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Elementary excitations in solids 
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Time-domain Inelastic X-ray 
Scattering from Phonons 





Inelastic X-ray Scattering: 

M. Le Tacon et. al, Nat. Phys. 10,52 (2014)  

Underdoped YBCO 

ID28 ESRF 

X-ray Diffuse Scattering: 

2
d
  

x-rays 

M. Holt et al., PRL 83 (1999). 

fit to Bose-Einstein 
distribution. 

Si 



GaAs 

Sudden Softening 

GaAs 

Inducing temporal coherences on the noise 

independent modes (oscillation at twice frequency): 



phonon-phonon interactions Electron-phonon interactions 

Non-equillibrium populations Non-equillibrium frequency (forces) 

Time and momentum-domain x-ray scattering: 
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Trigo et al. Nature Physics. 9, 790, 2013 
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The High Energy Density Science space 
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Elementary excitations 
Acoustic Waves 
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Ion Acoustics Waves 



Cross-section &  
dynamic structure factor: 



Free particle regime: 
impulse approximation 

Microscopic regime   
relaxation 
processes invoked to 
account for the 
spectral shape and 
the broadening of the 
excitations 

Macroscopic regime 
 hydrodynamics v=ħω/q 



Double sided heating of a 50 μm Al sample (532 nm, 50 μm spot diameter  
& 3 ns flat top, 5 J/arm) ⇒ ρ ~ 6 g/cm3 & T ~ 6 eV @ 2 ns delay 

LASER LASER 



Si(4,4,4): ΔE/E=5•10-6 

 
Working conditions:  
Bragg angle @ ϑPM=87o  
EPM=7919.1 eV 
ΔEPM~100 meV 
 
Sensitive to the seed crystal 
angle at the level of 0.001o 

Si(4,4,4) 
analyzer 

CSPAD 
detector 

Be lens 

focusing mirror 

Si(4,4,4) 
mono 

sample 
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beam 
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@ MEC: CSPAD (110 µm pixel size) & 
diced Si(444) crystal with R=1 m & 
θ=87° ⇒ ~100 meV @ 7919 eV  

Huotari et al., J. Synchrotron Rad. 12, 425 (2006) 

-~10.000 cubes of 0.7x0.7x2.3 mm3 

- perfect crystal properties 
- collection of sufficient solid angle 



energy 
gain 

elastic 
scattering 

1.4 x 1.4 mm2  
area on CSPAD 
(300 meV) 

- For a spectrum, ~50 photons/good shot 
- For each pixel (23 meV) < 5 photons/good shot 
- ~10 good shots required @ 7 min rep rate 

Count rate: 
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FWHM=98 meV ! 
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Al @ ρ=7.0±0.9 g/cm3  
Ω=152 ± 13 meV 

2θ=30o, Q=2.1 Ǻ-1 

Q0=3.7±0.1 Ǻ-1; Q/Q0=0.57 

Elastic scatterer (SiO2) 



ab-initio quantum MD simulations (OF-DFT) describe pretty well the 
inelastic components. Where is the elastic one? 
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Comparing experimental results and simulations: 



Mithen et al., PRE 83, 015401(R) (11) 

- Experiments & simulations show there is a finite range of  
   wave-numbers where the hydrodynamics approximation holds.  
 
- At larger wave-numbers, hydrodynamics models still reproduce  
  experiments & simulations if k-dependent transport properties  
  are used. 
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Peak position gives 
    sound velocity

Fit results 
 
viscosity: 
σ ~ 5 mPa s 
 
sound velocity: 
v ~11 km s-1 



Liquids (Water)  

Ion Acoustic Waves (WD Aluminum) 



Plasmons 
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The High Energy Density Science space 
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Single-shot plasmons 
determine compression 

Plasmon damping 
determines conductivity 

• Density, Temperature 
• Characterize laser shock-

compressed Al 
- Compressed solid, 
- Co-existence phase 
- Warm Dense Matter 

• First Conductivity 
measurements with 
independent Te, ne data 

• Solid Al at T = 6 eV 

Inelastic x-ray scattering measures physical 
properties of warm dense matter 

L. Fletcher et al. Nature Photonics 9, 274 – 279 (2015)  
D. Chapman et al. Nature Communications DOI: 10.1038/ncomms7839 (2015) 

Pressure,  P = 5 Mbar 

Coupling Parameter Γ 



High resolution x-ray scattering observations of 
plasmons in Al using the seeded beam at 8 keV 

High resolution x-ray scattering observations of 
plasmons in Al using the seeded beam at 8 keV 

X-ray scattering from isochorically heated Al with 
seeded beam resolves plasmons  

SASE Seeded 

Forward (plasmon) 
spectrometer 

Backward (Compton) 
spectrometer 

Plasmon 





Detailed balance 

Is the dynamic structure factor of the free electrons 







Summary 

Inelastic x-ray scattering using FELs provides 
unique information that is crucial to understanding 
important properties of condensed matter 



additional information and examples 
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