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Length scale

»  Macroscopic (0.1mm — ...) V-B=0, VxH=1J,
»  Transformers, Electrical Machines B=F (H)
= Power electronics P
» Permanent magnets Nonlinear and possibly hysteretic
. Microwave frequencies
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1988: Discovery of GMR - 2007: Nobel Prize in Physics

GMR in Fe/Cr/Fe trilayers GMR in Fe/Cr superlattices
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Two current model for transition metals Spetokciions Intho
(MOtt, 1936 — Fert, 1968) Majority] E [Minority

spin i| spin

} t

=

- Conductivity results from the sum of the conductivities of majority and miniority
electrons

- Conduction is mostly due to s-electrons due to their lower effective mass (higher
coductivity) if compared to d-electrons

- The main scattering mechanism is the scattering of s-electrons in empty d
states, whose probability is very different for the two families of spin

-d band

FM AFM

g T
N g AT
N il

R

r ’[ r r ?
[ R R ] GMR effect: [ R H _I
AR/r=(R-r)/2r
Raes=RI/(R+r)=r (RF) Rges=(R+r)/2




RKKY

RKKY interaction in bulk materials... stands for
Ruderman-—
J Kittel—
Kasuya—
Yosida
R
I — R
JRKL'T( r CL\!;EFAHR.) x !
(2k.Ry’ R’

... and in layered systems

I LN i B

J ey (R)




There is more than GMR/TMR...

The «dual» effect Spin Transfer Torque (STT)
(predicted indipendently in 1996 by J. Slonczewski and L. Berger)

Electron Flow Electron Flow
R

-Q

Left-going electrons are partially
reflected back by fixed layer

Fixed layer is larger or otherwise

pinned so that spin transfer from Reflected electrons exert

the current does not excite it opposite torque on free layer
Right-going electrons => anti-parallel alignment is
exert torque on free layer favored

favoring parallel alignment
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Energetic approach

ferromagnetic

M(r) body M (r)
m(r)=— , |m|=1
Fody \ / elementary
iVlg Hf volume
. . . turati
» Continuum approximation /?:ag:\a:e;?zr:aﬁon

7
IM (r)| = M(T)

> The applied field Ha is known

» The dimensions of the body are lower than the wavelength of em waves,
so the Magnetostatic approximation of Maxwell’s equation is possible

Landau Free Energy
G,(M,H,,T) = fffﬂ (Gex + Gap + Gy — noHg - M) dV

2 WA B

material applied field
shape




Exchange energy
GL(M,Hy, T) = [[[, (Gex + Gan + G — HoHy - M) dV

H=—Z Jij Si - S;

<l J>

G = / A[(Vimg)? +(mev)2+(Vn‘zz = / A(Vm)2dV
J J

A= %HJSQZAL'? is the stiffness constant = 10" J/m

exchange \ * uniform magn. \ * @
10

e




Anisotropy energy
GL(M,Hy, T) = [[[, (Gex + Gan + G — poHy - M) dV

Gan = Jan(m) dV

J L2
»  Uniaxial anisotropy: €an 7
. " ” et B . L . & Sl % &
fan = Ko + K3 sin?6 + Ko sin 0 + Kgsin® 0 + . ... i Ae—o
m

u  Cubic anisotropy:

2

« 2 ¢ . 2 «
Qmﬁ == ‘m:mi) + 1\277:177'7ymf S g

Y Y

. e e )
fan = Ko + Ky (mgzm;, +m

magnetocrystalline

along easy axis »

11




Anisotropy energy
GL(M,Hy, T) = [[[, (Gex + Gan + G — poHy - M) dV

Gan= | Jfar()dV

J L2

Characteristic parameters

* The hardness parameter permits one to introduce the notion of soft versus hard matenal:

2K k<1 soft material For iron, where K ~ 5 - 10* J/m3 and
proM?2 k~1 hard material poM, =~ 2 T, one finds x ~ 0.03.
2A
o = M2  =5nm Exchange correlation length
Ho™ A~ 107" J/m

o 4
Domain wall width K, ~ 10" J/m3

poMs >~ 1 I ]

12



Magnetostatic energy
G,(M,H,,T) = fffﬂ (Gex + Ggn + Gy —oHy - M) dV

Magnetic poles are sources of the magnetostatic field, that is called

Demagnetizing field inside the body _ :
Stray field outside the body Stra{and demagnetl%ﬂgj field
CH— .M >

HmT = —V ¥ ]"". = ¢ s
{V’ x Hy, =0 ( ) rqu{ ’ ) @
1 - k¥
H,. () = ——”j d3r’V-M(r’)|r "'|3 Pm =- Lo V-M H-—— — F
—.[[ d*r'n M(r') r’|3 Om =- HoM:-N @
For eII|p50|daI bodles the demag field is uniform: B H
Hn=H, = ~NM N = = diag( Ny, Ny, IV;)

Neg+ Ny +N; =1

ellipsoidal 13
particle



Magnetostatic energy
G,(M,H,,T) = fffg (Gex + Ggn + Gy —oHy - M) dV

®  The energy of the magnetostatic field in the whole space is given by:
_Pole-avoindace principle

1 ,’/ X ¥ \.\‘\ N\
(;'777 a— / 3/101[;;?([\ I"rl"" ¥ NNNX \‘\'\ NN §.S
s © jf ;}
»  Using the relationship between B and H \ \ ]
'\_.‘\“, F RN / L \." \
1 B ' N N g )
G = ;_/‘l'()Hm : = —-M| dV e s & e
JOo, 2 Ho

= Due to the integral orthogonality in the whole space of the solenoidal field B

- H.=H + H
and the conservative field H i appl d

1 , — poMZV 2 2 2
Gn? = —/ El'l()Hm - MdV Gm 2 (Nrmz + Nymy + szz)
Q2

magnetostatic I* zero magn. moment I » @
14




Single-domain lMuIti-domain

38.8kV XEB8. 8K SBENm

~ 35 um
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Normalized Kerr signal
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-1.0 H

Circular permalloy disks with a vortex structure
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Looking for... Energy Minima

®m The free energy functional 1s

GrL(M(-), Hy) = /

JE2

2 . 4 1 :
I}"l(vln)“ + ,f:m(m) - ',')'Hm = M = /’(ll_ln = Mj| ([‘

= We introduce dimensionless quantities

Gl‘ : ] l‘l\ - 2 ]
M2V "V Jo ['_mn) + Jan(1) — S hm - 10—, -m] dV

gl.(lll(')vllu) = )

| M(
hm _ Hm . hn _ I-I(l 23, T (I‘)

M, M, % v

Equilibria are stationary points of the free energy
under the micromagnetic constraint

ogr, =0 jm| =1

courtesy of M. D’Aquino and of G. Bertotti
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Brown’s equations

8G, = 0 for every arbitrary variation dv(r)

v

dm :
m x H.q= 0 | €verywhere gy everywhere at Brown’s
inside the body on the body surface | equations

effective
field

exchange field  anisotropy field magnetostatic field external field

Brown’s equation are strongly nonlinear functional equations, therefore in
most cases 1t 18 not possib]e to have solution in closed form.

Nonlinear ntegral-partial ditterential equation

18



Energy landscape and Hysteresis

G, (X)
‘ P
not in equilibrium [
apply

field
Barkhau::jumN‘/'
remove

field
(meta)stable micromagnetic configurations X \/\/ *
>

» G, is a thermodynamic potential the decreases as a function of time for any transformation
under constant H, and T

» The use of energy landscapes implies a separation of time scales: the relaxation time after
which the system reaches equilibrium with respect to a particular value of X is much shorter than
the time over which the system evolves from one value of X to another.

» History dependence: the initial and final energy profiles are the same but the state occupied by
the system is different depending on past history.
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Ellipsoidal particle Stoner-Wohifarth model

For a generic ellipsoidal particle

Jexc (M) =0 G (m) = _\ m2 + _\ m + — _’\ m? . go(m) = —m-h,

gr.(m) = ENlmE + ENymg o ENz'mg —m-h,

Ellipsoid of rotation and intrinsic uniaxial anisotropy

anisotropy magnetostatic+Zeeman
K 1 1
gr.(m) = /lOMQ(l—m )+ = \L(m +m )+2\ .m> —m-h, e
2[\'1
P ) _ N 1 o
bt = N1+ -y =NV 90, ha.On) = — kercos? 0 — hy cos(0, —0) =

—

/|
:——)l.d;(()s 0 — hy,.cos@ — h, sinf

—

20
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Multistability
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E.C. Stoner, E.P. Wohlfarth, A mechanism of magnetic hysteresis in heterogeneous alloys, Philos. Trans. R. Soc.
London Ser. A, vol. 240, pag. 599 (1948).
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Dynamic Equation

Continuum precessional equation (Landau, 1935):

oM

—— = —YM X Hegr
ol
H = v - ( _‘vl]l) — I (.)_f““ T H + H H i V ( \vt") H o ]. (..')fm,
oM, M oM, Om " p..w = oM, Om

In the problem, there exist a characteristic ﬂeld scale, given by the saturation magnetization M, (a
typical value is poMs ~1T,ie., My ~ 108 A/m) and a characteristic time scale, given by (v M,) ™"
( (M)~ "' ~ 6 ps when poM; ~1T)

22



» Normalized LLG equation:

Jm om m = M/M,, h.g = He/M,, time

B = —m X heg + om x T is measured in units of (v M)

a = 1072 = 1072 Very small dissipation!

The equation is consistent with Brown’s equations, because when dm/ot=0 mx heff=0

If in addition one measures lengths in units of the exchange length [, = \/2A/u,M?2 , one obtains
for the effective field the dimensionless expression:

lengths are measured in units of the

_ v2
heg =V'm+h,, +h, +h, exchange length 1., = \/2A/uoM?2

»  Solutions in closed form can be found only under restrictive assumption (later
we will see an example)

»  The general method of solution is numerical simulation




= Magnetization magnitude preservation:

Jm J|lm|?
m-— =0=

ot i

= Energy balance property:

dgL B /
S = | G

Om

D|5$|pated power Energy pumping

dm A

m x Tf‘-.‘--

-

dV——/m —dV



Ferromagnetic resonance:
(the free oscillator...)

oM,

ot

T — . Ho M,

M. _
| ot X

) = _7'H'O'HO-Mya
Dynamic
equations

.I.rl"_j-ﬂ X .H'-ﬂ = or j‘l‘}ﬂ”.g-[]

Solution: My = —R - sin(wyt) |M| = |Mjy| = const.
r ’

Free oscillator | M, = R - cos(wgt)
M(t) = Mo.Zo +m.e’“"t;  m? +m? < Mg,

jwﬂmw + 7#0H0my =0 .
i _ My + jmg =0
—ypuoHomg + jugm, =0

— ngmz =0

wg = v.-po-Ho | Note that here Lo is not included within y

25



Ferromagnetic resonance:
(... the forced oscillator)

H(r,t) = Hy + h.e’*

) | hl < [Hol, || < | Mol
M(r,t) = Mg,z + m.e’“*
— poMown Yo Mow
Jwmg +wpmy = oMoy, o eMew,  ypeMown
— —WH. Mg + Jw.my = —yuoMohy, My = jw% W2 W?H w2 Y
Jjw.m, =0, m, =0
— pr— > 5% U
m = X.h _ [ X JXa 0 _ - _
X=|ixa x = oI+
0 0 0
¥ pro Mow
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Including the «Gilbert damping»

X=X +ijx",
Xa = Xg + IXas

\ = Yo Mowg (Wi — w?)
(w¥ — w?)? + 4a2w?w?’

"_ Yo Mowpa(wf + w?)
(W — w?)? + 4a?w¥w?’

= Yo Mow (w3 — w?)
“ (w} — w?)? 4 4a?w?w?
" Q'THOMOUJ?LUHCE

Xa —

(W} — w?)? + 42w w?

wg — (wy + jwa)

|3
Nlo
A r
&
L. L o(=0.05
/|
12
8 \
dq0.
L \‘ i
:qz
Z N
’ 0.4 06 08 1 12 14 16
Yo Mo
HXﬁlaKH — ”Xg ma.x” — QW

wres = wg\/ (1 — 2a2)
Awyg = awy, or AHy=aHj
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Ferromagnetic resonance & shape anisotropy:
the internal field matters!

Let us consider an ellipsoid, magnetized along the z axis
by the external field H,, where the demagnetizing field Hy
IS uniform:

Heff — H[l + Hd

Wyes = }"ﬁﬂJ(Hﬂ + (Nj.r o Nz)Ms)(Hﬂ + (Nx o Nz:]Ms)

known as «Kittel formula»

Let’ have a look at a few special cases...




Ferromagnetic resonance & shape anisotropy:
Relevant examples

N, +N, =0, N, =1 No =Nz =0, Ny =1
NI - N — Nz € + y — U, » =
y H wpyr = Yo(Hy — M) @FMR = Vﬂo\/Ho(HO + M)
= = W
WrMR = YHollg 0 = Wy — wy, — \/wO(wo + wy)

wo = YloHy
Wy = YUoMs
x/ y
B Mg _ __S
WrMR = YHo (H2)+ 7) WFMR = y,uO\/HO (HO 2 ) LEt’; 90_90 Iloeyond
= Wy + 2 - such a simple
2 = oo (w0 —22) MACRO-SPIN

description...




Conventional Switching: climb up the barrier and slide down

ha

* small initial torque
* long switching time

= switching is guaranteed

* damping plays a

if the field is applied for
a sufficiently long time

dominant role

« large initial torque
* short switching time
= switching occurs only if

a field pulse of suitable
duration is applied

« damping plays no role
(quasi-conservative
dynamics)

slow

fast

dm

&w

1 easy axis

A
/

h,

§ ln.,

Demagnetizing field drives the precession
1o the reversed state

courtesy of G. Bertotti



Up to now
we have used a MACRO-SPIN description

Does it work properly for «real»
micro- or nano- magnetic samples?




Micromagnetic approach: a “realistic” and “predictive”
description of mesoscopic samples

60000000
Q0000000
T EEXEKEEXX)
o000 Q®@OE0
I XEKXXKXK

o0
e
o0
®0
o0
o0
LN
90

Each cell contains a single spin:
1) constant modulus (M,) and position
2) its orientation in 3 dimensions may vary

Typical dimensions of the elementary cells: 1-5nm
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GoParallel

GPU

MuMax® performance
square 2D simulation

180 . — — — ; —
TITAN —m—
GTX580 —m—
160 | GTX680 —m— |
GTX480 =
8 GTX660 —m—
140 - GTX650 —m—
OOMMF 4x2 1GHz i7 - =
120 |- .
@
ég 100 | 1
= ()]
3 c
=2 80} .
==
E
60 | =
40 |- .
20 - B —- -
= e B - | = L : s
1000 10000 100000 1e+06 1e+07 1e+08

Mumax3 GPU perfomance for square 2D simulations

e
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A Case Study: the planar elliptical dot

Conventional switching: elliptical microdot
1000 nm
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Elliptical nanodot
Conventional switching VS.

precessional switching

100 nm 100 nm

simulation time (ns)
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G. Carlotti et al.,, “Micromagnetic simulation of energy consumption and excited
eigenmodes in elliptical nanomagnetic switches”, Physica B 435, 4 (2014)
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Complicated dynamics, even for relatively small objects!




Inhomogeneity in a sub-200 nm elliptical dot

| I
(0,0) 100x60x5nm
N H=0 @
3 In sub-200 nm dots, the
8] @ |§>> «fundamental» mode is the one
"g- 2.0) at the lowest frequency
£ ’ (exchange-dominated modes)

0 5 10 15
Frequency (GHz) | 0.0)
R | (20)  200x120x5nm For intermediate size there
z =0 @D §> are two «fundamental»
= modes!
s
B
S _ 400x240x5nm
2 H=0
0 ' 5 ' 0 15 &
Frequency (GHz) %‘
9

In over-200 nm dots, the
«fundamental» mode is NOT the
one at the lowest frequency

0 5 10 15
Frequency (GHz)

(dipolar-dominated modes)




Effect of increasing the lateral size of the dot

H
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i %
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Excitation with a “properly shaped” field pulse:

Initial (static) configuration Pulse time-profile
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Spin waves

One dimensional chain of spin

IFPPLOOPP
7/?l\\\\v\[

QLW WHTTOOC

e

q

VP72 Y

Zur Theorie des Ferromagnetismus.
Von F. Bloeh, surseit in Utrecht,
(Kingegangen am 1, Februar 1080,)

Beim Austauschvorgang der Eloktronen im Kristall werden die Eigenfunktionen
nullter und Eigenwerte erstor Nithorung fiir die Termsysterne hoher Multiplizitit
bestimmt, wobei die Kopplung swischen Spin und Bahn vernachliwsigt wird,
Sie gestatten, das ferromagnotische Verhalten bei tiefen Temperaturen zu unter-
mchen und insbesondero dio Frage zu beantworten, unter welchen Bedingungen
Ferromagnetismus (berhaupt moglich ist, Ens seigt sich, dal} dies nur fiir rifum-
liche Gitter der Fall ist; die Sittigungsmagnetisierung hat dann fir tiefe Tem.
pernturen dio Form M (T') == M(0)[1 — (1'/6)"].

magnetization, M, (10% A/m)

Saturation

Wave front

7\3/2
M(T) = M(0) [(1 - —) ]
Oc

Temperaturs (*F)
400 800

1200

% detsity, B (geuss)

e e e e e g
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};=2n‘/k

Al=2np/N=2npa/L=pak B
Al=p sen(e)=p ¢ » g=ak

Heisenberg Hamiltonian for a chain of spins (1t neighbours approximation)

AE=2]S?(1-cose)=2]S?(1-1+¢&/2)=]S%"
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AE—N]Szg-—NJSZak -Dk C‘; ¢ Dipole-exchange region k=27n=(0.6—3)109m‘1
: g () L S e .
] ] ] 106 B
... but this is true only in the I [r—
exchange-dominated regime! 2
g 10* |
S E
10° Electromagnetic region
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Spin Waves in an infinite medium 4
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Correction due i s o q1/2
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Magnetostatic Forward Volume Modes (MSFVW)

" kid ———m— 1
z t _ —_ 1 —_—
) I. dielectric I o [ 2 ( - X}] —(14+x)
"o i
s il. forrite e
/ t %" \ cot [ktd (1+ = :
~ cot |28\ /SAH ) | = ———
I . dielectric ’ ~(1+x)
Vwb(w + wn)
__=kd\ 7
w? =w'(/) [u.)o/ + wWum (1 = LL_)]
’\’-g(l —_—
w
1 B 4
Vg lkamo wMd
wh

w'y = wpyr =
= Vﬂo(Ha - M) = Wy — Wy L

wo = YUoHy - Same cutoff frequency

Wy = VoM - Isotropic propagation
- Positive group velocity
- Sinusoidal amplitude distribution across the thickness 44




Magnetostatic Backward Volume Waves (MSBVW or BA)
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i

wo = YUoHy

wy = YioM;

- Same cutoff frequency
- Anisotropic propagation: k//M

- Negative group velocity
- Sinusoidal amplitude distribution across the thickness
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Magnetostatic Surface Waves (MSSW) or Damon-Eshbach (DE)
(® H,
P

M N

I
7

- Surface mode

- Anisotropic propagation: kLM
- Non-reciprocal propagation (on the same interface): K=Hxn
- Positive group velocity




(a)

mggbna‘ Stl’ay field line

(b) (c)
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M, — [L]e[T]0 M, | Slele
MsBVW MsFVW

Martin Collet. Dynanmique d’ondes de gpin dans des microntructures i base de films de YIG ultrn-
minces: vers des disposdtife magnoniques mdiofréquences. Science des matérinnx [cond-mat mtrlvci),
Université Paris-Saclay, 2017, Frangais, <NNT: 201TSACLS530>. <1el-01721374>

Adapted from: B. Hillebrands, U Kaiserslautern, Germany
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Back to the future (1988). exchange coupled layers
(a) (b) (c)

single layer double layer: M, M parallel  § double layer: N, N antiparallel
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CONCLUSION

(paraphrasing R. Feynman)

«Thereis a lot of room...
...In the middle 1»




