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Magnetic Order RPTlJ

Paramagnet Ferromagnet M
\ YYYYYYVYYYYY)
>l T<T,. MMM A} Magnetization
ﬁ [ 1 N
\ TYYYYVVITTIY! M=—2u-
V l
Yo . =
o < kyT Exchange interaction
= & kpT < Jex magnetic moment
Wi =9 upJ

Total angular momentum per atom: J =L+ S
* Phase transition
« Spontaneous symmetry breaking
« Spontaneous emergence of macroscopic order parameter: Magnetization
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Anisotropy RPTlJ

(M)=10"!

Without anisotropy there is no macroscopic, time-averaged magnetization
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Limiting cases and applications RPTlJ

T=0
Anisotropy energy density
/ anisotropy constant: K
J
Kl =
kgT > KV
S _ .
Hard drive read/write head
Preferred ,easy* axis \
Thermal stability of magnetization direction:
K: Anisotropy Constant

V- Volume anisotropy limits HDD bit size
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Example: Uniaxial anisotropy

a Stochastic

u: anisotropy axis direction (unit vector) Element

IM e tM 1 HaH

p-bit: Binary Stochastic Neuron

a -
! H =
| ' magnetic field =
(M) = 0 (myz0 -
Ez =—uVM-H Zeeman energy @
A
Magnetic free energy density d

F=—uyM-H+ K (u-m)?

2
=\
]
Y
é

M M . . . . .
m == magnetization direction (unit vector)
S Appl. Phys. Rev. 6, 011305 (2019)
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Hard and easy axis RPTlJ
easy axis hard axis

hard plane ! easy plane

. K<0 K>0

F=—uyM-H+ K (u-m)?
K<0: easy axis
K>0: hard axis
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Stoner-Wohlfarth Model RPTlJ

F=—uyM-H+K (u-m)?

The equilibrium m orientation minimizes F

u,

1 H uifH

M-u \ M-u

< “«— M M
K<0 ’ K>0 ! ’

H. = Hgy T
sat
sat to Mg
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Stoner-Wohlfarth Model RPTlJ

u,
. A H F=—uoM-H+K (u-m)?
t The equilibrium m orientation minimizes F
‘l : : 1t m,.
""--.;. ....... ./*/r/- O - —
ST
¢/
. § h
-1 G5 ' -
nw
h = H/Hgy
o K|
sat —
poMs
O 525 APPLIED SPIN PHENOMENA Images: Wikipedia Mathias Weiler 8




Soft and hard magnets RPTlJ

u,
.t H
: M- u M- u
S - -
> > >
K]
He=2-—
large K: hard magnet Ho™s small K: soft magnet

e.g. permanent magnets e.g. transformer cores

OS85 APPLIED SPIN PHENOMENA Mathias Weiler 9




Effective field RPTlJ

easy axis
hard plane

K<O0

F=—-uyM-H+K (u-m)?
K<0: easy axis
K>0: hard axis

Effective field: ugHes = =V, G

In equilibrium: m || H ¢
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hard axis
m ut !

g ! easy plane

‘ K>0
F

K 2
GEM:—uom-H+E(u-m)

2K

HoHest = poH — - u (u-m) = poH + Bycos(9)
S

With uniaxial anisotropy field: B,, = —Izw—Ku

S
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Equation of motion

K
G =—pom - H+-- (u-m)° HoHefr = —Vin G

S

In equilibrium: m || H

Torque:T=uxB=%with angularmomentumL=—$u
dL  dul p=mMV
ac- ary HxB B = poHess
dm
E—_Vﬂo(mXHeff)

Attention: H .¢s = H o5 (m)'

Mathias Weiler
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Equation of motion - solution

K
G =—pom - H+-- (u-m)° HoHefr = —Vin G
S
I dm
In equilibrium: m || H ¢ 7 = 7V ko (m X H )
7 A
m H Solution in general only numerically possible!
| 2 2
4 y o\ __1 |(2® \(2 . 0 9 .
- y/) ~ sin20|\o®? 002 D 90
PoBo
A Philips Res. Rep. 10, 113 (1955)
Ferromagnetic resonance (FMR)
IS a direct measure of anisotropy
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FMR measures anisotropy

dm
At = —y o (M X Hg) hard axis
w |
UoHer(B0 = 0 =0) = " = uoH — B, ! easy plane
[010] 4
e N y |
M 7 :
g ——
o K>0 RRI=WAT T=5K
[100] _ ' '
’ E
o 400 B i
) H I [011] HII[100] H Il [011]
K 5 - l
G=—u0m-H+ﬁ(z-m) = f = 9 GHz
S 200 L . . . . . .
2 5 5 2 0° 30° 60° 90° 120° 150° 180°
2T B 1 d c d C Jd 0 G Orientation
Y ~ sin20 |\ od2 002 0P 90
D(,00 Phys. Rev. B 75, 214419 (2007)
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®
(B

Origins of anisotropy RPTlJ

B = puy(Hp + M)

\@/ VXH,=0 See lecture by Olivier Fruchart
I~

Shape anisotropy:

\/ / Inside magnet: Demagnetizing field Hy
Outside magnet: Stray field uyyHp, = B

— —— H,
7v\\\ Hn: field generated from (virtual) magnetic surface charges
A\\//)\ D g ( ) g g
Surface charges & H, reduced for
M i
M along long(er) axis.
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A Origins of anisotropy RPTlJ

Shape anisotropy: % L
: Demagnetization energy:

0
0 Only valid for
N ellipsoids!

ellipsoid

N,+N,+N, =1

Uniaxial anisotropy: UoHers = oH + By (u - m)
General shape anisotropy: poHeg = toH + poHp = uoH — oM;N m
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FMR of the general ellipsoid RPTlJ

Shape anisotropy: % —

General shape anisotropy:
toHegr = ploH — poMsN m

ellipsoid

For Heff | z

WpmR = uoyJ [H + My(N, — NDI[H + Mg(Ny, — N )]
Kittel equation (derivation in spin wave lecture)
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FMR of the general ellipsoid RPTlJ

Shape anisotropy:

'z
‘ For Hege Il 2
. WppR = Iio]/\/ [H + Ms(N, — N)I[H + Mg(N,, — N,)]
Ny + N, + N, = 1
Sphere: Ny =N, =N, = % Wsphere = HoVH harcil axis
Out-of-plane magnetized thin film: N, =1  ®oop = oy (H — M) @
In-plane magnetized thin film: N, = 1 wip = Hoyy H[H + M) easy plane

(y: oop)
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FMR of the general ellipsoid

hard axis
g 3.0 ]
Q 2.5 .
= 2.0 —
1 N -
easy plane Ie 15 |- -
= R -
= 1.0 _
5 — T T 0.5 [ . -
s § OOP - = -
cvéj 0 - - ;25_ 00 ettt 1 | 1 | 1 |
< | [ | 0 10 20 30 40 50
S - -
< I { :
=10 = Pt/Cu/C025Fe75(:2.5nm)/Cu/Ta =20 GHz f (G HZ)
E 1 | 1 i ! // 1 | P | 1 3
0.15 0.20 0.25 " 2.40 2.45 250 (‘)ip = .UOV\/H[H + Ms]
HoHo (T)
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Origins of anisotropy RPTlJ

Crystalline anisotropy:

d-orbital

L L L: orbital angular momentum

Neighboring atoms

Crystal field splitting: d-orbital orientation matters due to Coulomb repulsion
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Origins of anisotropy RPTlJ

Crystalline anisotropy:

B
i ital @ so
d-orbita Spin-orbit coupling: > L

Hy,=AL-S =LI|%S

1?00 dooiaioe
S

’ NNXNR%
o o ® O NXNXNR%N

Easy axis hard axis small overlap Lower energy

Image: Maciej Urbaniak
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Origins of anisotropy

Crystalline anisotropy: K. <0
u

® o060 o ¥ ®

‘55 """ """" ® O o

Easy direction hard direction

Funlax - K mZ
Feupic = K¢ [mx my + my mz + mx

E min
K. <0

&5 %> APPLIED SPIN PHENOMENA Mathias Weiler 21




Total magnetic free energy density of the general ellipsoid

Ho
Fiemag = > M? [NymZ + Nym2 + N,mZ]

— 2
F uniax — Ku my

Feubic = K¢ [mg m129 + m129 mg + mczl mg]
Fz =—puoM-H

Fiot = Fdemag + Funiax + Feubic + 7

F
G = tot
ZE
dm
UoHess = =V, G E = ~Y Ho (m X Heff)

Mathias Weiler

RPTU
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Origins of anisotropy RPTlJ

Interfacial anisotropy in thin films:

A8, ==

Spin-orbit coupling can lead to anisotropy from a preferred
orbital orientation at interfaces

— 2
Fint - _EKint mg,

OS85 APPLIED SPIN PHENOMENA Mathias Weiler 23




1 2
Fint = _aKintmz
Mege = Mg — Hy

Woop = oy (H — M)

25

2.0

1.5

Resonance Field (T)

0 10 20 30 40
Frequency (GHz)

Origins of anisotropy

_Ho

Fdemag - 7 Ms.zmg
ZK t
HoHy = d ]\l;
S

Wip = UOV\/H[H + Mgl

1.5

Resonance Field (T)

0.0

0 10 20 30 40
Frequency (GHz)

Interfacial anisotropy in thin films
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oM (T)

:0:4:. Perpendicular easy axis M :

easy axis RPTlJ

1 hard plane
l

Mqg < 0 : Perpendicular
magnetic anisotropy

14_. T T T T T T T ' T T T ]
1.2 FMR Geometry d
1.0 —— Out-of-plane |4
0.8 —O— In-plane ]
0.6 .
0.4 s

0.2{ MgO/CoFeB(d)/Ta

00 02 04 06 08 10 12 14
1/ thickness (nm™)

IEEE Magnetics Letters 6, 3500404 (2015).
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Magnetic Domains RPTlJ

a) b) c)
Ty DI

DW

Demagnetization fields can be further reduced by domain formation

y
DW ;A
X

@ o
(b) Bloch DW

PRB 92, 214420 (2015)
O 525 APPLIED SPIN PHENOMENA Images: Wikipedia, Matesy Mathias Weiler

Bubble domains
Y009 @ez0 ¢
(a) &5 '...:.......'..
d
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3.

@ Magnetic Domains RPTU
%é?% 0 e.a.

PRB 92, 214420 (2015) 0 . E
()N el wall (3D view) - N
AL »
“‘m HeX=_2]S1SZ=—2]52C059%—2]52 1—7
ymﬁﬂwWSmw\\]

(=) - 0 0(0) =mn/2 O(w) =7

2 2.2
AE., = N JS? (%) = ]SNn ; minimzed for N - oo

(c) Bloch wall (3D view)

)

i.

Hi

E, = K sin? ¢

.V (d) BI hwall( ide view)

N (™ N
T s = | Eede=
0

Surface Science Reports 78, 100605 (2023)

v
u . . .
:minimized for N - 0
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Magnetic Domains RPTlJ

e.a.
¢
T
=— JS?m®  NKy
N AEtOt - AEEX + AEa - +
N 2
JS?m®
AE. = ; minimzed for N — oo o 2]
N Energy minimization = N =S |—;
NK Ky
AE, = Tu; minimized for N - 0
5=Na=~300nm Without external magnetic field,
ferromagnetic particles larger than
_ V. oan—23v . _ 1 some micrometers feature magnetic
forj=1eV,K;=10"“°],a = 1 nm,S = . domains
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Anisotropy in Ferromagnets and Antiferromagnets RPTlJ

iy, e b
Tt HHHHIE ]

M=M,+Mg=0 Néel Vector

For many purposes, it is practical to model AFMs as two
antiferromagnetically coupled ferromagnetic sub-lattices

wOwlPw



Anisotropy in Antiferromagnets RPTlJ

easy axis hard axis
! m ut ;
¢ hard plane 6! ! easy plane
K<0 /MS =M, +Mz=0 ' K>0
Ko 112 2 2 2] — \
Fiemag == M |NymZ + NymZ + N,m2] = 0

e "t
i |

— 2 2 2 2 2 2
Fcubic - Kc [ma my + my mg + mg mc]

Antiferromagnet N=M,— My

Other than demag, anisotropies still work the same in AFM! Néel Vector
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Anisotropy in Antiferromagnets and Ferromagnets

/MSZMA-I_MB:O
Ho

Fdemag — 2

a)

MZ? [NymZ + Nym2 + N,mZ| = 0

Fluorescence

C
150

i e Diamond A ? "'—,‘“:"-; ‘.r_'-‘f.'»‘ ; =
I T l T l scanning probe \ § -_T: - *j_-., :, .;-" -
A\'J (§] --,}_._- " r.::: .::‘:r = DS;; ?
:Cr _____' o 1-”"1.,“- 3 .:"
Ms =0 - HD =0 f Al,0; e ] 10 .
Ho g %C’zos dI e 100 © | 1
T | B:Cr,04
Edemag arm = —7fM' Hp,dV =0 §:2 o - <
=" Il 5 5
. . 2 JiNEN N $
= Experimental observation : AFM 0 200 400 600 800 1000 |< T bgml - :
h ” d . h 3 Mean Radius (nm) o 100 TS — F5 0.2
ave small domains = whny: Adv. Funct. Mater. 34, 2408542 (2024)
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Magnetostriction RPTlJ

= We have so far ignored one important

contribution to anisotropy: magnetostriction Spin-orbit interaction + crystal field

o 0 4" o
v

Magnetized bodies change their shape:
Magnetostriction

Strain modifies magnetization orientation:
Magnetoelasticity

Image: Handbook of Magnetism and Magnetic Materials

O 525 APPLIED SPIN PHENOMENA Mathias Weiler 31




Magnetostriction

L]
~|
[en)

—10

/ /I —20
2 | A\ —/ ol ¥
g AN 30 # Permalloy

o — = \\ 4

7~ —40+

/g v
lD\Q — /=

A —— —50 ) | 1 { J L ]
4 30 40 50 60 70 80 90 100%
Niin Fe

Chikazumi: Physics of Ferromagnetism

Handbook of Magnetism and Magnetic Materials
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Magnetoelastic free energy density

|
. . X . aN }Al

" P
[ — Al
¥ Y
Y
[
| AL | AL
pure strain: &, = ——  shear strain: &, =

L L

RPTU

Giot = Gdemag + Guniax +
+chbic + GME + GZ

UoH ofr = =V Grot

blle ~ 10T

_ 2 2 2
Gme = by [exxmx + &yymy + ezzmz] + 2b, [sxymxmy + &,m,m, + eyzmymz]

6969 APPLIED SPIN PHENOMENA
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Magnetoelastic ferromagnets and antiferromagnets RPTlJ

‘ Magnetostriction and
® O

. magnetoelasticity work for
FM and AFM!

M, YYYYYYYYYVYY)

°
YYYYYYYYYYYY!
o . ® &

> 2

Mg Yiv \

oo g 8 i

A _ 2 2 2
GME - bl [gxxmAx + gyymAy + gzzmAz] + 2b2 [gxymAxmAy + ExzMaxMyz + gyzmAymAz]

Balancing elastic energy and

magnetoelastic energy: Domains in AFM
Mathias Weiler 34

Gue = Gig + Gye = 2G{ig
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Magnetoelastic control of anisotropy

- —_ 400
(@) y Piezoelectric -.‘2 L
actuator c 200
3 b
Dominant -(EU 0 i
elongation <
axis 3 — A_zoo =
g E 00
k) € -400
o s
DE: E 400
L 200
z 0 I
-200
(@) -400

lNi on actluatolr, 309 K 7
-20 <15 =10 -5 O 5 10 15 20
u,H (mT)

4 90°

(mT)

Strain controls anisotropy

res

uH

90°

New J. Phys. 11, 013021 (2009)
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Interaction of sound and spin RPTlJ

Interaction of Spin Waves and Ultrasonic Waves in Ferromagnetic Crystals*

C. KITTEL
Department of Physics, University of California, Berkeley, California
(Received January 9, 1958)

Phys. Rev. 110, 836 (1958)

Magnetoelastic free energy contribution: my; = 1> my,m,
Gume = by |exxM2 + €5ym2 + £,,m2] + 2b,|eymemy, + £,mem, + £,,m,m,|
Compressional strain Shear strain
Exz bz ~ 10T
- toHwg = —VinGue = 2b, | €yz g~ 1073
0 :U'OHME ~ 10 mT
oM
57 = Vo M X Hegt Hegr = Ho + Hyg + -

S5 APPLIED SPIN PHENOMENA Phys. Rev. B 86, 134415 (2012) Mathias Weiler 36
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\
N
\
N

AL LR

Interaction of sound and spin

QUA{'!T Z

RPTU

EXCITATION OF HYPERSONIC WAVES BY FERROMAGNE TIC RESONANCE

OUTPUT
LEAD

p

Y

&\\\\\;\\\\\

*
4 7
.I\
Ni-FIiLM
INPUT
LEAD
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e e

.

N

Y

G2

H. Bommel and K. Dransfeld
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received June 18, 1959)

Phys. Rev. Lett. 3, 83 (1959)

ACOUSTIC POWER
EMITTED =

| Il 1 |

1
© 1 2 3 4 5 6 17 8 9 10
Hpc IN KILOGAUSS

FMR < Soundwave < E-Field
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Surface Acoustic Wave + Magnetic thin films RPTlJ
TZ, YWD ke Surface Acoustic Wave (SAW)

/////////

/////////

IIIIIIII

Macroscopic: Earthquake

Microscopic: Mobile communication

Input IDT Output IDT

unnmumunmun

Interdigital transducer (IDT)

Y




Interaction of sound and spin RPTlJ

1 I 1 I 1
| BT T T T T 14
20 ~(a) o A\ 6=30° 1
L E D .
— 60 A -
0f = AR b A ]
L - ) *rm 4 3
8_20_ i i P .\.'1
9 152 154 156\ 1.58
% i v (GHz)
9D 40
-60
-80
1 I 1 L
02 04 06 08 10 12 14 16
Frequency v (GHz)
= T r
2,
't
X
)
o)
w30 -20 -10 0 10 20 30
wH (mT)

Phys. Rev. Lett. 106, 117601 (2011)
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Symmetry of the magneto-acoustic interaction RPTlJ
Magnetoelastic free energy contribution:
Gme = by [exxmi + £,,m2 + &,,mZ| + 2b, |y, mym,, + e,mym, + £,,mym,|

Pure strain Shear strain

Hy||z

b1,2 ~ 10T
toHvg = —ViGumEg Hete = Hy + Hyg + - g~ 1073

= —YUo M X H g
Exx# 0 Exy# 0 Exz# 0
H g Ay Ay | by
o o o
P gé\ ~N
1= == ==
Phys. Rev. 110, 836 (1958), Bo=n/2 X x \_N_/ x
Phys. Rev. Lett. 3, 83 (1959)

Phys. Rev. B 86, 134415 (2012)
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Symmetry of the magneto-acoustic interaction

Rayleigh mode (R)
Exx SXV

3 =

m
vg = 3105

L2 APPLIED SPIN PHENOMENA

Shear wave mode (SH)

m
VUsy = 4075 ?

0 200 400 600
t (ns)
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Symmetry of the magneto-acoustic interaction RPTlJ
t=390ns f = 3.5GHz " t=510ns

H
bm >
Jkﬂ 140 #. A_- 30 -15_ 0
)

S e g

y

@ % % I_’
- 60 [ ] % . 60 -(a)
Eﬂﬁso- ) - 5,\30-' LB
= = ol . . g ~ ol 1
o < 0 <
e -30F 2 -30 \ ’ 1
w -60 1 w -60 4
—I—l—‘—l—‘—l—l—
@ ¥F % (d)
60} 1 60+ 4
- o 0f ¢ " ‘_0,\30-’ L B!
ic - Of T — of 1
< 30} ! . , < 30} \ ’ 1
60} 1 0 200 400 600 -60 1
. ‘ : ‘ ; t(nS) . I ..l
-60-30 0 30 60 - -60-30 0 30 60 -
uoH (mT) uoH (mT)
Hoh o &, cos (2¢p0) Hoh X £xx SINP, COS ¢0

©8525L srruepseivpHeNoMENa  Phys. Rev. Applied 15, 034046 (2021)



Summary RPTlJ

Magnetic anisotropy

M
= Required for stable net magnetic moment
= QOriginates from shape (stray fields), or spin-orbit interaction
= Described by magnetic free energy density or effective fields o

= |Impacts magnetization dynamics

Magnetostriction & Magnetoelasticity

= Strain controls magnetization direction and vice versa 160 |
155 <
150 ;S &
. : L =00y el
= Strain generates effective magnetic fields ERIE NN 7 A
= Alternating strain can drive magnetization dynamics o H
160 4 ? 4
$=90°
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