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Outline

) Nanomagnetism — From classical to quantum

Topological (quantum) spin textures

X-ray vortex beams | OAM beams
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From Classical to Quantum

tunneling

superposition

entanglement

gquantum phases, e.g. BE condensates

quantum criticality, e.g. probing phase transitions at quantum boundaries
guantum coherence

bridging quantum mechanics and topological physics

potential applications in quantum computing
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From basic materials science to quantum computing
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Experimental challenges towards the quantum regime

 spatiotemporal dependence of electronic structure
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F. Boschini et al, Rev. Mod. Phys. 96, 015003 (2024) T. M. Ajayi et al, Nature 618 69 (2023)
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https://doi.org/10.48550/arXiv.2410.11427

Topological spin textures: From 2D/3D to quantum

Classical Skyrmion
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* polarity p=+1
« chirality(circularity) n==1

» Skyrmion number: winding
number

n :ijﬂ-(ﬁxﬂxéyﬂ xdy

F. Rybakov, et al. APL Mater. 10, 111113 (2022)

Hopflon Quantum Skyrmion

» Hopf number: linking number  * tunneling between skyrmion

and antiskyrmion states
Qu = — JB Adr « superpositions of classical
1 configurations

= —€ kS (VjS X Vks) - expectation values of the local

8m spin vector operator (S(r))

Y. Liu et al, Phys Rev B 98, 174437 (2018)

V. Lohani et al, (2019) Phys. Rev. X 9, 041063
A. Petrovic et al, (2025) arXiv.2410.11427
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Experimental validation of unconventional topological spin textures

» Experimental verification of magnetic
Hopfions in magnetic
multilayers with a ‘:{
vertically graded PMA |
by surface/bulk sensitive |
X-PEEM/MTXM imaging

* Imaging of skyrmion tubes
in a lamella of FeGe using
resonant magnetic x-ray
diffraction and holography

M.T. Birch et al., Nature Comm 11 1726 (2020) SN N. Kent et al., Nature Comm 12 1562 (2021)

» Tailored nucleation and direct observation of
Hopfions forming coupled states with skyrmion
strings in B20-type
FeGe crystals using
L-TEM and
electron holography

« 3D skyrmionic cocoons in tailored
(single gradient) magnetic

multilayers with a -
characteristic ellipsoidal | R :

s
shape confirmed by i i

(.) 19540 oseyq <

signatures in MFM images

.
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-
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skyrmion string hopfion ring

M. Grelier et al., Nature Comm 13, 6843
(2022)

° F. Zheng et al., Nature 623 718 (2023)
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Full 3D reconstruction of the spin texture in a skyrmion
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D. Raftrey, S. Finizio, R.V. Chopdekar, S. Dhuey, T. Bayaraa, P. Ashby, J. Raabe, T. Santos, S. Griffin, P. Fischer, Science Advances 10, eadp8615 (2024)
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Depth-dependent topology and chirality
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Depth dependent radially integrated topological charge profile indicates a “barrel-like” structure similar to
vortex cores in disSkS (see P. Fischer, M.-Y. im, S. Kasai, K. Yamada, T. Ono, A. Thiaville, PRB Brief Report 83 212402 (2011))

Layer-resolved histogram of the chirality of the domain wall, indicating a positive Neél profile across the depth

D. Raftrey, S. Finizio, R.V. Chopdekar, S. Dhuey, T. Bayaraa, P. Ashby, J. Raabe, T. Santos, S. Griffin, P. Fischer, Science Advances 10, eadp8615 (2024)
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Quantification of fundamental magnetic parameters in 3D

PMA energy density
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D. Raftrey, S. Finizio, R.V. Chopdekar, S. Dhuey, T. Bayaraa, P. Ashby, J. Raabe, T. Santos, S. Griffin, P. Fischer, Science Advances 10, eadp8615 (2024)
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Nanosecond X-ray Photon Correlation Spectroscopy

Fam \ ™ CCD
detector

XFEL puisé,l pair

/

T
MCP magnetic field

monochromator

detector

* New technique at LCLS using the high coherent flux and short pulse length
» Pairs of fsec pulses at LCLS enable measuring fluctuations down to 1 = 350 ps
» Recording the sum of speckle patterns allows to calculate the autocorrelation

M. H. Seaberg, B. Holladay, J. C. T. Lee, M. Sikorski, A. H. Reid, S. A. Montoya, G. L. Dakovski, J. D. Koralek, G. Coslovich, S. Moeller, W. F. Schlotter, R.
Streubel, S. D. Kevan, P. Fischer, E. E. Fullerton, J. L. Turner, F.-J. Decker, S. K. Sinha, S. Roy, J. J. Turner, Phys Rev Lett 119 067403 (2017)
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Ultrafast skyrmion fluctuations
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+ Sample: Fe/Gd MLs that exhibit ordered stripe and skyrmion lattice phases
* Found different correlation times of the fluctuations in these phases

M. H. Seaberg, B. Holladay, J. C. T. Lee, M. Sikorski, A. H. Reid, S. A. Montoya, G. L. Dakovski, J. D. Koralek, G. Coslovich, S. Moeller, W. F. Schlotter, R.
Streubel, S. D. Kevan, P. Fischer, E. E. Fullerton, J. L. Turner, F.-J. Decker, S. K. Sinha, S. Roy, J. J. Turner, Phys Rev Lett 119 067403 (2017)
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The next generation (ALS-U) - DLSR in Berkeley o

Designed to be the world’s highest coherent flux soft x-ray synchrotron light source
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Coherence enables OAM X-ray beams

 Coherent e-beams in a TEM with helical wavefronts
carry large OAM

B. McMorran et al., Science 331 191 (2011)

f

!

i

i

» Generating X-ray vortices
J. C.T. Lee et al. Nature Photonics 13 205 (2019)

>1 h/photon
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« Twisted light in a photonic chip
Y. Chen et al PRL 121 233602 (2018)

» OAM X-ray beams (= phase structured beams) with

» New spectroscopy, scattering, imaging modalities

O

A. Sakdinawat et al., Optics Letters 32 2635 (2007)
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X-ray spectroscopy, scattering, microscopy with OAM beams

« How to distinguish quantum behavior from classical effects in complex materials?

« Entanglement mapping? X-ray ptychography
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X. Shi, et al APL 108, 094103 (2016)
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S. Eisebitt, et al. Nature 432, 885 (2004)



X-ray absorption spectroscopy - basics

* Fermi’s Golden Rule
2
W(E) oc|M; | 'p(E)

3d
band

Conservation Laws

* Energy: E=E -Eg

* Linear momentum: (for small e-energies) in direction of E-vector
e  Orbital momentum (symmetry)

i TODAY:
positive since one photon carries only 1 h (SAM), dipolar approximation is justified

helicity Al=+1 (transition Al =-1 weak)

éi ':Pf Next generation SR facilities
2Par “Diffraction-Limited Storage Ring (DLSR)”

24, — @O Orbital Angular Momentum (OAM) X-ray beams (= phase
1. Si6hr, H.C. Siegmann, Magnetism (Springer) structured beams) with >1 h/photon !!!
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X-rays as a po

_specific

o

for magnetism
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J. Stéhr, H.C. Siegmann,
Magnetism (Springer)

* lxmep = Ity = Irp o< {m)
(m) = EV of atomic magnetic
moment

» quantitative information

Ferro- and Ferrimagnets
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B. Thole et al., PRL 68, 1943 (1992)
P. Carra et al., PRL 70, 694 (1993)
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X-ray magnetic linear dichroism (XMLD)
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« XMLD arises from non-spherical charge distribution

* lxmp = 1= 1 ¢ (m2)
{(m?2) = EV of square of atomic magnetic moment

» Antiferromagnets (to some degree also Ferro- and

Ferrimagnets)
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Courtesy E. Arenholz and https.://www-ssrl.slac.stanford.edu/stohr/xmcd.htm
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Beyond XMCD with OAM beams

A —

Right circularly Left circularly
polarized polarized
G.' | J
Left circularly Right circularly
polarized polarized
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Outlook: Open Questions and Next Steps

Skyrmion Qubits

Integrating skyrmions with quantum computing architectures. Scalability remains a key challenge.

ﬂ— Material Engineering

Designing materials for stable quantum skyrmion states. Requires precision at atomic scales.

@— Real-Time Measurements

Developing techniques for tracking skyrmion quantum dynamics. Higher temporal resolution
needed.

@— Quantum Networks

Exploring skyrmion entanglement for quantum communication. Could enable novel quantum
protocols.
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