
  

Magnetic domain wall dynamics and 
correlated activated events below the 

depinning threshold

Alejandro B. Kolton
CONICET - Centro Atómico Bariloche - Argentina

KITP- NONEQUIL 14



  

Bariloche, Argentina, by Kay Wiese



  

Magnetic domain wall dynamics and 
correlated activated events below the 

depinning threshold

 Driven domain walls in thin film ferromagnets as a 
paradigmatic example of the universal dynamics of 
driven disordered elastic systems (in particular below 
the depinning threshold).

 New phenomena → theory?
 New predictions → experiments?



  

● Thermal Effects?. Universal activated dynamics?
● How good is the minimalistic elastic interface model for concrete 

systems?, Dynamic universality class of domain wall dynamics?
● “Irreversible collective jumps”: statics, depinning, and in between...



  

Pinning dependent field driven domain wall 
dynamics and thermal scaling in an

ultrathin Pt/Co/Pt magnetic film

 J. Gorchon, J. Ferre, V. Jeudy [LPS, Orsay]

 S. Bustingorry, A.B. Kolton [Bariloche]
 
T. Giamarchi [Geneva]

[J. Gorchon etal, PRL 113, 027205, July 2014]



  

Disorder vs Elasticity
A dynamic competition

UP

DOWN

Magneto Optics

Thin films

Response to H in 
the UP direction?

file:///home/ale/Dropbox/charlas/charla_Cordoba/magnetic_domain_walls_ferre_group.avi


  

Mean velocity V vs applied field H and Temperature T ?

V(H,T) = ?

TRANSPORT PROBLEM



  



  

V(H,T)?... does it matter?

   Disorder vs Elasticity → Universality

Interfaces Motion control →  Applications

[in collective transport]



  

Similar Effective Physics
Contact lines in partial wetting
Moulinet, Rolley (Paris).

Rough surface

Fractures
Bonamy, Ponson, Santucci (Paris, Lyon)

Ferroelectric Domain Walls
P. Paruch et al., (Geneva).

Laurent Ponson's talk

Earthquakes models
Jagla, Rosso



  

Elastic String in a Random Medium

equation of motion for u(x,t) ?

file:///home/ale/Dropbox/work/Ezequiel-Alberto/Creep/Movies/realavalanches.gif


  

A minimal model
… to capture the competition between disorder and elasticity 

and to predict the response to a driving field

VS VS

u u u u u u'>u

smoothes distorts and pins pushes

x

[Note: far more simple than a micro-magnetic model... too simple?]

Temperature

file:///home/ale/Dropbox/charlas/KITP/creep_at_high_T_langevin_dynamics.mpeg


  

Do magnetic domain walls in thin films 
behave as simple elastic strings in 

disordered media?



  

Experiment Theory

Qualitatively OK!

… and quantitatively?

Metaxas et al, PRL 2007
Pt/Co/Pt films

● Scaling Arguments
● Functional renormalization group
● Numerical Simulations

Three-reference nonequilibrium steady states

(avalanches)



  

Ultra-slow dyamics: creep
● Scaling Arguments
● Functional renormalization group
● Numerical Simulations



  

Creep Law

U(f)
Sublinear Universal Response 

Nonlinear Transport exponent
From Statics (geometry)

● 1987 Ioffe-Vinokur, Nattermann
● Beautiful scaling arguments, based on Anderson-Kim (1964), 

Langer (1967) ideas, and under strong assumptions (to be discused 
later on!).

Divergentes Barriers (nucleous) →  glassy nature of the ground state

Thermal nucleous scaling with force
From Statics (geometry)



  

Creep Law

F
Sublinear 
Universal 
Response 

Nonlinear Transport exponent
From Statics (geometry)

● 1987 Ioffe-Vinokur, Nattermann

Magnetic DW

Huse-Henley (1985), Kardar (1985)

Quantitative precise
predictions

Thermal nucleaous scaling with force
From Statics (geometry)

EXPERIMENTAL TESTS?



  

A crucial experiment

F

w

Ferromagnetic wire

F ~ H



  

A crucial experiment

F w

F ~ H



  

A crucial experiment

w

CROSSOVER?

Lopt(H*)~w

F* ~ H*



  

A crucial experiment

Lopt(H) ~ w

Interface

Particle

w

Creep exponent: Lemerle et al, PRL (1998).

[wire width] 



  

● The velocity-Force characteristics of Pt/Co/Pt thin film 
domain walls is qualitatively consistent with the d=1 elastic 
string model

● In particular, CREEP motion of Pt/Co/Pt thin film domain 
walls is quantitatively consistent with the prediction for the 
d=1 elastic string model
 

● Universality: micromagnetic descriptions not necessary 
(nor practical) for precisely predicting some relevant 
observables. 

So far...



  

New Questions

● Temperature dependence of the creep law?

● Quantitative analysis at the higher forces?



  

New data!



  

Velocity vs Field vs Temperature

[J. Gorchon etal, PRL July 2014]



  

Creep vs temperature

[J. Gorchon etal, PRL July 2014]

Non-universal intrinsec T dependencies



  

New (old?) regime: “TAFF”

Effective barriers vanish linearly as H → Hdep 

[J. Gorchon etal, PRL July 2014]



  

Theory?



  

Theory?

d-independent linear dependence in a disordered potential (SR): 

M. Müller, D. A. Gorokhov, and G. Blatter, PRB (2001).

To illustrate: 
d dimensional interfaces 
in Periodic potentials, near fc:

DW experiment in a ferromagnetic film

See for eg. Blatter et al, Rev. Mod. 
Phys. (1994). DRG: A.M. Ettouhami, 
Leo Radzihovsky, PRB (2003). 



  

Theory?

A.B. Kolton, A. Rosso, W. Krauth, T. Giamarchi, PRB (2009), PRL (2006).

Linear?

T=0+  Simulations
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Matching with depinning
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Matching with depinning

fit

[J. Gorchon etal, PRL July 2014]



  

Experiment

Numerics

[J. Gorchon etal, PRL July 2014]



  

Summary

Universal magnetic domain wall dynamics beyond the creep regime, up to 
the depinning threshold. Consistency with the 1d-Quenched-Edwards-
Wilkinson universality class. 

To expose this universality in a concrete system we need to first 
disentangle extrinsec and intrinsec temperature dependences. 

Open question: vanishing of barriers behaviour near threshold and its 
posible conection with the thermal rounding of the depinning transition...



  

Looking closer at the universal 
creep motion



  

Creep Law
● 1987 Ioffe-Vinokur, Nattermann

i. Static description of the interface

ii. Energy barriers scale as energy minima 

iii. Existence of typical Barriers

FL

Divergentes Barriers →  glassy nature of the ground state

u(x)



  

Creep Law Assumptions
● 1987 Ioffe-Vinokur, Nattermann
● Equal scaling: energy barriers scale as energy minima → OK



  

Creep Law Assumptions
● Static description of the interface? 

● PRB2000 Chauve – Giamarchi – Le Doussal

FRG picture:

● Depinning like behaviour for 
length-scales larger than the 
typical thermal nucleous.

● Ultra-slow far from equilibrium
motion



  

Creep Law Assumptions
● Static description of the interface?  → Only below thermal nucleous 

● PRL2006 A. B. Kolton, A. Rosso, W. Krauth, T. Giamarchi

Numerics:

● Confirms FRG picture
(down to d=1): 
Depinning roughness
at large scales

●  The depinning transition
is not a “standard” phase 
transition 
[eg. Ising model ]



  

Creep Law Assumptions
● 1987 Ioffe-Vinokur, Nattermann
● Typical Independent jumps assumption: 

How are the distribution and correlations of activated jumps??? 

● E. E. Ferrero [Grenoble]

● L. Foini, T. Giamarchi [Geneva]

● A. Rosso [Orsay]



  

Futile motion problem for f<fc

file:///home/ale/Dropbox/charlas/KITP/creep_at_high_T_langevin_dynamics.mpeg


  ABK, A. Rosso, W. Krauth, T. Giamarchi, PRL (2006), 
E. Ferrero, S. Bustingorry, A. B. Kolton, A. Rosso, Comptes Rendus (2013)

Sidney Yip's talk

Exact pathways of an extended system?



  ABK, A. Rosso, W. Krauth, T. Giamarchi, PRL (2006), 
E. Ferrero, S. Bustingorry, A. B. Kolton, A. Rosso, Comptes Rendus (2013)



  

A sequence of metastable states

Is it unique? Does it represent the 
Low T Steady state?



  

Unique orderded sequence of 
metastable states (T=0+ atractor)



  

Irreversible Activated Jumps (thermal nuclei) 



  

Creep Jumps Distribution

l s



  

Creep theory critical thermal nucleous

l s

The velocity is controlled but the cutoff of a powerlaw distributed activated events



  

Irreversible collective jumps

AVALANCHES:
Between metastable states visited at T=0 (Middleton atractor) by 
quasistatically moving w 

CREEP JUMPS: 
between metastable states visited by the optimal path in the T → 0 limit 

STATIC SHOCKS:
Between global minima visited at T=0 by quasistatically moving w.



  

Temporal correlations between jumps
Static Jumps 

(f=0, T=0)

Depinning Avalanches 

(f=fc, T=0)

Creep Jumps 

(f<fc, T>0)
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Creep jumps



  

Static shocks



  

Depinning avalanches



  

Geometry & Transport

ABK, A. Rosso, W. Krauth, T. Giamarchi, PRL (2006), PRB (2009) 
E. Ferrero, S. Bustingorry, A. B. Kolton, A. Rosso, Comptes Rendus (2013)

Critical 
Fluctuations
here?



  

Conclusions

Universality in Domain Walls Dynamics (Pt/Co/Pt films) below the 
depinning threshold. Consistency with the QEW universality class. 

Creep law: Typical thermal nucleous controlling the creep velocity 
identified as the cutoff of power-law distributed thermally activated 
jumps.

Correlations: Activated jumps have strong temporal and spatial 
correlations, compared with depinning avalanches or static shocks... 



  

T→ 0 Steady State: one particle



  

T→ 0 Steady State: one particle



  

x*

x*
Determina todas las propiedades 
del estado estacionario a baja T 
en un sistema periódico finito

Is the same valid for the
elastic interface?

Low Temperature Steady State: 
one particle



  

T→ 0 Steady State: one particle

Can we do the same for the
elastic interface?



  

Theorems: interfaces of dimension d in d+1 
with convex elastic energy, not neccesarily 

harmonic nor local



  

Dominant configuration f<fc



  

A theory for Elastic Manifolds in 
Random Media

● Scaling Arguments
● Functionar Renormalization group
● Numerical Simulations

E. Ferrero, S. Bustingorry, ABK, A. Rosso, Comptes Rendus Physique (2013)

String, d=1



  

Creep Law (more rigourous)

● 2000 Chauve, Giamarchi, Le-Doussal

Average over thermal and quenched disorder can be done → Field theory action

donde This function is renormalized
→ FRG (D. Fisher)



  

Polar magneto optical Kerr effect

Kerr Microscope

Peter Metaxas, PhD thesis (2007)



  

Bloch Wall



  

Thermally Assisted Flux Flow
● 1964 Anderson-Kim [TAFF] F

Exponentially small response but lineal …

Vortices drive F ↔ J (current)



  

Polar magneto optical Kerr effect

Peter Metaxas, PhD thesis (2007)



  

Peter Metaxas, PhD thesis (2007)

Sputter deposited by 
Romacq and Balts 
(Grenoble)

> MS, mejor señal Kerr
Hc es porporcianal al desorden



  

10-8s < t < 104s

Peter Metaxas, PhD thesis (2007)



  

Peter Metaxas, PhD thesis (2007)



  

Current Driven Domain Walls

T = 95K

J

J

2m track (B8P47)
J. Curiale et al, PRL 2013



  



  

A mechanism for spatial and temporal earthquake clustering
E. A. Jagla, A. B. Kolton, J. Geophys. Res. 115, B05312 (2010)

Interface (fast) Relaxation or contact aging (slow)

k1

Disorder seen only 
by r' block



  

A mechanism for spatial and temporal earthquake clustering
E. A. Jagla, A. B. Kolton, J. Geophys. Res. 115, B05312 (2010)

Rock Friction Experiments (Lab scale) Modified Depinning Model 

Original Motivation: Frictional properties of the model



  

A mechanism for spatial and temporal earthquake clustering
E. A. Jagla, A. B. Kolton, J. Geophys. Res. 115, B05312 (2010)

Gutenberg-Richter OmoriEVENTS
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