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Abstract to be submitted to the APS March Meeting 
27 Feb -- 2 Mar 2012 
Boston, Massachusetts 

Predictive equation of state methods for heavy materials based on the Dirac equation and density 
functional theory. 

John M Wills(*) and Ann E Mattsson(**) 
(*) Los Alamos National Laboratory, Los Alamos, NM 87522 USA 

(**) Sandia National Laboratories 

Density functional theory (DFT) provides a formally predictive base for the prediction of 
equation of state. Currently available approximations to the exchange/correlation functional 
have provided accurate predictions of material properties for many materials in the periodic 
table. For heavy materials however, DFT-based calculations, using available functionals , fail to 
provide quantitative predictions of material properties, and often fail to be even qualitative. This 
deficiency is due both to the lack of the appropriate confinement physics in the exchange/ 
correlation functional and to approximations used evaluate the underlying equations. In order to 
assess and develop accurate functionals, it is essential to eliminate all other sources of error. In 
this talk we describe an efficient first-principles electronic structure method based on the Dirac 
equation and compare the results obtained with this method with other methods generally used. 
Implications for high-pressure equation of state of relativistic materials are demonstrated in 
application to Ce and the light actinides . 

(**) Sandia National Laboratories is a multi-program laboratory managed andoperated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. 
Department of Energy's National Nuclear Security Administration under contract DE­
AC04-94AL85000. 



Predictive equation of state method for heavy materials 
based on the Dirac equation and density functional theory. 

John M Wills! and Ann E Mattsson2 

1 Los Alamos National Laboratory 
2Sandia National Laboratories 

• Describe an all-electron method (RSPt) with full Dirac bases 
- convergence 

• Compare energy and volume curves with other commonly used 
methods 
• Compare calculated results for equilibrium properties in Ce and Th 
• Demonstrate the inherent instability of variational spin-orbit for 
actinides 
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In all electron codes, relativity is generally dealt with in one of three ways: 
• bases (If!) generated using the Dirac equation: 

"Dirac" 
(HD + V - me2

) r¢ == er¢, HD == en . p + f3me2 

The Dirac equation can be written in terms of the Koelling-Harmon 

equation: ( 1 0 ) 
(HD + V - e)r¢ == (HSR - e)r¢ - Vso(r)O"· £ 0 0 'l/J 

D. D. Koelling and B. N. Harmon, Journal of Physics C: Solid State Physics 10, 3107 (1977) 

• The scalar relativistic approximation (SR) amounts to ignoring Vso. "SR" 

• SR + variational spin orbit (SO): using SR bases, solve the full Koelling 
Harmon equation with Vso treated variationally. "SO" w!' ,~ 

)OYlB 

D/) ~7 

In this presentation, we apply these equations to three materials (Th, AI, 
and Au) and examine the accuracy of each. 
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o Scalar Relativistic 
Fixed Radius 
Fixed Volume Fraction 

o Variational Spin Orbit 
o Dirac 

Eo(SR) = -53073.24843 Ry 
Eo(SO) = -53073.39269 Ry 
Eo(Dirac) = -53073.57972 
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• Energy/volume curves for Th 
calculated with three different 
functionals: PBE, AM05, and PW. The 
curves are qualitatively the same, apart 
from a volume shift. 
• Note that Dirac gives a small 
expansion over SR, while SO curves are 
anomalously small. 
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v 0 = 192.42 bohr 
Eo(AM05) = -17718.125818 Ry 
Eo(PBE) = -17730.747790 Ry 

o SR 
o SO 
o Dirac 

AM05 
PBE 
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Energy/volume curves for Ce for AM05 and PBE. The trends are 
similar to the Th curves, with PBE giving larger volumes and SO 
anomalously small volumes for both functionals. ~ I 
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Pressure/volume curves for Ce at "low" pressure. Note the volume shift, 
and the anomalously small volume, obtained with SO. 
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TABLE I: Thorium equilibrium volumes in cubic bohrs and bulk moduli in GPa calculated with 

scalar relativistic, scalar relativistic with variational spin-orbit, and full Dirac methodologies, using 

AM0516 , PBE2 , and PW17 functionals as described in the text. The zero temperature experimental 

volume, with zero point motion subtracted, is 220.00 bohr313 . Reference 13 gives 205.14 for AM05. 

218.02 for PBE, and 200.89 for PW. 

V/a~ B (GPa) 

AM05 PBE PW AM05 PBE PW 

Scalar Relativistic 204.55 217.36 199.89 58.9 54.5 65.5 

Scalar Relativistic+Spin Orbit 189.62 201.21 186.45 74.1 68.6 80.4 i 

Full Dirac 205.98 217.98 201.54 62.4 58.3 68.0 

V(bohr3) AM05 PBE PW(LDA) Equilibrium volumes 
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SR 
SR3 

SO 
S03 

Dirac 

---
159.3 175.3 155.4 I obtained for three 

159.1 I different functionals 
and SR, SO, and Dirac. 

172.8 153.4 157.4 I Triple basis results are 
158.1 I also included. 

160.0 180.0 I P-, 
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The radial function for the upper components (red) and the lower components (blue) of the 6Pl /2 state. 
calculated with the Harmon and Koelling scalar relativistic equation (lighter). the Dirac equation (darker) . 

and the Schrodinger equation (dashed). 
Note the discrepancy at the origin. 

Radial function (l /a Boh,3/2) 

so 

• Dirac pl/2 states are infinite at the origin and scalar 
relativistic and Schrodinger p states are finite at the 
origin, hence no combination of K -H bases can ever 
capture the behavior of Dirac p1l2 states. 
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The anomalously small volumes obtained with the SO method 
are due to a poor treatment of pil2 states. These states can't be 
adequately captured in a scalar relativistic basis 
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Conclusions 

• RSPt with Dirac bases provides an accurate platform within which to 
evaluate the effects of functional approximations as well as 
phenomenological inclusions such as DMFT. 
• A scalar relativistic basis with variational spin-orbit coupling cannot 
treat heavy elements accurately due to the inadequate treatment of the 
6p states. This is a large energy and cannot be treated as a perturbation. 
• Because under pressure all core states transition to itinerant, it is 
necessary to treat all states the same -- as Dirac states -- in order to not 
introduce anomalies into the equation of state. 
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