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« What we already know about CrX;

* Coulomb interactions in Crl,

* Magnetic polarons in bilayer Crl,

« Take-home message
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» Magnetism in Bulk

Physics. — *“Further experiments with liquid helium. Z. Magnetic
researches. XXVIII. Magnetisation of anhydrous CrCl;, CoCl,
and NiCl, at very low temperatures.” By H. R. WOLTJER and
H. KAMERLINGH ONNES.

(Communicated at the meeting of May 30, 1925).

§ 1. Introduction. In the preceding communication the magnetic ano-
malies shown by anhydrous CrCl;, CoCl, and NiCl, at the temperatures
of liquid hydrogen have been pointed out. It seemed to be important
to extend this research to the very low temperatures obtainable with
liquid helium. The following questions came to the foreground: as regards
CrCl; whether the initial susceptibility would increase with decreasing
temperature as strongly as in the liquid hydrogen region and whether
in strong fields saturation phenomena would appear; for the other
substances whether the decrease of the susceptibility with decreasing
temperature that seemed to be indicated by the measurements in liquid
hydrogen would be continued.

H. Kamerlingh Onnes, Leiden Comm., 167b, 614 (1925)
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» Magnetism in Bulk
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Dillon et al., Journal of Applied Physics, 36, 1259 — 1260 (1965)
Tsubokawa, Journal of the Physical Society of Japan, 15, 1664 — 1668 (1960)
Cable et al., Journal of Physics and Chemistry of Solids, 19,29 — 34 (1961)
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» Magnetism in thin samples
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Huang et al., Nature, 546, 270 — 273 (2017)

Klein, DS, et al., Science, 360, 1218 — 1222 (2018)
Song et al., Science, 360, 1214 — 1218 (2018)

Klein et al., Nature Physics, 15, 1255 — 1260 (2019)
Kim et al., PNAS, 116, 11131 — 11136 (2019)
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» Magnetism in monolayer

CrBr;

Bedoya-Pinto et al., arXiv:2006.07605

(Talk Thursday 9:00)
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» Magnetism at the microscopic level: DFT
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Octahedral ligand field: Crystal field splitting
Cr:[Ar]3d®4s! - Cr3+[Ar]3d3 (m = 3 pg)
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Lado and Ferndndez-Rossier, 2D Materials 4 035002 (2017)
McGuire, Crystals, 7, 121 (2017)

DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: DFT
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Lado and Ferndndez-Rossier, 2D Materials 4 035002 (2017)
McGuire, Crystals, 7, 121 (2017)
DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: DFT+U+J
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Lado and Ferndndez-Rossier, 2D Materials 4 035002 (2017)
McGuire, Crystals, 7, 121 (2017)
DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: Intralayer Exchange

Superexchange
(Goodenough-Kanamori)

der—cr(A)  a(deg) Teon(K) Type of anisotropy
Crl; 4.026 97.5 451 (68)°3 Easy axis (z)
CrBrs 3.722 94.9 2754 (37)%° Easy axis (z)
CrCls'! 3.491 95.5  10*48 1756 (17)°7 Easy plane (xy)

Kashin et al., 2D Materials, 7, 025036 (2020)
DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: Intralayer Exchange
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Kashin et al., 2D Materials, 7, 025036 (2020)
DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: Interlayer Exchange

Tg =210 K (Crly); 420 K (CrBr3); 240 K (CrCls)
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McGuire et al., Chem. Mater., 27, 612 — 620 (2015)

Sivadas et al., Nano Letters, 18, 7658 — 7664 (2018)

DS, Cardoso and Fernandez-Rossier, Sol. Stat. Comm., 299, 113662 (2019)

DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: Interlayer Exchange
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McGuire et al., Chem. Mater., 27, 612 — 620 (2015) J, = 0.04 meV

Sivadas et al., Nano Letters, 18, 7658 — 7664 (2018)

DS, Cardoso and Fernandez-Rossier, Sol. Stat. Comm., 299, 113662 (2019)

DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: Spin-Waves

Inelastic Electron Tunneling Spectroscopy (IETS)
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Klein, DS, et al., Science, 360, 1218 — 1222 (2018)
Kim et al., PNAS, 116, 11131 — 11136 (2019)
Liu et al., Phys. Rev. B, 101, 205407 (2020)
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» Magnetism at the microscopic level: Spin-Waves

Inelastic Neutron Scattering (INS)
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Ar = 2AS + 3SJ, A: Single-ion Anisotropy
Ak < K or D’ J,: Anisotropic Exchange
K: Kitaev interaction
D’: 2nd Neighbor DMI
Chen et al., Phys. Rev. X, 8, 041028 (2018)
DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381
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» Magnetism at the microscopic level: Anisotropy
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DS, Katsnelson and Fernandez-Rossier, Nano Letters (Review) 10.1021/acs.nanolett.0c02381

Still an open issue!
See recent preprint by Ke and Katsnelson (arXiv:2007.14518)

(Poster by Liqin Ke)
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Coulomb interactions in Crl;

> Strongly correlated materials: LSDA+U+J
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> Strongly correlated materials: J(U) dependence
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Kashin et al., 2D Materials, 7, 025036 (2020)



Coulomb interactions in Crl;

> Strongly correlated materials: GW
Coulomb and dielectric screening effects are very important
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Wu et al., Nature Communications, 10, 2371 (2019)




Institute for

Coulomb interactions in Crl; olecules and Materials

Radboud University

» Wannier-Hartree-Fock Approach

Step 1. Calculate the spin-unpolarized Wannier Hamiltonian (HW) from first-principles
(LDA) projected on Cr d-orbitals and | p-orbital




Coulomb interactions in Crl;

» Wannier-Hartree-Fock Approach

Step 1. Calculate the spin-unpolarized Wannier Hamiltonian (HW) from first-principles

(LDA) projected on Cr d-orbitals and | p-orbital
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Step 2. Introduce Coulomb interactions using Hartree-Fock (HHF) in the mean-field
approximation, and calculate the electronic structure self-consistently
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» Wannier-Hartree-Fock Approach

Step 1. Calculate the spin-unpolarized Wannier Hamiltonian (HW) from first-principles
(LDA) projected on Cr d-orbitals and | p-orbital

Step 2. Introduce Coulomb interactions using Hartree-Fock (HHF) in the mean-field
approximation, and calculate the electronic structure self-consistently




Coulomb interactions in Crl;

» Wannier-Hartree-Fock Approach
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Step 1. Calculate the spin-unpolarized Wannier Hamiltonian (HW) from first-principles
(LDA) projected on Cr d-orbitals and | p-orbital

Step 2. Introduce Coulomb interactions using Hartree-Fock (HHF) in the mean-field
approximation, and calculate the electronic structure self-consistently
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Step 3. The orbital-dependent exchange interactions are calculated by means of the
magnetic force theorem using the converged total Hamiltonian (H = HV + HHF)
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A. 1. Liechtenstein et al., J. Magn. Magn. Mater., 67, 65 (1987)
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» Wannier-Hartree-Fock Approach: Substrate dielectric screening effects

Van der Waals heterostructure: hBN/Crl;/hBN

2

Rosner et al., Phys. Rev. B, 92, 085102 (2015)
Rosner ef al., Nano Letters, 16, 2322 — 2327 (2016)
Florian et al., Nano Letters, 18, 2725 — 2732 (2018)
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» Wannier-Hartree-Fock Approach: Substrate dielectric screening effects

Van der Waals heterostructure: hBN/Crl;/hBN
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Rosner et al., Phys. Rev. B, 92, 085102 (2015)
Rosner ef al., Nano Letters, 16, 2322 — 2327 (2016)
Florian et al., Nano Letters, 18, 2725 — 2732 (2018)
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» Wannier-Hartree-Fock Approach: Substrate dielectric screening effects

Van der Waals heterostructure: hBN/Crl;/hBN
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Rosner et al., Phys. Rev. B, 92, 085102 (2015)
Rosner ef al., Nano Letters, 16, 2322 — 2327 (2016)
Florian et al., Nano Letters, 18, 2725 — 2732 (2018)
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» Wannier-Hartree-Fock Approach: Spin-wave spectrum

Impact of dielectric environment on the spin-wave dispersion
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» Wannier-Hartree-Fock Approach: Conclussions

Coulomb and substrate dielectric screening effects
impact the magnon spectrum of Chromium Trihalides

We have developed a new computational tool to study
Coulomb interactions in CrX; combining Wannier-HF and
the magnetic force theorem (MFT)
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in Bilayer Crl,
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» Magnetism at the microscopic level: Interlayer Exchange

Tg =210 K (Crly); 420 K (CrBr3); 240 K (CrCls)
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McGuire et al., Chem. Mater., 27, 612 — 620 (2015) <‘J_L = 0.04 meV >
Sivadas et al., Nano Letters, 18, 7658 — 7664 (2018)

DS, Cardoso and Fernandez-Rossier, Sol. Stat. Comm., 299, 113662 (2019)
DS, Katsnelson and Fernandez-Rossier, Nano Letters (Mini-Review - Accepted)




Magnetic polarons in bilayer Crl;

> Electic field control of interlayer magnetism
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Jiang et al., Nature Nanotechnology, 13, 549 — 553 (2018)
Jiang et al., Nature Materials, 17, 406 — 410 (2018)
Huang et al., Nature Nanotechnology, 13, 544 - 548 (2019)
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» Magnetic polarons in layered semiconducting magnets ‘
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Auslander and Katsnelson, J. Magn. Magn. Mater., 24, 117 (1981)
Vischer, Phys. Rev. B, 10, 943 (1974)
Mott, Metal-Insulator Transitions, Taylor & Francis, London (1974)
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> Magnetic polarons in layered semiconducting magnets =

Auslander and Katsnelson, J. Magn. Magn. Mater., 24, 117 (1981)
Vischer, Phys. Rev. B, 10, 943 (1974)
Mott, Metal-Insulator Transitions, Taylor & Francis, London (1974)
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> Magnetic polarons in layered semiconducting magnets =

Auslander and Katsnelson, J. Magn. Magn. Mater., 24, 117 (1981)
Vischer, Phys. Rev. B, 10, 943 (1974)
Mott, Metal-Insulator Transitions, Taylor & Francis, London (1974)
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> Magnetic polarons in layered semiconducting magnets =

Auslander and Katsnelson, J. Magn. Magn. Mater., 24, 117 (1981)
Vischer, Phys. Rev. B, 10, 943 (1974)
Mott, Metal-Insulator Transitions, Taylor & Francis, London (1974)
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> Magnetic polarons in layered semiconducting magnets =

Auslander and Katsnelson, J. Magn. Magn. Mater., 24, 117 (1981)
Vischer, Phys. Rev. B, 10, 943 (1974)
Mott, Metal-Insulator Transitions, Taylor & Francis, London (1974)



Magnetic polarons in bilayer Crl;

» Magnetic polarons in bilayer Crl;
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Formation energy of a magnetic polaron
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» Magnetic polarons in bilayer Crl;

DFT calculations
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» Magnetic polarons in bilayer Crl;: Conclussions

Electric field modulation of interlayer magnetism is driven
by magnetic polarons in bilayer Crl,

The formation of magnetic polarons is only allowed for
electron doping which facilitates the antiferro-to-ferro
phase transition
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Still several open issues

Origin of magnetic anisotropy (single-ion, Kitaev, 2"
neighbor DMI, etc.)

Role of van der Waals interactions in interlayer
exchange (different results with different functionals)

Effect of substrates on the magnetic and electronic
properties of CrXs

Moiré magnets (Hejazi et al., PNAS, 117, 10721 — 10726
(2020))

Magneto-optical properties
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Moiré
Ferromagents
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Graphene/2DFM
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» Exchange proximity effects in twisted TMDs

DS and Lado, J. Phys. D: Appl. Phys.
https://doi.org/10.1088/1361-6463/abaal5
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Thank You!
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