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FORSCHUNGSZENTRUM

€ Introduction to magnetism:

single-particle magnetic hamiltonian; quantum origin; exchange
interaction; atomic magnetism; band magnetism; DFT

€ Magnetic interactions |

local moments; magnetic force theorem, Liechstenstein formula and
Heisenberg model; magnetic groundstates and spin spirals;
disordered local moments; energies of spin spirals; competing
interactions; magnetic multilayers

€ Magnetic interactions

spin-orbit coupling; magnetic anisotropy, dipole-dipole interaction and
magnetic stability; Dzyaloshinksii-Moriya interactions and chirality;
chiral groundstates; symmetry; biquadratic and four-spin interactions

€ Beyond the groundstate
statistical physics; spin waves; dynamical magnetic susceptibility
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Introduction to magnetism
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Magnetic hamiltonian for a single particle #) JULICH

€ Schrodinger hamiltonian in Coulomb gauge: A=7FxB

1 p? € - e?

I = (p——A) wvA =L~ (7xp) B+

2m 2m  2mc

€ Magnetic part is paramagnetic plus diamagnetic

€ Orbital magnetic moment:

eh

RL =7 x 7 (7 B=—usL-B
TXp = (7% p) UB , BB =5

€ Dirac hamiltonian gives also spin moment and spin-orbit coupling:

— 5 o = €h2 13V—» = F =
2hS =hd =— —upo-B V;oc(f')%llmzcz;arL-az{socL-a

R.M. White, Quantum Theory of Magnetism, Springer (2007)
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Magnetism is a quantum effect oJ JULICH

Bohr — van Leeuwen theorem: the equilibrium magnetization of a
system described by classical physics is zero

€ The dependence on the magnetic field can be removed from the classical

expression for the magnetization by a simple change of integration variable

Magnetism comes from the interaction among the electrons: the
classical magnetic dipole-dipole interaction is too weak to explain it

€ The Pauli principle and the Coulomb repulsion among the electrons combine

to give different energies to parallel and antiparallel spins

R.M. White, Quantum Theory of Magnetism, Springer (2007)
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Two electrons on one atom — | 4))0LicH

2 262 2 Ze2 62
=L 22 B 2%, 7
2m T 17 — 7T

€ Schrodinger hamiltonian

for two electrons: 2m r1

€ No spin dependence: why is energy spin dependent?

—

€ Pauli exclusion: U(771, 81572, 82) = &(71,T2)x(81, S2) = —V(7s, 895771, S1)
— ¢(F17F2) — igb(f’%ff’l) ) X(81)82) - :FX(827 81)

T+ ) =)

@ Spinors: x(s1,55) = [11), |44, I [T
® Orbitals:
B(71, ) = aa), |Bb), '“b>j§'b“>, '“bbﬁ'b” lab) = () ds(7)

€ Two electrons on the same orbital: spins antiparallel

R.M. White, Quantum Theory of Magnetism, Springer (2007)
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Two electrons on one atom — I 4))0LicH

2 2 2 2
€ Kinetic plus nuclear part: (ab| Pr _ Ze + P2 _ Ze lab) = E, + Ey
2m r1 2m T2

e2

@ Coulomb repulsion part:  {(ab|5——==|ab) = Uspap
|71 — 7
Uuwbar — U,
® Triplet (degenerate): E, + E, + —2% 5 abba
2Ea, + Uaaaa Uaabb Qmab\‘/*‘_iUmb_a
2 Singlet block: Ubbaa 2y + Uppip, Ubbab\_/’_iUbbb“
Uabaa,\'/"iUbaaa Uabbb\'}'iUbabb E’a + Eb _|_ Uabab;Ua.bba

€ Coulomb repulsion lowers the energy of the triplet against the singlet

€ Hamiltonian independent of spin + Pauli exclusion = spin-dependent energy

R.M. White, Quantum Theory of Magnetism, Springer (2007)

Manuel dos Santos Dias m.dos.santos.dias@fz-juelich.de



Hund’s rules — groundstate of an atom #) JULICH

Ne
® Russel-Saunders coupling scheme: [ = Z L;, S= Z S
=1

=1

€ First rule: maximize the total spin (think triplet vs singlet)

€ Second rule: maximize the total orbital angular momentum (matrix elements

of the Coulomb repulsion are smaller)

€ Third rule: decide on the total angular momentum as to minimize the

spin-orbit coupling energy, F... ~ gE .S
€ In molecules and solids the orbitals can spread across several atoms, and

the rules hold approximately for those electrons localized on a single atom

€ How to describe the magnetism of delocalized electrons?

R.M. White, Quantum Theory of Magnetism, Springer (2007)
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ltinerant electrons — Stoner model A JULICH

FORSCHUNGSZENTRUM

@ All the tricks in the book (spin up and spin down with same energy):

k<kg h2k? ER V 5 EF
Fpand = 2 Z = 2/ dee (27r)3/dk d(e —ex) :/ dee (n4(e) +ny(e))

-

I I
@ Stoner exchange energy:  Eiotal = Foand — E(NT — N,)? = Epana — §M2

EF
# Splitting the non-magnetic state: §M =/ de (n4(e — A) —ny(e + A)) ~ 2n(er) A

2
€ Magnetic instability:  dEiota = ( L —I) (OM) <0 if n(ep) I > 1
n(sp) 2

€ Contrast: localized electrons favour magnetism, itinerant ones not really

€ How to describe the magnetism of real materials?

J. Kubler, Theory of Itinerant Electron Magnetism, OUP (2000)
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Density functional theory #) JULICH

FORSCHUNGSZENTRUM

€ Kohn-Sham hamiltonian and Green function (cell-centered coordinates):

HES(7) = —V2+22/d*’ n;(r") — Z; 6(r") V) + [B’;{C(,’:) +§Z_socm] 5

|7 — 7' + Ryl
= -V2+VE@) + BS(#) -7, [e—HS(A)]Gyy(F, 7€) = 6 6(F —

¢ Total energy. Etot — Eband - Edc +ECoulomb + Exc + Eext

Ts

€ Each electron moves in mean-field created by all other electrons

€ Complicated electron-electron interactions approximated by xc functional

€ Structure similar to Stoner model — when should DFT perform well?

R.M. Martin, Electronic Structure — Basic Theory and Practical Methods, CUP (2004)
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Examples of DFT+KKR calculations ) J0LICH

€ Transition metal oxides: elel [ -7 "
5| — total
= Ni-d t, 1
Compound  SIC configuration 4t = Ni-d ¢, 1
3t —— Ni=d t5,|
MnO 3tae ! + 2, 2 | —— Ni-de,|
FeO 36"+ 2e, " + Ty, t 1}
CoO 3ty + 2e, 1 + 2t * o% T
NiO 3t + 2e, T + 3ty 6 :
CuO 3t " + 2e, " + 3ty b + legt i [ !
1
31 :
M Déne et al, J. Phys. Condens. 2t ! /
Matter 21, 045604 (2009) N A A A
18 16 -14 -12 -10 -8 -6 -4 -2 0 2 4
E-E; [eV]

® Fermi surface sonar

\’ . S. Lounis et al, Phys. Rev. B
83, 035427 (2011)
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Localized magnetic moments (7?) 0JUL'CH

€ Gedankenexperiment: freeze the system in some magnetic configuration.

If we rotate the moment on site i only: M (é;) E/df' i (F) = M) (&;) é; + M;-

@ Local moment — approximate Hund’s rule:  M;- < Mi”(éi) : Mz.”(éz-) = Mi||
€ Good candidates: narrow band systems (3d, 4f...); band gap systems

@ Other electrons in the system may be polarized by the local moments

€ Rigid spin approximation: the xc field depends on the orientation only trivially

Bi*(f) = BY(M & = ti(e;8) =~ Ry(&) tile; 2) Ry(&:) ™

Constrained LDA: P. H. Dederichs et al, Phys. Rev. Lett. 53, 2512 (1984)
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Heisenberg model from DFT ) J0LICH

® Dependence of the total energy on the magnetic configuration:

E({&}) = E, +ZE<” ZE@) (é1,8) + Y Ep(éi, 85, 6x) +.

ijk

® Magnetic force theorem: E({é+0é}) — E({é}) ~ Epana({é+06€}) — Epana({€})

@ Liechtenstein formula: follows directly from Lloyd’s formula in KKR
Bouna(081,0;) ~ _Im'Tr / de 8671(€) 73; () 8671 (€) 7€) = Jiy 881 - 66,
. . . 1 A
@ Heisenberg model (great leap of faith):  Ei, ({€}) = —5 Z Jij €i - €;

€ From a single calculation the energy of a whole class of magnetic states can
be estimated — spin spirals

Magnetic force theorem: A. |. Liechtenstein et al, . Mag. Magn. Mater. 67, 65 (1987)
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Magnetic groundstates and spin spirals #) )0LICH

n,

n, ~ -

-

€ Spin spirals: )‘ I 7'—’& I AH 2

---""  cycloidal

]\Zﬂ(i) = M(q) (COS(CT .R; + ¢) sin 0 7y o I Y S T
+sin(§’-ﬁi + ¢) sin 0 ny )‘ y ﬁ \{ Y y y { b)
eosfn 3) K ” conical

¥ Generalized Bloch theorem /L I _____ I """ I """ I """ I """ I ----- I |

1, ferromagnetic

€ May need constraining fields I I I I I
\\\ I III \\ I ’, \\\ I //I d)

€ Comparison of total energies antiferromagnetic
of spin spirals with force theorem I“I I“I
: : ’ \ ’ SR PG
calculations checks assumptions . " I I . I

up-up-down-down

4
Noncollinear magnetism: L.M. Sandratskii, Adv. Phys. 47, 91 (1998)
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Disordered Local Moment (DLM) state
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00000 0% 000 AV AV Ay
000000 ®©0 0% 00 NAYyX v 4
: _ (XX XXX 000 %o X XA xR Y
@ Disorder types: 000000 ®oce ©° Y
(N NN N 00 900 A ¥ ARy
0000003 090900 x| x40
substitutional positional magnetic

Ay 2¥ Ay

CRE IR 20 SR A o

KKf K*‘ - f '~,.: +...=
NP AL p()

A ¥ ARy

YKk vk ¥?

€ Each local moment sees average magnetic medium set up by all other moments

€ Paramagnetic instabilities estimate stable magnetic states, transition temperature

B.L. Gyorffy et al, J. Phys. F: Met. Phys. 15, 1337 (1985)
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Fe monolayer on (W,Ta) substrate ) J0LICH

€ Electronic structure for ferromagnetic and disordered local moment states:

6 T T 20 T T T T 6
LM —— | T L e e e
4l € 1 o)1 J—— )L----)(----)(----X""x A Al
— : 154 _
= 2t — - 2t
J Es 3
5 0 o 1.0 5 0
(@) € o
Q -2t a -2t
o 0.5 o
-4 t 1 (a) --%-- | DLM 4t 1
(b) —&— |FM
-6 0.0 : ' -6 .
-6 4 2 0 2 4 0 62 04 06 08 1 -6 4 2 0 2 4
15.0 120 T
10.0 | x0T ©- FelWogTag,
80 \ - === Fe/WjsTags
50 S '
S | o
O R £
= 0.0 @@= =
— o
—) C—
-5.0 + _I’
-10.0 1
.4

-15.0 ' ' * '

W « X — Ta q
LMTO CPA+DLM: M. Ondracek et al, Phys. Rev. B 81, 064410 (2010)
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Magnetic anisotropy and stability 4) J0LICH

€ Goldstone theorem: it costs no energy to rotate
—— Z Jij €i - €;

Eiso({€}) =

all the magnetic moments by the same angle

€ Spin-orbit coupling — coupling of spin and orbital angular momentum; energy
now depends on how the moments point with respect to the lattice

€ Magnetic anisotropy energy — can be magnetocrystalline or magnetostatic

1 3 - . 1 . L
B {2)) = —E[RB Ny My = g (- ) O - )
ij

EM({ Z K;(é Z [K1isin® 0; + (Ka; + Ky cos4¢;) sin*6; + ... ] (Cu)

1
€ The last expression is for the onsite anisotropy, tetragonal symmetry.

The pair interaction will also become anisotropic...
R. Skomski, Simple Models of Magnetism, OUP (2008)

Manuel dos Santos Dias m.dos.santos.dias@fz-juelich.de



Anisotropic pair interactions 0 JULICH

# Bilinear pair interaction tensor:  E®({¢}) = —= Z & J,i &
@ Isotropic part: @ Dzyaloshinskii-Moriya (DM) part:

so _ 1 50 5. _ 3 o1 L
J;;O = 5 ﬁl@] — J?SI;O €; " €j l?;ltl = § (lzj — lg) — Dij . (6.,; X ej)

€ Symmetric traceless part similar to dipole-dipole term

€ DM term needs broken inversion symmetry

® This leads to chirality — meet the skyrmion: ‘ V\} // ‘
\ . W
‘\ ‘\ 6

R. Skomski, Simple Models of Magnetism, OUP (2008)

Manuel dos Santos Dias m.dos.santos.dias@fz-juelich.de

€ Anisotropic terms on same energy scale as

higher order isotropic terms...



Mn,/W(001) as detailed case study — | 4) J0LicH

€ Mn monolayer on W(001) has a chiral spin spiral as groundstate —
P. Ferriani et al, Phys. Rev. Lett. 101, 027201 (2008) — why?

@ Spin spiral energy:
1

Eiso(730) = —5 > Jig () - g (q) = 5 sin 5
i

JO) =@ _ 2, JO)

J(q) = Z Jo; cos((j'-ﬁoj) = 2.J1 [cos(mqg) + cos(mqy)| + 4.J2 cos(mqy) cos(mqy)

J

€ Extremal values of the energy:

2.J.

sin(7qz) (1 + 712 cos(wqy)) =0
2.J

sin(mqy) (1 + 712 COS(’/qu)) =0

(J(0) — J()) sin20 = 0

Manuel dos Santos Dias

» Ferromagnetic: (0,0)

» Row-wise antiferromagnetic: (1,0), etc.

» Checkerboard antiferromagnetic: (1,1), etc.
» Spiral if J, sufficiently large w.r.t. J,...

® ... whichitisn't.

m.dos.santos.dias@fz-juelich.de



Mn./W(001) as detailed case study —

#) JULICH
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€ DM energy depends on the orientation of the spin spiral:

Epm(q; 05 n3)

g Dz] m; ><m]) =

1 - —
Y By sl g s
ij

@ Chirality: DM energy is not the same for g and -q — rotational sense matters

Epm(q;0;n3)

= D [(é, - fig) sin(mgy) —

(éy - 13) sin(mqy) | sin? 4

= D | cos asin(mgy) — sin a sin(mgy)| sin” 6

€ Extremal values of the energy:

2.Jo

sin(7gz) |1+ - COS(’/Tqy) +
1
2.Jy

sin(mgy) |1+ A cos(mqy) £
1

» Spiral also possible if J, zero; cycloidal spirals: ng-qg =10

Manuel dos Santos Dias

D cos(mqy) _ 0
1 \/si112(7rqx) + SillQ(WQy) i
D cos(mqy) _0
J1 \/51112(qu) + SillQ(WQy)_
2

m.dos.santos.dias@fz-juelich.de



Mn./W(001) as detailed case study — Il #) JULICH
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Isotropic part of J(q): Anisotropic part of J(q):

e s N

.........................

......................

B b 2 S o e e e | W S et ~
> >
iE)/ EE R R R R ] R SR EEEE] EEEEEESRE) R EEE Y ST LR ;g/
> )
g 20r--im-fi- e T W 5 P
: = Dbare vertex : : : _
= weoeol == full vertex ™ ]Z)Z _()(;xzﬁu_;ry))//22
—- fitwith J, =9.70,1,=-3.16 _Dx_(y Y)/z
A0F--f--+--5= FEESE e E e E e e e T - —m = — - — — D =(zx xz
—. fitwithD, =-35
----------------------------------------- 1
S T A PN P \¢/ | |- fitwithD =-35
~ N . N . . . . N . . _ . : N . N N N I . . . I
4D ©0.0) 1.0) @1 d.0 ©0.0) 1.0) @)

» Maximum in isotropic part of

J(q) is a Fermi surface effect

» Min energy for q = (0.17,0.17)

good agreement with experiment

» For relativistic DLM formalism, see M. dos Santos Dias et al, Phys. Rev. B 83, 054435 (2011)

Manuel dos Santos Dias m.dos.santos.dias@fz-juelich.de



Higher order interactions — Fe,/Ir(111) ) J0LICH

€ Biquadratic and four-spin interactions:

Ernore({€}) = Z Byj(é;- ;)" + Z Qg [ (& &) (Er - &) — (€i- €x)(&;- &) + (&~ &) (&5 - &)]

a
FT7834%YV /7840 -
das b daes o Polar plot C
RXAVENEY A WA 10
TPy (T 7y -
l‘~>o Qﬂﬁ‘bo <<'l 5__
. 4 — o N
PR A T 23Qva  Ef
« aweo o ae = o © 0 —
Y7 N bVTNd | @ -
4 RVY NN ; 20 < a
0 % 3 5F
0 3 \E, :
¢ _
-10 S w —10[
20 o -
15
12 -20 - Exchange
8 /r_n\ A | I | !
4 0 02 04
0 NS Spin spiral vector Q (2n/a)

€ Squarish skyrmion lattice out of an hexagonal magnetic monolayer

S. Heinze et al, Nature Phys. 7, 713 (2011)
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Beyond the groundstate
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#) )0LICH

Spin waves and spin flips
€ Stoner excitations: € Spin waves:
D(E) SR ST 1\ I ST TS S
/A AV
4

» Spin spirals also called frozen magnons

» Spin spiral energies approximate spin
wave energies?

» Adiabatic approximation

€ What does the high temperature magnetic state look like?

111ttt ~Q~—//\
TTTtTrtt it eereet] | \N/\\—

TTTT1T teeeree) N1\

T = 0: ferromagnet (DFT) T > 0: Stoner T > 0: Heisenberg

Manuel dos Santos Dias m.dos.santos.dias@fz-juelich.de



#) JULICH

FORSCHUNGSZENTRUM

Spin wave spectra in adiabatic approx

d dé; ~  OF =

# Landau-Lifshitz equation: M~ M -2 — _—~M x — —~M: % B
dt 2 1 dt ’Y 2 6@2 ’Y 1 (]
€ Fe,/W(110): magnetization in-plane, along Y axis —_—

Y [001] 1\
Y [001] .
\ C
X [1T0] *——
» DM vectors, nn and nnn
> galong X *° > qalongY
g along o y g along Y 120 4 ” P
2001 & 100 | &5 ™
T 1501 3 %]
N— AA E
TR R = %7 ” ;
LU A‘A‘ ‘A‘A E.I' 40 - AA‘ ‘A
50 - “A“ 20 _ s ’ ‘A‘AA
0ol . LW . 01— P .
-1.0 0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
g (A7) gAY

Manuel dos Santos Dias

L. Udvardi and L. Szunyogh, Phys. Rev. Lett. 102, 207204 (2009)

m.dos.santos.dias@fz-juelich.de



Spin waves from TD-DFT #) JULICH
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: : oo y
€ Dynamical magnetic susceptibility: — T
KS KS Xc =12 a=(0.52,0,0)2n/a
X(w) =x"(w) + x7°(w) K x(w) i .
= x2-10
308
(o)
€ Example: beloved bcc Fe =
T 04
unenhanced (KS)
€ What is a spin wave peak and what isn’t? 0.0 -
0.0 0.2 0.4 0.6 0.8 1.0
w [eV]
— 750 ; ; : ; 3.5
% bulk bee Fe ’ enhanced bulk bee Fe
g 625 ‘ _ 30 q = (0.53,0,0)21/a |
. = S
500 | &, 20 '
2 = 2.0
= 375 | 3
g F 15}
= 250 | 3 1o
= 125 ¢ | 0.5
= ' unenhanced (KS)
3 0 . 0.0
0.0 0.2 0.4 0.6 0.8 1.0

w [eV]
P. Buczek et al, Phys. Rev. B 84, 174418 (2011)
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Comments and books A) 0LICH

€ DFT-KKR as powerful and versatile tool for magnetic properties

€ Magnetic hamiltonians: how many terms do we need and make sense to include?

# Check calculations are converged before writing the PRL — k-points!

» Start here: S. Blundell, Magnetism in Condensed Matter, OUP (2001)
» Qverview: R. Skomski, Simple Models of Magnetism, OUP (2008)
» DFT: J. Kubler, Theory of Itinerant Electron Magnetism, OUP (2000)

» Many other nice books around, lots of KKR references also — ask me

Manuel dos Santos Dias m.dos.santos.dias@fz-juelich.de



