Material Sciences #1815, 2020, 10(6), 441-453 Hans iXJ
Published Online June 2020 in Hans. http://www.hanspub.org/journal/ms
https://doi.org/10.12677/ms.2020.106054

Study on New Defect States of Spherical
Nematic Droplet

Hongen Liu?, Sibo Chenz, He Mas3, Xuan Zhou?, Zhidong Zhang!*

'Department of Physics, Hebei University of Technology, Tianjin
’School of Electronic and Information Engineering, Hebei University of Technology, Tianjin

Tianjin Key Laboratory of Electronic Materials and Devices, Tianjin
Email: liuhongen1995@163.com, chensibo1992@163.com, clover_ ma@163.com, zhouxuan198536@163.com,

“zhidong_zhang1961@163.com

Received: May 14", 2020; accepted: May 29", 2020; published: Jun. 5, 2020

Abstract

Based on the Landau-de Gennes theory, using a two-dimensional finite-difference iterative me-
thod, the energy comparison between the ring structure and the structure of three defects under
the same condition is established. In addition, the size range of the three-defect structure, the in-
fluence of boundary conditions on the location of defects and the dynamic process of the trans-
formation of the three-defect structure into a ring structure are also discussed. As a result, the ring
structure with the lowest energy is ground state, while the three-defect structure with the higher
energy is metastable state. In our study, the temperature is constant; the elastic constants are ap-
proximately equal. When the homeotropic anchoring is homogenous and if we assume that the
anchoring strength coefficient is w = 10-3 J/m?, the three-defect structure is stable in the range of
R 2 1.17 pm; as the coefficient is w = 104 ] /m?, the structure is stable in the range of R 2 1.16 pm;
as the coefficient is w = 10-5 J/m2, R 2 0.95 pm. Furthermore, the anchoring strength coefficient is
changed so that it is no longer fixed on the boundary, but changes linearly. The maximum value of
Wmax Was set at the two poles of the sphere, and the radius was set for 26.4 pm in the study. Other
conditions are the same, the results for wm.x 0f 10-3J/m2, 10-4J/m2 and 10-5 J/m?, respectively, are
compared. When wn.x = 10-3 J/m2, instead defects moved into the central axis, and abnormal phe-
nomena appeared. At a smaller radius, two defects of the three-defect states get close to each
other and annihilate, and form a ring structure finally.
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#FLandau-de Gennes¥12, F|f —#HHRESEREE, R THEZMETH(ring)EH5 =85
Z KR . AT =ZREEMRREAENRTEE B &0 FaMEAE Rk =65
WEIAREWRIZI T FIE. SRR AEWRERTARES, M=GEEHREMANEE LR
Ao WF5T AR B E e R A e — s ROR L. XTI EmE A B R RE0Aw = 10-3 /m2Rf,
=HRIELEAER 2 1.17 pmIEEAFESE; w=10-4]/m2by, =ERBEMTER 2 1.16 pmIEENTRE; w=
10-5 J/m2Bf, FEMTEECAR 2 0.95 pm. H—PRRUFEEBRERY, FHELRFELEME,
R . ZEBR BRI AR i AL BB K AE Winaxs FRELEARN26.4 pmidb AT 0 T o FoAB A5 AE F) R B0 Winax
B‘Jﬁy ﬁﬂ‘]ﬁ}ﬂ, Wmaxﬁxlo_:; I/mz'%mlﬂ“‘ I/mz\ 10-5 I/mzﬁt[ﬁ, ﬂﬁﬁﬁﬁﬁ*‘ﬁ‘ﬁWﬁ; ﬁ}m}iﬁ
R EBDFERET, ZBRESFRIFENMRERIEFER, REBBAEM.

X§2iA
Landau-de Gennes¥Eifr, +1/28RF&E3, -1/28WpE3, HefH
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1. 5|

1 8130 % (nematic liquid crystals, NLCS) RS0 e a8 LI — b, 11 T HL AR Pl A M T b
P L TV R S, B0 2 B 5 (PDLC) 2 1 4 BT 22 7 3R A s I 4 0 AT
RERGBIAR, Z R TORSIT . AR A BRI BOR S LS8 b, KRB R
OSERIN R B R S . MR 400 T AP 12] [3]0 BT, 450 BURENG0 20 o T TR T LT BT g 2
145 5 4 5 L 2R AR B 2 B TE BRI LA BB 26 P 1 SUARS 7Y 354 THE91 D7 K [4] [5] [6]
[7] (8], A 4 PEAE A T2 BN AU (bipolar) 4 4, 5 K 2 W04 i i 5 LB s il S Ak 1
RAF R INPEAR, RN R 0 3 (uniform) 4 Ky s 72 140 (radial )26 #0: 1L PE RSB Kop BN,
SO 4 M 738 AT XU (twisted bipolar) 4 . T Tk 4% P FE T BRI MM 2 0 2 140 4 MO ) (aal)
L H919], KR S. Mikaddem 25 A [10]5% T4 15045 KSR AN 5C , 74 B B — I (K, = Koy = Kiy)
SERIE TR, el (radial) S5 M MRS (REBHIRIA) s MR HE L BRI, 3R (ring) 5 MR RR S

PET A7 TR VF 2 AR5 DA S TR, OURA A5 16 LA TR S O 45 2 i 7 Ll a1
FasE, Bl ZBD SO A BR R IOR[LL): R T RS BrRees, fE7emt Bk s, (O
S HAHD AP LR TR 1, 1800 TR T B AL OB, +1 BB A1 SRR A S LRSS, T
WLAPLE 10 KA, Fare Al Mbas(12].
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Az A Landau-de Gennes #8 Fll — 4 FR 22 70 432 [13], B HH —Ff B i 0 R s 1) U R R A = B
Ao FEIHE F AT BRI VR A AEAE NSRRI+ 172 SREGIAAT—A—1/2 BREEIR, RIEIRINEEE[14],
—1/2 SRIGIREM T+1 B RUBAE, IUERT AR =R ags b AN T-1 mihiE. mixt T =sfadsiae
FEAE IR [R5 A S B A 56 o

2. JLaRE

I BUARE G AR GE R T BRI AR BT T DROMRRIRAS S BT RAF AR PR, AR SORPEE LA A AR
(p.¢.2) BATHIR, FASRIIER N (0,5, ) WK LFR, Hoehe WERBRET . e, R AXTARENH K
Fifem AR e, Hfie, =e, xe, . M OESONBD TIRFIRITE n S e, Jr AR, HmE
HIVERIA [- /2, 1/2] « FAJE o 3 SONTRIRIRAE p-¢ IS e, J5 SR RO R AT, 20 BV
H[0,n/2] . BELgs I FIARTR AR EKENR: n=sinfdcosae, +sindsinae, +cosbe, . TE [ FIAHERIE M
o, TR TR A R 2> T A A RO AR, SR AL O o 5 ¢ R, FTARATR A HAR
P ERB A WE TR GORIR A TR A SRRV 70 T HEB UL, MO YRR P s RO 1 P o Ak 5 244
NP AR

Figure 1. Schematic diagram of spherical structure
1. BRRGHREE

3. Hig5%

ARCKH Landau-de Gennes PR1SRIFFT, TERFIFR G R G H A HFSEEKE Q Skitiid =42 8] Iy
MR AT . Hd Q fE R P RINA[15]:
Q= 3 Aie; ®g (1)
i
Horp a4 Fle, 40 08 Q HUES | MAEEFIANESR, Forb 4 WYBUETER A (-1/3, 2/3). 5k & Q X Fr itk &,
WiALQ;=Q;, trQ=0. % Q KA DMAMEMEER, RGALT A, AT HAALELXT A
ERF AR M K. BEE Q R N:
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1
Q:S(n@)n—glj (2)

Hrp S OB B bR EF S H, nfURBUR S THRAIR, TURHBAKE .
(2)30AT AERE AR AR 28 5 AR 2

LN, _5 n,n, n,n,
Qpp Qp¢ Qﬂz 1
Q=1Qp Qu Qu|=5| nn, nn-—2 NN ©)
QZp Qz¢ sz 1
nn, N, N -2

HiFakE Q MxAR L, FrelQ,, =Q,,» Q,=Q,, Q,=Q,, Q,+Q,+Q, =0. HRLAL
TS, B Q M =ANAIE(EES AR, F FH X1 25 g2 Rl i U 14 1 K /N[ 16]:
2
6/tr(Q?
5° =1_[(—)J3_ 4)
[tr(Qz)}

XU ZH g2 B T Q 7E =425 (Al N AN 211, BB VI FIA[0,1]. M RStk T il &Sn, g2 =0;
YRGS T HRRIGNARN, 2 =1, TERMEAFRR T, ??Etr(@) =3detQ, &5 @4, HdetQ=0H,
Bl =/ NAGEE P 2D H— N NER, 158 g2 =1,

FEVR & 2% Landau-de Gennes FE ¢ 1) 5 E HH A 25 1] LLR R A

F = Fbulk + Felastic (5)
Her, R NABEMBRREE, R, AMKETFSH0KE Q, HEAMKIAXA:

Foue :%Ater —%BtrQs +%C(trQ2) 6)
fE LU B, COMMBIBEL, A=A (T-T7), ANIERHL T REGTARE, Fibl A RHIRE
T AR LR T, S PR 46 1 P2 ORI FE, 24T > T, I, A T4 1 A, B S =0
W 4T <T,, » AEIRHGEFSHS, . S, =%[1+ /1_2‘;_’?3], HLS, S THR. Fp
PeE AR, RUARIARONL7] [18]:

Felastic = % L1 (VQVQ)+% L2 (V Q)(V Q)+% LAQ . (VQ : VQ) (7)
Heb, L5Elk,, Tk, A5k, S0 R0 9% RoM[18]:
3|(22 _k11 + k33
BT et
kll_k22
L, =—gt @)
L4 _ k33 _k11
283

AR RIEB—HHOEL T, Bk, =Ky =kgg» ST L, =0, L, =00 FIEAT) F, e ST BATH
N
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Felastic = % L1 (VQ VQ) (9)

R4 SamoKeralj [19155 N\ LAE, Xt REGE AT To B AL, s Ul mid IR E T TIPS E N q, »
Ho0y =S, (T7)=B/AC . Ll a, M FF Sk R, RITHRIEAN AT 45 T 10 FBIBR R Y BHOBATL (L, )
Q~ij :Qij /% (i' ] =p,¢,2) A :Ws/Bqu o JE fo = B4/(4C)3 » BA fo Xt Fbulkiﬁfﬂté/\jﬂi‘ﬁ: Ifbulk = bulk/fO ’
Pt A2 5 i AR E i RE

A
Foak = 15O + Qi + Q% +2Q5, +2Q5, + 20, )

17~ L L
_E[Q’)p (QZ )PP * Qs (Q2 )¢¢ +Q, (Q2 )Zz

(10)
+ 2@p¢ (QZ )p¢ + ZQpZ (QZ )pz + 2Q~¢Z (Qz )¢Z:|

1.+ 2 = ~ ~ o N2
#1505+ @+l 420}, +2Q, + 207
AAMFRIE £= 22 KAMKIEER, W2=z/s . p=p/e - AILRHHE N L

I:elastic = Felastic/f() y\j:
= l a(jﬂp 2 + a(jpp 2 + aQM 2 + 6Q~¢¢ 2 + aszz anZ
lastic = op o7 p o7 5 >
(] -
ap 0z 5,0 o7 6/7 o7

+§(@;+@;¢+4<5;¢+©;+@;—z@p%)}

A PR SIS AR il R GEREAT BB AR, FIMIBI 0500 RE, kP SRR E Q #£— R IR IRES
TRER R, SEPPESIEIR . SRR

2 _r(-28) @

o, r:6D*/[1—3tr(Q2)]2, D" & [ K Eh T SR BL[20]. ZUALJE I3 112 7R H

@:_f[i_g F _L1F o oF J )
ot 0Q; apaQij,[, poQ; ; (o/4 0Q;
Hrb, T=Tx(Bq,). HHARZEENRD ¥ EXEHRESERA:
[Q(t+at)- ]/At——r— (14)
T Q KL, FEAALTR R T L ENH P HE S TR R N:
OF 0 0F 10k 0 0F _ (15)

oQ, 0poQ,, PAQ,, 01dQ,
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&

FETEAMAHAEFTT , BRI P A80ah 731 R S T SRR R, BRI = thg k1
MRS SR, AT I R AR 7 T A 1 T B SR s R I, AR SR BAT 5 B 7 1) ) 55 e 3 57 ok
PFEATHIT S . FEREARKR 2R R RN 6 € RE R L F, RIA A0 [21]:

F, = Zwir(Q-Q.) (19)
Hbw, =w/s, , w2 Frank SERE 8 E MR R Q NEA LM N TFSHKE. JIAA1L
BG=Q/0.0, =Q /0y W, =, E =" IR M IHE AL F, Rkt
0,B¢ q,B
~ 1 ~ ~ o~ 2
Fs = Ewsgotr (Q - Qs )
_ %vvgo (237, + 202, +20,,0,, + 207, + 207, + 23, +202, + 207, )
+ ZQSWQSW + Z(jssz + ZQSZpZ + ZQSZW - Z(ZQpﬂQSpp + ZQWQSM
+Q, Quis +QusQu +2Q Qs +2Q,,Q,.0 +2Q,,Qu )}
S E A TR R R
O F o (18)
aQij aQij,k
Rt )E:
oF oF
NS + —V, = O 19
5 o (19)
X BRIE A AT LA RN
oF oF oF
=+ & —V,+¢ —V, = (20)
SECIRE)
op oz

ASCHUE TS, ST AR 5CB [22] [23] AT A KCA: Ay =0.195x10° )/m® K ,
B=7.155x10°J/m*®, C=8.82x10°J/m®, D" =0.35m? -N'.s*, L =10.125x10"*N, XIM M T E
EY0y 2.6anm, ZMLIRFEBUEN A=2/3, MFSHLAMNENS =T =5, /9, =1+V1- A~1577 .

4. BRE5TTE
4.1. R (ring)S 5 = BPEE MBI

JeHTiRE S. Mkaddem 28 A[10]MBH R &R, B &, ER—HEEBOIT(k, =Ky =Ky3)
HaEmEEEH T, ADNERRERIE NS 28 E g O E [ (radial) 25 1 . TERLKHIEAE R RIRRRE
EERININ(ring) G544 o A SCR R — 52 BLTE R 51 AR VS 1 P B4 T BEH0L( A = 2/3).

T JEHCEAE N 4508 (29 1.19 pm),  ER— PR HOTAU( Kk, =k, = ke )» TEMIHE H A E HE RECN
w =107 Im?® FR TR, R T TSI M A = B S R . BT E R B R B T R A T RO
P, AL MRE R L =R MR RAS, B =asii v RS . fem kB SRRt s 2(a). 15 2(b)
7N o ASCREALBREAR TN IORS R, BN R ARAR S BE B IR 67 MK (66 NRIRG), A4S0 AL AR
K FERSHUR 133 MK (132 ANRIRG), 1T @ RN REAN [IRG Z [) (RSEBREE RS o AR SCHEAS [F) IR A% T R AL
AHALFRIAIG a %7~ N a=R/66, HA LR R ERAK*E,
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Figure 2. Director profiles about the ring structure and the structure of three defects. (a) The red square is used tode-
scribe+1/2 ring defect, while R = 450¢, a = 450£/66; (b) The blue square describes +1/2 ring defects and the red square —1/2
ring defect, while R = 450¢, a = 450£/66; (c) The compared energy profile about two structures

2. MEME = HasmiEmAE. () LeFIERT+L2 IFERFE, H R =450& a = 450866; (b) EEBFIERR
+1/2 BREEER, LB FHERR-1/2 BRFAIR, H R =450¢ a=450866; (c) MMEHIRIEEENTELE

Kl 2(a) A% 1.2 um BIRRESMTR I R B, DAV SR 67 4% mUN OB R8 E R sy, 2RI
7E BBk 0 K2 56a I AMFAE — N +1/2 BREEIACIE BT HERGIR), 455 S, Mkaddem 25 A 32 H I 7E 52
KAEF TG NFRESEWAHERT. B 2(0) ARG R 2 N =GN, 2 RIEREM S EA
RGPS FRME, B B R PSS FREREE A+ 172 PG, R B ER 0 Ah(Z h)24 40a, TG AR IETH b (20 FI1Ek
E R ERIIEAE— =112 FAEEG, FEEERT0Z) 26a, HAEF L T O. D. Lavrentovich %5 A2 H1 030
AT SE . I 2(0) M RE BN LU BIAE R = 1.19 pm B8 T = BIEAE R T RS, MFR S AR
P

N o

4.2. ZRRPEEMTFAENR T EE

W 2 fios, BB 2] T 4800 4508 1) = BREPAS, FRATE MR T 21 =B a8 )
BRAS, TEFRMER K, = K,, = Ky, FIH A6 AF (I T 52 ELA 8 98 R w = 107° Im) AN (5L T, 3R
424 2008 (29 528 nm), 445¢ (£) 1.17 um). 450& (29 1.19 um), 500¢ (%) 1.32 um). 1000& (£ 2.64 pum).
10,000¢ (£ 26.4 pm), HHFA A TNEAT AR, MBI S = BhEE A I Z AR .

W 3 fus, KPAR o 4508 ) =BRIE SV NPIIEES RN EAE, K 3(b)24 R = 445¢ I, At /i #kii
12 BEIR I ER OB B (M T ERO ML AL), T B R A+ SEEIARARE I, WAk SN
17, SRN=EIGEIAERE, BRATLLEAR N 2008 B, T SCPEANHER = B FE a5/ EE 1 u+1/2 Biasr
SERIRIEN IR . B DAS = BRI ES M AAE BB /N ARy 4458 H9OREAR, ] 3(d)24 R = 500¢ B,
(]3R5 (—1/2 GREEFR L SR8 3N, T B R MAS+1/2 SaFr il i seth, 4k k%, K364 R =
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1000¢ rf, =ANEREEHIAL IR, SRR 3(F), R = 100008 KB =GR FEAFEAAEHA
RIS, REBR AR M ER TP AR S = SR S M R R EAFE R, AFAEVE RN R> 1.17um.

(a) R=200& (b) R=445¢& (c) R=450¢&
i i | {
| it ittt
120 1 | 120 1 ‘\‘””H‘ It 1204l
‘ I il IR i
1004 ':: 100 100 - ! e L
80 o 80 80 - S
< = K] < i
N 60 N 604| N 60 |
40 40 : 40 -
(i S i L
20 I 20 20 \H‘ i
0_1 : T | T T o_l‘ | T T T T T 1 o_l T T T T T T 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
pla pla pla
(d) R=500& (e) R=1000& (f) R=10000&
120 i 120 il 120 it
e w R M e
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-
N 60 60 - NEGE !
40 - 40 40 ,
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Figure 3. Director profiles about the structure of three defects with different radius. (a) The black square describes +1/2 ring
defect, which is about 4a from the central axis, while R = 200¢, a = 200£/66; (b) The blue squares describe +1/2 ring defects
that are about 34a far from the central axis and the red square describes —1/2 ring defect that is 6a from the central axis,
while R = 445¢, a = 445£/66; (c) The blue squares describe +1/2 ring defects that are about 40a far from the central axis and
the red square describes —1/2 ring defect that is 26a from the central axis, while R = 450¢, a = 450£/66; (d) The blue squares
describe +1/2 ring defects that are about 44a far from the central axis and the red square describes —1/2 ring defect that is
about 42a from the central axis, while R = 500&, a = 500£/66; (e) The blue squares describe +1/2 ring defects that are about
46a far from the central axis and the red square describes —1/2 ring defect that is 45a from the central axis, while R = 1000¢,
a = 10004/66; (f) The blue squares describe +1/2 ring defects that are about 46afar from the central axis and the red square
describes —1/2 ring defect that is 46a from the central axis, while R = 10,000¢, a = 10,000£/66

3. TRIFAEM=HRIaEMIEEIAE. () BEGERR+L2 M, B0 4a, HA R=200&, a=200566;
(b) BEEa SHEHIR +1/2 EFERRE, BE AP LEHEY 34a, 41 & 5 HEHA -1/2 TRERRR, BE LML) 6a, B R = 445¢, a = 445(/66;
(c) EEGFHERAR+1/2 IFGRREAEE F /0 5HYY 40a, L1 8 FFHEFNR-1/2 ERERRES, BB /L 4hEY 26a, ELH R = 450¢, a = 4504/66;
(d) EE@THERIR+1/2 SFERFEARE L] 44a, L1 B FSHEHRIR-1/2 IRERRR, BEP Oh4Y 42a, H P R = 500¢, a = 5004766 ;
(e) HEEFFIEMIA+1/2 IFERBEREF0IHYY 460, LB IFHENRNA-1/2 IRGREE, BEAOHHY) 45a, HH R = 1000&, a =
10004766 ; (f) B a5 HEHIA +1/2 INERFARE Fu0 52 46a, 41 & 5 HEHIAR-1/2 INERRE, BEH4h4Y 46a, E 4 R = 10,000¢,
a =10,000/66
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4.3. B FF M = BRPEEIRIR IR

by Tt T AES S R T B E R RECY w = 107° Im® R =BG SIRR B AR IR
TOE, I ERA A TR R R EC w= 107 Im?L wo= 1070 /m® R SHRFE S I BE RR e AR R R
RVEH, BT RIERSE, R4 mAHRM LR, Wk 1.

Table 1. The results of data about the stable existing structure of three defects

1 BRI EFERNRIRSR

HiETRIE BB w w =107 J/m? w=10"*J/m? w=10"°/m?
kRS R R>1.17 pm R>1.16 pm R>0.95 um

BT 1-Hsin Lin [24158 NSCEQRITE, A8 225845 18] SR BRI 00 MSURR 45 74 (bipolar) 4% 3% 943 1) 45 44)
(radial) FFA 215 LAfE: SDS SR THNE P 75— , 83 35 57 o A8 2% THT 58 W(RR 2 117 PR 771 3 B0 S VR T 4 7 2%
PR35 50 A N HE T A 5 2 AT ) AT R AR 578, T 2 5 XU S A 1) B AR s A ELVE R, AT 3 B 1)
RAFEAS, BT IS IR K, R S AT T IE AR O, BT AR SO LAY, 3R T
RPN A5 AR R B R B Winax ENEROKAE,  FE H AR MRS N B RO R AL, H O R THI AL )4 e B
REN 0Im?,

BT IR AL R H0IE 243, EEEAR N R = 10006 (2.64 pm), b SR S AR R 5 AR o KAl
I3 A Winax = 1072 /M2, Wina = 1074 /2. Wi = 107° I/m? X = BRI ZERIBEAT I 7T, 83} HUAE 3550 1)
[ E AT R TIEE R, KT — A B AR

Wi 4 Frow, WEHGE 4) 5B 4) KB, Bl 4(b)H BT BEAS+L1/2 SR ) H O Bk BE AR IS 4R Gzt B A ),
MG E-1/2 Sia Bk sh. 1 E 4(c) 5 & A(d)XTEE, i FEAA AR AL X BB A7 AE B4 BT
Em, H5E AQBFAMFERAE RBUHE . EAERNE, B A(d)N BN AL e 8 R A0
KAE, BB Wi = 1074 Im?, 1117 141 4(b) 5 KAE/E Winax = 1072 I/m?, ZERESR A48 72 AF FH T = ANBBEHR 1) oot
AR, A R RS ML ST X RE LR AL AL, w= 107 IIm? 55 Wiy = 107° IiM?
MR RS w= 107 Im?. Wing = 1074 Im? (45 AR, T DA FEZS AR o P B

(@) R=10006 w=10"J/m’ BYR=1000E W, ~10")/m!
1201 | 120 i
80 80 -
{3 60 - {g 60 - |
40; 40 |
20 - 20 + |
| L
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
pla pla
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Figure 4. Director profiles about the three-defect structures with homeotropic anchoring on the homogenous interface and
the structures with anchoring of linear variation. (a) The three-defect structures with homeotropic anchoring on the homo-
genous interface, w = 1072 J/m?, R = 1000¢, a = 1000&/66; (b) The three-defect structures with anchoring of linear variation,
Winax = 107° J/m?, R = 1000¢, a = 10002/66; (c) The three-defect structures with homeotropic anchoring on the homogenous
interface, w = 10* J/m?, R = 1000¢& a = 1000566; (d) The three-defect structures with anchoring of linear variation, W =
107* I/m?, R = 1000¢, a = 1000¢/66
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T ZEBELEH, w = 10* I/m?, R = 1000, a = 1000£766; (d) ML E T = SRIELEH, Wmne = 107 J/m?, R = 1000,
a =1000¢/66
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Figure 5. Director profiles about the three-defect structures transformed into the ring structure with response time increasing,
while R = 200¢, a = 200£/66. (a) When t = 1 ms, the three defects exist; (b) When t = 1.2 ms, the —1/2 ring defect in the low-
er half part begins to move rapidly towards the +1/2 ring defect; (c) When t = 1.3 ms, The —1/2 ring defect is closed to the
+1/2 ring defects; (d) When t = 1.4 ms, only the +1/2 ring defect exists in the upper half part; (¢) When t = 1.5 ms, +1/2 de-
fect closes to the central axis; (f) When t = 2 ms, the +1/2 defect moves toward the core of the sphere; (g) When t = 20 ms,
the +1/2 defect is stabilized at about 4a from the spherical core, forming a +1/2 ring structure
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