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Anomalous velocity and Berry phase
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Why Berry curvature?
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Controlling dynamics of charges orbitals and 
spins through purely quantum effects (no 
Lorentz force).

Engineering strong electromagnetic responses 
originating from low-energy physics, THz 
electrodynamics.

Large non-linear responses.



Sources of Berry curvature
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1) Zero for real wavefunctions

2) Zero for planar spin textures

3) Large near avoided band crossings

Band anticrossings

𝑩𝑧 𝒌 = [ 𝜓𝑚|𝛻𝜓𝑛 × 𝛻𝜓𝑛|𝜓𝑚 ]𝑧

=
[ 𝜓𝑚|𝛻𝐻|𝜓𝑛 × 𝜓𝑛|𝛻𝐻|𝜓𝑚 ]𝑧

(𝜖𝑚 − 𝜖𝑛)
2

𝜓𝑚

𝜓𝑛

𝜖𝑛 − 𝜖𝑚

𝑩𝒛
± 𝒌 = ±𝒅 ∙ (𝝏𝒌𝒙

𝒅 × 𝝏𝒌𝒚
𝒅)/𝟐

Quantum superposition at finite 
crystal momentum



Conventional systems
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ℋ 𝐤 = 𝑣𝐹 𝜎𝑥𝑘𝑥 + 𝜎𝑦𝑘𝑦 +𝑚𝜎𝑧

𝜎 sublattice space

Gapped graphene

Weyl semimetals

ℋ 𝐤 = 𝑣𝐹
𝑥𝜎𝑥𝑘𝑥 + 𝑣𝐹

𝑦
𝜎𝑦𝑘𝑦 + 𝑣𝐹

𝑧𝜎𝑧𝑘𝑧

𝜎 spin space



Conventional systems
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Quantum superposition at finite crystal momentum 
of a single quantum number
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Can we design Berry curvature sources
from the quantum superpositions at finite crystal momentum of 

multiple quantum numbers?

Interplay of correlated and topological physics

Key questions



(111)LAO/STO: the first material system 
with coexisting sources of Berry curvature
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Probed by linear and nonlinear 
anomalous transport.

Spin
sources

Orbital
sources

Lesne et al. 
Nature Materials 22, 576  

(2023)



Exploring hexagonal symmetry
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Trigonal warping and spin-orbit 
coupling
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Phys. Rev. B 99, 201102R (2019)



Out-of-plane spin texture
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Surface of (111)SrTiO3
He et al. Physical Review Letters 120, 
266802 (2018)



Out-of-plane spin texture
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Surface of (111)KTaO3
Bruno et al. Advanced Electronic Materials, 
1800860 (2019)



Spin sources of Berry curvature
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In-plane magnetic field
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Anomalous planar Hall effect
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Spin sources of Berry curvature
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Lesne et al. 
Nature Materials 22, 576  

(2023)



Spin sources of Berry curvature
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Can we design Berry curvature sources
from the quantum superpositions at finite crystal momentum of 

multiple quantum numbers?
Can we find transport effects active at B=0?

Key questions



Structural phase transitions in SrTiO3
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𝐷3𝑑𝒞3𝑣

110 K

𝒞2ℎ𝒞𝑠 𝒞𝑠

40 K

(Images courtesy A. Lau)

Polar
order

T

Δ trigonal crystal field Δm tetragonal distortion acting at gamma
αm tetragonal distortion acting at finite k

αOR interfacial 
breaking of inversion 
symmetry with polar 
axis



Orbital sources of Berry curvature
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t2g orbitals with mixing terms (neglecting spin-
orbit coupling)

Δ trigonal crystal field

T < 105 K
Δm and αm tetragonal distortion

T < 30 K
αOR interfacial breaking of inversion symmetry 

with polar axis

Mercaldo et al. npj Quantum Materials (2023) 
arXiv:2301.04548



Orbital sources of Berry curvature
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Hot spots Singular pinch points

Dipolar distributions: nonlinear transport 
responses



Orbital sources of Berry curvature
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Prediction:
BCD in the 10s nm range!



Non linear Hall effect at B=0
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Lesne et al. 
Nature Materials 22, 576  

(2023)

Edouard LesneUlderico Filippozzi



Dipole magnitude

26

WTe2

Ma et al. Nature 565, 337 (2019)

Sodemann, I. & Fu, L.. Phys. Rev. Lett. 115, 

216806 (2015)

(111)LaAlO3/SrTiO3



Dipole magnitude

27(111)LaAlO3/SrTiO3

Lesne et al. 
Nature Materials 22, 576  

(2023)



Spin textures in and out of equilibrium
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Key questions
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Can we use selective optical excitation of 
lattice and orbital degrees of freedom to 

excite spin waves?

How do we stimulate propagating spin 
waves by optical means?



MnPS3

31



Phonon excitation
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Mn2+ ground state:
6A1g (t2g

3eg
2)

orbital singlet (L = 0)
five unpaired spins (S = 5/2).

Resonant phonon excitation leads to 
thermal spin disorder.

M. Matthiesen et al.
Physical Review Letters 130, 076702 
(2023)

Mattias Matthiesen



Orbital excitation
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Sudden coupling of spin 
and orbital angular 
momentum reorients 
the magnetic anisotropy 
direction throughout the 
4T1g lifetime.

Impulsive torque.

M. Matthiesen et al. 
Physical Review Letters 
130, 076702 (2023)

Mattias’ 
poster
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ω

k

𝑓~THz

• THz operation

• High-speed wave 
propagation

• Phase coherence

• Macroscopic ballistic 
propagation

Current approaches:
spin-currents
via thermally-driven spin accumulation.

Incoherent diffusive spin transport.

R. Lebrun et al., Nature 561, 222 (2018)
J. Li et al., Nature 578, 70 (2020)
P. Vaidya et al., Science 368, 160 (2020) 

Why antiferromagnetic spin transport?

𝑣sw =
𝜕𝜔

𝜕𝑘
~20 km/s



Coherent AFM spin dynamics 
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Uniform AFM spin precession
does not propagate

100 fs 

P. Němec, M. Fiebig, R. Kampfrath, A.V. Kimel. Nat. Phys. 14, 229 (2018)

Impulsive excitation in transparent 
AFM



Propagating spin waves in AFMs
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confined optical excitation
magnon

wavepacket
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Rare earth orthoferrite DyFeO3
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O2-

Dy3+

Fe3+

Orthorhombic perovskite (Pnma)
Fe3+ are AFM ordered (TN=650 K)

Weak FM (WFM)
T > TM

x
y

x

y

Antiferromagnet (AFM)
T < TM

MM=0

Morin point, TM=51 K



Measurement scheme
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M is the magnetization of Fe3+

Probe pulse

M

Dmytro Afanasiev

𝜭𝐅 ∝ 𝒌 ∙ 𝑴



DyFeO3

39

1.0 1.5 2.0 2.8 3.2 3.6 4.0
0

1

2

3

4

5

6

a
 (

c
m

-1
)

Photon energy, hn (eV)

·105

0

50

100

150

200

d
 (

n
m

)

1.0 1.5 2.0 2.8 3.2 3.6 4.0
0

1

2

3

4

5

6

a
 (

c
m

-1
)

Photon energy, hn (eV)

·105

Optical absorption 

x50

6A1g→ 6T1u



Propagating spin wavepacket
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Spectral components of the magnon 
wavepacket
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Spin wave velocity
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Antiferromagnetic spintronics
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First ballistic antiferromagnetic spin-wave propagating at supersonic velocity (~12 km/s) and 
macroscopic distance (~ µm)
Hortensius et al. Nature Physics 17, 1001 (2021)



Spin textures in and out of equilibrium
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Spin textures by material design
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Interested in our research?
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Join us!
Postdoc and PhD 
positions open
in Geneva
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