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Graphene de-adhesion / Imbibition

Few-layer graphene de-adhesion caused by intercalated nanoparticles

M. Yamamoto, OPL, J Huang, WG Cullen, TL Einstein, MS Fuhrer, Phys Rev X 2012
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Graphene de-adhesion / Imbibition

Few-layer graphene on Nanoparticles: collective effects

R
Foppl Von Karman equations
Schwerin (1929)
diameter detach. zone:

2rg = d(4nG /3y,)1/*
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Graphene de-adhesion / Imbibition

Few-layer graphene on Nanoparticles: collective effects

F
1.0 T T T T 600
]
\ + E
‘ﬁ 5
R ¢ \e3 ®
Foppl Von Karman equations \\‘;’m :}3 vArea Exp) | 2
Schwerin (1929) SR e Length (Exp.) [ g
diameter detach. zone: ey 2
2ry = d(4nG /3,)1/* 0-54 R, 2
rq = (4'" / ’Yn) ~re g
~~~--~_~ Theory [ 200 Q
Y N e Z
ez =M —
[T & . =)
‘s
0.0 . . e 0
0 5 10 15 20 25

. 2
Fraction ® = e~ "aPd Number of layers, n

Concave parts detach from the substrate?
— Collective effects ?
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Graphene de-adhesion / I

Imbibition with pinned wet regions

@ Hele-Shaw cell with wet zones

o Liquid reservoir with zero-pressure

o Initial state with disc-shape wet regions
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Graphene de-adhesion / Imbibition

Imbibition with pinned wet regions

A simple model:
Surface tension — motion by curvature

Vh = —K
@ Hele-Shaw cell with wet zones
o Liquid reservoir with zero-pressure
o Initial state with disc-shape wet regions
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Imbibition with pinned wet regions

Interface motion by curvature + pinned positive-curvature disc edges
Motion by negative curvature v, = —min[k, 0]
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Imbibition with pinned wet regions

Interface motion by curvature + pinned positive-curvature disc edges
Motion by negative curvature v, = —min[k, 0]

David Martin-Calle, Olivier Pierre-Louis (ILM,

Imbibition transition!
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Convexification

© Convexification and Merging model
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Convexification and Merging model

The model

() @

A simple model

@ Start with an initial condition (initial domains = randomly scattered discs)

Our study focuses on the final state
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@ Start with an initial condition (initial domains = randomly scattered discs)
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© Take the convex hull of a each domain

Our study focuses on the final state
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Convexification and Merging model

The model

() @

A simple model
@ Start with an initial condition (initial domains = randomly scattered discs)
@ Merge domains that overlap
© Take the convex hull of a each domain
Q Return to 2

Our study focuses on the final state
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Adding discs one by one

Parameters

o Disc radius ry (fixed)
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Adding discs one by one

Parameters
o Disc radius ry (fixed)
@ System area Agyst (fixed)

@ Number of discs Ny (varied)

Two dimensionless numbers

o Concentration

Nymr?
2 d
C=mripqg =

Asyst
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Adding discs one by one

Parameters
o Disc radius ry (fixed)
@ System area Agyst (fixed)

@ Number of discs Ny (varied)

Two dimensionless numbers

o Concentration

Nymr?
2 dmldq
C =Tripd = T

syst

o Normalized system area
Asyst

Asyst = D)
7rrd
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n and Merging model

Macroscopic avalanche adding one disc (43122th disc with /_\syst = 105)
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Convexification

© Analysis of the transition
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nalysis of the transition

Transition
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Analysis of the transition

(®) as an order parameter
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Link to boostrap percolation models

Convexification

@ Link to boostrap percolation models
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Link to boostrap percolation models

Bootstrap percolation

On-lattice boostrap percolation on square lattice

@ Remove randomly particles at N; sites
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Link to boostrap percolation models

Bootstrap percolation

On-lattice boostrap percolation on square lattice
@ Remove randomly particles at N; sites
@ Remove particles with 1 or 2 bonds

© Return to 2
p==003

ferte .
L e
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Link to boostrap percolation models

Bootstrap percolation

Correspondence
o C= N;/Npj

tH iy ¥ 11175
C=0.0736 C=0.0816 C=0.0832

BP: 102; 10%; 10°
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Link to boostrap percolation models

Bootstrap percolation

Correspondence
i i e “ﬁa o C = N;/Ni
C=0.0736 C=0.0816 C=0.0832 o d=eC

BP: 102; 10%; 100
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Link to boostrap percolation models

Bootstrap percolation

Correspondence
i i e “ﬁa o C = N;/Ni
C=0.0736 C=0.0816 C=0.0832 o d=eC
Results

@ Similar transition threshold and width
decreasing with Asyst
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@ Threshold increases with isotropy ?
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Link to boostrap percolation models

Bootstrap percolation

Correspondence
i i e “ﬁa o C = N;/Ni
C=0.0736 C=0.0816 C=0.0832 o d=eC
Results

@ Similar transition threshold and width
decreasing with Asyst

@ Threshold increases with isotropy ?

@ In BP simulations

Cc ———?
Agyst —>+00

BP: 102; 10%; 100

D EWT WV ETGH R o1 LN o] (VT STTTTS TSR (| BV B BTV acroscopic avalanches in motion by curvature with 4th June 2024, Niseko, Japan

18/34



Very low | disc densities

Convexification

© Very low initial disc densities
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Very low

Low C limit

Heuristics for the transition: " The largest cluster has a finite probability to grow.”
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Very low | disc densities

Low C limit

Heuristics for the transition: " The largest cluster has a finite probability to grow.”

Boostrap percolation Lenormand and Zarcone (1984)

a
Merging with one site
DA = Lpeer ~ AY?

Threshold
1

Conv ——r —_— 0
In Asyst Asyst —>+00

Rigorous result A. E. Holroyd, 2003

2
- s
Cln Asyse = -

lim
Cc—0
Asyst =00
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Very low initial disc densities

Low C limit

Heuristics for the transition: " The largest cluster has a finite probability to grow.”

Boostrap percolation Lenormand and Zarcone (1984) Convexification model
o u] O
O
Lo o )
o AA '
5 O
o © O
Merging with one site Merging with one disc
DA = Lpger ~ AY? 23/2
facet AA ~ TR,1/2 (1+ a)3/2 r3/2 ~ Al/4
Threshold
1 Threshold
CC ~nN —— _—‘_> 0 1
In Asyst Asyst —+00 - 0

(In Asyst)z/3 Asyst*>+00
Rigorous result A. E. Holroyd, 2003

) No rigorous result!
. - s
lim  ClnAgyst = —
C—0 9
Asyst — 00
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Cluster size dist

Convexification

© Cluster size distribution
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Cluster size distribution

Cluster size distribution: low C limit

@ Prediction from heuristic theory: exponential decay of cluster size distribution P(N).
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Cluster size distribution

Cluster size distribution: low C limit

@ Prediction from heuristic theory: exponential decay of cluster size distribution P(N).

o Simulations with C < 0.1 — Asyst too small for transition.
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Cluster size distribution

Cluster size distribution: low C limit

@ Prediction from heuristic theory: exponential decay of cluster size distribution P(N).

o Simulations with C < 0.1 — Asyst too small for transition.

o Distributions consistent with exponential decay as C — 0
fit P(N) = ag exp[—a1(N — 1)?2] leads to ay —+1as C — 0

3
Q.

1 q
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C =0.025,0.05,0.075,0.1
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Cluster size distribution

Cluster size distribution: low C limit

@ Prediction from heuristic theory: exponential decay of cluster size distribution P(N).
o Simulations with C < 0.1 — Asyst too small for transition.

o Distributions consistent with exponential decay as C — 0
fit P(N) = ag exp[—a1(N — 1)?2] leads to ay —+1as C — 0

14

(a)
10—24
E 10—44
a 10751
10781 ,
10—10 ~

1357 91113151719
C = 0.025,0.05,0.075,0.1

Simulations are much too small to check the asymptotics of the transition C — 0!
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Cluster size tion

Cluster size distribution: finite C

At finite C > 0.1, power-law tails P(N) ~ N—9

N ®
1072
2
Q 106
10—10
100 103
N
@ (c)
101 ~Yy,
SA- Asyse=10°
(e V- Ags=10°
51 @ Ayx=10°
I Age=10 ~A
-@- Asyse=10°

0 . . . .
0.0 01 02 03 04 05

Linear dependence of the exponent: §(C) =~ 14.19 — 24.99C
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Graphene de-adhesion by intercalated pai

Convexification

@ Graphene de-adhesion by intercalated particles
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Graphene de-adhesion by intercalated particles

variable ry

@ Simulations with variable ry and with fixed Ny

1.0
— Asyst=102
0.81 N Agyst =103
\\\\ ---- variable ry
0.61 NN Dexp(C)
\ \
0.4
0.2 \\
0.0 : : A Ty
0. 0.2 0.4 0.6 0.8 1.0

— both C = Ndwrg/Asyst and Asyst = Asyst/wrg vary
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Graphene de-adhesion by intercalated particles

variable ry

1.0
— Asyst=102
0 o081 N Asyst =103
= L L i
% \\\ variable ry
U 0.6 NN Dexp(C)
G ) “\\
= 0.41
) 3
€ 0.2 X,
0.0 : : A Ty
0.0 0.2 0.4 0.6 0.8 1.0

@ Simulations with variable ry and with fixed Ny
— both C = Ndwrg/Asyst and Asyst = Asyst/wrg vary

o Effective system size Ny ~ 200, or size 1.3um
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Graphene de-adhesion by intercalated particles

variable ry

1.0
e — Asy5¢= 102

T 0.8 X Agyst =107
g \ . .

% \\\ variable ry

U 0.6 NN Dexp(C)
G ‘\ “\\
= 0.4
S y
© 0.2 X

0.0 .

00 02 04 06 08 1.0

@ Simulations with variable ry and with fixed Ny
— both C = Ndwrg/Asyst and Asyst = Asyst/wrg vary
o Effective system size Ny ~ 200, or size 1.3um

@ Interpretation: elasticity, correlations of particle positions ?
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Convexification

© Conclusion
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Conclusion

Conclusion

o A simple model: convexification + merging

o Applications: de-adhesion of graphene with intercalated particles, imbibition, monolayers on
solid surface with impurities, clustering/classification with linear separability, etc.

@ Many open questions: link to bootstrap percolation; large size asymptotics; origin of
power-law tails at finite C —also in lattice boostrap percolation?
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