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Driven Disordered Systems

Agenda

L1. The depinning transition of elastic interfaces driven in
disordered media and the creep motion at low driving

L2. The yielding transition of amorphous solids under
deformation and associated criticality and avalanche statistics

L3. Common framework for depinning and yielding, analogies
and recent endeavors in the field
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Pinning everywhere
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- - Motivation
Pinning everywhere

The leading edge of a lava
flow destroys a road on 8
February 2024 near the
town of Grindavik, Iceland.

Photo by Mike Mezeul II, edited
by Charlie Borst



Motivation

Pinning everywhere
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Photo art by
Elisabeth Agoritsas
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Motivation

Magnetic domain walls

Polar Magneto-Optic Kerr effect (PMOKE) microscopy

DW in a Pt/Co/Pt thin film in the creep regime Lemerle, Jamet, Ferre, et al (LPS Orsay)



Motivation

Magnetic domain walls

~ 10pm

Domain 1

2

Domain wall

Domain 2
Pt/Co/Pt thin film

e~ (0.bnm




Motivation

Magnetic domain walls

DOWN

®

Disorder ™ ElastiCITy
(dynamic competition)

©

What is the response to an U P
applied field H in the UP direction?




Motivation

Magnetic domain walls

A transport problem Interfaces Motion control — Applications (e.g. racetrack memories)

What is the mean velocity v
U(H, T) = for given applied field H and
temperature T ?

Is the interface flat or twisty?

Is the movement smooth,
continuous? When?
When is it jerky, intermittent?

Statistical physics of driven disordered elastic systems - Universality



Motivation

Magnetic Domain Walls

Magnetic domain walls
(Paris)

J. Ferre, J.P. Jamet,

A. Mougin, V. Jeudy
(Bariloche)

J. Curiale, S. Bustingorry
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Motivation

Ferroelectric domain walls

Ferroelectric Domain Walls

(Geneva) i
P. Paruch, J. Guyonnet —I:I—I S

Pinning - rough walls

. ——

with different writing times

Atomic Force Microscope (AFM)
piezoresponse force microscopy



Motivation

Contact lines in partial wetting

Contact lines in partial wetting Roughness
(Paris) Moulinet, Rolley. ___

Liquids with different viscosity:
water, aqueous glycerol solutions, etc.

Avalanches!
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Contact lines in partial wetting

Evaporating drops: Do this at home!

credit: A.B. Kolton

Before After
Why do solutes accumulate in the borders?
Why don’t they just shrink like this?

421>t1 § ﬂl> t0 *K_1} § I)}§time

$ _ ;
Ny W)

Pierre-Gilles de Gennes, Francoise Brochard-Wyart and David Quéré

Capillary flow as the cause
of ring stains from dried
liquid drops

Robert D. Deegan*, Olgica Bakajin*, Todd F. Dupontt,

Greb Huber*, Sidney R. Nagel* & Thomas A. Witten*

* James Franck Institute, 5640 South Ellis Avenue, Chicago, lllinois 60637, USA
T Department of Computer Science, University of Chicago, 1100 East 58th Street,
Chicago, Illinois 60637, USA

When a spilled drop of coffee dries on a solid surface, it leaves a
dense, ring-like deposit along the perimeter (Fig. 1a). The
coffee—initially dispersed over the entire drop—becomes con-
centrated into a tiny fraction of it. Such ring deposits are common
wherever drops containing dispersed solids evaporate on a sur-
face, and they influence processes such as printing, washing and
coating'~. Ring deposits also provide a potential means to write or
deposit a fine pattern onto a surface. Here we ascribe the
characteristic pattern of the deposition to a form of capillary
flow in which pinning of the contact line of the drying drop
ensures that liquid evaporating from the edge is replenished by
liquid from the interior. The resulting outward flow can carry
virtually all the dispersed material to the edge. This mechanism

NATURE|VOL 389|23 OCTOBER 1997 el L

Motivation




Motivation

Fracture lines: crack propagation

Transparent plates of Plexiglas
sandblasted and annealed

Fract ii ~2020s 5 mm thick PMMA detached from a 20 mm
racture fines thick PDMS. Disorder is introduced by

ggﬁgr’ngs/aoc’ml;izs)s antucci printing ink dots of diameter 100um



Motivation

Tissue growth: collective cell migration

Collective cell migration
(Barcelona) X. Trepat

Trends Cell Biol. 2011

MCF-10A lung-ECs simulation

Universality?

Burst of activity in collective cell migration
(Milan) S. Zapperi, C. La Porta

PNAS 2016



Motivation

Disordered elastic manifolds

All examples so far: d=1 dimensional interfaces moving in a D=2 dimensional random media

N=d=1

d: manifold dimension N: degrees of freedom



THE
DEPINNING
TRANSITION

Equilibrium

Depinning



Depinning transition

Toy example: motion of a particle with friction

Particle of mass m on a plane, driven by an external force F. N
Two friction forces: static friction F_and dynamic friction p dr/dt. T
For F<F_: v=0. e -l
For F>F_ the e.o.m. is: el
2

m%:F—Fc—p% F > F] )

After a transient a constant velocity v is reached A
v=(F—F,)/p Two regimes:
Pinned phase: F<F_
v~ (F — FC)B b=1 Moving phase: F>F -
Fe F

A.-L. Barabasi, H.E. Stanley “Fractal Concepts in Surface Growth” (1995)



Depinning transition

Particle on a random potential
H=V(u)— Fu

Overdamped e.o.m

YOu = =0, H = F — 0,V (u)
To have a finite velocity Oyu > 0= F > 0,V

Then the onset of sustained movement is

F. =max 0,V (u)

Close to the critical position (last arrested point):
~ 2
Fy ~ F, + 0,F|, 0u+ 0.F|, 0u®>  Yu=1I—Fy=0f+cou

217 _
O Vlu. =0 5f — | — F,. distance to criticality



Depinning transition
Particle on a random potential (cont.)
ou

V5 Of + cou

Typical time spent close to the critical position

1
/5f+c5u2_26\/_ f1+u VY
Then UNT_1N5f1/2 52% ~ (

velocity

velocity-force characteristics sufficiently close to F :

What about extended elastic lines, beyond one patrticle? F force



Depinning transition

Interface: collective motion

h(z,t)

A critical force F_ emerges and depends on details as the disorder strength,
disorder type, the elastic constant, ...
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6 -Above F : moving >
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. | ’a' .
. npn-moving .--~ movin
Close to F=F_mean velocity behaves as N glr /\9
1 i \{7 | N
w7 ! |

V ~ (F — FC)B 5 <1 %% . T o

As we approach F_from above the dynamics becomes tortuous, punctuated. The line is blocked in larger

and larger segments _
° J Correlation length: size of the pinned regions: f ~ (F — FC) Y

A.-L. Barabasi, H.E. Stanley “Fractal Concepts in Surface Growth” (1995)



Depinning transition

Extended elastic interface in a disordered medium

Dynamics governed by the interplay between disorder and elasticity
A

U

Elastic restoring forces: try to smooth the interface

Quenched disorder forces: pins and distort the interface

Driving force: pushes/pulls the interface

Thermal noise: agitates stochastically & allows for activated jumps



MODELING =
DEPINNING |




Modeling
Model: The Quenched Edwards-Wilkinson elastic line

Assumptions: overdamped, uni-valued interface u(x)

vOru(z,t) :\cVQu(a:,t)qu\Fp(x,uj) —I—\_]:_,—I- n(x,t)

local force due to pinning force external force
elastic interactions

F, = _au‘/;?(g;, u) Vp(gg7 u) disorder potential, with correlator:

[V, (x,u) — Vi (2, u/)]” o 6(x — &' )R(u — u)

Langevin term, introduces a finite temperature T, white noise

(n(z,t)) =0  (n(z, t)n(z’,t")) = 29kpTo(t —t")o(x — 2)



Phenomenology

Disorder types: RB RF
F, = —0,Vy(z,u) [Vplz,u) = V(@ u)]’ = Aod(z — 2')R(u — u')

RB case RF case

Random-bond (RB)
R(s) isshortranged ~ ¢—5/7s

Random-field (RF)
R(s) islong ranged ~ |s|

Yet, the disorder force is short-
range correlated in both cases

u(x) - u(x) i u(x)

Filled circles are the impurities that contribute to the pinning energy of the interface

o . , RF saves memory
EEF, L Foini, T Giamarchi, AB Kolton, A Rosso, Annu. Rev. Condens. Matter Phys. 12, 111 (2021)



Modeling

The Quenched Edwards-Wilkinson elastic line
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Modeling
Typical numerical approach

e Different disorder schemes

* Line of size L Lo
- discretize x=0...(L-1) i /x/\/\if&/\/\ ~Continuous splines (cubic or linear)
- keep u(x,t) as a real variable I M -Either presorted (with p.b.c. also in u)
- periodic boundary conditions spring £ or dynamically generated.

(u[0] coupled with u[L-1]) ~With or without memory (RF-RB)

=
@,
&

W
S
S

We want to solve:
vOu(z,t) = cOu(z,t) + E,(u,z) + f + n(z, t)

one discretizes v = 1Ax { = nAt keeping w(x,t) asacontinuum variable
And do Euler integration
u(x, t+At) = u(x, f)Jr[ (u(z — 1,t) + u(z + 1,1) — 2u(x, b)) + E,(u(x, t),z) + f + /2Tn, (¢t /Af] i

Play with the line LLF Massively parallel implementations on GPUs
https://editor.p5js.org/droyktton/full/kfhajdpOk EEF, S. Bustingorry, A.B. Kolton, PRE 87, 032122 (2013) sup.mat.
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Critical phenomena

Analogy with equilibrium critical phenomena

A

v m 4

> >
fc f 1e T
v~ (f— fc)ﬁ order parameter m ~ (T, — T)B
E~(f—fo) " divergent length scale E~ T, =TT
T~E ~(f = fo) divergent time scale T~ ~|T, =T

[Daniel S. Fisher, “Sliding Charge Density Waves as a Dynamic Critical Phenomenon”, Phys. Rev. B 31, 1396 (1985)]



Transition thermal rounding

UNT‘?

T>0

— $ >
fe f
v~ (f = fo)P order parameter
E~(f—fo)" divergent length scale

T~ (f = fe)T

v(F,) ~T% temperature/field rounding

Critical phenomena

(recap on Friday L3)

divergent time scale

> T



Critical phenomena

Depinning transition: experimentally tested

w0 ¢ T=20K i .
[P.J. Metaxas et al. [J. Gorchon et al, WL T-2msK i =%
PRL, 99, 217208 (2007 PRL 113, 027205 (2014 o :
(2007)] (2014)] .0l GdFeCo I o
H i M
= 150 !
o  —
50
,‘quao ‘ 01 oomoon o 8 .. fﬂl e ")
5 =S 0 5 10 15 20
i toH [mT]
gadl In[vo/(m/s)] + B In[(H — Ha)/Ha4] ¢ +
Z tzgg:z - gﬁ.o- T =20K * *++*+++** +
o s w0 w0 %500 1000 1300 g *+
H (Oe) H (Oe) 4.6 ST (i ﬁ — 028 :I: 008 (b)

4.4 d T v v
Pt/Co/Pt LPS, Paris-Sud ——» CAB, Bariloche =S A L g, TR | S
[L.J. Albornoz et al, PRB 104, L060404 (2021)]



_ , Phenomenology
Three reference states: line’s geometry!

>

e :
=z
'
2
O
>
T =0
v~ (f - fc)ﬁ
O » o
0 fo force(f) f—oo
equilibrium depinning fast flow
At the reference points interface is rough and self-affine w ~ 05
RB __

RF __
Ceq =1 EEF, S. Bustingorry, A.B. Kolton, A. Rosso, CRP 14 641 (2013)



Roughness

Critical interfaces: fluctuations - roughness

i L-1
. siel <u(z)>:%2u(z) mean position
z=0
o= L3 o) - fuepp | widh
L g (roughness)

For a random-walk of the polymer:

Mapping to random-walk (Directed polymer) _ _ — L 1
.- interface fluctuations o7 = —— — ~ L

20 6 6L
104 -
) | interface width wy, = 0% ~ \/Z
S 04 w
J
—10
In general: ¢ roughness
075 5% s B 100 1% (beyond RW) w ~ L C — exponent




Roughness
Critical interfaces: time and finite size scaling
Starting from a flat interface: The crossover time depends on the system size
w(t) ~ t7 7 : growth exponent t, ~ L?  Z:dynamical exponent

w(L)Sat L C roughness exponent Since at saturation LC ~ t; ~ L*7

r;l TTTTI T TTTIm T TTTII T TTTTI ;1 We have the SCaIing relation Z — C//y
: L 7
|
s e
og ¥ J\’fq
~
= = S
- ] log(t/L%)
B £ B \__’/
L Lo | 1w AR 5 (B) : - o i ]
t 10° 10° i 10° 10'

A.-L. Barabasi, H.E. Stanley “Fractal Concepts in Surface Growth” (1995)



Roughness
Critical interfaces: rough “self-affine” geometry

Given piece of line of length ¢ in a critical configuration, its width would be W ~ gC
Interface is self-affine, statistically invariant under the anisotropic rescaling:
C‘ — 1 : fractal
xr — bx u— bSu u(bx) ~ bou(z)

¢ 75 1 : self-affine
C Holder or self-affine exponent, or the ‘roughness’ of u(x)

l - > (f=0) \i (f=f)
u N AN~




Rough geometry:

Structure factor

Another way to measure roughness: interface structure factor

loo f 42 g
S(q) ~ q s
10 F <
Lf
0l
ool F . . —(1428,)
[ S{q)~q 3
0.00] “———
0.1 l
q

Essentially at the critical points:

small ¢ — large /¢

large ¢ — small /¢

S(g,t) ~ T2 (qtl/z>

Roughness

For a given F>F_

T
3

g Cﬂow
I
2w /& q
ﬂ 1 € ‘f_ fcl_y
a0 !
)
& flow

depinning

fe f




Roughness

Rough geometry: Structure factor

Starting from a flat line at f=f_ f(t) ~ tl/z
(1+2¢) f 1 1
S(q,t) ~ q (1420) (Qtl/z) F(y) { | for 1 (g 1/8)

12 0
10 T — T — T — i 10 I 111 1 011 R A AR A time
M (a) —a | 6 e i (bJ s |.6
oF Se—32 JE 2 - 32
= I | = = 6.4
10 -—*?248 10 + I128
25.6 ':’Sl:»
—v'5].2 ] = =i I
GE by G nbE S| 1024
10°F = | < 10 + 204.8
204.8 o
S 409.6 T 409.6
Iy 5 - + B19.2
1 — 8192 E =
= = a2 =2 E = 1638.4
e E 1638.4 %) HE 4l = 32768
10°F —||— 3276.8 10 63536
— 6553.6 ; inA- 13107 2
_ o & = : 13107.2 = Ilng USIng = - 26214 .4
= i B Eor %62!4_4 12E . _ | ¢« 524228
10{) = ! = 1 ?{2}:‘;?5 " <= 1.5 s C =1.25 |+ 1048576
/ .. L1 |||||I| I ||||||I| 1 |||||||| I ||||||I| L1 |||||I| | ||||||I| I ||||||||
|||||3 [T ||||||j Ll : [ ||||||U [ 10_3 10_2 iU_i 10{; 101 102 103 104
10 10~ 10 10 1/z
q qt

memory of the initial condition EEF, S. Bustingorry, A.B. Kolton, PRE 87, 032122 (2013)



Roughness

Rough geometry: Structure factor
In the steady state at f=f_

10

10 T T T TTT] llllllllEI
0*F o}
E 4
10° - [
S, F
4 104_
102F S(q,t) ~ g~ (1+2¢) =
1G.UI__| Lol Lol L Lol C:]‘°25O:|:O°OO5

10~ 10" 10"
q

EEF, S. Bustingorry, A.B. Kolton, PRE 87, 032122 (2013)



Critical phenomena

Critical interface: critical exponents oA

Velocity force characteristics: v ~ (F — FC)B

Correlation length: & ~ (F' — F,.)™"

Correlation time: 7 ~ &7 L:
//fc Critical fluctuations, rou : S éo
av , roughness: @ ~ f
Four critical exponents:  3,v, (, 2 depinning :
Not all independent! fc f
e.g., at depinning the movement is dominated by avalanches Hiperscaling relation

normal displacement Au Egv

vV ~

~(F-F)'O | B=v(z—()

3 z
time T bz,




Critical phenomena
gEW critical exponents (from non-steady critical relaxation)
Using yet another analogy with equilibrium critical phenomena (¢, h, L) = b—ﬁ/V@'(b—Zt, bl/”h, b_lL)
After a quench from f— oo (flat line) Using p = ¢1/%  ov(t) ~ t—ﬂ/VZG(tl/Vzh) h=(f—f)/fe

T |||||||| T T TTTTIT T T TTTTIT T |||||||| T |||||||| T TTTTTI C T |||||||| T III|III| T |||||||| T |I|||||| T I||||||| | |||||||| ]
T T T TTTTT ] 50\10“- ‘.| T T TTTT ™ %
10 E E__ 10* —f N
E 1% = E = 3 F = el | E
') L | | RN a w = ;
. 0’ ; 10" | 102 _
- /= 1.5649 _ w(t) ~ f(t)c ~ tC/j
o (f =1.5652 . ' = e
e v o~ t TP/ T ]
T 1 N | S A AT N WU ||||||;i: TIIIIII| Ccml vl vl il ld
' 10 10' 10% 10° 10" 10° 10" 10 10' > 100 w0t 10
: - ‘ (¢ = 1.250 + 0.005
+ Statistical-tilt 1 L — 1433+ 0.007
L = 2% = 33554432 symmetry relation 3—¢ | 1v=1333=0007
EEF, S. Bustingorry, and A. B. Kolton PRE 87, 032122 (2013) \ B = 0.245 + 0.006




Avalanches at the depinning transition

6

Avalanches

Quasistatic protocol to measure avalanches: starting with 10 ing P T
f~<f_progressively push the line by tiny amounts 10* | oy, Tdep = 1.08+0.02
1 —IUULT._
 Avalanche location cannot be predicted 100 | ) Ty
4 —~ DE’J-]~
- Avalanche size statistics is scale-free 22 1| . ™
A
0.01 t “H‘
'5[ _ Ju ( ) — Tdep ( / ) RF L=1000 m=0.01  + _
X P(5) oS g S SC 10* | RF L-4000 m=0.0025 .
RB L=2000 m=0.0025
10-5 i | fitl """ ) 'ﬁ
- Gutenberg—Richter exponent ,_is universal 10° 10 0.01 110
p
S/S.
« S_is the clear manifestation of the divergent correlation length

u(x)

S, ~ d+Caep ~ |f _ fc|—1/dep(d+gdep)

A. Rosso, P. Le Doussal, K. Wiese, PRB 80, 144204 (2009)
K. Wiese Rep. Prog. Phys. 85 (2022) 086502

Narayan-Fisher relation
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_ o Phenomenology
Global picture depinning summary (Qew model in d=1)

At equilibrium, mean velocity is zero and the dynamics
n - i is glassy (highly degenerated GS): in order to observe a
thermal rounding . * 2 g rearrangement of size / we need to overcome a barrier
TRA S E, (/) growing as E,~I°. The resulting roughness ¢ depends
= on the type of disorder

velocity

e .. & . . .- .
Inv ““;Jf. g T=0 At the zero temperature depinning transition, the velocity

: i B vanishes as v(f, T=0)~(f-f )# for f > f , while v=0 for f<f
%qufﬁbrjum ~ depinning f, fast ﬁc‘,'w" f At finite temperature, this sharp transition is rounded and
(f=> ) the velocity behaves as v(f, T)~T. Athermal creep is

observed even at f<<fc.
Coe =2/3 Caep = 125 (45 =1/2

- At large force, f>>f , in the fast-flow regime, we recover
=1

eq — the linear response v~f. Here impurities generate an
effective thermal noise on the interface with T_-T~A/V

(A being the disorder strength). The fast-flow roughness
corresponds to the Edwards—Wilkinson roughness

EEF, S. Bustingorry, A.B. Kolton, A. Rosso, CRP 14 641 (2013) Ges = Caw = 1/2



Beyond gEW: Long range elasticity

For the case of a contact line of a liquid meniscus as well as the crack front 2
of a brittle material, the local elastic force is replaced by a long-range one ¢
[u(x’,t) o u(:c,t)] 7

voru(x,t) = ¢

Qualitative phenomenology is similar to the gEW, but the universal properties
are different. However, for a = 2, one recovers the short-range universality class

|ZB/ L x|oz—|—d

Table 1 Depinning exponents: mean-field and finite dimension®

dz’ + Fy(x,u) + f

Modeling

[u(xfs li'L) — u(xs f)]

|x.»' S xla—l—d

Depinning exponent Observable Meanficldd=2a | d=1 a=2 | d=1 e=1 | d=2 a=2
2z HL)~ L? o 1.433 0.77 1.56
S u(x) ~ x¥den | w? ~ [ *Sdep 0 1.250 0.39 0.75
Tdep P(S) ~ § "dep 3/2 Tdep = 2 — o /(d + Ldep)
Vdep Erm|f—=f| = o vdep = 1/( — Ldep)
p v |f_fc|"B 1 p= Udep(z = Cdep)

d‘x,

credit: C. Le Priol

EEF, L Foini, T Giamarchi, AB Kolton, A Rosso, Annu. Rev. Condens. Matter Phys. 12, 111 (2021)



Modeling
Beyond gEW: quenched KPZ (Kardar—Parisi—Zhang) model

In the presence of anisotropies in the disorder or in the elastic interaction, a non-linearity
becomes relevant for short-range elasticity. An anharmonic term comes in

V0, t) = V2u(@, ) + NVu(z, O] + Fy(z,u) + /

At depinning, the motion remains intermittent with large avalanches but with different exponents.
Statistical tilt symmetry relation is no longer valid and we need to measure 3 independent exponents

Table 3 Exponents of the quenched Kardar-Parisi-Zhang (qgKPZ) depinning universality

class?
qKPZ exponent d=1 a=2 d=2 wu=2
2 1 i |
Cdep 0.63 0.45
Vdep 1.733 1.05
Tdep Tdep = 2 — (Cdep + 1/vdep)/(d + Ldep)
B B = vdep(z — Ldep)

Kardar, Parisi, Zhang, PRL. 56, 889 (1986) EEF, L Foini, T Giamarchi, AB Kolton, A Rosso, Annu. Rev. Condens. Matter Phys. 12, 111 (2021)



Modeling

Beyond gEW: Not uni-valued interface? — ¢* model
y o = eV + eol(1 + r(x, y))p — ¢°1 + h

C. Le Priol (PhD Thesis, 2020)

TA
Ginzburg-Landau equation for a scalar
order parameter field ¢(x,y)

In general: overhangs, video

fingers and bubbles

[: 3 -
-L:}zgg ; | (a)
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velocity

equilibrium

depinning f,.

fast flow
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: Creep
Creep motion f<f., Tx1

> Ultra-slow dynamics ruled by activation > Velocity dominated by collective forward motion

g, Ok+1

depinning

energy

equilibrium

0 fo f

From scaling arguments:

Required rearrangement for barrier jump Assumptions o _
 Static (as-equilibrium) description of the interface
— 1
éopt ~ f Ve Veq = 2—C(Ceq att>0% g = Heqac = Ceqa V = Veq

: : : * Forward motion delivered by independent jumps
Divergent barriers as f- 0 (glassy dynamics) over “typical” barriers y P ump

Fesc (gopt) ~ 60

~ [—H = Hv
opt / > [ °d *true below certain scale, FRG [Chauve et al. PRB 2000]



Creep:Ultra-slow activated dynamics f<f., Tkl

Scaling Arguments

(Ioffe-Vinokur 1987, Feigel'man 1989, Nattermann 1990) Barriers (or sample to sample fluctuations)
C J—
H[’U,} = §jdd$ (VU)Q +/dd$ Vp(u,x) _ f/dd:ru Z> Ep(é) ~ geeq ~ gd 2_|_2<‘eq

Energy gain of an avalanche of size ¢ x (¢ : f€d+ceq ¢

E(®)

f"{(-+(l'

1 l
Balancing = ( —= ﬁopt ~ f 27Caq ~ fTVe |

Assuming an Arrhenius time for barrier jump

e
A  Lopr U, H B
v = e ~ Eg}eﬁte Kng ~ exp [— 0 (f()) ] M= Veqeeq

At kT \ f




Creep law

Creep formula

Creep exponent

d =

1,

RB
eq_2

oo |- (7) ]
Pk \ 7

d— 2+ 2(eq

M:Qe ]/e =
q~eq 2_Ceq

/3

pw=1/4

Creep

Experimental success!

In{v)

-25 j } i j i .
1 1.2 1.4 16 1.8 2 2.2 2.4

(”H)tu (koe-'lf4)

S. Lemerle, J. Ferré et al. PRL 80, 849 (1998)

and later on elsewhere...
[K.-J. Kim et al Nature 2009]
[J. Gorchon et al. PRL 2014]
[V. Jeudy et al. PRL 2016]
[M. Grassi et al. PRB 2018]



Creep
Creep experiments: First in 1998 and many after

S ey 3) o (GaMn)As,P) TbFe
[ e & PHColPt CoFeB Au/CofAu
3 empirical law -=-=--linearlaw ® simulations

N

5 10° §

—_—
T

Reduced energy barrier: AE/E

Nt
el

60\\,\\\\77 75_09;77::[{}0‘0/' ' '1 SOd .
H (Oe)

-------
T i = . = - LT
el R e,

s 0.0 0.5
0.15 020 025 030 Reduced Magnetic Field: H/H,

H(Oe)-1/4

Non-universal intrinsic T dependencies

T

W(H,T) ~ exp [—AE—(H)]

. Tdep ( H dep

1/4
v=vyge T \H ) Taep(T'), Haep(T), vo(T')

[J. Gorchon et al, PRL 113, 027205 (2014)] V. Jeudy et al PRL 117, 057201 (2016)



Creep
Creep experiments @Bariloche

0 gT T 77 | | | | ST | | |
a ~ (b e 7]
10° @ P 0—( ). R s NiCoAl —
U\ o CoNiTa |
—_ R o CoNiAl
- — -5 %
,....\10 f?: | P
[# 2] : $
E 4 -0~
=10 =
d 8 15 .
10° 7 & | ~8orders A NiCoAl I
?f v goNiTall 20 : G s
oNiA 20— ¢ i
10” | R T R v~ explred
| | | | : i :

| | |

0 50 100 150 200 250 300 350 : . “ g
-1 -1

H(Oe) H (OC )

~8 orders of magnitude of creep law !

From walking velocities to finger-nails growth velocity

N.B. Caballero et al. Phys. Rev. B 96, 224422 (2018)



Creep motion

Phenomenological law works well, but:

* Are there “typical”’ creep events?
* How is the size distribution of those activated events?
* What is their organization in space and time?

Can we simulate creep?
Historic timeline

Experiment Numerics?
Wﬁm
1987 1990 2000 2016

Scaling args®!  Functional Renormalization
Group analysis!!l

Creep



Creep
The futility problem for f<f_at T>0

vOyu(z,t) = cOu(x,t) + Fy(u,x) + f + n(z,t)
Langevin dynamics fails to study creep

o,
S— r

> “Useless” local back and forth futile motion,
/ vibrations at finite T (acceptance is not the issue)

> Arrhenius limit: the line advances only due to
rare events (very slow motion)

v~ exp[—af 4T

m - Barriers diverge when —0, the regime of
interest.

f~0.5 f_and non-negligible T



MOdeling Transition pathways algorithm for T=0*

Kolton et al. PRL 97 057001 (2006), PRB 79 18207 (2009)

&0

Discrete polymer of size L defined by: {u;} (i =0,...,L — 1)

o Z g(’u@ﬂ - ’U,?;)z + Z Vp(i’ui) — qug - .; : -;r (’

1 1
+ hard metric constraint |u; —u;_1| < K =1 Vi

Exact algorithm: successive (forward) search of new 2 h
metastable states connected by minimal barriers.

xil
* Exponential cost in £opt (f) a B
* Limited to L = 32, f ~ 0.2 1
o}
o <3 E,
Proposed approximation: J
look for mintmat-barrier> smallest favorable move
0
Eb ~ Kopt >

path



Modeling: Two steps creep algorithm (T=0+)

>

“Creep events” connect one metastable state and the next one. X’
Each event, composed by two steps:

“Activated” part: Dijkstra's search* (O(L log L)) ‘gl
to find the smallest rearrangement that decreases E =
Start with | =1 and increase it until we find a favorable nucleus. J

Deterministic part: simple relaxation to the local minimum.
Polymer follows the energy gradient by elementary moves.

+ both steps implemented in parallel on GPUs

Two orders of magnitude improvement respect to exact algorithm )
(system sizes L=3360 and driving forces ~0.002 reached)

*also called “transfer matrix method” — path g



Creep events size distribution

10°

ev
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Creep

« Power-law distributed when f — 0

Event sizes are not distributed around a “typical” value

S~ (Lope(£))

* Collapse with

Creep law is safe! ")

* Anomalous T > Teq

2

m =4/5 (for d=1)

Teq:2_

N
)

N

S A Reason? events are not uncorrelated
\ eve

g

| Similar to Gutenberg-Richter exponent

/;/ anomaly in earthquakes models



Event patterns and activity maps

Creep [ < fe
Cluster size S

clust

displacement (h)

: 1
b
=
W
=
S
W
h =3 —
W e .
£ | ~ e
7 position (x)
gopt

Events like “aftershocks”

Depinning [ ~ f.

position (x)

Uncorrelated avalanches

e

time sequence

displacement (h)

Creep
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Creep

Clusters size distribution Structure factor
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) £ | 1 E bS
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P:E“ 10 force \\\
L 0.2 N
~ aa 0.08 %
= <« 005 |-
5 f re 0.02 -
T O - 0.008 ]
10 ~ 0.005
0.002 E
| B | NN 10
E Teq — 4/5 . Tdep ~ 1.11 ? Cdep21-250 i Ceq = 2/3 \\\'\\
10'9_—| L ik l .....wi | e - T
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f -V (H‘C } e v\
clust e 47 gopt q.f eq‘ Hgopt
Small size - equilibrium-exponent Ceq at short length-scales

Large size - depinning-exponent
> Upper cutoff controlled by system size. Caep at large length-scales



Creep prediction & phase diagram

* Distribution of creep events is power-law with
cutoff characterized by £opt ~ f~ "

* Creep events are correlated in space and time
sequence.

velocity (V')

* Large clusters of events behave like depinning
avalanches at the far away critical point.

characteristic lenght (L)

Geometry « Transport!! deduce velocity from the
structure factor and vice versa

equilibrium depinning

E.E.Ferrero, L. Foini, T. Giamarchi, A.B. Kolton, A. Rosso PRL 118, 147208 (2017)
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Intermittent collective dynamics of domain walls in the creep regime

Matias Pablo Grassi,' Alejandro B, Kolton,"* Vincent Jeudy,® Alexandra Mougin,*

Sebastian Bustingorry,”
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Experimental realizations of spatiotemporal patterns
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Experimental realizations of spatiotemporal patterns

PHYSICAL REVIEW B 110, L020405 (2024)

Earthquakelike dynamics in ultrathin magnetic films

Gianfranco Durin®,' Vincenzo Maria Schimmenti ©,>* Marco Baiesi
Liza Herrera-Diez®.° Dafiné Ravelosona®,” Laura Foini,” and Alberto Rosso®?
stituro Nazionale di Ricerca Metrologica, Strada delle Cacce 91, 10135 Torino, Ialy

*LPTMS, CNRS, Université Paris-Saclay, Orsay 91405, France
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Creep events accumulate in depinning clusters
Evidence favors gKPZ over geW !!!

% Arianna Casiraghi,' Alessandro Magni®,"
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