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Plan for today

• Short introduction to (s)DFT
• Spin dipole moments
• Electron correlation (DFT+U & DMFT)
• Magnetic exchange interactions
• Magnetic anisotropy
• 2D magnets
• Atomistic spin dynamics simulations



Courtesy: Springer

J. Alloy. Comp. 444, 415 (2007)

Bridging length and time scales

Multiscale magnetism

DFT

Atomistic spin-lattice model

Monte Carlo simulation
Atomistic spin dynamics
Micromagnetics



Hamiltonian for a many particle system reads

K.E. of electrons
K.E. of nuclei

Electron-nucleus attraction

Electron-electron repulsion

nucleus-nucleus repulsion

Born-Oppenheimer approximation →Decouple electronic and nuclear degrees of freedom

Hamiltonian for electron system only

Schroedinger equation for electron system only

The electronic wave function reads



EHK[n]= T[n]+ Eint[n]+ drVextò (r)n(r)+ EII

Hohenberg-Kohn energy functional

EKS = TS[n]+ drVextò (r )n(r )+ EH [n]+ EII + EXC[n]
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Kohn Sham ansatz: 
Replace the interacting many body system by a non-interacting 

auxiliary system with the same ground state density

Density functional theory



Kohn-Sham equation

Generalization to spin DFT (Barth & Hedin (1972))

2x2 spin-density matrix

Generalized spin density functional theory
Bluegel, IFF Spring School (‘14)

Electron density



For collinear case

Similarly, potential matrices are written as

Spin density functional theory (contd.)

Magnetic ground state of 

hexagonal Cr monolayer

Bluegel, IFF Spring School (‘14)



Performance of DFT
Comparison between theory and experiment

Binary random alloys

Slater-Pauling curve (an interesting trend)

Magnetic 
moments (mB)

Exchange-correlation
LSDA:
Local spin density 
approximation
GGA:
Generalized gradient 
approximation



LMTO +

Coherent Potential

Approximation (CPA)

PRB 59, 419 (1999)

Binary random alloys



XAS: X-ray absorption spectroscopy

XMCD: X-ray magnetic circular dichroism

Element-specific magnetic measurements

Sum rules

spin and orbital moments



Spin-dipolar contribution
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Oguchi and Shishidou, Phys. Rev. B 70, 024412 (2004).
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Qab
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Quadrupolar tensor

Tn ¢n

(z) = n -
3

2
c-1

(2)s+ +
3

2
c1

(2)s- - 2c0

(2)sz ¢nX X
Crystal field

No spin-flip

XMCD: meff=mS+7<Tz>
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Angular dependence

PRB 82, 014405 (2010)



Verwey transition (cubic -> monoclinic)

Sci. Rep. 4, 5760 (2014)
IITKGP

2018

Importance of spin-dipolar contribution



V-O, Ti-O Ni-O, Cu-O

Strong electron correlation
Transition metal oxides



DFT+U (Hubbard formalism)

Energy functional

np=1 → ep=eLDA-U/2

np=0 → ep=eLDA+U/2

U

Orbital energy

Hubbard Hamiltonian



for f electrons

LDA+U (contd.)

Matrix elements of screened Coulomb interactions

Fk: Slater integrals

for 3d electrons

Generalized LDA+U functional



DFT

E

DFT+U

E

metal

insulator

V.I. Anisimov, J. Zaanen and O.K. Andersen. Phys. Rev. B, (1991).

M. Cococcioni and S. de Gironcoli. Phys. Rev. B, (2005).

DFT+Hubbard U (electronic structure)



Comparison: DFT, DFT+U & Experiments



Magnetic organometallics
Iron porphyrin (FeP)

Fe3+ (d5)

S=1/2, 3/2, 5/2

Fe2+ (d6)

S=0, 1,  2
• Spin crossover molecule: 

Light, temperature, electric field

Iron phthalocyanine (FePc)
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Effective U (Ueff) =U-J

A meaningful estimation of Hubbard U in DFT+U

B3LYP & HSE06: Hybrid functionals

Molecule DFT+U B3LYP HSE06

MnPc 3.42(Ueff=3)
3.54(Ueff=4)

3.43 3.57

FePc 2.03 (Ueff=5) 2.10 2.12

CoPc 1.06 (Ueff=5) 1.09 1.1

NiPc 0 0 0

CuPc 0.57 (Ueff=2)
0.59 (Ueff=3)

0.57 0.59

Metal 

moments

(mB)



Calculation of U from linear response

Calculated values of U (eV)

MnPc, FePc & CoPc: calculated U values produce

good agreement with experimental spectroscopy

Brumboiu et al, J. Chem. Th. Comp. 12, 1772 (2016) 

Difference in response 

matrices due to perturbation 

in occupation



K. Held, Advances in Physics, 56, 829 (2007)

Regimes of electron correlation

DFT+U: Static mean field theory
DMFT: Dynamical mean field theory



DMFT: Lattice to Impurity model



LDA

Anderson impurity Hamiltonian



K. Held, Advances in Physics, 56, 829 (2007)

DMFT: theory vs. experiment

Photoemission X-ray absorption



Multiferroic BiFeO3

Paul et al., PRB (2018)



Ferromagnet (TC) Antiferromagnet (TN)

Ferrimagnet Canted Antiferromagnet Helical spin spiral

Magnetic order



Spin Hamiltonian

Hex

bil = - Jij

ij

å Si ×Sj

Hex

biq = - Bij

ij

å (Si ×Sj )
2

HDM = Dij

ij

å × (Si ´ Sj )

Hdip =
1

rij
3

i¹ j

å [M i ×M j -3(M i × r̂ij )(M j × r̂ij )]

HSO = xL ×S

Isotropic Heisenberg exchange

Anisotropic Dzyaloshinskii-Moriya exchange

Magnetic anisotropy

Shape anisotropy

Dipole-dipole interaction

Spin-orbit interaction

Spin-orbit interaction

bilinear

biquadratic



Phase transition and critical exponents

Scaling relations

   

M ~ (TC - T)b

c ~ (TC - T)-g

x ~ (TC - T)-n

Magnetization

Susceptibility

Correlation length

   

H = - Jij Si .Sj

< ij >

å

Spin Hamiltonian

d=1: Ising

d=2: XY

d=3: Heisenberg



Finite temperature magnetism
(DFT + Monte Carlo simulations)

t : on-site scattering matrix

T : scattering path operator

Classical Heisenberg Hamiltonian

  

   

H = - Jij

i¹ j

å
 

e i .
 

e j

Jij>0, ferromagnetic       

Jij<0, antiferromagnetic

Map DFT to an effective spin model 

Step 1



Monte-Carlo simulations

  

   

H = - Jij

i¹ j

å
 

e i .
 

e j

Metropolis algorithm

Determination of critical temperature :

4th order cumulant crossing method

   

UL =1-
< M 4 >

3 < M 2 >2

M : magnetization (order parameter)

Step 2

Finite temperature magnetism (contd.)

Also from magnetization/susceptibility/specific heat

vs. temperature



Kvashnin et al., PRB 91, 125133 (2015)

Finite temperature magnetism (contd.)

Interatomic exchange parameters



Orbital-decomposed exchange parameters

PRL 116, 217202 (2016)

Fe and Mn are different 

from others

T2g-T2g and Eg-Eg

interactions are opposite in sign

T2g-T2g  interactions are long ranged.

Also they are the dominant interactions.



PRL 116, 217202 (2016)

Analysis of electronic structure

T2g states contribute

to long-range exchange

coupling, not Eg.

T2g states are dominant 

at the Fermi level



Experimental TC:

1043 K

Theoretical TC:

~900 K

Finite temperature magnetism (contd.)

BCC Fe

Mavropoulos, 

IFF Spring School (‘14)



Quadruple perovskite PbCu3Fe2Re2O12

J ij
(m

R
y)



Spin-orbit interaction in solids

Magnetic anisotropy: 

(i) magnetocrystalline anisotropy (ii) shape anisotropy

Magnetocrystalline anisotropy energy (MCA):

Energy required to rotate the magnetization from the 

‘easy’ direction to the ‘hard’ direction.

MCA ~ 10-5 eV/atom

Bruno model
Magnetic anisotropy energy is directly related to the 

anisotropy in orbital moments



2nd order perturbation theory

o,u: occupied, unoccupied states.  

e’s are the energy eigenvalues 

Shape anisotropy

(arising from magnetic dipole-dipole interaction)

If the magnetic moments are parallel,

is the angle between the direction of the magnetic moment and 

the vector connecting i and j.



Fe (bcc) Co (hcp) Co (fcc) Ni (fcc)

Exp. -1.34 -65 1.66 2.7

Theory -2.6/-1.8 -110 2.4/2.2 1.0/-0.5

Cubic crystals, bcc & fcc: DE=E(001)-E(111)

Hcp Co: DE=E(0001)-E(10-10)

Magnetocrystalline anisotropy (DE in meV/atom)

Comparison between theory & experiments



The world of 2D materials

2004: First synthesis of graphene
2010: Nobel prize to Geim & Novoselov

New addition: 
2D magnetism (magnetic long-range order in atomically thin materials)

van der Waals
heterostructures

Lego building

Nature 499, 419 (2013)



2D magnets

npj Spintronics 2, 6 (2024)

Nat. Nanotech. 16, 856 (2021)

Mermin-Wagner theorem: long-range magnetic order is prohibited 
in the 2D isotropic-Heisenberg model with short-ranged 
interactions at a finite temperature
Magnetic anisotropy removes this restriction



Nature 546, 270 (2017)
Science 363, eaav4450 (2019)

Interfacial engineering of 2D magnetism



Strong reduction of exchange parameter and TC

(better comparison with experiment)

2D vdW magnet Fe3GeTe2

Metallic ferromagnet 
Strong out-of-plane anisotropy
TC=207K (bulk)
TC=130K (ML)

Ghosh, Ershadrad, Borisov & Sanyal,
npj. Comp. Mater. 9, 86 (2023)



Bilayer Fe3GeTe2-O/HfTe2

Structure A (meV. Å2) D (meV. Å) K (meV/f.u.) M (μB/f.u.)

Bilayer Fe3GeTe2-O 234 8.2 1.4 6.6

Bilayer Fe3GeTe2-
O/HfTe2

194 18.4 1.4 6.5

D= 0.5

D= 17.9

Micromagnetic parameters

Formation of skyrmions

Machacova, Ershadrad, Sanyal (unpublished)



Beaurepaire et al., PRL 76, 4250 (1996)

Laser induced ultrafast magnetization switching

Longitudinal 

MOKE signal

Rep. Prog. Phys. 76, 026501 (2013) 

Coupled subsystems 

IITG

2016

Pump-probe (60 fs laser pulse) 

Ultrafast demagnetization of Ni

Expt.
TTM

Phenomenological 3 temperature model



47

Atomistic spin dynamics simulations

  

dmi

dt
= -gmi ´ [Bi + bi (t)]- g

a

m
mi ´ (mi ´ [Bi + bi (t)])

   

Hex = -
1

2
Jij

i¹ j

å mi × m j   

Bi = -
¶H

¶mi

Effective field
bi(t): Stochastic magnetic field

  damping parameter

  electron gyromagnetic ratio

Exchange (classical Heisenberg)

Skubic et al., J. Phys: Condens. Matt. 20, 315203 (2008)

Atomistic spin dynamics webpage: http://www.physics.uu.se/cmt/asd

Landau-Lifshitz-Gilbert equation of motion

precession damping

HDM = Dij

ij

å × (Si ´ Sj )

Dzyaloshinskii-Moriya (spin-orbit coupling)

Uppsala-Tokyo Meet, 2014

Home grown code: UppASD



Ultrafast magnetization dynamics

(ab initio theory + spin dynamics)

Simplified Three 

Temperature Model

Te, Ts, Tl

Density Functional Theory

m(Te),Jij(Te)

Atomistic

Spin Dynamics

M(t,Ts)

(UppASD)

Monte Carlo

Spin Dynamics

Plane wave PAW

Fully relativistic KKR

Non-collinear LMTO



Magnetization switching in 

amorphous ferrimagnetic GdFe alloys

Radu et al., Nature 472, 205 (2011)

IITG

2016



Different switching behavior

for average concentration and

Gd/Fe rich conditions

Local demagnetization & inhomogeneities

Graves et al., 

Nat. Mater. 12, 293 (2013)



Switching times (inhomogeneous vs. average)

Chimata et al., Phys. Rev. B  92, 094411 (2015)

IITG

2016

➢ DFT calculations indicate

canting of Gd moments in Gd-

rich regions.

➢ Inclusion of next nearest

neighbor J2 and hence non-

collinear magnetism yields

faster Gd switching than Fe

NN J1=0.25mRy

NNN J2=0.0 -0.4 mRy

Gd24Fe76 Gd30Fe70
Gd22Fe78

Homogeneous Inhomogeneous

Correctly reproduces  the contrasting 
experimental observations



Summary

• Short introduction to (s)DFT
• Spin dipole moments
• Electron correlation (DFT+U & DMFT)
• Magnetic exchange interactions
• Magnetic anisotropy
• 2D magnets
• Atomistic spin dynamics simulations


