QuMat; Pillar 4

Topological light-matter interfaces
Pillar leaders: Kobus Kuipers (TUD) & Caspar van der Wal (RUG)



Magneto-optics

Opto-magnetism

Probe \ . ) Pump

Light driven Control Strain driven Control

- Create efficient interfaces between topological quantum states & photons
while retaining quantum information
- Investigate hybridization between topological quantum states & light




Concepts from conventional states of atoms, semiconductors

Light-matter quantum-state transfer

Famous examples: GaAs, Cs atoms
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Concepts from conventional states of atoms, semiconductors

Light-matter hybridization

Famous examples: Polaritons
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Phys. Rev. 94, 043310 (2016)
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Background: 3 Lu,,“’ !
- Topological guantum states often hardly propagate ~ 2'2 5%%“'
or have an (ultra)short lifetime % 1? fﬂﬂ?é*f*"ﬂf;%!!mu
- Light readily propagates £ os|
- Converting the quantum information of a topological S
state to a photon allows it to be transported of large ¥ "'“*’*'I
distances 15 ™

- However: light, in general, interacts weakly with matter; transferring quantum
information while retaining coherence is not trivial

- Quantum information needs to be transferred to topology of light (spin or orbital
angular momentum) through proper selection rules and light-matter
interaction needs to be maximized




4.1 Topological light-matter interface based on hybrid Bi2Se3 2D heteronanocrystals
3 PhD students; UU, TUD, RUG, TU/e, RU

4.2. Spin-orbit opto-matter
2.5 PhD students; RU, TU/e, TUD, RUG

Mutations with respect to original proposal:

Andrea Caviglia (TUD) left to take up a beautiful position in Switzerland 66
Maz Ali (TUD) was added to the team (\\&\‘
1 PD position moved from Pillar 4 to Pillar 2 (and now new lead: Jagoda Slawinska) \oee
| &
Todays presentations \(@*
Theory of topological excitons Pedro Campos de Melo (\’Q‘:
Optical sensing...protected states Alexey Kimel \)de
Coherent phono-magnetism Maz Ali 0‘;&'
Writing of magnetic bits Dima Afanasiev &Q\\

Followed by Q&A ro’



Bi,Se; — luminescent surface states

L1

L2

L3

L3

L2

L1

mEENEE

3.5
3

25 1

2
1.5

Energy [eV]

LA R RE) r"":'."ilil!

%,

K

Pedro Campos de Melo

Emission energies

Surface to surface-> strongest dipole

Interior to interior

Surface to interior transition
must overcome vdW barrier

Most favorable radiative decay
channel is between surface states

We should see excitons made of
electrons/holes in surface states
only!



Alexey Kimel

-
Goal: Explore the emergence of complex magnetic order

L and the ways to manipulate the order.

/~ State of the art:
Ultrafast and least dissipative writing of magnetic bits in bulk magnets

“SMagnetic Recording,

‘ .
Cold Ultrafast Photo-magnetic Recording

A. Stupakiewicz et al, Ultrafast nonthermal photo-magnetic A. Stupakiewicz et al, Selection rules for all-optical magnetic recording

~N

J

Krecording in a transparent medium, Nature 542 7639 (2017). in iron garnet, Nature Communications 10, 612 (2019).
(

Beyond the state-of-the-art:

Can we realize such a control in 2D magnets?
What are the mechanisms?

~




Maz Ali
Coherent phono-magnetism: static and dynamical manipulation of magnetism

via lattice degrees of freedom
Ali (TUD) & Kimel (RU)

Kagome Quantum Materials

Optics _ Electron Transport

. Kerr and Faraday Soniation . Hall Effects
Dynamical order . Magnetoresistance
effects . Static order effects

Magnetism Topology

. Orbital loop current

. Magnon excitations

Van der Waals Heterostructures

Strain driven Control




Dima Afanasiev

Light

. electronic orbitals
. crystal lattice

. spins

Materials

. Van der Waals magnets

. Frustrated magnets

. Atomically thin oxide
heterostructures

Light-induced writing of magnetic
bits in complex quantum materials



Pillar 4: Topological light-matter interfaces develops and studies the conversion of topological quantum states

Highlight after first term:

(magnons, excitons) into (wave guide) photon states, and hybridization of topological
guantum states with light. For topological exciton-light interfaces, we will start with 2D
Bi,Ses systems (project 1). The 2D magnetic materials of Pillar 2 form the basis for
magnon/light interfaces (project 2). The physics of topological light-matter conversion

| must be fully understood and used to fabricate efficient interfaces between topological

materials and wave guides.
Controlled and efficient conversion of magnons into photons and vice versa




Pillar IV. Cold optical writing at the edge of time

D.Afanasiev




State of the art:
Light-induced precessional switching of ordered spins

o
Light
Spin
precession
M, M,
Precessional switching: $ 00 w | | s | | 0
* Fast: Switching within a half-period of the precession Switching in YIG:Co within 20 ps

* Cold: The most energy efficient switching ~10-2)/bit

Nature 542, 71-74 (2017)



Selective excitation with light

Energy, hv

5

Delocalized electrons

ﬁ x 1eV
Symmetry
@ reduced orbitals

A

Excitation is non-thermal:

-effects of the heating are not dominant szoto" 0.1 eV
Excitation is resonant: Distorted lattice

-highly efficient

Excitation is selective: O0eV
-only specific degrees of freedom can be Ground

directly addressed state 3



Beyond state of the art:
How to make it even faster?

Light Spin
Vi Wave
w 4 Wavelenqth A
W,  longetimeot | Advantages of finite k-spin waves:
precession
> k * Higher-frequencies > 1 THz

Non-zero velocity: nonlocal transport

Light can excite only homogeneous

spin-precession

* Has the lowest frequency in the
spin-wave spectrum

* No propagation occurs



Two possible strategies

Nat. Phys. 20, 607-611 (2021) Nat. Comm 7, 10645 (2016)
Phys. Rev. Lett. 127, 097202 (2021)

Magrinon 1 Maginon 2

Confinement
due to absorption

>

-’E(B +i(B

Two-magnon line - excitation of a pair of
counterpropagating magnons at the edge of
the Brillouin zone

* Highest possible frequency

* Supermagnonic propagation

Propagating spin-wave packets
due to optical confinement



Novel scenarios for magnetic recording

Light \: :

\WH=\UITTT - T2\

AFM DW DW propulsion

Novel Materials
Van der Waals magnets
Frustrated magnets
Atomically thin oxide
heterostructures



Thank you




Correlation

Magnetism Topology

Coherent phono-magnetism: static and
dynamical manipulation of magnetism
via lattice degrees of freedom

3

: ' ' : Mazhar Alit & Aleksey Kimel?
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Correlation

A'_A
M t - 'A.A. VAN
Quantum ateri 9000
: : : o TN N KT
Rao, M. S. R., Bhallamudi, V. P., Hammel, C. P., Journal of Physics D: Applied, 51, 2020 - : : :

Topology “The simplest of definition might be that a quantum material is a
@ material whose electronic or magnetic properties are not best
‘ ' : . . ¢

Magnetism Topology

Teleportation described using classical particles or calculations that do not take

Many-body
interactions

Quantum
SENSOrs )

Topological materials
* Spin liquids
fﬁ:'::;:sm * Quantum Ferroelectrics
* Quantum Magnetoelectrics
I * Non-collinear magnets
conductors * Superconductors
* Many more classes

Spin-orbit
interactions

Quantum
correlations
and
fluctuations

Weyl semi-
metals

Majorana
fermions

Topological
insulator/metals
[superconductos

* 2D ones are especially fun: can easily be
made into quantum devices!




Graphitic vs Triangular Net

* Graphitic Net: Honeycomb -> hexagons
* Triangular Net: close-packed triangles
* Both are 3-connected: each vertex has 3 neighbours



Kagome - “in a basket...eyes

KV.,Sb,

* Japanese Basket Weaving Pattern -> Real world solid state crystal structure
* “Trihexagonal Tiling” - 4 connected: each vertex has 4 neighbours
* Hexagons + Triangles



Geometric Frustration

Balancing act of coupling strengths of J1, J2, etc.

Imagine triangle of Ising
spins...what do you do

with the third one? (d) (e)

Surprisingly not trivial...
P gy Figure 1: Examples of few spin frustrated magnetic lattices.




Kagome Band Structure Points of
Interest

- . o [
A Dirac Point at K
- — -@t—— l@l— n@i-ﬂ— -
A A A A .
SN » Surface/edge states in
: SOC gap opening

* Van Hove Singularity

* Flat Band




Some examples of Kagome
modes

TRIGONAL
DISTORTION

Nb,Cl,/Brg/I,



Kagome Lattice: Yes

Unconventional

superconductivity
Pair density
wave

Topological
superconductivity

Charge density Superconductivity

wave

Electron
correlation

Quantum
spin liquid

Symmetry

breaking Magnetism

Sematic
order

Spintronics

Anomalous
Hall effect

Spin density
wave

S.Y. Yang, et al., under review Nature Physics (2022)

It can

Correlation

Magnetism

Topology

Can we move the arrow?

Tuning via strain and light interactions



Synthesis -> 2D Devices ->
Magnetotransport

2D Fab Lab
Triple Inert Glovebox
HQ Graphene Transfer
Stage
~ Olympus Microscope
In-situ AFM
" Antivibration Stages

Rl

/
Solid State Synthesis Lab

Magnetotransport Lab
~25 Furnaces Liquid He Cryos
- Upto1800C Dual ADR Cryo (Kiutra)
Variable Gas Environment 6-14 T Magnetic Field
pXRD

300K - ~30 mK range
DC Measurement electronics
(insulators to
superconductors)

Inert atmo Glovebox
Elements 1-83* used




2D Quantum Materials can

avfnliata/trancfar
@ ®

= -.___T- -i‘a_p&__.

* Nearly layer by layer
construction
* 2D limit, finite size

Flake transferred

b\ from the tape
‘

Glass Slide

* Can make novel

heterostructures
“heroms  Non-thermodynamic
products

* Access novel areas of
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Magnetotransport (modulated by
strain)

MR,, (%)

S.Y. Yang, et al.
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Fe film

Co film

Ni film
Co,Sn.S,
Gd film
LaSrCoO
MnSi
Mn.Ge
CuZnCrSe
NdMoNbO
Mn,Sn
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
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Science Advances (2020): eabb600%¥. Wang et al, Nature Physics, 17, 542, 2021 Wang, Y. et al, https://doi.org/10.1021/acs.chemmater.2c01309 M. N. Ali et al, Nature, 514, 205, 2014



Magnetooptical Kerr and Faraday
modulated by straln

OPFTICAL KERR EFFECT
Ground State n / /

S

Excited State (*) MAGNETO-OPTICAL KERR EFFEC

P. Nemec et al, Nat. Phys. 14, 229, (2018)



Potential Application: Transduction

* “Transduction” - Conversion of energy from one form into another
* Think of a microphone - mechanical to electrical energy transducer

* Coherent phono-magnetism - opto-phono-magno transduction?



Coherent phono-magnetism: static and dynamical manipulation of magnetism via

lattice degrees of freedom Electron
Ali (TUD) & Kimel (RU)

Opt|cs
Kerr and
Faraday
Dynamical order
effects

. Magnon
excitations

Kagome Quantum Materials

Correlation

Magnetism

Topology

Van der Waals Heterostructures

nght drlven Control

Strain driven Control

Transport

current

Hall Effects
Magnetoresista
nce

Static order
effects

Orbital loop




