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Ferromagnetische (Funktionale) Materialien

*  Einordung und Einleitung

* Energien und Energiedichten einer ferromagnetischen Probe
. Austauschwechselwirkung
. Streufeld- oder Demagnetisierungsenergie, Formanisotropie
. Anisotropie (auller Formanisotropie = Demagnetisierungsenergiedichte)
. Zeemann Energie, duBeres Feld

*  Wechselseitige Konkurrenz verschiedener magnetischer Energieterme
* Hysterese-Effekte, Stoner-Wohlfarth Modell, Basis fiir binare magn. Datenspeicher

*  Magnetische Funktionsmaterialien zur Datenspeicherung
. Entwicklung der Festplatte: Von magnetischen Mikrosystemen zu Nanosystemen
. GMR (Riesenmagnetwiderstand) und TMR Effekte fiir empfindlichere Lesekopfe
. Zukunftige Festplattentechnologien
. Neue Effekte in der Nanowelt: Spin tranfer torque in Nanokontakten
. Separation von Ladungs und Spinstromen: Spin orbit torque in Diinnschichtsystemen
. Anwendungen im Magnetic Random Access Memory (MRAM)
. Die Spinwelle als Informationstrager (HZDR-movie)

Prof. Dr. Olav Hel |W|g Klassifizierung Deibel, now switch to English 2 www.tu-chemnitz.de
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Klassifizierung der mikroskopischen Ursachen
unterschiedlicher magnetischer Phanomene

Isolatoren Metalle

quasi-gebundene Elektronen quasi-freie Elektronen

Diamagnetismus Larmor- Landau-
alle Materialien Diamagnetismus Diamagnetismus
»~
Paramagnetismus
Materialien mit nicht-wechsel- Langevin- Pauli-
wirkenden magnetischen Paramagnetismus Paramagnetismus
Momenten L
Fe rro-', Antlfer'ro- und Ferro-, Anuferm- und Bandferro- und
Ferrimagnetismus &g:::ﬁ::.ﬂ:: Bandantiferro-
Materialien mit wechselwirken- a .
magnetismus
den magnetischen Momenten tischer Momente g L
4F Elemente 3d Elemente

(Gd, Tb, Sm, Nd, ...) (Fe, Co, Ni)

Prof. Dr. OIav He”ng The magnetic periodic table, number of ferromagnetic materials 3 WWW.tU-ChemnitZ.de
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The Magnetic Periodic Table

Eight elements are ferromagnetic, four at RT

Twelve are antiferromagntic, one at RT 4.00

Atomic Number

& B BC TN [BO [°F ToNe
Dy Atomic symbol 1081 | 1201 | 1401 | 16.00 19.00 | 20418
Atomic weight
Typical ionic charge
Antiferromagnetic T, (K)

Ferromagnetic Te(K)

43A| ‘148i 15p "lﬁs 17C| /}BA,-
2698 |2808 |3087 |3207 3545 | 39.85
34206

L vy
3 3 7 x
Zn P'Ga P2Ge [*3As [#Se [3Br [%Kr
65.39 69.72 T2.61 T4 .82 T8.86 79490 83.80
2+ 309 | 3+ 3g10

AN I’
I'— Wy Ty Ny
%8Cd f9In ?°Sn P'Sb [52Te P2l
112.4 114.8 118.7 121.8 127.6 126.9
2+ 4gw |3+ 4gw0 |4 + 4gio

™y PG Y
2Tj |2V

47 .88 50.54

4 +3d° | 3+ 30°

\ \ M

o’ o '

40Zr 1¥Nb P*2Mo
o1 .22 92,91 09504
4+ddn |5+ 4do | 5+ 4

2 &
<

> <> <> < >

T2Hf 'ra-ra F”W 81 Tl
1765 | 18008 | 1838 | 1862 |1o02 | 1922 |1e51 |1gro |zo06 | 2044 | 2072 | 2000
44+ 50 3 + 5o

150.4
3+ 4f

E Radioactive
[ ] Diamagnet
[: Paramagnet

BOLD | Magnetic atom

) Ferromagnet with T, > 290K () Antiferromagnetwith T, > 290K [imtifermmagneﬂFemmagnetwim TWTc<290K

Prof. Dr. Olav Hel Ing Useful ferromagnetic materials with large Tc 4 www.tu-chemnitz.de
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Magnetic ordering temperature 300 -
Ll of > 2000 materials "%‘E
o E:' 200
g 3
S -
E 100
£
oFe, O, Co E!

| $ J :
§ . o - — T T T . Temperature (K)

0 200 400 600 800 1000 1200 1400
Magnetic Order Temperatures.

A useful magnetic material needs to
be able to operate from -50 C to 120
C.

The Curie temperature needs to be >
500 K

Co has the highest T. of all magnetic materials

Prof. Dr. Olav Hellwig Three perspectives of Ferro-magnetism 5 www.tu-chemnitz.de



e

TECHNISCHE UNIVERSITAT
CHEMNITZ

" Three ways to approach magnetism

Maxwell’s Equations:
Phenomenological macroscopic equations

Basics:

Nanomagnetism: Quantum Mechanics:

0

Micromagnetic ground state
Characteristic length scales
Exchange length, domain wall width
magnetic hardness parameter
Stoner Wohlfarth theory

Magnetic field reversal, hysteresis

Zeemann /Vl Applications: EXChange
external * Hard Disk Drives
field * Magnetoresistance
* Spintronics, spin torques .
« Magnonics . Anisotropy
Demagnetization \
Stray field .
. axy,
Shape anisotropy ‘s
Prof. Dr. Olav Hellwig e o st 6 www.tu-chemnitz.de



@ Micromagnetic Energies determining the magnetic state of a sample

CHEMNITZ

/ v‘extemal 06 2
field c B —Fi . M E

external —

exchange = aX

Etotal — j(Eexternal + Estray + Eexchange + Eanisotropy)dv +SU rface + OtherS

Eanisotropy — g (Q)

Prof. Dr. Olav Hellwig 7 www.tu-chemnitz.de

Highlight critical parameters for the strength of the interaction



@ Micromagnetic Energies determining the magnetic state of a sample

CHEMNITZ

/ v‘external 06 2
feld . _ . E A F

external —

exchange ~—

Etotal — j(Eexternal + Estray + Eexchange + Eanisotropy)dv +SU rface + OtherS

Eanisotropy — g (Q)

Prof. Dr. Olav Hellwig 8 www.tu-chemnitz.de

How much do these parameters vary across FM materials?
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‘ Micromagnetic Energies determining the magnetic state of a sample

CHEMNITZ

|
f | W
/\/l | <
| 2
?igflmal | E _ a H exchange
—_H . 1 exchange ~ integral
Eexternal =—H-M : aX

H earth = 50uT=0.00005 T, H electromagnet = 2.5 T

H superconducting = 15 T, H pulsed = 100 T (factor 107) I A varies by a factor of less than 10

Etotal — j(Eexternal + Estray + Eexchange + Eanisotropy)dv +SU rface + OtherS
Q

M varies by a factor of ~10 (for useful, large M materials) | K, varies by a factor of 100 000 or more ...

1 - - |
Estray =——H S’ M ! Eanisotropy =J (0)
2 |
- 2
l =K, sin‘d
|
I .
|
|
|
Prof. Dr. Olav He||W|g add additional infos ] 9 www.tu-chemnitz.de
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H..

|

|

|

/o |
external =-H M cosé I @6’ exchange

|

|

‘ Micromagnetic Energies determining the magnetic state of a sample

field. E B _I:i . I\7I> Eexchange A integral
external — OX H = —2 Z 7.5 .8
very short range, B J
H earth = 50uT=0.00005 T, H electromagnet = 2.5 T nearest neighbor interactions only i=j
H superconducting = 15 T, H pulsed = 100 T (factor 107) I A varies by a factor of less than 10

Etotal — I(Eexternal + Estray + Eexchange + Eanisotropy)dv +SU rface + OtherS

M varies by a factor of ~10 (for useful, large M materials) | K, varies by a factor of 100 000 or more ...

E

H g’ M I anlsotropy (6)
2 # |
| I =K, sIn?
—*____ longrange, H | g i e o)
> everything interacts, 00 2 i
takes most computational 00 | 9 180°
L , 001
resources in micro-magnetics I
directionally varying energy,
) 1 ” | source is often the crystal structure
Emagnetostatics - jH MdV -7 INM v =- NM v : : :
2 amole cample | simplest case = uni-axial
Prof. Dr. Olav Hellwig Clser ok at Anisotropy enersy (sggestknob) 10 www.tu-chemnitz.de

(Exchange and stray field energy should be known ....)



.. Energies determining the magnetic state of a sample

CHEMNITZ

/\4
external

field - -
Eexternal —H-M Eexchange - A(
Etotal — j(Eexternal + Estray Eexchange + Eanisotropy)dv + SU rface + OtherS
Q
la v E =q(0
Estray = _E H S M anisotropy — g( )

= K, sind

PI"Of. Dr- OIaV Hel Ing What popular anisotropic materials do you know? =» wood 11 WWW.tU-Chem nitz.de



e Anisotropy of wood
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The dimensional changes in wood are unequal along
the three structural directions (longitudinal, tangential
and radial).

earlywood — heartwood | Grain direction
ay Radial N~
latewood sapwood

growthring

vascular [‘1\\
cambium S

Other examples:
* snow flakes

* cicles

e thin films

* nanotubes

* gaphene

inner ' .
bark Longltudmal  Crystals in general
© 2006 Merriam-Webster Inc. =>» Magnetic anisotropy ...

Prof. Dr. Olav He”WIg Sedimentary rocks 12 www.tu-chemnitz.de
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= Magnetic Anisotropy

CHEMNITZ

The direction of magnetization M(r) in a macoscopic ferromagnetic
domain lies along one or several easy axes.

— a2 uniaxial anisotropy, leading term,
E, =Ksin20 | _ Py 8
simplest case)

Symmetry:

- Uniaxial (magnetic recording)

. Sy . .
s - Cubic (Fe, Ni) Types of magnetic anisotropy:
PP - Hexagonal (Co)
Magnetization is not « M .
] neto-cr [lin

necessarily parallel to Teragonal (FePt) _ agneto-crystalline
applied field, unless H is - more complex symmetries * Shape
applied in an easy * Surface, interface (= MLs)
direction. * Magneto-elastic, strain
will see this later in the Stoner-Wohlfarth model ... e other...

Anisotropy limits the coercivity available in hard magnets
Anisotropy leads to unwanted coercivity in soft magnets

Prof. Dr. Olav Hel |W|g Examples for anisotropies due to Crystal field interactions ] 4 www.tu-chemnitz.de
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wis.. | Magneto-crystalline anisotropy energy
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, , f100] bec IRON  [I11]  fccNICKEL  hcp COBALT

Experimental observation: Eos Easy Axes
y Axes .

single-crystalline magnetic

. . Hard Axis
materials have magnetic “easy [100]
and “hard” axes FUT A

Il

Physical origin:

e spin-orbit coupling and
e |ow symmetry crystal field, T " [oool]
resulting in asymmetric charge © © 048 — 1 212 [1000]
T = = . -l 1000
distribution = < 0.32 : ][”DJ 41 =osf i
100
0.4+ - 16 - L -
| RON OIS NickeL 0.4 COBALT

0.0 1 1 1 0.0 1 1 1 0.0 1 1 I
0 400 800 0 200 400 0 2 4 6 8

H (Oe) H (Oe) H(kOe)

(@) (b) (c)
Figure 6.1 Crystal structure showing easy and hard magnetization directions for Fe(q),
Ni(h), and Colc). above. Respective magnetization curves, below.
Spin-Orbit Ligand field
coupling
y " A A Anisotropy reflects
PSS, <R crystal
symmetry the crystal symmetry
Spin Orbit Geometry

Prof. Dr. Olav Hellwig Examples: Fe, Co, Ni 15 www.tu-chemnitz.de
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Anisotropy

Fe bulk Co bulk Ni bulk

easy

6 directions 2 directions

Fe ; Co '

Prof. Dr. Olav Hellwig 16 www.tu-chemnitz.de

Derive Ku from hard axis loop
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\ Magneto-crystalline anisotropy energy

CHEMNITZ

To move M from one direction into another direction an external magnetic field B, has
to do work against the magneto-crystalline anisotropy:

E:fﬁodﬁ

The magnetic anisotropy energy is defined as the difference of the free energy between

different directions of M at constant temperature:
HA

HI C
1.0 '
Mg —5 1 (cgs)
=~ 0.8
< 06 2
= for uniform magnetization
— 04 : : .
E (single domain objects)
0.2
(SI)
[} y 1 } } 1 lLl
0 4 8 12 16 _

H (MA m~") 2

The magnetic easy axis is usually used as a reference direction.

PI"Of_ Dr‘, OlaV Hel |W|g Different materials =» overview table (all materials) 17 WWW_tu—Chem nitz_de
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= ~ Magneto-crystalline anisotropy energy

(across all magnetic materials)

Table 7.1. Domain wall parameters for some ferromagnetic materials

M, stray/demag A exchange K, anisotropy

00\’
(MA m™) (pJm™) (kJ m™3) E _ A(_j
exchange ~— OX
NigoFesp 0.84 10 0.15
Fe 1.71 21 48 '\ 1
Co 1.44 31 410 Eyay =——=Hgs M
CoPt 0.81 10 4900 2
Nd,Fe;4B 1.28 8 4900 ‘
SmCos 0.86 12 17200 E =g (9)
CrO, 0.39 4 25 ANISOToRY
Fe304 0.48 7 ~13 =K, sin'®
BaFeuO]g 0.38 6 330
magnetization exchange anisotropy 1 .o - 1 - 1. -
. . 2
stiffness (energy density) B nugesas = [Hy-Mdv =—= [NM*dV = 5 NM
Variation sample sample

across less than 5 less than 10 up to 100 000

materials T

largest variations in anisotropy

High uni-axial anisotropy materials 18

FePt and FeNdB www.tu-chemnitz.de
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Magneto-crystalline anisotropy energy

Simple hard

magnetic structure

More complex hard
magnetic structure

{ \:\'\\ :
,-19?5;——- - ——--7_
my
NdfC—Ndg

—&—— 7

@Fec()Fee @Fej,(DFej,™Fe ki wFeky ®Bg

Alloy system

Material K, (107erg/cm’)

Mg (2mu/cm 3]I

Hy (kOe) To(K)

Co-alloys

L1y phases

Rare-earth
Transition metals

CoPiCr 0.20
Faelt 6.6-10

Fe,sNd,B 4.6
S0 11-20

208
1144

1270
910

13.7
116 150
73 583

240400 ILLL

Prof. Dr. Olav Hellwig

Energy term summary again, relative
variation: exchange, demag, anisotropy

19

www.tu-chemnitz.de



e e ‘ Energies determining the magnetic state of a sample
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f

Ju Lo 00\’
?‘,:;mal E __H M E —

external — exchange OX

Etotal — J(Eexternal + Estray + Eexchange + Eanisotropy)dv +Su rfaCe + OtherS
Q

originates from spin-orbit interaction in conjunction with the
crystal field, i.e. from microscopic (electronic and atomic)
dipole-dipole interactions

originates from macroscopic dipole-dipole interaction

1 -
— _E H s’ M Eanisotropy =g (0)

=K, sin'@ ?

easy axis

Magneto-crystalline
Magneto-elastic
Surface (mix: ex+intr)
etc.

demag energy
stray field energy
extrinsic anisotropy =>» (sample) shape anisotropy

Crystalline and induced Intrinsic/mixed
anisotropies anisotropy

Prof. Dr. Olav Hellwig Magnetic hardness parameter 20 www.tu-chemnitz.de



Magnetic hardness parameter or quality factor

TECHNISCHE UNIVERSITAT
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’ 1
|

The magnetic hardness parameter is the dimensionless ratio
of anisotropy to stray field (or dipole) energy: |
H/

E:\/|K1|/Han |

It should be greater than 1 for a permanent magnet and much
less than 1 for a good temporary magnet

longitudinal geometry T .
n perpendicular geometry n
Fht bR b b b R

f--
e e e e e }gﬁt 1 1 1 1 1

-+ -+ -+ -+
——n

— — — — — 4
Alternative definition: magnetic Q-factor shape anisotropy of a thin film
= (1/2)uM.?

Magnetization of thin films. Q = -K /K, where K,
If @>1 then the anisotropy K, is large enough to pull the magnetization out-of-the-plane in a thin fim geometry
21 www.tu-chemnitz.de

Decay into domains for longitudinal and perpendicular effective anisotropy

Prof. Dr. Olav Hellwig
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perpendicular geometry
thtetet

Mostly used: demagnetization factor of a thin film

LI |
>
S
hd
v
£
o
(Y
oo + +
©
k=
©
3
x
o0
c
A=

Prof. Dr. Olav Hellwig
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.. Energies determining the magnetic state of a sample

CHEMNITZ

/\4
external

field - -
Eexternal —H-M Eexchange - A(
Etotal — j(Eexternal + Estray Eexchange + Eanisotropy)dv + SU rface + OtherS
Q
la v E =q(0
Estray = _E H S M anisotropy — g( )

=K, siré V

easy axis

1 15 1 . 1. -
Emagnetostaticsz_z de'MdVZ__ JNM dv=—§NM2V

sample sample

Prof. Dr. Olav Hel |W|g Exchange length = measure for relative strength 23 www.tu-chemnitz.de
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Exchange length
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(a)
Exchange length is the distance over which the @

magnetization is expected to be able to respond.

Competition between exchange energy and stray field (b)
energy is characterized by the exchange length

Stable ferromagnetic
configurations in a soft
) spheroidal particle:
I I = (a) without and (b) with
Film shape anisotropy energy Eqnqpe (or stray) = 1/2HoM (2) without and
demagnetizing field.

OX
| ~ —— length to tilt © against shape anisotropy J
00 2 o
aH A NiggFCzo 34
Eexchange = — 2 — Estray — 1/ Zlquz Fe 2.4
OX | Co 3.4
CoPt 3.5
NdyFeisB 1.9
SmCos 36
l.. = —A CrO, 4.4
e 2 FezO4 4.9
‘LL'] M5 BaFe 209 5.8

factor % is sometimes skipped

Prof. Dr. Olav Hellwig Exchange + anisotropy 24 www.tu-chemnitz.de



.. Energies determining the magnetic state of a sample
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/\4
external

field oL v
Eexternal -H-M Eexchange A( 8Xj
Etotal — j(Eexternal + Estray Eexchange + Eanisotropy)dv + SU rface + OtherS
Q
LG v E 0
Estray = _E H S M anisotropy — ( )

=K, siré V

easy axis

Prof. Dr. Olav Hellwig Domain wall width and energy 25 www.tu-chemnitz.de
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Domain wall width and energy

CHEMNITZ

WG' IS GW — exchange + an ISOtrOpy How do we define where the domain wall ends?

—_

(T

Minimize the energy (exchange+anisotropy), domain
No demag energy included in the domain wall e

0 2
= | A(@) + K sin*(@)dx
7. \Ox

—~

6(x) = arctan[sinh(zx/8,) |+ 7 /2

anisotropy K
(energy density)

up to 100 000

o, =4V AK and 0, = A/K exchange

domain wall energy density domain wall width stiffness A
less than 10

The domain wall does not have a precisely defined width, since the direction of magnetization only
approaches the easy axis asymptotically. Anisotropy of some sort is necessary for finite domain wall width.

Stray field or demagnetization energy triggers domain formation = domain wall formation
Exchange wants infinitely thick DW, anisotropy wants infinitely thin DW =» compromise

Prof. Dr. Olav Hellwig 26 www.tu-chemnitz.de

Now take all three energies and compare ....



.. Energies determining the magnetic state of a sample

CHEMNITZ

/\4
external

field oL v
Eexternal -H-M Eexchange A( 8Xj
Etotal — j(Eexternal + Estray Eexchange + Eanisotropy)dv + SU rface + OtherS
Q
LG v E 0
Estray = _E H S M anisotropy — ( )

=K, siné V

easy axis

Prof. Dr. Olav Hellwig Elliptical particle 27 www.tu-chemnitz.de
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Energy competition and micromagnetic states ...

exchange dominates

(@)

stray fields start to compete

(b)

Stable ferromagnetic
configurations in a soft
spheroidal particle:

(a) without and (b) with
the effect of the
demagnetizing field.

stray fields and anisotropy

start to compete with exchange

e —

A ferromagnetic domain
state resulting from the
interplay of uniaxial
anisotropy and
demagnetizing field. The
domain wall is the shaded
region.

Prof. Dr. Olav

Hellwig

Different materials =» overview table (all materials)

28

www.tu-chemnitz.de
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= ~ Magneto-crystalline anisotropy energy

(across all magnetic materials)

Table 7.1. Domain wall parameters for some ferromagnetic materials

M, stray/demag A exchange K, anisotropy §, Y w Loy
(MAm™) (pJ m™) (k] m™) (nm) (mJ m~?) K (nm)
NigoFeyg 0.84 10 0.15 2000 0.01 0.01 34
Fe 1.71 21 48 '\ 64 4.1 0.12 2.4
Co 1.44 31 410 24 14.3 0.45 34
CoPt 0.81 10 4900 4.5 28.0 2.47 3.5
Nd,Fe;4B 1.28 8 4900 J 3.9 25 1.54 1.9
SmCos 0.86 12 17200 2.6 57.5 4.30 3.6
CrO, 0.39 4 25 44.4 1.1 0.36 44
Fe; 04 0.48 7 —13 72.8 1.2 0.21 49
BaFe;50q9 0.38 6 330 13.6 5.6 1.35 5.8
magnetization exchange anisotropy domain domain hardness  exchange
stiffness (energy density) ~ wall width wall energy  parameter  length
Variation
across less than 5 less than 10 up to 100 000 up to 1000  up to 6000 up to 500 ~ factor 3
materials

largest variations in anisotropy T

Prof. Dr. Olav Hellwig Fill in blue ... 29 www.tu-chemnitz.de
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= ~ Magneto-crystalline anisotropy energy

(across all magnetic materials)

Table 7.1. Domain wall parameters for some ferromagnetic materials

anisotropy  exchange
Vs vs [
X €x
stray fields stray

exchange
5w vs anisotropy ¥ i

M, stray/demag A exchange K, anisotropy

(MAm™) (pJ m™") (kIm™) (nm)  factor (mJ m™) K (nm)
1000!
NigoFeyg 0.84 10 0.15 2000 0.01 0.01 34
Fe 1.71 21 48 '\ 64 4.1 0.12 2.4
Co 1.44 31 410 24 14.3 0.45 34
CoPt 0.81 10 4900 4.5 28.0 2.47 3.5
Nd,Fe;4B 1.28 8 4900 J 3.9 25 1.54 1.9
SmCos 0.86 12 17200 2.6 57.5 4.30 3.6
CrO, 0.39 4 25 44.4 1.1 0.36 44
Fe; 04 0.48 7 —13 72.8 1.2 0.21 49
BaFe;50q9 0.38 6 330 13.6 5.6 1.35 5.8
magnetization exchange anisotropy domain domain hardness  exchange
stiffness (energy density) ~ wall width wall energy  parameter  length
Variation
across less than 5 less than 10 up to 100 000 up to 1000  up to 6000 up to 500 ~ factor 3
materials T 5, =nyAK 5 —a4JAK ’f:\/m | ~JA/M
largest variations in anisotropy exchange

stray field energy = l \
shape anisotropy energy stray field <= anisotropy

Prof. Dr. Olav Hellwig Size limit for single domain particles 30 www.tu-chemnitz.de
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«mes | SlNQGle domain particle size

Assume a magnetic sphere of radius R, moment M, uniaxial anisotropy K and exchange
parameter A.

What is the critical radius to form a single domain. For simplicity we will assume the
magneto-static energy is zero for the domain state.

Single domain Domain formation
- H, does not allow for any tilt - H, does not allow for any tilt
- only demag energy ‘ l - only domain wall energy
Demag energy

Domain wall energy

2
TR VIV SRV RN SR LA VERE

2 23 3 9 E ~ 4 AK ZR?

we used Hd=47zNM=4§M N 1

M7 0VAK

These energies areequal 2 R = >
| | | . 27iM
Use typical parameters for magnetic recording media,
e.g. A=10%erg/cm = 101t J/m, M=1000 emu/cc, K=5x10° ergs/cc gives R=32 nm

Prof. Dr. Olav Hellwig Example: BPM, single domain limit 31 www.tu-chemnitz.de



e | SiNQle domain experiments

" Studied islands with variable sizes, radius ranging from 5um — 50 nm

-

Wl

MFM images of islands in demagnetized states

Prof. Dr. Olav Hel |W|g Zeemann and Anisotropy = Stoner Wobhlfarth 32 www.tu-chemnitz.de



.. Energies determining the magnetic state of a sample
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/\4
external

¢ field oL v
Eexternal -H-M Eexchange A( 8Xj
Etotal — j(Eexternal + Estray Eexchange + Eanisotropy)dv + SU rface + OtherS
Q
LG v E 0
Estray = _E H S M anisotropy — ( )

=K, sind

PI"Of. Dr. OIaV He”ng simplest possible model ... 33 WWW.tu—Chemnitz.de
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-awes | REVersal mechanisms

« Assume a small particle, such that the magnetism stays
uniform, i.e. the particle is too small to support a domain
wall, i.e. particle is smaller or of similar length scale than
the typical domain wall width ...

» Treat the magnetization as a single spin known as a
macro-spin, this type of model was used in a previous
lecture, when we talked about micro-magnetic modeling
using computer models ...

e
(nm)

NigoFezg 2000

m Fx 64
——— Co 24
CoPt 4.5
\ Nd,Fe 4B 3.9
P — SmCos 26
CrO, 44.4
Feg 04 72.8
BaF'312019 13.6

Prof. Dr. Olav Hellwig Stoner-Wohlfarth model 34 www.tu-chemnitz.de



.- Stoner-Wohlfarth-Model

CHEMNITZ

Simplest possible reversal: Consider only Zeeman and anisotropy energy
Simplest analytical model that exhibits hysteresis, Stoner-Wohlfarth-Model

Ju
external

field:
Eexternal = —Fi . M Eanisotropy — g (Q)
= K, sin
M
0 H
- E =—MH cosé+Ksin® 6
« >
Ky H term is uni-directional, K term is uniaxial

Prof. Dr. Olav Hel IWIg Stoner-Wohlfarth model: build derivatives 35 www.tu-chemnitz.de



.- Stoner-Wohlfarth-Model
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E=-MHcos@+Ksin® 8 T
60 90 120 150 180

5%9:sin O(MH +2K cosf) =0 0 (deg)

minima stay for all fields

82 %92 = MH cosé@ + 2K COS(Z@) >0 at 0 and 180 degrees

Particle switches at 2K ;,/M

H C — 2K / M show easy axis Stoner-Wohlfahrth movie

In zero field the magnetic anisotropy term is minimized when the magnetization is aligned
with the easy axis. In a large field, the magnetization is pointed towards the field.

PrOf- Dr- OIaV Hel |ng Stoner-Wohlfarth model: easy and hard energy landscape illustration 36 WWW.tU-Chem nitZ.de
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‘H along easy axis

2

-1 0 1

2

https://www.youtube.com/watch?v=7HNGCJJ5i5A

-15

o

Halong haro! axis -

2 -1 0 1 7]

https://www.youtube.com/watch?v=oN-12IsK6lk

Alpha =0 ° Alpha =90 *
; ; ; B ; ; )
| O—O0—O O
~ CERE e : .
1 e D —
- NN . S — ]
- T, TR T—— — .
| N R—— NS [p— - |-
: I ——E —t—F
—~ : 3. — —E aniso — — E aniso
-1 . - I /e y —— E Zeeman ——E Zeeman . : .
: : : A dE/dé A dE/d6 : : :
I I P I . 2 i A i i i
2 A 0 1 | e AR L 2 A 0 i 2
h 90 45 0 45 90 135 180 225 270 o:ssonnsmzzsm h
8
. St -Wohlfarth model: ext | field at arbit | .
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with respect to anisotropy axis


https://www.youtube.com/watch?v=7HNGCJJ5i5A
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e e Stoner-Wohlfarth-Model
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Up to know: H along easy or hard direction, now arbitrary directions for Stoner-Wohlfarth-Model

E =—-MH cos@+ Ksin’(0-6,)

Field at an angle with
the anisotropy axis 6,

. : ‘ ‘
- 45° | H=0KM
15 kN A H=05KM
: 1 : ‘ H=0.75 KIIM
‘ : ‘ : H=1.0K/M
NN\ N\ - H=15K/M
05 N N\ O\ — R
g o Ne” N\~ i
os ot NNNT A -
b NG ]
-1.5 *’https:ﬁwww;voﬁtube;corﬁn/watch?jV'f'Kszﬁ'WAO6N : ‘ ‘ :
| | | | | I | I i I
0 45 o 135 180 225 270 0 30 60 90 120 150 180
Angle (deg) 0 (deg)
minima moves from 45° half way towards hard axis (90°)
Particle switches at K ;/M, not at 2K /M Easiest way to switch a SW-particle is at 45°
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0 1F
D | ————
A ) E. 0.5 Hysteresis loop for a
" k=] randomly oriented array of
E Stoner-Wohlfarth particles.
e RO A .Y SO
g
g
h E—O.E
1 | L
_1-1,5 - —0.5 0 13 1 5"
Reduced field, HH;
14
LR
o L
Figure 3. Some hysteresis loops predicted by the o 04 -
Stoner—Wolhfarth model for different angles between
the field and easy axis. 0.2
n.a ¥ T ¥ T ¥ T ¥ | ¥ T ¥
https://www.youtube.com/watch?v=_KkzQuWAO6A L I L e

811

Reversal movies for 0,15,30,45,60,75, 85 and 90 degrees
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Stoner-Wohlfarth reversal movies for various angles
plot single particle illustration, hysteresis loop, energy landscape

Hysteresis loop for a

. randomly oriented array of
i Stoner-Wohlfarth particles.
| 1 1

05 § 05
70° 90° ) -5—
w0 ~h B 4 +h E
g2 pi—
)5 E}
An energy landscape with ' - —) 1;_05
.. . B05 1
metastable minima gives ol =—= — G
rise to remanence and e .
L S [ N — 1 1 J -1.5
-1.5 -1.0 -0.5 ] 0.5 1.0 1.5

coercivity.

Single particle illustration
M and H vector illustrations
08
2 0 ost  Hysteresis loop:
15 : - Magnetization
: aal Versus |
°: o external field strength
05+ 02k
-
a5 D4
-2 06}
2 ] [ 1 2 08}
Fixed external field angle
Sweep external field strength

https://www.youtube.com/watch?v= KkzQuWAQG6A

Energy landscape:
Energy
versus

. _magnetization angle |

2} —

- = — E afuso
— E LeeMER

4 dhebl - -

A E e

I
0 05 1 1.5
Reduced field, H/H,

Energy

Bl

Reversal movies for 0,15,30,45,60,75, 85 and 90 degrees

Review outline and end
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Ferromagnetische (Funktionale) Materialien

 Einordung und Einleitung

 Energien und Energiedichten einer ferromagnetischen Probe

. Austauschwechselwirkung

. Streufeld- oder Demagnetisierungsenergie, Formanisotropie

. Anisotropie (auBer Formanisotropie = Demagnetisierungsenergiedichte)
. Zeemann Energie, aulReres Feld

*  Wechselseitige Konkurrenz verschiedener magnetischer Energieterme
 Hysterese-Effekte, Stoner-Wohlfarth Modell, Basis fiir binire magn. Datenspeicher

*  Magnetische Funktionsmaterialien zur Datenspeicherung
. Entwicklung der Festplatte: Von magnetischen Mikrosystemen zu Nanosystemen
. GMR (Riesenmagnetwiderstand) und TMR Effekte fiir empfindlichere Lesekopfe
. Zukunftige Festplattentechnologien
. Neue Effekte in der Nanowelt: Spin tranfer torque in Nanokontakten
. Separation von Ladungs und Spinstromen: Spin orbit torque in Diinnschichtsystemen
. Anwendungen im Magnetic Random Access Memory (MRAM)
. Die Spinwelle als Informationstrager (HZDR-movie)
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