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Ferromagnetic resonance: the Kittel equation

* Observed in a ferromagnet in the microwave frequency range
* Uniform magnet field H and a transverse high-frequency field H’
* The torque T’ = m x H’ compensates for the damping

< dm/dt = v(m X Bjpny)

Bint — ,LLOHint — ,UO(Hea:t + Hd)
H,; = —po|Nymgyey + Nymye, + N, (m, + M;)e,]

dm.,

o = Hov(myHz — MHy) = puoy[Heat + (Ny — N2 ) Ms|m,

dm

TS gyt MH,) = o Hess + (N, = N Mo,

General solution wi = pdv?[Hext + (Nz — N,)M|[Heze + (N, — N,) M|

Ina PMA film (add K, Nszy:O) wo = poY|Heat + 2K1/puoMs — M)
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Ferromagnetic resonance: the damping

X [H, ! Mg]

* Damping is the source of dissipation
* The susceptibility X is complex
* By the width of x", the damping a is estimated
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Spin waves as a collective motion

:\2 I e g: ol .
& Wien ! Spin wave and magnon

Animation: Prof. Dr. D. Bozhko

Nanomagnetism and Magnonics | Andrii Chumak Basics of spin waves Vienna, 19.11.20 Page 14

Credits: A. Chumak, Introduction o spin waves (https://www.youtube.com/watch?v=V5b48utfpMQ).; Animation: D. Bozhkko
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Spin waves: exchange constant estimation

* Useful for estimate exchange constant A

HDC
| * Depend on the material thickness

H =Hp; - Mg

10P Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 48 (2015) 015001 (5pp) doi:10.1088/0022-3727/48/1/015001
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Spin dynamics

Simple description of the DW motion in nanostrips/nanowires
1) the coercitive force is low, easy DW propagation
2) the structure is largely defined by magnetostatics

Transverse wall
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;
(b)
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From A. Thiaville and Y. Nakatami,

7/ is the DW width

"Domain-Wall Dynamics in Nanowires and Nanostrips”,
In B. Hillebrans, A. Thiaville (Eds.): Spin Dynamics in Confined Magnetic Structures I1,
Topic Appl. Physics 101, 161-205 (2006)
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1d model: domain wall structures
2a) Phase diagram of stable domain structures T‘
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Domain wall dynamics (1D)

3) LLG in spherical coordinates

0 0p = —
o sinbo toMgsinb 0@
: a0 OF

af — sinbo = ol 50

4) Use Collective-Coordinates & the Bloch profile

} 0(x, 1) = 2 arctan {eflfp [i (x _A(J(t))] }

___________________________ ¢spherical($7t) — ¢p'r0file(t)
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Stationary solution

5) With an applied field H , there is precession and DW translation

: AT SIn2¢
= H,+H
TR A
: Yo SIN2¢
S H, —aH
v Ty a [ KT ]
K = (Ko + Ksin?¢) L4
K =1/2u0M2(N, — N,); N, << N, /< e
Hi = -3 Kis the DW shape anisotropy 1 [~} |
H%<—
6) Stationary solution ’
- S1N2 , 2H
»=0= H, =aHg ¢:>szn2qb*: &
OéHK

G. Durin ESM 2021, Cluj-Napoca (Romania)



Spin dynamics 1D model
Domain wall dynamics Creep dynamics
Hysteresis phenomena Barkhausen noise

The Walker breakdown

7) Stationary solution for H < H

, . 2H ., H, * Non-zero wall magnetization angle
Sin2¢" = — * Constant wall velocity
OéHK HW .
oA * Compensation between shape DW
q = ——1a anisotropy and the external field

* The DW magnetization angle precesses

* Drop in the DW velocity

* No compensation between the shape DW
anisotropy and the external field

G. Durin ESM 2021, Cluj-Napoca (Romania)
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The Walker breakdown
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The Walker breakdown with DMI

The Walker breakdown is now much larger

Hw = a5 Hpumr

140§

120F (H’) 7
— D=0.5 mJ/m

100 — D=0.0 mJ/m?

. —

DW velocity (m/s)

What about larger fields?

G. Durin ESM 2021, Cluj-Napoca (Romania)



Spin dynamics 1D model
Domain wall dynamics Creep dynamics
Hysteresis phenomena Barkhausen noise

The flow regime

vV I—b Walker breakdown

- H,
HW
- - -
Steady Precessional
regime regime
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Domain wall dynamics in real systems
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Domain wall dynamics in real systems

Hw > Hyuax H

==

H* /N
Hmax HW

The creep regime usually hides the WBI

G. Durin ESM 2021, Cluj-Napoca (Romania)



Spin dynamics 1D model

Domain wall dynamics Creep dynamics
Hysteresis phenomena Barkhausen noise
Domain wall dynamics in real systems
60 —

'+ Pad Co/Ni with PMA
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Disorder and vertical Bloch lines destroy smooth motion
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Domain wall dynamics in real systems
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Mumax3 + disorder
(@University of Salamanca)

G. Durin

e d=10nm
« perfect film

- experimental data
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The (slow) creep regime

nature Vol 458(9 April 2009|doi:10.1038/nature07874

LETTERS

probe laser

Interdimensional universality of dynamic interfaces

Kab-Jin Kim', Jae-Chul Lee'*, Sung-Min Ahn', Kang-Soo Lee', Chang-Won Lee’, Young Jin Cho”, Sunae Seo”’,
Kyung-Ho Shin?, Sug-Bong Choe' & Hyun-Woo Lee*
magnetlic field for DW propagation

* DW propagation in a PMA material Ta(5)/Pt(2.5)/Co,,Fe,,(0.3)/Pt(1)

* Measurement of the time arrival over 40 pm (10 ms - 1000 s)

* Wire widths from 4 - 150 ym
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Prepare for creep: saturate the sample

b
H\f‘f\_x S 1 wrting laser
- " o ~
s e - it
S\N=— 2 T o
5 e
4]
LU H
é 0 RW?J" LSl U Ut e e
sufficiently large magnetic field 0 1'[1 2'{] 3'[1 4'{] R0
to saturate the magnetization Position {um)
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Ready for creep: nucleate and propagate

writing laser
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The (universal ?) HY* law

_al i . .
4.2 um 1.4 pm 756 nm 499 nm
12l
=-16¢ X -
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‘gr i 1 1
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Figure 1| Nonequilibrium criticality of DW speed along ferromagnetic
nanowires. Data are shown for different wire widths: 4.2 um (a), 1.4 pm
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The H** law: after rescaling (I)

® 4.2 pum
1.4 pm
756 nm
499 nm
392 nm
270 nm
199 nm
159 nm

In(V/V,)

G. Durin ESM 2021, Cluj-Napoca (Romania)



Spin dynamics 1D model
Domain wall dynamics Creep dynamics
Hysteresis phenomena Barkhausen noise

The HY* |law: afTer rescaling (IT)

b
1.0 e K
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DW motion in CoFeB wires

X Rough DW + edge pinning
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DW motion in CoFeB wires

(0 ( X Rough DW + edge pinning

G. Durin ESM 2021, Cluj-Napoca (Romania)
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CoFeB wires: signature of edge pinning

0 [ on— | | J o
= 0 N%G’\ Hieo =78 mT - 0 =
. 9
% o \b’m
E 20pm wire B %"3.
= -14 - -
(=) g
£ 04 0.8 1.2 1.6 0.4 0.8 1.2
HoH(mT)"
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The creep regime

creep
regime _ v(f- fp)ﬁ

B
f
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The creep regime: early experiments

PHYSICAL REVIEW LETTERS 26 JANUARY 1998

VOLUME 80, NUMBER 4

Domain Wall Creep in an Ising Ultrathin Magnetic Film

S. Lt&:mer]e,1 J. Fn:rrfi,1 C. Cl'l.ap];v::rt,2 V. Mathet,” T. Giam:-nrnchi,1 and P. Le Doussal’
! Laboratoire de Physique des Solides, URA CNRS 02, Batiment 510, Université Paris-Sud, 91405 Orsay, France
*Institut d’Electronique Fondamentale, URA CNRS 022, Batiment 220, Université Paris-Sud, 91405 Orsay, France
SCNRS-LPTENS, 24 Rue Lhomond, 75230 Paris Cedex 05, France

Experiments on PMA P+/Co/Pt v~ ea:p(—H_l/4)

= i ! : : . :
-15 __.......-..i,-.........,::...........?......-----E....-..i,i.............E-.........--

: : : C ey
.20 ,;,1;‘.'? ......... 1

| : 5 : 5 P

-25 i i ! ‘[ i i

FIG. 1. Typical magneto-optical image (size 90 X 1 1.2 14 16 1.8 2 22 2.4
to {”H}nd {kCle_”‘)

72 pm?, A = 638.1 nm). The gray part corresponds

the surface swept by the domain wall during 111 ws at 460 Oe

(' = 23°C). The dark part is the original domain. FIG. 3. Natural logarithm of MDW velocity as a function of
(1/H)"* (room temperature, H = 955 Oe).
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The creep regime: early experiments

VOLUME 80, NUMBER 4 PHYSICAL REVIEW LETTERS 26 JANUARY 1998

Domain Wall Creep in an Ising Ultrathin Magnetic Film

S. Lt&:mer]e,1 J. Fn:rrfi,1 C. Chap];v::rt,2 V. Mathet,” T. Giam:-nrnchi,1 and P. Le Doussal’
! Laboratoire de Physique des Solides, URA CNRS 02, Batiment 510, Université Paris-Sud, 91405 Orsay, France
*Institut d’Electronique Fondamentale, URA CNRS 022, Batiment 220, Université Paris-Sud, 91405 Orsay, France
SCNRS-LPTENS, 24 Rue Lhomond, 75230 Paris Cedex 05, France

Experiments on PMA P1/Co/P+t The roughness exponent {

2 T t—t—
o A /
ﬁ 1.6 4y
(=
e
o
g 1.4
@
1.2
1 i j b i i
0 5 10 15 20 25 30 35 40
H— . , . mea ent b
FIG. 1. Typical magneto-optical image (size 90 X surement number
72 pm*, A = 638.1 nm). The gray part corresponds to FIG. 5. Wandering exponent 2. Measurements on different
the surface swept by the domain wall during 111 s at 460 Oe MDW driven at H = 50 Oe during 20-45 min and then frozen
(T = 23°C). The dark part is the original domain. (T = 300 K, estimated error on 2{ for a given image: £0.03).
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PRL 117, 057201 (2016) PHYSICAL REVIEW LETTERS 29 JULY 2016

Universal Pinning Energy Barrier for Driven Domain Walls in Thin Ferromagnetic Films

V. Jeudy,l'? A. Mougin,l S. B11:~;tin‘gc+rry,2 W. Savero Torre:;,1 J. Gmrchon,1 A.B. Koltun,2 A. I_Jel'nai‘tre,3 and J.-P. Jamet'"
"Laboratoire de Physique des Solides, CNRS, Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay Cedex, France
ICONJC.'ET, Centro Atomico Bariloche, 8400 San Carlos de Bariloche, Rio Negro, Argentina
*Laboratoire de Photonigue et de Nanostructures, CNRS, Université Paris-Saclay, 91460 Marcoussis, France
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The creep regime: universality

PRL 117, 057201 (2016) PHYSICAL REVIEW LETTERS 29 JULY 2016

Universal Pinning Energy Barrier for Driven Domain Walls in Thin Ferromagnetic Films

V. Jeudy,l"" A. M()ugin,l S. Bus;tingi.}rry,2 W. Savero T()rres,l L. G()rchon,l A.B. Kmlt(}ln,2 A. I_Jeln:;litre,3 and J.-P. Jamet""
"Laboratoire de Physique des Solides, CNRS, Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay Cedex, France
*CONICET, Centro Atémico Bariloche, 8400 San Carlos de Bariloche, Rio Negro, Argentina
*Laboratoire de Photonigue et de Nanostructures, CNRS, Université Paris-Saclay, 91460 Marcoussis, France
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w2 g . k- 2 kgT
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5 = 10" F .
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The creep regime: spatio-temporal patterns

PRL 118, 147208 (2017) PHYSICAL REVIEW LETTERS 7 APRIL 2017

Spatiotemporal Patterns in Ultraslow Domain Wall Creep Dynamics

IEzequiel E. Ferrem,l‘* Laura Foini,2 Thierry Giamarchi,2 Alejandro B. Kn:}ltcun,3 and Alberto Rosso”
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The creep regime: spatio-temporal patterns
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The creep regime: spatio-temporal patterns
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The creep regime: spatio-temporal patterns

’J‘f!"‘; .

.fJ.] "\i‘

mww

R W SR
i o 'é
5% / *" ﬂﬁ{ ¥

. f.\, 0
H‘ﬁ& :4;! ﬁ/“
\1\

G. Durin ESM 2021, Cluj-Napoca (Romania)



Spin dynamics 1D model
Domain wall dynamics Creep dynamics
Hysteresis phenomena Barkhausen noise

The creep regime: spatio-temporal patterns

q ¥ 14 2¢ k
Size | Structure | Length
roughness | distrib. factor distrib.

equilibrium 2/3 4/5 //3 2/3
gEW - depinning 1.25 1.11 3.50 1.25
gKPZ - depinning 0.63 1.26 2.26 1.42

exponent 2(

1 | 1 L 1 1 'l
0 5 10 15 20 25 30 35 40
measurement number
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DW motion in bulk: the Barkhausen noise

"As the magnhetomotive force is smoothly varied, the molecular magnets flip in jumps
to their new position. Because of this, they generate irregular induction pulses in a
coil wound around the sample, that can then be heard as a noise in a telephone.”
[Phyzik Z., 20, 401-402 (1919)]
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The jerky motion of domain walls

The old movie of the motion of Dws in a single crystal of SiFe shows:
* the jerky motion of the central wall

* the large bump of the wall at the bottom

* a second DW on the right, much less mobile

* a few small domains on reverse directions

G. Durin ESM 2021, Cluj-Napoca (Romania)
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The origin of hysteresis

Magnetisation

50 100

Applied field (H)

Coherent spin rotation

G. Durin

Coherent spin rotation

Barkhausen jumps

ESM 2021, Cluj-Napoca (Romania)
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BK noise: an equation for the DW motion

External field

Demagnetizing field

Surface tension of DW

Stray field

Uncorrelated random field
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BK noise: a microscopic model for DW motion
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BK noise: universality classes

UNIVERSALITY: microscopical details are irrelevant,
only the system dimension and the range of interactions are important

Stray fields Surface tension

LONG RANGE (u = 1) SHORT RANGE (i = 2)

3 Upper critical dimension o)
1.5 P(S) =577 f(5/50) 1.3
2 P(T) =T"g(T/To) 1.5
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BK noise: universality classes

lllllll | | lllllll | | lllllll | | lllllll |} | |
e

7
\“—-"
Q ® v
. , ®_Av¥
m Fe-Si7.8% wt. "y ®a : “"' v a0 .
®  Fe-Si6.5% wt 1050°C "n e s Ty A
— J— s D
4 Fe-Si6.5% wt. 1200°C " fer, "
v Fe, Co,B . partially crystallized " . ¢ o 4 M AD
& Fe,Co,B . as cast under stress u . i S A
O Fe, Co,B,; as cast under stress s "a v
I
A
.
L aaual Lt vl Lt aanl L il L0
10p 100p n 10n

s (Wb)

G. Durin ESM 2021, Cluj-Napoca (Romania)



Spin dynamics
Domain wall dynamics
Hysteresis phenomena

Hysteresis
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The origin of hysteresis

There are many different approaches to describe hysteresis.

Here we suppose to have:

a slab of magnetic material with rectangular cross-section /
a single ‘rigid’ domain wall

a random environment which takes care of all the possible
source of interaction (magnetostatics, disorder, etc)

G(x)
B4

>
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The origin of hysteresis

L ’ X
The actual motion of the domain wall is hindered by energy barriers:

when the field is enough to overcome a barrier the system jumps
to a new position (Barkhausen jump)

G. Durin ESM 2021, Cluj-Napoca (Romania)



Spin dynamics The origin of hysteresis
Domain wall dynamics Energetics
Hysteresis phenomena Frequency dependence

Hysteresis in a two-level system

The field requir S What is this area?
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Energy during hysteresis loop

M A

' \
%dF:O:uO%HdM—%T(SiS
/

%TdS:O:%(SQJrj{T&S

P
AQ = _Mo%HdM Energy losses =>1 = 7
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Hysteresis loop shapes (statics)
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Hysteresis loop shapes (dynamic)
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H (A/m .
m (A) H[AM ]

To make a proper description of dynamic hysteresis we have to:
* make measurements at fixed magnetization amplitude
* change the frequency
* keep the magnetization sinusoidal
(loops shapes change with different shapes of the applied field)
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Hysteresis loop shapes (dynamic)
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In general the loss behavior is not far from:

P
W==

F — W+ W + Wege = Co + C1.f + Cor/f

P =P, + P+ Peye = of‘|‘01f2‘|‘02f3/2

G. Durin
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Theory of loss separation

P
W:_:Wh+Wcl+Wemc

f

Hysteresis losses W,

Scale of small Barkhausen jumps, due to small portions of
DWSs giving rise to localized eddy currents
Classical losses W,

Scale of sample geometry, eddy currents in a homogeneous

material
Excess losses W

EXC

Scale of magnetic domains, eddy currents surrounding
active DWs
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Loss separation in real systems
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