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Many-electron problem. Why is it so hard?

Hamiltonian

The curse of dimensionality 

The number of single particle basis function: M 
The number of electrons: N
The number of slater’s determinant: 

Ex) Two carbon atom(N=12, M=36): 109 determinants

[1] R. M. Martin, L. Reining, and D. M. Ceperley, Interacting Electrons (Cambridge University Press, 2016).



ARPES measurement of simple metals
Theory (noninteracting) Measurement

• Particle like peak with renormalized mass and finite lifetime 

• One-to-one correspondence between the states near Fermi level

[1] A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, 473 (2003)



Fermi liquid theory

• Adiabatic continuity (conservation law unchanged by the interaction)
• Electron is independent for the requirement of the exclusion principles
• Working horses: DFT and GW

[1] L. D. Landau, JETP 3, 920 (1956) [2] L. D. Landau, JETP 5, 101 (1957) [3] L. D. Landau, JETP 8, 70 (1959)
[4] A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, 473 (2003). [5] A. J. Schofield, Contemporary Physics 40, 95 (1999).

Adiabatic Continuity Quasiparticles



DFT for weakly correlated materials

• Total energy calculation by solving auxiliary non-interacting system

• For the ground state properties of weakly correlated materials
• Kohn-Sham energy is not a quasiparticle energy.

[1] M.T. Yin and M.L. Cohen, Phys. Rev. B 26, 5568 (1982).
[2] P. Giannozzi, S. Degironcoli, P. Pavone and S. Baroni, Phys. Rev. B 43, 7231 (1991).

Crystal structure Phonon



GW for weakly correlated materials

• The first order expansion of self-energy in W

• For the excited state properties of weakly correlated materials

[1] M. S. Hybertsen and S. G. Louie, Phys. Rev. B 34, 5390 (1986). 
[2] M. Rohlfing and S.G. Louie, Phys. Rev. B 62, 4927 (2000).

Spectral function



Electron correlation 

• Perturbative approach to a mean field fails

• In the extreme case, no continuity

• Sensitive to small changes in their control 
parameters, resulting in large responses. 

• Potential applications such as oxide 
electronics, high-temperature 
superconductors, and spintronic devices

Noninteracting Weakly correlated Strongly correlated 

• a mean-field
approximation (HF, DFT)
or a low-order perturbation
expansion around it suffices

• Adiabatic continuity

• quasiparticle 

• Pauli-exclusion principle 

Practically, what is not captured within a mean-field theory (e.g. HF, DFT):



Electron correlation 

• Electronic correlation becomes important typically in materials with open d- and f-subshell elements 



Beyond one-particle picture

• Nondegenerate ground states

• Single slater determinants

Itinerant electrons: bands

• Degenerate ground states

• Linear combination of many 
Slater determinants

Localized electrons: multiplets

• Electrons In open d and f shell systems are neither localized nor itinerant

• Beyond one-particle picture to retain multiplet structure



Dynamical Mean Field Theory

[1] A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, Rev. Mod. Phys. 68, 13 (1996)

• Atom-like: multiplets at each sites
• Band-like: electron hopping between sites

• Mapping quantum many electron problem
to quantum impurity problem in an effective field

• Local approximation (no k dependence),
but non-local extension are possible

Electron hopping
Band-like

Multiplets
Atom-like

Many-body states



DMFT for the Mott and Hund physics

[1] G. Kotliar and D. Vollhardt, Physics Today 57, 53 (2004).
[2] L. de’ Medici, J. Mravlje, and A. Georges, Phys. Rev. Lett. 107, 256401 (2011).

Mott insulator Hund metal

A reference picture to understand cuprate physics A reference picture to understand 
Fe-based superconductors and ruthenates



Non-local correlation and DMFT

[1] K. M. Shen, et al., Science 307, 901 (2005). 
[2] H. Park, Ph.D thesis

Pseudo-gap in Cuprates DMFT, Hubbard model

Non-local correlation is important for many fascinating phenomena including
• Pseudogap in cuprates
• Paramagnon near magnetic phase transition



Nonlocal self-energy: cluster extension

[1]M. H. Hettler, A. N. Tahvildar-Zadeh, M. Jarrell, T. Pruschke, and H. R. Krishnamurthy, Phys. Rev. B 58, R7475 (1998). 
[2]A. I. Lichtenstein and M. I. Katsnelson, Phys. Rev. B 62, R9283 (2000).
[3]G. Kotliar, S. Y. Savrasov, G. Pálsson, and G. Biroli, Phys. Rev. Lett. 87, 186401 (2001).
Images from O.Parcollet’s slide

• Correlated orbitals on one site → correlated  orbitals on several sites 
(cluster)
• Dynamical cluster approximation (in momentum space) and cellular DMFT 
(in real space)



Nonlocal self-energy: diagrammatic extension

• GW+EDMFT, TRILEX, QUADRILEX, D\Gamma A, dual fermions, dual boson...
• local approximation to one physical quantity (such as self-energy, three point
vertex…) and non-local self-energy through Feynman diagrams
• finer momentum resolution is possible than cluster extension.

Momentum resolution for cluster and 
diagrammatic extension GW+EDMFT, Hubbard model

[1] G. Rohringer, et al., Rev. Mod. Phys. 90, 025003 (2018).
[2]J. Vucicevic, T. Ayral, and O. Parcollet, Physical Review B 96, (2017).



A Formal Viewpoint
on First-principles and DMFT

[1] G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko, O. Parcollet, and C. A. Marianetti, Rev. Mod. Phys. 78, 865 (2006). 
[2] G. Kotliar and S. Y. Savrasov, arXiv:Cond-Mat/0208241 (2002).
[3] R. M. Martin, L. Reining, and D. M. Ceperley, Interacting Electrons (Cambridge University Press, 2016).
[4] R. Chitra and G. Kotliar, Effective-Action Approach to Strongly Correlated Fermion Systems, Phys. Rev. B 63, 115110 (2001).



First principles +DMFT: quantum embedding

“Divide and Conquer”

DMFT

DFT GW

DFT+DMFT GW+EDMFT

For 
correlated 
states

For itinerant states

• Single particle Hilbert space partition into ``correlated’’ and ``itinerant’’ (e.g.
Wannier functions) 

• Correlated subspace within DMFT 

• itinerant subspace from first-principles (DFT, GW…)
• Parameters to setup the quantum impurity problem(Coulomb interaction parameters 
and double-counting self-energy) should be chosen accordingly.
• Tradeoff between speed and accuracy

[1] G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko, O. Parcollet, and C. A. Marianetti, Rev. Mod. Phys. 78, 865 (2006). 



LQSGW+DMFT validation on La2CuO4

[1]S. Choi, A. Kutepov, K. Haule, M. van Schilfgaarde, and G. Kotliar, Npj Quantum Materials 1, 16001 (2016). 

LQSGW+DMFT
LQSGW

• LDA+DMFT and LQSGW+DMFT opens a paramagnetic Mott gap
• LQSGW predict a metal in non-magnetic calculation and an insulator in spin-polarized calculation.
• LDA predict a metallic phase
• better O-p and La-f position within LQSGW+DMFT



Theory Validation: FeSb2 bandstructure

• FeSb2: narrow-gap correlated semiconductor
• Colossal thermopower up to 45mV/K at 10K and a record-high thermoelectric power factor of 2300µW/K2cm

[1] A. Chikina, et al., Phys. Rev. Research 2, 023190 (2020).



Scientific Achievement
By using charge self-consistent LDA+DMFT approach,, 
we show the emergence of ferromagnetism in VSe2 in 
its monolayer limit below 250K, which is distinct from 
CrI3.
Significance and Impact
This study provides an important example
where the reduced dimensionality is an essential factor 
to form local moments and subsequent magnetic 
orderings. Our work will be useful in the understanding 
and design of possible magnetic devices based on 2D 
heterostructures
Research Details

– Magnetism is due to the 2D saddle point van hove 
singularity at the fermi level

– Interlayer coupling ruins the saddle point. 
– Doping effect also hinders ferromagnetism. 

(a) Ferromagnetic order parameter (b) non-
interacting local susceptibility (c) density of states 
in monolayer (d) density of states n bulk

(a) (b)

(c) (d)

Ferromagnetism in suspended VSe2 monolayers

[1] T. J. Kim, S. Ryee, M. J. Han, and S. Choi,, 2D Mater. 7, 035023 (2020).



Does GW+EDMFT make a difference? Yes

[1]S. Ryee, P. Sémon, M. J. Han, and S. Choi, Npj Quantum Mater. 5, 1 (2020). 

CO

• Hund’s coupling induced valence-skipping (negative U) 
charge order instability enhancement 
• Only visible within GW+EDMFT

uniform



A Formal viewpoint
on DFT+DMFT



Functional Approach to DFT

DFT Free energy functional

Free energy functional for
independent Kohn-Sham particles 

Contribution
to the K-S particles terms
due to e-e interaction

Stationary condition

is unknown: local density approximation(LDA), generalized gradient approximation(GGA), …….

e-e interaction 



DFT self-consistent loop
Under a periodic potential



DMFT effective action

bare green’s function: 

Action of Hubbard model

One-site effective action (integrating out all the degree of freedom on all other lattice sites in the 
infinite dimension limit)



DMFT self-consistent loop
Under a periodic potential



DMFT effective action

In the non-interacting limit In the atomic limit
- Providing an interpolation from weak to strong coupling

- Dynamical but local self-energy
- Only single particles hop on and off the site
- Δ(τ) is self-consistently determined.
- U should be given
- : sum of all possible two-particle irreducible local diagrams 



Quantum projection and embedding

For example, if 

Then, projection operation is given by 

Then, embedding operation is given by 



Functional Approach to DFT+DMFT

DFT+DMFT Free energy Functional

Stationary condition



Functional Approach to DFT+DMFT

DMFT self-energy by solving DMFT effective action with a given Coulomb interaction tensor

Approximation to

[1] K. Haule, Phys. Rev. Lett. 115, 196403 (2015).



Charge self-consistent DFT+DMFT loop
Under a periodic potential

U and           as external parameters



A Formal viewpoint
on GW+EDMFT



Functional Approach to GW
DFT Free energy functional

Stationary condition

Free energy functional due to G Contribution
to the first two terms
due to e-e interaction

e-e interaction 

[1] C.-O. Almbladh, U. V. Barth, and R. V. Leeuwen, Int. J. Mod. Phys. B 13, 535 (1999).



GW loop



Extended DMFT action 

Fermionic bare green’s function: 

Bosonic bare green’s function: 

Action of extended Hubbard model

One-site effective action (infinite dimension limit)



EDMFT loop



EDMFT effective action

In the non-interacting limit In the atomic limit

- Providing an interpolation from weak to strong coupling 

- Dynamical but local self-energy and polarizability
- Δ(τ) and 𝑃 𝜏 are self-consistently determined.
- : sum of all possible two-particle irreducible local diagrams 



Functional Approach to GW+EDMFT
Free energy Functional

Stationary condition

[1] P. Sun and G. Kotliar, Phys. Rev. B 66, 085120 (2002). [2] S. Biermann, F. Aryasetiawan, and A. Georges, Phys. Rev. Lett. 90, 
086402 (2003) [3]F. Nilsson, L. Boehnke, P. Werner, and F. Aryasetiawan, Phys. Rev. Materials 1, 043803 (2017).



GW+EDMFT loop



Partial Self-Consistency within LQSGW+DMFT



Various simplified approaches to GW+EDMFT

• fixing Bosonic quantities at the GW level

• U from constrained random phase approximation (cRPA) [1] and its extension [2] or constrained DFT(cDFT)

• One-shot DMFT approach: 𝐺!" is fixed

• For 𝐺!" : one-shot GW [7,8], Screened Exchange [3], QSGW [4,5] and LQSGW [2], non-local QSGW and LQSGW [6] 

• Multitier-GW+EDMFT [9] approach has been proposed: full GW+EDMFT approach in the low-energy space

[1] F. Aryasetiawan et al., Phys. Rev. B 70, 195104 (2004). [2] S. Choi, et al., Npj Quantum Materials 1, 16001 (2016).[3] A. van Roekeghem, et al., Phys. Rev. Lett. 113, 266403 (2014). [4] L. Sponzaet
al., Phys. Rev. B 95, 041112 (2017). [5] D. Pashov et al., Computer Physics Communications 249, 107065 (2020).[6] J. M. Tomczak, J. Phys.: Conf. Ser. 592, 012055 (2015). [7] J. M. Tomczak et al., 
Phys. Rev. B 90, 165138 (2014).[8] C. Taranto et al., Phys. Rev. B 88, 165119 (2013). [9] F. Nilsson et al., Phys. Rev. Materials 1, 043803 (2017).



Mean-field starting point: quasiparticle Hamiltonian

filtering

rescaling

Quasiparticle weight: 

Quasiparticle Hamiltonian: 
https://www.lptmc.jussieu.fr/users/dupuis



Linearized quasiparticle self-consistent GW method (LQSGW)

[1]A. L. Kutepov, V. S. Oudovenko, and G. Kotliar, Computer Physics Communications 219, 407 (2017).
[2]A. Kutepov, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 80, 041103 (2009).
[3]A. Kutepov, K. Haule, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 85, 155129 (2012).



Linearized Quasiparticle Self-consistent GW (LQSGW)

• Why LQSGW, not one-shot GW?

Oneshot GW

• Starting point dependent (PBE vs PBE0)
[1]W. Chen and A. Pasquarello, Phys. Rev. B 90, 165133 (2014). 



Projector (fk) construction by using Wannier functions

• From tight-binding model

• One way to construct orthonormal basis set of           from         , or to determine 
→ by minimizing total spread

→ Under the constraint that it preserves band eigenvalues          in the inner 
(frozen) window 

• Our default choice of inner (frozen) window: EF± 10eV

• then a projector to correlated orbitals

, where

[1] N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and D. Vanderbilt, Maximally Localized Wannier Functions: 
Theory and Applications, Rev. Mod. Phys. 84, 1419 (2012).



Wannier-interpolation of LQSGW bandstructure (HQP)

• The more localized orthonormal basis set → the sparser H matrix in the R space
• With localized basis set, hopping energy are essentially 0 beyond a few 
neighbours.
• If the supercell defined by k-grid is larger than the hopping range, we can 
interpolate the bands at a arbitrary k point

[1] N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and D. Vanderbilt, Maximally Localized Wannier Functions: 
Theory and Applications, Rev. Mod. Phys. 84, 1419 (2012).



Coulomb interaction matrix from cRPA

[1]F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S. Biermann, and A. I. Lichtenstein, Phys. Rev. B 70, 195104 (2004). 

Suppose that the band-structure of a given solid can be separated in to a 
narrow band near the Fermi level and the rest. 

Divide the complete Hilbert space into the subspace for the correlated 
orbitals and the rest

Aim: calculate the effective interaction between the correlated orbitals.

This interaction has to be bare with respect to the correlated orbitals but 
renormalized with respect to the rest



How to define PQP
low

• How to pick bands in the correlated subspace: 
- We pick the same number of bands as the number of correlated orbitals
- The orbital character of the selected bands are mostly from the correlated 

orbitals 



Double counting energy



LQSGW+DMFT loop

For the GW/LDA part of the GW+DMFT/LDA+DMFT scheme, the code FlapwMBPT was used.
[1]A. L. Kutepov, V. S. Oudovenko, and G. Kotliar, Computer Physics Communications 219, 407 (2017).
[2]A. Kutepov, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 80, 041103 (2009).
[3]A. Kutepov, K. Haule, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 85, 155129 (2012).



LQSGW+DMFT loop



LQSGW+DMFT loop

• fixing Bosonic quantities at the GW level
• U from constrained random phase approximation (cRPA) 
• One-shot DMFT approach: G_{MF} is fixed
• For the construction of G_{MF}: non-local LQSGW

[1] S. Choi, P. Semon, B. Kang, A. Kutepov, and G. Kotliar, Computer Physics Communications 244, 277 (2019).



Choice of correlated orbitals

•       and           are self-consistently determined 
• Identical Mott gap regardless of the choice of orbitals
• The position of Lower Hubbard band is sensitive to the choice



Intro to CTQMC solver

Corey Melnick



Hands-on Training

In this tutorial, commands you should run in terminal are marked by red colors



Special thanks to Vincent Sacksteder
for installing and testing Comsuite

in the virtual machine



https://github.com/comscope/comsuite

[1] S. Choi, P. Semon, B. Kang, A. Kutepov, and G. Kotliar,, Computer Physics Communications 244, 277 (2019).



• Open source package under GPL
(the CPC paper on ComDMFT under review and in arxiv) 

• Multiple methodologies
- ab initio LQSGW+DMFT (a simplified version of GW+EDMFT)
- charge self-consistent LDA+DMFT
- charge self-consistent LDA+RISB (AKA ComRISB in collaboration with Yongxin) 

• The first open-source package supporting ab initio GW+DMFT,  
- ab initio LQSGW+DMFT: a parameter free method

• The first open-source package supporting multiple methodology based on first principles+DMFT

• GPU-ported impurity solver by Kwangmin, Patrick and Corey, 
- Asynchronous CPU-GPU algorithm
- 5X speed-up @TITAN, OLCF, 12.5X speed-up @SUMMIT, OLCF

[1]S. Choi, P. Semon, B. Kang, A. Kutepov, and G. Kotliar, ArXiv181001679 Cond-Mat (2018). 

Rationale of ComDMFT development
(as a part of Comsuite)



• Physical observables
- single particle Green’s function
- local quantities to correlated orbitals

Impurity self-energy
Hybridization function
Double-counting self-energy (for LQSGW+DMFT) 
Bosonic Weiss field within cRPA (for LQSGW+DMFT) 

• Paramagnetic phase and AFM phase

• Quasiparticle band within LDA+DMFT and LQSGW+DFMT

• For the LQSGW/LDA part of the LQSGW+DMFT/LDA+DMFT scheme,
the code FlapwMBPT was used.

[1]A. L. Kutepov, V. S. Oudovenko, and G. Kotliar, Computer Physics Communications 219, 407 (2017).
[2]A. Kutepov, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 80, 041103 (2009).
[3]A. Kutepov, K. Haule, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 85, 155129 (2012).

ComDMFT (as a part of Comsuite)



Source code directory

: CTQMC impurity solver
: program to calculate bosonic Weiss field within cRPA
: program for double counting self-energy
: program to calculate fermionic Weiss field, DOS, spectral functions
: program for Gutzwiller calculation
: program to construct Wannier functions

: FlapwMBPT code by Andrey Kutepov

: tutorials (NiO and FeSe) 
: Wannier90 package

Located at /home/max/codes/ComsuiteV2/source_code



Environmental variable check

- Check if COMSUITE_BIN has been defined
echo $COMSUITE_BIN

-If you get 
“/home/max/codes/Compiled_ComsuitCode/ComsuiteV2/source_code/bin”, 
you are good. Otherwise, 

1) Add the following line in the ~/.bashrc
export 

COMSUITE_BIN=/home/max/codes/Compiled_ComsuiteCode/ComsuiteV2/sou
rce_code/bin

2) Execute the bash setup file
source ~/.bashrc

3) Check if COMSUITE_BIN has been defined in your shell, again.
echo $COMSUITE_BIN



Copy directories and input files 

• Copy the directory with input files 
cp –r ~/codes/Compiled_ComsuiteCode/ComsuiteV2/tutorials_input ~/

• Move into the directory
cd ~/tutorials_input



LDA+DMFT tutorial on Na

Warning: parameters in input files are set to run on two cpu cores in an hour. 
This means that the results are not fully converged w.r.t. the number of k points, 

CTQMC measurements, and LDA+DMFT iteration.

Converged calculation results are located at 
“/home/max/codes/Compiled_ComsuiteCode/ComsuiteV2/tutorials_converged”

Simple metal including Na is not the best materials for local self-energy assumption



1. LDA+DMFT self-consistent calculation
2. Quasiparticle bandstructure calculation 

Goal



DFT-LDA prerun

: Crystallographic information file
: DFT calculation input file

• Go to the DFT directory
cd dft

• Check input files
ls –al

• Run Comsuite
$COMSUITE_BIN/comdmft.py



comdmft.ini



control in comdmft.ini
• method: ‘dft’

ab initio methodology. Choose among “dft”, “lqsgw”, “lda+dmft”, or “lqsgw+dmft”. 

• mpi_prefix: ‘mpirun –np 2’
MPI prefix used for FlapwMBPT dft run.

• nproc_k_flapwmbpt: ‘2’
The number of MPI processes for k parallelization 

• restart:’false’
option to resume dft calculation from a checkpoint. Default: False 



flapwmbpt in comdmft.ini

• cif:  ‘./Na.cif’

the path to the cif file which contains crystal structure information
• iter_dft: ’50’

the number of dft iteration
•  dft_mix: ‘0.1’ 

linear density mixing coefficient. 
• rel: 1 

relativisity option (0: nonrelativistic, 1: scalar relativistic, 2: fully relativistic)

• magn: ‘false’

spin polarization. ‘true’ or ‘false’
• kmesh: [5, 5, 5]

k point grid



LDA+DMFT calculation

U and           as external parameters



LDA+DMFT calculation

: directory containing python script for the data plots
: directory for the band plot postprocessing step
LDA+DMFT input file

• Go to the LDA+DMFT directory
cd ../lda_dmft

• Check input files
ls –al

• Run Comsuite
$COMSUITE_BIN/comdmft.py



comdmft.ini for LDA+DMFT calculation



In control

• 'methods': ‘lda+dmft'
• 'initial_lattice_dir’: ‘../dft’

- the path to DFT prerun directory
• 'impurity_problem': [[1,’s’]]

- a python list to specify correlated orbitals. The first and second indices are for the atom index and shell type.
- atom index: in the order listed in the “../dft/crystal_structure.xsf”
- shell index: “s”, “p”, “d” or “f”

• 'impurity_problem_equivalence': [1]
- equivalence of each impurity problem.
- identified by an integer starting from 1. If this value is the same, they are equivalent.
- If this value is negative, it is the time-reversal symmetry pair to the one with the same absolute value.

•  'max_iter_num_outer’: 1
- maximum iteration for the charge self-consistent loop.
- default value: 50

• 'spin_orbit': True or False 
- if False, correlated orbitals correspond to cubic spherical harmonics



- if True, correlated orbitals chosen at each correlated atom correspond spin-angular 
functions |l,i,m> 

•  'mpi_prefix': : ‘mpirun -np 2’ 
- MPI prefix commonly used for ComLowH, ComWann, and ComCTQMC.

- If a different MPI prefixs from this prefix is necessary for a program,
use  'mpi_prefix_lowh', 'mpi_prefix_wannier’, and 'mpi_prefix_impurity',

•  'restart': : False
- True or False. If True, It will resume the calculation from the prerun.
- default value: False

•  'mpi_prefix_lowh':
- MPI prefix for ComLowH
- default value: control['mpi_prefix']

•  'mpi_prefix_impurity':
- MPI prefix for the impurity solver
- default value: control['mpi_prefix']

•  'mpi_prefix_wannier'
- MPI prefix for ComWann
- default value: control['mpi_prefix']

In control



•  'sigma_mix_ratio'
- impurity self-energy linear mixing ratio.
- default value: 0.5

•  'proj_win_min':
- low-energy cutoff to renormalize the projectors
- default value: wan_hmat[‘dis_win_min’]

•  'proj_win_max':
- high-energy cutoff to renormalize the projectors
- default value: wan_hmat[‘dis_win_max’]

In control



Important concepts for wan_hmat

• For Wannier function construction
- Choice of the inner (frozen) energy window: large energy window in the EF±10eV
- Choice of the outer (disentanglement) energy window: from EF-10eV to EF+50eV 
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Wannier functions and interpolated bandstructure of NiO

• The number of bands in the inner window: 10
• The number of bands in the outer window: 25
• The number of trial orbitals: 12 orbitals (Ni-s, Ni-p, Ni-d, O-p)
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In wan_hmat
• 'kgrid': [5,5,5], 

- crystal momentum grid for the wannier interpolation of LDA bandstructure
• 'froz_win_min':  -15 eV,

- lower boundary of the inner (frozen) window in eV
• 'froz_win_max':  10 eV,

- upper boundary of the inner (frozen) window in eV
• 'dis_win_min':

- lower boundary of the outer (disentanglement)  window in eV.
- defaule value: froz_win_min

• 'dis_win_max':
- upper boundary of the outer (disentanglement)  window in eV.
- defaule value: froz_win_max +40.0

• 'num_iter':
- the number of minization step for the wannierization process. (gauge dependent part of total spreading)
- default value: 0

• 'dis_num_iter':
- the number of minization step for the disentanglement process. (gauge independent part of total spreading)
- defaule value: 100



In imp

• 'temperature’: 900

- simulation temperature in K

• for each distinct impurity problem indexed by the value in control [“impurity_problem_equivalence”]

- 'impurity_matrix': [[1]],

--equivalence of the matrix element of the fermionic Weiss field and impurity self-energy. Starting from “1”

--if these values are the same, the values of the elements will be assumed to be identical.

--if the element in the matrix is zero, then it will not be sampled by the impurity solver.

--each column and row corresponds to the Wannier orbitals in the following order.

--If control[‘spin_orbit’]==False, “m” is sorted in ascending order.

To illustrate for “d” orbitals, in this order: |xy>,|yz>,|z2>,|xz>, |x2-y2>

--if control[‘spin_orbit’]==True, the most rapidly changing index is “m” and the next one is 

“i”. They are sorted in ascending order,

To illustrate for “f” orbitals, in this order: |3,-0.5, -2.5>,|3,-0.5, -1.5>,|3,-0.5, -0.5>,

|3,-0.5, 0.5>,|3,-0.5, 1.5>,|3,-0.5, 2.5>, |3,0.5, -3.5>,|3,0.5, -2.5>,|3,0.5, -1.5>,

|3,0.5, -0.5>,|3,0.5, 0.5>,|3,0.5, 1.5>,|3,0.5, 2.5>, |3,0.5, 3.5>, 



- 'Coulomb': ‘full’, 
--'full' or 'ising' are available. We construct Coulomb matrix in the following way.

--If 'full', no additional approximation is considered. 
--If 'ising', only Uabba or Uabab are non-zero.

- ‘f0’: 5
the monopole term of bosonic Weiss field.

- ‘nominal_n’: 1
electron occupation in the impurity orbital for the nominal double counting energy 

- 'thermalization_time': 1,
» wall time for the thermalization in minutes

- 'measurement_time’: 2,
» wall time for the measurement in minutes

- 'green_cutoff’: 20,
» cutoff-energy in eV to sample green’s function and self-energy.
» values beyond this energy will be provided by analytical equations.

In imp



Output directory

• in lda_dmft directory

: command log file 
: input file
: convergence log
: directory for the double counting calculation
: hybridization function
: directory for the quantum impurity problem
: directory for DFT calculation with updated charge density
: directory for fermionic Weiss field calculation
: impurity self-energy

: directory for Wannier function calculation



convergence.log

• keeping track of convergence of some quantities at each iteration
• causality: causality of hybridization function / self-energy
• delta_rho: density changes from previous iteration
• w_sp_min: minimum spreading of the Wannier functions
• w_sp_max: maximum spreading of the Wannier functions
• mu: LDA+DMFT chemical potential w.r.t. LDA chemical potential
• std_sig: 

• n_imp: occupation in the impurity orbitals
• histo_1: the first moment of the perturbation order histogram
• histo_2: the second moment of the perturbation order histogram
• ctqmc_sign: CTQMC sign



Impurity self-energy
•  “sig.dat”

» Real and imaginary part of impurity self-energy

•  Let’s plot it
cd analysis
python sig.py



Impurity self-energy

• No divergent self-energy near Fermi-level.
• Up to 2eV, the impurity self-energy shows linear energy dependence. 

For the visualization, I used data at “/home/max/codes/ComsuiteV2/tutorials_converged”



Hybridization function
•  “delta.dat”

» Real and imaginary part of hybridization function

•  Let’s plot it

python delta.py



Hybridization function

• It shows metallic behavior (imaginary part of delta is nonzero at zero frequency)



LDA+DMFT quasiparticle bandstructure

Bandstructure calculation input file

• Go to the band directory
cd ../band

• Check input files
ls –al

• Run Comsuite
$COMSUITE_BIN/comdmft.py



comdmft.ini

• in control 
- ‘method’: ‘band’

postprocessing calculation. Choose among “band”, “dos”, and “spectral”

- ‘mpi_prefix’: ‘mpirun –np 2’
MPI prefix used for bandstructure calculation.

• in postprocessing 
- ‘comsuite_dir’: ‘../’

The directory where comsuite calculation has been done. 
- ‘kpoints’:

k point path along which spectral functions are calculated. If not provided, comsuite follow the path defined in Ref[1] 

[1] W. Setyawan and S. Curtarolo, Computational Materials Science 49, 299 (2010).



comdmft.ini

“kpoints” format
- w.r.t. reciprocal lattice vectors



LDA+DMFT bandstructure

Let’s plot it
cd ../analysis
python ./band.py

LDA
LDA+DMFT

[1] S. Mandal, K. Haule, K. M. Rabe, and D. Vanderbilt, ArXiv:2101.03262 [Cond-Mat] (2021).



LQSGW+DMFT tutorial on Na

Warning: parameters in input files are set to run on two cpu cores in an hour. 
This means that the results are not fully converged w.r.t. the number of k points, 

CTQMC measurements, and DMFT iteration.

Converged calculation results are located at 
“/home/max/codes/ComsuiteV2/tutorials_converged”

Simple metal including Na is not the best materials for local self-energy assumption  



1. LQSGW+DMFT self-consistent calculation
2. Spectral function calculation 

Goal



LQSGW prerun

: Crystallographic information file
: DFT calculation input file

Go to the DFT directory
cd ~/tutorials_input/lqsgw

Check input files
ls –al

• Run Comsuite
$COMSUITE_BIN/comdmft.py



comdmft.ini



control in comdmft.ini
• method: ‘lqsgw’

ab initio methodology. Choose among “dft”, “lqsgw”, “lda+dmft”, or “lqsgw+dmft”. 

• mpi_prefix: ‘mpirun –np 2’
MPI prefix used for FlapwMBPT lqsgw run.

• nproc_k_flapwmbpt: ‘1’
The number of MPI processes  for k parallization

• nproc_tau_flapwmbpt: ‘2’
The number of MPI processes for 𝜏 parallization

• restart:’false’
option to resume lqsgw calculation from a checkpoint. Default: False 



flapwmbpt in comdmft.ini
• cif:  ‘./Na.cif’

the path to the cif file which contains crystal structure information

• iter_dft: ’50’
the number of dft iteration

• iter_lqwsgw: ’1’
the number of lqsgw iteration

•  dft_mix: ‘0.1’ 
linear density mixing coefficient. 

• rel: 1 
relativisity option (0: nonrelativistic, 1: scalar relativistic, 2: fully relativistic)

• magn: ‘false’
spin polarization. ‘true’ or ‘false’

• kmesh: [5, 5, 5] 
k point grid

•  gw_mix: ‘0.1’ 
linear self-energy mixing coefficient



LQSGW+DMFT calculation



LQSGW+DMFT calculation

: directory containing python script for the data plots
LQSGW+DMFT input file
: directory for the spectral function plot postprocessing step

• Go to the LQSGW+DMFT directory
cd ../lqsgw_dmft

• Check input files
ls –al

• Run Comsuite
$COMSUITE_BIN/comdmft.py



comdmft.ini for LDA+DMFT calculation



In control

• 'methods': ‘lqsgw+dmft'
• 'initial_lattice_dir’: ‘../lqsgw’

- the path to LDA output directory
• 'impurity_problem': [[1,’s’]]

- a python list to specify correlated orbitals. The first and second indices are for the atom index and shell type.
- atom index: in the order listed in the “../dft/crystal_structure.xsf”
- shell index: “s”, “p”, “d” or “f”

• 'impurity_problem_equivalence': [1]
- equivalence of each impurity problem.
- identified by an integer starting from 1. If this value is the same, they are equivalent.
- If this value is negative, it is the time-reversal symmetry pair to the one with the same absolute value.

• ‘max_iter_num_impurity’: 1
- total number of DMFT self-consistent loop

• 'spin_orbit': True or False 
- if False, correlated orbitals correspond to cubic spherical harmonics



- if True, correlated orbitals chosen at each correlated atom correspond spin-angular 
functions |l,i,m> 

•  'mpi_prefix': : ‘mpirun -np 2’ 
- MPI prefix commonly used for ComLowH, ComWann, and ComCTQMC.

- If a different MPI prefixs from this prefix is necessary for a program,
use  'mpi_prefix_lowh', 'mpi_prefix_wannier’, and 'mpi_prefix_impurity',

•  'restart': : False
- True or False. If True, It will resume the calculation from the prerun.
- default value: False

•  'mpi_prefix_lowh':
- MPI prefix for ComLowH
- default value: control['mpi_prefix']

•  'mpi_prefix_impurity':
- MPI prefix for the impurity solver
- default value: control['mpi_prefix']

•  'mpi_prefix_wannier'
- MPI prefix for ComWann
- default value: control['mpi_prefix']

In control



•  'sigma_mix_ratio'
- impurity self-energy linear mixing ratio.
- default value: 0.5

•  'max_iter_num_outer': 
- maximum iteration for the charge self-consistent loop.
- default value: 50

•  'proj_win_min':
- low-energy cutoff to renormalize the projectors
- default value: wan_hmat[‘dis_win_min’]

•  'proj_win_max':
- high-energy cutoff to renormalize the projectors
- default value: wan_hmat[‘dis_win_max’]

In control



In wan_hmat
• 'kgrid': [5,5,5], 

- crystal momentum grid for the wannier interpolation of LDA bandstructure
• 'froz_win_min':  -15 eV,

- lower boundary of the inner (frozen) window in eV
• 'froz_win_max':  10 eV,

- upper boundary of the inner (frozen) window in eV
• 'dis_win_min':

- lower boundary of the outer (disentanglement)  window in eV.
- defaule value: froz_win_min

• 'dis_win_max':
- upper boundary of the outer (disentanglement)  window in eV.
- defaule value: froz_win_max +40.0

• 'num_iter':
- the number of minization step for the wannierization process. (gauge dependent part of total spreading)
- default value: 0

• 'dis_num_iter':
- the number of minization step for the disentanglement process. (gauge independent part of total spreading)
- defaule value: 100



In imp

• 'temperature’: 900

- simulation temperature in K

• for each distinct impurity problem indexed by the value in control[“impurity_problem_equivalence”]

- 'impurity_matrix': [[1]],

--equivalence of the matrix element of the fermionic Weiss field and impurity self-energy. Starting from “1”

--if these values are the same, the values of the elements will be assumed to be identical.

--if the element in the matrix is zero, then it will not be sampled by the impurity solver.

--each column and row corresponds to the Wannier orbitals in the following order.

--If control[‘spin_orbit’]==False, “m” is sorted in ascending order.

To illustrate for “d” orbitals, in this order: |xy>,|yz>,|z2>,|xz>, |x2-y2>

--if control[‘spin_orbit’]==True, the most rapidly changing index is “m” and the next one is 

“i”. They are sorted in ascending order,

To illustrate for “f” orbitals, in this order: |3,-0.5, -2.5>,|3,-0.5, -1.5>,|3,-0.5, -0.5>,

|3,-0.5, 0.5>,|3,-0.5, 1.5>,|3,-0.5, 2.5>, |3,0.5, -3.5>,|3,0.5, -2.5>,|3,0.5, -1.5>,

|3,0.5, -0.5>,|3,0.5, 0.5>,|3,0.5, 1.5>,|3,0.5, 2.5>, |3,0.5, 3.5>, 



- 'Coulomb': ‘full’, 
--'full' or 'ising' are available. We construct Coulomb matrix in the following way.

--If 'full', no additional approximation is considered. 
--If 'ising', only Uabba or Uabab are non-zero.

- 'thermalization_time': 1,
» wall time for the thermalization in minutes

- 'measurement_time’: 2,
» wall time for the measurement in minutes

- 'green_cutoff’: 20,
» cutoff-energy in eV to sample green’s function and self-energy.
» values beyond this energy will be provided by analytical equations.

- 'susceptibility_cutoff':
» cutoff-energy to sample susceptibility.
» Default value: 300 eV

In imp



Output directory

• in lqsgw_dmft directory

: command log file 
: input file
: convergence log
: directory for the bosonic Weiss field within cRPA
: directory for the double counting calculation
: hybridization function
: directory for the quantum impurity problem
: directory for fermionic Weiss field calculation
: impurity self-energy
: double counting self-energy
: HF contribution in double counting self-energy

: bosonic Weiss field within cRPA
: local screened Coulomb interaction
: local bare Coulomb interaction
: directory for Wannier function calculation



convergence.log

• keeping track of convergence of some quantities at each iteration
• causality: causality of hybridization function / self-energy
• static_f0: static value of bosonic Weiss field
• w_sp_min: minimum spreading of the Wannier functions
• w_sp_max: maximum spreading of the Wannier functions
• mu: LDA+DMFT chemical potential w.r.t. LDA chemical potential
• std_sig: 

• n_imp: occupation in the impurity orbitals
• histo_1: the first moment of the perturbation order histogram
• histo_2: the second moment of the perturbation order histogram
• ctqmc_sign: CTQMC sign



Dynamical U

• Bare Coulomb interaction in v_slater.dat



Dynamical U

• At high frequency, U and Wloc converge to Vloc
• U is larger than W but smaller than V

•  Let’s plot it
cd analysis
python u_omega.py



Impurity self-energy
•  “sig.dat”

» Real and imaginary part of impurity self-energy

•  Let’s plot it

python sig.py



Local-GW impurity self-energy

• No divergent self-energy near Fermi-level.
• Up to 5eV, the impurity self-energy shows linear energy dependence.
• smaller z factor within DMFT than GW 

For the visualization, I used data at “/home/max/codes/ComsuiteV2/tutorials_converged”



Hybridization function
•  “delta.dat”

» Real and imaginary part of hybridization function

•  Let’s plot it

python delta.py



Hybridization function

• It shows metallic behavior (imaginary part of delta is nonzero at zero frequency)



Analytical continuation
We will use the maximum entropy (maxent) method for the analytical continuation. For the 
purposes of this tutorial, we will use MQEM package (https://github.com/KAIST-ELST/MQEM.jl)



Analytical continuation

● To run the maxent code, create the maxent directory and then move to it
$ cd ../
$ mkdir maxent
$ cd maxent

● To run the maxent code (~10 minutes)
$ COMSUITE_BIN/mqem_wrapper ../sig.dat
=> We will skip this step due to time limit . We will use the self-energy file I provided instead (located at 

/home/max/codes/ComsuiteV2/Compiled_ComsuiteCode/tutorials_converged/lqsgw_dmft/maxent/sig_realaxis.dat)
You may try it as a homework:) 



Analytical continuation

• Linear self-energy within E! ± 5eV
• Small pole near zero energy

Let’s plot it
cd ../analysis
python ./sig_realaxis.py



LQSGW+DMFT spectral function calculation

Bandstructure calculation input file

• Go to the spectral function directory
cd ../realaxis

• Check input files
ls –al

• Run Comsuite
$COMSUITE_BIN/comdmft.py



comdmft.ini

• in control 
- method: ‘spectral’

postprocessing calculation. Choose among “band”, “dos”, and “spectral”

- mpi_prefix: ‘mpirun –np 2’
MPI prefix used for bandstructure calculation.

• in postprocessing 
- comsuite_dir: ‘../’

The directory where comsuite calculation has been done. 
- self-energy: ‘/home/max/codes/ComsuiteV2/tutorials_converged/lqsgw_dmft/maxent/sig_realaxis.dat’

real-axis self-energy file. 
- broadening: ‘0.01’

broadening for the mean-field band
- kpoints: ‘./kpoints’

k-path file. If not provided, comsuite follow the path defined in Ref[1] 

[1] W. Setyawan and S. Curtarolo, Computational Materials Science 49, 299 (2010).



LDA+DMFT bandstructure

Let’s plot it
cd ../analysis    
python band_spectra.py

LQSGW

[1] S. Mandal, K. Haule, K. M. Rabe, and D. Vanderbilt, ArXiv:2101.03262 [Cond-Mat] (2021).




