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Current Practice to handle materials under such 

extreme conditions = ab initio Molecular Dynamics 

(AIMD) 

• Born-Oppenheimer MD

• Free-energy DFT for electronic forces (consumes 

vast majority of run time)

Motivating physical problem & current practice -

Left: Interior of Saturn [J.J. Fortney, Science  305, 1414 (2004)]:

(1) At an age of ≈ 1.5 billion years

(2) Current Saturn according to previous H-He phase diagram

(3) Current Saturn according to newer evolutionary models

Warm Dense Matter (WDM)

• Challenging region between normal condensed matter and plasmas: 

T < 100eV (≈1,100,000 K)      P from 0  thousands of GPa.

• Inertial confinement fusion pathway; giant planet & exo-planet interiors; 

shock compression experiments 

Warm Dense Matter Panel, High Energy Density  Laboratory Plasma ReNew Workshop;  Nov. 2009



Desiderata for AIMD -

– orbital-free XC free energy 

orbital-free XC energy (ground-state)

• Accurate, computationally efficient exchange-

correlation (XC) free energy functional

• Orbital-free DFT for linear scaling 

– orbital-free non-interacting KE and non-interacting 

entropy



6

LDA(n)   »100 kcal /mol

GGA(n,Ñn)   »10 kcal /mol

meta-GGA(n,Ñn,Ñ2n,t )   » 5 -10 kcal /mol

RPA(ex
unocc )   »1 kcal /mol
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Jacob’s Ladder = Perdew-Schmidt pyramid (T=0 K)

Borrowed from A. Vela
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• PKZB [Phys. Rev. Lett. 82, 2544 (1999)] 

• TPSS [Phys. Rev. Lett. 91, 146401 (2003)]

• TM [Phys. Rev. Lett. 117, 073001 (2016)]

• TPSS
• MVS [PNAS 112, 685 (2015)]
• SCAN [Phys. Rev. Lett. 115, 036402 

(2015)]

• M06L [J. Chem. Phys. 125, 194101 
(2006)]

Conventional zero-temperature meta-GGA functionals -
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VT-84F (T = 0 K) as a deorbitalizer? 

Try this
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Quality measure (initial screening)

Evaluated post-scf on HF densities for first 18 

neutral atoms
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Exemplifies something basic. A good  

doesn’t guarantee a good

(Gauge problem).  
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J. Chem. Phys. 127, 144109 (2007)

D. Mejía Rodríguez and S.B.T.; Phys. Rev. A 96, 052512 (2017)



Orbital-dependent α (black) & orbital-free α (red) 

from PCopt. Along Be-H (top left) & Na-Na (top 

right) bond and Benzene dimer (bottom) along C-C 

vertical axis.  Def2-TZVPP basis, NWChem.

Reparametrize α directly

Quality measures
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J. Chem. Phys. 146, 064105 (2015)

Again, evaluated post-scf on HF 

densities for first 18 neutral atoms
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D. Mejía Rodríguez and S.B.T.; 

Phys. Rev. A 96, 052512 (2017)
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Deorbitalize meta-GGA made very simple (“MVS”)
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Gratifying result: faithful  

deorbitalization resembles 

MAD of original nicely

Surprise! Best-

performing 

deorbitalization;

superior to original.

Original PCopt CRopt

Heats of formation

(kcal/mol) 18.34 15.94 6.20

Bond Lengths (Å) 0.0139 0.013 0.0130

Frequencies (cm-1) 52.0 46.0 42.6

D. Mejía Rodríguez and S.B.T.; 

Phys. Rev. A 96, 052512 (2017)

Original PCopt

Heats of formation

(kcal/mol) 18.34 15.94

Bond Lengths (Å) 0.0139 0.013

Frequencies (cm-1) 52.0 46.0



Deorbitalize SCAN
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h s  is an approximate resummation of the 

fourth-order gradient expansion for exchange

At right: plots of Fxc for SCAN (black) and SCAN-L 

(red) for H and Ar atoms; SCAN-L done with PCopt

deorbitalization

Ar

H

D. Mejía Rodríguez and S.B.T.; 

Phys. Rev. A 96, 052512 (2017)



Original SCAN vs. SCAN-L: molecular benchmark

SCAN SCAN-L

Heats of formation

G3 Set [kcal/mol]

ME -3.62 2.11

MAE 5.12 5.67

Bond distances

T96R [Å]

ME 0.0035 0.0073

MAE 0.0089 0.0105

Vibrational frequencies

T82F [cm-1]

ME 15.3 -11.7

MAE 31.9 28.7

SCAN-L performs essentially as well as SCAN for these standard 
molecular tests.

Convergence of both SCF and geometry optimization are stable. 

D. Mejía Rodríguez and S.B.T.; 

Phys. Rev. A 96, 052512 (2017)



Original SCAN vs. SCAN-L: crystalline benchmark

SCAN SCAN-L

Lattice constants

[Å]

ME 0.011 0.009

MAE 0.025 0.024

MARE(%) 0.53 0.55

Bulk moduli

[GPa]

ME 3.0 -3.0

MAE 6.9 9.2

MARE(%) 7.1 9.4

Cohesive energies

[eV/atom]

ME -0.01 -0.017

MAE 0.24 0.26

MARE(%) 5.93 6.42

KS Band gaps

[eV]

ME -1.26 -1.58

MAE 1.26 1.58

VASP  with  PBE PAWs

SCAN-L performs as well 
as SCAN for 57 solids. 

SAME deorbitalization for 
solids and molecules.

SCF convergence for 
SCAN-L is same or faster 
than SCAN

Overall SCAN-L speed in 
VASP is 3 times faster than 
SCAN.

Band gap difference 
reflects difference between 
gKS (SCAN) and KS 
(SCAN-L)

D. Mejía Rodríguez and S.B.T.; 

arXiv 1807.09216



Original SCAN vs. SCAN-L: crystalline benchmark

D. Mejía Rodríguez and S.B.T.; 

arXiv 1807.09216



DMC data: Phys. Rev. Lett. 115, 115501 (2015)

Original SCAN vs. SCAN-L: Graphene bilayer interlayer binding

D. Mejía Rodríguez and S.B.T.; 

arXiv 1807.09216



VASP timings

D. Mejía Rodríguez and S.B.T.; 

arXiv 1807.09216



Summary  

* SCAN-L = de-orbitalized SCAN makes modern mGGA XC functional useful 

for orbital-free calculations

* SAME deorbitalization for both solids and molecules

* SCAN-L via GGA trunk in VASP is 3 times faster than SCAN

* SCAN-L available in NWChem development version; will be in VASP 6.

* Renews motivation for studying Laplacian-dependent XC functionals (one 

de-orbitalized version of MVS is better than original)  

* Finite-T version of SCAN-L coming 

Downloads - www.qtp.ufl.edu/ofdft


