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• Past Experiments (may continue with Xiaolin Xu) 
- Polaron-related studies using nuclear resonant inelastic x-ray scattering  
 
• New Experiments with Neutrons and Pressure  
- QENS studies of activation volumes of hydrogen 
- VISION measurements of phonon DOS under P,T, in highly anharmonic 

material 
 



Activation Volume for Hydrogen Diffusion 
1. GOAL – Use pressure and temperature to characterize the 

mechanism of hydrogen diffusion in hydrogen storage materials 
– Obtain i) activation energy, and ii) activation volume, of hydrogen jumps in YFe2H2.6 

using quasielastic neutron scattering 
– Develop techniques for inelastic neutron scattering measurements at high pressures 

2.  RESOURCES 
– Techniques:  Quasielastic inelastic neutron scattering (QENS), hydrogenation, pressure 

and temperature control 
– Partners/Personnel:  Caltech: Brent Fultz (lead), Fred Yang, Hillary Smith. Carnegie 

(and SNS): Rus Hemley, Chen Li, Reini Boehler 
3. MILESTONES  

– Measure activation volume for hydrogen jumps in YFe2H2.6 . Use it to interpret atom 
displacements around the jump of a hydrogen atom. (Year 1). 

– Study more challenging hydrides of practical interest. Further develop techniques to 
perform high pressure inelastic neutron scattering experiments. (Years 2-4). 

4.  IMPACTS 
– Develop a new experimental technique for neutron scattering at pressure. Obtain new 

information about on local atom displacements during jumps of hydrogen atoms. 
– Understand hydrogen diffusion in materials at the level of individual movements of 

hydrogen atoms, and the distortions of its surrounding atoms. 



Quasielastic Scattering and Pressure 
Bove, et al, "Translational and Rotational Diffusion in Water in the Gigapascal 
Range," PRL 111, 185901 (2013). 

 



Quasielastic Scattering and Pressure 
Klotz, et al., "Quasi-elastic neutron scattering in the multi-GPa range 
and its application to liquid water", APL 103, 193504 (2013). 

 

Activation volume: 
My estimate is +2 Å3 for 
translational diffusion of 
water molecule in liquid. 
(T-Dependence?) 



Hydrogen Storage Materials 

• Chemisorption Materials 
– Metal hydrides: something new in bcc V-Ti-Ni-Cr (arpa-e) 

• Physisorption Materials 
– Graphene derived from graphite oxide (EERE) 
– Nanostructured surfaces (Efree) 

• What is the local atomic distortion as H atom moves 
through its activated state during a diffusive jump? 



Activation States 



Selected YFe2/H for quasielastic scattering  
- conveniently low activation energies  
- opportunity to work at low temperatures (facilitating pressure 

studies) 
 
Activation energies of 42 and 10 meV in the ranges of 295-390 K 
and 140-240 K. 
 
Possible change from an adiabatic to a non-adiabatic mechanism at 
low temperatures (10 meV  is very low).    

Upcoming Beamtime at DCS at NCNR (early 2016) 



A.V. Skripov, V. Paul-Boncour, T.J. Udovic, J.J. Rush, J. Alloy. Comp. 595, 28 (2014).  



With jump frequency versus T, P, we can get activation energy and 
activation volume.  

Upcoming Beamtime at DCS at NCNR (early 2016) 





exp(–PV/kT) 

140 K 400 K 



Based on prior results from DCS on the same material: 
For a pressure of 0.6 GPa the experiment should be sensitive to 
activation volumes ∆V as small as 0.1 Å3 at 100 K  
and 0.3 Å3 at 300 K.  

1) Add hydrogen to proper stoichiometry YFE2H2.6 at 300 K. 
2) Cool to 77 K (immobilizing the hydrogen) 
3) Acquire QENS spectrum 
4) Add high pressure Ar, acquire another spectrum 
5) Heat slightly, goto step 3.  

Procedure 



for E,g_E in spectrum: 
    Z *= one_osc(E,T) ** g_E 

Gibbs Free Energy 



Fundamental Issue about the Origin of Entropy in Materials 

S = Svib + Sconf + Sel + Smag 

Simplify to non-magnetic insulators without chemical disorder 

S = Svib = SH + ∆SQH + ∆SAH Harmonic, Quasiharmonic, Anharmonic 
T=0 
P=0 

T=0 
P 

T 
P=0 

Strategy for phonons that mostly works: 

∆ωQH(V)  by DFT or DAC 

∆ωAH(T)  by AIMD or Furnace 

Calculate ∆SQH(∆ωQH(V))  and   ∆SAH(∆ωAH(T))   
Add them together.  



Doubts about Conventional Practice  

If phonon DOS changes shape with pressure, thermal 
anharmonic effects will be altered. 
 
  Equal mode Grüneisen parameters Unequal mode Grüneisen parameters 



Kinematics (energy and momentum conservation) 



Fred Yang, Brent Fultz, Chen Li, Reini Boehler, Bianca Haberl, Yongqiang Cheng, Yang Shen, 
Olle Hellman, Hillary Smith, Tabitha Swan-Wood 
 



Background of VISION will make or break this experiment 



• This seems to be an experimentally challenging, but really interesting, 
proposal.  

• Loved the use of 3D printing to help plan the work.  
• Fundamental and underpinning science that is essential to allow the 

development of new capabilities on the Vision instrument.  
• The team has carefully chosen an excellent test material to both proof the 

capabilities of the Vision high pressure cell and also further the 
understanding of solid-state Gibbs free energy of materials.  

• The experiments seem achievable and should produce results of high 
impact. Good science and good proposal, but premature.  

• Tests of the DAC are only just starting on VISION.  
• VISION will reconsider this proposal if tests progress sufficiently in early 

2016. 
 

Proposal Declined, but Reviews were Encouraging… 





Kinematics (energy and momentum conservation) 



Phonon-Phonon Interactions in Aluminum: 
Lifetime Broadening of Phonon Linewidths 
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