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Lodestone



Magnetism

Pierre Curie in the 19th century found that magnetism (magnetic
order really) is lost above some critical temperature

Classical no-go

Phenomenon of magnetic ordering not understood at
microscopic level until advent of quantum mechanics

Lodestone is mainly magnetite FesO4 which is ferrimagnetic now famous among
condensed matter physicists for frustration and charge order below 120K
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Varieties of Magnetic Ordering

N B Diamond lattice cobalt
A Gd-Ti20- based antiferromagnet
Lo Nagler et al.
¢ T T
° LT

Mn2FeSbOe

Antiskyrmion Intermediate skyrmion Higher-order skyrmion Bimeron

Mertig et al. review 2018



Spin Waves

This is a talk about spin waves or magnons - collective excitations around some

ordered spin texture

Zur Theorie des Ferromagnetismus.
Von F. Bloch, zurzeit in Utrecht,
(Eingegangen am 1. Februar 1930.)

Beim Austauschvorgang der Elektronen im Kristall werden die Eigenfunktionen
nullter und Eigenwerte erster Nihorung filr die Termsysteme hober Multiplizitdt
bestimmt, wobei die Kopplung zwischen Spin und Bahn vernachlissigt wird,
Sie gestatten. das ferromagnetische Verhalten bei tiefon Temperaturen zu unter-
suchen und insbesondere die Frage zu beantworten, unter welechen Bedingungen
Ferromagnetismus itberhaupt maglich ist. Es zeigt, sich, da8 dies nur fiir rium-
liche Gitter der Fall ist; die Sattigungsmagnetisierung hat dann fiir tiefe Tem-
peraturen die Form M(T) = M{0)[1 — (T/0):].
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Field Dependence of the Intrinsic Domain Magnetization of a Ferromagnet

T. Howstoiw
New Vord University, New York, New York
AXD
H. Prigaxory*
“olyteckaic Teiriduie of Breokiys, Brookiys, News Yook
(Received July 31, 1940)

12 this pager, the varkation of the intrinsic domain magnetization of a ferromagnetic with the
external magnetic feld, & cbtainoed. The basis of the treatmsont in the exchange interaction
modkel amplificd by explicit consideracion of the dipole dipole fateraction between the atomic
magaets, Approximations agpeopriate o Jow temperatures and egquivalost to those ueed by
Hioch in his derivation of the 71 haw, are incrodueced. The ressdtant expression foe the intriasc
volume soaeptibelity decrraws slowly with increaeng field; at high fields the functional de-
peadeace is as the inverse square rooe of the fiekd, The variation with temperatore bs linear; at
room tomporature and for fielde of aboct 4000 Zausa, the ceder of magnitode of the (valame)
sceptibility i 10 © The results are compared with experiment and satisfactory agreement |s
found.

VOLUME 87, NUMBER ¢ AUGUST

The Spin-Wave Theory of Antiferromagnetics

Ryoco Kuno®
I ustitule for the Sindy of Meatals, University of Chicage, Clicags, 1Hinois
(Reveved March 19, 1952)

The spin-wave theary of antiferromagnets, recently studied by Anilerson for the atsalute xeen of temper
ature, is examined here for faite temperatures to desive the thermodynamic prepertics of antifcrromagrets
at low tempentuns. Somenial differently from Anderson's semiclassical treatment, the present theory
has used the formulation devisd by Hobstein and Primakoff, upon which the thermodyaamic quantities
are derived quantum-statistically. The paraliel susoeptibility is shown (o be proportional to 77, while the
pecpendicalar susceptiboliny is incepencent of the temperature in the first approzimation bat decreases
with increase in temnperature of caleusiad (o the seconc approximation. A tentative discussion is given of
the nature of the divergenocs which arise in the simple formulation of spin wave Lreatments in the ahsence
of any xird of anisotropy.
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Using neutrons to probe spin waves

VOLUME 1046, NUMBER § JUNE 1, 1953

Scattering of Neutrons by Spin Waves in Magnetite

B. N. BRocxnooss
Ceneral Physics Bravch, Atemic Energy of Canada Limited, Chalk River, Owizrio, Canada

(Received Fehevary 19, 1957)

Measurements of energy distributions of 1.5 A neutrons diffusely scattered by a tingle crystal of mag-
netite in the region of the 111 reciprocal Luttics point wees Gurried oat. Neutran grosps were abaerved wixich
satisfy momentum and energy conservation bitween the neutren and one wave-excitation quantum, and
which are assignidd & magnesic origin. The intensities of the neatron groeps aee corsistent with spin wave
theory witkin the limits of the analysis. The measvarerents are not sufficiently exact to enable the form of
the frequency wave nomber relatica of the spin waves to e dedoced, hut wssawing the quadmtic relation
of Kaplan a value for the 4.5 exchange integral of 210 ? ev is cbtained.
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Modern neutron tools

Three co-aligned single
crystals for INS experiment

Loorgy (e V)

2
(10

Spin waves in CoTiO3 measured on MERLIN
LET detector chamber



Intensity variation around linearly dispersing magnons
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A Winding Number in Magnons

Inelastic neutron scattering signature of spin momentum locking

L)

Intensity (a

3 = g
Nl 10 i : i l . . . X ¢
= (h) Above Dirac point X
o 4f b & § Below Dirac point _ F
— t
s
2 3r
@
& 2 (@
g - ’; 08
%) 1 > : 04
- 0 1 1 1 1 L 1 1 J o 0
0 50 100 150 200 250 300 350 X o4
X
Angle from (h, 0, 0) (degree) L 08

' O 8.5 Il‘li:m\'

4001 O (5 _85meV

300 ¢+

180

CoT10,

Elliot, PM et al. Nat Comm. (2021)

Shivam, Moessner, Coldea, PM (2017)

Heff=Vk‘O-

. (9) : ,

= 0.5 144¢ o

-1 eI . o

-d + .-"'-”,‘---,§

o 0.25 S 16 5 :

: ‘ - 0.5 meV }__,’

oooL{- 2oe? Tivat, 00 'J
-x/2 0 x/2 X
é (angle around K)

Gadolinium , _

Scheie, PM et al, PRL (2022) 7 e

Nikitin et al. (2022)

CI’C13 N U[SH.H,S]C(r.I.u.C)s

Seung-Hwan Do et al. (2022)

(spun 'aw LO(FD) I

o




Topology

Wavefunctions in Brillouin zone may carry winding numbers that are
iInsensitive to local deformation of the band structure
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Bulk topological invariants have observable consequences.

Hermitian topology: Bulk-boundary correspondence tells us that topological
iInvariant is associated with presence of surface states



Topological Magnons

- 3.5

Simple example: Chern number in two band model

H(k, k) = d(k, k,) - ¢

0
kx /2 T —n —n/2 ky

Bulk bands Surface state

_,4“ll" f:72 > 82 ‘l{

w

y= L koEi-(ad ad)

B 4 T2 8k'ag 8 8—k’y
Chern number: sphere covering number

Chiral surface states

Wavevector

Spectrum on slab geometry

Edge state group velocity



Chern Magnon Bands: An Example Moment
direction

Kitaev-Heisenberg Model

H=J)» S;-S;+ » 2KSIST—h-» S,
(i.5) (ir5)+ i

> Relevant to various honeycomb ruthenates, iridates ...

» Topological bands present across phase diagram in polarized phase

<—AFM Heis

<— AFM Kitaev
|

h/S

<— FM Kitaev

00— ] .
Wavevector T 37 /2 0 . /2

PM, Dong, Gohlke, Rau, Pollmann, Moessner Penc, PRB 98 060404 (2018)



“Gapped” Magnon Topology

Many Ch del Sz S
any Chern magnon models... A 5;{05;{: G2
5
e.g. Kitaev-Heisenberg-Gamma model in polarized phase
uH (M)
46 8 10 1
Conventional paramagnet
Jfhg 80K} =====meeecmcecncnnnncnnnnnn-
0.3 4 Spin liquid (Kitaev paramagnet) 4 . . . . .
0.002 Half-integer Caane | [EEEEUEISUEIEREEEE— _ _ ,
1 TN antiz aleau I ) B
l-o.om ° e [gﬁo " a 8 o Sample 1 (67)
0.2 0 3 ' » —@—-Sample 1 (12 T)
z °F ] ——-Sample 2 (15 T) 1
I-o.om 6f
0.1 -0.002
5
< 0.0
0.1
-0.2
-0.3 4 . . . ! .
0.0 0.5 1.0 1.5 2.0 - 0O 20 40 60 80 100
T T (K)
Berry curvature of Chern bands leads to thermal Hall effect Kasahara et al. PRL (2018)

Candidate to explain thermal Hall at intermediate fields in a—RuCl; though controversial

Detection of surface states presents a challenge: neutral, microscopic, low energy

Czajka et al., Nature Materials 2022

PM, Dong, Gohlke, Rau, Polilmann, Moessner Penc, PRB 98 060404 (2018) Zhang et al., PRB 2021



Varieties of Topological Magnons - A Snapshot

Chern Magnons - various different ground states

Owerre, JPCM (2016)
Shindou, Matsumoto, Murakami, Ohe, PRB (2012)

Chisnell et al., PRL (2015)

PAM, Dong, Gohlke, Pollmann, Moessner, Penc, PRB (2018)

Joshi, PRB (2016)

Weyl Magnons
Li, Li, Kim, Balents, Yu, Chen Nature Comm. (2016)

Jian, Nie, PRB (2018)

Dirac Magnons
Yuan et al., PRX (2020)

Scheie et al., PRL (2022)

Higher Order Degeneracies
Corticelli, Moessner, McClarty, PRL (2023)

Antiferromagnetic T

Kondo, Akagi, Katsura (2019)

Magnon Landau Levels

Weber et al., Science (2022)

Higher Order Tls

YB Kim et al. PRB (2021) and Mook et al., PRB (2021)

Intensity (arb. units)
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Review: PM, Annual Rev. Condensed Matter Physics (2022)



Main Differences between Electronic
and Magnonic Topological Materials

0.3

Bosonic and at finite energy

Generally no quantized response 02

0.0 0.5 1.0 1.5 2.0
But instead varied set of response functions in
magnon systems including thermal Hall for
Chern magnon bands

k

Bulk-boundary correspondence and magnonic surface states ’\/\/\——\A

Interactions always present - these may be crucial



How to measure surface states

General problem of how to probe single magnetic layers

e.g. van der Waals magnets
For structure can use X-rays but harder for dynamics/excitations

Neutrons interact weakly with matter : bulk probe only

Magnetization, heat capacity etc. : hard to discern signal

...though for mesoscopic systems may use Hall measurements for magnetization

Two proposals so far:

Pump into surface states

Electronic tunneling




Topological Magnon Amplification

Radiation field coupling to surface states - in particular the anomalous terms

Sk (&
Z;(a_kakb+h.c.>

5x10~*

Energy [J]

imaginary part

Momentum k,

Kagome ferromagnet with out-of-plane DMI has Chern magnon bands

For certain edge states couple k = & 7 modes

Malz, Knolle, Nunnenkamp, Nature Comm. (2019)



Topological Magnon Amplification Il

(c) S 3..
P~
g § ‘.5'
“i‘, =~ ....oo
&
0 . °
: : 0 1x107° 2x10"
Net energy current along edges Time [11J] Drive Strength &/J
Conventional thermal Hall effect Driven case

Malz, Knolle, Nunnenkamp, Nature Comm. (2019)



Inelastic Tunneling

Single site case: pick up (approximately) local density of states

Normalized Cumulative DOS

See also work from Knolle et al. for density of magnetic states



Quasi-particle Interference

Scattering of magnons from “simple” disorder leads to clear interference patterns
e.g. single vacancy - a non-magnetic ion in magnetic lattice

LDSF-Real Space LDSF - K Space

b L

o
18’

e

1w

This interference pattern is connected to the joint density of states

F(@,q) = Z e O

Mitra, Corticelli, Ribeiro, PM, PRL (2023)



Experimental progress

Work from Somesh Chandra Ganguli, Markus Aapro, Shawulienu Kezilebieke, Mohammad Amini, Jose L. Lado, Peter Liljeroth

Nano letters (2023)

Quasi-particle interference study of CrBrz monolayer ferromagnet
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https://arxiv.org/search/cond-mat?searchtype=author&query=Ganguli%2C+S+C
https://arxiv.org/search/cond-mat?searchtype=author&query=Aapro%2C+M
https://arxiv.org/search/cond-mat?searchtype=author&query=Kezilebieke%2C+S
https://arxiv.org/search/cond-mat?searchtype=author&query=Amini%2C+M
https://arxiv.org/search/cond-mat?searchtype=author&query=Lado%2C+J+L
https://arxiv.org/search/cond-mat?searchtype=author&query=Liljeroth%2C+P

Magnon Surface States

Bulk defect Edge defect

Bulk defect

-10 -5 0 5 10
Site [a,] E/Eo
Edge defect
Mitra, Corticelli, Ribeiro, PM, PRL (2023)



Interplay between

topology
and Interactions

Chern band protection

Interaction-induced topology
Non-Hermitian topology

Topological bound states

Intensity (arb. units)
N I iy e -

02 04 06 08 10 12 00 02 04 06 08B 10 12 14

1Qf (A7)



Magnon-Magnon Interactions

Magnon-magnon interactions from Holstein-Primakoff beyond 1/S
1
7‘[3 = 5 Z ‘@,(kﬁl, kg, kg)(aLlaL2ak3 + hC) + ...
k#

Generally number non-conserving terms

Single particle picture may not survive in any detail

€ky = €ky T €k,

|

Four-magnon terms to same order.



Decay channels

Magnon damping kinematically constrained

|

1.5¢

Energy (meV)
=

Two Magnon

States
% 0.5
f ...........
00 s 1o Cos
€k3 o €k2 —|— Ekl (h0.0)
Decay

One-Two
Magnon Overlap

Kinematically
Allowed



The Death of Topological Magnons?

Kagome ferromagnet with Dzyaloshinskii-Moriya exchange

Large two magnon density of
states in neighborhood of single

magnon bands

Mook, Menk, Mertig (2014)

Chernyshev, Maksimov (2016)

Chernful bands
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Topological Magnons Live?
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PHYSICAL REVIEW B 98 06(404(R) (2018)

Non-perturbative robustness of (ot Commmiconons J_t9ver Soagessms |

magnon Chlral edge States Topological magnons in Kitaev magnets at high fields

P A McClarty.” X.-Y. Dong." M. Gohlke," ). G. Raw.’ F. Pollmann.” R. Moessner,” and K. Penc' '
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Linewidth

NonHermitian Topology in Magnons

Lineshape winding and nonHermitian topology

Number non-conservation from three-body terms — Y

NonHermitian Hamiltonian coming from expansion around linear
touching point with some self-energy

M_ (k) = [M(k) + Z'(k, w,)| + Z"(k, )

Winding of imaginary part of eigenvalue reflected in winding of spectral function -
happens in anti-phase in upper and lower bands
PM, Rau, PRB (2019)



Interaction-induced Topology

1073 1072 107t 103 1072 10°t 1073 1072 S(k,w) 107!

 —

MS1

Snld...

SuoOljoelalu|

T M I’ 2M M K

Honeycomb lattice antiferromagnet with DMI:

H= Z [J 58 +J SXS" + SySy> + D;ij- S;l- X SJ
(i)

LSW insensitive to DMI which enters only as 3- and 4-body terms

DMRG+tMPO reveals degeneracy breaking effects of DMI: leaving touching points at I
and K’

Instance of anisotropy blindness of LSW theory resolved by including further neighbour
couplings of equivalent symmetry

Gohlke, Corticelli, Moessner, PM, Mook, PRL 2023



Shastry-Sutherland: dimers and triplons

TN e A lhmg Commpam v

CXACT GROUND STATE OF A QUANTUM MUCHANICAL ANTIFERROMAGNET

Jl £, Srirem Shastry and 3110 Sutherland

Department of Physics, Unfversity of Utah, Salt Lake City, UT 84112

ent some exact results for the ground state of a quantum mechanical antiferro-
s W ne \Ler

MgMtic nodel 1n the two dimeasions with st-searest nefghbar Interastions

l | o First/second neighbor isotropic antiferromagnetic
exchange
H=J) S;-S;+J > S;-S;
(i.4) (i.4))

Ground state is singlet tiling for J'/J < 0.65
Triplon modes don’t acquire dispersion up to O((J'/J)?)

Three degenerate almost dispersionless triplon modes

Dispersion and degeneracy breaking mainly from Dzyaloshinskii-Moriya



Shastry-Sutherland and Topological Bound States

Optical mode with minimum around 3 meV. Parabolic dispersion at low energies.

3.5 3.5

Energy (meV)
W
Energy (meV)
W

2.5
-3 2.5 2 1.5 -1 0.5 0 0.5 1 1.5 2

(H,0] [-0.5-H.-0.5+H]
1.5
Meets Brillouin zone boundaries around 3.8 meV

Constant energy cut at 3.3 meV shows rings

Data taken on SrCu,(BO5),

Experiment inspired by Romhanyi, Penc, Ganesh, Nat. Comm. (2015) o - [H,H]
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Two triplon bound state hybridizes with single triplons - visible hybridization gaps

Result from theory: bound states inherit topology from single triplon modes

Sequence of topological transitions in magnetic field

PM et al. Nature Physics (2017)



Topological Magnons Outlook

Progress in various directions but experiment lags theory
Symmetry-based approaches make identification efficient

Workflow: TQC to candidate materials to INS
Large gap Chern, higher velocity Weyl points, multi-fold bosons, Chernful nodal planes, TCI

Response of these systems

Various ideas: magnonic crystals and BLS as promising route to detection

Gateway to exploring 2D magnets, possible manipulation and spintronics connections

Spin-space groups in electronic systems e.g. altermagnets

Bound states can be topological
Topology of multi-particle continua?

Quantum spin liquids from topological magnon condensation?






