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These are the publications relevant for my talk today.
These numbers, 84, 88, etc are the numbering in my publication list.
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We first give a brief introduction to the domain-wall dynamics, then focus on the depinning transition 
and relaxation-to-creep transition



Domain-wall dynamics in magnetic devices, 
nano-materials, and semi-conductors etc

Science  317,  1726 (2007)
320, 190 (2008)                    

Phys. Rev. Lett. 108, 247202 (2012)
109, 167209 (2012)
106, 087204 (2011)
102, 045701 (2009)
101, 207203 (2008)
98,  255502 (2007)

Phys. Rev. B 80, 214426 (2009)
80, 052409  (2009)
78,  161303 (2008)

It plays a key role in field-induced and 
Current-induced magnetization reversal  
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In recent years, there have been many activities devoted to the domain-wall dynamics in different fields such as in magnetic devices …
The domain-wall dynamics plays a key role in the understanding of the field-induced and current-induced magnetization reversals etc.



Domain-wall motion in ultra-thinmagnetic films
Phys. Rev. Lett.  80, 849       (1998)                                  

Nattermann et al
Phys. Rev. Lett.  90, 047201 (2003)

87, 197005 (2001)
Phys. Rev.  B  59, 4260      (1999)

Kleemann et al
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89, 137203 (2002)

Phys. Rev.  B   70, 134108 (2004)
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Quenched disorder and external magnetic field
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Another example is the domain-wall motion in the ultrathin magnetic films.
Here we emphasize the dynamic effect of disorder, and the dynamic response to the external fields.





Experiments of ultrathin magnetic films 
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Macroscopically, domain-wall may propagate and roughen



Experiment of magnetic domain wall
Propagation Roughnning
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Driven by an external field, the domain wall may propagate. Under certain conditions,
it may also roughen.



Schematic domain walls 
in magnetic nano-wire, strip, film



Microscopically,

Domain wall may move and create overhangs and islands

演示者
演示文稿备注
In general, the magnets should be three dimensional vectors. 
Under some conditions, or for simplification, the magnets could be reduced to scalar fields or Ising spins.



Random field Ising model

T = 0
H = Hp

Macroscopically,  domain wall may propagate and roughen
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These snapshots are from numerical simulations of the rfim    
Initially, it is a perfect wall



Four states of domain walls
* Relaxation, creep, slide, switch

Dynamic phase transitions
* Relaxation-to-creep 
* Creep-slide 

(at zero temperature, depinning transition)
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The simplest quantity in the domain-wall motion is the velocity of the domain wall.
A more complicated one is the complex susceptibility
Depending on the parameters of the system such as temperature, disorder and external fields,
different states of domain-wall motion may be identified in the cole-cole plot.
When the external field is very strong, all spins may be flipped easily up and down. This is the switch state. 
When the external field is less strong, the domain wall slides.
When the temperature is non-zero, a creep motion is activated, even for not so strong external field.
When the field is weak enough, and driven by an oscillating field, the domain wall may only relax microscopically without macroscopic movement.




Theoretical approaches
I.   Quenched Edwards-Wilkinson equation (QEW)

simple and phenomenological

II.  Lattice models + Monte Carlo simulations

more realistic, but dynamics is approximate 

III. Molecular dynamics simulations

more fundamental

* Landau-Lifshitz-Gilbert equation (LLG)

*    theory4φ
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Roughly speaking there are three levels of theoretical approaches.
EW equation does not include microscopic structure and interactions, especially, it does not describe the relaxation state and the relaxation-to-creep transition.
For the vector magnets, we have the llg equation, and for the scalar fields, …



• Microscopic lattice models

• Monte Carlo simulations and molecular dynamics 
simulations

• Depinning transition and relaxation-to-creep 
transition 

• Non-steady state

Our Motivation
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Pinning-depinning phase transition
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If the material is perfect, a small external field could induce the domain-wall movement. With quenched disorder, however, it occurs the so-called pinning phenomenon.
Only when the external filed is strong enough, the domain wall starts moving.



Random-field Ising model
Phys. Rev. B80 (2009) 134425

Dynamics: 
Monte Carlo simulation at T=0

Initial state:  
a perfect domain wall with v=0
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We first apply the rfim to study the depinning transition.



Typical method: 
Finite-size scaling in steady state

Our approach:
Dynamic scaling form in non-steady state  

(i.e., Short-time dynamic scaling form)
E.g., at Tc, how the velocity relaxes to zero

The measurment does not suffer from critical slowing down
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The typical method in numerical study of the pinning-depinning transition is based on the finite-size scaling at the stationary state.
It is rather difficult due to critical slowing down, and overhangs and islands.
We would like to directly study the time evolution of the domain-wall in the non-steady state.






Random field Ising model

T = 0
H = Hp

Macroscopically,  domain wall may propagate and roughen

演示者
演示文稿备注
These snapshots are from numerical simulations of the rfim    
Initially, it is a perfect wall



• Height function is not unique, e.g.,

• Average velocity of the domain wall

• The scaling form of the velocity

At transition point
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Due to the existence of overhangs and islands, the definition of the domain wall is not unique.
To some extent, the definition with the magnetization maximally suppresses the effect of overhangs and islands, 
but overhangs and islands still contribute since they dynamically evolve with time.
For the relaxation process, we have the so-called short-time dynamic scaling





• Roughness function 

• Fluctuation ratio
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• Height correlation function

• Logarithmic derivative 
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Here we summarize the exponents for the QEW and Ising model.
The difference is 10 to 30 percent, and it indicates that they are not in a same universality class,
Contradicting the traditional view.
especially \zeta_loc of the ising model is smaller than 1, compatible with experiments



Dependence on the strength of disorder
* weak universality
* close to QEW equation for weaker

disorder except for the exponent     , but 
crossover to a first order transition

Overhang and island play a crucial role
They are also critical

Phys. Rev E82 (2010) 031139

ν

演示者
演示文稿备注
Further, we study the dependence of the domain-wall dynamics on the strength of the disorder.
We emphasize that the overhang plays a crucial role, more or less responsible for the violation of strong universality.





Height function defined with the envelop
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Why is it different from the EQW? 
The definition of the interface remains ambiguous, due to the existence of overhangs and islands.
The dynamics of overhangs and islands are not touched at all.

The dynamic effect of overhangs and islands is maximally taken into account with the envelop,  while minimally with the magnetization, to some extent.



Overhang height function and velocity

Overhang size and velocity reach maximum
at the depinning transition point, and the 
velocity has no correlation in y direction 

The overhang dynamics is also critical, and 
one needs another set of exponents to describe 
the overhang dynamics
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The overhang velocity is not correlated in the y direction, although the overhang height function itself does.





theory [EPL 99 (2012) 56001]

Initial states:  
a perfect domain wall with v=0
zero kinetic energy π=0
the total energy differs  from that of the 

ordered state only by the domain wall 

4φ
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To further understand the domain-wall dynamics, especially the universality class of the depinning transition,
We perform molecular dynamics simulation with the \phi^4 theory.



Dynamics:   
Hamiltonian equation conserved energy.

In the thermodynamic limit,  it corresponds to 
the temperature close to zero, i.e., T=0. 

Time discretization:

with  
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To further understand the domain-wall dynamics, especially the universality class of the depinning transition,
We perform molecular dynamics simulation with the \phi^4 theory.
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Sine the variable now is continuous, the islands are almost completely suppressed,
but a sort of overhangs remains



Pinning phenomenon





Main results
*        theory does describe pinning 

phenomenon and depinning transition
* The universality class is rather different 

from that of the Ising one, although         is 
similar, compatible with experiments

locς

4φ
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Direct measurements of other exponents seem difficult.
But the global roughness exponent \zeta in other interfacial systems 
can be smaller or larger than 1
Here we should emphasize that for equilibrium phase transitions, \phi^4 theory and ising model belong to a same universality class,
But it is not the case for dynamic phase transition.



*  Why are QEW and DRFIM in different 
universality classes?

Answer: overhangs and islands
*  Why are DRFIM and      theory in 

different universality classes? (In contrast to 
equilibrium phase transitions)

Answer:  at zero temperature,  dynamic 
mechanisms for domain wall motion are 
restricted

Question: Langevin equation? Others?

4φ



The vector model
The XY model and Heisenberg model do not 

describe the pinning phenomenon, although a 
discrete vector model, i.e., the clock model does

How to simulate the domain-wall motion of 
vector magnets with Monte Carlo methods, 
especially the depinning transition, remains open

Landau-Lifshitz-Gilbert equation may be 
a solution
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p-state model with random-fields
Phys. Rev. E 86 (2012) 031129

Initial state:  
a perfect domain wall with v=0
now also with an orientation





The p state clock model [Phys. Rev. E 86 (2012) 031129]



Summary
• Based on the short-time dynamic approach, we 

determine the critical exponents of the depinning 
phase transition for various lattice models with 
Monte Carlo and molecular dynamics 
simulations

• These lattice models and QEW equation are not 
in a same universality class, since overhangs and 
islands are important

• The numerical values of the local roughness 
exponent of the lattice models are compatible 
with the experimental results
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Creep motion is activated by temperature, 
different from sliding driven by external fields

Characteristic behavior is

Since v is small, measurement in the steady state 
is difficult 

Experiment:        is between 1/4 and 1
QEW:             

µ
1=µ

演示者
演示文稿备注
Stretched exponential form



Random-field Ising model
EPL 98 (2012) 36002

Monte Carlo simulation at steady state
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At \Delta=1, the results are consistent with that of the QEW.
These results are compatible with those in experiments.
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The linear behavior shows that the stretched exponential form is correct.



Relaxation-to-creep phase transition



Experiments of ultrathin magnetic films 



KTiOPO4

Cole-Cole plot for Relaxation-to-creep transition
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In the experiments, the relaxation state is indicated by a semi-circle, while the creep state is described by a linear function.
Up to date, there is no theory for the relaxation-to-creep transition



Random field Ising model with ac external field

( )0 cosH H i tω=with an ac external field 
at low temperatures
at low field H_0 = 0.01

The stationary state

N.J. Zhou, B. Zheng and D.P. Landau, 
EPL 92 (2010) 36001



The stationary state
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Again, we use the magnetization to describe the domain interface. Here is a figure about the dynamic oscillation of the magnetization under the external field.
There is a phase shift for the magnetization. The phase shift and the amplitude are frequency and tempearture-dependent.



The complex ac susceptibility
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In creep regime:
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\chi’ describes the motion without phase shift, while \chi’’ represents the motion with the maximum phase shift, \pi/2.
With \chi’ and \chi’’, we can calculate the amplitude and phase shift of the magnetization.
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There are two characteristic frequencies, 
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At f1, the amplitude transits from temperature-independent to temperature-dependent. The latter is the indication of the creep motion.
For f<f1, the phase shift continues to decrease. This an indication of relaxation state. At f2, the phase shift reaches minimum, transits to the creep state.



Summary
• With Monte Carlo methods, the creep motion 

and relaxation-to-creep transition of a domain 
wall is investigated for the random field Ising 
model

• For the creep motion, the exponent      changes 
with the disorder strength, compatible with the 
experimental results

• For the relaxation-to-creep transition,  the Cole-
Cole plot in experiments is obtained

µ



Outlook
How to simulate the depinning transition 

and relaxation-to-creep transition in the 
domain-wall motion of vector magnets with 
the Landau-Lifshitz-Gilbert equation
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