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• Introduction: Physics, Materials and Experiments

• Dirac Magnons in CrBr3 and their Damping S. Nikitin et al., Phys. Rev. Lett. 129, 127201 (2022).

• Strong Spin-lattice Coupling in LiCrO2 S. Toth et al., Nature Comm. 7, 13547 (2016). 

• Quantum Criticality and Dynamics in 2D S. Allenspach et al., Phys. Rev. Lett./Res. (2020/21). 

• SrCu2(BO3)2 Out-of-Equilibrium Magnons F. Giorgianni et al., Phys. Rev. B 107, 184440 (2023).



2D Materials – Physics, Magnets and Devices
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Graphene
2D material
2D electronic states
Single layer, few layers and devices

2D Magnets (e.g. square, honeycomb)
2D sub-structure in 3D material
2D magnetic states (3D at T < T*)
Thin films, bulk and some applications

2D Metal Films
2D to 3D materials
Atomic control of thickness
Many applications (e.g. GMR)

Nobel Prize 2007 Nobel Prize 2010



2D Materials – Magnetism of a single layer
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In-situ sputtering of metallic thin films on the neutron reflectometer AMOR (SINQ)
- Focusing guide based on elliptic Selene principle, sample size 2x20 mm2 (now 1 mm2)
- Polarized neutron beam, sensitivity: 1 layer
- Counting time: 30 m per layer (0.5 m in the future)

Collaboration:
P. Böni, TU Munich; J. Mannhart, Univ. Augsburg; J. Stahn, PSI

R(qz) vs. thickness, spin down
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spin asymmetry:   2 (R+ − R−) / (R+ + R−)
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R(qz) vs. thickness, spin up

 0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18
qz / Å

−1

 0

 2

 4

 6

 8

 10

sp
ut

te
r s

te
ps

−5

−4

−3

−2

−1

 0

R(qz, n), spin down R(qz, n), spin up

Spin asymmetry: 2(R+-R-)/(R++R-) 

Sputtering chamber:
- Fe and other metals
- rotating gun
- in-situ sample positioning 
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2D Materials – Excitations of a single layer
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RIXS (ADDRESS Beamline 
at the SLS)

M.P.M. Dean et al., Nature 
Materials 11, 850 (2012).



2D Materials – Excitations in bulk samples
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MERLIN @ ISIS, Rutherford Laboratory, Didcot, UK

Detector: 25 m2

36’000 pixels
36’000 energy spectra

M. Mena et al., Phys. Rev. Lett.
124, 257201 (2020).

Neutron Time-of-Flight Spectrometers



2D Materials – Physics, Magnets and Devices
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Graphene
2D material
2D electronic states
Single layer, few layers and devices

2D Magnets (e.g. square, honeycomb)
2D sub-structure in 3D material
2D magnetic states (3D at T < T*)
Thin films, bulk and some applications

2D Metal Films
2D to 3D materials
Atomic control of thickness
Many applications (e.g. GMR)

Nobel Prize 2007 Nobel Prize 2010

Experimental challenges? What information is missing from experiments?



Dirac Magnons in CrBr3 and their Damping



Spin Waves in a Honeycomb Ferromagnet

• S. S. Pershoguba et al., PRX 8, 011010 (2018).
• L. Chen et al., PRX 8, 041028 (2018).
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• Dirac cone at finite energy
• Spin gap opens if the 

inversion symmetry is 
broken

• Top and bottom band have 
Chern numbers of ±1



Spin Dynamics in CrX3: DM Interaction matters?
CrI3 CrBr3

• Z. Cai et al., PRB 104, L020402 (2021). 
• L. Chen et al., PRX 8, 041028 (2018).
• L. Chen et al., PRX 11, 031047 (2021).
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INS-ToF Data: Constant-Energy Slices and LSWT

• Perfect quantitative agreement 
between INS and LSWT

• Clear intensity at the Dirac point
• Intensity winding around K-point
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Data Analysis – Momentum Integration Range

• S. Nikitin et al., 
Phys. Rev. Lett. 129, 
127201 (2022).

Agree with results 
on CrCl3 by S-H. Do 
et al., Phys. Rev. B 
106, 060408 (2022).
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High-Temperature INS data
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Temperature-induced Magnon Renormalization

• Good collapse for T2-scaling
• Renormalization is stronger for the 

down band (magnons below K-point)
• Renormalization for the up-band can 

be well described by Hartree term 
alone. 

• Q-dependence is monotonic, sharp 
Van-Hove-like peaks are absent
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cf. S. S. Pershoguba et al., PRX 8, 011010 (2018).



Dirac Magnons in CrBr3

• CrBr3 is a perfect realization of a quasi-two-dimensional 
honeycomb FM with Heisenberg exchange interactions

• Magnons show no gap at th K-point, and the previous report on 
the topological gap was most likely based on inaccurate data 
analysis of the TOF INS data

• The Dirac magnons at the K-point show clear winding of spectral 
intensity, predicted for nodal quasiparticles

• The linewidth and the dispersion bandwidth scale with T2, in 
agreement with theory 

• The measured Q-dependence of the linewidth and magnon 
renormalization lacks the predicted Van-Hove-like peaks 
indicating to the need for more sophisticated theoretical analysis

Page 15

• S. Nikitin et al., Phys. Rev. Lett. 129, 127201 (2022).



Phonon Spectral Weight and Winding in Graphite
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Strong Spin-Lattice Coupling in LiCrO2



2D Triangular Lattice - Electromagnons
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Strong coupling of magnetism and structure probed with meV resolution by non-
resonant inelastic X-ray scattering

Interplay of magnetism and structural properties are believed to be a key ingredient for technological 
applications of materials e.g. in multiferroics.

Electromagnon dispersion probed by inelastic X-ray scattering in LiCrO2. S. Toth, B. Wehinger, K. Rolfs, U. Stuhr, H. 
Takatsu, K. Kimura, T. Kimura, H.M. Ronnow, Ch. Rüegg, Nature Comm. 7, 13547 (2016).  



2D Triangular Lattice - Electromagnons
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Strong coupling of magnetism and structure probed with meV resolution by non-
resonant inelastic X-ray scattering

Interplay of magnetism and structural properties are believed to be a key ingredient for technological 
applications of materials e.g. in multiferroics.

Electromagnon dispersion probed by inelastic X-ray scattering in LiCrO2. S. Toth, B. Wehinger, K. Rolfs, U. Stuhr, H. 
Takatsu, K. Kimura, T. Kimura, H.M. Ronnow, Ch. Rüegg, Nature Comm. 7, 13547 (2016).  

• Direct exchange in LiCrO2
• Strong mixing of matrix elements up to 30% possible
• Resolution of 1 meV to probe magnetism on ultra-

small samples (hard X-ray IXS)
• Can be applied to many systems to probe both one-

and multi-magnon processes, magnetoelastic 
coupling, etc.



Quantum Criticality and Dynamics in 2D



Quantum Magnets – Criticality and Dynamics
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Bose-Einstein Condensates, 1D, 2D, 3D Quantum Criticality, Spin Luttinger-liquids, Spin Liquids, etc

• Ch. Rüegg et al., Nature 423, 62 (2003). • S. Allenspach et al., Phys. Rev. Lett. 124, 177205 (2020).
• S. Allenspach et al., Phys. Rev. Research. 3, 023177 (2021).
• S. Allenspach et al., Phys. Rev. B 106, 104418 (2022).

• Ch. Rüegg et al., Phys. Rev. Lett. 101, 247202 (2008).
• B. Thielemann et al., Phys. Rev. B 79, 020408(R) (2009).
• H. Ryll et al. Phys. Rev. B 89, 144416 (2014).
• S. Ward et al. Phys. Rev. Lett. 118, 177202 (2017).

3D 
2D 

1D

BaCuSi2O6



Quantum Criticality in Spin-Dimer Systems
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f • V. Zapf et al., Rev. Mod. 
Phys. 86, 563 (2014). 

• U. Tutsch et al., Nat.
Commun. 5, 5169 (2014).
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• B. Thielemann et al., Phys.
Rev. B 79, 020408(R) (2009).



• S.E. Sebastian et al., Nature 411, 617 (2006).

3D

HC1

2D

Dimensional Reduction (?) – BaCuSi2O6 
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Magnetic Order Parameter in BaCuSi2O6 
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• S. Allenspach et al., Phys. Rev. B 106, 104418 (2022).



Phase Diagram from Quantum Monte Carlo

Experimental
Phase Diagram

Quantum Monte Carlo
Phase Diagram
⇨ FM Jintra-bilayer
⇨ FM Jinter-bilayer
⇨ 3 dimer types

with stacking

EXP EXP

3D

2D

• S.E. Sebastian et al.,
Nature, 411, 617 (2006).

• S. Allenspach et al.,
Phys. Rev. Lett. 124, 177205 (2020).
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• S. Allenspach et al., Phys. Rev. B 106, 104418 (2022).
• S. Allenspach et al., Phys. Rev. Lett. 124, 177205 (2020).
• Ch. Rüegg et al., Phys. Rev. Lett. 98, 017202 (2007).

• S. Allenspach et al., Phys. Rev. Research 3, 023177 (2021).

Sr/Ba Substitution in BaCuSi2O6
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3D Quantum Criticality in Ba0.9Sr0.1CuSi2O6
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• S. Allenspach et al., Phys. Rev. Research 3,. 023177 (2021).



2D Quantum Magnets beyond Equilibrium



Experiments beyond equilibriumPhysics beyond Equilibrium

Quantum magnets beyond equilibrium
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• F. Giorgianni et al., Phys. Rev. B 107, 184440 (2023).• C. Vicario et al., Appl. Phys. Lett. 117, 101101 (2020).



Magnetophononics in SrCu2(BO3)2
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• F. Giorgianni et al., Phys. Rev. B 107, 184440 (2023).



Magnetophononics in SrCu2(BO3)2
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• F. Giorgianni et al., Phys. Rev. B 107, 184440 (2023).



Devices from Quantum Magnets



Quantum Magnets – Transport and Applications ?
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• D. Hirobe et al., Nature Physics 13, 30 (2017).

Pt Dimer BEC
3D-xy-order Pt

Pt Dimer
BEC-1 PtDimer

BEC-2

Pt XY Magnet Pt

Pt B1 PtB2XY Magnet

(I)

(II)

(III)

(IV)

Switches for Quantum
Spintronics ?

For (III) cf. D. Loss, Y. Tserkovnyak et al.



• Introduction: Physics, Materials and Experiments

• Dirac Magnons in CrBr3 and their Damping S. Nikitin et al., Phys. Rev. Lett. 129, 127201 (2022).

• Strong Spin-lattice Coupling in LiCrO2 S. Toth et al., Nature Comm. 7, 13547 (2016). 

• Quantum Criticality and Dynamics in 2D S. Allenspach et al., Phys. Rev. Lett./Res. (2020/21). 

• SrCu2(BO3)2 Out-of-Equilibrium Magnons F. Giorgianni et al., Phys. Rev. B 107, 184440 (2023).


