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Jamming

— Development of a resistance to shear

Temperature

Loose grains,
bubbles, droplets etc.

1/Density

A. J. Liu, S. R. Nagel, Nature 396, 21 (1998)
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Clogging

— Obstruction of a constriction due to particle flow

Q,

A. Marin et al PRE(R), 97 021102 (2018).

K. To et al. PRL 86, 71 (2001).

“Faster is slow effect” in escape dynamics
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Magnetic periodic potential

uniaxial ferrite garnet film (FGF)

Y25BlgsFes ;Gag0,, (g =0.5-1)

thickness ~ 4 ym

M, = 1.7-10% A/m.
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Paramagnetic colloids

Dynabeads M-280 Hysteresis loop T = 300K

Surface = COOH 12:---------
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Traveling wave ratchet

P. Tierno et al., JPCB 111, 13097; JPCB 111, 13479; JPCB 112, 3833; PRE, 75, 041404




Traveling wave ratchet

H(t) = [H, cos(wt),0,—H, sin( wt)]
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Model single particle (with A. V. Straube, FU Berlin)

-
* Overdamped Langevin eq.: ¢ =6nma friction coeff.
: oV (x,t _ -
cx(t) = _% +. /2 4kBT E(t) V, = (47a° 1 3) yuM? po-tentlal strength
o=kgT 1V, noise strength
Potential (approx.) Q = (wlA%) 1(22V,) dimensionless freq
V (x,1) _ 8H, ./, cos 27X o V, = Aol 2rx max. speed
V, M A
—]— — 20 T T T T
new variable y(t) =—x(t)+Qt/ 27 E e . ﬁ‘ﬁ: —a— experiment
= \! . theory .
= 08} I 5 }
Stochastic Adler eqg. - E Y ol P
$ 06 '
: Q-Q ) . o -
y(t) :( e j3|n[27zy(t)]+ 20&(t) & {. v
E 04 r 300 400 500 BDO ?’DO 800
E stochastic h\ﬁ I Ho (A/m)
deterministic solution s 021 deterministic - %
—=— experiment T P
A1 Q<Q, 0 ' ' ' ' !
(x) 0 5 10 15 20 25
v, {1_\/1_(Qc /Q)z Q>0 frequency, f (Hz)
_ Q,=16He** critical frequency A. V. Straube, P. Tierno EPL 103, 28001 (2013)
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Model single particle

4 N
* thermal fluctuations: Fokker-Planck eq. | -
15 | 2
(a) e f=>5Hz
0 o | dVv 1 © B
—P(y,t) =270 { (y) + —}P(y,t) 3 e f=THz
ot oy| dy 27 0y = 10} S f=10Hz
- F ———— f—20Hz
2 ] /= 30Hz
stationary solution 2 51 it
eV v ® Py
— V(y' ! __1_‘,‘--:'_""’_,—_‘_-'-—_-,I__;--J__”_"_ L i
PO(y) - e_”D“ (D )‘2 dy 0 —_:.--l » ) e e e e e
ip\Mc )y 05 04 03 02 01 0 01 02 03 04 05
, \ coordinate, dx = x(f) — vt
D= Q/(47z O-) modified Bessel function ' '
the firstkind of an 3t (b) '.'fq-'-" - f=10Hz
D, =Q, /(47T26) imaginary order —~ raa" e f=920Hz
L a-‘ h .
::5 ' . f=30Hz
1 e 2
(y)=[ ¥R (y)dy AT
0 7 1 m
stochastic solution T
U 1 I 1 1 I 1 1
_ _ 06 05 04 03 02 01 0 01 02
<X> 1 Slnh(ﬂ'D) coordinate, dxr = x(t) — v,,f
A1 ;
L Vin D1 (D, ) A. V. Straube, P. Tierno EPL 103, 28001 (2013)
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Depinning and collective dynamics states

Synchronous: locked smectic flow
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Depinning and collective dynamics states

Asynchronous: disordered flow

Te000® 0 © 000000005 50080800000 00060000 000800 o0 00000800000400080 0406 SEITRENEDN B
90 0 00000000000 o:::o o.::oo 0000 0000000000000 000900000800 0900 000009 .O“:
| B 0000 9 00300 DO 0000 00 000 50000000 P03 000000000000000 #R20 o0 000 207
pPeo O‘S:ooouoonc 000 ©0 000000000900 00 00 000800900408 000 & 000 900 S 0080
00 0 0000000000 8000 © 000 O 09000 BOEDOO000000 00 0030009 00 G 000080000000 9000 By
20 00 000000 000 00 0000000 0O OCDDBD SO0 00O ®O0D onooww“no“oawz
© 0000 0000003000000 0 0 000 00 0000 800000 000D O 9800000000000 0 08000 0 80 .
? © © 00000000000 00 000P 90 P00DO® G0 00000 00O 00°00p0 000002000 0080009
0000000 © 00 8 000000 900 90 0 00000 000000 0000000000 o s0000 08 800000080
PO 0O 000 000000 00000000000000008 000000000 %0 080%000800 00 000000000 Sul
©0® 0 0000000 900000 0000 © 00 G003 90 000 P0000s00 G400 000 40p 0p) D 0S 800 B 80a0e
000 0 9000 00000 000800000 000000000 0000 000 00000000000 B0 P00 S0 4
) 000 000000000000, 0000 00P 000000000000 90 %000 0% 0 08000000000 ePooopgac
W 00g000Y000 000 000000 000000 00000000 60 © Op 00000 $00000800N0 000D 00 a0
10 000 00000000 0 0 00000000 VOOBD 000N O & 000000 0 ¢ 800000000 0 800000080000
00 00000090 0o 000000 0000000000 00000000 0000 g00080000 0005 B30 &
© 9,000 020M00000000p0 000000000000000 69 60000 Sabp e 000000008 0000 90 000
00 00 #000500000 00s00 DO00E00H G OVD000D 0 © B0 000 80990000 80000 000 90000 000/
90000000 000000000 00000000 SO0 8000 DDV o ©O0S0PV00SO0000000 0000 0 0 @ 0000 4
0000 000 9000000 VOD ELVBHKOOODDONNEDD2a0D 90 0000 9000 0 90 890 900000000 00
| 00000000000 0 O0Q 00 0000 000D 0000 P0000 BOOO0O000P00 00 000000 0039000 0000 L4
P 0O 000 %0 0 0000 0CDGOYOD DOVOVD (000 %200 200 000000000 0e000 e0 00 OO
00 00000000 O00D0 0000 00O QO O VOEOODO0DO 0D OO0 000 90° © Oop9O 0O SOR0e O
000 0D 0000 V0000 B0 000 9000000 00 90 0000 000800 0 DO0QpO00 S B0 0 O O
B 9050 0099006 900 ©0p 0800000209000 0 20 00% 0 00000 e0 0090800 80
100005000 P0Q0000 00000 99000 000 O 06 000000 900000 V00000 0 90 00 000 SO G B8O |
0000000 000000 000000000000 9000 0308000000000 0009 0DOOO® Do ©
P © 00000000 00000 900 0000000000000 002 00y 00 G0D00E008s0 00 S00sep 00 |
PO 90000 00 00 00D 0o ©0 0 00 D00 00 00 O 0000 G0 00 89 00000 0e0P00 @0 0 0 0
0 ©0000 00000000000 Gp 0000 GO 00000 0 0 0 0000000 00 0 90p0%0 0 © 90O

Y90 20000 © 000 0000 0000 0000 0000 0D 00000000800 O Deg0 o0 0 # 0 OO 80 !
©000p00 oOoooo.o°o..oo: :o..onouoooooonou 00000 00 00 © 900 © :*
© 000 00 2000 0000 00 o 0000 OO0 O ©POUO 00000 ©0 00000 00000 o 9000 °F
© 000 0 C0 O 00 0000 0HOOOO0000 0000D® ©0 00 O 00 000000 90 00 0 0 00 .ol
000 000 ©00 OO 09 00000 GO0 0O ©00P O ©000°0 50 0 C0e0p0s0 O 9000 #04 ]
1000 000 0000000 0000000200 00 000 000 000 00000 290000 800 00O B0 00 00 O oo‘
009 000000000000, 90000 000 00O 0000008 O 008 0007 000 O g0po 000 900 o0 o
000 0000 O Do ©0pad OpO00C0O 00 DO O 0000 0 e%0 0 @0 0D 00 0%5 00 0‘0.0
10800 0o G © 000 05 00 0 DOOOOO00 Q00 O p0 O 00 00600 o 00 00 090 O0Cose .o
00000 © 00 00500 CLHEOOobd © © OO0 00 0P 80000000 © 90900 ©° o0 O ..'
n...° 0000 0 © pooB O 0@ 000 90 0 ooo“.: ::00.0.0.0.::0: .0.=0.0:.0.:0 :.
0000 09 00 Opo0 O Qoo o0 000 000D 00 ; o
lnuo.na.-nnnnn.:::n..:monn.o.o0000 0 090 0 o o0 © nooseo® o4

P. Tierno PRL 109, 198304 (2012)

/

12/30



Depinning and collective dynamics states

\
Asynchronous: two phase-flow
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50

single particle

_e(f) - o (m] :.7
v mo-Ho0Hs
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» transversal diffusion coefficient

Depinning and dynamics states

Statistical tools

 average velocity along the driving (y-) direction

()= (5 Z %)

dt

« fraction of sixfold coordinated particles

« fraction of colloids moving with the same velocity
(with zero velocity)

é.(¢)
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D, = ([x(t) - x,(0)]*)/ 2t




Quenched disorder of obstacles

Large silica sphere (5 um diameter)

Liquid like structure

.....

g(r)

N =894

2L N=604
0 1 1 1 . 1
0 10 20 30 40 50
r (um)
Deposited and attached to the magnetic substrate
T
b, = ~0.9 Close
_ Njn(dj)z m 2/3 packing
J = 44, Jj = o (obstacles),m (magnetic colloids)

N; Number of elements j with diameter d; Ao = observation area
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Transport trough one aperture

Distribution P(t > t,) of

| timelapset > t; between Clog-free system o > 2
1 the particles passing
through the aperture low frequency ®
tp = 0.4s
10.0 .
LI | ’ A A | ’ LR SR 2 | . _60 — p ]
1L 4 sol E o(rads’)
F 3 9.6 T 40l 2 t.60 1 — 0.6
. " 30f < | — 377
—~ 9.2 [ 20} 1
e \Ej; 10 time (S) i
A 01E E . 88F 0 5 100 150 200
= =
X
0.01} :
i 0 | 40 | 80 | 120 | 160
1E-3 | J time (s)

Strong particle vibrations on the

Power law tail at high frequency P ~ t~¢ garnet film reduce clogging
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Transport trough one aperture

Distribution P(t > t;) of
time lapse t > t, between
the particles passing
through the aperture

1E-3}

Power law tail at high frequency P ~ t—¢

N (S/¢S))

0.1}

0.01F

1E-3 &

Clogging o < 2

Histograms of burst size

exponential distribution
of burst size
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Collective transport

(v,) € [2,23.5]ums~!  Pe € [20,235]
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Collective transport

speed (um s'1)

speed (um s'1)

20

w

N

—_

Speed measurement

15 |

10

T T T (t/r)

v (t)=Re
e

+<V>

4'6:'8'10'12'14
time (s)

Jammed state

“Faster is slower” effect

1.0 = . ' ' ' ' ' .
\’

0.8} i
>E CI)0

Z 06t 5
< < —e— 0.03]
2 04 —v— 0.04"
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Collective transport

speed (um s'1)

speed (um s'1)

20

Speed measurement

15 |

10

v(t) Ae““)+<v )
—e—v (1)

4 I 6 I 8 I 10 I 12 I 14
time (s)
Jammed state

0.3

State diagram
(constant driving)

0.02040608 1

—<V
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Jamming vs Clogging

[RUA%
[o4N>

. TE

speed (um 3'1)

Field inversion

R. Stoop, P. Tierno Comm. Phys. 1, 68 (2018)
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Tuning interactions

Magnetic dipolar interactions *I ’ rﬁj
U T o v
Ui?:47;3 [(mi‘mj)_3(mi'r)(mj'r)] r=% H
9 < ‘9magic U i? >0
Uij.’ — “Oms (1-3cos” 9) ~ —P,(cos 9) repulsion
4rr
= ‘gmagic =54.7° U i? =0
Z A
H

attraction
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Tuning interactions

Circularly polarized field - negligible interaction

Elliptically polarized field

Repulsive particles

Chains
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Tuning interactions

Magnetic dipolar interactions

Repulsive particles Chains
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With quenched disorder

vl vy,
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normalized speed
o
(6)]

o
o

(DO
1—m—00 Exponential ansatz for the speed
e 0.04
A 0.06 H

0.09 (v,) =A(1 — e_H_i) + (vy)

® 0.18 HC — Z/\/E

0.00

i

0.05

(Hy=Hyp) / Mg

0.10

0.15

A = (vg) = (Veo)
e

Limit velocities for small and large H
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Bidirectional transport (with Arthur Straube, FU Berlin)

d, , = particle radius

Fp,1,2 = pinning force ~ 100 pN.

h,, = distance from surface

24,

23, pr——
] @ hI@

t |V t |
8, <a, m) h<h, mm) Fi>Fo)
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Bidirectional transport (with Arthur Straube, FU Berlin)

-

H* = [H,sgn(cos (2mf1)),0,H;sgn(cos (27 ft))]
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Bidirectional transport and size-selective sorting

-

H* = [Hysgn(cos (2 ft)),0,H;sgn(cos (27 f1))]

Energy landscape explains the transport mechanism

state 1 (t=0) 18
30}

— 1% =,

o 20} ~
7 la <
~ —
— <
X 10t L, S~
D - quA
— g ® 7))
(2 OF E E
)
c he 3.
= o ~
o} o
o - -~
© 7] —
Q N >
N © ~
© €
£ 5
o c
c

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

X (um) X (um

Langevin dynamics

j L = LU P TE ), =L}
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Bidirectional transport and size-selective sorting
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Mixed order phase transition (with R. Alert and J. Casademunt, UB)
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Mixed order phase transition (with R. Alert and J. Casademunt, UB)
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Conclusions

\

Potential future directions (...ideas are welcome!)

« Dynamics on complex magnetic patterns (bubbles, disorder etc...)
» Transport of biological cargos

 Directional locking effects

\

-
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