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Magnetism and Matter
MM-3: Magnetic Interactions

Stefan Blugel
Peter Grunberg Institut and Institute for Advanced Simulation

Forschungszentrum Julich, Germany
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Conclusion of my lecture #) )0LICH
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» Competing interactions leads to complex magnetic
structures.

» Magnetism is a field with many different types of
iInteractions at different length and energy scales.

» The competition can be altered by temperature and
time (non-equilibrium excitations).

» Additional complexity is provided by spatial
constrictions.

» The magnetic structures can be very complex and
very esthetic.

» Some magnetic structures have strong impact on
electron transport properties.

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 2
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» Conclusion of my lecture
» Zoo of Interactions
» Reminder Magnetic Interactions

>
>
>
>
>
>

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 3



But also Small Things Matter !/ #) )0LICH
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J| *
- 1 r“"—J"L
N
a1 :..,..q_ j
'

OF Mtmcty e
"David, | want you tested for steroids.”
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Zoo of magnetic interactions J, JULICH
= Dipol interaction
= Nuclear spin - electron spin interaction
= Direct exchange interaction
* Indirect exchange Interaction
= Superexchange Interaction
* Double exchange Interaction
= Kinetic exchange Interaction
= Zener p-d exchange Interaction
* Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction
= Biguadratic exchange Interaction
= Pseudo-dipolar exchange Interaction
= Magnetic anisotropy Interaction
= Dzyaloshinskii-Moriya interaction

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 5
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1) Reminder Magnetic Interactions

» Magnetism is a field with many different types of
interactions at different length and energy scales.

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 6



Some Fundamental Interactions #) )0LICH
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chatft

Helmholtz Gemeins

=0.0005 eV

ypical Energies: =1 eV

Mitglied der

non-magnetic substrate

agnetic Moments Magnetic Order Magnetic Orientation

agnetism: Yes or No?  Ferro <= Antiferro In-plane < Out-of-plane

ntra-atomic Exchange Inter-atomic Exchange Spin-Orbit + Dipole-Dip
1

1
H:—§ZIZm? H:_ﬁsz,jmzﬁj H = ZK(mzet)2+ZT;[]
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Typical Ground State Energies

E(eV/atom)
Cohesive energy 5.5
Local moment formation 1.0
Alloy formation 0.5
Magnetic order 0.2
Structural relaxation 0.05
Magnetic anisotropy 0.0005

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 8



| Magnetism on all scales: 0 JULICH
1 What happens to Magnetism on the Way from Large to Small ™™

macrOSCOpIC Domain Domain Wall
A MXAMAA
permanent micron MLM LM““““ TtMﬁ ﬁ ﬁ\ 1
magnets particles

S=102° 107 108

quantum tunneling,
guantization
quantum interference

“Single Molecule™

1-‘2 ML Fe on W(110) Magnets

Le UL oo~ e
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2. Magnetic Phases
2.1 Collinear Magnetic Phases

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 15



Bulk Magnetism #) J0LICH
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ferromagnet

bce-Fe:
M= 2.12 11,

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 16



Bulk Magnetism

Spifedermdgnedve

bce-Cr:
M= 0.59 e

Lecture MM-3, | ESM-

RRRRRRRRRRRRRRRR



Bulk Magnetism #) )0LICH
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> ltinerant magnets (metals)
» Collinear magnetic structure
(quantization axis the same at each atom)

¢

¢

bce-Cr: bce-Fe: fcc-Ni:

M= 0.59 11, x cos(1-8) = na M= 2.12 1 M= 0.55 15
a

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 18



Signature of Itinerant magnetism #))0LICH
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N

= ———————— 1
) 0.6- 3'0__ Mn 1 4
£ - 251 Il T
O 0.4 + + 1
= 0] 2.0t 1 T
C T T 1T ——

. 1.54 1 1
® 00—t | T ]
= 0.8 1 0 0.5 0.5 1

0 (2m) 0 (2m) 0 (2m)

S. Blugel, G. Bihimayer in: Handbook of Magnetism and Advanced Magnetic Materials (2007)

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 19



Example 2: #) )0LICH
Transition-metal mono-oxides

ScO TIO VO CrO MnO FeO CoO NiO CuO ZnO

P 53 B E P ¥
i

1 Y 3d
| ¥ —1 = Question:
— How is such a variety of magnetic
Rock Salt structure configurations realized ?

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 20



Example 3: Perovskites ABO, #) j0LICH
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' Crystal Structures and Chemical Bonds in TMO

TM-ion

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 21



Example 3: Perovskites [La, Sr,]JMnO, #)JULICH
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AFM-A-type AFM-C-type AFM-G-type

* Remark 2:
Novel Physical Properties Originate from
Variety of Antiferromagnetic Configurations
» Colossal magnetoresistance

» Half-metallicity

Spin spiral Canted antiferromagnetic
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2. Magnetic Phases
2.2 Non-Collinear Magnetic Phases

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 23



Non-collinear Magnetism #))0LICH
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Incomensurate Spin-spiral is characterized by
Spin Spiral = Wave vector
() @ = Rotation axis

) sin 9 cos gR"
M" =M< sind singR"

arbitrary q |COS 6), t
0=qRp cone wave

angle vector

This particular example: .
helical coned spin spiral q || 2

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 24



Flat Spiral and Spiral with cones A) )0LICH
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Non-collinear Magnetism #) JULICH
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=
©
L C
[8}
(2]
c
(0]
£
(0}
O}
N
=]
o
=
€
(0]
nn
-
()
o
o
I5
>
=
=

spin-density
wave

' cycloidal spin

helical spin spiral g || 2 spiral G.L 2

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 _ “2-juelich.de/pgi/Bluegel S Folie 26




Example 4: 4f-Helimagnets #) )0LICH
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Incomensurate ool Tl ol Tl
Spin Spiral ;
P =P e D o @
b b D o e f
‘ [ v
PId Ppld © @
| N\ |
PR PO OB 7
\ )
PP S o 7
gfbi S o> D o e
= | /|
S IS B > & 7
| o b
D oD DB e B 7
Hidb DB b e &
Tm ErTm Er HoEr TbDyHo TbDy Gd
Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 (a) (b) () (d) (e) (F) (g)



Example 6: Orthorombic RMnO, #) )0LICH
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58 59 60 fi1 62 63 64 65 66 67 63 69 J0 71
R=Rare Earth || ce PrlHd sm| Eu|Gd| ™| Dy | Ho| Er |Tm | ¥b | Lu

1 ] 1 I

T. Kimura et al PRB 68, 060403 (2003)
100 1

-R=Nd

paramagnetic
Sm

Ho—
TbD/

A-AF incommensurate-AF |
ey
i‘.bﬁ' ooy /E-AF -
’ commen- Woredl
oL . AR AFM-E
148 146 144

Mn-O-Mn bond angle ¢ (deg)




Example 7: finite temperature magnetism !) JULICH
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Spontaneous magnetization: 1/ (Be,,,T) = — = < Zmz oxct )

tot

Stable over T:
collinear state

EEEXX
RERE

T=0 Ordered spins T>

Long-range disorder
¢ Short-range order

magnetic interactions known

=» one can determine T

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 30



Aim the lecture: #) )0LICH
understanding exchange Interactions

Exchange Interactions

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Bligel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 31



Origin of Exchange Interaction #))0LICH

FORSCHUNGSZENTRUM

€ Hamiltonian

@ @ 2/
N (p? Zn \9 o R"
H_;<2m_;|ri—R”| Zm—m @ @ O

J71

€ Surprise ! Hamiltonian not explicit spin dependent:
(H,8°]=0 A [H,S,]=

€ Effective Spin-Hamiltonian @ %ﬁ

H2—spin Z sz S S

Lecture MM-3, | ESM-2018, Krakow, éept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 32
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1. Magnetism of single atoms

Discussed in lecture MM-1

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 33



Open shell atom in crystal field

' See for more information: Crystal Field Theory

2
X =y i
2 €4 37°—r’ &
5 |
U
3 t29 Lﬂ@
Xy, 2X, Y2 =
Free atom Cubic a=b=c
W=y VO = D V)

Octrahedral
Environment

e.g: perovskite

ABO;

TM-ion

#) )0LICH
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A —_ |.E'eg _Et2g|

€ A=small
high-spin state

A

<]V

& A=large
low-spin state

4

A
MZ1ug




Open shell atom in crystal field
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M. Lezai¢ A3: Crystal Field Theory and Jahn-Teller Effect

Octrahedral

Environment
e.g: perovskite

%
- 4f of Eu?*
— 4f <r>=0.953 Bohr|
A P
. r [Bohr]
%
L 3d of Mn2*
[—3d <r>=1.147 Bohr]|
’ r[EBohriS
3 of Mo2*

[—4d <r>=1.729 Bohr]|

O
r [Bohr]



Example: Co3*in cubic crystal #) )0LICH
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Dipolar Interaction #) )0LICH
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Energy of a pair of magnetic moments

S S 5 Prv= B ma2
mi Mmoo — 3(m1 . R)(mz . R)

R3

Energy of magnetic moments on a lattice
(ferromagnetic state, moments along z-direction)

z o mz [1 o 3(}?2:) ]
EFM _ Rg ;; (Rﬁ')S

Energy scale: (lattice constant =2 A = 4 a_; spin S=V5; g=2)
m? (g-,uB°%)2_ 1 ( eh >2<m662>2 11 5 i

— = 0%

R3 (4ag)3 43 \ 2mec h? ag 2-43 ~~  2aqg
= (1/137)2 ~~
m2 1 1 1Ry

Ry ~3-107%V ~ kg x 0.05K < kgTc (Tc ~ 100 to 1000 K

Lec}%% vivi-s, | 28 4u1c8r76<9/v bept 19 2018 Prot. Dr. Stetan Blugel. | http://www.tz-juelich.de/pgi/Bluegel_S Folie 43
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Magnetic Anisotropy

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 45



Rotation of Magnetization #) )0LICH

FORSCHUNGSZENTRUM

Isotropic: E(|M))

(Heisenberg: H = %Z Ji;8:5;)

My i

.

B,

¢ ¢
88
&K

-0 -0 0>
0> 0> 0>

Solid

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 46



Magnetic anistropy of Energy #) )0LICH
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Isotropic: E(|M]) Energy anisotropy: E(|1/])

. _ 1 3 &
(Heisenberg: :'ij: > > JiiSi8;)

©J

Work: easy axis — hard axis
W = / HdM

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 47
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Phenomenological description

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 48



Definition of coordinate system #) )0LICH
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- R
N
)
N

T

M = (a1, as, a3) = (sin @ cos ¢, sin 0 sin ¢, cos 0)

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 49



Phenomenological description of crystal ~ #) JULICH
anisotropy |

Power series expansion in the components M = («ay, as, as)

bo(T, Har) + Y bi(T, Har)ovs

Z bz’j (T, HM)Oéz’Oéj + Z bz’jk(Ta HM)aiajaj
i,j 1,9,k
higher order terms

—~ . . recall:

M is an axial vector (right hand rule!) L L
e~ _ MxL =7rxp
M—M=-M ,0 — —q drl
= bop11 axial tensors = bopaq :=0Vn S e dt

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 51



Bulk anisotropy cubic systems #) )0LICH
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Cubic systems: Fe, Ni, TMO, EuO, Spinel-Ferrites, Magnetite, Garnets

|2
Gcryst — bz’jaiaj T bz’jklaz’ajakal + bijklmnaiaj()ékalaman

Cubic symmetry: G(o;) = G(—o;)

G ~ oy, ;o (1 # 7) vanish

1. Second order terms: _isotropic (forget it!)
Z bijai&j — bn(a% -+ CV% —+ Oég) — bllK
]

1. Fourth order terms:
Z bijmaia;are; = binn(al + a5+ a3)
i e 6b1122 (Oé%()é% -+ Oé%()ég —+ Oé%()é%)

2 2 2 2\2 __ 4 4 2 2
1°=(af+a5+a35)"=(a;+...+a3) +2(aja; ...
Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 52




- #) JULICH
Bulk anisotropy tetragonal systems <

Tetragonal systems: TMPt, SrCrO,, RECuO,, layered sys: BaO/EuO

—

(M) = Ki(af 4+ 03) + Ko(as +a5)* + Ks. ..

N

(M) = K, sin” 0 + K, sin* 6

(cylinder symmetry = uniaxial)
+ K5 sin®* 0 cos4¢
(expresses fourfold symmetry)

For all uniaxial systems (tetra, hex, orthorhombic)
polar coordinates

~

M (M) = My + M sin® 6 + My sin* 0 + M3 sin® 6 cos 4¢

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 54



Description of magnetic anisotropy !) JULICH
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/ Phenomenology \

Shape Anlsotropy Magnetocrystalline Aniso

. 3 A T
o X R 'y i,
b B 2 i
o+ o ] .ll' - =
B i i 't- =
. ] [,
L N ‘. -
: v : h‘ﬁ * - A
! 4 b | &
' & w-: &
¢ 'y i

, Q‘* / I

"ls?'u LH, ’L.' ".J b
Dlpolar Interactlon Spin-Orbit Interaction
\ Microscopic /
Theory

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 56
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Magnetocrystalline Anisotropy

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 57



Magnetocrystalline Anisotropy J, JULICH

RRRRRRRRRRRRRRRRRR

Most important: coupling of spin + orbital motion of same elect.
h? 1dV; 7.a

Spin-Orbit Interaction:  Hgo = L;-S;

2m2c? r dr

Wavefunction: Zb(’F) X Rn,e,a("“)Yem(T)Xa

MAE due to MCA:  Eyca « (|Hso|v) o & (Y |LIY Y (x|S]|x)

(15t order perturbation)

Z\° 1
Spin-Orbit strength: Ene = 4 - ( ) o N Z*
(for V(r) = Ze?/r) aB n°l

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 58



Spin-Orbit Strength §(Z) #) )0LICH
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for transition metals

LectureM ., . . __



Orbital moment quenching <L>=0 J, JULICH

: 7 h 9, 9,
O > p— —. :C _— E—
Oy Ox

iFor any real wavefunction |¥) — (|| W) purely imaginary
but:
L. is Hermitan —— (¥|L.|¥) purely real

|

(U|L,|W) must vanish!

(V| Ly | W) = (V|Ly|V) = (¥|L.|T) =0

For a real Hamiltonian, the non-degenerate states are
described with real wavefunctions |V) No MCA in 1t order

MAE due to MCA: Enica « &(L){(S) = 0!} SOI for orbitally non-
(1st order perturbation) degenerate states

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www




Degenerate orbital states: <L>#0 #)0LiC
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4 Unqguenched orbital moment can be expected in the degenerate
states: d’, d?, low spin d?, d®° and high spin d° d".

Example doubly degenerate t,, states: |zz), |yz)
Form new complex eigenstates: |+) = 1/v/2(|zz) + i|yz))

h 0 0
Angular momentum operator: L,|+) = = (xa—y — y%) £)

— +h/4)
Orbital moment: (£|L,|£) = 1/2h ((zz|zz) + (yz|yz)) # 0

l MCA in 18t order SOI possible for orbitally degenerate states

Envica large because <L> is determined at1st order perturbation

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 61
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Example: Spinel-Ferrite (Magnetite) #) )0LICH

Fe; O, (Fe?T0O%7)(Fe3T037) Ky =-2-10* Ky =-9-10° (J/m~3)
m= eg

2 ~ -

1 \::::\\ d /////

2 —CCo===" ; ~—__ t29

i /// T~ !

2 - ==

atomic spherical cubic

spin-orbit splitting

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelicl



Example: Co mixed-spinel ferrite #) )0LICH
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Fe; Oy (Fe?t0?7)(Fe5™037) K;=-2-10* K, =-9-10% (J/m3)
CoFey Oy (Co*tO?)(FestO37) Ky~  10° — (J/m~—3)

—
—_

N=2O=DNI
|
||
|
\
\|
7
\7
I\
/

atomic

spin-orbit splitting spherical

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 65



Unquenching the orbital moment by spin- 4 jULICK
orbit interaction n === 77

The spin-orbit interaction is in the wave function!

€L - S|o)

€u — 6o)

1st order perturbation theory: o)) = |o) + Z <?z o)
L

Orbital moment: W o|Llo)M o — Y~ <0|L|?€> <7ﬂiL)' Slo) o)
u(u#o) v ©

MAE due to MCA: Ewmca x (Hso) o £ (o|L|o)M(S)

(29 order perturbation)

0) :

occupied, ground states

:= unoccupied, excited states

or d-states o), [u) € (Jzy; 1), |z2; 1), lyz; 1), |22 — 9% 1), 1322 —r%; 1)
Lecture |£Uy, l>7 |$Z, ~L>7 |yZ, l)’ |$2 - y27 l>7 |3Z2 - ’)"2; l>)




Unquenching the orbital moment by spin- 4 JULICH
orbit interaction |

The spin-orbit interaction is in the wave function!

1st order perturbation theory: o)) = |o) — Z |

Symmetry-dependence

- 2 . 4
E.g. uniaxial symmetry E0) = Ko+ K;sin” 0 + Ky sin” 0

2nd 4th

/\

x M-
)

. q 2n
MAE due to MCA: K, o (Hso) od— 3 (ul¢L - S|o)]

|(€u _ eo) | (2n—1)

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.tz-juelich.de/pgi/Bluegel S Folie 67
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4. Homogeneous electron gas
(Hartree-Fock applied to plane wave functions)
Simple model for metal , but too simple

Discussed in lecture MM-1

{2)
N (R)
A
n -y
7/- g
" Austauschloch
/2-" (eine Elektron fehlt)

L > R vww.fz-juelich.de/pgi/Bluegel_S Folie 73
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4. Stoner Model

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 81



Ay jiLIcH
Stoner Model for Ferromagnetlsm‘) RRRRRRRRRRRRRRRRRR

> Xa approximation: only exchange (Hartree-Fock)

1/3
ViE(r) = —ae2<§) (n* ()"

T

6 1/3
= —an(—> (n(r) & m(r))'/®

s

VQ(r) = m(r)Vx(r)  (linearization)

Q

> LSDA: VE(r) = VO.(r) = m(r) Ve (r)

> Model: VX%(r)=V§C(r)$%IM M = / mir
Va

tom

[/Atom Ji/Bluegel_S Folie 82
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. M)j0LicH
Stoner Model for Ferromagnetlsm‘)

> LSDA: VE(r) = VO.(r) = m(r) Ve (r)

> Model: VE(r) = Vo(r) %IM M = m(r)dr
VAtom
VA’[om

> Spin-dependent Hartree equations

h2

[—2—Vr$Veff([n+, n_]|r) ] @i+ (r) = €irpiL(r)
m

——> For Stoner model

he 5 1

2mv + Vo (r )$§/M @i+ (r) = €j1pix(r)

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018 Prof. Dr. Stefan Blugel. | http://www.fz-juelich.de/pgi/Bluegel_S Folie 83



#)0LiC

Stoner Model for Ferromagnetism™ =
1
> Model:  Vg(r) = V(r) ¥ 5 M M= | m(rdr
VAtom

» For Stoner model

1

h2
Ve VAT 3 21s(0) = s

» M constant
= i+ () = Pku(F) = op, (I)
1

0
€jL = €kpt = ekVZZEIM

ni(E)=>" /BZ S(E — expr) dk = N° (E + %IM)
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. . A) 0LICH
Exchange split density of states < e

Energy (eV)
IS S
1
L
Energy (eV)
N D
I
—s]IM |«
I 1

&
|
|
1
(@)}
|
|

3. 2 1 0 1 L2 3 3 . 2 0 1 L2 3
spin down | - DOS (1/eV) spin up T + spin down | - DOS (1/eV) spin up T +
minority spin majority spin minority spin majority spin
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Band structure of ferromagnetic foo-

1.0

080 i
bandstructure

for fcc Co

(160

EmEREY (Rl

0.40

DED |

0.0

Moruzzi, Janak, Williams (1978)
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Density of States of Fe and Co ™ Feweem
& 350 T . 250
- MEAITRITY SFH '"J
é M 300 é E d | P é'
E . 150 E E C{) E
] * 00 ﬁ & -t 1.30 b
= E g :
| = a i B
- 130 i E (KL B
= y ] o o
3 1w E 1 g
: - {os B
050 J
] oo
i a0 (ﬂ
2 1 os0 = i l 3
g B {050 2
x o0 B E
E . L} E IE E
% 150 g g 8 B E
s 7 b 2 5
: e Jin §
. T MIRDEITY 5FI% 1 &0 ° ¢ | .
¥ - - - : 3.00 2.00
-Bi -k - - -2 q 3 -0 -4 - 2
EMERGY HELATIWE 10 FENBI EMERDY 4EV] ERENGY MELATTVE TO FEARE [MIRGY |
Moruzzi, Janak, Williams (1978)
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Derivation of Stoner criterion < JULICH

> Self-consistency condition

BT 1 1

N = / nO(E+§lM)+n°(E—§IM)] dE
Er 1 1

M - / M(E + 5 IM) — n(E - EIM)] dE

> Two equations: ——> Fr = Eg(M) and M = F(M)
:

1. Ex(M) is even function in M: Er = Er(M) ~ Er(0) + EEé’(O)M2

One calculates %3 from dN = 0
X ON ON - I o
5 AN =0 = 2= dEr + SrdM = () + ) o + 5 (1 — ) oM
o
2 oy I o 1 n — o\ 2
ie) = — — b — >
2 = F'(M) 2(n++n_) (n9+n9) >0

IM

where  n% =n° (Epi?> >0
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N L #) 0LICH
Derivation of Stoner criterion = LT

> Self-consistency condition

E/:'
N = / nO(E+%IM)+n°(E—%IM)]dE
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N L #))0LICH
Derivation of Stoner criterion < L

1. One solution M=0 if F'(M)<1
2. Three solutions M=0 and M===M_.if F '(M)>1

> The derivative F(M) is

n°(EF + %IM) +n°(EF — %IM)]

+ n°(Er + 1/M) — n°(Ef — T =0 for
2 2 M=0

N ~

F'(M) =

which for M=0 leads to F’(0) = In°(Ef) and

the sufficient condition for magnetic solutions is F'(0)>1, which
implies the Stoner criterion

——>Stoner criterion: /nO(E,_-) = 1
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FORSCHUNGSZENTRUM

2. Evaluation of Stoner Model
for bulk materials
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. M)j0Lc
Stoner Model for Ferromagnetlst

@ Stoner criterion: [en(E;) > 1
(for d-electrons)

1
@ Density of states: n(Eg) ~ W [ nWw=>5 ]

[n(E)
Model tn(E)
«— W > W
E E
E. E.
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Bandwidths of metals < JULICH

' = Non-
o 20 — . -
@ Magnetic .
" 5d 2L | => Magnetic
= 15— Kd -
o
= 10 3d a
= s .
T 5 _
3 hM
m k=0 k
0 |
Atomic Number |
5 [«],. Periodic Table .
e « [ [ of the Elements [, [.[u[o [« |5
GE) L | : um WE B WE ME NE e 1] e
(@) 2 B \""‘a | Bl s [ e lln Fe | Co
£ a m : 2
21 bulk \ | R T P T e e
%) B
©
Loy - 1 1 | | 1 1 e

Ti V Cr Mn Fe Co Ni
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- . ?JULICH
Band width W as measure for localizatfon

5d

- 4d |

atomic number
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#) 0LICH
Stoner Parameter <) JULICH

metal n°(Ef)[eV™'] feV] In°(EF) S=x/xo

Na 0.23 1.82 0.41 1.71
Al 0.21 1.22 0.25 1.34
Cr 0.35 0.76 0.27 1.36
Mn 0.77 0.82 0.63 2.70
Fe 1.54 0.93 1.43 -2.34
Co 1.72 0.99 1.70 -1.43
Ni 2.02 1.01 2.04 -0.97
Cu 0.14 0.73 0.11 1.12
Pd 1.14 0.68 0.78 4.44
Pt 0.79 0.63 0.50 2.00

Gunnarson (1976), Janak (1977)
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FORSCHUNGSZENTRUM

4. Heisenberg Model
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The Heisenberg Model A JULICH

FORSCHUNGSZENTRUM

(Derivation of an effective spin model) H,-molecule

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018

1
SS9 — —

N | —

S1 =
‘81 —Sg‘ <S<s+5
Singlet state: S%y0=0
W (7, 81572, 82) = ®g(71;72) X0
Triplet state: S%x1 = 2x;

W (71, 81;72, 82) = P (71;72) X1
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The Heisenberg Model A JULICH

FORSCHUNGSZENTRUM

Singlet: S=0 xo = V1/2(|+,—) — [=+))
X141 = |+ +)

Triplet: S=1 xio = V1/2([+,—) + |-+))
X1,-1 = |——)

» singlet is anti-symmetric in the spin variables
» triplet is symmetric.

» Pauli principle allows only totally antisymmetric wavefunctions,

=» (Orbital-) real space wavefunction _ —5
singlet: bs(rq,r2), symmetric, Singlet state: 5°xo=0

triplet: ¢1(r1,r2), anti-symmetric U (7, s1; 79, So2) = Pg(71; 72) X0
» Energies Eg for ¢, and E; for ¢ are different

- Exchange energy: Triplet state: S%x1 = 2x1

J = Etriplet — Esinglet \11(7717 $1; T2, 82) — (I)T(Fl; FQ)Xl
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The Heisenberg Model #) )0LICH

FORSCHUNGSZENTRUM

(Derivation of an effective spin model) H,-molecule

e — ke

1

S1 = S92 =

N | —

‘S‘]—SQ‘§S§S1+SQ

Singlet state: 52y 0=0
Energy of eigenstate: g or Fir U (71581372, 52) = Ps(71;572) X0

o ES if §2X0: 0 . =9
Hs = { Er if $Pxi= 2 Triplet state: 5°x1 = 2x1

(71, 81572, 82) = @7 (71;72) X1
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The Heisenberg Model J, JULICH

RRRRRRRRRRRRRRRR

| Energy of eigenstate: [V or F'y
: { Bs if S%y=0 J = FEs - Br
Hs =

. ~9 .
ET it S X1= 2X1 182—]./2 (SQ_S—iQ_S—éZ)
/\
(81 + 52)°

Hy = —J1951 - 5 + 3/4E7 + 1/AE,
S 1 1 /1 1 /1 3
S1‘32X0=§<0—§<§+1>—§(§+1>>X0=—ZXO

Hsxo = —(Es — ET)(—3/4)x0 + (3/4ET +1/4Es)x0 = Esxo

Hsx1 = —(Es — Er)(+1/4)x1 + (3/4ET + 1/4Es)x1 = ETx1

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018
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The Heisenberg Model #) )0LICH

FORSCHUNGSZENTRUM

(Derivation of an effective spin model)
H,-molecule

S1 = S9 =

N | —
N | —

Energy of eigenstate: /5 or /1

Yo — ES if §2X0=O
o ET if S2X1: 2X1

H, = —J19571 - So + 3/4ET -+ 1/4E8
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The Heisenberg Model #) JULICH

FORSCHUNGSZENTRUM

chatft

(Derivation of an effective spin model)

n
15
0]
<
[0
O
N
=
o
ey
5
9]
T
s
[0
o
o
0
=)
=
>

== generalization
Heisenberg Model:

Energy of eigenstate: £/ or )

Yo — ES if §2X0=O
° Er if S%x1=2x1

H, = —J19571 - So + 3/4ET -+ 1/4E8
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Heisenberg Model #) )0LICH

FORSCHUNGSZENTRUM

Heisenberg model

1 » = J>0: Ferromagnetism
Hs=—5» JjSi- S

2 J < 0: Antiferromagnetism
i

Applications: A S R
o Search of magnetic ground states 4+ 4+ 4

Y‘\\
o Thermodynamical properties AJlAj\dA PO

2
o Magnetic excitations T

o Magnetization dynamics
Jj = J(|Ri — Rj])
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Heisenberg Model #) )0LICH

FORSCHUNGSZENTRUM

Quantum Heisenberg model S = %, 1, g, e
HS=—%ZJU§-S Ms=-S,—S+1,..,8S-1,8
5]
Applications: S S S
o0 Search of magnetic ground states 4+ 4+ 4 4
o Thermodynamical properties L \}5&‘ N
o Magnetic excitations L4 44

o Magnetization dynamics
Jj = J(|Ri — Rj])
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Conditions for classical Heisenberg model #) JULICH

FORSCHUNGSZENTRUM

] Magnetic moments are localized within muffin-tin sphere

Energy for moments magnitude (1- 2 eV) >>
energy for moments rotation (0.1-0.2 eV)

Magnitude change Rotation - NNS.-
ARV RIS
|\/|X NS M,
Adiabatic principle:

Time-scale of moment rotations (ps) >> time-scale of electron hopping (fs)

See e.g. You and Heine 1982; Staunton et al. 1985; Antropov et al. 1996; Halilov et al. 1998
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Classical Heisenberg Model #) )0LICH

FORSCHUNGSZENTRUM

Classical Heisenberg model: S — S = (S)

1 =S J > 0: Ferromagnetism
Hs=—5>» JjSi- S

2 J < 0: Antiferromagnetism
I,

Applications: A S R
o Search of magnetic ground states 4+ 4+ 4

Y‘\\
o Thermodynamical properties AJlAj\dA PO

2
o Magnetic excitations T

o Magnetization dynamics
Jj = J(|Ri — Rj])
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Classical Heisenberg Model #) )0LICH

FORSCHUNGSZENTRUM

Classical Heisenberg model: S — S = <§> - S
1 J > 0: Ferromagnetism
Hs = — ;J,-,s,- 'S;

J < 0: Antiferromagnetism

Applications: S S S
o0 Search of magnetic ground states 4+ 4+ 4 4
o Thermodynamical properties L \}5&‘ N
o Magnetic excitations L4 44

o Magnetization dynamics
Jj = J(|Ri — Rj])
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Frustrated Magnetism #) )0LICH

FORSCHUNGSZENTRUM

Geometrical Frustration Frubtessiembei & Mbdelge

w ] HDIerPTIS;S,
J; j(’ ‘? 1] i

Cr/Mn on * ’ * ?

fcc(111) or hep(0001) XN
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Fermi surface of transition metals ~ #4JULICH

becec W (Z=74) hcp Os (Z=76)
e

details matter !
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Oscillatory exchange interaction A JULICH

FORSCHUNGSZENTRUM

Shell of equivalent

Ri —Ry|

Exchange interactions and Curie temperature in bcc Fe

atoms at a distance

I I i I I
>
o 100 . . . .
£ Exchange interactions in NiMnSb
o 10 g -
3 . - NiMnSb
© > i =--® Mn-Mn
8 50 o -
g | £ |
(O} L 5 L
[ o~ "
& =]
3 o = |
(0 0 .
0 1 2

Distance (lattice parameters)

Distance (lattice parameters)
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An other exotic magnetic interaction

Dzyaloshinsky Moriya Interaction

» Magnetism is a field with many different types of
interactions at different length and energy scales.
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Dzyaloshinskii-Moriya Interaction #))0LICH

FORSCHUNGSZENTRUM

Break of inversion symmetry

P(z) # P(-2)

1 Dzyaloshinskii-Moriya

Hpm = Z Djm; x m; Antisymmetric Exchange
p

f Vc__ ' Chiral magnetic interaction
If
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Dzyaloshinskii-Moriya Interaction #) )0LICH

FORSCHUNGSZENTRUM

IL>

.

— HDM — ZDi’j Sz X Sj
1] L
C
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DMI: Tight-binding model #) )0LICH

FORSCHUNGSZENTRUM

* two magnetic atoms and one

Bl %
|+ Isosceles non-magnetic atom

Trimer

» 4

.

y

T—> X » one orbital (d,,) on magnetic
and two orbitals (d,,,d,,) on non-
magnetic atom

d * non-collinear magnetic
dXZ , I configuration: rotation within x-y

yz plane

dXZ dXZ

*» Basis
* no SOl on magnetic and large

” : g * Minimal system and model covering

non-vanishing DMI inspired by model
dxy dxz d

2 2 . . IVI.
vz dx y dzz A. Fert and P. M. Levy, PRL 44 1538 (1980)

‘ SOl on non-magnetic atoms
N ~\ °
J

N
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Perturbative solution for NC case #))0LICH

FORSCHUNGSZENTRUM

m#O,IM m;éO,IM
Yy

d. QA@ N\ Lx

TB Hamiltonian:| H = Ho + Humag(p # 0)

Perturbation AV = —@};GB Oa = —70y0pa,

Eigenstate in first order perturbation :

. - n'e|AV|n%y
I e Yo TR e

Il
>
Q
~~—"
|
)
@
3\0)
q\
Q. 2
:\
q\
~~—
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Perturbative solution for SOC #))0LICH

FORSCHUNGSZENTRUM

m # O,IM m 75 O,IM
TB Hamiltonian:| H = Ho + Humag(¢ # 0) L

P
‘@

Perturbation Heor ~ &L -0 =¢EL,o,

rz

dy-

Energy shift in first order perturbation theory: ™ = V- Inm

5571 — <’ﬁJ‘HSQ”fL> EDMI — 25&”’ y f(én
/a a o't 1o’
e Z oy |n7)a(n7 Lz M7 )c

eq — g7,
(%/U)
- T O —o T’
= rttitp(—1)] 7,20
Vet ta(—1)'o Y W3 (e5 — e\ W
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Example 7: #) JULICH
Homo-chiral magnetic structure

Formation of homochiral (cycloidal) magnetism ground state
| I\/In on W(1 10) A =8nm = 40atoms

v
.

Mn/W(110): M. Bode et al., Nature 447, 190 (2007).
Mn/W(100): P. Ferriani et al., PRL 101, 027201 (2008).
Cr/W(110): B. Zimmermann et al. PRB 90, 115427 (2014).
Fe/lr(100): M. Menzel et al., PRL 108, 197204 (2012).



Theoretical scale bridging models #) )0LICH

FORSCHUNGSZENTRUM

KN N R KX e | §
K= N R R KR K e l
o o S G R N L R A A

/
/
‘
¢
+

4

r a4
N N R N ¢ [ ]

o

¢

{ < Micromagnetic-model (=um):

R R R KR R S/ |
e LA S A

E(m)=/[A\Vm\2+D-(Vm><m)+m-K-m} ar

“» Spin-Lattice Model: (~ 10nm)

magnetization
Fe density Cr

«* DFT-model: E[n, m] Q/m Z:ﬂ

Lecture MM-3, | ESM-2018, Krakow, Sept 19 2018
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B Beyond micromagnetic modeling

4 *» Micromagnetic-model:

1 E(m) =

/ AlVm?+D:(Vmxm)+m-K-m—Bm-¢&,]| dr
R2

o Approximate in materials specificity
o Limited accuracy for small skyrmions or skyrmion stability

o000 00000000 00000000 ‘:’AtomIStICMOdel
e 00 00000000 00000000 ““‘ ‘
EEEX M EEEEEEX) O © © 0O ®
oo oo ceecececece A Hh L HL A N
e oo oo EEEE X ’9... o
e oo A EXEERX AA“‘ A
e oo TR X O 6 6 00 o
e oo eoceceoe A A A AA A
e oo TR XX 0 00
e oo TR R X A A4 A
e oo (R EEX 0 060
e oo ; ; EEEEX A A AA~S
e oo oo B EEEEE ®©o o090
EEREEXX) A EEEEEX) AA“‘

0 000
©eecccceccccccccccce 4 4 A A A
e 00 00000000 00000000 ,,?,e

Continuum approximation
m(r=R)) * m(R)) + (R, — R)Vm(r) <= m;=m(
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Multiscale approach #) )0LICH

FORSCHUNGSZENTRUM

g <+ Micromagnetic-model:

Continuum Approximation m; = m(R;,) = m(r) =m; for r=R;

E(m)=/[A]Vm]2+D~(Vm><m)+m-K-m} ar

= Spin Stiffness = Spiralization (micromagnetic D)
1 5 1
/>0 j>0
% Spin-Lattice Model:

l

1 —— 1 3.)(m;é
H = 5 ; Jj m,-mj+IZj D;m; x m; + Z miKmH‘; E 'mm; — (m;&;)(m;é;)]

** DFT-model: m, J, Dij,ﬁ

ij’ ’
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Multiscale modeling #) )0LICH

FORSCHUNGSZENTRUM

: *» Micromagnetic-model:
' E(m) =/ [A|Vm|2+g :(Vm x m)+m-5-m—Bm-éZ} ar
R2

o Atomistic | Spin-Lattice Model:

H = ZJ,,m mj+z D;m; x m,+zm Km,+z : m;m; — (m;&;)(m;é&)]
if

> Dzyaloshinskii-Moriya vector D;= (D*, DY, D?),

C,,: (111) — Surface
mirror planes =
D inplane D;= (D*, 0, D?);
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Multiscale modeling #) )0LICH

FORSCHUNGSZENTRUM

1 *» Micromagnetic-model.
' E(m) =/ [A|Vm|2+g (Vmxm)+m-K-m—-Bm-é&,]| dr
R2

*» Atomistic / Spin-Lattice Model: ‘https://spirit-code.github.io/

1 N, 1 . -
H=3 Z Jj m,-mj+; D;m; x m; + Z miKmH‘; 3 'mm; — (m;&;)(m;&)]

/| / I ]
= Spin Stiffness: = Spiralization (micromagnetic D)
AO(ZJOI'RSj QO(ZDOI'@)RO/
/>0 j>0
*AD,K

<«* DFT-model: From ab initio total energy:

EtEtFT(qv Erot) = ErE)E-g)C(q) T AESDOFg(q' Erot)

M. Heide, G. Bihlmayer, and S. Blugel, Physica B 404, 2678 (2009)
B. Zimmermann, M. Heide, G. Bihlmayer, and S. Blugel, PRB 90, 115427 (2014)
Lec B. Schweflinghaus, B. Zimmermann, G. Bihimayer and S. Blugel, PRB 94, 024403 (2016)
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Determine the spin-textures yourselves !) JULICH

FORSCHUNGSZENTRUM

o | https://www.juDF T.de |

‘ https://spirit-code.github.io/ ‘
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