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Sorry, the first couple of slides in the recorded lecture were presented in German,
since the lecture was originally recorded for the German physics module
,Komplexe Materialien“!

I will show the corresponding English slides here in the review session and will
once more go through the outline of the recorded lecture.

Prof. Dr. Olav Hellwig Format and organization .. 2 www.tu-chemnitz.de
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Ferromagnetic (Functional) Materials

. Introduction

* Energies und energy densities of a ferromagnetic sample
. Exchange Interaction
. Stray field or demagnetization energy, shape anisotropy
. Additional anisotropy energies (except for shape anisotropy = demagnetization energy)
. Zeemann energy, external fields

Mutual competition between the different magnetic energy terms
* Hysteresis-effects, Stoner-Wohlfarth model, basis for binary magn. data storage)

 Magnetic functional materials for data storage

. Development of the hard disk drive: from magnetic Micro-systems to Nano-systemes

. GMR (Giant magnetoresisance) and TMR effects for high sensitivity magnetic read heads
. Future hard disk drive technologies

. New effects in the magnetic nano-world: Spin tranfer torque in Nano-contacts

. Separation of charge and spin currents: Spin orbit torque in thin films systems

. New applications Magnetic Random Access Memory (MRAM)

. Spin waves as new information carriers (HZDR-movie)
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Ferromagnetische (Funktionale) Materialien

Guest-lecture “Komplexe Materialien” part 1: FM functional materials for data storage (some basics) (1:36:31)
Guest-lecture “Komplexe Materialien” part 2: FM functional materials for data storage (applications) (1:32:24)

Total lecture time 3:08:55

Questions ?

We can go to the corresponding slide and discuss !
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e 12 +2 questions about the last lecture ...

Do you remember?
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Question 1

Which elements are ferromagnetic at room temperature?
A: Fe, Cr, Mn
B: Co, Fe, Cr
C: Ni, Fe, Co
D: Co, Ni, Fe, Tb

E: Gd, Fe, Co, Ni

Prof. Dr. Olav Hellwig 6 www.tu-chemnitz.de
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Eight elements are ferromagnetic, four at RT

1.00 Twelve are antiferromagntic, one at RT
Y
(BLi 14 5 6 7 8 e
| Be Atomic Mumber 66 ; B C N 0 F
6.94 9.01 Dy Atomic symbol 1081 | 1201 | 1401 | 16.00 19.00 | 20.18
1+ 250 | 2 + 250 e 162.5 Atomic weight
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1+3s9 |2+3s° 3+ 208
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[——_] Radiosctve

[ ] Diamagnet

[:] Paramagnet

BOLD | Magnetic atom

[ Ferromagnet with T, > 290K [ )Antiferromagnetwith T,, > 290K [1 Antiferromagnet/Feromagnet with T/ T < 290 K
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Question 2

Which material has the highest Curie Temperature T.?
A: Fe
B: Co
C: Ni
D: Fe, 0O,

E: Cosco Fe5c0,

Prof. Dr. Olav Hellwig 8 www.tu-chemnitz.de
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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
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Question 3

Which magnetic energy is the most short range?

A: Zeeman energy

B: Anisotropy Energy

C: Demagnetization energy
D: Exchange energy

E: Stray field energy

Prof. Dr. Olav Hellwig 10

www.tu-chemnitz.de



Question 4

Which magnetic energy is the most long range?

A: Shape anisotropy energy
B: Stray field energy

C: Demagnetization energy
D: all of the above

E: none of the above

Prof. Dr. Olav Hellwig 11 www.tu-chemnitz.de



Question 5

Which magnetic energy varies the most in strength across

ferromagnetic materials?

A: Zeeman energy

B: Anisotropy Energy

C: Demagnetization energy
D: Exchange energy

E: Stray field energy

Prof. Dr. Olav Hellwig 12
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How much vary stray fields, exchange and ansiotropy across useful magnetic materials?

M, stray/demag A exchange K anisotropy

2
(MAm™) (p) m™) (k) m™) E = A[@)
exchange ~
. ox
NiggFes 0.84 10 0.15
Fe 1.71 21 48 ‘\ 1
Co 1.4 31 410 E,,=——H M
CoPt 0.81 10 4900 2
Nd,Fe; 4B 1.28 & 4900 ‘
SmCos 0.86 12 17200
-2
CrO; 0.39 4 25 Eamompy _ KU sin @ ]
Fey0y 0.48 7 —13
BﬂFE]gOlg 0.38 6 330 easy axis
magnetization exchange anisotropy 1 . - 1 . 1
stiffness (energy density) Emgwmmm=—— H, -MdV =-— |Mﬂf2dV=—?NMEV
. . Sdl';fp.i'd' sa;rp}e =
Variation
across less than 5 less than 10 up to 100 000

materials 1

largest variations in anisotropy
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Question 6

Which ferromagnetic 3d element has in its single crystal
ground state uniaxial magnetic anisotropy?

A: Fe
B: Co
C: Ni
D: all of the above

E: None of the above

Prof. Dr. Olav Hellwig 14 www.tu-chemnitz.de
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Co bulk Ni bulk

6 directions 2 directions 8 directions
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Which of the following statements is true?

A: The larger the exchange energy, the larger the domain wall width
B: The larger the exchange energy, the shorter the domain wall width
C: The larger the anisotropy energy, the larger the domain wall width
D: The larger the stray field energy, the larger the domain wall width

E: The larger the stray field energy, the shorter the domain wall width

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



e

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

3 5 WQ
— J' A(@) + K sin*(0)dx

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

—~

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
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Question 8

What energy dominates in the image? Why?

A: Shape anisotropy energy

] e —

B: Stray field energy A ——
W i

C: Demagnetization energy Ny —— /

D: all of the above

E: none of the above

Prof. Dr. Olav Hellwig 18 www.tu-chemnitz.de



Question 9

What energies determine the magnetic state in the image?
A: Uniaxial anisotropy energy

B: Stray field energy

C: Exchange energy e —

D: all of the above

E: none of the above

Prof. Dr. Olav Hellwig 19 www.tu-chemnitz.de



Question 10

What micromagnetic energies are considered in the Stoner
Wohlfarth model?

A: external magnetic field and exchange energies

B: external magnetic field and stray field energies

C: external magnetic field and anisotropy energies
D: exchange and anisotropy energies

E: stray field and anisotropy energies

Prof. Dr. Olav Hellwig 20 www.tu-chemnitz.de
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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 (9)
= K, sind
M
0 H
- E =—MH cosé+Ksin® 6
« >
Ky H term is uni-directional, K term is uniaxial

Prof. Dr. Olav Hellwig Stoner-Wohlfarth model: build derivatives 21 www.tu-chemnitz.de



Question 11

What assumptions go into the Stoner Wohlfarth model, as a
macro spin model?

A: Exchange energy is neglected
B: Exchange energy is infinitely strong
C: Stray field energy is neglected
D: Stray field energy is infinitely strong

E: Both, Band C

Prof. Dr. Olav Hellwig 22 www.tu-chemnitz.de
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At which angle of external field axis and anisotropy axis do we get the
lowest reversal field in the Stoner Wohlfarth model?

A: When the external field is applied along the easy axis
B: When the external field is applied along the hard axis

C: When the external field is applied at 45 degrees, i.e. exactly in
between the easy axis and the hard axis

D: When the external field is applied at 30 degrees

E: none of the above

Prof. Dr. Olav Hellwig 23 www.tu-chemnitz.de
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0 1F
D |
— 1 1 g L Figue7.12 |
A ) E. 0.5 Hysteresis loop for a
" k=] randomly oriented array of
E Stoner-Wohlfarth particles.
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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 e -

811

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

Prof. Dr. Olav Hellwig Stoner-Wohlfarth model: summary 24 www.tu-chemnitz.de


https://www.youtube.com/watch?v=_KkzQuWA06A

. | Some open questions ...

Which magnetic energy terms do they belong to ?

A: Exchange energy
B: Zeeman energy

C: Anisotropy energy
D: Stray field energy

AN S SO I
i I NI
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xternal

field

(¢°)

|

|

|

|

| E _pA %Y
|

|

exchange

E “H-M

external — OX
very short range,

nearest neighbor interactions only

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

Q
_E H S’ M ! Eanisotropy =J (0)

| =K, sin'd

long range, | U

everything interacts,

takes most computational |

resources in micro-magnetics |

directionally varying energy,
| source is often the crystal structure
loser look (b k .b)
o Closer look at Anisotropy energy (biggest kno .
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M
/ M i/ 2
e‘xternal =-HM cosé @6’ exchange
field — — — A integral

exchange

E -H-M

external

OX ,
very short range, H=-2 Z '-’rf'j S; - SJ

nearest neighbor interactions only =]

|
|
|
|
=
|
|
|
Etotal = I(Eexternal T Estray Eexchange T Eanisotropy)dv + surface + others

Eamsotropy =0 (6)

~—¥___ longrange,
™~ everything interacts,

H
00

takes most computational 00

resources in micro-magnetics 0ol

=
©
S
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S

directionally varying energy,

—_— —_— _— —_— —_— _— —_— — —_— _—
Magnetic energy
Z
-
<
cC
w
—
>

1 -~ - 1 - 1. .-, source is often the crystal structure
E negrecsics =75 | H-Mdv =3 [NMdv =MV simplest case = uni-axial
sample sample p -
|
o Closer look at Anisotropy energy (biggest knob) .
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H..
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|

|

/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 (H)
2 / | |
~—*___ longrange, H I % aAF_K ) a U
™~ everything interacts, 00 ;Z? i
takes most computational 00 | 9 180°
. . 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 nole carmole | simplest case = uni-axial
o Closer look at Anisotropy energy (biggest knob) .
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Which magnetic energy (energy density) terms do belong to
which characteristic magnetic parameter

1. Exchange energy
2. Anisotropy energy
3. Demagnetization or stray field energy (shape anisotropy)

A: The magnetic hardness parameter k (or Q-factor)
B: The domain wall energy o,
C: The exchange length |,

Prof. Dr. Olav Hellwig 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

M, stray/demag A exchange K, anisotropy §, vse::i:(a,:rg:py Y w Vs vs [,
stray fields stray
(MAm™) (pJ m™") (kIm™) (nm)  facor (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 39 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, =aJAK 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




Discussion about and feedback on
the lecture recordings

Prof. Dr. Olav Hellwig 31 www.tu-chemnitz.de



