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Playing with magnetism in 2D van der Waals

materials via first principles
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Abstrac(
Ma 1L_nnms.s is a budding reses arch field in né anomagnetism and nanoscience that addresses the

use of spin W aves (magnons) 10 {ransmit, Storé, and process information. The rapid
advancements of this field during last one decade in terms of upsurge in research papers,
review articles, citations, propos? als of devices as well as introduction of new sub- mplu
pmmplu.\ us to present the first roadmap on Magnonics. Thisisa collection O!
written by le3 ading experts In this ficld who review and discuss the current status
pruu\lmg their vision of future pcrspccti\'cs. Today, the prmcip;\\ challenges in applied
magnonics are {he excitation of sub-100 nm wavelength magnons, their manipulation on the
nanoscale and the creation of sub-micrometre devices using Jow-Gilbert damping magnetic
materials and its mlu‘u)nnudml\\ (o standard electronics. To this end, magnonics offers lower
energy consumption, ¢ asier integra ability and cnmpz\nblmy with CMOS structure,
rgprogrammabn\u) shorter wavelength, smaller dev ice features, anisotropic pmpcnu
negative group velocity, non- —reciprocity and efficient tunability by \‘urinu\ukm.ﬂ stimuli t0
name a few. Hence, despite being a young research field, magnonics has come 2 long way
since its early inception. This roadmap asserts @ milestone for future emerging research
directions in ¥ mnnnlu and hopefully, it will inspire 2 a series of exciting new & articles on the

same topic in the coming years-

Keywords: Magnonics, Spin-waves, magnons, photons, magnetism
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Abstract

Magnonics is a research field that has gained an increasing interest in both the fundamental and applied
sciences in recent years. This field aims to explore and functionalize collective spin excitations in
magnetically ordered materials for modern information technologies, sensing applications, and
advanced computational schemes. Spin waves, also known as magnons, carry spin angular momenta
that allow for the transmission, storage, and processing of information without moving charges. In
integrated circuits, magnons enable on-chip data processing at ultrahigh frequencies without the Joule
heating, which currently limits clock frequencies in conventional data processors to @ few GHz. Recent
developments in the field indicate that functional magnonic pbuilding blocks for in-memory computation,
neural networks, and Ising machines are within reach. At the same time, the miniaturization of magnonic
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2D van der Waals magnetic materials = A

CrSBr
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In=70-150K Tc=45K Tc=146K
Lee et al., Nano Lett. 2016, 16(12), 7433-7438 Huang et al., Nature 2017, 546, 270-273 Lee et al., Nano Lett. 2021, 21(8), 3511




Computational and theoretical framework

Crystal structure

FIRST
PRINCIPLES

Perylene@Crl; FM monolayer
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Computational and theoretical framework

Crystal structure
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2D van der Waals magnetic materials
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Lee et al., Nano Lett. 2021, 21(8), 3511



CrSBr: electronic structure

Lee et al., Nano Lett. 2021, 21(8), 3511
Yang et al., Phys. Rev. B 2021, 104(14), 144416
Rizzo et al., Adv. Mater. 2022, 2201000
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CrSBr: electronic structure

Electronic structure (DFT+U)

6%3)W E \/\// ) Y total

S . Cr3d

Lee et al., Nano Lett. 2021, 21(8), 3511
Yang et al., Phys. Rev. B 2021, 104(14), 144416
Rizzo et al., Adv. Mater. 2022, 2201000
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CrSBr: electronic structure

Lee et al., Nano Lett. 2021, 21(8), 3511
Yang et al., Phys. Rev. B 2021, 104(14), 144416

Rizzo et al., Adv. Mater. 2022, 2201000

o
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Tight-binding model with ab initio parameters
Selected projectors: Cr (d), S (p) and Br (p) orbitals
Minimization of spread for the Wannier functions
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CrSBr: magnetic interactions




CrSBr: magnetic interactions

z 4 4 z zZ
y y y Y y
X x x x X

Three Wannier hamiltonians that include
SOC. Spin pointing x, y and z directions.

Green’s function method with local rigid
spin rotation as a perturbation

ﬁ=z _]n ig —]leSALZS']Z _DZ(SAiZ)Z
ij ij i

3
n=1

TB2J code : https://github.com/mailhexu/TB2J
U, ev

1 2 3 4 <
2.67 3.11 | 3.54 | 3.93 4.30
3.48 3.29 | 3.08 | 2.87 2.63
6.38 5.36 | 4.15 | 2.82 1.21

6
4.51
2.43
-0.64



CrSBr: magnetic interactions

Synchrotron X-ray diffraction (250-10K)
Lopez-Paz et al. Nat. Commun. 2022, 13, 4745
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Boix-Constant, Manas-Valero,* Ruiz, Rybakov, Konieczny, Pillet, Baldovi and Coronado* Adv. Mater. 2022, 34, 2204940



CrSBr: magnetic interactions

Synchrotron X-ray diffraction (250-10K)
Lopez-Paz et al. Nat. Commun. 2022, 13, 4745
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Magnon straintronics in single-layer CrSBr

2D materials

Outstanding deformation capacity

Can we use strain engineering to control
spin waves propagation?

) gosrailsb Esteras, Rybakov, Ruiz and Baldovi* Nano Lett. 2022, 22, 8771-8778




High-density maps of magnetic exchange




High-density maps of magnetic exchange

- Uniaxial strain (a)
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Esteras, Rybakov, Ruiz and Baldovi* Nano Lett. 2022, 22, 8771-8778
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High-density maps of magnetic exchange

- Uniaxial strain (a)

Esteras, Rybakov, Ruiz and Baldovi* Nano Lett. 2022, 22, 8771-8778



Orbital decomposed J, channels

- Uniaxial strain (a)
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Competing (t2g-€g) VS AFM (ty4-tyg) pathways
- Tensile strain and an enhancement of Coulomb interactions
lead to a decrease of the AFM channel, thus enhancing J;.




High-density maps of magnetic exchange

- Uniaxial strain (b)
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Esteras, Rybakov, Ruiz and Baldovi* Nano Lett. 2022, 22, 8771-8778



Orbital decomposed J; channels

- Uniaxial strain (b)
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decrease of the AFM channel, thus enhancing Js.




Holstein-Primakoff transformation in linear spin wave approximation
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Holstein-Primakoff transformation in linear spin wave approximation
3 IA{SW:EO—FZWIC'CL;‘_C{]C
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Holstein-Primakoff transformation in linear spin wave approximation
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Holstein-Primakoff transformation in linear spin wave approximation
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Strain-engineering of Curie temperature

-
- From magnon dispersion relation through renormalized spin-wave theory M=S5— / d'k
2(27)? Jz oSMER)/S _ 1
- Uniaxial strain (a) Lado et al., 2D Materials
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Atomistic spin dynamics simulations

E\ilasl;:?pea;;l(;p(aff G) 0 % strain -5 % compressive strain (b)

dimi . am
—=—y,u0m><H+am><E 175 - 175 1

150 A 150 -

Gilbert damping: 0.01
(from Crl; literature) 125 1 125

100 A 100 -

Ultrashort oscillating
magnetic field (1 ps) to
generate a SW.

y (b), nm
y (b), nm

50 A 50 A
Tensile strain a reaches

group velocity v, = 25 25
4.2-103 m/s vs 0.1 ps 0.1 ps
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reaches group velocity x (a), nm x (a), nm
Vp =7.5-103 m/s
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Chemistry to excite,




Chemistry to excite, modulate




Chemistry to excite, modulate and detect

Spin waves in hybrid molecular/2D magnetic materials!






Organic molecules toolbox

Perylene

Coronene




Different adsorption sites

Different orientation of the
molecules (rotation ¢ axis)

4x4 supercells (-12 A
between molecules)

Dispersion corrections

Calculation of E_g4
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DFT structural optimization (PBE + vdW)

- Full optimization for each Perylene Coronene
molecular orientation

10 20 30 40 50 60 70 80 90 0 25 30 35 40 4
Rotation angle, °© Rotation angle, °
0.12

)
[0}
c
o
2
o
v

-0.04 .00+
15 30 45 60 75 90 105120135150165180 10 20 30 40 50 60 70 80 90
Rotation angle, ° Rotation angle, °

| Molecules  [Site | Eg,ev [hA  letransfer |
Hollow-top -2.23 1.32 0.80
Hollow-top -1.55 2.14 0.69
Br-top -1.35 2.76 0.45
Cr-top -1.18 2.97 0.16
Br-top -0.65 3.15 -0.03




Towards molecular controlled magnonics % |

(b) (c)

O-O-O-O-O-O-O:-OcO:-O T YI TV

Ruiz, Rivero-Carracedo, Rybakov, Dey and Baldovi*
Nanoscale Adv. 2024, DOI: 10.1039/D4NA00230J

157.591 162.712 161.782 160.271 159.959

Distorted CrSBr
J, (meV) 3.1 3.14 3.14 3.14 3.14 3.15
J,(meV)  3.87 3.84 3.84 3.85 3.84 3.84
J,(meV) 276 1.90 1.91 1.96 1.98 2.08
L0 CrSBr + Molecules
; os)  perviens” J, (meV) 311 3.33 3.30 3.3 3.17 3.15
g Z: J,(meV) 387 3.90 3.89 3.87 385 3.84
2| S J,(meV) 276 3.17 292 2.43 2,06 2.08
%1706 10 14 18 22 E, 4

Eromo(donor) - EcBm(acceptor), €V




Towards molecular controlled magnonics

[w] Ruiz, Rivero, Rybakov, Dey and Baldovi* Nanoscale Adv. 2024, DOI: 10.1039/D4NA00230J

%I
E@ 157.591 162.712 161.782 160.271 159.959
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Towards molecular controlled magnonics

Ruiz, Rivero-Carracedo, Rybakov, Dey and Baldovi*
Nanoscale Adv. 2024, DOI: 10.1039/D4NA00230J

60 —— CrSBr i i — TTE
—— Perylene i TTF-CH;3 [
-—— (Coronene ! TCNQ

Alberto M. Ruiz
0.15 UB




2D van der Waals magnetic materials

TC =45 K
Huang et al., Nature 2017, 546, 270-273



Esteras, Baldovi*,
Materials Today Electronics, 2023, 6, 100072
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Chen, L. (2021). 2D Materials, 9(1), 015006.
Nikitin, et al. (2022). PRL, 129(12), 127201.
Chen, L et al. (2021). PRX, 11(3), 031047.



Magnons in strained CrX;: strain and scf U~ [\(EH

Esteras, Baldovi*, Materials Today Electronics,
2023, 6, 100072

First principles: Zero free parameter
methodology

Biaxial strain: scf Hubbard U for each
structure (Linear response DFPT)

T T T T T
-5.0 25 0.0 25 5.0




Magnons in strained CrX;: strain and scf U

Esteras, Baldovi*, Materials Today Electronics,
2023, 6, 100072

3.51

= 2s] 25
- First principles: Zero free parameter g 2 515
methodology 2 101

- Biaxial strain: scf Hubbard U for each

structure (Linear response DFPT) 40

- In absence of DMI (antisymmetric
exchange), there is no gap
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Tuning the magnon gap with strain

(a) (b) © - DMI gaps out the Dirac

points in the magnon
dispersion of Crl; monolayer

- Strain engineering of DMI:
enhancement of magnon
gap (by 40 %)
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2D van der Waals magnetic materials

MPS,

Tn=70-150 K

Lee et al., Nano Lett. 2016, 16(12), 74337438



2D antiferromagnetic materials

PRX 2019, 9, 011026; PRB 2020, 101, 064416; PRB 2021, 103, 064431;
Nano Lett. 2021, 21, 5045; PRL 2021, 127, 097401; PRB 2021, 104, L100404



ARPES simulation of FePS;

Valence band electronic structure of the van der Waals
antiferromagnet FePSs

Jonah Elias Nitschke *', Dorye L. Esteras ', Michael Gutnikov *, Karl Schiller?,
Samuel Mafias-Valero ", Eugenio Coronado ", Matija Stupar *, Giovanni Zamborlini*,
Stefano Ponzoni®, José J. Baldovi” , Mirko Cinchetti

Materials Today Electronics, 6, 100061 (2023)
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Spontaneous magnetostriction in MPS,

nature communications

PHYSICS
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Magnetic order in 2D antiferromagnets
revealed by spontaneous anisotropic
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Magnetic structure & electron configuration [-\(E4

Houmes, Baglioni, Siskins, Lee, Esteras, Ruiz, Mahas-Valero, Boix-Constant, Baldovi,
Coronado, Blanter, Steeneken and van der Zant, Nature Commun., 14, 8503 (2023)
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Atomic-layer substitution in MPS,

Dalton
Transactlons

ROYAL SOCIETY (0% sovietar
OF CHEMISTRY Tailoring spin waves in 2D transition metal phosphorus

trichalcogenides via atomic-layer substitution

Volume 51
444444444
28 November 2022

Janus 2D materials

Two faces of the material are asymmetric

What are the effects of
mirror broken symmetry?

Ruiz, Esteras, Rybakov and Baldovi* Dalton Trans. 2022, 51, 16816



Atomic-layer substitution in MPS,

- Crystal, electronic and magnetic structure of selenized Janus monolayers
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Ruiz, Esteras, Rybakov and Baldovi* Dalton Trans. 2022, 51, 16816



Atomic-layer substitution in MPS,

- Crystal, electronic and magnetic structure of selenized Janus monolayers

J @ @ * @ @
? 0 2 o MnP53 anpzsgseg, NlPS3 NiszS3SEg
0200 O 00 FM 16.79 16.96 28.56 42.57
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Ruiz, Esteras, Rybakov and Baldovi* Dalton Trans. 2022, 51, 16816



Effects on magnetic properties

- Wannier Hamiltonian using d orbitals of M and s, p orbitals of P, S and Se

- Exchange interactions determined by Green’s function method; Single-anion
anisotropy extracted from MAE

F=3K(E8)' - 20+ By Gox3)

- Induced broken symmetry creates large DMI
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Effects on magnetic properties

- Wannier Hamiltonian using d orbitals of M and s, p orbitals of P, S and Se

- Exchange interactions determined by Green’s function method; Single-anion
anisotropy extracted from MAE

== ;1{1.(3. ‘ 5:')2 B i;;[gi]iigi +Dy- (5% 5))

- Induced broken symmetry creates large DMI ,
anus
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J2 researched in the last few years, but two aspects so far remain unaddressed: (1) Are there realistic
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~ | D /J I 0 0445 0 1450 0 1065 0 5 643 by external stimuli? In this paper we address both issues by demonstrating how a well-known 2D
S - 2792 . . . . AF, MnP(S,Se)s can be functionalized into strong AM by applying out-of-plane electric field. Of
]] \ !) ‘13 H particular interest is that the induced altermagnetism is of a higher even-parity wave symmetry
\ ~ ' than expected in 3D AM with similar crystal symmetries. We confirm our finding by first-principles
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N D ‘ | observations of the time-reversal symmetry breaking in the famous Fe-based superconducting chal-

Uz chogenides, either in monolayer form[4] or in the surface layer[5-7], may be related not to an FM, as

) . ' ) — | D3'/J3' | 0.0009 0.0348 0.0002 0.0254 previously assumed, but to the induced 2D AM order. Finally, we show that monolayer FeSe can si-

exhibit unco 1 altermagnetic time-reversal symmetry breaking and quantized
spin Hall conductivity indicating possibility to rescarch an intriquing interplay of 2D altermagnetism
with topological and superconducting states within a common crystal-potential environment.

Ruiz, Esteras, Rybakov and Baldovi* Dalton Trans. 2022, 51, 16816 Mazin et al. arXiv:2309.02355



Above-Room-Temperature T, in Fe;GaTe,

Fe;GaTe,

Isostructural with Fe;GeTe,

What is the origin of above-room-
temperature magnetism in Fe;GaTe,?

Ruiz, Esteras, Lopez-Alcala and Baldovi*
Nano Lett. 2024, DOI: 0.1021/acs.nanolett.4c01019




Above-Room-Temperature T. in Fe;GaTe,
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Ruiz, Esteras, Lopez Alcala and Baldovi*
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Above-Room-Temperature T. in Fe;GaTe,
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Ruiz, Esteras, Lopez Alcala and Baldovi*
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Above-Room-Temperature T. in Fe;GaTe,

Fes

Jyy (MeV)

dx2y2

Ruiz, Esteras, Lopez-Alcala and Baldovi*
Nano Lett. 2024, DOI: 0.1021/acs.nanolett.4c01019
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Take home messages

1. 2D magnetic materials: A fascinating playground
for exploring and controlling magnetic properties.
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2. Ab initio calculations provide fundamental
understanding and practical guidelines for the
rational design and optimization of novel materials.




Take home messages

1.

2.

2D magnetic materials: A fascinating playground
for exploring and controlling magnetic properties.

Ab initio calculations provide fundamental
understanding and practical guidelines for the
rational design and optimization of novel materials.

. The versatility of chemistry to tune the magnetic

properties and offer new opportunities for
designing ultrathin films with tailored properties
for magnonic applications.
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