[H 4 A& ZDRED
EEIR(Z & |7 % atomistic locking & topology

NTT IS AIBFEDT FEEA NTT £BHHEDT 5 LAE

L ELoic

CRETKITbRARARROBRER L AFORBL» b, B BEKLERLTELLEICRHE
CHZBOTALY (BEETALY), LikoT, H3AKEX0N (BEN) KXLETCHBC LiLoTH
5. BEAOEREEMLLS ELTWOhDEFARRRENTE . 15~ 17 HHiSicl}, EKEEO
macroscopic % FEHE X D BRK &"ﬁ#ﬁ\n ( mechanical locking ) 23EBREEOREIET B L bk, 3%k, 17
ftieted ik 3 & EERM O S FRHEER O BEREI 2R AR E e, *HEORCHA & h 3 BBRE R
BEHATIOCE, AFRABHAILCE . BHERCR, BERXEMECHFETZCLEDLHL
HEREENTEY, “¥5 LTEBEBEET 00" &5 ERNAMBERERAFRI LT R BEOKRST
T, EHEOHEHYX, FEOEY (03, Hy, MAY) AF¥ 0% (kdb unknown factor # &\»C well-defined X v
T REOMBENBEBREBTLLIS L LTw3.

ABFFETR, BRI RIS b BARBEER D atomistic ZRFEELH L CT 3. C T 5 BB ORI,
EkE o R FREEEVER & £ oA (intrinsic) 2BRicEE T2 boTdhh, iﬁiﬁ’é ?ﬁﬁ@l‘@n& 0247
#89 (extrinsic) ABERKCMEbD 3 boTHA V.

I1. BRIBEF L LA T > + A (adiabatic potential)

BREOR & LCEEM L CHNERNT 3 2 o0@EE2E L 5. _EOBEKIXT o rigid A& B iCH L C s
WICHE 3. Lok N* HoRTHb, FoEKR N @oRTH BRI, ThboERETFREN
CHEERAZ2RELESS. BREFOLEEEF = (r2,r!,r5i=1,2,...,(N*+ N)) °HT. FoLxxzir
¥REFEFOMB<2 AF0BKTHY, W(Q: {7} tREh 3. BERT 3EKREEMASHRELFo®R
 BIAK, fcc MEhE) 2HOb0 LT3, oK (Exr. FOREK) CBT 3T, o (¥k
b) CBRRL, RKVERTIHEERKRT v ¥ 2 A% Voo(r), Vas(r), Vis(r) L BL. BT 3 2 o0Eko#E
EHF~<7 bk LoBEKICH LTS, 5, TOBKKHLT, g, G L2 TOEKBOIX7 45 b2t
rERLEBL. ROFBMEF vy 2rRRRD LS ICEIN D,

N* N! N“ N©

W(Q)—ZZVaa(Ir. r:l)+ E Vaa(l7: — 751)- (2.1)

Vis(0) =0, Via(0) =0 & L. £ZC, EROATE 1 HED jIconcofit Vir) = TF Va7 -7l) &
£+, Vi(r) B EOBKOREFRTOBKORF» bR HEMERKRT v vy 1 Th 3. Vi(|fi — 7)) 0ER
QB E R B DT ERXA bRV V() R TOBKROERRT~7 t A OEMER/>. £r T, Figl
KRT 5K, Loﬂwﬁﬁmﬁ?%TﬂﬂﬁﬂmmmwmHWK&%L%Gﬁm%Pﬁﬁjﬂ&Téai

(2.2) 1,
N“ N
W(d) = [#PEGLEVI)+] S VaallT] -7 D, (2.2.0)

L07yY

T ME e PRl 3.
1 BEBLFRENS. iﬁﬂzoﬁﬁuzmm&%otﬁﬁsnrma
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W &S

EhB. ki, MBANFEREOLOBKBREFEZWL D bMAERAL (layer by layer ) Of5% & 2k
TR TELEDT ‘

1 & .
w(Q)=> f diPy (7 §1, @)V (r) + 5 Z Vaa(I7 = 77 )], (2.2.)

LEUS. EnRERLAQLQ ¥ E L5, BBRxxA¥ W(Q,Q") 1O CoREFRENRJCOETFARIC
FTAHCEBINE ALY E LTERINS. BEBAFQ) &,

F(@) =

m ——F

LACHD (2.3)
-3 Q-¢Q'

Fig.1 Two contacting surfaces where the upper body
surface, shown by broken lines, is contacted against
the lower body surface, shown by solid lines. Symbols
(®) represent the P;(7;J1,J2) generated by project-
ing atoms of the upper body on the primitive cell of
lower body.

IIL. _EOEEDIRRIRFH realax LI WRE — Py(5) O topology & BEIE-

Lok FoRkREALIC rigid TH 3 T & #RET 5. W(Q) OQEAEM:D LEERNLET 3 0T,
K (2.2.0) OAETE L HO P, (741, 52) OQKFURFRS. Tl hoBEKkY rigid ©H 20T Py (7 §i,§2)
D 2 RIEHTP, () DQIKAHICIEHT 3. P (F) B Figl IKRL 2 X 5 C LoBEKOBRE T2 tHc k-
THbLI 3 2RTEMCHFLTRO LS. COB, P(p) By () Fn)i/lGn] (m,n=1 or 2) BAESIC A
3 MRERICE 3 MCHFT 5. 2T, (2,9 HBERT. TRTOTER (G, §u)i/ || PBBEIC X 5
TORBDOP,(p) ¥VEB C L T¥, ThbL%P(F) OQKBFEU L TRO3 oD HF Y —KHET 5. b
T 3R A P(P) % Fig.2 b Figd IKRT.

(1) variant P,(p) ORE. Fig2 KWRLZP(F) ik, M, Fo b, FYAfvdblEbh3. —HELT,
(T Gn)il1Gnl (myn=1 or 2) BF_RTHEHTHIH/EICR, LOFEKRKET 35 DRETFETOEED
EEARTFORLHA B ENhZ0T, Py(p) 1 Fig2(e) KRTISCFy Y EG2LHRE LS. Fig2ic
RUZP,(7) 2 HET 3 Vv b 28, OrZIT 3 &ML LastoT, Fig2 ORTRE,(5) ROCKEL
THLT 3 D CEEANREN S, ThRTRDEED 1 00EECTH3. coBs, Lofke Fomkni
HERART v ¥+ 1ic X 3 atomistic % roughness IC X - T locking ¥ hTw 3. L7ehioT, AT DR
DHEPE % macroscopic 7 FHEH X ® mechanical locking® D#i# & © 7 F v & — 5 b atomistic locking & FF
KT it s (CoHnF =Y —% variant P(7;51,5:) OBE L LTBRT 3. ) ‘
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(2) invariant P,(7) OBE. Fig3 IKGRLAB() R ¥ A4 v KO hbIEbRE. CoF A4 vRHnsE
ZHAICEZ bNTIBC T L BAL. LdoT, P(P) MEBOQIFLTRETH 20T, BEAIER
PHEICH LTHEIC0ICk 3. (2 0I5 =Y —% invariant Py(7; §1,52) OHE & LTERT 5.)

(3) restrictedly invariant P,(p) D&, Figd IKRL2P(P) BIRE F A4 v 2biEbN 2. FAA4 viH{E
BOOKCHLTEE LA —F, BMEZORICH QI LTEE LAV, TORELLTHHYS
FHEOGKHLTRELLES. LasoT, BEIRKICH > HADGICHLTOKESH £5Thn
B CRBEBNRERS. (ZDH 7 =Y — % restrictedly invariant Py (7;§1,5:) PHBE L LTI 3.)

[ ]
[

(d)

(a)

(b)

(c)

(d)

Fig.2 Schematic illustrations of possible non-vanishing
regions where atoms of the upper body are projected
onto a two-dimensional space spanned by g; and

g2 when P,(p) is variant with @. ((§l,§n)i/|Fal

m,n=1 or 2))=(r,r,r,r) for (a), (r,r,ir,r) or
21‘, r,r,ir) for (b), (r,ir,r,r) or (ir,r,r,r) for (c),
and (r,ir,r,ir) or (ir,r,r,ir) or (r,tr,ir,r) or
(iryr,ir, r) for (d), where r represents rationality and
ir irrationality.

Fig.3 Schematic illustrations of possible non-vanishing
regions where atoms of the upper body are projected
onto a two-dimensional space spanned by g; and g,

when P,(p) is invatiant with Q. ((§,3Fn)i/|Gal
(m,n=1 or 2)) =(ir,ir,ir,ir), where r represents
rationality and ir irrationality.

Fig.4 Schematic illustrations of possible non-vanishing
regions where atoms of the upper body are pro-
Jected onto a two-dimensional space spanned by g,

and g, when P,(p) invariance with @ is restricted.

(9> Gn)i/|Gnl (m,n=1 or 2))=(r, r,ir,ir) for (a),
roan,ir,ir) or (ir,r,ir,ir) for (b),(ir,ir,r,r) for

cs, and (ir,ir,ir,r) or (ir,ir,r,ir) for (d), where

7 represents rationality and ¢r irrationality.



IV. JUBREMNRESR: relax T3 LOEE -

L@W@%TEKE’}'Z)E%TC s, %i’b%nﬂ)ﬁlﬁ%’z’?i 22t CEBZDDLTE. HFrErbL2FE
H, 3&8,... pEFmEICET 3 HET D relaxation i TEICET 3 KT relaxation KR T/HhEn» & E %
bhd. CTTR, & (2.2) D3RI Pi(F§i,52) ¥ EX 5. ’

¥, HEERAAT v v+ Vir) 3358 KT8 weak limit DFEEEL 5. Vi(r) 852 P(7;§1,5:)
D4 /51X local % potential minimum O FFICE N CBEIT 3235, Pi(7;61,5:) 2R T34, Fy b, FAA
v ORI (topological properties ) Z L LAV, L ->T, Vir) o 1 KRR ro@EBERC
B, Vi(r) 2555\ & ¥ QBB RAEK IC i OB ERH rigid 2B LR LT TR 3.

strong limit DBk, LOBEKOBETHORTRERETLRIEWRF v+ Vi(r) Dfhofr
BIcE bAL. Figh ICRTRICAEAENGEEL3 L, W OIrDETRBVEVEOF [ + ~FERFEMYIC
Srv7Ts BEIAAFR, FFEBELZEECI0RLEEEIALYALROLAS. ThnEd 51D
OEBOERTS 5. FFRERFAF Iy 7 k7 v%RIC ko CHARNICILT 5 DR~ 1 € ORHEE
dynamic locking EFEL. (_j

/ SYST LT
-/
/ /1 / / ‘ / / / Fig.5 Two contacting surfaces where P, (r, G1,82) of
] ~ ' 5 the frictional system is invariant with any Q The up-
/ / / / / / / / / . per body surface, shown by broken lines, is contacted
}"p\ against the lower body surface, shown by solid lines.
/ / 1 / / / /4 /T Atoms initially positioned at symbols (o) move into
symbols (e) and correspond to the lowest minimum
/ 2/ / / “7 / /é /< / / / of V!(r). The critical atom near the boundary line
! of a primitive cell of the lower body is most likely to

jump beyond the potential barrier when Q is given.

crntcalatorn
invariant P;(7; §i, §2) B/, Vi(r) 5w & Pi(7 91,92) REZEDQIH L TEIL L & e e HEER
HE 0k 3. ToOF, atomistic locking BEET bAwve. Vi(r) 2L &3 &, Pi(F;§1, ) PHIC vanishing ff
3% (BFAESD € 220 R R WER) 22BN 3. X bIc Vi) B A3 &, Pi(F 5, 5) 2 EAMGICHKE Dk
A& — vk Fig.6 IKRT X 5 KB 30 DHFIC disconnect 3. € OBF Vi(r) DRWHEEVERC X % dynamic
locking AHBC 3. 2D X5, Vi(r) o8N X > CEBEAMX0 »bHRCELT 2EBAEC 3. RxlZC
N ¥ EIBER ( friction transition ) (PR LT 3.

0

connected ~ disconnected
BRERS 1t Aubry BEB® X PRITH 5 BHTHEOBN & HEA 3. Aubry BT RBGCEM OB & % Bi8

T3 7%®ic 1 KTHR D Frenkel-Kontrowa £ F A %<7k, COFSBFEOBNIE Py (F;51,5:) D F—v

iC disconnect ¥ W FIRABN 2 C & CxIET 3. restrictedly invariant Py (7} §1,§2) DBS X, BTED

Fig.6 stconnectedness of the pattern made by tilin
Py (7541, G2) periodically. (a) is variant Py (7} g, gj
case, and (b) invariant P, (7; §, g2) case.
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Boh REEERIERS & Gl 2 5. L2 LA D, invariant Py(7; 41, §2) DBEICR, Pi(§i,§2) IC vanishing f
MBI B C & &o3F — v 3 disconnect T B T & FEMTHRWDT, MEHTHEORN XEERES & BA 3.

V. EOEE L §5R: Atomistic locking
BRERIGHEE Py (7 51, o) DQIKEFHEE FEFHIAR T v ¥ v L DR E KKFE L THF 3 Pi(F§1,5:) ohr#
WHEEOEILIC X > TIREBR T b 3. Pi(F 81, 52) ONMHESEEEZ, Pi(F§61,5:) £ 2RTCBEICEEFED S
ik oTEND. Pi(fid,5) BOCKHLTRETHY, 52, Pi(Fif,5) CXoTHEORASF — vt
connect ¥ T\W3 BRI 0 IKA 5. Pi(F§1,5:) QI LTEALT 3 223 5 \» 12 X — v 3¢ disconnect
N3 LEBAXENLS. 200 %4 70 atomistic A2 & L T atomistic locking & dynamic locking Z8H
b A IC L. atomistic locking 1, T X COFFABENICEIC C LiIc X > TH$ 3. atomistic locking Z{F
BOREDOKRF v A Vi) lCHLTEEZ 3. dynamic locking 12, \» < D7D ETFAIEMBEIRIC X > TIE
BEHICEIC T2 kX > THT 3. dynamic locking 1, VI(r) 253 < &> T P (7 §1,85:) KX o TYEb e
% —vpidisconnect ¥ h 3 LB 3. BEESFMEORXMN LMY Fig.7T KR L. BEEBXEC I Y50
THETIFRERXZH TR L S R ROBRIFERZAN L €5, EREBRASZNERCREC bEWE
LAALAKE-TWS. ‘Cor i, BENARDOTRYEECI atomistic locking 2EEEBOFERTH 5
CLETRRTS. b5 1 O0HEBAKRE, dDLERCENCABEEEZES C X TCELEREBEO A (B
97&: superluburicity ) RBFHET 2 L CTH 5. EHED dynamical ZHE L, €BA FCHEIZ W 3 IER
BEMOBBIFH LA L L 34%oBETH 3.

Interaction potential —

Inv-P ~ R-Inv-P V-P

l el

@

g

finite finite i finite finite c

(D) (D) | (A&D) (A&D) 8

Friction transition °
% / o Fig.7 Schematic phase diagram representing whether
% finite finite %’ or not frictiox_x’al_‘foice is finite or vanishing. Here,
vanishing 7 jvanishing! @ invariant Py(7;gi,g2) case is denoted as Inv-P, re-
y (A) (A) g stri'cted inva_r‘ia_.’nt fl 73 §1,J2) case as R-Inv-P, and
? O variant P (7;§1,82) case as V-P. Atomistic lock-
/ﬁ ing is denoted as (A), and dynamic locking as
(Dz; Dynamic locking occurs when the pattern of

6-dependence . . Py (7 §1, G2) is disconnected. .
BEH
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