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SolidsandNanostructures: Selected Challenges

Degreesof
freedom

Å Emergenceandcontrolof correlatedstatesof matter

Å Energytransferandredistributionamongdifferent degreesof freedom

Å Pathwaysin structuralandmagnetictransformations

Fig. adaptedfrom: Tokuraet al., Nat. Phys.(2017)
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Liu et al., J. Vac. SciTech. (2010).

ZrO/W(100) SchottkyFeldemitter

1 µm

A. Feistet al., Nature 521, 200 (2015)
A. Feist et al., Ultramicroscopy(2017)

Ą rms-Emittance: Ⱡ ▬□ɇ►╪▀(m. Apertur)

Ą Peak Brillance: 1.75ẗ1013 A/m2sr

Temporal/spatial/spectral electron pulse properties
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Liu et al., J. Vac. SciTech. (2010).

ZrO/W(100) SchottkyFeldemitter

1 µm

B. Cook et al. Ultramicroscopy109, pp.403-412 (2009)
A. Feist et al., Ultramicroscopy(2017)

Ą rms-Emittance: Ⱡ ▬□ɇ►╪▀(apertured)

Ą Peak brightness: 1.75ẗ1013 A/m2sr
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Ultrafast TEM: Local probing and imaging

Å collimatedbeam

Magnetization
Dynamics

M. Möller et al., 
Comms. Phys. (2019)
Phys. Rev. Res. (2022)

Structural dynamics

A. Feist et al., Struct. Dyn. (2018)

collimated
beam

focused
beam

Phase transitions

Th. Danzet al.,
Science (2021)

Ultrafast transmissionelectronmicroscopy(UTEM)
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UlrafastImaging of a Metal-InsulatorTransition

Tantalum 

Sulfur

Ultrafast LEED at 1T-TaS2 Hexagonal Lattice

PeriodicLatticeDistortion

Below critical
temperature: insulator

metal

Ultrafast ElectronDiffraction



Ultrafast dark-field imaging

Th. Danz, T. Domröse, C. Ropers, Science (2021)



1T-TaS2 sample design

Th. Danz, T. Domröse, C. Ropers, Science371.6527(2021): 371-374. Sample: K. Rossnagel (Kiel)



10

Ultrafast charge-density wave dynamics in 1T-TaS2

Å Rapid out-of-plane carrier transport
Å Formation of phase boundaries
Å Relaxation governed by thermal diffusion
Å Study of phasetransitionat hundredsof kHz

Th. Danz, T. Domröse, C. Ropers, Science (2021)
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Quantum probing in electron microscopy

Image: adaptedfrom M. Haider
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Counting electrons for each pulse

Imaging 

energy filter

Objective 

lenses
W(100) / ZrOx

(Schottky emitter)

suppressor

extractor

Laser pulse

R. Haindl et al., arXiv:2209.12300 (2022) 

n-event classification

Åfs-laser pulse train generates 

few electron states

ÅWe observe considerable antibunching.

ÅPoisson statistics: ὖ ὶ
Ȧ

with ὶ ρ

ÅIn the measurement:ὶ πȢψυ, ὶ πȢυχ

see also: S. Keramati et al., Phys. Rev. Lett. 127, 180602 (2021)
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Electron number-state spectra

Imaging 

energy filter

Objective 

lenses

Laser pulse

R. Haindl et al., arXiv:2209.12300 (2022) 

Event-averaged
Single-electron 

state

Double-electron 

state

Triple-electron 

state

Imaging 

energy filter

Objective 

lenses

Laser pulse

R. Haindl et al., arXiv:2209.12300 (2022) 

Characteristic single/double/triple lobe structure
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Electron pair distribution

ÅCorrelation gap of 1.7 eV

ÅEnergy antibunching

Two-electronenergycorrelation

n=2 Spectrum

EAEB

R. Haindl et al., arXiv:2209.12300 (2022) 
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Two-electron correlation function

ÅIndependent of laser power

ÅStrongly Coulomb-correlated

two-electron states
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Electron Energy Loss
Spectroscopy (EELS)

energyE0

spontaneous
loss

Literature:
Feist et al., Nature (2015)
Barwicket al., Nature (2009)
A. Howie, Inst. Phys. Conf. Ser. 161, 311 (1999)
F.J. García de Abajo et al., Nano Lett. (2010) 
S.T. Park et al., NJP (2010)

Interaction of fast electrons with optical near fields

Real-space imaging of nanotip plasmons
B. Schröder et al., Phys. Rev. B (2015)
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Interaction of fast electrons with optical near fields
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See e.g.: F. J. Garcia de Abajo, Rev. Mod. Phys. 82, 209 (2010)
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Interaction of fast electrons with optical near fields
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Energy-filtered EELS maps
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Interaction of fast electrons with optical near fields

energyE0

stimulated
gain

stimulated
loss

ὥὥ

B. Barwicket al., Nature (2009)

Photon-inducednear-field electronmicroscopy
(PINEM)

Loss/gain probability external E-field

See e.g.: F. J. Garcia de Abajo, Rev. Mod. Phys. 82, 209 (2010)
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Laser-inducedNear-field maps for different laser wavelengths

e
le

electrons

Excitation

Electron Energy Loss
Spectroscopy (EELS)

Interaction of fast electrons with optical near fields

energyE0

stimulated
gain

stimulated
loss

ὥὥ

100 nm

Energy-filtered EELS maps
1

0 E
E

L
S

 s
ig

n
a
l (

a
rb

. 
u

n
its

)

1.13 eV 1.45 eV 1.70 eV

PINEM probes specificmodes for incident 
frequencyand polarization

H. Lourenco-Martins (unpublished, 2022)
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Interaction of fast electrons with optical near fields

Literature:
Feist et al., Nature (2015)
B. Barwicket al., Nature (2009)
A. Howie, Inst. Phys. Conf. Ser. 161, 311 (1999)
F.J. García de Abajo et al., Nano Lett. (2010) 
S.T. Park et al., NJP (2010)

A. Feistet al., Nature 521, 200-203 (2015)

B. Barwicket al., Nature (2009)

ƚ̟ = 1.5 eV

Laser off

Laser on

energyE0

stimulated
gain

stimulated
loss

ὥὥ
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Energy

#

Literature:
Feist et al., Nature (2015)
B. Barwicket al., Nature (2009)
A. Howie, Inst. Phys. Conf. Ser. 161, 311 (1999)
F.J. García de Abajo et al., Nano Lett. (2010) 
S.T. Park et al., NJP (2010)

A. Feistet al., Nature 521, 200-203 (2015)

B. Barwicket al., Nature (2009)

ƚ̟ = 1.5 eV

Laser off

Laser on

Equivalentto a continuous-time quantumwalk

Ὓ ÅØÐὫὥὦ ὬȢὧȢ
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Energy

#

A. Feistet al., Nature 521, 200-203 (2015)

Equivalentto a continuous-time quantumwalk

Ὓ ÅØÐὫὥὦ ὬȢὧȢ

Experiment Analytical
Expression

electron+ photon ladderoperators
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K. Priebe et al.Nat. Phot. 11, 793 (2017)

Two-colour coherent state control
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TwosequentialGalton boards

Distribution of a 
αquantumwalkά

?
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Å Single interaction: phase modulation 
along the pulse

Å quantum coherent control of free 
electron momentum states

Ramsey-type double interaction

K. E. Echternkamp et al., Nature Phys. (2016)
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Attosecondbunching

K. E. Priebeet al., Nat. Phot. (2017)

2 mm

simulated

Wigner function reconstruction
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Phase-matchedinteraction in whisperinggallerymoderesonators

efficient energy transfer by 

velocity matching with
whispering-gallery modes (WGM)

O. Kfiret al., Nature(2020).

vp

Electron
spectrum

sideband
generation

Å Temporal structuring
Å Ultrafast beam modulation



30

TEM

Imaging 
spectrometer

PD

Electron 
beam

J.-W. Henke et al. Nature600, 653ς658 (2021)

Chip-based high-Q Microresonators

ÅResonators designed & fabricated 
by Kippenberggroup at EPFL

ÅAir-cladded Si3N4

microresonatorin SiO2

ÅFiber coupled

Åhigh Q-factor > 6 * 105

Electron-light interaction at high-Q resonators
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TEM

Imaging 
spectrometer

PD

Electron 
beam

J.-W. Henke et al. Nature(2021)

Electron-light interaction at high-Q resonators

continuous wave laser tuned to resonance

Å g ~ 125 (~ 500 photon sidebands) for Pbus= 38 mW
sideband population: 

Å hybrid electron-photon quantum technology

Å transferring concepts to state-of-the-art TEMs

vevp
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quantitative PINEM of larger area

two distinct regions:
Å co-propagation with waveguide
Ą efficient phase matching

Ådouble interaction with resonator mode
ĄRamsey-type interference & spatial interference pattern

Ramsey-type interference at resonator

side view

top view

~2 µm

J.-W. Henke, AF et al.,Nature600, 653ς658 (2021).
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Electron energy dependent phase matching

Å PINEM for varying the electron energy between 80-200 keV
Å visualization of velocity phase matching
Å good agreement with numerical simulations

J.-W. Henke, AF et al.,Nature600, 653ς658 (2021).
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1.577nm (196GHz)

Free spectral range: 194 GHz (design)

Spectrum limited by

Ådetector 

Åcoupling of resonator

Spectrometer

Coupling to an empty cavity: Spontaneous photon generation

A. Feist et al., Science (2022)

Coincidencemeasurements:
seealso D. Jannis et al. , Appl. Sci. (2021)

D. Varkentinaet al., SciAdv. (2022)
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Electron-photon pair state

Å Correlation-enhancedimagingandspectroscopy
Å HeraldedSingle Photon Generation
Å Strong indication for entanglementA. Feistet al., Science (2022)

electron energy loss (eV)

0 1 2-1

Ὁȟπ

Single photon 
generation

Initial state

Å photon correlated electron 
energy loss peak

Å uncorrelated background

Ą unique identification 
of correlated
electron-photon pairs

two distinct features

ȿὉ ᴐ‫ȟρἃ
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Contrast enhancement by coincidence gating

Å imaging the resonator mode with loss scattered electrons, 
generated photons and correlated events

Ą two orders of magnitude contrast enhancement 
by coincidence gating

=


