FERZEN ICHE L 72 CG 5 0MiEIc % HimdE bk 2 i3 %
B, WO DOMIRT REMELDH 5. FHI P Ra P ANVRIDEL 2 BEZE DY 6, T
B OMEE» B I X > TREE T VOERIBREDZLT 2720, o FONTREZERE L T, fili
BT A =% & Z DRBZEEICOWTHEEICHHN T 208035 5, 351, EEAEZHET
L CIEATST, BEPFEHKRT I Aa P AL REOMTOER AR Ao P AL RED
7 EORHEDS, BEGFORIR 7400 LA L T iFiud e 57\, 72, Pareto 7 1 Mg
ZRAWAY S 2=y a VRS, SN WERIED R v Y —HEE W0 2072 LT
2008 ) ORGES HFETH %, CGMD 15D R 2T IVTERI N b Ra Y ALKz
FRBRY—OBUESOEE L, SETARAIIEIN TR,

ARE T, Pareto £H5IH D EHNRELEZH VT, F0OMEE2&AOD, tokih
JECHERREZ BT 2 A X 7 F v 7D CG NG 2 RMET 2. W D MR AZEE M % Tl
T30, HHT27-00HMWEIKE LT, EEfEDERA LELAfRT N7 X —% 2B 0=
(Quantity of Interest, A N Qol) ZET 5. 7, T TONMMEZ RIS 205 OHIE
REZRELHET S, TS XD IBIETER L 7RO NGOMIEZ1T). 7, PREZEM
2 FNEDE O AR WREEIC A EI L, ZREFNOFERICE T 2 RERE KD S, 5
NETNVIE, TA4ARZY 22— aryNOFEZMN) B X 2 ERfgED K7 — & 1740
EFHBTZZEE2RT, £, HoNET TN R0 P AOLREGEG 450 PG L 2w S
ExRNT,
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33 YZal—yavAhAxk
3.3.1 CGMD

CGMDB37 T3 F 2 IR T 2 B DT 7V — 7% 1 D DMK T (coarse-grained par-
ticle, AT CGHi+) ICE O TEET S, 4, RBNMADRATHRI NI 5D
ViDET 5. 19T % NCHDET 7 V—712nE L, 2hfho s/ V—7% 1o CG fi 1
TEET 5. Zol, JEFHD CGRFDALE rfe i

CG AA

r; = E C,-jri s (31)
ieJ

C m”
ieJ %

THZO6NS, 22Tt (ieNIZJFEHDO CGHRTICET 2HETFDOMETHH, mMIizZo
HEZRT. 2L T CGHRTFDONY, ThbbaTlRT v VROGTHRT VS YLk
%89 2 XIHHES 73 46 BI %K (pair distribution function) g(r) = g(IrSS — r$9) (I, J = 1...N S, 1 £ J)
Y=y b b2 T VOB E —B T 5 X ) ICHET 5. CGRTDN
Bomiwtly, BEcHRT 5.

Langevin ¥ 1+ X9 X

DI, oo 1 0L §5, 0FL-VoMGUIc X D, HOREESZ b DT 0EH) D
HHEEPHIR S T, HEMEORERZ O CGRTOHMETRNERINS, 5%D CG
Ry #EDHZE M EOPEREZ T = (g}, {ps) = (q1s- ..o qns P1o- - py) TET. TIT, gy =15
EEELELTED, p, 3Z20MERTHL. £/, NIZRDCCRTFORETH S, HIKI
NE-HBRERFEEH L LTEAON, JHREHD CGRTDF A F 2 7 Ald Langevin JifExIC
IO TDXHickEN 3,

dg, Py

_ P 32
dt my ( )
d d
dpy __dU,
dr dg, my

22T, tBRETHY, U IZJFHOK B ATy v v 2R, my 1ZJEHD CGRLT
DEBETH 5. pld Onsager DIEENZIIREL (Kinetic coefficient) 3, F%E)JJ h IX Gaussian-
Markov %26 L,

(h(Hh(t")y = 2kgTuo(t —t'), (3.3)

D 2 IR EIHORE R BT 25572, kg I3 Boltzmann € TH D, T IXiHRETH 2. 5, £
DIRE T OBIRICEL TWw2 & LT, B h DHIE S NI AHED 7 v ¥ L3I 20T Tk
$, BRIk 28 2L 92, Zol, hiZiREZHIET L2 —€XS v & L THRE

t — oo DVHRREETIE A / = AN 54iic7e %, THUIBL T D X 9 IZREH I 1%, Langevin i
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R Eq. 3.2 Ziii 72§ CG K1 D2 E D3B8 o(py, ¢4, 1) 13K D Fokker-Planck /72 %
Wi 729,

0 ,q7,t

% = Lp@.0), (3.4)

0 py 0 [ ( 0 PJ) 3UJ]

L = —(——+—ulkgT — + — |+ —|.

0q;m;  Opy H\e op; my 0q,

Z @ Fokker-Planck /72D E HIRAE Lo (T, 1) = 0 DRI

@) = Zob ex _L(r oy (3.5)
PEQ\4s,Py) = NvT EXP kaT \2m, I .

o = L ] (2 )
NVT = qapexp|—7—— |\~ I
(@s.p1)el kgT \2m,

ERDA ) ZANGAREE R D, 22T, Znvt WNVT 7 o3 v 7L OSEEECH 5. i, #
Bo7n 75 5 Eld 1/t =p/m;y TRIND 12 —FTAY Yy FOFEARIEEE L TERET 5.

NPT 7 5>V T ILADTG

RIZ, NPT 7 % ¥ 7 VICRIET % 7 ®IZ Langevin A REUCHENZHIEHT 270D 1 X
8y b RRTEZIBMNT 5. FIHEIE Berendsen 945 7L 2 A L (Berendsen weak coupling
algorithm)%8! % fi\» 2. D)) PIZIRRIA 7 v 7

2 1
P = —(K)+— .
3v< >+V<W>, (3.6)
N pg
K = ;2—%,
11\1—1 N anj
W = - i o ii =4 —4j,
3;];161](?%]- =i
TRMHING, 22 TVIRROBEEEL, U, jBBD CGR T2 iFHD CG R IR
TRT VYL THY, m ZiFHD CGRTOEETHD., 7, (K)IFFoEEIT %)L

X—DT7VvH 7NV EETHD, WYIZROEY TZLDOT S 7V Ths, ZoEHEH
T Langevin T2\ Eq. 3.2 %2

dg, ﬂ_ﬂ(Po—P)q

_ , 3.7
dr my 3Tp / ( )
d

dpy - dUs ko

dt dQJ my

LIBEIET 2, 22 TRIFHRIEMHETH Y, 130 RY v F DFEARERTH Y, Py ldy —
7y FETH A, ZOBMIFIC XY CG R THDIREEDIR R R 7 v IS S, FEH
Y=y b & D H/ANE RS CG R TFRIDEREN/ NS S ), BT =7y P XD HREW
RFIZEERED R E S 2 %, FHED 71 7' F L L CIEKRIEAR 7 v 78I

/lpzl—ﬁ(PO—P), (3.8)
3TP
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(@)

United-atom model CG model

c CN

yano

-biphenyl zg
P3
AlLa

Alkyl AlLb
AlLc

Fig. 3.1. 8CB molecule and their smectic lamellar cell : (a) the structure of the united-atom model, and
the corresponding structure of the CG model, and (b) example of the chevron texture during the buckling
deformation of the smectic lamellar cell with the definition of the coordinate and the layer rotation angle 6.1

DHHET, RTOME g KO T2 =y avDRYy JAFA XA L% qg— A4,q, L — 4L L%
LA — VB R T 5,

FELEEARIEO 7V ) X LTH D3, FERDO A 7 — VMO Fikz W CCROZEE %2
CGMD THUD ) 2N TE L. BIRICL DAL s, BAREL §=ds/dt £ LT, Eq.3.7D
E1RorbhiC

dg; pr .
— = 3.9
dr my ( )

9%, bbb, [FRHEAT Y 7
A =1-3, (3.10)

DWRTREA T —IVEBTZZLICLD, ROBEZINES 2 EVAEEE LS, AETIZ
ARX 7 F v ZHWEICEE L, I 2 TN AT M2 (T, o EE Z TR SE %
JEFEE MD I X D BOEE - 22O I 2, ZDOR—RAERZTNVLTY XL ELTAFE
WS,

3.3.2 HARIEABINT A=Y DIHAE
3.3.2.1 #HFR{EE 1S United-atom €7 )L

EEZHHT 5 CGETNLVZHETE-0I121X, AXT7F v 7O ER% BIEITLL 7-
HHE L 72 2 2 7€ 7V £ 721% United-atom €7V (BLF, UAETIV) 208 TH S, 2T,
ARX T F v 7T T £ LT, 4 -octyl-4-biphenylcarbonitrile, \>4H W % 8CB % H\» 5, BEE
BRUOICEH#ER S T 8CB £ 7 Vi, MHEMIREDRERE & —3§ 2 L ) IcREfl I T
D, AX7F vy 7EOMITPEEZENET2DI2I3#E L CT\Wwiz\, Z 2T, Amberl8 ¢ general
Amberforce field (GAFF)"! 2 T, MIFEBICHE L 7 X— 2 L7525 8CB @ UA €7 V%25
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Table 3.1. Comparison of dipole moments y, scalar orientational order parameters S (cf. Eq. (2.1)), diffusion
coefficients D, and deformation relaxation time constants 7 between this study and the recent computational
and experimental work in the literature.[6"!

This work Reference
u 6.2 4.7 — 8.0 80-82]
S 0.65 0.6 — 0.7 183:34]
D (x10712 m%/s) 0.86 2 —30[76.78.83]
T (ns) 20 10 — 100 [7985.86]

F L7, Fig.3.1@) I, ¥>ITalb—avIicHWk8CB o OfiE%z 3. GAFF i3
TEFLTHY, HETZHRWIZETMULL TWwE 79, HETZ2&EAFEFIce—Y LT
UA 2 EHELTWA, £, THART Y vILE LT, KAMHEBEAEITHIE 7072 12 55 ¢
HWIEL 72T V2 W5, BT T VICIE Amber DFESEMMIEE TV (AM1-BCC) 374 %
i 5.

MD ¥ £ 2L — 3 »Ii3d GROMACS Z w5, wIEE & LT, xy FiicHY 8.2 x 8.2 nm?
DB E RO AP OB ARX 7 F v 7 7 X7 DRAIIZREKT 5. HEBEDAX I Fv 7
HTH 2 SmA, HZHBT 272012, FEIZy 3 2L — 3 V2D 8> TH ISR
LTEILE2BOY 7T LAY —00BREINTVE, 32— a idiiE300K, EhH
10°Pa, NPT 7V H v 7LD bE, 2fsDY A L AT v 7 T20ns DM CEMT 2. EEMHL
VEFNERI A v ¥ 2Ewald 52 W CEHE L, vander Waals HHAERIZ 1.5 nm DAy b4 7 %
b Verlet 7y b A7 AFx —2LZ2w@MT 5. WE L HEIOMIFHNICIX, Berendsen weak coupling
algorithm®! Z 2%, ¥ —E X% v F DFSEERII 1 fs TH D, IHBEREDS 1 0 HEIRNEIC X 2
HEME T8 L 3T 23 kY ICHET S, N0 Ry F ORERIE 1 ns, ZiRFEHHEIX 1075 bar!
&L, WARTENIREER r DSERIME D v <= 0 L TR 6 72 FE S T OBAIRER ) 28T %
X ET S, £/, AMI-BCCEMET N THEINLMGEFE— XV Miu=50TH
D, Hartree-Fock FIH1Z & % 771 D i )i 1Bl iE COEM A 1S HED < G E u = 4.7-8.080-82]
DTRIE, ZD7d, WMTFE—AY bu=62%5%2 L9107/ oBRizBIEL 72,
BHEF-E—RA > b p, IHGRE D, AH 7 —EIARFEES, BARER %2, KDy S a
L—>a v ERGEDSCHROGHE « FEERIC &k 5 55l & DK% Table 3.1 129, A A 7 —FkF
EESE, ©7 22 VEOMEEOR FRIODFREAN7 Fvd & L7Eq 21 ICKDEERI N
%, BN -YMEIRFEEEZ L CHBELTED, KUAETVIZCGCETILVDHREE LT
MHAT3ZENTE 3,

3322 CGETFILADYYEVTEBEWND FRBEER

8CB 315 CGRL D2y BV FA¥—AL%Fig. 3.1 12”7, CGETNLVIEY 7 /E7 =
SNFEE T X NED SR D, AFEOR TRV TWS, O 7 23X 1o CN R
ORI, lliERE 7 = = VEEZ 2D PIKF & 1 HD Co KT MR I N, B 7L
FURIF ALK T3 6 I s., ZOETVOERT FRIBEERIERD X 5 IR &
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Table 3.2. Parameters of bond-stretching and angle-bending interactions (cf. Eq. (3.12)) of the 8CB CG
model.! The parameters of types WP and NP are extracted from the range with and without the plateau
region of the target potential, respectively.

bond b, K] angle A K!
(nm) (kJ -mol ™! -nm‘z) (degree) (kJ -mol ™! ~rad_2)
CN-P3 0.242 rigid CN-P3-C6 188.7 127.7
P3-C6 0.308 rigid P3-C6-P3 183.7 259.5
C6-P3 0.308 rigid C6-P3-ALa 163.7 139.5
P3-ALa  0.284 17148.2 P3-ALa-ALDb (type WP) 160.6 39.8
ALa-ALb 0.338 4987.5 ALa-ALb-ALc (type WP) 180.5 20.9
ALb-ALc 0.289 10040.4 P3-ALa-ALDb (type NP) 162.2 145.5
ALa-ALb-ALc (type NP)  177.6 102.6
nas.
N-1 N
1 1 1,
Wer(b's.... 0™, @', 8™, r rN%—ZmMW+me@H§DSMMMMD
i=1 j=i+1

ZIZT, NI N, ZZnEFnoEsEGoRE L s AOREERL, NIZROHMGL
Bf#zRT b Lo liznzniFHOMARE iTHOMGMZRL, W IZiHBGHE j &
Hok oMtz &3, A8 1HEFE 2HIITTHNET V2 ¥ ILT, Upoa 13 (bond-
stretching) R 7 2 ¥V, Upge 3% (bending-angle) R 7> > ¥V ThH5, FMAT Vv
NWEHWS L, ZHEIZRD X HIEMI NS,

Ummw5=1K%H—ba{
dngle(¢ ) - _Kl ((bl - ¢6)2 . (312)

22T, K LKL, ZNETNER T V2 v VERART VL v VORAEBRTH Y, b, ¢
206 OFERIECEZ KT
TR T 2 ¥ Vid Lennard-Jones (BLF, LJ) X7 v vz kb

[ O'ij 12 O'ij 6
Upy(r'') = 4€” ( ) - (—) ], (3.13)
rij rv

ERINDG, TIT, LoV FENEFNLI AT VY LVDIINLX —EHE T A XEHT
b5,

3.3.2.3 #1EHEI CG %

Fig. 3.1 CEFEINS Yy EVIHEDE, R—R LA ZHIERI CG 118587 A —% % UA €
TS IBIEIC K DEHT %, IBLIZ VOTCART ZIWCHMEL 72, & 2L —v 3 VIRRE
300K, H:7710°Pad NPT 7 >4~ 70T, TEEHIENIAEARE fs D Langevin H —€ X % v
F2HWA, TSR 107 bar™!, FEAEE 10 ps D Berendsen weak coupling algorithm!®®!
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Table 3.3. Parameters of LJ potentials (cf. Eq. (3.13)) for the intermolecular interactions of Model 1. 1691 The
parameters of type WP in TABLE 3.2 are adopted as the intramolecular interactions (cf. Eq. (3.12)).

CG-CG o € CG-CG o €
(nm) (kJ . mol’l) (nm) (kJ . mol’l)

CN-CN 0.314 3.993 CN-P3  0.360 2.473
P3-P3  0.468 0.946 CN-C6 0.374 1.824
C6-C6  0.487 0.922 CN-AL 0.350 2.870
AL-AL 0.377 2.573 P3-C6  0.469 0.469
P3-AL  0.433 0.618
C6-AL 0.373 0.921

oz Nng, ATy 72216, T2l —> a2 05ns & L7z, IBIEOBRICE
2R D G ONEED T Thwigd, 10 ns DT R~ F v ZHBPMEEI R, 22
T, BLEDY Y 7)) v JRZ 05ns LR EEL, BRiBDOLHWRELORIETR~TF v 7
HWONEHE{LT 2 DIc+3720ns DY~ 7Y v JRMITCMD GHE%2 179 . 0 FRIEALER U,
Unge 1, UAET L THONLFEAR D LA ¢ D534 P % V> T Boltzmann inversion
(LT, BIEE) kb ToXcENENS,

U(q) = —ksTIn P(q). (3.14)

ZITCUIE Upona 7213 Uppge 2R L, q 13 b $7213 ¢' 2K T, kg & Bolzmann EH, T 135D
HOHRIE 2 2T, 1551072 Uponas Uangle 13 Eq. 3.12 DFRIR T v o v L TEME 03, filiish
7 TN XA =% Ki KL b, O ¢ % Table 3.2 12783, 8CB O 7 )L % )L R IE ik k3
e, ZBART VY v Upge (77 b —HEBHLET 2, Z077 b —HEzELrE
FRVDT, B2 2=y FPHHEINS 77 F—HEEZEULEART VY v LD
FA—=FXy F 2 WPH, 77+ —Z2&8FERVbDZNPRLEPESRZ LIZT S,
SFEMEER Uy b BIEICX DL, EqQ3. 3D LI AT Y YL T74v T4 V7T
%, ERUT T IEERE - = 0.3 nm 2 S WD KR E — 7 £ TOHIPHTIT> 7%, RIC, IBIER
AT, R7vyv ) Uy 2R T 2 TRO K ) ICHEFTT S,

oD (r[j) - ym (rij) + AU™ (ri,/) ,

% ()

&) o
::@prou%%nEE®EEM%?w®@%ﬁﬁ%ﬁ(&ﬁdﬁmhMmmmmmuF
mm)@%b,%MWQuUA%%wwRDF@%é.::@,ﬁ?%ﬁ%uﬁmtﬁ<ﬁ%t
TWws7®, CN-CNMHAEHZBEIEL, hoa AT > v V% IBIETHH L7, JORL
72CCETNDNG IR TEZoNSD, =7 v b EkDUAETNVDRDF Z LT 2.
ML 2RO NGREE LI RT7T vy v LOEMIL, FEbT 3, Hon o x—%%
Table 3.3 12, 22T, FFHMHAMEMNIE Table 3.2 D ¥ A 7WP 28 L7z, ZDh53,
BBTBRARX T F v 7 2DEREN, bt RaPhV KRGz BiES Z ofbtER: 2 FE L <
Wi, fEoT, InzPAG L L, ZHNRELFEZ HOCHiIET 208035 5. DT,
Z DF1¥5% Model 1 & WS,

AU“>Qﬂ) = kgTln
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Table 3.4. Parameters of LJ potentials (cf. Eq. (3.13)) for the intermolecular interactions to prepare the sinu-
soidal shape as the initial setup for the bending simulation.[®°]

CG-CG o € CG-CG o €
(nm) (kJ . mol’l) (nm) (kJ . mol’l)

CN-CN 0.345 0.647 CN-P3  0.409 2.190
P3-P3  0.441 0.735 CN-C6 0.408 1.396
C6-C6 0.454 0.562 CN-AL 0.388 0.690
AL-AL 0416 0.742 P3-C6  0.448 0.836
P3-AL  0.489 0.515
C6-AL 0.519 0.386

Model 1 22\ T, $ABURE D, A4 7 —BLFFRFEZEES, RDF go(r) 7 £ DY) & % Gl 3
5., InoxB570, IWE300K, HF110°Pa<T, NPT 7 ¥ ¥ 7 X DR A T v 7710 fs
T220ns DY S 2L —>a v 2FEMT 5, Y—ERAF v FOREEERIE 1fs, NTRF v b
DFGEEEIE 1 ns, HEAMEERIZ 107 bar™! TH 5. AR ZEAET T, xy FiIcH) 31.4 x 7.9 nm?
DEEZIHEZ RO 2OV EHRT 5. &EX, AX7F v 7 SmA, HERT %715
HENZEIIL 722 203 7L A Y —267%0, BOEIIE3.8nm TH S, T/, EIREET
DGRy ZETHT 2720, EEAKEAIAICEMT 2MIIEE Y S av—va vzt s,
Model 1 Z W CHERBIRD ST S 2L — a v 2179 54, YHIERER O FHEBIRD &
B, T4 L7y =M@ D SEE, SmA IREDTELN B HANH 5. 2T, W
BE L LT x SR O REDSE A FEDS 10° FREEISHUNG 9 00 2 RO 1IRBK IR D & L 2 Al
T5, COWYHEARX7F v 7%, EkISHZEIHI N TW B GIcEE-D %, x AT
T3 EFERHC z TMICHI -8R 5 2 ¢, VFHEEZIEZRICEESE S, 22 THWS LI A
TV X NDINTG A —F % Table 3.4 1239, ST FWHAEFEHD/NF X —% X Model 1 £[F LT
b5, Table 3.4 DN, > 7 /7 €7 = =)V FRIODHENEADY CN ° AL K17 £ O Kbtk
ZEUMOMEAFEH LD b, MM RmEREILIC X % 8CB 3 T DJEERD X # = X L B8 %
EMEICEBRTETHRY, L, 20w L CEEZRMET 2 2 RN g ) h)IB
RZERT 2 ENTEDLD, ZTOHGICX D UIHBIRE R T 5. WIIIIRZ B L 725
i, J185% Model 1 1Y) D2, x,y FADERSEMEZEEL, ©THPICERL 222 Vb3
%. RIZ, Model 1 ZHWT, x HIANZO T AHE de/dt =078 us™! TI0fs DI A LAT v 7
TOT A 0.624 IH24$ 3 800 ns DMARNICH 7z > TR L, EORIRT 2ERA vy 23HMET 3.

Table 3.10 1%, Model 1, KOEET—% OYMEICBIL T, A A 7 —BLRRRFEZEES, JEiEAR
1y, Co-CORTDRDFICEHT 2 =7 @I DUAET I EDE, CNKTFDEEISIAR G.(2) D
AT LR ThS,. 22T, RDFIZ

1
4rr?p,

EEFIN, po IKTOVHERE, A I3iFHE jRHONTFHROMERZEST. BEERICHS
ToALE 7 1281 5 CN LT DE SR G (2) 1F

(6(r — )y, (3.16)

go(r) =

Q@:iWr%» (3.17)
Po
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LRIN, Z2IFiFHOR O EETH S, ¥—7 v FDUAETIVE Model 1 D RDF D E—
I DEIT

g5 (k)
ERIND, T Tgk) (I=CG,UA) IFZNZENDETIND C6-Co AT HD RDF (ZDTD
kBHOE—=7EETHS, G.(o) ETVRBRICERINS, 2Ah 7 —IAKFEERS 12 Eq. 2.1
DEIHICEFHEZINS, Table3.10127R3T L 912, Model 1 DR A 5 —ELAFFEES = 0.758 1%
FHEE S = 0.6-0.7 X D KE V>, RDFgo(r) & G, () ICBALTH =7 v FTH 5 UAETINVDIE
PORELTEMEL THB I EWDD S, £/, Model 1 DEFFLA v = 60° 13 5ExfE 17 & FIFLE
ThH 5.

Ago(k) = -1 (k=12), (3.18)

3.3.3 ZBWRE(LFE KU, FhickDESshiERIEHE
3.3.3.1 EHEATH
ST Uy ZWIET 272002, BT X ICHIERE puowy ZHAT 2.

N-1 N
Winer (') = Z Z Puti(h UL (), (3.19)
i=1 j=i+l
2 2T Winer (r7) BHHIE S ML FRIHEEICH D, ul) & v(j) E2hZhi FH L j&H
D CGRFDOEF 2R, RimBEHEOMAERIZ T FONHEZIREL, AXT7F v 7HD
TR SR 72 2% 5.2 5 7%, CN-CN M AFH OHIIERE pr = penen & AL-AL #HAAF
DO IEARE py = paar ZIRELE p = (p1.p2) £ T 5. P3-P3 L C6-C6 DI AN IZHHIE
9, 2 OO AR IERE puow) = VPaowoPromp CHIIET 2. BRERZEZ[H D HiPH (3
02 <pr <10k =1,2) LEERINSG., WREMZ p<p £ pr>pIXTEL, TTFOHRE
W Z B L - dfE % ko %, Model 1 (cf. Table 3.3) D3 FRII5GTIX, =R L¥F—,37
A =% eonen DY éaraL £ DRE VD, p) < py DRIEIGE p1 > py DIESIHITHNR, XD
HENIEDSE N E b5,

3.3.3.2 BHRIBEE

FET—F RO a2 —rary7—F LAfLIEEXE Qol ik (1) A4 7 —ElMRFZE
0.60 < S <0.70, (2) UA € 7V @ RDF, (3) JERlEDIHSH 1 45° <y < 65° D3 DTH 5.
AT — RS DRFBE L, (p) ZRD L) ITEERI NS,

Lip) = h(Sp), (3.20)
R B S (p) _ Smin
S(p) - §max _ §min’

ZITh)IERFIVT 4 —BETH D, S IFfIMEsmin 2 smin = .60, e AfH S™x %2 §max = ()70
ELTHBILLZ:S oBsicdh 5. 72, P74 B hx) IZEHY 7L Fiificd D,

1 1
M) = e cam T T+ exp el =)'

(3.21)
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EERIN, MROEMHMRIZx=0, 112H 5. HhFIZ0 < x < 1 DHIPHTIE h(x) — 0IHT L,
ZNDNTIE h(x) - 11SED K. o BEMAMHED L5 - TROARZ LT A /8—8F X —
YTHD, al, $<0577 7138 > 0723 OHIPATIZ L, >09 £4D, 0.623<S <0.777
DOHFPFATIZ L, <01 £42X91Ca=10 & L7z, BAKZGANAL S—85 XA —F{HDRDITIZD
WTIERIRT 5,

RDF 8B L, (p) 1ZRD L H ICERI NS,

2

2 (¢SS (k,
Lp=a y Z(ggg:(kf) —1) . (3.22)

i€C6,P3 k=1

22T, g58,p) &gl p) ZNZENCGHF (i€ CO6,P3)DRDFDH 1, H2E—7DEHI
Ths. gA)EGgAQIBUAETVOE=7EITHY, a BHIBLIEETH 3.
S y DBREBIEL; (p) 1ZRD K ) ITEEI NS,

Ly(p) = h(¥(p), | (3.23)
. _ yp)-y™
Y =

Y —y

22T, b ER 320 TR A SN, §IEy ORVMEE Y = 45°, BRI % ™ = 657
LD y DRI TH 2. a DIEIZ L, DHAEEFIL a=10THD, 49.5° <y <60.5°

DHEMTIE L <0.1, y <40.570ry > 69.5° DRPATIA L3 > 0.9 5% L) ISBHET 5.
Fiz, NI A—FHHEEC, (p) %

Ci(p) = Ci(p1,p2) =h(p)+h(p), (3.24)
. pi—pi"
pj = max Jmin (] = 1’2)’
Py TP,

LEET D, JITpn Lo pm FRRERICE T 2 RAMEE RAETH D, 1, ptit = 02,
PI =10 8T 5. Fh, py < py DIHEMEERT T X — 5 fBI% C, (p) %

Cy(p) = Cy(p1,p2) = h(P>— P1), (3.25)
EEFET D, [FIRRIC py > p, DWRGEHEZ R T NT X —FHHEEIK Cs (p) %=
C3(p) = C3(p1,p2) = h(p1 — P2),s (3.26)

LIERT 5.
s ZHWT, BB fi(p) (j=1,2,3) BRD X ) ITEEI NS,

fi(p) =L;(p)+BC; (p)+BCi(p), (3.27)

22T, fi(j=1,2,3)1ZZNZ4S,RDF gy, y DHWBEZ R L, p) <p, DEEIEk=2TH
D, p1>p DB k=3Tds. HHOH 1 HIFEREE, o525 &5 3 HIFRELLUTRN
TEHHIENETH D, FNALRN=RFIRA=FBIEFL=100E LTz, NAN=RFRXA—FDE
KRINZEDO PO JTIZ DWW TIE BB T 5,
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Fig. 3.2. Response surfaces of objective functions and their Pareto fronts in the case of p; < p».[°1 The
hyperparameters are set to @ = 10 and 8 = 10%. Panel (a) represents the response surface of the objective
function fi(p) of order parameter inferred from the training dataset by GP. Panel (b) represents the response
surface of the RDF objective function f>(p), and (c) represents that of the objective function f3(p) of critical
angle, respectively. The training data is represented by black dots and the estimated response surfaces are color
coded. The color changes from blue to red as it approaches the optimum region. Panel (d)-(f) shows the Pareto
fronts for the calibration parameter p: (d) the Pareto front of f; and f, in the objective function space, (e) that
of f, and f3, (f) that of f3 and f;. Panel (g) shows the distributions of the Pareto optimal solutions set of p; and
p2 in the decision variable space. The region of f3 < 0.1 shown by blue dots is referred to as the y optimum
region in panels (d)-(g), the region of f3 > 0.5 shown by red dots as the RDF optimum region, and the region
of 0.1 £ f3 £ 0.5 shown by green dots as the balanced region, respectively. The statistics of p; and p, for each
region are summarized in TABLE 3.5.

3.33.3 CGHEHMEDiDZBENEEL7ZILIVXLA

AU TRET 2 IO L HEEE TIHOBE I T O ) TH 5.

1. g~ 7Y v o AR
L) 87 A =% 3 IBLETHEE L e BB FA T v v vz 74y 74 v 7 LTl
T5, IREEBp (i=1,---,N,, Tbb, LIS X =% ORIEREN, HREEMICE
WTI VY LERENS, N, IZMDEFEOY v 7)) v BT h 5.

2. & TY v 7
#HABIEU T 2 8RB v, v, )P (i = 1,--- | Ny) DfiEilx, p; \IZxf LT MD G247
JZ itk Bons, HIBEI £ (= 1,2,3) 3¥E T =% {p,yl.yLy} 926 GP I
XhitEIN 5.

3. N L — MRS 7 RER:
GA % H\\ CHIBE T Dol # #8523 5. Pareto B8 Qpuere Z B ST 72012, HHEEM
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Fig. 3.3. Response surfaces of objective functions and their Pareto fronts in the case of p; > p».[1 The
hyperparameters are set to @ = 10 and 8 = 10%. Panel (a) represents the response surface of the objective
function fi(p) of order parameter inferred from the training dataset by GP. Panel (b) represents the response
surface of the RDF objective function f>(p), and (c) represents that of the objective function f3(p) of critical
angle, respectively. The training data is represented by black dots and the estimated response surfaces are color
coded. The color changes from blue to red as it approaches the optimum region. Panel (d)-(f) shows the Pareto
fronts for the calibration parameter p: (d) the Pareto front of f; and f, in the objective function space, (e) that
of f, and f3, (f) that of f3 and f;. Panel (g) shows the distributions of the Pareto optimal solutions set of p; and
p2 in the decision variable space. The region of f3 < 0.1 shown by blue dots is referred to as the y optimum
region in panels (d)-(g), the region of f3 > 0.5 shown by red dots as the RDF optimum region, and the region
of 0.1 £ f3 £ 0.5 shown by green dots as the balanced region, respectively. The statistics of p; and p, for each
region are summarized in TABLE 3.5.

P A X% 200, HAREE 200 L LT, 10MEHEZIT).

4. YORCHE:
IR DHEE ZFIGEHITTD p —p*P | <6 THD, 6136=003IHET S, p» &

i,curr p i,prev icurr

P 2 NS DA T ML 5 U 2 S5 T 0 W C 3 % . IS %
T L7ge, RIEZ#&E T L, A7 v 776 I,

5. KDY 7 v T HOBWE:
NA R ) QIR ED % BRI 5 25 pPL, & 2 DFBLOL ¢ D5

RO DK DY v 7 ) v FRUSBINS D, £, KISEMEO R p» b

TV TEIBINMENG, F0K, ATy 72IRD, WEMAOREZR XY 5,

6. Fd i D EE
IR U 72 VB i 2 PSR L, &Y 7% Pareto IR (p | p € Qpureto} ZRD 5. H
7 Pareto B2E 005, JEIRS S 2L — a VIl L 2 EIRT 5. F72, 205 D8
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Table 3.5. Statistics of the p; and p, distributions in the case of p; < p,.[%! Mean, standard deviation (s.d.),
and quartile in the RDF optimum region (f3 < 0.1), the balanced region (0.1 £ f3 < 0.5), and the y optimum
region (f3 > 0.5) in FIG. 3.2 (d)—(g) are summarized.

RDF optimum Balanced 7y optimum

P1 D2 P1 P2 P1 D2
mean 0455 0.668 0.595 0.729 0.647 0.800
sd. 0077 0.042 0.015 0.013 0.018 0.032
min. 0310 0.496 0.558 0.705 0.610 0.746
25% 0388 0.655 0.581 0.719 0.630 0.772
50% 0467 0.682 0.597 0.728 0.646 0.797
75% 0524 0.696 0.606 0.739 0.663 0.829
max. 0576 0.722 0.622 0.757 0.678 0.855

AT b HEE T 5.

3.3.34 CG 735D Pareto FiEEL Y b &EBIRENZCCEFTIL

FEROZHMNREL T LY ZALIHEDE, Model 1 DLI ST X =% %#FIET 5. p < pa
EpL>pr DENTNCOVTREMREZRD D, NANX—=RFRX—=Fa=10EL=10°& L
7. Fig. 3.2 (a)-(c) IZ py < po ICB VT 2 I0E M2~ T, TRFPZA%, RDF, EAMICHIET 5H
MBS £1, fo, f3 DEREHIFH X Z 024 (py, p2) = (0.6,0.7), (0.3,0.5), (0.7,0.85) FEETH % Z &
Donrsd. SHWEEIZZN TN R 2 RELA#HEZEL, 2060 L — N4 703
3%, 2O —F 782 k% Fig. 3.2 (d)-(2) 128 T, Fig.32 @) IZRT LI, HE A
W TH 5. £<0.1 DFEIEIE £> 0.6 ISH)IEL, £>0.5 DHEIEIE <03 ICRIET 5,
By >495° 1N T 2 <01 DFIEZ y BT E TSI LTS5, y<45° IS T 5
f3 > 0.5 DfHI% % RDF oMt & W5, X512, 0.1 £ f £ 0.5 O ZE N T > ZAfHIg & WL,
BRI D p, p, DT E% Table 3.5 IR T,

RIZ p1 > pr DEGEDIBEMIE%Z Fig. 3.3 (a)-(c) W29, HWIBE £, f, f D@, 2
NZ (p1, p2) = (0.75,0.6), (0.7,0.4), (0.8,0.6) FREETH 5 Z L 23bh 5, ZnZ o HINEIE
ZE L B REEIZ R L, ZNODORICIZ L — A 7FET S, 20— 70 v b %
Fig. 3.3 (d)-(g) O™ d, Fio, yio#fER, RDFIREMHEL, N7 v AGHBICE T 2 py, p, DGl
% Table 3.6 12T,

RIZ, BELINANR=NI A =8 o b BOEDZYLEZ T 5701, Ri#EMEp = (p1,p2)
DA IN=8F X = FRIEE 2 FART. Z OGRS Table 3.7 ISR MY TH 5. BFEL 72
ANR=RT7 X =5 DHPATIE, B pr < pyy p1 > pr & BITHREMRZ L E L TIAp| <0.02
(i=1,2) DEIICH 2, Ah T —FTRFLES, BEFHOE—7EE G, By 7 ED Qol
X |Ap;| DHEIFHTIZ Qol D ¥ —77y MEDHFHINTH % Z £ 525 (cf. Tables 3.11,3.12) /A 73—
NI RXA—=FflHa=10,8=10° DZUEIHERZ L,

HEH X 47z Pareto Ikl 72 CG 10k y P Tk e tdons, o 1rNIEIR
Table 3.2 IZ/R§ X ) 1S, FRA 7 LXVEDORE (WPH) EHliEZ 7 LX VEORM (NP AY)
D2MFZME L 72, £7, Model 1 DIy F [R5 OMAIE/ S5 X —% & LT, Table 3.5, Table 3.6
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Table 3.6. Statistics of the p; and p, distributions in the case of p; > p,.[%! Mean, standard deviation (s.d.),
and quartile in the RDF optimum region (f3 < 0.1), the balanced region (0.1 £ f3 < 0.5), and the y optimum
region (f3 > 0.5) in FIG. 3.3 (d)-(g) are summarized.

RDF optimum Balanced 7y optimum

P1 D2 P1 P2 P1 D2
mean 0.727 0478 0.757 0.581 0.797 0.624
sd. 0019 0.045 0.012 0.030 0.009 0.008
min. 0.665 0.355 0.731 0.513 0.778 0.601
25% 0.717 0.450 0.748 0.556 0.792 0.619
50% 0.732 0.487 0.756 0.577 0.798 0.627
75% 0.740 0.513 0.765 0.608 0.804 0.630
max. 0.757 0.550 0.798 0.640 0.811 0.636

Table 3.7. Hyperparameter dependence of p; and p, solutions of the y optimum region in case of p; < p, and
p1 > pa, respectively.[”]

Hyperparameter p1<p2 p1> 2

o B )4 D2 14 22
5 10° 0.643 0.796 0.798 0.615
10 10* 0.648 0.801 0.797 0.626
10 10° 0.647 0.800 0.797 0.624
10 108 0.647 0.801 0.796 0.626
25 100 0.639 0.806 0.800 0.629

50 108 0.639 0.810 0.801 0.635

WRT X9, BHBRNTED RV (p) < p,) KOCEHBNTERVEEE (p > p,) 20
FIUIDWT, y B, N7 v A, RDF REERO 587 2 =85y b2 HEL 7.
CNSDNGEMAGHLE T, AXTF v 7 EOMERALEECHESENR I AT 26T
FIEMERT 2., Wi DAy 73 X— a VIZIF TV F VSO RS EE 2 2 # %2 Bt § 7
& PO P NHIGIIZ TR+, bbby 47 WP 28HT 5. oG
WX, y RIS D S158 5 X = DEIRETGAC X 5 RIFGAERD X A = X L %2R 2 DI
LTw3EtEZoNS, HIIZLTOME) TH 5, N7 v AHIEE & ' RDF FadEtERD /15T
X, BERfAy <400 HoTHARRX 7 F v 7 RIFAMEL, EMLT 7 AF > —%25ET5, —H, y
ROHFEIRD 5T, PR ANRBOFEL EHICARX 7 F v 7 RDERL, RKOZED
RIS DSHEIT 2. 2o TC, p1<py, p1o pr DEV T EAAL VITEWT, vy RIEHED S/
BRI A= 2 FIRT 2 LI Lz, BV 7 K AL VY OPELE p Dii#E#iFH (cf. Table 3.7)
5 ZNF N (p1, pr) = (0.641,0.806) ST (0.797,0.631) & L7z, Table 3.8 IR T py < p, fHIK
2B B %L, HENTEDOEWET L TH S, ZDET I % Model 2 &£ -5, Table 3.9 I
AT pr > p EIRICE T B 15X, HENBEORKVWET LV TH S, TDETILE Model 3 &
W53,
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Table 3.8. Parameters of LJ potentials (cf. Eq. (3.13)) for the intermolecular interactions of Model 2.1°! The
parameters of type WP in TABLE 3.2 are adopted as the intramolecular interactions (cf. Eq. (3.12)).

CG-CG o € CG-CG o €
(nm) (kJ . mol’l) (nm) (kJ . mol’l)

CN-CN 0.314 2.559 CN-P3  0.360 1.980
P3-P3  0.468 0.946 CN-C6 0.374 1.460
C6-C6  0.487 0.922 CN-AL 0.350 2.063
AL-AL 0.377 2.074 P3-C6  0.469 0.469
P3-AL  0.433 0.555
C6-AL  0.373 0.827

Table 3.9. Parameters of LJ potentials (cf. Eq. (3.13)) for the intermolecular interactions of Model 3.1691 The
parameters of type WP in TABLE 3.2 are adopted as the intramolecular interactions (cf. Eq. (3.12)).

CG-CG o € CG-CG o €
(nm) (kJ . mol‘l) (nm) (kJ . mol‘l)

CN-CN 0.314 3.182 CN-P3  0.360 2.208
P3-P3  0.468 0.946 CN-C6 0.374 1.628
C6-C6 0487 0.922 CN-AL 0.350 2.035
AL-AL 0.377 1.623 P3-C6  0.469 0.469
P3-AL 0433 0.491
C6-AL 0.373 0.732

34 HERRUOER: BEHEINTCCETILDMEE

Table 3.10 1, A7 7 —FLARFZEES, JEEHMA y, /71D CN KL TFDEREST G,(2) DE—
7EE G IZBIL T, Model 1,2,3 DMEREZ /R LT3, £7, RDFOH I KO 2 — 75
E Agok) (k=1,2) IZOWTDUAEFINEDHE, BIOEED G D UAETFILEDE AGH
bIRY. £/, Fig.3.412Model 1,2,3 DZNZNUDWT, BEDM G.(2) Z73 9. Model 2,
3D S, RDF, G.(2)5%® Qol ¥ Model 11 IZHtRTH =7y METH % UA €7 )VOYRLEITE
DWVTW3, Thbb, fEED Model 2, 3 1%, #liERTD Model 1 126X T, UA €7V DORERE
ek, PP AES, R Ay 2 XD IEMICHEL Tws 2 LEDMERTE 5,

%72, Model 2 & Model 31220\ T, EHIN//8F7 X—F v b Ol %2 BEET 2 720,
ZFNEFND ST X —F556TD Qol (S, y, GP*) DEBIHIPH 2 e U 7=, Ml 3 2 HibHIE, A
BB T A =8 HITE T, (pr1, p2) = (p5—0.02, p5—0.02) 25 (p$+0.02, p5+0.02) TH 3.
T, HPHOHL (pS, pS)1E, Model 2 ¥ 7213 Model 3 DRIEFRECTH 2. i1 d Table 3.7
TIRINAIN—=RFG A =F P LT & ZITHLD 9 % (p1, pr) DHEIFHD 6 IE 4172, Model 2,
3ZNZIUTOWT, Latin SIS K > CEHliEIFAN D 9 miz2 38R L 72, Table 3.11 I8 K 9 1,
Model 2 D Qol DZEFHIFHIE, S = 0.678—0.703 (0.698), y = 48—57 (55), G™ = 10.5-11.0 (10.7)
ThHote, TIT, FHINNOEAEIX Model 2 D Qol 2783, 7z, Table 3.12 1277 F & 9 (T,
Model 3 @ Qol DZEBHIPHIZ, S =0.651 —0.676 (0.661), y = 48 — 60 (53), G** = 9.7-50.5 (10.1)
TH 5. FHITAOAEIZ Model 3 D Qol #7139, Qol DZHENIHEHES =0.6-0.7,y =50-70 %
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Fig. 3.4. Equilibrium states of the smectic layers: (a) shows the density distribution of CN particles along z
direction of Model 1 (cf. TABLE 3.3), (b) shows that of Model 2 (cf. TABLE 3.8), and (c) shows that of
Model 3 (cf. TABLE 3.9). The dashed line is the target distribution of the united-atom model, and the solid
line is the distributions of Model 1, 2, and 3.1

7L, G OEFHEKIL G /G <001 TH-7, ZHUTLD, Model 2,3 DI X —
8 OIEEIEDIGEE S L7z,

RIZ, TOETFNADPERELS P Ra P AV REOFAEICET 2 BAOFM: U 255§ 5
ZEERT., BERAEAFEDOY T alb—ya v, 32fitlRzy I L=y a vFEICE DS W
TITI. RlExSTMICER e = 0.64 ETHAMT % &, THRRED S IEZKEERE 2D, KE
iy z7avgikes->T, ZOHEMATHENEST TS, v =70 v HEOMHOEMEILZ
NZN—ETHFFTTHY, vz 7 VYHROROEHRTHE S 2IZZ L TwE, 2oy 7
0V EMMDEOROEBIZFA D S A4 ) 2y F—y a VEEIRTH D, FALVEREEZS
N3, vx7uvENOWMENERAIGELLEE, PR HIVRIED F X A4 VEFICARL
XN, %D Model 2,3 DAER E KT 2720, IBIECTEHLAZLIA T Y Lz vk
Model 1| DEBZE ZMEt Lz, > I aL— a3 VR % Fig. 351077, Fig.3.5@) 1FA X7
Fv 7R xBTS L 72 & 2DIE)-EAMTH 5. Fig. 3.5 (b) 1309 A e = 0.16,

Table 3.10. Comparison of model characteristics.[®”! The scalar orientational order parameter S, the peak
height GEk of the density distribution, the layer critical angle y, the RDF differences Ago(k), (k = 1,2) at
the first and second peak (cf. Eq. (3.16,3.18)), and density distribution difference AG,(z) (cf. Eq. (3.17)) of
Models 1, 2, and 3 (cf. TABLESs 3.3, 3.8, and 3.9) are summarized.

Model 1 Model 2 Model 3 Reference

S 0.758 0.698 0.661 0.6 —0.7183.84

Y 60° 55° 53° 50° — 70°017]
G*mm=3)  13.6 10.7 10.1 -
Ago(1) 0.462 0.131 0.111 -
Ag0(2) 0.006 0.002 0.004 -
AG.(2) 0.600 0.257 0.189 -
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Fig. 3.5. Deformed states of the smectic layers obtained from Model 1 (cf. TABLE 3.3): (a) shows the stress-
strain curve (o, — &) of the smectic cell compressed along x axis, where o, is the xx components of the stress
tensor, (b) shows the director angle distributions of the cell at the strain € = 0.16,0.32,0.48, and 0.57, and
(c) shows the corresponding distributions of scalar orientational order parameter S, respectively.[®®! Beyond
e =0.16, § drops at the apex, and the plastic regime emerges. At the strain £ = 0.57 (the critical angle around
6 = 60°), dislocations are generated, and the director angle at the apex changes from 0° to 90°.

0.32,0.48,0.57 D & EDRILVOJEMEES A 6(x), Fig. 3.5 (¢) 13 Z 1USHIRT % A A 7 —JAakk
FABDIAR S (x) TH B, Sx) & 0(x) 1%, P3-P3R IO T-REEZX7 Ld e L, Ffk
JF7 vV Q% Eq.2.1 TRALL, DTFX7 Vo7 3y 70V g% x#iicii->C0.5 um
MECaET 2 L CEEHEINS, OTADOEMICHE, FHIERD 6 2103 F 3N 2 IRIE
TIELIRICETE T 523, RDIEH-07 BRI Figs. 3.5 (a) IS 9 & 9 SR I8
T2, O TcoOMMIE, MEZID R ERPEHABIRICRS 2 L ORI NS, B
R EAe =016 282 2L, 27 v VBRICEILL, IB-EABERIEEIZEE? S 137
IRMERIC A%, Fig. 3.5 (0) IR L 918, THAEDED A X 7 F v 7HDERL T 5729,
TERABEDBRF AL S 13 S = 0.4-05 LK B> TWw3, =0327TlX, Fig.3.5(b) DX IH I
TESDOFITO ~ 40° (= 6y), KRHITO~ —40° (= —0)) ITFA L 7 Y DAERIAHL T35 Z
EDMERZING, F XA VEFER T, 600 - -0y £ AL 7Y DAENRENL T3
ZEDRDDE, DTHANe=05T1ChbE, AL IDAEDNIAIZO — 0° - —6) D5
Gy — 90° — —6 ICABIZEALT B, DFD, £=048-057T[ETYA L7 ¥ DAED 2 Hil2F
T om|EICELTWE Z L3025, [HEOWHO YA L7 & MR +60° TH D, i
FERUT L —FK L TWw5,

INET, RIGOEOEREZ FEM TR L TE D, RIBEKDIREZEZ DT 5701,
R A 72Tl 2, bRu Y =G W0 e S aEE2T ). BRIPEARZER M 2 M =
(e |ge(0.m)] LEXKT S, F4ALIIDn=—n ORMEPSSAL 7SO0 NS
Dtz ED, 20030026 2r DAtz L 2. ZDH, M ZEBAKRTEER(S,20) DMELE 7T v
FTRTIENTE S, Fig.3.6(a), (b) 1%, PR ANRAFERED Y = 70 v IHEMT
D £3 um DI AT 2 AT AE (S,20) OMEZE 7Ty F &, ZHUHIET 3 ATy
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Fig. 3.6. Deformed states of smectic layers before and after dislocation generation for Model 1 (cf. TA-
BLE 3.3).191 Panel (a) shows the polar plots of the orientational order parameter (S, 26) at € = 0.48 and the
corresponding snapshot before dislocations are generated. Panel (b) shows the polar plots at € = 0.57 and the
corresponding snapshot after dislocations are generated. The radial axis of the polar plots represents the scalar
order parameter S, and the angular axis represents the angle 20, i.e.,twice the director angle 6. The (S, 26)
rotates on the upper semicircle of M before dislocation generation, whereas it rotates on the lower semicircle
after dislocation generation.
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Fig. 3.7. Deformed states of the smectic layers obtained from Model 2 (cf. TABLE 3.8):1%1 (a) shows the
stress-strain curve (o, — €) of the smectic cell compressed along x axis, where o, is the xx components of
the stress tensor, (b) shows the director angle distributions at the strain € = 0.08,0.32,0.40, and 0.48, and (c)
shows the corresponding distributions of scalar orientational order parameter S, respectively. Beyond € = 0.08,
S drops at the apex, and the plastic regime emerges. At the strain &€ = 0.48 (the critical angle around 8 = 55°),
dislocations are generated, and the director angle at the apex changes from 0° to 90°.
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Fig. 3.8. Deformed states of smectic layers before and after dislocation generation for Model 2 (cf. TA-
BLE 3.8).[91 Panel (a) shows the polar plots of the orientational order parameter (S,26) at & = 0.32 and the
corresponding snapshot before dislocations are generated. Panel (b) shows the polar plots at € = 0.48 for
Model 2 and the corresponding snapshot after dislocations are generated. The radial axis of the polar plots
represents the scalar order parameter S, and the angular axis represents the angle 26, i.e., twice the director
angle 6. The (S, 26) rotates on the upper semicircle of M before dislocation generation, whereas it rotates on
the lower semicircle after dislocation generation.
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Fig. 3.9. Deformed states of the smectic layers obtained from Model 3 (cf. TABLE 3.9): (a) shows the stress-
strain curve (o, — &) of the smectic cell compressed along x axis, where o, is the xx components of the stress
tensor, (b) shows the director angle distributions of the cell at the strain € = 0.08,0.32,0.40, and 0.48, and
(c) shows the corresponding distributions of scalar orientational order parameter S, respectively.[®®! Beyond
e =0.08, § drops at the apex, and the plastic regime emerges. At the strain & = 0.40 (the critical angle around
6 = 55°), dislocations are generated, and the director angle at the apex changes from 0° to 90°.
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Fig. 3.10. Deformed states of smectic layers before and after dislocation generation for Model 3 (cf. TA-
BLE 3.9).[91 Panel (a) shows the polar plots of the orientational order parameter (S,26) at & = 0.32 and the
corresponding snapshot before dislocations are generated. Panel (b) shows the polar plots at € = 0.48 and the
corresponding snapshot after dislocations are generated. The radial axis of the polar plots represents the scalar
order parameter S, and the angular axis represents the angle 26, i.e., twice the director angle 6. The (S, 26)
rotates on the upper semicircle of M before dislocation generation, whereas it rotates on the lower semicircle
after dislocation generation.
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Table 3.11. Variations of Qols such as the scalar orientational order parameter S, the layer critical angle y, and
the density distribution G?k over the neighborhood of the force field parameters of Model 2 (cf. TABLE 3.8).1%°]
The evaluation range is (p1, p2) = (p — 0.02, p5 — 0.02) to (p] + 0.02, p5 + 0.02) in the parameter space of
the correction factor, where the center of the range (p{, p3) is the correction factor of Model 2. The 9 points
(Model 2A-2H) are selected based on the Latin square design and Qols are calculated from each model. The
correction factor (p1, p2) and the energy parameters ecn.cn and €ar ar are also shown in the table. The energy
parameters ep3 p3 and ece e are the same as those of Model 2, and the other energy parameters are calculated
with the correction factor pygy(j) = Puiul)Prv(v(j) Where u(i) and v(j) are the types of the i-th and j-th CG
particles, respectively. The values of size parameters are the same as those of Model 2. The parameters of type
WP in TABLE 4.2 are adopted as the intramolecular interactions (cf. Eq. (3.12)).

Models Model 2 Model 2A°  Model 2B Model 2C  Model 2D Model 2E Model 2F Model 2G ~ Model 2H
1 0.641 0.661 0.621 0.641 0.641 0.661 0.621 0.661 0.621
P2 0.806 0.806 0.806 0.826 0.786 0.826 0.786 0.786 0.826

€CN.CN kJ-mol ! 2.559 2.639 2.480 2.559 2.559 2.639 2.480 2.639 2.480

EALAL kJ-mol ™! 2.074 2.074 2.074 2.125 2.022 2.125 2.022 2.022 2.125
S 0.698 0.691 0.678 0.703 0.688 0.687 0.683 0.686 0.692
b% 55° 57° 48° 53° 50° 53° 53¢ 55° 52°

GIZ’k nm™3 10.7 11.0 10.5 11.0 10.6 10.9 10.6 10.7 10.8

CEDHERTE S, —J7, r=1.96-232 DHIEIIENTRZ 15 TlE, WENFRED B ISR,
JEDUIWIZ X > TT 4 A7V 2= a vz b7z 0D Burgers X7 b L |b| =3 -2 = 1 DHifir
DFMIND 2 EDMERI N, ZNoDFERIZ, B2tz R ONEE —EEOFERE R &
—H 3500 PLRickD, EEFED F RXa P hVREOWE % B $ 3591113850 KK 1
D 1 DIIHER D DEHENTRMEICH D, HEBNFRERECIZE £1/2 T4 A7) 7= a v
% %D Burgers N7 F)U |b| = 2 DAL ALITH D, SHREINFREDME I ETE O YW X
574 A7) %= a vk bz Burgers N7 bV bl =3-2 =1 DWMNAIXZENTH %
ZEDBbhot,
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Table 3.12. Variations of Qols such as the scalar orientational order parameter S, the layer critical angle y, and
the density distribution G?k over the neighborhood of the force field parameters of Model 3 (cf. TABLE 3.9).1%]
The evaluation range is (p1, p2) = (p — 0.02, p5 — 0.02) to (p] + 0.02, p5 + 0.02) in the parameter space of
the correction factor, where the center of the range (p{, p3) is the correction factor of Model 3. The 9 points
(Model 3A-3H) are selected based on the Latin square design and Qols are calculated from each model. The
correction factor (p1, p2) and the energy parameters ecn.cn and €ar ar are also shown in the table. The energy
parameters ep3 p3 and ece e are the same as those of Model 3, and the other energy parameters are calculated
with the correction factor pygy(j) = Puiul)Prv(v(j) Where u(i) and v(j) are the types of the i-th and j-th CG
particles, respectively. The values of size parameters are the same as those of Model 3. The parameters of
type WP in TABLE 4.2 are adopted as the intramolecular interactions (cf. Eq. (3.12)).

Models Model 3 Model 3A°  Model 3B Model 3C  Model 3D  Model 3E Model 3F  Model 3G~ Model 3H
pi 0.797 0.797 0.797 0.817 0.777 0.817 0.777 0.817 0.777
)23 0.631 0.651 0.611 0.631 0.631 0.651 0.611 0.611 0.651

€CN,CN KkJ-mol~! 3.182 3.182 3.182 3.262 3.102 3.262 3.102 3.262 3.102

EALAL kJ-mol~! 1.623 1.675 1.572 1.623 1.623 1.675 1.572 1.572 1.675
S 0.661 0.653 0.634 0.665 0.659 0.676 0.651 0.665 0.665
y 53° 53° 54° 56° 55° 53° 55° 60° 54°

G?k nm™3 10.1 10.4 9.77 10.2 10.0 10.5 9.70 10.0 10.1

Table 3.13. Models of CG force fields with various head-tail symmetry ratio r = ecn—cN/€aL—aL to study the
relation between the molecular symmetry and the types of dislocations.[®”! Type P of dislocations indicates the
dislocation with protrusion, and type D indicates the dislocation by layer disconnection. The correction factor
(p1, p2) and the energy parameters ecn,cn and ear, ar are also shown in the table. The energy parameters ep3 p3
and ece co are the same as those of Models 2 and 3, and the other energy parameters are calculated with the
correction factor pyayv(jy = VPutu()Pv(j)v(j)» Where u(i) and v(j) are the types of the i-th and j-th CG particles,
respectively. The values of size parameters are the same as those of Models 2 and 3. The parameters of type WP
in TABLE 4.2 are adopted as the intramolecular interactions (cf. Eq. (3.12)).

Models Model 4A Model2 Model 4B  Model 3 Model 4C  Model 4D
r 1.01 1.23 1.85 1.96 2.06 2.32
D1 0.570 0.641 0.777 0.797 0.800 0.900
)2 0.871 0.806 0.651 0.631 0.600 0.600

€CN.CN kJ-mol ! 2.276 2.559 3.103 3.182 3.194 3.594

EALAL kJ-mol™! 2.241 2.074 1.675 1.623 1.544 1.544

Type of dislocations P P P D D D
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Fig. 3.11. Defect-free undulated layers of Model 2 (cf. TABLE 3.8).191 Panel (a) shows a snapshot at € = 0.08,
(b) shows the loop around the apex of the buckling layer, where several points a-f are described along the
loop, and (c) shows the corresponding loop in the order parameter space M, i.e., the circle S! of which the
angular axis represents twice the layer angle 26. The corresponding map of a-f points are shown in M = S!.
In Panel (b), the thick solid line indicates the density maxima of CN particles, and the dotted line indicates
the density maxima of AL particles, which is equivalent to the density minima of CN particles. The ellipsoids
indicate the layer angles pointing in the direction of the layer normal of density maxima of CN particles and of
AL particles.
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Table 3.14. Summary of the derived CG models with respect to their characteristics and force field parameters
and the intermolecular potentials.!%®! The parameters of type WP in TABLE 3.2 are adopted as the intramolec-
ular interactions (cf. Eq. (3.12)) for all models.

Characteristics Force field parameters
Model 1 model derived by the IBI method TABLE 3.3
Model 2 model that prioritizes the layer critical angle in p; < p, subdomain TABLE 3.8
Model 3 model that prioritizes the layer critical angle in p; > p, subdomain TABLE 3.9
Model 2A-2H  models for validating the robustness of Model 2 TABLE 3.11

Model 3A-3H models for validating the robustness of Model 3 TABLE 3.12
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Fig. 3.12. Disclinations and dislocations of the lamellar system of Model 2 (cf. TABLE 3.8).191 Panel (a)
shows the snapshot at € = 0.64, and (b) shows the corresponding schematic of the dipole disclination pair
around the edge dislocation: the —% disclination located at the branching point of the layer (the triangular
point), and the +% disclination located between the branching point and the edge of the disconnection layer
(the circular point). Panel (c) shows the loop around the —% disclination, where several points a-f are described
along the loop T's, and (d) shows the corresponding loop I'y on the circle S! of the order parameter space M.
In (b) and (c), the thick solid line indicates the density maxima of CN particles, and the dotted line indicates
the density maxima of AL particles, which is equivalent to the density minima of CN particles. The ellipsoids
indicate the layer angles pointing in the direction of the layer normal of density maxima of CN particles and of
AL particles. The corresponding map of a-f points are shown in Panel (d).

Table 3.15. List of the packages and libraries used in this chapter

Library name Contents URL

Gromacs MD and CGMD simulation https://www.gromacs.org/

VOTCA CGMD parameter extraction package https://www.votca.org/

VMD Visualization of molecular systems https://www.ks.uiuc.edu/Research/vmd/
Gpy Gaussian process python library http://sheffieldml.github.io/GPy/

Platypus Genetic algorithm python library for multiobjective optimization  https://platypus.readthedocs.io/en/latest/
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Fig. 3.13. Disclinations and dislocations of the lamellar system of Model 3 (cf. TABLE 3.9).1°1 Panel (a)
shows the snapshot at € = 0.64, (b) shows the corresponding schematic of the dislocation, and (c) shows the
corresponding loop I'y; on the circle S' of the order parameter space M. In (b), the thick solid line indicates
the density maxima of CN particles, and the dotted line indicates the density maxima of AL particles, which
is equivalent to the density minima of CN particles. The ellipsoids indicate the layer angles pointing in the
direction of the layer normal of density maxima of CN particles and of AL particles. The corresponding map
of a-f points are shown in Panel (c).
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INBHBCZERNC B T 2 & % BIEL f(x) DMERE L DRI BEE u, HeorakBa%e (FHBEBIE) K(x, x)
% 4D Gauss 771,

1
P[f] ~exp [—5 f dxdx’ (f(x) = p(0)" K(x, x)™ () = u(x))| (3.28)

WZHES R, ZD &) BB f(x) DEAZ Gauss BREE VT, f(x) ZIBHERE E VY, oK
K(x,x') 1356 2 BCHiBH L 72 Gauss BAIRIZ B 1) 5 Green BIEL Gy I2HHY L, Gauss 3FEIZHE 9 B
B F(x) DRFED I EEIE K(x, x) I X D BES NS, #Hlzid

K()C, X,) = {K,‘,j} = k(x,-, Xj), (329)
v )2
k(x;,x;) = 61exp [%} ,
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d) Dislocation ) Dislocation )
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Fig. 3.14. Snapshots of dislocations of the symmetric and asymmetric force fields (cf. TABLE 3.13): (a)
Model 4A, (b) Model 2, (c) Model 4B, (d) Model 3, (¢) Model 4C, and (f) Model 4D. It should be noted that
the head-tail symmetry ratio r = 1.01, 1.23, 1.85,1.96,2.06, and 2.32 for (a), (b), (c), (d), (e), and (f), where
r = ecn-cN/ €aL-AL-®
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Ply.. Y|x,,X] = N (0,K), (3.31)
95, N()IE Gaussife 2R L, HodBasz 179 K 1%
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Py, D] = N (u*, o), (3.32)
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=
Il

7B, ZHUTKD y, DHEE, KW o DHEEDHREL 72 5.

Bayes iE{b
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G HERBEIBIC KD, ROV 7)) v 77— OYPIET 5. FERBEEIL, rﬁmuﬁwa_
AICECIHEZ 525 7 EH 7 &, FERRIN TR WEICE Wiz 52 5 7 RE”
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N(@,1),

ThHZon%, IOk, dEER I(x) DIRHE BI(x) 1306 o(z) 2 FHwT,
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Fig. 4.1. (a) Schematic diagram of smectic A4 cell and its constituent 8CB molecule.!'"! A single molecule
consists of a cyano-biphenyl group by three types of CG particles CN, P3, and C6, and an alkyl group by AL
particles. Each layer consists of two sublayers to form the double-layered Sm-A4 phase. Molecules are aligned
in the opposite directions in the two sublayers, where the weakly bound AL-AL pair is placed outside the layer
and the strongly bound CN-CN pair is placed in the center of the layer. The definition of xyz coordinate of the
system, that of layer angle 6, and that of chevron tip are also shown in the figure. (b) W = In P in the buckling
phase. The average layer angle 6 is defined by the layer angle corresponding to the maximum value of W. The
interfacial free energy Fjy is calculated by Fint = Wmax — Whin sWhere Wy, and Wy« are the minima near
6 = 0° and maxima near § = +6), respectively. (c) Relation between stress o and strain s: the empty circles
represent s-o- curve, the empty squares represent s-d2o-/ds?, and the solid line represents the linear regression
line of s-0 in the range of s < s.. We define the compression modulus B as the slope of the linear regression
line, and the critical strain s as s at the peak of s-d’>c-/ds? nearest to the peak of s-o~. The extracted values of
B and s. are shown in the figure.
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Fig. 4.2. Stress-strain curves of the smectic cells under the conditions of (a) N = 4, L = 14, 21, 28 nm, and
§=178x10t0 28.5x 10° s™!, and (b) L = 14 nm, (c¢) L = 21 nm, and (d) L = 28 nm for N = 4, 8, 12, and
§=7.12%x 107 to 28.5 x 10° s™!, where N indicates the number of layers, L indicates the unit cell size, and s
indicates the strain rate.!'%%
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Fig. 4.3. Distributions of layer angle and the corresponding snapshots of buckling states of the four-layered
cell of L = 28 nm compressed at lower strain rates of § = 1.78 X 10° s7!, when the strains are s = (a) 0.085, (b)
0.17, and (c) 0.255, respectively.!?%)
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Fig. 4.6. Strain dependence of the layer angle distribution and interfacial energy of a four-layered cell with
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Fig. 4.7. Deformation of (a) the four-layered and (b) eight-layered cells at s = 0.253 with L = 14 nm and
§=7.12 x 10° 57111091 The locations of the chevron tips on each layer are indicated by empty circles.
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Fig. 4.8. Layer angle distributions of (a), (d) 1st, (b), (e) 2nd, and (c), (f) 3rd layer in the four-layered cell
at strains of (a), (b), (c) s=0.171 and (d), (e), (f) s=0.253, respectively.l!®! The cell with L = 14 nm is
compressed with § = 7.12 x 10 s™!. The contour lines of § = 0° and § = +15° are labelled to represent the

domain boundaries.
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Fig. 4.9. Layer angle distributions of (a), (d) 2nd, (b), (e) 4th, and (c), (f) 6th layer in the eight-layered cell
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domain boundaries.
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FIRIEHUS T o 5 i e A8 (Deborah X De = st ~ 1) THRNDFEAEL 786, BHND S A L
7 PEHEHTHNC, FEBE T VY LICEHE LD S0, KEDH) R DMHEEIKE &
% (Eq.434ZM) . Eq. 43713, ZOBRZEMFHERADOHDT 2L X -3 LIEICK 2
Bsq* DIES EXL XNV X — DAL > TEL TS

BRIRILF—, BRFRVOTH, HER

Eq. 437 5, MNOMEEZIY ANz ZDETVDAEMEAB T V¥ —I1%, Fourier 2T
RD L) G I N5,

dk dg -
F = , 4.38
- 1 1 1 1 .
fq,k = EBS + EBkZ + EKQ4 - EAQZ] M;k
ou\(ou\ 1 (ou)
——B —| +-B=],
(6z)(8x) 8 (6x)
A = 2Bs—AS.

Z T THETIE A = [Ay, Aol X [A,, Aol DEIFATIT . RBRE Ay = n/a ZEER EDITF AT —
NDMELT, al3EIR, TRIE (A, A) 1E A =n/L] (€ (x, 2) TRINLRIEE—FDIRD
DT bV THL, L3RBT MR TH 5. Bq. 438 &0, HAOT A s 13

Se = s+ 0se, (4.39)

K ke
0= 2kl A= | ke = 2 ge = 4]
B L 1

$

5%:5:®mw¢¢
B
ERE B, CC“CS IR0 E ZDFEROTA, L I1ZEVE, 6s 130T HAHEE 50T
HND B 2B BT R OT RO TH S, RO T RO FOs AF AP ERILC A=)
Vﬁ%ﬁ@&Nixfﬁﬁma
RIZ, IR DIEKETH 2 FAA VI A X2 RET BN LY, KOHIMABE LF (2owT
BT D, Eq.4.397b>6k2 Ag* UL BK? /2 = Kq* /2 TH S, D78, Eq.4.38 TRI
NEZAMEHZFLF—IZBWT, Bz 2L X=X TH 258 b= 2L ¥ —23%
B Th 256, imm&izw%—uK¢nf§§mé L7>T, HHZ RV F —D
PR 22 ﬁ%ﬁ%ﬁe_watﬁ%m,@fﬂﬁ%ﬂ%ﬁiAwﬂ%“EEkL%%®MMw
HEOHHZI AL X =L T3, ZOOMHEE X
2K

4.40
=\ (4.40)
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%, FPAAL VYA XZHBERET S L, B 0WiGET

LY = &~ AL, (4.41)
Lk =1,

tEEN, HBEEReVDOES LICKET 2. —H, Wb 3254813,
Al ~ A* = BO[5,N, L,], (4.42)
VS E, HBEERZRA 77—V v B0 Ick > T

LY ~ AD[s,N,L]"?, (4.43)
L} ~ A®[5,N,LJ]™",

LRINDH. CGMD DRt (cf. Fig. 43) 26, L > LY DEh, y HAOHNHBER I L) =
14-20 nm, B =10"Pa, K = 107N, A = vK/B = 3 nm Z > THSMHABIR & LF = (L)?/a ~
100 nm EHEE X5, Z OHEEM LY ~ 100 nm (%, BEAED B 12 12 & 25BN 7,4 = 0.1-
1.0 us DL IVIE L, =90-240 nm 1A T3, ZOZEDS, ¥ Ial—yaryie)LDER
7 IEE 13 LP ~ 100 nm TH % 2 EDSb 5.

442 BOAHEICLDESEICHT HEAEHDMHEIE

Z DT, 1D IAARTED S5k 2696981 2 Fn» ¢ i CEM L 2 Bl 2L ¥ — 0 JEREIE
EREAEBICERDIAL. UKD, BEEBIZA T —NVIHKIET 2 X )12k %, KIFZETIX
FEAEBDN— TR D EE LR B2Y o k2 A L, GHEFIEO BRI % 18K
HCHIfRCE 2 L HIT L7, 21U X DG DOPEERD Feynman 44 7 77 L2 X 28 EEH & ©
MIGBRI O D 2T %5, DT, BROMEERZ (B, Ko, Ao}, AT —WVEKEEZ OGS
EBE (B0, K(D),A()} £-13HIC (B, K, A} £ Rl T 5.

HEHZ RV X =% f 20T HAs, =s I LTHMOL, S22V T 2L, 6o ldxk

DEIHITEKINS.
_p 1 (ou\’ 4.44
B 2\ ox ' (4.44)

H2HIIEAERS ¥ 0= —0u/ox DWELRLL, 6 IVREL &5 EERIEMmEEE B 1Z
INE e 3, 2D, IBH-O0FT 8L, 2 OIERIBHED I X ) SIBEIRD &4 3.,
JEMERE S FDOEHIEIRD L HIcEIN S,

—~—

1 {ou\’
<5 (6—2) > = Y80, (4.45)

2Ty RIHBIES o IR 2 BAERS T OISR TH Y, (A) 1& Fourier 22 Lo Y#
BADOT VYU N ERT, X444 D5,

By

B() =
() 1+BQ)(B

= By — Blys = By + 0B, (4.46)
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L%, ZITOB=-BypDHES EICK 2 BOWIEHTH 2, FREIHORE M % v CORERY
Bx

< q=0,k=0

ERING, 22Tq=(q.k) I3RS TDWHRI L THD, BDIAARSMHELD ¢=0%T,
(q, k) TRV THET T 27D DERETHDWER 7 bV ThH b, 22T, k) ZEDT(q,k)
ERT. F7, W2EDEq. 287 TRINLJHWBIKAEZ R T A7 — VAT Re [D,,,q (r)] ~
exp (—$7) DFEEL, DD st ~0 L LTABT S, INL DS EIC K A2MIEH 6B X

dkdg 1
6B = —B’yp = —2f i’

(i—:) 0.4 ;(ﬁi) o)

— — 1 -
’ 2 N2 "2 ’ 2
(@ +9) (~4) GyrgiiiG-g -1 + Z(CI) (-4 +q) Gq’,k’G—q+q’,—k’+k>

XB (4.47)

| =

=

e X Zqu“Gq,kG_q,_k, (4.48)
ERIND, HETIEA =[AnL Aol X [AL, Ao] DFEIFHTIT 9. EIRME A = n/a 13T AT =D
W (a 33 FV A4 X)), TIRIE A, A) ZRIEE—FD ) 0D DWERT FVTA; = #/L}
(i€{x, ) TEINS, LFIEIMHERTHS. DT, AgZ%¥MN (UV) Ay F 47, AL LA ZR
N (IR) Ay bA 7 EMERZ LTS, RIS B2 BT 5 Fig. 6 (a) D Feynman ¥ 4 7
VAN S IV IR

%, Bok® + Kog* > Aog® ZRGE L, Eq.4.37 % Aog® TIEFIT 2 &, HHIMHBIEIE G, 13

~ ~ ~ 2
Gou =Gy +(Go) Mo, (4.49)
Liiflansg, 22T, .
G= =, 4.50
ok Bok2 + K0q4 ( )
TH5., INXDFES FITX BHIE B IX
_ dkdg 1 5 4f(70 \? ~0 VA 2
6B = -2 L e X gB (@) +2(Gh.) 80| 51)

ERDEND, Eq 451 12BWT, H1HEIZEMIVNI WEAORE S FIC X 2 EHi¥ B DAL
THY, F2HEIIEMHPIRKRECHEDOMIETH S, T2 T, ZOFE2HEHDAZEEL, EAs
NMOEAHEE 512 X 240 5 EDEMAIER B ~NJUTTHF G2 § 5, THU3H 1 THORTEL
O EOMREZMET 22 LIHY TS, TO ZH Y<K E LT, Buler DRX—% DA

k' IT(m-d/2)T(d/2)
L dk(c12+lc2)" T2 T(n)(ad)nd (4.52)
2, k13 [—co, co] DRI TR T 2 & Eq. 451 DS 212 & 2HHIE 6B 13
Ao
op = ORI f daq x B ws)
Q2T 3) B

1 By\"?
- ——ﬂAO(_O) A63[(AX/A0)‘3—1]B

= ~Cogo[(A/A0) " - 1]B,
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ThHsb, ZITCRIBEBTHS., £lgol

B _
g =M ( KE) A, (4.54)
ThH Y, HREREEORMEZIRET 2EBLRERIGT A=Y THD, ZLLD 6B/B ~
(1/A) = L3 CRE D 3FICHHIL TS T L ) EMHER BN 2%, #HEERB
FRATRING,

o]
Il

By + 6B = By — B’yg (4.55)

N W 1/2/\-3 (A /Ay - 1]B
—o—ﬁoK5 ()[x/O_]-
Eq. 4.55 XU Eq. 4370)A0—2BOS—A‘75>6 S T ORMNCHE B> By— Biyp &7 D, LA
HEIC X DS SRS N85 1EB - By £ 5 2 B0 5, 51T, Bk2+Kq ~ Ag?
TBIEHKT 5. fE->T, 53_—)(332 R DR R REHEZ R L T3, F/, SCHRP X
ﬂn%ﬁ%yvaA¢®xx7%/7®ﬁﬁﬁﬁwﬁbﬁ&ﬁ%ﬁ®$Mﬁﬁ,ﬁmliw
EATRLEF L TH S, Eq 4.55 13 CHR O DX (8) ERBMBEDT ML T3 I & &
DILA\L7L
FIRRICBDFEEEE A, KICNT BEIEZ2EE TS, 0T VIV o D xRk

d (u & u Ou) (Ou
Oz = —Koa (@) — Ao (@) - By (a) (a—z) ; (4.56)

THEZ6N5, TNXIDA=A)+6A, K=Ky+6KIZXDERINBEES FIT X BH1E 6A, 6K

FRATHEZ 5N,
(9u ou 8u ou
SA = <( B ) ( e )[ q, k]> (4.57)
g=0,k=0
= BA{[(k+ K (¢) + k+ KTKq+¢1¢ | GyrgiosiGy i )LZO’H :
0 ou ou ou du
K= B e 0<(ax 7)o (aa—z) -0
0
= BK - ([ + ) (@) + Tk +KWTq+q1q | GyrqueiGg i) -
7> 4=0,k=0
513 3CHR 131 D Fig.6 (b), (¢) ICX)RT %, 6A DEFEIL 6B L [FAIFET,
SA = Cago(AAo) [(As/Ao)™" = 1]A, (4.58)

6K = Ckgo(Ao) [(Ay/A0)" — 1] K,

E7%. Cp, Cx lZEETHD, A= VK/BTH 5. Eqs. 453 KN 458 &0, o EWW2 5L
B4 L, KKXOAZEEMT 5,
L2L, FESERMINT % &, 6B/B < 1, 6A/JA < 1 MU SK/K < 1 130 7%9, EHEjkE
BHDOZ YRS L7\, 2 Do, EBEIEREESIC X 28 D IAAREAH (Renormalization
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group 24, DUF, RG &H#) 2\ 2, RPN LERTTENT 2479, JUIIERIBEZ &9
&wﬂTRGxﬁwﬁxﬁ—wa/7%ﬁ7_&:%Lw.q:qd&ﬁx:fd@ﬁx
Fe K DBRFEBR u = () EEREND LT S, BEFEBHDO AT — VRETH
5. [dIxB(@u/d2) 13 RGEMDTIR 7 — I k Y RED 10, Mot Bo) = B(d)

KO =k ()T ROAD = AT eEMEND,
‘map4$&04%_r¢#ﬁﬁﬁ@ﬁﬁgmﬁ FERATV, L THAT =V 2179 RG

ﬂﬁ@%%ﬁ’m‘% Ol ~ 1 +6] EREPR/NEREEED RS I LT, REIIZ, A=A DA —)L

BT 5 RG 21D X — & BiFE

Be = ? = [2n - 3Cgg] B(), (4.59)
B = 0=+ Cagl A,

e = L[240+ Caal KO,

B = B0 =5 amg - Cagh 0,

Ll b, BEEREZd=2E L7, By, =01CXD, RCEMODER AL MRICEL go 13 Gauss T
[ 5 gy = 0 DAIZIEL B EE R g5 = Co /(5 -2 b D, Tz, X—F B Eq. 4.59 13X
ik 81 @D Egs. (10)-(11) £ —39 5 Z & 2R L 7=,

ZHUTED, k=Ag—= k=Ae ! DRGEHUZ X D, 7 ED " FEATEUB, A, K} 1ZIEX 1 [ E
MABEIZE T

B() = BO)(¢)™, (4.60)
A = AO) ()™
K (D) =K©O) ()™,

L%, ZZT{BWA), AN, K(D)} D AT — IVREL {xps, Xae, Xk} 13

5. = 27-3Cag), (4.61)
XAx = 277 + CAgEk)’
Xk« = (=242n)+ Ckgy-

TRINS, (BO),AW0), KO} 1F k=Ag I2BITEXR=5EEOWIAETH 5.

BT, BOIATN TR By DA — V52 kD 3. ZAX 7 F v 7IREOEA X
P*ETIVERLRD, ROMETEBDEZRE B K TERIND 70, YHINICHIEINS B &,
HE =3 V¥ —Z25ih 3 265 E8 B 2V 0 3 205030 5. 2D, THNRILORE
X, B ARV A XD NVICE T 2EEOYHELZRT LI I, BORT — VI8 n % %
THZETID R RTINS S R WESB i p7 7 a—FIfE) &, A7 — I kFEEZ D

DDA N EMEHIEE B 13 RD X 51275,

B, (/;0) , (4.62)

TIB* = 3CB88,

B (k)
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Z 2 TkIZF%RD Fourier ZZ# LD 27— (%) TH Y, By = B(0) & Ay 1I3EETH %, Eq.4.43
Dk=n/Lf ~d 22L&, RIS, $EDIAENIIEMIER Bg 327 =V v 7% 0 %
A ENE

Br = ap (®[$,N, L™, (4.63)

EHRIND, TIT, ap 3EBTHS. TDXIIC, DA FNIEMHNEE By 13, HEIR
LR LPoRr =) v JBIBEFUCEORr—) v 7B @ TRl 5 2 N TE 5,

443 UOTHPEREXRFEZHLODERBEGERBETILOFES

FEAERO H A f L X — 5, ZARHIT 2V X — F LB G, (CHlAAA 0T
ARERFETIVEME L2, F2, BDIAAHOHEIZLD, S FOIEIEIIR 2 EE
BUHLAIAR, FEEERE AT —IURGFIC LTz, ZOETIVIE, £S5 ERIHE S, O3 A
& s 2SI 2 IO THESR O AN T 5 CGMD DfERZHE T3 2 L8 TE %, i,
IEMEARIR D H O 2L ¥ — DFEAER AS, TAUHE ) IRAEADRINE 65, MHBIR Ly & L,
KO, $EDAFNEMEHER BR 3T XRCTRAr—Y v 7B O [5,N,L,] CiddTE23 2 L%
A L7z (Egs. 4.36,4.39,4.43, MO 4.63 #2H) . £/, DLEOHD B3 IBIGERERIC X 5
FEEURERPE2R B 2 B D ) 2 & L EICE L W LR LT,

AWFFED A r —) > 77F 7))V & B SCHR 23251081 o 7L & DE LI DWW CEICfilin 3
B D SCER T, AW ZZ T 3 A X 7 F v 7RO R ZEE2@#HH L T» 5,
o DFEZBINIERER Z 5| & 2 THRRETH 5720, HiES T OIS IZ A
N, AR EUNDOEEERIIES DETNVICEWTRE LAY — ) v PEE 2RI v, Z
L, KEDETIVIE, AXT7F v 7REPHEMI N L ZICEN - BREEFERIC K -
THIERIINE AT — VIR L 2 JEEZEE 2 T2 Z L 2HNE LD DTH 5. JEHE
5 EDIEMIGAIRZ MRV IAATFTREERITHE D IAA TV S 72O, ETILVORMEERIE, EA
R X OROMBIRITIKE T 2 A 7 — Vi Z R T

45 HERRUER

A, 9, B CHEIE L ZE T, CGMD DFEROYIN L Z2HE TS 2 &
BART. ORI, MR By RO T A s DOTHRHE 5, BEN, LI A XLICHT 3
2 =) v Bk EERMULL 72, 2R = v RED» S, ERERERICB T 5 KRN T
ZREL, L=10um, f = 107'-107 s7! DKFZEE A 7 — )V CHARIMER By L R OT A s, & #E
ETHIENREE 25, MEEE LT, o OHEEMEPPEFDOHERE E T3 2 L 2RT.

451 BITETFTIECGMD YZal—Y 3yl
4.5.1.1 EREBOEHEEKRFLE

RELLLETNVICL S L, IB-0F ABRIZEER 5D 5@ O FHE T b, RSN
WED K EIERIBIC 2 B, 2 OfEEZ, Eq. 4.38 O Bs?/2 SHDOJEEME T 2L X —53, 5L
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D63 WM TN TH 5 72 OICKSLT 5. —, BRARAMHETIE Kg*/2 £ Bsg> DIED
X THD, BEES EEMMSE S, 08 SIFIEBE AL, II-03 AdhitidIE
I E R, BARER s X, WHOYIERE AP/ ICE>TRESI NS, BRHICEWTI,
FERHIC & B JERRS EDO T2 X — Bsg® L EMEALMOH A= 2V X — X 0BET 5. i
EROHCZ AL X — 3B T2 IH T3 720, BHEORINC L 2 HEZ 2L X —DH
EEDICHFEAR s BWINT 5, 72, EEES & EEMHELRIC X 2 = 2L X —05id 13
BAPESR B IS DB L, Br XS s = s fHED O T AW 5 Ik T % (Fig. 4.2, #ibd 2
Fig. 4.10 &) .

45.1.2 EEEBOEBHEIKEHE

IEMARRO AT 2L ¥ — 2 3HBN & BB s (RAF L, JEROMAZENE u Of
HEFNnzgl &3, AX7F v 7REOEARBEEIE G 5 = 103 225 107 s71 o A ek
TRV EEMT 2L, BRADYA L 7Y n 0N FEHREEISE T 2 BN THINENYS u DB EIT 5.
ZHUC XD, EEOMAMHEIEL 5. oMy 7 MSHEEE LY, ThbBEICERER IR
DIEE — FOPR 2R, HBERE LY 3RO 23957: D IR Z <, 1hdo & 9 (<
100mm BEEEZoNTVSE, ZORIAT—ILIZFCGMD ¥ S 2L —3% a v OHfik L4 R
I HREVCDT, BREMICHERT I20ER’H S, BN =8-12, LY A X L=1428nm
DN T, BERFMHIIEREICRE REE L5 270\, ZogA, &P HHRMICER T
52 EIZRHETH D, HEOWIAERITRAEOEANRR X D bRV ZBELE T 520, &
OFTHRTEGINEINHEL (2B, —F, N=4D )L CRAMBEREEOEERZITPT
{, HEPIHFANCH 2 EDTE, LY A XL - oo DEFZERT, Lo, [EfEHL
MOHC T RN T — Z ZEBN ICHAAEZ RS, Zouc kb, IEH-EABER (Fig.4.2), 9
b (Fig. 4.7), HWNEADA (Fig. 4.8 )X\ Fig. 4.9) DJEHIKREENFHHTE 3,

4.5.1.3 EREEBOtILY A XKFHE

AMZEDOPRE L e T VI LU, EMfFEROAC IRV X — 3, EFROT A s 1Z2L
YA RLIHRET %, L L, Figd2 ® CGMD OFERTIE, WHiETIZ R, I TD X
NCHEZDZENTES, Fig. 43108 TEIHI, L=14F72EF2InmTIEF XA VA ZIF L
THLIDIZNL, L=28nm Ty FAID KA A VA XE LTI ~L/2TH5, LIdo
T, FAALYHA RGN A AL E3E G ZHNHBIR L) = 14-20 nm TRES LT 5 &
ZEZoN5, WEDEMREIIED 5 2.0 OBBUMRE T 5. FRAEHEEDI O3 HEEED
BE DRV EOREET— NI, MU ko THESBES N, BoIRhIcHFLSLx\w»,
BIRIX, ZoOBEINIEREKE— FORERBTHEINS. 1ilo X 9 i, CGMD IZMHBIE%
Ly =14-20nm EHEEL TE D, ¥ A XL =28nm & D/NS{LoTws, Lo
T, LY <LDOHH, FAAL v H A DR LY THRES N, LANOKIFERF 25,
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4.5.2 BERREEBBORT—Y) >V J8EBR

AHfiTlE CGMD DFERD S, TEMEHIER By LR OT B s, DBAKIN R 2 r — V) v JEI% %
BT %, £, TN6DAT =) v VEBONBERFHREIC X D, BEEZEED TR
ZRET 5.

O [s,N, L] IZFARBEEZIKEL, Bq.4.6312RATEE, B DA —Y v ZBIBUIIRD X 9
1272 %,

Br[$,N,L,] = agL *§*' N*. (4.64)

22T, 20,20, 2 3 Bg DAT = v IBABOERRETH 5. RIS, Eq.4.39 OFRKBE%%
RETDE, sc DAT—=Y Y 7BIBIZRD X I 1Tk S,

s[5, N, L] ~ 85 = as L8 N™. (4.65)

Wi, wa, wi 1Z sc DA —1) v JRHIBDERRRETH 5. Tz, soo < 0. DI, so. (T 72,
RIZ, O HBEE s, JEEN, LA X LPEAFEHER By & RAOT A5, (I RITTHE
Z, SNoDAT—Y v VBEBONBEMIFHIEIC X VT2, LTI, LA X%
L=L,=L, tE#TS, Bp £7l3s. 2 Y &L, Eq 4.64 MUEq. 4.65,DNEE LB E, XD
X912 % 3,
InY=06y+B1Ins+B,InN+51nL. (4.66)

ZITR(=1,23) BHEREETH L. TNSDX = {5,N, L} DRTDY = (B, s} L TRl
ICERETH B0 L) 2 ERYFIHTIC X D EHEid %, Table 4.1 1%, 4.1.1 8T L 72751k
Lo THONEMMMER By & s DY 7V v 7 7—=89ThH5 (Fig.422M) . 7—% 1%
§/So=1,4,8,6,L/Ly=1,1.5,2,and N/Ny = 1,2,3 DL DI -0 F Ao L7z, 22
T, So=178x10°s7!, Ly=14nm,Ny=4TbhH 5.
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Table 4.1. Dependence of the compressive modulus Br and the critical strains. on the strain rate s, the cell size
L, and the number N of layers: s, L, and N are normalized by sy = 1.78 X 10° s7', Ly = 14 nm, and Ny = 4,
respectively.[!0%]

Strain rate §/sy Cell size L/Ly Number of layers N/Nyg Compressive modulus Bg  Critical strain s

1 1.0 1 103.7 x 10° 0.118
1 1.5 1 107.4 x 10° 0.134
1 2.0 1 101.3 x 10° 0.134
4 1.0 1 131.3 x 10° 0.184
4 1.5 1 126.6 x 10° 0.187
4 2.0 1 138.6 x 10° 0.185
8 1.0 1 157.2 x 10° 0.200
8 1.5 1 155.2 x 10° 0.216
8 2.0 1 167.2 x 10° 0.225
16 1.0 1 186.5 x 10° 0.234
16 1.5 1 176.0 x 10° 0.246
16 2.0 1 198.6 x 10° 0.244
4 1.0 2 153.2 x 100 0.202
4 1.5 2 140.7 x 10° 0.192
4 2.0 2 155.4 x 10° 0.189
4 1.0 3 162.5 x 10° 0.188
4 1.5 3 184.6 x 10° 0.229
4 2.0 3 177.1 x 10° 0.209
8 1.0 2 179.3 x 10° 0.233
8 1.5 2 174.7 x 10° 0.221
8 2.0 2 184.9 x 10° 0.225
8 1.0 3 181.1 x 10° 0.223
8 1.5 3 221.8 x 10° 0.252
8 2.0 3 218.3 x 10° 0.220
16 1.0 2 217.7 % 10° 0.266
16 1.5 2 203.2 x 10° 0.247
16 2.0 2 215.5 x 10° 0.255
16 1.0 3 230.7 x 10° 0.240
16 1.5 3 262.0 x 10° 0.286
16 2.0 3 262.3 x 10° 0.251

B DA% B; % Table 4.2 12, s. DIEJHRES; % Table 4.3 13T, B EYR{REL B DT
fill, B, 6B 1% % DEEHERZE, Booss & Boors 1& 9SBIEFENEX D TIRME & EIRME% RS, 1 =B/58
W ED tiET, BRI AR TH 20 E»E AT, Fig. 4.10 1%, JEAMHME By & RA
OT & s, DIEREE 5 ITWNT G Z RS, 27— v 7BI%% (Eq.4.66, Table4.2, Table 4.3
2IH) T7 4y T4 7 L EURHERE S CORT. Fig. 4.11 12 By & sc DJEEN 7k,
Fig4.12 12 V¥ A X LIKENZRT, 2o oXh» o, HEMmHEE By LEEROT A s 1%, O
TAHEE s EEBN ICKRESCKREL, VI A XLICEHIKGET L E8bh5,. kLA
R L ~OREEDMR GBI, #iCdR7z k512, LF < LG, MHBIR LY Ik > TR XA
VYA ABREINB O EREING, ZHUTRL, BN ISR 2RSS B 1,
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Table 4.2. Regression coefficients of the scaling function of the compression modulus Bg (s, L, N) (cf.
Eq. 4.66): “const.” represents a constant term, 5 represents a mean of the regression coefficient, and 68 repre-
sents its standard deviation.[10%] Bo.o2s and By 975 are the values of coeffcients within two standard deviations,
respectively. ¢ = 5/ is the t-value of a t-test, which indicates whether the regression coefficient §; is significant
or not. The regression coefficients are calculated from the data shown in Table 4.1.

B B t P>t Booxs Poors
const. 4.570 0.030 150.793 0.000 4.508 4.633
log(s) 0.222 0.014 16.449 0.000 0.195 0.250
log(N) 0.229 0.024  9.598 0.000 0.180 0.278
log(L) 0.083 0.037 2.216 0.036 0.006 0.160

Table 4.3. Regression coefficients of the scaling function of the critical strain s (s, L, N) (cf. Eq. 4.66): “const.”
represents a constant term, 3 represents a mean of the regression coefficient, and Jf represents its standard
deviation.[109] Bo.o2s and Bp 75 are the values of coeffcients within two standard deviations, respectively. t =
/6 is the t-value of a t-test, which indicates whether the regression coefficient §; is significant or not. The
regression coefficients are calculated from the data shown in Table 4.1.

B B t P>t Boos  Boos
const. —2.025 0.030 -67.157 0.000 -2.088 -—1.964
log(s) 0213 0.013 15.855 0.000 0.186 0.241
log(N) 0.094 0.024 3.957 0.001  0.045 0.143
log(L) 0.048 0.037 1.288 0.209 -0.029 0.125
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Table 4.4. Estimates of the compressive moduli B and the critical stresses o = Bs. in the cases of the effective
cell thickness Lf = 0.1 um, the cell size L = 10 um, the number of layers N = 4, and the strain rate § = 0.1

to 10° s~!, derived from the scaling functions Eq. 4.66 (cf. Tables 4.2 and 4.3).1'%°1 The table includes the
experimental and theoretical values of B and o in the existing literature.

This work ( LY = 0.1 um, L=1 um, N=4)  References
$ (s™H Ix107" 1x10' 1x10° 1x10°
B (x10° Pa) 5.58 15.7 43.4 121 5.9 —25.3"1
o. (x10*Pa) 4.18 31.1 232 1731 3.3 — 33t
(a) (b)
@ 6.0 Layers number, N/No —1.0 + Layers number, N/No
g o 1 ~ o 1
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Fig. 4.10. Dependence of (a) the compressive modulus Br and (b) the critical strain s. on the strain rate

Strain rate, log(s/s0)

Strain rate, log(s/s0)

Empty circles indicate the data for the number of layers N = 4 (N/Ng = 1, No = 4), empty squares indicate
those for N = 8 (N/Ny = 2), and empty triangles indicate those for N = 12 (N/Ny = 3). Three data sets for
L = 14, 21, and 28 nm are used for each condition of s and N. The regression curves fitted by the scaling
functions are also shown (cf. Eq 4.66, Table 4.2 and Table 4.3). The dashed line indicates the regression curve
for N = 4, the dotted line for N = 8, and the dash-dot line for N = 12, respectively. Log stands for In in the
figures.
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Fig. 4.11. Dependence of (a) the compressive modulus Bg and (b) the critical strain s. on the number N of
layers.'% Empty circles indicate the data for the strain rate of § = 7.12 x 10° s™! (s = 1.78 x 10° s7!), and
empty squares indicate those for § = 28.5 x 10 s~!'. Three data sets for L = 14, 21, and 28 nm are used for
each condition of s and N. The regression curves fitted by the scaling functions are also shown (cf. Eq 4.66,
Table 4.2 and Table 4.3). The dashed line indicates the regression curve for s/sy = 4, and the dash-dot line for
$/so = 16, respectively. Log stands for In in the figures.
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Fig. 4.12. Dependence of (a) the compressive modulus Bg and (b) the critical strain s, on on the cell size L.1109]
Empty circles indicate the data for the strain rate of § = 1.78 x 10° s™! (5o = 1.78 x 10° s~1), empty squares
indicate those for § = 7.12 x 10°, and empty triangles indicate those for § = 28.5x 10° s~!. The data sets for the
four-layered cell are used for each condition of § and L. The regression curves fitted by the scaling functions are
also shown (cf. Eq 4.66, Table 4.2 and Table 4.3). The dashed line indicates the regression curve for §/sp = 1,
the dotted line for §/sy = 4, and the dash-dot line for s/sy = 16, respectively. Log stands for In in the figures.
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