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Computational Physics and Chemistry– Insight

Numerical Methods for Scientists and Engineers

Richard Wesley Hamming  (1915-1998)

2nd Edition, McGraw-Hill, 1973, (1st edition, 1962)

Section 1.1, page 1: "Numerical methods use numbers to simulate mathe-

matical processes, which in turn usually simulate real-world situations. This 

implies that there is a purpose behind the computing.  To cite the motto of the 

book,  "The Purpose of Computing is Insight, Not Numbers” . 

“This motto is often thought to mean that the numbers from the computing 

machine should be read and used, but there is much more ….  The choice of a 

particular formula, or algorithm influences not only the computing, but also how 

we are to understand the results …. Thus computing is, or at least should be, 

intimately bound up with both the source of the problem and the use that is going to 

be made of the answers - it is not a step to be taken in isolation from reality."

Antecedent: "Nothing is more terrible than activity without insight."

- Thomas Carlyle (1795-1881)



Footnote:  

"It is sometimes suggested that the motto be revised to 

'the purpose of computing is not yet in sight'."

Computational Physics and Chemistry – Insight

Again from Hamming,  Numerical Methods for Scientists and Engineers

2nd Edition, McGraw-Hill, 1973, (1st edition, 1962)

“…in molecular quantum mechanics, the more accurate the calculations become 

the more the concepts seem to vanish in thin air.” 

Robert S. Mulliken, J. Chem. Phys. 43, S2 (1965)

Page 504,  the motto 

"The Purpose of Computing is Insight, Not Numbers”

is quoted  again, but with a footnote.
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Motivations -

Fascination

• PURE density functional theory - no orbitals, just n(r) – has intrigued me for a 

long time

Levy and Ou-Yang, Phys. Rev. A 

38, 625 (1988)  fascinated me.  

More than two years later I had a 

chance to think about it while on 

sabbatical at Max Planck Institut

für Astrophysik.   These images are 

from the Institut’s Fall 1990  

Molecular Physics Seminar 

collection.  



Current best practice to handle materials under such 

extreme conditions = ab initio Molecular Dynamics 

(AIMD) 

• Born-Oppenheimer MD

• Free-energy DFT for electronic forces (Kohn-Sham 

solution consumes vast majority of run time)

Motivations

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

Simulation

Warm Dense Matter

• 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 -

• Accurate, computationally efficient exchange-

correlation (XC) free energy functional

• Orbital-free DFT for linear scaling 

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

entropy



Orbital-free DFT in 2 equations

[ ] [ ] [ ] ][ [] H xc exs tE n E n En n E n   

Never use the K-S orbitals explicitly.

[ ]E n

n







Modified Kohn-Sham equation



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
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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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Kohn-Sham equation versus generalized Kohn-Sham equation -
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gKS is not equivalent to KS for                  Z-H Yang et al. Phys. Rev. B 93, 205205 (2016)

Kohn-Sham equation
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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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GGA kinetic energy density functional 

[ ] [ ] [ ] ][ [] H xc exs tE n E n En n E n   

VT84F – our best GGA kinetic density functional at the time the 

project started.
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Modified Kohn-Sham equation

 5/3

2
5/3 84

[ ] r ( ) ( )

5

3

GGA

s TF t

approx VT F

s TF

n c d n F s

s
c n F



 
  

 

 r r

V.V. Karasiev, D.Chakraborty, O.A. Shukruto and S.B. Trickey, Phys. Rev. B 88, 

161108(R) (2013)



:
approx

approx s W

TF

 







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  
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(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”)

  [ ] ( ) , ,HEG

xc xc xcE n d n F n n    r

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)

Mean absolute deviations  (MAD)



Deorbitalize SCAN
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1( , )xh 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.; 

Phys. Rev. B 98, 115161 (2018)



Original SCAN vs. SCAN-L: crystalline benchmark

D. Mejía Rodríguez and S.B.T.; 

Phys. Rev. B 98, 115161 (2018)



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

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

D. Mejía Rodríguez and S.B.T.; 

Phys. Rev. B 98, 115161 (2018)



VASP timings

D. Mejía Rodríguez and S.B.T.; 

Phys. Rev. B 98, 115161 (2018)



Constraint-based parametrization is delicate

“We propose modifications to 
the [SCAN] functional … to 
eliminate numerical instabilities.  
…The regularized SCAN is 
designed to match the original 
form very closely and we show 
that its performance remains 
comparable.”



Close but not identical (molecules)

NWChem calcs

g3: heats of formation

t96r: bond  lengths

t82f: harmonic vibr. freqs.

D. Mejía Rodríguez, unpublished



Close but not identical (solids)

D. Mejía Rodríguez, unpublished

VASP calcs on 55 solids



SCAN form is sensitive to technique

D. Mejía Rodríguez, unpublished

SCAN and regSCAN can be sensitive to VASP PAW hardness.  

Atomization energies (eV) for three PAW families [VASP 5.4.4)

All-electron values are from NWChem with def2-qzvpp basis

CO CO2 ClF3 CF4

Functional SCAN reg

SCAN

SCAN reg

SCAN

SCAN reg

SCAN

SCAN reg

SCAN

Default

PAW
10.83 11.04 16.63 17.04 6.11 6.22 20.46 20.75

Hard PAW 11.01 11.20 16.98 17.33 5.97 6.26 20.70 21.14

GW PAW 11.04 11.23 17.02 17.38 6.12 6.32 20.89 21.26

All-

electron
11.03 11.22 17.02 17.37 6.03 6.29 20.85 21.23



SCAN is more sensitive to grids than regSCAN

D. Mejía Rodríguez, unpublished

SCAN and regSCAN results NWChem with def2-tzvpp basis

MADs for COARSE, MEDIUM, & FINE grids relative to XFINE

Δf

kcal/mol

a0

Å

υ

cm-1

Functional SCAN reg

SCAN

SCAN reg

SCAN

SCAN reg

SCAN

COARSE 5.93 0.42 0.001 0.000 25.2 6.0

MEDIUM 2.38 0.09 0.001 0.000 18.4 1.7

FINE 0.77 0.01 0.001 0.000 10.4 0.5



A SCAN limitation
Applicability of the Strongly Constrained and Appropriately Normed 

Density Functional to Transition Metal Magnetism

Yuaho Fu and David J. Singh

Phys. Rev. Lett. 121, 207201 (2018)

Also found slightly earlier in: 

• E. B. Isaacs and C. Wolverton, Phys. Rev. Mat. 2, 

063801 (2018)

• S. Jana, A. Patra, and P. Samal,  J. Chem. Phys. 149, 

044120 (2018)

• A. H. Romero and M. J. Verstraete, Eur. Phys. J. B 91, 

193 (2018).

• M. Ekholm, D. Gambino, H.J.M. Jönsson, F. Tasnádi, 

B. Alling, and I.A. Abrikosov, Phys. Rev. B 98,

094413 (2018).



D. Mejía Rodríguez and S.B.T.; 

arXiv 1905.01292

A SCAN limitation that doesn’t occur in SCAN-L
Applicability of the Strongly Constrained and Appropriately Normed 

Density Functional to Transition Metal Magnetism

Yuaho Fu and David J. Singh

Phys. Rev. Lett. 121, 207201 (2018)



SCAN-L differs from SCAN for other transition metals

D. Mejía Rodríguez and S.B.T.; 

arXiv 1905.01292

Magnitude too large

Wrong;  non magnetic

Magnitude too large



SCAN-L differs from SCAN magnetization

D. Mejía Rodríguez and S.B.T.; 

arXiv 1905.01292

SCAN and SCAN-L density of states, bcc Fe. 

Up spin above, down spin below



SCAN-L differs from SCAN magnetization

D. Mejía Rodríguez and S.B.T.; 

arXiv 1905.01292

• Difference doesn’t come from PBE PAWs; post SCF calculations with WIEN2K 
and PBE input density also manifest the difference.

• Difference doesn’t come from gKS (SCAN) versus KS (SCAN-L); TPSS (gKS) 
and TPSS-L (KS) don’t display such a large difference.



SCAN-L differs from SCAN magnetization

D. Mejía Rodríguez and S.B.T.; 

arXiv 1905.01292

• Difference doesn’t come from PBE PAWs; post SCF calculations with WIEN2K 
and PBE input density also manifest the difference.

• Difference doesn’t come from gKS (SCAN) versus KS (SCAN-L); TPSS (gKS) 
and TPSS-L (KS) don’t display such a large difference.

• SCAN-L generates a different (smaller) α from SCAN, especially below r ≈ 1 bohr

• SCAN switching function slightly too sensitive in that region and not sensitive 
enough for > 1 bohr. 

• regSCAN doesn’t fix it.



Summary  

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

for orbital-free calculations

* SAME de-orbitalization for both solids and molecules

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

* SCAN-L available in NWChem (6.8.1) ; soon to be submitted to 

QuantumEspresso (6.3); will be in VASP , deMon2K, and PROFESS

* SCAN-L patches available for VASP 5.4.4,  deMon2K 6.05, and PROFESS 

3.0 (but we cannot be a help desk!)

* SCAN-L and SCAN are INEQUIVALENT for transition metal magnetism; 

motivates improvement or refinement of SCAN switching function

* regSCAN is not equivalent with SCAN

* But both have peculiar sensitivity to PAW hardness. 

* De-orbitalization renews motivation for studying Laplacian-dependent XC 

functionals (one de-orbitalized version of MVS is better than original)  

Publications and  Downloads - www.qtp.ufl.edu/ofdft


