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Dirac magnons Topologically non-trivial magnons Topologically trivial magnons

Topology in magnon band structure

From topological spintronics to topological magnonics

Hasan & Kane, Rev. Mod. Phys. 82, 3045

Quantum Hall effect

Topology in electronic band structure
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➤ Common thread: hexagonal lattices

On the search for materials with Dirac magnons
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Mag. exchange
interaction

Extended Heisenberg Hamiltonian

ℋ = −

𝑖𝑗

𝐽𝑖𝑗 𝐒𝑖 ∙ 𝐒𝑗 −

𝑖𝑗

𝐃𝑖𝑗 ∙ 𝐒𝑖× 𝐒𝑗

Dzyaloshinskii-Moriya

Interaction (DMI)

2-spin vector chirality

Fert et al. Nat. Nano’13 
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Mag. exchange
interaction

Extended Heisenberg Hamiltonian

ℋ = −

𝑖𝑗

𝐽𝑖𝑗 𝐒𝑖 ∙ 𝐒𝑗 −

𝑖𝑗

𝐃𝑖𝑗 ∙ 𝐒𝑖× 𝐒𝑗

Dzyaloshinskii-Moriya

Interaction (DMI)

2-spin vector chirality

Holstein-Primakoff transformation from spins to bosons

ferromagnetic honeycomb lattice

with

zigzag edge

Active component of DMI

Component // magnetization of the FM

Mook et al. PRB 90, 024412 ‘14 

Kim et al. PRL 117, 227201 ‘16 
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Magnon Hall Effect

Science 329, 297 (2010)
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ℋ = −

𝑖𝑗

𝐽𝑖𝑗 𝐒𝑖 ∙ 𝐒𝑗 −

𝑖𝑗

𝐃𝑖𝑗 ∙ 𝐒𝑖× 𝐒𝑗 − 

𝑖𝑗 𝛾

𝜉𝑖𝑗𝑆𝑖
𝛾
𝑆𝑗
𝛾

Mag. exchange
interaction

Extended Heisenberg Hamiltonian

Dzyaloshinskii-Moriya

Interaction (DMI)

2-spin vector chirality

Holstein-Primakoff transformation from spins to bosons

honeycomb ferromagnetic lattice

with

zigzag edge

Active component of DMI

Component // magnetization of the FM

Kitaev

interaction

Mook et al. PRB 90, 024412 ‘14 

Kim et al. PRL 117, 227201 ‘16 
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Why to explore Mn5Ge3 ?

TC ~ 300 KMn1 ~ 2 B Mn2 ~ 3 B

➤ TC up to 450 K

Ferromagnetic and centrosymmetric? DMI induced physics not interesting?

Dias et al. Nat. Commun. 14, 7321 (2023)
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INS Probe magnons in centrosymmetric ferromagnetic Mn5Ge3

Nikolaos Biniskos

Flaviano J. dos Santos

Manuel dos Santos Dias

Triple-axis

spectrometer

➤ Constant-E or constant-q scans
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INS Probe magnons in centrosymmetric ferromagnetic Mn5Ge3

Nikolaos Biniskos

Flaviano J. dos Santos

Manuel dos Santos Dias

Triple-axis

spectrometer

Mn1 form a honeycomb lattice

Mn2 form a hexagonal lattice

Interesting magnonic physics at K-point?
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INS Probe magnons in centrosymmetric ferromagnetic Mn5Ge3

Nikolaos Biniskos

Flaviano J. dos Santos

Manuel dos Santos Dias

Triple-axis

spectrometer

Interesting magnonic physics at K-point?

➤ Also large Anomalous Nernst Effect:

Kraft et al, J Appl Phys 128, 033905 (2020)
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Theoretical tools / Method development /

A hierarchy of methods 
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transverse spin excitations. The energy integration in

Eq. 3 isperformed asdetailed also in that reference.

The adatom-projected local density of states of Cr,

Mn, Feand Coadatomson theCu(111) surfaceisshown

in Fig. 1. Some groundstate properties of the adatoms

are listed in Table I. The MAE is calculated by band

energy di↵erences following the magnetic version of the

forcetheorem [23],

Ea ⇡ Eband[Bxcêx]− Eband[Bxcêz] (11)

Cr and Mn prefer an in-planeorientation of themagnetic

moment, whileFeand Co an out-of-planeone.

Table I also lists the spin moment as computed from

the magnetization sum rule, mz, as well as the contri-

bution not generated directly by the xc field, ∆mz (see

Eq. 10). The small discrepancy between mspin and mz

arises from the finite basis set; the former is computed

from a single GF, while the latter is obtained from the

product of twoGFs, asshowninEq. 5. Thiserror iscom-

parabletoor larger than∆mz, which arisesdirectly from

SOC and the external magnetic field. Adjusting the xc

kernel viaEq. 10, consistency between thesusceptibility,

thespin splitting and themagnetization is regained.

Eq. 2 is solved using the full basis expansion of the

GFs, but for discussion we define an averaged quantity,

corresponding to thenet responseto a spatially uniform

monochromatic magnetic field:

χ↵ β(! ) =

Z

d~r

Z

d~r 0χ↵ β(~r ,~r 0; ! ) (12)

Let usbegin by discussing theimpact of SOC on theav-

eraged KSsusceptibility. The left panel of Fig. 2 shows

that the imaginary part of χKS
+− (! ) is linear in this fre-

quency region (thisisalsotruefor thereal part). Asthis

quantity describesspin-flip excitationsbetween occupied

and empty states, it provides the density of Stoner ex-

citations. SOC is found to have a negligible impact on

χKS
+− (! ) for theCr and Mn adatoms, in linewith thelow

orbital magnetic moment and MAE. For FeSOC causes

a significant changeonly on thestatic KSsusceptibility

(⇠ 0.2%), whilefor Cothereisalsoaincreasein theslope

of theimaginary part by 12%.

Consider now thefull responsefunction. Thelongitu-

dinal and transversepartsof themagnetic susceptibility

are found to beweakly coupled by SOC. The imaginary

part of the dominant eigenvalue of χ(! ) corresponds to

the density of states of themagnetic excitations, and is

shown in theright panel of Fig. 2 for theadatoms. The

resonances at finite frequency in zero external field cor-

relatewith theMAE of theadatoms(TableI). Without

enforcing thesum ruleall adatomsdisplay resonancesin

themeV range; suchspuriousunphysical behavior isthus

successfully corrected.

Next we focus on thee↵ect of a static magnetic field,
~Bext , on the spin excitations of the Fe adatom. The
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FIG. 2. Density of transverse spin excitations for Cr, Mn,
Fe and Co adatoms on the Cu(111) surface, for Bext = 0.
Left: from theimaginary part of theKSsusceptibility, Eq. 3;
this quantity determines the lifetime of the spin excitations.
Right: from the imaginary part of the full dynamical suscep-
tibility, Eq. 2; the peak positions at finite frequency result
from theMAE, as interpreted via theLLG model, Eq. 18.
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B || z spin only g = 1.70

B || z spin+orb g = 1.97
B || x spin only

B || x spin+orb

FIG. 3. Frequency ! max at which Imχ ismaximumvsapplied
external magnetic field, Bext , for theFeadatom on Cu(111).
The static field was applied in the surface plane (circles), or
normal to the surface, with spin-only (squares) or spin and
orbital coupling (triangles). The g value from the linear fit
should be compared with the values predicted by the LLG
model, Eq. 18, given in Table II.

field is applied normal to the surface or in the surface

plane, with or without the orbital Zeeman contribution

(seeEq. 4). Thepeak location inχ(! ), ! max, isshown in

Fig. 3 for both cases. Thefield normal to thesurface is

thehigh symmetry situation, which results in the linear

Zeeman shift. Here the impact of the orbital contribu-

tion to theg-factor isclear. When thefield isapplied in

the surface plane, the equilibrium direction of the spin

moment cants away from the anisotropy easy axis, un-

til a critical field value is reached (! max = 0 in Fig. 3),

beyond which it pointsalwaysparallel to ~Bext .

To characterize themain resonance in χ(! ), weusea

simplemodel of thespindynamics, theLLGequation [1]:

d~m

dt
= −γ ~m⇥ ~Be↵ + ⌘

~m

m
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d~m

dt
, ~Be↵ = −

@E

@~m
(13)

with γ the gyromagnetic factor and ⌘the damping pa-

rameter. Thee↵ectivefield ~Be↵ isdefined by themodel
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Density functional theory

Time dependent density functional theory

Many-body perturbation theory

Tight-binding approaches

Static & Dynamics

Extended Heisenberg 

Hamiltonian

Static & Dynamics
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Periodic systems

Supercells

(**) Development teams II - FLAPW & more

Fleur: G. Bihlmayer, D. Wortmann, G. Michalicek, U. Alekseeva (JARA-HPC)

Spex: E. Sasioglu, M. Betzinger , Ch. Friedrich

Extensions: J. Bröder, G. Müller, P. Buhl, C.Niu, G. Geranton, F. Freimuth, Y. Mokrousov

juRS: P. Baumeister (JSC), M. Gibertini, S. Tsukamoto

(*) Development teams I – KKR

KKRnano: M. Bornemann, R. Kováčik, P. Baumeister (JSC), R. Zeller (PGI-2/IAS-3)

KKRimp and KKprime: D. Bauer, N.H. Long, P. Rüßmann, B. Zimmermann, Ph. Mavropoulos

KKRsusc: B. Schweflinghaus, J. Bouaziz, S. Brinker,

M. dos Santos Dias, S. Lounis

Programme Future Information Technology | Topic 2: Controlling Spin-based Phenomena | Institute: PGI-1

juDFT

Ab-initio codes for the exploration of complex materials on massively parallel 

computers

Philipp Rüßmann, Marcel Bornemann, Jens Bröder

and the development teams(*,**) at PGI-1 and IAS

• Highly accurate relativistic full-potential 

calculations with predictive power

• Development of massively parallel density 

functional theory (DFT) codes for first principles 

simulations of complex systems

• Capability for high throughput calculations

• Complementary plane-wave and Green function 

techniques within DFT and beyond

Website: www.fz-juelich.de/pgi/pgi-1 and  www.judft.de
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GeSbTe: A phase change material

KKRimp

KKprime

KKRsusc

• Highly accurate all-electron method

• Disorder and crystal imperfections in 2D and 3D

• Self-consistent impurity embedding 

• Efficient extraction of magnetic coupling Tensors

• Highly parallelized Fermi surface code

• Scattering properties off impurities

• Transport properties using a semi-classical 

Boltzmann formalism

• TD-DFT & many body perturbation theory

• Dynamical magnetic susceptibility

• Electron-magnon scattering

• Non-local orbital magnetization 

The Jülich KKR package

Green-function-based relativistic full-potential density functional

theory and beyond

Ongoing work and future developments

• Making Fleur a quantum engine for a materials discovery lab

• electronically more complex systems (RPA total energy) in Fleur

• materials with nontrivial spin-fluctuations (GW+fRG) in Spex

• Bethe-Salpeter equation for optical absorption and vertex

corrections (GW! ) in Spex

• TI/FM/Superconductor interfaces in KKR (BdG theory)

• KKRsusc1?

• KKRsusc2?

• ab-initio spin-dynamics in KKRnano

• Improving high-performance capabilities and GPU acceleration

together with the POWER Acceleration and Design Center (JSC

and IBM) lead by Prof. Dirk Pleiter and the Simulation Laboratory

Quantum Materials (JSC) lead by Dr. Edoardo Di Napoli

Massively parallel DFT calculations for large systems

First principles methods for the exa-scale era

• Linear scaling density functional theory

• Hundred thousand of inequivalent atoms

• new possibilities to study chemical and 

structural disorder, doping or single and 

line defects in various materials

• Real space projector augmented plane wave method

• Designed for massive parallelism

Member of JSCs HiQ club with 

demonstrated scaling capabilities 

• Automated interactive infrastructure and database for 

computational science

• Materials screening and automated high throughput 

design

• Wannier90 interface for topological invariants and 

topological properties (e.g. topological Hall effect)

• Atomistic spin-dynamics solving the Landau-

Lifshitz-Gilbert equation (http://spirit-code.github.io)Spirit

Interfaces to other software packages

nanoskyrmion lattice of Fe on Ir(111)

Jülich FLAPW code family

Relativistic full-potential linearized augmented plane wave method

for 1D, 2D and 3D systems

• Complex non-collinear magnetic structures

• Analysis and prediction of spin-orbit materials

• Transport properties (e.g. AHE, SOT)

• Beyond simple functionals : OEP+EEX 

• Many-body perturbation theory (GW, QSGW, GT) 

including SOC

• Hubbard parameters in constraint RPA

• Magnons using GW and ladder diagrams

Isolated defects

Real-space
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A hierarchy of methods (flavor) 

Tight-binding for AC-transport

Interfacing Superconductivity & Magnetism

Ultrafast dynamics: Interaction with laser

Large periodic systems

~thousands of atoms

Dynamical response

Many-body / correlations

CT-QMC / ED / Transport

Semi-infinite

Disorder

Order (N)

Superconductivity

SWISS code
Magnons 
Complex spin-textures
EELS

• Landau-Lifshitz-
Gilbert equation 
(LLG) to 
explore 
magnetic states
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calculations with predictive power

• Development of massively parallel density 
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simulations of complex systems

• Capability for high throughput calculations
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A hierarchy of methods (flavor) 

Tight-binding for AC-transport

Interfacing Superconductivity & Magnetism

Ultrafast dynamics: Interaction with laser

Large periodic systems

~thousands of atoms

Dynamical response

Many-body / correlations
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Semi-infinite

Disorder

Order (N)

Superconductivity

SWISS code
Magnons 
Complex spin-textures
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• Landau-Lifshitz-
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(LLG) to 
explore 
magnetic states
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Mn2

Ge

Mn1

J1

J2 J5

J3

J4

J6

[meV] type APL 09 This work

J1 Mn1-Mn1 29.1 30.9 / 31.6

J2 Mn1-Mn2 8.0 8.6 / 7.8

J3 Mn2-Mn2 -2.0 -1.3 / -0.2

J4 Mn2-Mn2 6.9 6.8 / 6.1

J5 Mn1-Mn1 -1.4 -3.9 / -2.5

J6 Mn2-Mn2 9.4 10.0 / 9.9

D2 Mn1-Mn2 — 0.6

D3 Mn2-Mn2 — 0.5P63/mcm
(centrosymmetric)

DFT calculations for Mn5Ge3

Dias et al. Nat. Commun. 14, 7321 (2023)

APL09: Slipukhina et al. APL 94, 192505 (2009) 
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D3 Mn2-Mn2 — 0.5

DFT calculations for Mn5Ge3

Dias et al. Nat. Commun. 14, 7321 (2023)
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[meV] type APL 09 This work

J1 Mn1-Mn1 29.1 30.9 / 31.6

J2 Mn1-Mn2 8.0 8.6 / 7.8

J3 Mn2-Mn2 -2.0 -1.3 / -0.2

J4 Mn2-Mn2 6.9 6.8 / 6.1

J5 Mn1-Mn1 -1.4 -3.9 / -2.5

J6 Mn2-Mn2 9.4 10.0 / 9.9

D2 Mn1-Mn2 — 0.6

D3 Mn2-Mn2 — 0.5

K ~ 0.1 meV / Mn

DFT calculations for Mn5Ge3

DMI // c

Dias et al. Nat. Commun. 14, 7321 (2023)
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[meV] type APL 09 This work

J1 Mn1-Mn1 29.1 30.9 / 31.6

J2 Mn1-Mn2 8.0 8.6 / 7.8

J3 Mn2-Mn2 -2.0 -1.3 / -0.2

J4 Mn2-Mn2 6.9 6.8 / 6.1

J5 Mn1-Mn1 -1.4 -3.9 / -2.5

J6 Mn2-Mn2 9.4 10.0 / 9.9

D2 Mn1-Mn2 — 0.6

D3 Mn2-Mn2 — 0.5

K ~ 0.1 meV / Mn

DFT calculations for Mn5Ge3

Dias et al. Nat. Commun. 14, 7321 (2023)

J1

J2 J5

J3

J4

J6

DMI // c
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Dzyaloshinskii, Sov Phys JETP 5, 1259-1272 (1957) Moriya, Phys Rev 120, 2-13 (1960)

Inversion symmetry:

Connection between the two pictures:

micromagnetic atomistic

 always

 iff bond has inversion centre

Dzyaloshinskii-Moriya interactions

Dias et al. Nat. Commun. 14, 7321 (2023)
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INS measurements on Mn5Ge3

Dias et al. Nat. Commun. 14, 7321 (2023)
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➤ Gap at K from DMI
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➤ How to prove this?

Comparing experiment with theory

Dias et al. Nat. Commun. 14, 7321 (2023)
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/ Ge
and/or Kitaev, etc.

➤ DMI is locally allowed

K = 0.01 or 0.02 meV (out of plane)

The case of CrXTe3 van der Waals heterostructures

D = 0.12 or 0.32 meV
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◆ Gap at K point due to Dzyaloshinskii-Moriya interactions

◆ Mn5Ge3: gap can be closed by rotating magnetization from c- to a-axis

◆ Mn5Ge3: topological magnons at K point due to DMI in 3D ferromagnet

◆ CrSiTe3 & CrGeTe3: Tunability of topological gap

◆ Mn5Ge3: Modify magnon gap by C doping and thin films — towards magnonics

◆ Explore other 3D ferromagnets with hexagonal crystal structures

◆ CrXTe3: Explore various X (C, Ge, Pb, and Ga) to tune/control topological magnons

Perspectives

Nat. Commun. 14, 7321 (2023)

Conclusions

Science Adv. 7, eabi7532 (2021)
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WHY CHOSE HEISENBERG-DMI MODEL?

❑ Kitaev vectors are not perpendicular to each other for 

CrXTe3. 

❑ Kitaev angle 𝜃 are: 57.28o for CrSiTe3 and 62.26o for 

CrGeTe3, larger than 54.74o .

❑ The fitted Kitaev value is large;  large anisotropy energy 

is needed to ensure the FM ground state. 

❑ The magnetic anisotropy  is quite small from experimental 

observation.

In Heisenberg-Kitaev model: 

J=0.2 meV

K= 5.2 meV

D=0 meV
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REFERENCE FROM OTHER WORK

Changsong Xu et al , 

Npj Comput. Mater. 4, 57 (2018) 

PRL 124, 087205 (2020)

SOC effect

❑ Kitaev interaction mainly caused from the SOC of Te

❑ The K in CrI3 is stronger than CrGeTe3

Contradicts with Heisenberg-Kitaev model
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How different are the different structures?
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Comparing experiment with theory
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Uniaxial
pressure

➤ Gap at K never closes

Expt: a = b = 7.184 Å

c/a = 0.7034
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Constructing the simplified model

G M K G A
0

10

20

30

40

50

S
p

in
 w

av
e 

en
er

g
ie

s 
(m

eV
)

Experimental structure

DFT structureJ1

J2
J5

J3

J4 J6

Mn2

Ge

Mn1(a) (b) (c)

A

M

K
G

(a)

(b)

(c)

A

B

C

➤ Parameters from magnons at high-symmetry points
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Surface magnons from a simplified model
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?
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Simulated INS spectra
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