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MOTION OF AN ELASTIC INTERFACE
IN A WEAKLY DISORDERED SYSTEMS

f ——-
" Universal behavior:
different physics at the microscopical scale,

- ssensinsame description at the macroscopical level ?

To what extends interface motion can be
used to address some general problems in

Domain walls Domain walls Fluid i i
in ferroelectric films ~ in ferromagnetic films MIKL I BEiason iid _
statistical physics ?

meniscus

Fluid wetting

Bacteria colonies
1D interface, 2D medium; similar
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FORCE DRIVEN MOTION OF AN INTERFACE: BASIC IDEAS

Velocity

Force

-
-e"”
-

f ' Force: magnetic field
dep or electrical current

Magnetization reversal, depinning, current

P. Chauve et al., PRB (2000), T. Giamarchi et al., Lect. Notes Phys. (2006),
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OUTLINE

1- MAGNETIZATION REVERSAL IN FERROMAGNETIC THIN FILMS
2- THE CREEP REGIME AT CONSTANT TEMPERATURE

3- THERMAL STUDY OF PINNING DEPENDENT REGIMES

4- DOMAIN WALL MOTION DRIVEN BY AN ELECTRIC CURRENT
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1- MAGNETIZATION REVERSAL IN FERROMAGNETIC THIN FILMS

- Pinning strength

- Magnitude of the driving force

- Method for DW velocity measurement
- DW dynamical regimes
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STRONG PINNING DISORDER: NUCLEATION

Polar MOKE image:
FePt thin film ® H

e DW propagation impeded
by DW pinning

e Magnetization reversal
dominated by nucleation

J.P. Attané et al., PRB (2010) GDR Phenix 2014 6



WEAK PINNING DISORDER: INTERFACES PROPAGATION

DW thickness
A= 1 —10nm
Polar MOKE
Pt/Co/Pt film thin
H=0.06H,, ® H

» Magnetization reversal
dominated by DW propagation
* Pinning=> DWs are rough

10pum

M. Bauer et al., Phys. Rev. Lett. (2005) Epn e kg 7



MEASUREMENT OF DW VELOCITY

Magneto-optical Kerr microscopy and magnetic field pulses

530 um

|
u

0 Time (us) 3

‘ Before Pulse field

Average velocity= DW displacement/pulse duration s

Limits :
e multiple nucleation at high field

e Strong and extended pinning defects GaMnAs T=40 K




VERY WEAK PINNING DISORDER : FLOW REGIMES

30 I I I I

< | y e Dynamics

E |} st = ay / ' - Controlled by dissipation

= 204 7 - Depends on the magnetic structure of the
3 7 o = AT domain wall

% N f 27 = omain wa

g r\- ~ Different regimes

0 ﬁ,_ d T=80K g - Steady : fixed direction of magnetization M

0 - Precessionnal : rotation of M

0 50 100 150 200
pH (mT)

(Ga,Mn)As 50nm thick film with PMA

A. Dourlat et al., Phys. Rev. B. (2008) GDR Phenix 2014



WEAK PINNING DISORDER:

60 - —o—t=0.5nm
—a—t=0.8nm

20 -

0 "~ sod | 1000 1500
H(Oe)

H..{0.5nm) H,i{0.8nm)

Pt/Co/Pt ultrathin film with PMA

P. Metaxas et al., Phys. Rev. Lett. (2007)

HIGH FIELD FLOW REGIME

Ty

“Hy H
Larger pinning strength =

The steady flow regime is hidden by pinning
depend motion.
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ROUGHTNESS AND VELOCITY

Creep Flow

L} L L

PeiCo/Pt
ultrathin films

Creep: rough domain walls
Flow: smooth domain walls

P. Metaxas et al., Phys. Rev. Lett. (2007)



2- THE CREEP REGIME AT CONSTANT TEMPERATURE

- Theoretical predictions and experimental results
- Controlling domain wall creep
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CREEP REGIME: BASIC MODEL AND PREDICTIONS

Free energy of a DW segment of size L
2,
Size L EGE we)l="e uT EpmUn/ sl MSHELY

elastic  pinning Zeeman

DW ¢ ¢ correlation length of the disorder

|
lu[X) i n;: density of pinning centers
X €. = 4VAKt : elastic energy

A= \/A/K : domain wall thickness

Predictions

Pinning control parameters e 4 el L TdTep (H il{ep)”
Larkin length Lc T Felastic (Lc' S;) B Fpinning (Lc» E) Ve OClty' vcreep B vcreep &
Depinning field Hdep N Fpinning (Lc: 5) = FZeeman(Lc: E) Roughness: L 2¢
Depinning temperature KgTgep = Fpinning (Le, €) w(L) = (((u(x + L) —u(x))?))a <L_)

c

with u = 1{4 ands' = 2(3

S. Lemerle et al,, Phys. Rev. Lett. (1998) GDR Phenix 2014 13



CREEP REGIME : DW MOTION IN Pt/Co/Pt ULTRATHIN FILMS

Creep exponent Roughness exponent
H (Qe)
01000 100 20 10 3 2 2ttt 1 — 1 —1—1
: m:ggzmm 15“ ......... (=: 9-69‘i 0.07
L 0- = PUCo(0.7 nm)Pt NN N
CO o Pﬂc.n{ﬂ_ﬂnm}fpt . 1.5""';'}' ......... - ...... i.*i..l*; ........ 4
Pt > S O A S R L
Substrate: £ -104 g rafee SR T I S S 2¢
Si/SiN SR L
20- SRR be
10' _Ié 1!0 155 2:{) EIS BII‘J 3!5 40
-30 0'2 DI4 T DIE " DIB " 10 measurament numbear
H‘IH{C.M—"‘]

Ultrathin Pt/Co/Pt films:
experimental model system to investigate the elastic
interface motion in a weakly disordered systems

Both scaling laws are compatible
with theoretical predictions

S. Lemerle et al,, Phys. Rev. Lett. (1998), P. Metaxas et al., Phys. Rewv. Lett. (2007) GDR Phenix 2014 14



CONTROLLING DOMAIN WALL CREEP

Irradiations by ion beam

10° [ irra;:liated
Pt/Co(0.5 nm)/Pt W is) " virgin
10°
Pt
Co 10°¢
Pt
Substrate: 10°
Si/SiN
107"

2.0 e B
(Haep/ H)m
Low dose He* irradiation
= Co and Pt intermixing at the interface: alloying of the Co and smoothing of the nano-irregularities
= reduction of the pinning strength

J. Ferré et al,, phys. stat. sol. (a) (2004), P. Metaxas et al., JAP (2012) GDR Phenix 2014 15
]. Ferré et al. J. Phys. D (2003)



CONTROLLING DOMAIN WALL CREEP

IHI (Ce}
0.1

Creep in presence of an interlayer coupling
0[5 ;

s

Pt

_E:
bo ?rf 174 L
[H+H J| (Ce ™)

Injv]|

Pt

Dﬂﬂ:j

Pt
20

15

1.0

J

- Effective coupling field: H i o

P. Metaxas et al. ]. Mag. Mag. Mat. (2008),

- Coupling between the two Co layers (RKKY, dipolar interaction)

Other studies at the LPS:

Periodic pinning potential

DW deroughening due to dipolar
interactions

P. Metaxas et al., JAP (2012) GDR Phenix 2014
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3- THERMAL STUDY OF PINNING DEPENDENT REGIMES

GDR Phenix 2014 ik



COULD WE BRIDGE THE GAP BETWEEN THE CREEP AND THE FLOW REGIME ?

velocity

- Single or different regimes?
- Universality?
- Prediction for the depinning transition :

v~(H - Hdep)ﬁand v(Hdep)~T‘/’

7 FLOW

(DEPINNING,/

-____r‘____/"

S. Bustingorry et al., Euro Phys. Lett. (2008) GDR Phenix 2014 18



FIELD DRIVEN DOMAIN WALL DYNAMICS FOR DIFFERENT TEMPERATURES

120
_ - T N = shifts of the curves towards the
90 L high field region.
g - - Nature of the dynamical regimes ?
30 |
O ; 1 M- e, SR cRIE,
0 500 1000 1500

H (Oe)

J. Gorchon et al., submitted to Phys. Rev. Lett. GDR Phenix 2014 19



IDENTIFICATION OF PINNING DEPENDENT REGIMES

T=300K

T=50K

0.15

020 025 030

(b)

H(Oe)

Cross over fields: H;_7(T) and Hge, (T)
Fit of the creep law = Ty, (T) and vgpeep° (T)

J. Gorchon et al., submitted to Phys. Rev. Lett.

e Creep:H< H _t
Tdep<Hdep>1/4

Ucreep (H,T) = Vcreepo (T) eyl 7

4 TAFF 3 HC—T < H < Hdep Thermally Activated Flux Flow

& Tt;ep/ B )
Vrarr(H,T) = vrapp® (T) € " Haep

* Depinning:H = H 4.,

* Flow:H > Hye,
m=——DH™* LW Chen etal. PRB51 (1995)

P.W. Anderson and Y.B. Kim, Rev. Mod. Phys. (1964) pR Phenix 2014 20



IDENTIFICATION OF PINNING DEPENDENT REGIMES

[
120 k = 3 pinning dependent dynamical regimes
90 |-
/a B
E 60 - Parameters controlling DW dynamics
E

i Hdep (T), Tdep (T)

Velocities
- Mobility in the flow regime: m
- Creep prefactor : Veyeep® (T)

1500 - Velocity at the depinning transition: V(Hdep (7))

0 50 1000
H (Oe)

GDR Phenix 2014
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DEPINNING TRANSITION

¥ Rescaling with f = 0.25
-"Prediction v(Hy.,) = mH zzp (%) 2 'B =
with i = 0.15 i G 1.5F 13}323*
By *

(d) " -- IR |
0.20 | ; =10t Ag*?
e o =

)
3
T e e R .- "B 05} ‘,
- NSRS Pee” ]
e o 3] ? I I «:’f}f o
0.10 B —
: -- | AT 0 2
2 | s | n | H Ll Hdep T ll}/B
0 100 200 300 v o =
T (K) dep dep

= Universality of the depinning transition

S. Bustingorry et al., Phys. Rev. B. (2012) GDR Phenix 2014 22



CREEP PREFACTOR

Creep law
_T_CWB(Hdepr
Ucreep (H,T) = vcreepo (Tley i 5
80— :
| The creep pre-factor is temperature dependent.
() 60 I 7| Td
] | 0(T) =£e T with C ~ 1.04 + 0.02
S SRR ()—;e T withC = 1.04 + 0.
5 40l {
: _ | for & = 19nm, t = 1ns close to typical relaxation time.
T :
_ . 1 1 cldep
= Effective attempt frequency : ==-e T
O N 1 h 1 n 1 n TEff T
0 20 40 60 80 Tgep N = more time is spent for the exploration of surrounding
Tdep /T pinning sites
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MICROSCOPIC PARAMETERS CONTROLING DW PINNING

gt v et b a e e O > Free energy of a DW segment of size L

2

F(L,u) = €, uT E€pinU/NiEL — M HtLu

/\/\I\/_\ DW elastic pinning Zeeman

=u(x]
>
X
Larkin length L, 6 €ciim (kBTdep)2/(1‘/151"1dept)f3
Depinning field Hg,,, = Epinz ] [(kBTdep)(Mstept)f]/A
Depinning temperature kgT,,, e (kBTdep) /[( MsHaep t) 5]

e Sample characterization = elastic energy €, and magnetization at saturation Mg
e Eg. 1= corelation length of the disorder £(300 K) = 19 nm
~ lateral size of Pt crystallites determined by AFM = ¢ is T-independent.

GDR Phenix 2014
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THERMAL SCALING OF THE LARKIN LENGTH

Predictions :
1/¢ AgAy i
L(T) = L,° <1 Sl ) i ,-’f
Taep ! .'+'/ L
with ¢ = 0.20 ol c 4

Thermal crossover exponent

L./ A (nm)
St
S|
&
“’5\

Tdep (T)and Hdep (T) =) Lc (T)

\®)
)

T T T T T
Jxe

A Fit = L. = 25+ 2nm and
s B e i ¢ =0.24 + 0.05
IR TtK)z(l)o 300

good agreement = universal thermal dependence of the Larkin length

T. Nattermann et al. PRB 42 (1990), S. Bustingorry et al. PRB 82 (2012), . sl
E. Agoritsas et al. PRE 87(2013). GDR Phenix 2014



CONCLUSION ON THERMAL STUDIES AND OPEN QUESTIONS

e 3 pinning dependent regimes :

creep, TAFF and depinning

500
H (Oe)

The creep pre-factor is temperature dependent.
Origin ?

Depinning transition: universal thermal scaling
exponenty = 0.15

Larkin length: universal thermal exponent ¢ = 0.24
TAFF regime : universal? Origin ?

and...

GDR Phenix 2014
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4- DOMAIN WALL MOTION DRIVEN BY AN ELECTRIC CURRENT

GDR Phenix 2014 29



CURRENT DRIVEN DW MOTION IN A TRACK

DW motion due to a spin transfer torque
between the spin of the carriers and the
local magnetization.

J[10° A/m?

K.-J. Kim et al., Current Appl. Phys. 13, 228 (2013)

Tdep
T+aj?

€

Hdep
H +b]

SR

ol

vV = Vg with u =

Same creep exponent as for field-driven DW motion
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CURRENT DRIVEN DW MOTION IN EXTENDED GEOMETRY

t=0s ZOHnn 4hr At =3min
- Different roughness
exponent: {y = 0.68 £+ 0.04

@) w - Correlation between the DW
J = 10%°4 /m? - | AR :5: velocity and its shape
1 {;=099+0.01
H = 1mT e
100 um - © — | - Physics of the formation of
e the montains ?
t=0

=0s 10min 20min

Pt/Co(0.3)/Pt

K.-W. Moon et al., Phys. Rev. Lett. 110, 107203(2013) GDR Phenix 2014
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CONCLUSION

- Ultrathin Pt/Co/Pt films:
Model system to investigate the elastic interface motion in a weakly disordered
systems

- Thermal study:
- Evidence of 3 distinct pinning dependent regimes : creep, TAFF, and depinning
- Determination of the universal scaling laws for the depinning transition
- Extraction of (non-universal) microscopic length and energy scales

PERSPECTIVES
- Transient creep regime
- Current induced DW motion
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