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Coherent Control Experiments at EFPL
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Domain walls

Magnons

Topological phases 
and textures

Motivation
We want to explore how low-
energy excitations couple to 
coherent-resonant magnetic 
dynamics

TEM Setup
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Outline

• What are Magnetic Skrymions?

– Magnetic Phase Diagrams

– Topology vs. Thermodynamics

– Cu2OSeO3 (COSO)

– Lorentz TEM imaging of Skyrmions

• Coherent Control using Circular Polarized Light

– Rotation from single pulse pumping

– Rotation from two pulse pumping 

– Inverse Faraday Effect

• Coherent control from Vortex Light (OAM beams)
– 1200nm light

– 1030nm light
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What are Magnetic Skyrmions?
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Néel skyrmion Bloch skyrmion 

The Dzyaloshinskii-Moriya Interaction (DMI) favors the canting of antiparallel 
spins. Promotes weak ferromagnetism within an antiferromagnetic background

Topological charge of a skyrmion:
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Skrymionic Materials Magnetic Phase Diagrams
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Helical Conical

Skyrmion lattice

skyrmions

warming cooling

Hysteretic phase diagram

In crystals with broken inversion symmetry and in the presence of spin-orbit interaction
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Topology vs. Thermodynamics
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“The Mpemba effect runs in reverse” 
A. Piccone, Physics Today 2022

Topological magnetization 
patterns determined by 
dynamical interplay 
between
• Topological protection
• Thermodynamical 

fluctuations
• Out of equilibrium: 
     The Mpemba effect
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Skyrmions in Multiferroic Cu2OSeO3 (COSO) 
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• COSO unit cell is noncentrosymmetric 
with broken inversion symmetry (DMI)

• There are two chirality, giving different 
Skrymion polarities

Helical Phase

SkL Phase
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Lorentz TEM images of Skrymions
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Out-of-focus observation
Interference contrast that distinguishes the intersection 

between domains or changing spin states

Reciprocal space: 
neutron scattering Real Space whirling 𝐵
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Coherent Control of COSO skrymion lattice
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35 fs circularly polarized 
IR (1200nm) laser pulse 
induces a rotation

How fast does it rotate? What causes it?

- First hint: rotation has a threshold 2mJ/cm2
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Coherent Control of COSO skrymion lattice
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• Is it a thermal effect? Above a certain temperature jump the lattice rotates?
• Happens on a slow time-scale (ns to 𝜇s)
• Should not depend on polarization (CuOSeO is optically isotropic)
• Threshold fluence should be higher for wavelengths corresponding to lower 
      absorption coefficient 

• Is it a thermal effect? Above a certain temperature jump the lattice rotates?
• Happens on a slow time-scale (ns to 𝜇s) ?
• Should not depend on polarization (CuOSeO is optically isotropic)
• Threshold fluence should be higher for wavelengths corresponding to lower 
      absorption coefficient 

Rotation is an IRREVERSIBLE effect (can’t use Ultrafast LTEM imaging approaches)

time

delay

Each pulse is half what is needed to induce rotation

If the delay is larger than the time heat 
takes to develop nothing happens

Two pump pulses, CW imaging with LTEM
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Coherent control of skyrmions
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➢ 2 pulses with the same circular polarization handedness give 
same rotation as a single pulse with their combined fluence.

➢ Maximum rotation occurs as pulse separation of ~175ps 
period (5.7 GHz)

➢ The 2 pulses having opposite circular polarization show max 
rotation at a period that is half the amplitude and  phase 
shifted
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Rotation is caused by inverse faraday effect
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Optical activity:
In a chiral medium (structural): 
Linearly polarized light can be decomposed 
in  the two circular polarizations

Circular polarizations are dephased.
The result is a rotation of polarization

Faraday effect:
This effect can be induced in a material by applying a magnetic 
field to a magneto-optical material: 

Electrons in a magnetic field follow looped paths. Circularly 
polarized light with the same handedness as the current loops 
experiences a different refractive index than light with the 
opposite handedness.

Inverse Faraday effect

Absorption of circular polarized 
light can induce current loops with 
a preferred handiness resulting in a 
net magnetic field generated in the 
material
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Calculations indicated the IFE cannot “affectively” explain the 

obervastions
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The IFE models suggest 104 
times smaller rotation…..
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Inverse-Faraday induced coherent magnons
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➢ IR pump, induces coherent 
oscillations of the 
magnetization via inverse 
Faraday effect.

➢ Oscillations are vibration 
modes of the SKL 

➢ These Breathing modes have a 
frequencty of ~5.5 GHz

Ogawa, Seki, Tokura,
Sci. Rep. (2015)

Ultrafast MOKE on CuOSeO
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Simulations of coherent control of skyrmions
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What controls the sense of rotation?
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a-b Applied field of 
the objective lens 
has positive polarity 
– gives clockwise 
rotation

c-d Applied field of 
the objective lens 
has negative polarity 
– gives 
counterclockwise 
rotation
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Experiments using Vortex light for coherent control 
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But… What controls the 
sense of rotation?

• Polarity of the skyrmion?

• Chirality of COSO crystal?

• OAM topological charge? 

Vortex photons CAN control the sense of rotation
Circularly polarized photons CANNOT
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Skyrmion Crystal Control using 35fs, 1200nm Vortex OAM beam 
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Counterclockwise 
Rotation

Clockwise Rotation
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Evidence for SkX Dynamics
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➢Threshold behavior + two rotating regimes 

➢Evidence for skyrmion crystal interactions  
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Mapping in real-space the skyrmion clusters 
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▪ Fourier transform analysis of sub-domains

▪ Breakdown into smaller skyrmion crystallites with longer pitch length 
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Preliminary 1030nm OAM beam data
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➢ 1030nm, 200fs, single-shot to 40MHz, 20µJ

➢ Better mode and smaller spot (65µm FWHM) 
than 1200nm laser

➢ More stable – can collect staticially relevant data
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We don’t observe the same behavior (no clear rotations)
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Statistically, there is no rotation with 1030nm, and in both cases 

with single and 2-pulse pumping
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1030 nm wavelengths are not ideal for this study
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1030nm laser light can induce a crystal field excitation (dxy, dx^2+y^2) which can launch 
incoherent thermal processes that convolute with inverse faraday effect we want to study
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Summary
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• Magnetic background influences skyrmions motion

• Light can induce new metastable skyrmion phases, though these light-
induced states are metastable

• Inverse Faraday effect provides the possibility to control the skyrmions 
coherently

• OAM beams can provide an extra handle to manipulate skyrmions 

• Avoid pumping crystal field excitations

• Perspective – 3D electron holography to observe twists in the skyrmions 
tubes
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We want to directly observe coherent magnons induced by the 

magnetic fields of microwave antennae
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185nm thick single 
crystal YIG film 
deposited on Cu 
stripline antennae 
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We constructed a RF holder that can excite dynamics in TEM samples with 

microwave frequencies up to 15 GHz 

5

Wired bonded custom chips to 
single mode microwave PCB



Thank
you!
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Near-term UTEM Experiments
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UV fs-pulse

IR pump 
fs-pulse

Electron 
fs-pulse



thomas.lagrange@epfl.ch • lumes.epfl.ch• +41 (0)21 6935861 Laboratory of Ultrafast Microscopy and Electron Scattering

Skrymion lattice rotation using 1200nm vortex light
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Counterclockwise 
Rotation

Clockwise 
Rotation
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