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Why do we need forces

Yang et al., Nature Nanotech. 2012

Adler, et al., Rep. Prog. Phys. 82, 012504 (2019)

Materials Design and Discovery

Technology Development

Onofrio, Guzman & Strachan, Nature Mat. 2015



Free Energy Functional:

LDA

LDA + U

LDA + DMFT

Haule, et al., PRB 94, 195146 (2016)



LDA + Gutzwiller Free Energy:
Functional

Lanatà, et al., PRX 5, 011008 (2015)

Where the embedded Hamiltonian is given by



LDA + Gutzwiller Free Energy:
Equation at saddle point

We compute the Free Energy at the saddle point as follows



LDA + Gutzwiller Flow Chart

Ho, et al., PRB 77, 073101 (2008)

Deng, et al., EPL 83, 37008 (2008)

Deng, et al., PRB 79, 075114 (2009)



LDA + Gutzwiller Flow Chart



LDA + Gutzwiller Flow Chart



LDA + Gutzwiller Flow Chart



LDA + Gutzwiller Flow Chart

Gutzwiller Solver

(Saddle point equations)



LDA + Gutzwiller Flow Chart



LDA + Gutzwiller Flow Chart



LDA + Gutzwiller Flow Chart

(Other Properties)
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The Portobello Framework
How to compute Free Energy within LDA+GA

FlapwMBPT
Same term in LDA+GA, 

except that it contains 

Hqp instead of HKS



The Portobello Framework
How to compute Free Energy within LDA+GA

FlapwMBPT
Gutzwiller

Implementation



The Portobello Framework
How to compute Free Energy within LDA+GA

Python Code

To Fortran code

Construction of Hqp



The Portobello Framework
How to compute Free Energy within LDA+GA

Fortran Code

Subroutine in FlapwMBPT that 

computes the Free Energy



Example #1: Ground State of Iron

Leonov et al., PRL 106, 106405 (2011)



Ground State of Iron:
LDA
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Ground State of Iron:
GGA
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Ground State of Iron:
LDA+Gutzwiller

 0

 0.2

 0.4

 0.6

 0.8

 1

 9  9.5  10  10.5  11  11.5  12  12.5  13

E
n
e

rg
y
 [
e
V

/A
to

m
]

Volume [Ang
3
/Atom]

NM BCC
NM FCC
FM BCC

Deng, et al., EPL 83, 37008 (2008)

U=7 eV

J=1 eV

U=7 eV

J=1 eV



Ground State of Iron:
Mechanical Properties

*

*Villars, Inorganic Solid Phases Springer Materials  (2016)



Example #2: Structure of FeSe

Layered material that crystalizes in a 

tetragonal phase with space group 

P4/nmm (#129)

ZSe

Subedi, et al., PRB 78, 134514 (2008)

Hsu, et al., Proc. Natl. Acad. Sci. 105, 14262 (2008)
Medvedev, et al., Nat. Mater. 8, 630 (2009)
Liu, et al., Nat. Comm. 3, 931 (2012)

Sunao, et al., Nat. Comm. 10, 825 (2019)



Structure of FeSe:
Fe-Se Separation
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Fe-Se Separation

[1] Haule, et al., PRB 94, 195146 (2016)

[2] Kumar, et al., J. Phys. Chem. B, 114  (2010)

[3] McQeen, et al., PRB 79, 014522 (2009)
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Force Formulation:
LDA

Variation of the energy functional with respect to small 

displacements of the atomic positions

Hellman-Feynman Force

Pulay Force



Force Formulation:
LDA
With an arbitrary basis set:

And the Pulay force can be written as:



Force Formulation:
LDA (LAPW Basis)

Atomic-like

Muffin-Tin

Interstitial 

Planewave



Force Formulation:
LDA (LAPW Basis)

LDA/GGA

Yu et al., PRB 43, 6411 (1991)

Kluppelberg et al., PRB 91, 035105 (2015)

LDA+DMFT

Haule, et al., PRB 94, 195146 (2016)



Force Formulation:
LDA+GA

Similarly, starting from the LDA+GA functional:

The Pulay force takes the familiar form:



Force Formulation:
LDA+GA
With an arbitrary basis set:

The LDA+GA eigenvalue problem takes the form:

Where we can compute the variation of     as:



Force Formulation:
LDA+GA
And the Pulay force can be written as:



Work in Progress

1. Implementation of LDA+GA forces within the Portobello 

framework

2. Calculation of Bain paths for BCC/FCC phase 

transformations (LDA+GA)

3. Deformation potential of FeSe (LDA+GA)

Leonov et al., PRL 106, 106405 (2011)

Mandal et al., PRB 89, 220502 (2014)


