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In the Hubbard model,

hopping comes at a cost. Because somettimes, you
need a dynamic =
approach to handle Helping electrons deal
the drama. with their complex

relationships.




Our goal:

SIESTA WORKING Having a fully self-consistent
y4 DMFT implementation within

Z Siesta. This will offer a better
y 4 description for strongly
' 4 correlated materials.

‘ e Where are we?

Single shot is working

Self consistent works
sometimes and sometimes it
does not converge a all.. New
actions coming from new
Wannier interface
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Applications of strong correlated materials
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Theory of everything in solids
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Microscopic Hamiltonian
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(Dimension : 3N+1 (N~10%3))

Schrodinger Equation : /f \y —
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Some approximations are inevitable !
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Macroscopic Materials

v' Complexity : Macroscopic arrays of atoms
v’ Bulk, Nanostructure, Superlattice, Thin Film, ...
v’ Strong Correlation : Coulomb E ~ Kinetic E (Non-perturbative)

v’ Emergent Behavior: Magnetism, Metal-insulator transition, ...
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First-principles approach to solids

Chemistry
1998

calculated gap (eV)
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Ground State Energy E =[E[I1(|‘)] ]

n(r)& Total electronic charge density

* Kohn-Sham Ansatz : Many body problem ->
one-body problem (quasi-particles)

nw) = )P

# Practically Efficient :
eN -> N3 (N: number of atom)

» Works reasonably in semiconductors,
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wide-gap band insulators

Ref) M. Schilfgaarde et al, PRL&6&&226402 (2006)



Failure of DFT to Strongly correlated materials

Magnetism

Mott
transition

Strongly
correlated

Multi- materials / Heavy

ferroics fermions
High-Tc
Superconductor

. Strong correlations in materials lead to novel material
properties due to spin, charge, orbital, and lattice coupling.

. Conventional density function theory (DFT) usually fails.



Dynamical Mean Field Theory (DMFT)

is a computational and conceptual framework developed to study
the behavior of electrons in materials where their mutual interactions
are so strong that the simple independent-particle picture taught

in introductory quantum mechanics is no longer valid.

Independent-particle picture  Strongly interacting electrons

O
@@ @@
O
Independent-particle Strongly interacting
picture electrons

\Anisimov et al. Phys. Rev. B 44, 943-954 (1991).

Coulomb interaction among electrons is considerably greater than their kinetic

energy, rendering the single-particle approximation inadequate



Effects of strong correlations
Hubbard Model: H = - Z ‘(’mﬁ‘m @Z c:chﬂchu

t: hopping,
U: interaction (double occupied)

Metal Insulator
———
t/U>1 t/U<1
é Weakly correlated Strongly correlated
DOS(g) /-WDO.S\‘) ADOS(g)
A AE
I>nerant Localized
<— 0 <— 0 0o ) — 0o/ /3 o/
o <— 0 c—J — 0/ (I I O N I D I

Mott insulator : partially filled electrons (Interaction driven)
c.f.) Band insulator : fully filled or empty electrons



In particular, for strong repulsion U double
occupations are energetically unfavorable and
are therefore suppressed.

In this situation the local correlation function

@ @ (n; ny1) must not be factorized since{n; ny) #
- - - - e
Q i (ni Xngr)

time

The Hubbard model looks deceptively simple. However, the competition between the kinetic
energy and the interaction leads to a complicated many-body problem.

Assumed some parameters to be large (in fact, infinite), e.g., the length of the spins S, the
spin degeneracy N, the number Z of nearest neighbors of a lattice site (the coordination
number), or the spatial dimension d.

The limit of high spatial dimension d or coordination number Z enables a mean-field theory

for Hubbard-type lattice fermions with kinetic energy and local interaction, yielding a
diagrammatically controlled theory with a well-behaved free energy.

Vollhart, Ann. Phys. (Berlin) 524, No. 1, 1-19 (2012)



Beyond-DFT methods

Strong correlation problem  Dynamical mean field theory (DMFT)

4 2-sites plaquette
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space
K points, correlated
) bai?;nsftzgeate ! Ref) Georges et al, Rev. Mod. Phys. 68 13 (1996)
Kotliar et al, Rev. Mod. Phys. 78 865 (2006)

Ref) P. Kent and G. Kotliar, Science 361 348 (2018)

» DMFT variable: time-dependent but local Green’s
function: G'°¢(t-t’) and self-energy >'°¢(t-t’)
» DMFT can capture the dynamical correlation beyond DFT.



Conceptual Framework of DMFT

Reduction of the complex lattice
problem to a single-site impurity

problem. |
Mapping the Lattice to Anderson Impurity

Focusing on a single lattice site Model

(“impurity”) and its interaction wit O—0O U O A

an effective medium (“bath ).that e I e

represents the rest of the lattice. -

Treatment of local interactions O—0—0

exactly while approximating the
rest of the lattice as a dynamic
mean field.

Lattice model Impurity model

Self-consistent determination of the
impurity’s environment.




Steps to Construct Hybridization Function

(‘ej Self-Consistency Loop
~
Iterate until convergence is achieved.

%\3 Impurity Problem Solution

& Solve the impurity model using appropriate
solvers.

Calculate Hybridization Function

Use the Dyson equation to determine the

T h e D M FT hybridization function.

St Initial Self-Energy Guess

- = |7
Se If Start with an initial guess for the self-energy.

co n S I Ste n cy '[ p_)’ Local Green's Function
LO o p Compute the non-interacting local Green's function.

@ Project onto Localized Orbitals

Use techniques like Wannier functions to localize orbitals.

@' Identify Correlated Subspace

Select orbitals with strong electron-electron interactions.

Electronic Structure Input

DFT calculations provide initial electronic structure data.




Big picture

You begin with a standard LDA calculation using any DFT
code: exn¢rnHipa (Nnon interactive Hamiltonian)

|dentify correlated subspace
Construct the low energy Hamiltonian, 45y
Add an on-site Hubbard-like interaction term

T0j
H=Hpp, + Hine — Hpc

Map the correlated lattice problem onto an impurity model
and solve the impurity problem using a DMFT solver (QMC,
ED, NRG, etc.)

Construct Lattice Green’s Function, Compute Local Green’s
Function, Update the Impurity Model, Solve again.

New density->DFT->DMFT-> until convergence!



The overall structure of DFT+DMFT

DFT loop
DFT+wannier90 Tight-binding model
dmft.x
Self-energy Z(w) (—[ Impurity solver
DMFT loop

Post-processing

Band Total
tructur ener

Atomic Fermi
Our open-source DMFT software (DMFTwDFT)
interfaced to various DFT and Wannier90 codes
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Real life
Software
Development
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Features of DMFTWDFT code

DMFTwDFT website: github.com/DMFTwDFT-project/DMFTwDFT

* Interfaced to various
electronic structure packages

o,
QUUHNTUM

siesta

* Parallelization using MPI
. k-point mesh parallelization

Ref) Vijay Singh et al, Computer Physics
Communications, 261,107778 (2021)

e Library mode

\ DFT code with the Wannier90 interface |

Inputs Outputs
n_kpt_loc band win loc

n_wann DMFT |
kpt_dft —eva

weght dft DMFT evac

DMFETwDFT library

dmft_lib.F90
-subroutine Compute DMFT()

. Efficient charge density update
from the DMFT density matrix



Installation: git clone https://qithub.com/DMFTwDFT-project/DMFTwDFT. git

Dependencies: pip install matplotlib numpy scipy weave mpidpy requests
Note: Python 2.x due to CTQMC'’s reliance on the weave library.

Building: python setup.py {gfortran, intel}

After compilation:

dmft.x - This module is for achieving DMFT self-consistency. It performs the k-point sum and
and computes the

local Green’s function (G_loc.out) and hybridization function (Delta.inp).

dmft _dos.x - Performs DOS calculation

dmft_ksum_band - Performs band structure calculation

dmft_ksum_partial _band - Performs projected band structure calculation

fort_kpt tools.so - Fortran based k-points calculation module

Note: CTQMC impurity solver and Max-entropy routines developed by Professor Haule at
Rutgers University available with the EDMFT package

DMFTwDFT requires wanner90.x and w90chk2chk.x to be available in the bin directory


https://github.com/DMFTwDFT-project/DMFTwDFT.git
https://github.com/DMFTwDFT-project/DMFTwDFT.git
https://github.com/DMFTwDFT-project/DMFTwDFT.git

Results of DMFTwWDFT — Compared to ARPES
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ARPES Ref) Nowadnick et al. PRB 92, 245109, 2015  ARPES Ref) Shen et al. PRB 44 3604, 1991
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DMFT band structure is consistent with ARPES measurement
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1. A. Nekrasov et al., Phys. Rev. B 72, 155106 (2005).



Advertisement: PyProcar

COMPUTER PHYSICS
CO_!I_MUNICATIONS

Computer Physics Communications
Volume 297, April 2024, 109063

Computer Programs in Physics

Expanding PyProcar for new features,
maintainability, and reliability ¥, ¥ ¥

Logan Lang ® 2 X, Pedram Tavadze 9, Andres Tellez °, Eric Bousquet b He Xu®,

Francisco Mufioz €, Nicolas Vasquez €, Uthpala Herath 9, Aldo H. Romero ©

https://romerogroup.github.io/pyprocar/

https://github.com/romerogroup/pyprocar
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Projected band structures

Aside note: PyProcar
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Projected Fermi surfaces

Band structure comparison
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Fermi Cross section Slicer — Used to find
extremal orbits for dHVA frequency

F= 5 (eas)

2me
e = 4.768¢ Mstateoulombs
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h=1.0546e Mergx s

neck_001 belly_011 belly_001

Cross sectional area : 0.1597 AngA-2 Cross sectional area : 4.3956 Ang/-2 Cross sectional area : 4.1586 AngA-2




DMFT PDOS

Running one-shot .
DMFT — V-t
calculations '

* Within siesta input:
Siesta2Wannier90.WriteMmn .true.
Siesta2Wannier90.WriteAmn .true.
Siesta2Wannier90.WriteEig .true.
Siesta2Wannier90.WriteUnk .false.

Siesta2Wannier90.NumberOfBands 28

.« Alk,w) = %ITr[G(E w) — G*(k, w)]

5 0 2 4
Energy (eV)

VIFT PDOS of SrVO3 calculated with siesta+-DMFT






Full charge self-consistent DFT+DMFT
calculations

 DMFTwWDFT build process generates the libdmft.a library which
can be used to interface with DFT codes to enable full charge
self-consistent DFT+DMFT calculations.

* The siesta+DMFT full charge self-consistent DFT+DMFT
implementation is still experimental so proceed with caution.

* Obtain the modified siesta code from the repository
https://qgitlab.com/uthpalaherath/siesta.qgit under the dmft
branch (thanks to J. Junquera)



Limitations of the single site DMFT

Neglect of Non-Local Correlations: Single-site
DMFT assumes a local self-energy, ignoring
spatial correlations between different lattice
sites. Exact only in the limit of infinite
dimensions or coordination number.

Inability to Capture Momentum-Dependent
Phenomena: Phenomena like the pseudogap
in underdoped cuprates or d-wave
superconductivity require momentum-
dependent self-energies, which single-site
DMFT cannot provide.

Oversimplification of Phase Transitions: The
method may inaccurately predict the nature
of phase transitions, such as the Mott metal-
insulator transition, due to its neglect of
short-range spatial fluctuations.

ACK!
MOMENTUM

WITH SINGLE-SITE
DMFT, | DON'T NEED
TO WORRY ABOUT
NON-LOCAL

CORRELATIONS/
R% ZoS ¢ i
%w )
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YOURSELVES FOR

‘(. oooooooo

FLUCTURTIONS!E

Y ,‘0 00 0’

»




Cluster Extensions: Enhancing DMFT

To overcome these limitations, cluster extensions of DMFT have been developed. These
methods consider a cluster of sites rather than a single site, allowing for the inclusion of short-
range spatial correlations.

1. Cellular DMFT (CDMFT)

Divides the lattice into real-space clusters and treats each cluster as an impurity embedded in
a self-consistent bath.

Advantages: Captures short-range spatial correlations within the cluster. Suitable for studying
systems with strong local interactions.

Considerations: Requires periodization techniques to reconstruct lattice quantities from
cluster data. Computationally more demanding than single-site DMFT.

2. Dynamical Cluster Approximation (DCA)

Partitions the Brillouin zone into momentum-space clusters, treating each as an impurity
problem.

Advantages: Naturally incorporates momentum-dependent self-energies. Avoids the need for
periodization, simplifying the reconstruction of lattice quantities.

Considerations: Assumes periodic boundary conditions within the cluster, which may
introduce finite-size effects. Computational cost increases with cluster size.



From Code to Correlations: Final Thoughts

DMFT implementation in SIESTA unlocks realistic
simulations of correlated materials

Code is scalable, open-source, and ready for
community input

Exciting possibilities for oxides, heterostructures, and
guantum materials

Looking forward to collaborations, benchmarking, and
new applications

Questions?
“The best way to predict the future is to invent it.”
— Alan Kay
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