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Spin model

Heisenberg model
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Methods for obtaining the parameters:
@ Total energy methods.
o Generalized Bloch theorem (spin spiral method).
o Density functional perturbation theory (DFPT) method
o Cluster expansion method.
@ Magnetic force theorem (LKAG) method.
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Total energy method

The exchange parameters are obtained by fitting the DFT total energies of
multiple magnetic configurations to the Heisenberg model.

@ Based on total energy calculations
@ Multiple magnetic configurations

in supercells needed ¢¢?§§,¢¢§¢ Qé%&l’éé‘? (,é?é(g%ﬁ?
@ Exchange parameters obtained by é?%é%éé ¢¢¢§<’%¢¢ §¢¢¢¢¢§¢¢

fitting $ohaataat  adbadbasd  4atsataad
@ Good for short-range interactions @ Grtype AP (b) Ctype APM (9 Artype AFM

@ Computationally expensive for
many pairs
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Four-State Method

The exchange parameters are calculated from energy differences between four
carefully chosen magnetic states.

Tt 4 14

@ Based on four magnetic states

@ Each pair of J requires four () Eijm (b) Ejjny
calculations.

@ Need large supercell for long-range

’ b b b b

(¢) Ejjur (d) Ejju
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Spin Spiral Method

The exchange parameters are extracted from the energy dispersion of spin
spiral states at different g-vectors using the generalized Bloch theorem.

@ Based on generalized Bloch

theorem

@ Calculates energy vs g-vector é PR é &S # ar
@ Direct access to magnon

dispersion é ﬁ Z e . ! * @

Efficient for periodic structures

@ Can handle long-range interactions

Energy [meV per atom]
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Magnetic Force Theorem Method

The exchange parameters are computed from the response of the system to
small rotations of magnetic moments using Green'’s function perturbation

theory.
<1 <n
@ Based on perturbation theor
on pertr o x04 40.
@ Uses single-particle Green's S g

function \ Sl S2 ,/

Requires only one DFT calculation

Can compute long-range
interactions b /

Computationally efficient \ %
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What is TB2J

TB2J is a open source python package for calculating the magnetic interaction
parameters in Heisenberg models from DFT. It use the magnetic force theorem
and take the local rigid spin rotation as a perturbation in the Green's function
method.

Features of TB2J

o It can Compute of isotropic/anisotropic exchange parameters.
It requires only one or three DFT calcualtions in unitcell.
It can compute exchange paramters up to a long distance.

It can work with many DFT codes with Wannier interface.

It can work with DFT codes with numerial atomic orbital basis (Siesta
and OpenMX) directly.

Orbital deomposition of exchange parameters.

@ Magnon band structure.

Output to several spin dynamics code.
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LKAG method

Journal of Magnetism and Magnetic Materials 67 (1967) 65-74
North-Holland, Amsterdam

LOCAL SPIN DENSITY FUNCTIONAL APPROACH TO THE THEORY
OF EXCHANGE INTERACTIONS IN FERROMAGNETIC METALS AND ALLOYS

AL LIECHTENSTEIN, M.I. KATSNELSON *, V.P. ANTROPOV * and V.A. GUBANOV

Institute of Chemisiry, Ural Science Center, Sverdiousk, GSP-135, USSR
* Institute of Metal Physics, Ural Science Center, Sverdlousk. USSR

LJ:%/‘Fd( ImTrL{A,f;JAJf{'}.

Magnetic local force theorem

In the local density approximation, the first variation to the total energy due to
the spin density equals to the variation to the single particle energy (band

energy). 0Eror = 0Eganp
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Electron Hamiltonian in localized basis set

The magnetic force theorem tells us if we can
@ The band energy can be evaluated from single-particle Hamiltonian.
@ The spin-rotation of the on-site potential can be used as an perturbation.

@ The electron Hamiltonian in localized basis set provides both!

Himjm’a'a’(é) - <1/}ima(F)| H |’¢)J'm/0’(F ﬁ» ) (2)
Simjm’ao’(ﬁ) - <1/)im¢7(’_j)|wjm/t7'(?+ R)> ) (3)

The band energy is the integration of density state below Fermi energy.

E¢
Eband:/ eDOS(¢€)de (4)
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Spin rotation as perturbation

Decomposing the Hamiltonian for atomic site i, P; = Hj;, into charge and spin
part:
Pipm = Pgnm'I + Bimm' - 0, (5)
= pgnm’:[ + Pimm’ €imm’ - T,

where m and m’ are the orbital indices. & are the three Pauli matrices.
The change of H; due to the rotation of spin is p;d€; - 7 '
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Perturbation with Green's function method

We can evaluate the band energy with the Green's function, which is:
. . o\l
G(K,€) = (eS(K) ~ H(R)) (6)

where H(k) = ZRH(R)e , and S(k) = > sS(R R)e iR Transforming
G(k, €) to real space, we get:

Re)_/er)e wR g (1)
Density of state: n(e) = —/mTr(G(e))
1 Er
nE=— Im/ Tr(GHG + SHGSHG + - - ) (8)
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Spin-rotation perturbation Green's function method

Now we use the spin rotation as a perturbation. For the rotation of the spin at
site i, the change in the energy up to the second order reads as

Er
SEP" = 1 / ImTr(6H;G + §H;GSH;Q) de. (9)
™

— 00

Similarly, for the rotation of the spins at sites i and j, the change in energy is
given by

. EF
SESP" = . / ImTr [6H;G + 6H,;GSH;G
ﬂ- (o]

+6H;G + 0H;GoH;G (10)
+20H;GOH;G | de.
The energy variation due to the two-spin interaction is then
SE; =6 Eijz_spin _s Eilspin _s Ejlspin _
2 [FF (11)
— ;/Oo Im Tr(0H;GOH;G) de.
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Exchange parameters from Green's function method

For the spin-rotation perturbation, H; = p;dé; - ¢ With some algebra, we get

0E; = —2Im[AX — > A®]3&; - 68

u=x,y,z

—2 ) def Im[AY + Arloef (12)

1
U,VEX,Y,Z

—2d; - (& x 6&)
in which the 4 X 4 matrix Aj is defined as

1 [FF
A’ = _E/OOTr{PfGZ-PfGﬁ} de, (13)

where u,v € {0,x,y,z} and djf = Re(A)" — A0).
The JEj; in equation 12 look exactly like the exchange and DMI terms!

SE[eSenbers — 2 Ji=o5¢; - 58 — 208,73 68; — 2Dy - (6 X 08)) (14)
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Computing J™°, 5 and Jam

We can map the equation 12 to the Heisenberg model form, and the Jiso, 5
and J2 can be computed with:

iso 00 XX yy zz
Ji® = Im(Ay — AF = A7 — AF), (15)
S = Im(AR + AF), (16)
u Ou u0
DY = Re(AQ — AL), (17

In the collinear limit without SOC, the anisotropic exchange and DMI vanishes.
If we define A; = p,.T - pf, the isotropic exchange becomes the same as in the
LKAG formula:

) 1 [FF + 1
1SO ___
Ji = fELmImTr{A;GUAjGji} de. (18)
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TB2J: the implementation

DFT — TB — Green's function + perturbation — J

DFT
Abint
Quantum Espresso
RUicn2K Collinear
Fleur l:‘> Wannier90: » = Magnon
,,,,,,,,,,,,,,,, Isotropic J Band
. TBGreen | g quadratic
1 Hk)
. H(R) Spi .
Sisl: - T pin Dynamics
W Eigen(k) | Non-colinear o |
Isotropic J
G(k)
Bi-quadratic xt |:">
S0 oMl netcdf -Multibinit
pan] -Tom's GPU ASD
Anisotropic J User's format -Vampire
Effective TB Hamiltonian |:“>
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Hands-on section: Using TB2J for computing exchange
parameters

Examples
@ bcc Fe: basic usage of TB2J-SIESTA.
@ Crl3 (1): collinear spin and isotropic exchange.
@ Crl3 (2): spin-orbit coupling and anisotropic exchange and DMI

o Crl3 (3): New implementation of TB2J-SIESTA (Magnetocrystalline
anisotropy and exchange parameters).
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TB2J: NOT a blackbox

DFT calculation
@ Imperfect density functional
@ The values of U in DFT+U.

Heisenberg model
@ Does the Heisenberg model include the key ingredients?
@ Higher order term: biquadratic, four-spin, etc.
@ Spin-lattice interaction.

@ Non-local spin.

Magnetic force theorem
@ Rigid spin approximation.
@ The basis in tight binding model may not be the “unit” of spin.

o Ligand magnetization.

@ Only exact when close to ground state.
v
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What are Magnons?

Definition

Magnons are quantized spin waves - collective excitations of the magnetic
moments in a material. They are the quantum equivalent of classical spin
waves.
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Linear Spin Wave Theory I: Foundations

Basic Assumptions
@ Small deviations from ground state configuration
@ spin wave have a single wave vector

@ Spin operators can be mapped to bosonic operators (Holstein-Primakoff
transformation)

o Neglect higher-order terms in the expansion

@ Valid at low temperatures where excitations are weak
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Linear Spin Wave Theory II: Calculation

Holstein-Primakoff Transformation
@ Maps spin operators to bosonic creation/annihilation operators:
@ Preserves spin commutation relations

@ Enables quantum mechanical treatment of spin waves

Procedure for Computing Magnon Bands

Q Start with Heisenberg Hamiltonian: H = -3, JU§; g §J
@ Apply Holstein-Primakoff transformation
ik-R;

© Fourier transform to k-space: ay = ﬁ Zi e~ aj

@ Diagonalize the resulting quadratic Hamiltonian: H = Zk hwka;iak
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Application: Finding Magnetic Ground State

@ Determination of magnetic ground state is

crucial for:
FeCl2 example

> Understanding magnetic properties
> Validating theoretical models

50

Energy (meV)

> Predicting material behavior 0] LS
@ Procedure: T ,Xf‘k‘*fx” ‘;‘:&

» DFT calculation for magnetic structure _ P _B iit; :Wﬁk“
» Computing exchange parameters and %'“"’ ’ K

magnon band structure 277 .‘_I_M SR
> construct the new trail magnetic B

structure from the negative magnon

eigenstate.

> lterate until convergence
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ARTICLE OPEN M) Chock for updates

Systematic determination of a material’s magnetic ground state
from first principles

Andres Tellez-Mora(®**, Xu He(®?, Eric Bousquet (7, Ludger Wirtz(® and Aldo H. Romero ™

We present a self-consistent method based on first-principles calculations to determine the magnetic ground state of materials,
regardless of their dimensionality. Our methodology is founded on satisfying the stability conditions derived from the linear spin
wave theory (LSWT) by optimizing the magnetic structure iteratively. We demonstrate the effectiveness of our method by
successfully predicting the experimental magnetic structures of NiO, FePS;, FeP, MnF;, FeQ, and CuO. In each case, we compared
our results with available experimental data and existing theoretical calculations reported in the literature. Finally, we discuss the
validity of the method and the possible extensions.

npj Computational Materials (2024)10:20; https7/doi.org/10.1038/541524-024-012022

Department of Physics and Astronomy, West Virginia University, Morgantown, W' 26505-6315, USA. 2Physique Théorique des Matériaux, QMAT, CESAM, Université de
usge.msmmmgunhm Materias Science Research Unit, University of Lusermbourg, 1623 avenue de la Faiencerie, L-1511 Luwermbourg,
Semall: 00021 @ixwvsedu

Work mostly done by Andres Tellez Mora:

@ Systematic approach to ground state
determination

@ Integration of multiple computational methods

e Validation through experimental data
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The Role of Ligand

Challenge in Metal-Ligand Systems
@ Strong hybridization between metal and ligand states
@ Ligand magnetic moments cannot be neglected
@ Simple spin rotation perturbation becomes incomplete

@ Traditional Hamiltonian needs modification

Solution
@ Explicit treatment of ligand spins required
Consider metal-ligand hybridization effects

°
o Modified perturbation scheme needed
°

More complete description of magnetic interactions

Ligand Spin Effects in Heisenberg Models: A Léwdin Partitioning Method

Andres Tellez-Mora,">* Xu He,? Eric Bousquet,? and Aldo H. Romero!

! Department of Physics and Astronomy, West Virginia University, Morgantown, WV 26505-6315, USA
2 Physique Théorique des Matériauz, Q-MAT, Université de Liége, B-4000 Sart-Tilman, Belgium
(Dated: October 2024)
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TB2J Links

TB2J Documentation:
https://tb2j.readthedocs.io/

TB2J GIT repo:
https://github.com/mailhexu/TB2J

TB2J Forum:
https://groups.google.com/g/tb2j

TB2J Examples:
https://github.com/mailhexu/TB2J_examples

TB2J Paper:
Computer Physics Communications, 107938 (2021).

’
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