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Tracking Charge and Spin in time

Dynamic electronic & magentic properties 
& probing via XUV light
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Freezing time via stroboscopic illumination

©MichaelMaggs

Stroboscopic effect

Flash lamp
~ 1/100 000 s
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Nonlinear optics via photo ionization:
The Three-Step-Model of High-Harmonic-Generation

XUV - photon

E(t)

Delay

(adjustable)

Attosecond flash light to 
take snapshots of light-field 
driven dynamics

Attosecond stopwatch

Pump: 4 fs duration,
450 -1000 nm, 2 V/Å = 5 x 1014 W/cm², 

Probe: 100 as duration,
anywhere 30 – 150 eV 
M-edges (8 – 40 nm) 
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Photoemission from the Neon 2-p orbital is delayed by ~20 attoseconds
Science 328 (5986) 2010

Clocking photoemission



Clocking electronic correlations



Nat. Phys. 13, 280 (2017)

Clocking electronic correlations



Clocking electronic correlations
…the phase of a wavepacket



Timing of Photoemission?

Accumulated scattering phase attosecond time shift in photoemission

…the phase of a wavepacket



KE-Trans Coverted Spectrogramm
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Xe 4d

Xe Auger 
decay

Wave-packet duration dominated by lifetime 
(~ 10 fs Xenon Auger) >> T0/2
→ sideband formation

XUV pulse length ~ Wave-packet duration < T0/2
→ streaking

Core-holes & time resolution

Sometimes, core transitions live their own life
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A material exposed to light can absorb energy 
by creating electron-hole pairs
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Density of
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Dispersion relation & Density of states

Charge dynamics in solids
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PRB 85, 045134 (2012)
K. Yabana, U Tsukuba
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XUV - Transient absorption



Filter

XUV - Transient absorption
absorption target
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Band-gap dynamics in Silicon
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Band-gap dynamics in Silicon
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Band-gap dynamics in Silicon

Science 346, 6215



TU Graz – IEP – Martin Schultze 20

Band-gap dynamics in Silicon

Science 346, 6215



21Photodoping with sub-fs response time

Interband tunneling



Ultrafast band-gap closing
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photodoping of silicon induces
instantaneous (electronic) band gap
narowing

the lattice follows with a time constant
of the fastest optical phonon (64 fs)



Strong field response of Quartz

Delay



Semiconductor vs. metal

electric field E(t)

XUV transmission

electric field E(t)

vector potential A(t) XUV 
transmission

Silicon Nickel
semiconductor bandstructure metallic bandstructure

XUV Absorption can be sensitive to occupation dynamics or currents -> system dependent

3∙ 𝟏𝟎𝟏𝟐 Τ𝐖 𝐜𝐦𝟐

𝟏 ∙ 𝟏𝟎𝟏𝟐 Τ𝐖 𝐜𝐦𝟐

5∙ 𝟏𝟎𝟏𝟐 Τ𝐖 𝐜𝐦𝟐

𝑡 = 580 𝑓𝑠 ± 63 𝑓𝑠
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Tracking charge dynamics without 
XUV transition? 

How did the eletcrons move in response to the electric field?

The dynamical polarization !

This information is radiated away. 
Can we detect it?
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𝑃𝑁𝐿 𝑡 ∝ 𝐸𝑜𝑢𝑡(𝑡) − 𝐸(𝑙, 𝑡)

Tracking charge dynamics without 
XUV transition? 

How to measure E(t)?
attosecond streak camera
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Polarization wave

𝑃𝑁𝐿 𝑡 ∝ 𝐸𝑜𝑢𝑡(𝑡) − 𝐸(𝑙, 𝑡)

𝑷(𝑡)=𝑷𝑳 + 𝑷𝑵𝑳 = 𝜺𝟎(𝜲
𝟏 𝑬(𝑡)+𝜲 𝟐 𝑬𝟐(𝑡)+𝜲 𝟑 𝑬𝟑 𝑡 + ⋯)𝑷(𝑡)=𝑷𝑳 + 𝑷𝑵𝑳 = 𝜺𝟎(𝜲
𝟏 𝑬(𝑡)+𝜲 𝟐 𝑬𝟐(𝑡)+𝜲 𝟑 𝑬𝟑 𝑡 + ⋯)



Electron trajectories in the

ionization contiuuum

Neon, > 1014 W/cm²

Nonlinear Polarization: Plasma



𝑛 𝐼 = 𝑛0 + 𝑛2𝐼(𝑡)

Fused Silica, ~ 1014 W/cm²

Kerr effect in time domain



direction of energy flow

𝑥𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠(𝑡)𝑃𝑁𝐿(𝑡)

Nonlinear polarization wave



Energy transfer dynamics

𝑊(𝑡) = න
−∞

𝑡

𝐸 𝑡′ ∗ 𝐼 𝑡′ 𝑑𝑡′

Work W done to the electronic system
by the external field:

Electric field

We measure both!

Time [fs]

Current

A. Sommer et al. Nature 534, 86-90

Transient metallic behavior – without energy 
dissipation into the material

Silica
dielectric bandstructure



Energy transfer dynamics

Silicon
semiconductor bandstructure

nonlinear

linear

Total Work

nonlinear

linear
Total Work

Nickel
metallic bandstructure

𝐼𝑣𝑎𝑐𝑢𝑢𝑚 = 2 ∙ 1012 𝑊/𝑐𝑚2
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Optoelectronics at max. speed

1 bit every 38 Femtoseconds

- Requires phase sensitivity: coherent/heterodyne detection

- Massive wavelength-division multiplexing vs. bandwidth limits

How fast could extreme opto-electronics be?

Light-Electronics Interconnect at PHz clock rates?



Optical Antenna – ultrafast?

Nonlinear excitation–
Strong field carrier acceleration

Linear Photodoping –
̴̴DC carrier acceleration



Ultrafast Optical Antenna = UV?

Nonlinear excitation–
Strong field carrier acceleration

Linear Photodoping –
̴̴DC carrier acceleration

Attosecond resonant injection–
Optical gate field



Attosecond Optical Antenna

Jinduced(t) ∝ Agate(t)

→   Egate(t) ∝
𝝏𝑱(𝒕)

𝝏𝒕

→   2D polarization



Solid-State Field Sampling

Injection: 7th Harmonic
𝝉𝑽𝑼𝑽 = 𝟏. 𝟐 𝒇𝒔

Injection: 9+11th Harmonic
𝝉𝑽𝑼𝑽 = 𝟎. 𝟖𝒇𝒔



Momentum Transfer - Theory



Momentum Transfer - Theory
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Spin dynamics & Ultrafast Magentism

43

hook up spin system to optical carrier control ? 

ultrafast



Circularly polarized XUV light

All-reflective

XUV waveplate
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Attosecond XMCD?
X-Ray Magnetic Circular Dichroism
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Attosecond transient Absorption is 
capable of measuring 

Magnetization Dynamics!

Spin-sensitive detection
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Coherent Magnetization Dynamics
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Optically Induced Spin Transfer
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OISTR



Hierarchy of timescales
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Ultrafast laser fields can

manipulate electron and spin states

e-e scattering

e-phonon scattering

optical phonon decay

recombination

seconds

e-h creation

coherent
electronics /
spintronics

… possibly faster than the decoherence

Short optical fields to 
control charge and spin in the 
condensed phase


