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MAGNETISM

e Magnetic fields
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Frist source

e Electromagnetism

e Magnetic fields from electrical
currents

Second source:

e Intrinsic magnetic moments of
elementary particles

s 2\@@
Ve

e Spin of particles

CC-Lizenz (Wikipedia)
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B-FIELD AND MAGNETISATION

e Materials react to magnetic fields:
@\% - — —
B = puo(H + M)

|

e Magnetisation positive/negative (Dia-,paramagnetism)

\!@y/ . e Ferromagnetism: Magnetisation is present without external field
== —— H
iz M=~ —pg (V|G| V)

e Each electron carries a moment of approx. —upg

e In addition: orbital moment 7™ (7) = —pp > (|7 X U\qm
CC-Lizenz (Wikipedia)

-
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MAGNETISM IS RARE?

http://www.webelements.com/
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ATOMIC MAGNETISM

Isolated atoms: Simple counting:
o All atoms with incompletely filled shells

e odd number of spins -> sum not zero
are magnetic Hund’s first rule:
http://www.webelements.com/

i  Spins are aligned to maximize total
Z_i moment
ok e Example:

K | Ca

= Vanadium: 4s2 3d3
AR N OHE D00

e Intra atomic exchange interaction!
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WHAT DRIVES MAGNETISM?

e Some handwaving....

N=1
1D particles "in a box” m

e No interaction: . . e |nteraction:
: 2 2
o : = — — 2 2
Sjtatels quantized: € 2k X 32 x N o e (r)%’ (r')
e Kinetic energy o |,, _ r’|

e Each state hosts two electron with

different spin e Prefers particles in different states

e Two electrons:
one in N=1, one in N=2 ??

IJ JULICH
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e Two electrons:
both N=1 with opposite spin
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WHAT DRIVES MAGNETISM?

e Some handwaving....

N=1
1D particles "in a box” m

e No interaction: . . e |nteraction:
: 2 2
° - - — _— P
Sjtatels quantized: € > ke Y2 x N L wiz(r)wj (r')
e Kinetic energy o |,, _ r’|

e Each state hosts two ele«

different spin VRN e e Ao aparticles in different states

competition between kinetic fige)sk¥
energy and (exchange) SERNTSIINELEZ
Interaction

@) JULICH
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both N=1 with opposite s



ITINERANT MAGNETS

| ' | ' | ' | . | 1 _ _
| Fe, bec, paramagnetic e Continuous spectrum

* Magnetisation will create B-Field

M — B

DOS (states/eV)
o

_4__ ) 6%60::/14)826022 §IM

IR I B B BN
8 6 4 2 0 2 ' 4 [
E-E_ (eV) J ?"'!LgICHm



ITINERANT MAGNETS

e _ _

-~ paramagnetic, spin-split _
TP 9 P P e Continuous spectrum

| | e Magnetisation will create B-Field
/) “U ' « B-Field will split energy levels

ﬁm K 1

6%60::/“,8:60:: §IM

N
I

DOS (states/eV)
o

1
N
I
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ITINERANT MAGNETS

DOS (states/eV)

DRIVING
WIX THE EXASCALE
TRANSITION

D; e lovel
e Continuous spectrum

* Magnetisation will create B-Field

e B-Field will split energy levels
o Split will lead to magnetisation

F(M) = / "’ NT(e) — N*(e)de

IJ JULICH
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STONER CRITERION

E
F 1 1
M:F(M):/ [N(E+§IM)—N(E—§IM)]dE +« Different possible-seolutiens
dF (M)
. | | | o lo>1 = IN(Ep) > 1
e Magnetic solution is lower in
energy
SO /A . e Typical values for Stoner
s parameter
o FM):IN=1
FOM) ; IN > 1 ] I =0.4—-0.5eV
| ; | 1 l' JULICH
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ITINERANT MAGNETS

| ! | ! | !
4~ Spin-spli
magnetic

DOS (states/eV)
o

DRIVING
WIX THE EXASCALE
TRANSITION

Comparison:
e Stoner model
e Magnetic DFT calculation

Interpretation:

e Kinetic energy favours non-
magnetic state

e Exchange interaction favours
magnetic state

e High DOS at e leads to
instability .
@) JULICH
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MAGNETISM IN DFT

e Reminder the "D” in DFT:

E = E{n}

e Potential is a functional of the density as well:
Veff — Vext + VHartree{n} + Vex{n}

e In the magnetic case we add a dependency on the magnetisation of the system

Vic{n} — Vic{n, m}

@) JULICH
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MAGNETISM IN DFT

e Does it work? VXC{n} N VXC{n, rﬁ}

e (Spin-)Magnetisation obtained in DFT

Mapin = [ (0= [In!(7) 0t ()

Property source Fe (bcc) Co (fcc) Ni(fcc) Gd (hep)
Mipin LSDA 2.15 1.56 0.59 7.63
Mipin GGA 2.22 1.62 0.62 7.65
Mpin experiment 2.12 1.57 0.55

Mot experiment 2.22 1.71 0.61 7.63

w 5 JULICH
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DRIVING
ORBITAL MOMENTS MAX
Expectation value of orbital momentum operator L = i x ¢
MO (F) = —pp (il 7 x Tl s).

At a certain atom v, the orbital moment Ao is:

MP™ = —pup Z@HLW;%-

Property source Fe (bcc) Co (fcc) Ni (fce)
Moy, LSDA 0.05 0.08 0.05
M experiment 0.09 0.16 0.05

JULICH
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DRIVING
MAGNETIC ORDER MAXE
Ferromagnets Anti-Ferromagnets Ferrimagnets

XX

XX

M>0

UJ JULICH
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COLLINEAR VS NON-COLLINEAR

ferro/antiferro
alloys
[e.g. FeMn]

frustrated antiferromagnets
[e.g. Cr/Cu(111)]

non-collinear
magnetic systems

ncommensurate | & © b
spin spirals &
[e.g. fcc Fe, e
____________ bce Eu, o =
domain walls in thin films LaMn.Ge, ] \GQ/ S
[e.g. Fe/W(110)] il

«— ¥ 9 JULICH
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Approximation

e Within the MT-sphere we assume

the charge to be collinear

e Different atoms => different spin-

Neel structure

lon axis

quantizat

g
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MAGNETISM IN DFT

e Spin-dependent Hw — ew

Kohn-Sham equation:

B w
e \Wave function consists of two w —
component spinor w\,
e Hamiltonian becomes H— _ lv 1 0 4 VTT VTi
2x2 matrix in spin 9 0O 1 ViT Vii

e Density: n — Z WF Magnetisation: 1] — Z w*a_"

@) JULICH
Mitglied der Helmholtz-Gemeinschaft J Forschungszentrum



COLLINEAR MAGNETISM

« Magnetisation only in one direction: M = m.,é,
e Hamiltonian become spin-diagonal: |H — _— l V2 10 VTT N
2 \0 1 Wg{ Vi,

1
Hiy = <—§V2 + VTT) Py = ey

e Two independent KS equations:

IJ JULICH
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COMPUTATIONAL EFFORT

non-magnetic collinear non-collinear
EV Problem :
(HO—I—U—I—BT)ng:eT(bT Vig ‘ Vil b o]
Ho +v) @i = €;9; L 1. Ho + )=
Mot oe=ate (myorpisi=ebol  \ "7 Ty, ) el ) Tl
Inversion sy. .
real-symmetric  real-symmetric complex-hermitian
Unit cell :
small large large

irreducible BZ :
small small large JULICH

Forschungszentrum



DRIVING
SPIN SPIRALS MAXE
e Special non-collinear state

e Magnetisation rotates homogenously ¢ — C_])R

@) JULICH
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SPIN SPIRALS

DRIVING
WIX THE EXASCALE
TRANSITION

In absence of spin-orbit coupling: generalised Bloch theorem holds:

Bloch theorem

generalised Bloch theorem

translation &,

Mitglied der H

allows to use small unit cells for spin-spiral calculations!

translation + spin rotation U,

e iE 0 o
O €i% 790_q

iq-7
— '_’._’ e 2 uT(F)
(I)E(T) — GZk " iq-7 ~
e 2 uy(r)

mef]

n

) JULICH
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MAGNETIC MOMENTS DIRECTION

Input magnetisation:

(Remember we
constrain the density
to be collinear in the
sphere)

Mitglied der Helmholtz-Gemeinschaft

Output magnetisation:

Might have a different
direction, i.e. there is an
angle between input and
output magnetisation

DRIVING
WX THE EXASCALE
TRANSITION

Three choices:

a) Neglect rotation

b) Rotate magnetisation
c) Constrain direction

Add B-Field to ensure
Min || Mout
Y JULICH

Forschungszentrum



FLEUR INPUT

Within the <calculationSetup> -tag there is a <magnetism> tag:
<magnetism jspins="2" |_noco="F" />
e jspins: determine number of spins to consider

e | noco: is this a non-collinear setup

For a “noco” calculation:

in the <calculationSetup> tag: in the <atomGroup> tag:
<nocoParams | ss="T" | mperp="F" ...> <nocoParams alpha="0.0" beta="1.2" .../>
<gss> 0.0 0.0 0.2 </gss>

</nocoParams>

IJ JULICH
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FLEUR INPUT

Within the <calculationSetup> -tag there is a <magnetism> tag:
<magnetism jspins="2" |_noco="F" />

e ispins: determine number of spins to consider : :
ISP P Hint: Use inpgen —noco to

e |_noco: is this a non-collinear setup obtain these switches in
inp.xml

For a “noco” calculation:

in the <calculationSetup> tag: in the <atomGroup> tag:
<nocoParams | ss="T" | mperp="F" ...> <nocoParams alpha="0.0" beta="1.2" .../>
<gss> 0.0 0.0 0.2 </gss>

</nocoParams>

IJ JULICH
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MODEL HAMILTONIAN

Calculating magnetic structures with DFT works great but:
e The phase-space of possible structures is gigantic

e Time-dependence can be hard to include

Heisenberg Model Hamiltonian: o
H = _Zjnn’sn ’ Sn’

e (classical) Model in which S are local spins

e J . are interaction constants

IJ JULICH
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SOLUTIONS OF THE HEISENBERG MODEL

Simplify H = =%, Jun' S, - Sns by Fourier-transformation:

d 1 J —iqR —iqR
S(cj‘):N;Sne 7Rn  and J(@:;J(me iy

leads to

H=-NYJ@5@-S(-d

DRIVING
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SPIN SPIRALS

/\\
2 \q'/
3 L
-3 2 1 0 1 2 3
I
Ferromagnetic state: ¢ = (0,0) Néel state: ¢=(1/3,2/3)

Row-wise antiferro. state: ¢=1/2,1/2 Spin-spiral § = (a, «)

IJ JULICH
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DETERMINING MODEL PARAMETERS

e

~
N
n

I _
|

Total Energy (eV)
|
T I T / T I T
I '
Magnetic Moment (W)

—— —
. — - —
o —
——

o
I

I

I
Y
o

N
N
I
|I
|I
I
w
n

g
o

rotation angle 0

neighbor # J prefactor
nearest 4 J; cosl

2 J; 1
next-nearest 2 J, 1

4 Jo cosf

lJ JULICH
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FORCE THEOREM CALCULATIONS

A change in the total energy

E=Y e / / G ”f?dmﬂ / exe(7) = Ve (Mn(7)dF

due to a change in the density is to first order perturbation theory:

OF = Z oc;

® (+) no self-consistency required
® (—) perturbation has to be small

IJ JULICH
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USING MODEL TO DETERMINE TC

From J,,,, one can:
® calculate J, and do MFA
® calculate J(q) and do RPA

® make Monte Carlo simula-
tions —

to estimate 7¢.

In all cases:
Check convergence w.r.t.
number of neighbor shells (J,,,,/’s).

| Il
1500 20!

2
kg TAA = 5o kpTEPA =

UJ JULICH
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OUTLOOK

Heisenberg model:
e magnetic exchange
e |teraction between two spins (magnetic sites)
Extended models, more physics:
e Further spin-interactions
 Interaction parameters including Spin-orbit interaction:
e Magnetic anisotropy energy
e Asymmetric exchange
Complex ground states, time dependence, ...:
e Spin dynamics

IJ JULICH
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DRIVING
SUMMARY MAX
You are experts on:

Magnetic Order
Spin-moment

Collinear Magnetism

Spin-Spirals _
Orbital-moment

Exchange interaction
Non-collinear magnetism

Heisenberg model

IJ JULICH
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