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Disordered Elastic Sistems
Common Framework: Universality

with different writing times




A. Mougin et al, LPS, Orsay — PT/Co/PT film — Kerr microscopy



A. Mougin et al, LPS, Orsay — PT/Co/PT film — Kerr microscopy



Ferromagnets
out-of-plane anisotropy
semiconductors
Ferroelectrics

Vortex lattices in High Tc
Charge density waves
Friction — sliding surfaces
earthquakes

Common ingredients:

v interface degrees of freedom
v underlaying disorder

v driving force

Ot ;
thermal fluctuations
long- es

dimensionality
non-harmonic effects

velocity

pinned phase
N

r A

moving phase




\_/_\/\_/\ V( u) particle in a random potential

H=V(u)— Fu

*‘y@tu == —au?{ = F — auV

hu>0=F>a,V

Viu) - F u F. = max 0,V

close to the critical position: F ~ (F — F,) + cdu® critical force
yOru = 0 f + cou?

T_/' du oy du 1
) St eow® T 2067 ) Va(l+a2)  Vor

typical time spent close to the critical position




v = mkE
2
3
N w
?pﬁ/T:O
j FC force
V~ (F —F.)°
&_ ™~ (F — FC)_U

H>0

=(

order parameter

divergent correlation
length

field rounding

M~ (T—Tc)ﬁ
5“"’ (T_TC)_V

M ~ /0
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scaling hypotesis:
the order parameter is a homogeneous function of the state variables
(universality, scaling relations among exponents)
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velocity

v = mk
T >0/ T =0
’ F force

How far can this analogy be taken?
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H>0




creep depinning fast-flow

Minimum

ingredients:

v interface degrees
of freedom

v underlaying
disorder () 500 1000 1 500) 2000

v driving force H(Oe)

v thermal fluctuations

experimental data, Pt/Co/Pt thin films, P. Metaxas et al 2007



ingredients:
v interface degrees

0z

Minimum Hu] = /Ldz [g (@)2 + V(u,x) 4+ Fu

of freedom
v underlaying qau('g’t) = _5?{[”(3’”] +n(z,t)
disorder ot ou(z,1) |
v driving force
v thermal fluctuations (1) Pu(z.1)
U\ z, u\z,
— = — + &(u, 2) + (2. t)

ot 0z2

uncorrelated Random bond disorder

Viu,z) = 0
V(u,2)V(u',2") = Dgrdlu—u')é(z—2")
uncorrelated thermal noise
(n(z,t)) = 0
((zty(2 1)) = 29T8(z—2)o(t —t)

Hamiltonian

overdamped
equation of motion

u(z,t)

\4

A
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Hlu) = /L d> [g (g_:):, + V(u,m)]

competition between elasticity and disorder

roughness function 5
(heigh-heigh correlation) B(r) = <[“(3= r) — u(z)] >

B(r) ~ r2¢ with ¢ the roughness exponent

power-law behavior, signature of self-affine properties



Hlu) = fL d> lg (g—z)g + V(u,m)]

competition between elasticity and disorder

B(r) = ([u(z7) — u()]*)

B(r) ~ r2¢ with ¢ the roughness exponent

power-law behavior, signature of self-affine properties

random maitrix numerical simulation



Hlu) = fL d> lg (g—z)g + V(u,:ﬂ)]

competition between elasticity and disorder

Cog = 2/3

equilibrium roughness exponent
(zero force and zero temperature)

Ceq > Crandom—walk — 1/2

B(r) = ([u(z7) - u(2))*)
B(r) ~ r?¢ with ¢ the roughness exponent

power-law behavior, signature of self-affine properties

the interface adjust to the disorder
environment and roughens



equilibrium

Ceg

2/3

velocity

equilibrium @
hY



equilibrium

fast flow

Ceq

2/3

velocity

equilibrium @
hY

fast flow




fast flow

Ou(z,t) = voiu(z,t) + E(u, z) = vd u(z, t) + £(vt, 2)

E(t, 2) E(vt, 2)
6 2E (7)) = ot —)o(z— )

D
disorder becomes an effective “thermal” noise of intensity —
v

CFF — Cthermal — Crandum—walk

Crr =1/2]




fast flow

Ou(z,t) = voiu(z,t) + E(u, z) = vd u(z, t) + £(vt, 2)

é(th) — ’E(ﬁt?z)
E(t,2)E(,2) = %5@_5’)5(;_3’)

finite size effects

— | |
Crr =1/2] m( T
0 . s—-a M= 128
T ’ e—¢ M =512
S(Q’at) — (U(Q’at)u(_%t)) 10 b M= 2048 ]
D-‘_']::‘ e
dq 10* - : -'“, - q—(l—{—ZC FF)
B(rt) = [ 11— cos (ar)] S(a) oo ~
10 10" 10"

same information if ¢ < 1



equilibrium

fast flow

Ceq =2/3

[Crr =1/2]

velocity

equilibrium @
hY

fast flow




equilibrium

depinning

fast flow

Ceq = 2/3

[Crr =1/2]

velocity

equilibrium @
hY

depinning

fast flow




depinning configuration
the interface becomes rougher: it is ready to move but stand still
“Infinite” avalanche ready to move

E~(F—F.)™"
F =0 %_-EF — j:é

S(q) ~ q—(l—f—QCdep) Cdep = 1.25

B(r) ~r (anomalous scaling)
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Rosso, Krauth, PRE, 2001
Ferrero, Bustingorry, Kolton, PRE 2013



equilibrium | g = 2/3]
depinning Cdep = 1.25
fast flow Cpr =1/2 |

three geometrical “fixed points”
describing all length scales
(harmonic, RB)

velocity

equilibrium @
hY

depinning

fast flow




typical size of an “avalanche”
which is critically pinned and detach

E~ (F—F.)™"

divergent correlation length from above

length from below?

Is there a divergent correlation 7/

flow

depinning

fc



ground-state dominant—creep critical

|
I
I
I

f=0  0<7<f,  f=7.

seguence of metastable states

Lopt optimal size of the interface,
necessary to excite to go to the
next metastable state
(steady state property)

L,.1,. relaxed size of the next
metastable state
(transient dynamics)

L opt

tNF_HEq I/"Eq:3/4

depinning

equilibrium

f.

Kolton et al, PRL, 2006; PRB 2009
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separation between
length scales with
different geometrical

properties
v =mkE
S
O
2
BV -7
- /,"
)T =
[ 2 o
force
C
o (@
g 8 m

o =
N
flow
depinning - Cdep
7. 7 o /€ q
() (b)
small
length
scale
E
]
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depinning
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divergent steady state length scales

40 - ;
_ < lal
. (fef )0 @
§ || ST
S Y
5 20 - \f—Veq gdep E?
E gtherm
.
o
o
Cdep
0

driving force f

dynamic length

. .y Kolton et al, PRL, 2006; PRB 2009
not as in standard critical phenomena



creep depinning fast-flow

H(Oe)



v =mkE

S
O
S
W P
- /,"

T =0

./
force

internal degree of freedom
of de domain wall

not considered in the
simple disordered elastic
system model

either H , is too high or too
small

fast flow V= TF

mobility

it seems simple.... but not so simple

Walker field

- >
Precessional

10 20 30 40 50 60 70
Field (Oe)

Metaxas et al, PRL, 2007
Beach et al, Nat Mat, 2005



zero temperature depinning

velocity

T'=10

force

B = 0.245 £0.006
v = 1.333 £ 0.007

numerical studies of relaxation properties in
extremely large elastic line systems

F<F. = V=0

F2F. = {

8 =025
v=4/3

VN(F_Fc)ﬁ
£~ (F—F)

:depinning exponent

.correlation length exponent
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FIG. 13. (Color online) String velocity v(r) as a function of time

for the RB case with uniformly distributed disorder for which f,

1.5652 using 8¢ = 0.1. The system size is L. = 4194 304. In (a) we
present the raw data, and in (b) v(¢, f) has been rescaled to v¢#/"* and

rtor'FIf — fol'.

Ferrero, Bustingorry, Kolton, PRE 2013



creep: simple scaling argument
v = mkE energy scale
£
S H ~ /dz(azu)? = U ~ (2Fd=2 b
W
=~ //
71/4\,/0 I'=10 energy exponent 0 = 2(., +d — 2
[ 2 C
force
the movement is achieved by overcoming
the barriers associated to the optimal length
velocity is given by Arrhenius activation [~ LY L~ o
over this characteristic energy scale op
F —H
U Uc F —H U(F) — Uc (E)
V=Wexp|———F | =VWexp|—
kBT kBT Fc
creep exponent
= 2Ceq +d—2
(d — 1) H = 1/4 Nattermann, PRL 1990 2— CEG’

Chauve, Giamarchi, Le Doussal, PRB 2002



nw=1/4 robust exponent!

0.006

0.005

0.004

= 0.003
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0.08

Numerically,
disorder elastic system
Kolton, Rosso, Giamarchi, PRL, 2005



nw=1/4 robust exponent!

In{v)

Pt/Co/Pt

ferromagnetic ultrthin film (0.5nm)

LPS, Orsay
Lemerle et al, PRL, 1998

d) H (e)
1000 100 2010 5 2

Metaxas et al, PRL, 2007



V =Vyexp | — 4 — Vyexp |— Ue F\™" nw=1/4 robust exponent!
kT kT \ F.
Pt/CoFe/Pt
ferromagnetic ultrthin film (0.3nm)
10° } Kim, Kim, Choe, IEEE TMag.,2009
10" |
different temperatures
0 10°
£
E 10°
B
240 K
102} 270K 300 K
150 K
10° } 200 K
P 85 K
10 : : -
0.2 0.3 0.4 0.5

-4 (Oe-1/4)



nw=1/4 robust exponent!

J=+3.9x10"°[Am%] T

J=+7.7x10"° [A/m?]
J=-3.9x10"" [A/m?]
J=7.7x1 0" [Afrnaj

U U. (F\ "
V = VWyexp (_—kBT) = Vpexp “nT (Fc)
10°
(b)
10
w' 5 ® pure FIDWM
g 10 ® pure CIDWM
S

0.6

0.7
(H* [mT) ™

Pt/Co/Pt
ferromagnetic nanowire
Lee et al, PRL,2011

effective field including
current induced velocity

2
H;; = H — BthJ - ??thZJH - Ethj + gntzhfq'



v =mlk
£
<
2
W
- /,’
T >™T=0
o
force
v = mk
£
<o
S
S P
T >0/ T =0

finite temperature depinning: Thermal rounding

from standard critical phenomena

F=F.=V~TY

1 :thermal rounding exponent

H>0

=0

field rounding M ~ h/?



v = mil
S
S
X y
T > 1% T =0
¢ force ¢
W =0.15 £ 0.01

numerical simulation
disodered elastic system

Bustingorry, Kolton, Giamarchi, PRE 2012

finite temperature depinning: Thermal rounding

from standard critical phenomena

F=F.=V~TY

1 :thermal rounding exponent
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v = mil
S
S
X y
T > 1% T =0
¢ force ¢
W =0.15 £ 0.01

numerical simulation
disodered elastic system

Bustingorry, Kolton, Giamarchi, PRE 2012

finite temperature depinning: Thermal rounding

from standard critical phenomena

F=F.=V~TY

0

3.10 T ] |
Finite size scaling ;
v=LP"g (Lﬁw T)
=
e
P
0 v =0.15
10 -
|
10° 100 10" 100 100 10 100 10
TLBWW



F=F.=V~TY

F=F.=¢~TY/P

E~(F—F) 7V ~V VP

geometrical properties

W =0.15 +0.01

numerical simulation
disodered elastic system

Bustingorry, Kolton, Giamarchi, PRE 2012

finite temperature depinning: Thermal rounding
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F=F.=V~TY

F=F.=¢~TY/P

E~(F—F) 7V ~V VP

short time dynamics

W =0.15 +0.01

numerical simulation
disodered elastic system

Bustingorry, Kolton, Giamarchi, PRE 2012

finite temperature depinning:

u(t)

10

Thermal rounding

¢ 0 0Q




finite temperature depinning: Thermal rounding
v = mk
% from standard critical phenomena
F=F.=V~TY
T > T =0 v
o O _ .
force 1 :thermal rounding exponent
b = 0.20(6)

Pt/Co/Pt ultrathin fimls of thickness s
Metaxas et al, PRL 2007 (LPS, Orsay)

first experimental data with the full three regimes

SCALING ANALISYS!




-30

U. (HA\"
Vanﬂxp[—kB*T(H) ]

d—2+2¢
p=
2—¢

s[nm] 0.5 0.6 0.7 0.8
Mslerg/(G.cm®)] 910 1130 1200 1310
Kes[Merg/cm?®] 3.2 4.5 3.2 2.0
Alperg/cm] 1.4 1.6 1.8 2.2
6[nm] 6.2 5.5 6.7 8.6
m[m/(Oe.s)] 0.028 0.026 0.034  0.043
H*(Oe) 230 590 750 650

Taen [T 9 14 22 35

02 04 06
H-‘I 4 {D'E-”‘)

Metaxas et al, PRL 20007

08

1.

,HY Tdep has been originally obtained using the creep regime



b = 0.20(6)

V(m/s)

m[m/(Oe.s)]

v Mobility from the fast-flow regime

The critical field is now determined
from the depinning regime

The depinning temperature is
obtained from the creep law



0.1
650

1000 1500
H(Oe)

2000

V ~(F—-F,)°
1% H—H.\"
mH, H.
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experiment:
scaled variables

H_ ™ =650 Oc

[ TTTTI
L=

H (O¢) = 730(20) S0 o

[

& H*'=690 Oe

)

7 a H™=7100¢
= i
T b H* =730 0c
= —
= F 4 H'™=7500¢
- L

H ™' =770 Oe

i

A H:w =790 Oe

Hc"’“s' =810 Oe

N
0001 0001  0.01 0.1 1 10

fest test

(H-H,")/H,

Search for the value of H_which better ajust to 3 = 1/3

Bustingorry, Kolton, Giamarchi, PRB 2012



Y =

0.20(6)

0.8
0.7
0.6
0.5

. (.4
0.3
0.2
0.1

0

=

%ll]ll]lllllljlll

s[nm] 0.5 0.6 0.7 0.8
m[m/(Oe.s)] 0.028 0.026 0.034  0.043
H™(Oe) 230 590 750 650
T./T 9 14 22 35
H.(Oe) 330 660 800 730
T./T 9.85 144 2236 36.03

v Mobility from the fast-flow regime

v The critical field is now determined
from the depinning regime

The depinning temperature is
obtained from the creep law

Bustingorry, Kolton, Giamarchi, PRB 2012



b = 0.20(6)

d) H (Oe)
0. 1000 100 2010 5 2

-30 T —

0.2 04 06 08 10
H14 (0e ™)

s[nm] 0.5 0.6 0.7 0.8
m[m/(Oe.s)] 0.028 0.026 0.034 0.043

H™(Oe) 230 590 750 650

T./T 0 14 22 35

H.(O¢) 330 660 800 730
T./T 9.85 14.4 22.36 36.03

v Mobility from the fast-flow regime

v The critical field is now determined
from the depinning regime

v The depinning temperature is
obtained from the creep law

U. (H\"
V=1V, exp _kBT 7

thickness

!

effective temperature

Bustingorry, Kolton, Giamarchi, PRB 2012



b = 0.20(6)

v Mobility from the fast-flow regime

70 v The critical field is now determined
60 from the depinning regime
50 v The depinning temperature is
— 10 obtained from the creep law
£
=~ 30
20 U. (HN\"
V=V ep|-— .
10 kgl \ H
ol
thickness
s[nm] 0.5 0.6 0.7 0.8
m[m/(Oe.s)] 0.028 0.026 0.034  0.043
H™(Oe) 230 590 750 650
T./T 9 14 22 35 _
H.(Oe) 330 660 800 730 effective temperature
T./T 9.85 144 2236  36.03

Bustingorry, Kolton, Giamarchi, PRB 2012
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N - = y=128x"" -
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=L =
I - Y = 0.20(6)
ra
A
{]ml | | | | : 1 1 1 1 | Lo |
0 1 2 3 4 - 0.1
H/Hn c
scaled variables thermal rounding exponent

small value of the thermal rounding exponent consistent with numerical simulations

Bustingorry, Kolton, Giamarchi, PRB 2012



Vim/s)

Universal scaling function

v T\ o |H-Ho (T —¥/B
(as in standard critical phenomena)
5 | 1 I
o 5=0.5nm
S 4 o  s=0.6nm
— ¢ §=0.7nm
~ A 5=0.8nm
% 3
~
)
S
= i
= |
{] 3 1 | L

5 10

—~wip
(H-H)/H, (T/T)
Bustingorry, Kolton, Giamarchi, PRB 2012



New experimental results: Pt/ColPt at low temperatures

thickness s = 0.45nm
| i KERR microscopy
120 * LPS, Orsay
- J. Gorchon, V. Jeudy, J. Ferré
— 90 |- temperature control
é : 50 < T < 300
iy 60 -
30 F
O - A P S SR
0 500 1000 1500

H (O¢)




New experimental results: Pt/ColPt at low temperatures

thickness s = 0.45nm
KERR microscopy
120 * LPS, Orsay
J. Gorchon, V. Jeudy, J. Ferré
— 90 ‘ temperature control
é _ 50 < T < 300
\-/ e
iy 60 _
the fast-flow regime
[ is not well reached -~ m??
30 F
O - A TS N
0 500 1000 1500

H (O¢)



T (K)

0.1+ m—v/H=DH*
' " xomaahs

Spgnm
- . Chen et al, PRB 1995
-
4 experimental data gives ¢ =4
g T=50K
e
2 0.01 F T=100K
EF i T=150K v = mkFE
& T=200K £

T=300K 3 )
R | /,/
100 1000 T > /T =
H (Oe) F force
300 200 150 100 50

m(m/s.Oe)

0.085(0.04)

0.083(0.05)

0.091(0.05)

0.089(0.06)

0.102(0.07)

Ho_r(creep) (Oe) 180(20) 720(30) 870(40) 1080(40) 1170(40)
He_r(TAFF) (Oe) 170(20) 730(30) 890(40) 1070(40) 1190(40)
Hy.,(TAFF) (Oe) 920(30) 1060(50) 1360(30) 1480(50) 1500(40)
Hye,p(depin.) (Oe) 900(40) 1190(40) 1335(50) 1360(50) 1470(50)
Tep (K) 1880(110) 2500(150) 2700(160) 3200(190) 3500(210)




extracting the critical field by fixing 3

Vv
mH.

H — H,

T (K)

M; (erg/G.cm?)
m(m/s.Oe)
He_r(creep) (Oe)
H(;_T(TAFF) (OE)
Hyep(TAFF) (Oe)

1120(50)

0.085(0.04) 0.083(0.05)

1060(50)

H e, (depin.) (Oe)

dep

1190(40)

* T=50K
e T=100K
* T=150K
A T=200K
s T=300K
_________________ B----2__)
150
1260(60) 1370(70)
0.091(0.05) 0.089(0.06)
870(40) 1080(40)
890(40) 1070(40)
1360(30) 1480(50)
1335(50) 1360(50)

0.102(0.07

1500(40)
1470(50)



0 .

rUCTEEp '_'Ucreep

€

CTderT

0 =€/ =35+15m/s

creep

42 PR BT SR U
0.15 020 0.25 030

-1/4
H(Oe) /

T (K) 300 200 150 100 50
M, (erg/G.cm?) 800(40) 1120(50) 1260(60) 1370(70) 1470(80)
m(m/s.Oe) 0.085(0.04) 0.083(0.05) 0.091(0.05) 0.089(0.06) 0.102(0.07)
He—r(creep) (Oe) 480(20) 720(30) 870(40) 1080(40) 1170(40)

C-T €
Hyep, (TAFF) (Oe) 920(30) 1060(50) 1360(30) 1480(50) 1500(40)
4 = i = =4 =

Tyep (K) 1880(110) 2500(150) 2700(160) 3200(190) 3500(210)




0 —der (1— i )
Vrarr(H, T) = vy, pe(T)e dep
H H 1of
U ~ dep Bl (/D :
H gep .l .~ numerical simulation
EREE Kolton et al, PRB 2009 |
linearly o 1 ¢
2 O .."""-c..._ -
?}.0 u:z 014 Dl.ﬁ o.la 1.0 * T_SOK
£/F,
_ . 1 . I ) I )
HeH. — 0 v 0O 500 1000 1500
— dldep U=UpAFrF ™
H(Oe¢)
T (K) 300 200 150 100 50
M, (erg/G.cm?) 800(40) 1120(50) 1260(60) 1370(70) 1470(80)
m(m/s.Oe) 0.085(0.04) 0.083(0.05) 0.091(0.05) 0.089(0.06) 0.102(0.07)
He_r(creep) (Oe) 480(20) 720(30) 870(40) 1080(40) 1170(40)
He_1(TAFF) (Oe) 470(20) 730(30) 890(40) 1070(40) 1190(40)
Hg.,(TAFF) (Oe) 920(30) 1060(50) 1360(30) 1480(50) 1500(40)

depdepin. a0 3] 5]

Taep (K) 1880(110)

2500(150)

2700(160)

3200(190)

3500(210)




Vaep(H, T) = ?;dEP(T)

H — Hg., ( T )—“W
Hdep Tdep

20 300K
0.20 - L+ 200K é‘
-5‘ 0.15 ' { * . - o] I

0.10

N 1 N Il i 1 0.0 L s - L 1 : 1 L 1 L

0 100 200 300 4 2 0 p) 0O 500 1000 1500
T o H(Oe¢)
D ~ ’!,I'-I) Tﬂ'.e 1. _H
vrarr ~ 1 vrarr(H,T) = '”TAFF(T) T (l de?’)

Y = 0.15|




v=mH

H — Hgeyp

Udep(H: T) - ?}QEP(T)G H.-i
ep

_ Tdep (1
vparr(H,T) = vpapp(T)e 7

__H )
Hd.ep

Vereep(H, T) = v

creep

(T)e 7

H,ep T4, @nd m are temperature

dependent parameters
- relevance of scaling variables

Tc!ep Hdep #
H

()"

500 1000
H (O¢)

1500




- We have shown thatwhen F =F. =V ~ TV

with a thermal rounding exponent ¢ = 0.15

- We have shown, using proper scaling functions, that depinning
in Pt/Co/Pt can be well described by EW-RM exponents

B=025 =015 p=025 (=125

Many questions!!!

- Why EW-RM exponents? Is there a cut-off?

- What is the origin of the thermal rounding exponent?

- What about the geometrical properties?

- How does de TAFF come into play?

- More on temperature effects: current induced DW motion and Joule heat



velocity

characteristic lengths

thermal rounding

v(f)~TY .-,




thermal rounding .

v(f)~T .-

velocity

equilibrium depinning fast flow
| (f— o)

characteristic lengths

THANKS!
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