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OUTLINE	

•  Liquid-liquid	phase	transi7on	
•  Mel7ng	of	solid	hydrogen	
•  Hydrogen	Hugoniot	
•  Benchmarking	DFT	



Simula7on	Methods	
Quantum	Monte	Carlo	

	
–  Coupled	Electron-Ion	Monte	Carlo		

•  Electrons	at	T=0K	with	Repta7on	
Quantum	Monte	Carlo	

•  Path	Integral	MC	for	the	ions	
–  54/108	electrons	
–  Correlated	trial	wave	func7ons	with	

backflow.	

–  No	density	func7onal 		
–  No	energy	cutoff	
–  No	pseudopoten7als	
–  Twist	Averaged	Boundary	Condi7ons:	

4x4x4	grids	 		
–  Quantum	protons/deuterons		

Density	Func4onal	Theory	
Molecular	Dynamics	
&	Path	Integral	MD	

	
–  Electron	energy	is	an	assumed	

func7onal	of	electron	density	
–  Benchmark	several	func7onals	
–  Born-Oppenheimer	MD	
–  Norm-conserving	pseudopoten7als	
–  Up	to	432	atoms	

	



Liquid-Liquid transition observed 
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QMC vs. DFT 

100 200 300 400
Pressure (GPa)

0

1000

2000

Te
m

pe
ra

tu
re

 (K
)

Fluid H2

Fluid H

Solid H2

III

I

II

IV

DF2

DF

PBE

HSE-cl
Mazzola diss.

Mazzola IMT

IV’



 100

 1000

 0  100  200  300  400  500  600  700  800  900

Te
m

pe
ra

tu
re

 (K
)

Pressure (GPa)

this work
Chen, et al. (2012)

Liu, et al. (2013)
Howie, et al. (2015)

Morales, et al. (2013)

I
I’

III

IV IV’

H2 H

liquid H2

liquid H

•  Free energy calculations using PIMD & DFT (GGA) in liquid & crystal. 
•  Only Cs-IV structure for atomic H is dynamically stable, and only at low 

temperatures. 
•  If we find a better structure, that must increase melting temperature.   
•  Melting temperature decreases with pressure. 
 

Melting temperatures of solid H 





Deuterium Hugoniot 
•  Experimental data from Sandia (Knudson) 
•  Errors in DFT (PBE) seem to come from Pressure 



-Molecular to 
monoatomic phase 
transition observed, 
corresponding 
to the kink in the 
Hugoniot 
 
- Density functional 
theory is significantly 
differences from QMC 
when bond breaking 
becomes important 
 
-VMC and DMC show 
similar results 
because of the highly 
optimized wave 
functions. 
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Use QMC to find the most 
accurate DFT functional. 
 
•  Generate 100’s of  54-96 

atom configurations of 
both liquids and solids. 

•  Determine accurate 
energies (better than 
0.1mH/atom) with DMC. 

 
•  LDA and PBE functionals 

do poorly in the molecular 
phase. 

Histogram of errors in PBE at 3 
densities 

Average errors vs 
functional and density 



Pressure	errors	
	

solids																																															liquid	

•  LDA	and	HSE	determine	the	pressure	most	accurately	
•  Use	vdW-DF	to	simulate	a	structure,	recalibrate	pressure	

with	QMC	or	LDA.	



•  Benchmark	calcula7on	of	H-He	
mixtures.	Comparison	of	DFT	
func7onals	

•  Construc7on	of	poten7als	for	
dense	hydrogen	and	helium	
using	QMC	forces.	

CURRENT	WORK	
•  Stability	of	hydrogen	structures	

with	CEIMC	
•  New	methods	to	compute	

conduc7vity	in	dense	hydrogen	
•  Examina7on	of	proper7es	of	

dense	hydrogen	liquid	
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