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Welcome! This is the home of maximally-localised
Wannier functions (MLWFs) and Wannier90, the
computer program that calculates them.

FIND OUT MORE

LATEST NEWS

ideos of the “Virtual Edition” Wannier20 School now online
April 1,2020
The video recordings of the first “Virtual Edition” of the Wannier90 School are now

all available in the Learn section ... Continue reading

March 13, 2020
Due to ongoing concerns related to the coronavirus pandemic, we have taken the

decision to cancel the physical meeting of ... Continue reading

Wannier90 (v3.1.0) releasec
March 5, 2020
Wannier90 (v3.1.0) has been released today!

ALL NEWS

PLEASE CITE

Wannier 90 as a community code: new features and applications, G.
Pizzi et al., J. Phys. Cond. Matt. 32, 165902 (2020) [ONLINE

JOURNAL, OPEN ACCESS] [bibTeX]

in all publications resulting from your use of Wannier90.

If you are using v2.x, please cite instead:
An updated version of wannier90: A tool for obtaining maximally-localised Wannier
functions, AA Mostofi, JR Yates, G Pizzi, YS Lee, | Souza, D Vanderbilt, N Marzari,

Comput. Phys. Commun. 185, 2309 (2014) [ONLINE JOURNAL] [bibTex]

If you are using v1.x, please cite instead:

wannier90: A tool for obtaining maximally-localised Wannier functions, AA Mostofi, JR
Yates, YS Lee, | Souza, D Vanderbilt, N Marzari, Comput. Phys. Commun. 178, 685
(2008) [ONLINE JOURNAL] [OPEN ACCESS] [bi |
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Latest stable release (5 March 2020): Wannier90 (v3.{.0) [gzipped-tar] 20. the
9

Please note that:

Wannier90 is released under the GNU General Public License (v2)

e Asummary of improvements may be found in CHANGE.log

Installation instructions may be found in README.install

The latest User Guide and Tutorial may be found here. They may also be found in the ‘doc’ directory of the

current distribution.

[E
For developers (GitHub)

a community code: new features and applications, G.
hys. Cond. Matt. 32, 165902 (2020) [onLINE

The development of Wannier20 is managed on the \Wannier developers GitHub site where you will find details of
ACCESS] [bibTeX]

on-going developments, and how to contribute to Wannier%0.

ons resulting from your use of Wannier90.

SChoo! on Wannier90 v3.0: new features and applications, 20-2 7t .

March 2020 - Virtual Edition If you are using v2.x, please cite instead:

March 13,2020 An updated version of wannier90: A tool for obtaining maximally-localised Wannier
Due to ongoing concerns related to the coronavirus pandemic, we have taken the functions, AA Mostofi, JR Yates, G Pizzi, YS Lee, | Souza, D Vanderbilt, N Marzari,
decision to cancel the physical meeting of ... Continue reading Comput. Phys. Commun. 185, 2309 (2014) [ONLINE JOURNAL] [bibTex]
Wannier90 (v3.1.0) released If you are using v1.x, please cite instead:

wannier90: A tool for obtaining maximally-localised Wannier functions, AA Mostofi, JR
Yates, YS Lee, | Souza, D Vanderbilt, N Marzari, Comput. Phys. Commun. 178, 685
(2008) [ONLINE JOURNAL] [OPEN ACCESS] [bibTeX]
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Latest stable release (5 March 2020): Wannier90 (v3.{.0) [gzipped-tar] 20. the
9

Please note that:

Wannier90 is released under the GNU General Public License (v2)

e Asummary of improvements may be found in CHANGE.log

https://github.com/wannier-developers/wannier90

e Installation instructions may be found in README.install
e The latest User Guide and Tutorial may be found here. They may also be found in the ‘ O [smtormmpn pullrequests Issues  Marketplace _Explore 2 i ©
current distribution. & wannier-developers [ wannier90 @Unwatch ~ 22 Yy Star 135 % Fork 91
<> Code () Issues 39 Il Pullrequests 5 ») Actions [ Projects 7 wiki © Security |~ Insights ot Settings

For d eve Iopers (G itH u b) ¥ develop ~ ¥ 3branches © 9tags Go to file Add file ~ About &

Official repository of the Wannier90
a giovannipizzi Merge pull request #362 from jimustafa/gh-actions - v 2b9973c on 31 Mar @2,078 commits code

& www.wannier.org

The development of Wannier20 is managed on tig \Wannier developers GitHub site

ere .github/workflows change workflow back to Ubuntu 20.04 and run with numprocs=2 2 months ago

on-going developments, and how to contribute to Wannie e e e sy | TERE
config fix trailing whitespace and unnecessary blank lines 2 years ago 01 Readme
doc fix typo in wannier_plot_spinor_mode parameter 9 months ago &3 GPL-2.0 License
W_W-—‘——ﬁ—r—w examples Update generate_weights.sh 4 months ago
C oo on a n n I e r90 V3 'O: n eW featu res a n a pp |Cat I 0 ns’ ~4 pseudo Tutorial for extracting SCDM parameters from projectability using pro... 2 years ago Releases
March 2020 . Virtual Edition pwscf Moving the new pw2wannier90 file to folder v6.5 16 months ago O 9tags
src Update plot.FO0 10 months ago Create a new release
March 13,2020
. . . test-suite migrate to GitHub Actions 5 months ago
Due to ongoing concerns related to the coronavirus pandemic, we have ta ity pdate documentaion of awZwaniers0.py & K mapperpy »yewrsago  Packages
decision to cancel the physical meeting of e C (o) nt| nuere ad | ng [ .codecovyml Setting the codecov thresholds for the current 3 years ago g:&zif{?ﬁffﬁz:’gzﬁ:ge
9 .gitattributes Not including anymore the xsf.gz examples of w90pov 2 years ago
[ .gitignore Merge branch 'develop' into spn2spn 2 years ago Contributors 27

Wa nn ier9o (V3. 1.0) releas ed [ .pre-commit-config.yaml update pre-commit config 5 months ago =
MarCh 5 2020 ™ CHANGELOG.md Release 3.1 (fixed final date) 15 months ago a @ @ ? & @ '
’ @ A
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(2008) [ONLINE JOURNAL] [OPEN ACCESS] [bibTeX]
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User Guide, Tutorial and Source Code Documentation

The Wannier90 user guide and tutorial are both available in the ‘doc’ directory of the current distribution. They

are also available for direct download here:

e Tutorial v3.1.0: [PDF

e Tutorial solutions v3.1.0: [PDF]

Videos of the “Virtual Edition” Wannier90 S¢
April 1,2020
The video recordings of the first “Virtual Edition” of 1

all available in the Learn section ... Continue reading

School on Wannier90 v3.0: new features and

March 2020 - Virtual Edition
March 13, 2020
Due to ongoing concerns related to the coronavirus |

decision to cancel the physical meeting of ... Continu

Wannier90 (v3.1.0) released
March 5, 2020
Wannier90 (v3.1.0) has been released today!

ALL NEWS

If bands_plot = true, then the code will calculate the band structure, through Wannier interpolation,
along the path in k-space defined by bands_kpath using bands_num_points along the first section of
the path and write out an output file in a format specified by bands_plot_format.

The default value is false.

2.9.11 kpoint path

Defines the path in k-space along which to calculate the bandstructure. Each line gives the start and
end point (with labels) for a section of the path. Values are in fractional coordinates with respect to
the primitive reciprocal lattice vectors.

begin kpoint_path
G 00 00 00 L 0.0 0.0 1.0
L 00 00 1.0 N 00 10 1.0

end kpoint_path

There is no default

2.9.12 integer :: bands_num_points

o - - - L L . ~ . - L ~ . L. P

L T— S
wannier90: A tool for obtaining maximally-localised Wannier functions, AA Mostofi, JR

Yates, YS Lee, | Souza, D Vanderbilt, N Marzari, Comput. Phys. Commun. 178, 685
(2008) [ONLINE JOURNAL] [OPEN ACCESS] [bibTeX]
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User Guide, Tutorial and Source Code Documentation

The Wannier90 user guide and tutorial are both available in the ‘doc’ directory of the current distribution. They

are also available for direct download here:

e Tutorial v3.1.0: [PDF]

e Tutorial solutions v3.1.0: [PDE

Videos of the “Virtual Edition” Wannier9(
April 1,2020
The video recordings of the first “Virtual Edition’

all available in the Learn section ... Continue read

School on Wannier90 v3.0: new features i

March 2020 - Virtual Edition
March 13, 2020
Due to ongoing concerns related to the coronavi

8: Iron — Spin-polarized WFs, DOS, projected WFs versus MLWFs

e Outline: Generate both maximally-localized and projected Wannier functions for ferromagnetic
bee Fe. Calculate the total and orbital-projected density of states by Wannier interpolation.

e Directory: examples/example8/
e Input Files

— iron.scf The PWSCF input file for the spin-polarized ground state calculation
— iron.nscf The PWSCF input file to obtain Bloch states on a uniform grid

— iron_{up,down}.pw2wan Input files for pw2wannier90

— iron_{up,down}.win Input files for wannier90 and postw90

e Note that in a spin-polarized calculation the spin-up and spin-down MLWFs are computed sep-
arately. (The more general case of spinor WFs will be treated in Example 17.)

1. Run PWSCF to obtain the ferromagnetic ground state of bce Fe
pw.x < iron.scf > scf.out

2. Run PWSCF to obtain the Bloch states on a uniform k-point grid
pw.x < iron.nscf > nscf.out

. . . . . o T— S
decision to cancel the physical meeting of ... Continue reading Comput. Phys. Commun. 185, 2309 (2014) [ONLINE JOURNAL] [bb 1ex]

Wannier90 (v3.1.0) released
March 5, 2020
Wannier90 (v3.1.0) has been released today!

ALL NEWS

If you are using v1.x, please cite instead:

wannier90: A tool for obtaining maximally-localised Wannier functions, AA Mostofi, JR
Yates, YS Lee, | Souza, D Vanderbilt, N Marzari, Comput. Phys. Commun. 178, 685
(2008) [ONLINE JOURNAL] [OPEN ACCESS] [bibTeX]



http://www.wannier.org

Www.wanhnier.or

WANNIER90 Features  Download Papers News Events People  History

Support

8: Iron — Spin-polarized WFs, DOS, projected WFs versus MLWFs

User Guide, Tutorial and Source Code Documentation

e Outline : Generate both mazimally-localized and projected Wannier functions for ferromagnetic
bee Fe. Calculate the total and orbital-projected density of states by Wannier interpolation.

The Wannier90 user guide and tutorial are both available in the ‘doc’ directory of the current dist

are also available for direct download here:

8: Iron — Spin-polarized WFs, DOS, projec

e Outline: Generate both mazximally-localized and projecte
bee Fe. Calculate the total and orbital-projected density ¢

e Tutorial v3.1.0: [PDF]

e Tutorial solutions v3.1.0: [PDE

e Directory: examples/example8/ .,

. Figure 21: Unit cell of Iron crystal plotted with the XCRYSDEN program.
e Input Files & ystatp v prog

iron.scf The PWSCF input file for the spin-polariz

Videos of the “Virtual Edition” Wannier9( iron.nscf The PWSCF input file to obtain Bloch st

Aoril 1. 2020 — iron_{up,down}.pw2wan Input files for pu2wanniez
P 5 . . . | 1-5 Converged values for the total spread functional and its components for both spin channels are
The video recordings of the first “Virtual Edition’ — iron_{up,down}.win Input files for wannier90 and shown in Tab.[5 The final state for spin-up MLWFs is
all available in the Learn section ... Continue reac e Note that in a spin-polarized calculation the spin-up anc
. : Final State
arately. (The more general case of spinor WEs will be tr WF centre and spread 1 ( 0.709852, 0.000108, 0.000131 ) 1.08935224
WF centre and spread 2 ( 0.000131, 0.000053, -0.709852 ) 1.08935218
School vy, ier90 v3.0: f | WF centre and spread 3 ( -0.709852, -0.000108, -0.000131 ) 1.08935221
chool on annier VJa.U: hew eatures ¢ ]_. Run PWSCF to Obtain the ferromagrletic ground State Of WF centre and spread 4 ( 0.000108, -0.709852, -0.000053 ) 1.08935218
. WF centre and spread 5 ( -0.000131, -0.000053, 0.709852 ) 1.08935226
March 2020 - Virtual Edition pw.x < iron.scf > scf.out WF centre and spread 6 ( 0.000000, 0.000000, 0.000000 ) 0.43234428
WF centre and spread 7 ( -0.000000, 0.000000, 0.000000 ) 0.43234429
: : _ WF centre and spread 8 ( -0.000108, 0.709852, 0.000053 ) 1.08935225
March 13, 2020 2. Run PWSCF to obtain the Bloch states on a uniform k-p e e B e oty
Dueto ongoing concerns related to the Coronavi pw.Xx < iron.nscf > nscf.out Sum of centres and spreads ( 0.000000, -0.000000, -0.000000 ) 7.83314616
f=f A : R & N — Spreads (Ang~2) Omega I = 5.948424630
decision to cancel the physical meeting of ... Continue reading Comput. Phys. Commun. 18% _SPreads tang™s) b o 01707601
Omega OD = 1.867693841
Final Spread (Ang~2) Omega Total = 7.833146162
Wannier90 (v3.1.0) released If you are using v1.x, please
March 5. 2020 wannier90: A tool for obtaini

Yates. YS Lee. | Souza. DV and for spin-down MLWFs is

Wannier90 (v3.1.0) has been released today!
(2008) [ONLINE JOURNAL] [@
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Community Email Forum

A fully archived Wannier90 user mailing list is hosted by Quantum ESPRESSQ: SUBSCRIBE HERE, put at the

same time please send an email to nicola.marzari@epfl.ch to confirm your interes people are

enrolled unwittingly by spambots).

Note that you must register in order to post emails to this list. Emails from non-registered users will be deleted

automatically.

The archives of the Wannier20 mailing list may be accessed here; alternatively, a searchable version of the

mailing list archive can be accessed here.

ae Comput. Phys. Commun. ; 1bTe
Wannier90 (V3.1.0) released If you are using v1.x, please cite instead:

wannier90: A tool for obtaining maximally-localised Wannier functions, AA Mostofi, JR
Yates, YS Lee, | Souza, D Vanderbilt, N Marzari, Comput. Phys. Commun. 178, 685
(2008) [ONLINE JOURNAL] [OPEN ACCESS] [bibTeX]
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In publications arising from the use of Wannier90 please cite

Wannier%0 as a community code: new features and applications

G. Pizzi, V. Vitale, R. Arita, S. Blugel, F. Freimuth, G. Géranton, M. Gibertini, D. Gresch, C. Johnson, T.Koretsune, J.
Ibafnez-Azpiroz, H. Lee, J. M. Lihm, D. Marchand, A. Marrazzo, Y. Mokrousoy, J. |. Mustafa, Y. Nohara, Y. Nomura, L.
Paulatto, S. Poncé, T. Ponweiser, J. Qiao, F. Thole, S. S. Tsirkin, M. Wierzbowska, N. Marzari, D. Vanderbilt, |. Souza,
A. A. Mostofi, and J. R. Yates, J. Phys. Cond. Matt. 32, 165902 (2020) [ONLINE JOURNAL, OPEN ACCESS]

If you are using v.2.x or earlier, please cite instead:

An updated version of wannier90: A tool for obtaining maximally-localised Wannier functions
AA Mostofi, JR Yates, G Pizzi, YS Lee, | Souza, D Vanderbilt, N Marzari
Comput. Phys. Commun. 185, 2309 (2014) [ONLINE JOURNAL]

vidi Cll 4V LV = Virtuarcomnornm b4 ) A R————CC
March 13,2020 An updated version of wannier90: A tool for obtaining maximally-localised Wannier

Due to ongoing concerns related to the coronavirus pandemic, we have taken the functions, AA Mostofi, JR Yates, G Pizzi, YS Lee, | Souza, D Vanderbilt, N Marzari,
decision to cancel the physical meeting of ... Continue reading Comput. Phys. Commun. 185, 2309 (2014) [ONLINE JOURNAL] [bibTex]
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G. Pizzi, V. Vitale, R. Arita, S. Blugel, F. Freimuth, G. Géranton, M. Gibertini, D. Gresch, C. Johnson, T.Koretsune, J.
Ibafiez-Azpiroz, H. Lee, J. M. Lihm, D. Marchand, A. Marrazzo, Y. Mokrousov, J. |. Mustafa, Y. Nohara, Y. Nomura, L.
Paulatto, S. Poncé, T. Ponweiser, J. Qiao, F. Thole, S. S. Tsirkin, M. Wierzbowska, N. Marzari, D. Vanderbilt, |. Souza,
A. A. Mostofi, and J. R. Yates, J. Phys. Cond. Matt. 32, 165902 (2020) [ONLINE JOURNAL, OPEN ACCESS]

Please cite this new paper if you use a recent
version of Wannier90
(bibtex available on the homepage)

(-] e
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People involved: a community effort!

People

Wannir Develpers Group Many more people involved

A in the past years:

Wannier90 transitioned
to a community code

Arash Mostofi Jonathan Yates Giovanni Pizzi

Professor of Theory and Associate Professor of Senior Scientist - EPFL
Simulation of Materials - Materials Modelling -

By citing the new paper, you acknowledge
the important work of all these coauthors!

10P Publishing Journal of Physics: Condensed Matter
’ ‘ J. Phys.: Condens. Matter 32 (2020) 165902 (25pp) https://doi.org/10.1088/1361-648X/ab51ff
\ \ / : = =
Valerio Vitale Nicola Marzari Ivo Souza ) Wan nlergo as a commu n Ity COde: new

Postdoctoral Research Chair of Theory and Research Professor -

Associate - University of Simulation of Materials - University of the Basque - -
eatures and applications

College London

Giovanni Pizzi! >0, Valerio Vitale>3*®, Ryotaro Arita*>®,
Stefan Bliigel°®, Frank Freimuth®®, Guillaume Géranton®®,
Marco Gibertini!”’®, Dominik Gresch3®, Charles Johnson’®,
Takashi Koretsune'?!''®, Julen Ibafiez-Azpiroz!>®, Hyungjun Lee!>4®,
Jae-Mo Lihm!°®, Daniel Marchand'®®, Antimo Marrazzo'®,
Yuriy Mokrousov®!’®, Jamal | Mustafa!®*®, Yoshiro Nohara'°®,
Yusuke Nomura*®, Lorenzo Paulatto?’®, Samuel Poncé?!®,
Thomas Ponweiser??®, Junfeng Qiao?*®, Florian Théle*®,
I— Stepan S Tsirkin!>2>®, Matgorzata Wierzbowska?*®, Nicola Marzari'->°®,
Professor of Condensed Matter David Vanderbilt?7-2 , Ivo Souza!%28:29 , Arash A Mostofi3?°
Theory - Rutgers University and Jonathan R Yate521,29

T —— W
Wannier90 is a community development effort and would not be possible without the
involvement and effort of a large number of contributors. A full list of authors and
contributors is maintained on our GitHub site.




People involved: a community effort!

https://github.com/wannier-developers/wannier90

Pull requests

Issues Marketplace Explore

& wannier-developers / wannier90

<> Code Issues 39

¥ develop ~

a giovannipizzi Merge pull request #362 from jimustafa/gh-actions

.github/workflows
autodoc

config

doc

examples

pseudo

pwscf

src

test-suite

utility
.codecov.yml
.gitattributes
.gitignore
.pre-commit-config.yaml

CHANGELOG.md

Pull requests 5

¥ 3branches © 9tags

Actions Projects Wiki Security Insights

Go to file

v/ 2b9973c on 31 Mar

change workflow back to Ubuntu 20.04 and run with numprocs=2
A few fixes pre-release (see #229)

fix trailing whitespace and unnecessary blank lines

fix typo in wannier_plot_spinor_mode parameter

Update generate_weights.sh

Tutorial for extracting SCDM parameters from projectability using pro...
Moving the new pw2wannier90 file to folder v6.5

Update plot.FO0

migrate to GitHub Actions

update documentaion of gw2wannier90.py & k_mapper.py
Setting the codecov thresholds for the current

Not including anymore the xsf.gz examples of w90pov

Merge branch 'develop' into spn2spn

update pre-commit config

Release 3.1 (fixed final date)

Settings

0 2,078 commits

2 months ago
2 years ago

2 years ago

9 months ago
4 months ago
2 years ago

16 months ago
10 months ago
5 months ago
2 years ago

3 years ago

2 years ago

2 years ago

5 months ago

15 months ago

®Unwatch v 22 Y7 Star 135 % Fork 91

About 3

Official repository of the Wannier90
code

& www.wannier.org

wannier90

[ Readme

&8 GPL-2.0 License

Releases

© 9 tags

Create a new release

Packages

No packages published
Publish your first package

Contributors 27

28909
@w e

You can be a contributor too!

Create pull requests with documentation improvement,
bug fixes, and new features: they are very welcome!



Code (old and new) features

Calculation of Maximally-Localised Wannier Functions

e Wannier localisation scheme of Marzari and Vanderbilt [REF]

e Disentanglement scheme of Souza, Marzari and Vanderbilt [REF] for entangled bands (e.g. metals,
conduction states)

e Optimised algorithm for Gamma-point calculations [REF]

e Symmetry-adapted Wannier functions [REF]

e Wannier functions without the need to define initial projections (via the SCDM method) [REF1, REF2]

e Projection-only Wannier functions (without disentanglement and/or Wannierisation)

e Hamiltonian and position operators represented in the real-space Wannier function basis (eg, for use
in tight-binding calculations)

e Spinor Wannier functions

e Export of Wannier functions for plotting as xsf (XCrySDen), cube format, and ray-tracing using POV-
Ray

e Calculation of van der Waals energies [REF1], [REF2]

e Disentanglement within selected regions of k-space

Wannier90 exploits the real-space localisation of WFs to obtain many spectral and Fermi-surface
properties at high-resolution in the Brillouin zone (so-called Wannier interpolation). Many of these

properties can take advantage of multicore processors and compute clusters using MPI.



Code (old and new) features

Density of States
e Band structures
e Density of states (using fixed or adaptive smearing [REF])
e Wannier projected DOS and bandstructure
e Total spin moment
e Fermi surfaces (via bxsf file)

e GW bands interpolation (via an interface to the Yambo code)

Berry phase properties including:
e Berry curvature [REF]

e Anomalous Hall conductivity [REF]

e Orbital magnetisation [REF] Transport
e Shift currents [REF] e Ballistic (Landauer-Buttiker) transport [REF1], [REF2], [REF3]
e Gyrotropic effects [REF] ¢ Boltzmann transport (BoltzWann) [REF]

e Boltzmann transport equation in the relaxation time approximation
e Electrical conductivity

e Seebeck coefficients

e Electronic contribution to the thermal conductivity

e Spin Hall conductivity [REF]



How to run a Wannier90 calculation

BANDS-NSCF
(pw.x)
l
4 l )
bands.x
\_ | J
4 i )
plotband.x
\_ J
Quantum ESPRESSO

way to plot the bands

Calculates the ground state density using a
given (converged) K_POINTS mesh (in the
irreducible wedge)

Calculates the wavefunctions unk on a complete
k-mesh (not reduced by symmetry, and not
necessarily the same of above!)

Reads the Wannier90 input file and prepares a file
.nnkp) with the information for the interface program

Interface program (btw QE and W90): reads the

pw2wannier90.x —} wavefunctions of the NSCF step, the .nnkp file and

~
SCF (pw.x) _}
I J
% )
NSCF (pw.x) _}
| J
—
Wannier preprocess
(wannier90.x -pp) ->(
. I J
4 % )
. | Y,

¥

Wannierization
(wannier90.x)

produces the .mmn, .amn, .eig, ... files for Wannier90

Reads the files produced by the previous step,
minimizes the spread, calculates WF, calculates
transport properties, ...

Note: DON'T MIX the yellow and green path! Otherwise the content of the ‘output’ folder of Quantum

ESPRESSO is overwritten and you will get some error.

First follow one path (e.g. the yellow one), and when you get to the bottom box, start again from NSCF




PART Il

Wannier90 hands-on

Giovanni Pizzi, Junfeng Qiao



Tutorial exercises

e If you never used Wannier90:

e [xercise 1 and 2: Silicon valence band and
valence+conduction band; continue with 3 if you have time

e If you have minimal experience of Wannier90:

e [Exercise 3: Lead: band structure (metal), Fermi surface

e If you are an experienced user of Wannier90
(optional, or "do at home" for new users):

e Exercise 4: Automatic choice of projections with the SCDM
method, [1,2] and protocol to choose automatically all
parameters [3] (for lead)

e Exercise 5: Wannier functions for BaTiOs

[1] Damle, A., Lin, L. &Ying, L. J. Compressed representation of Kohn-Sham orbitals via selected columns of the
density matrix. J. Chem. Theory & Comp. 11, 1463-1469 (2015).

[2] Damle, A. & Lin, L. Disentanglement via entanglement: A unified method for Wannier localization. Mult. Scale.
Model. & Simul. 16, 1392-1410 (2018).

[3] Vitale, V., Pizzi, G., Marrazzo, A. et al. Automated high-throughput Wannierisation. npj Comput Mater 6, 66 (2020).
https://doi.org/10.1038/s41524-020-0312-y



Exercises 1 and 2: Silicon

Calculate Wannier functions for Silicon: valence band only (Ex. 1),
and valence band+conduction band

Check the results
Plot the real-space WFs (using XCrysDen or VESTA)

You will need to run these codes on your computers

Plot the ab-initio and the interpolated band structure
(using xmgrace or gnuplot)




NAMELISTS

|
|
|
|
[
l

The Quantum ESPRESSO input file

&control
calculation = 'scf'

restart mode = 'from_scratch'

prefix = 'si'
pseudo_dir = 'pseudo/!
outdir = 'out/'

system
ibrav
nat
ntyp
ecutwfc
ecutrho

no o
a N o

N

5.0
0.0

2

o

/
&
/
&electrons

conv_thr = 1.0d-10
/
ATOMIC_SPECIES
Si 28. Si.pbe-n-van.UPF
ATOMIC_POSITIONS crystal
Si -0.25 0.75 -0.25
Si 0.00 0.00 0.00
K_POINTS automatic
101010000
CELL_PARAMETERS bohr
-51 0.0 5.1

0.0 51 51
-51 51 0.0

) Type of calculation, location of
pseudopotentials and of output files, ...

System description (number of atoms and of
species, energy cutoffs, ...)

>

* Thresholds for charge-density calculations

>

* Definition of atomic positions

Definition of k-points grid (10x10x10 here, no
* shift = including Gamma)

Definition of species ("atom types"), with mass
and pseudopotential files

* Definition of the cell (FCC here)



The Quantum ESPRESSO input generator

https://www.materialscloud.org/work/tools/geinputgenerator

Quantum ESPRESSO input generator and structure visualizer

About the Quantum ESPRESSO input generator and structure visualizer

Instructions

Acknowledgements

Upload your structure

Upload a crystal structure: Choose File | NO file selected
Select here the file format: Quantum ESPRESSO input [parser: getools] &
Select here the pseudopotential library: SSSP Efficiency PBEsol (version 1.1) &
Select here the magnetism/smearing:[?] non-magnetic metal (fractional occupations) &
Select here the k-points distance (1/A)”] )
. . . . fine (0.20 1/A, 0.2 eV) <
(and smearing (eV) in case of fractional occupations):
Refine cell (using spglib): No <

By continuing, you agree with the terms of use of this service.

Generate the PWscf input file




The Quantum ESPRESSO input generator

https://www.materialscloud.org/work/tools/geinputgenerator

If you use the results of this tool in a publication, please cite the following works:
e SSSP (for the pseudopotential library)
G. Prandini, A. Marrazzo, I. E. Castelli, N. Mounet and N. Marzari, npj Computational Materials 4, 72 (2018).
WEB: http://materialscloud.org/sssp.
e Pseudopotentials:
o Al.pbesol-n-kjpaw_psl.1.0.0.UPF,
from Pslibrary 1.0.0: A. Dal Corso, Comput. Mater. Sci. 95, 337 (2014).
DOI: 10.1016/j.commatsci.2014.07.043, WEB: http://www.quantum-espresso.org/pseudopotentials, LICENSE: GNU
General Public License (version 2 or later).

3. Download zip of input file and pseudopotentials (& Change parameters 2 Choose a different structure

Quantum ESPRESSO PWscf input

8 Copy to clipboard

&CONTROL
calculation = 'scf'
etot_conv_thr = 1.0000000000d-05
forc_conv_thr = 1.0000000000d—-04
outdir = './out/’'
prefix = 'aiida'
pseudo_dir = './pseudo/'
tprnfor = .true.
tstress = .true.
verbosity = 'high'
/
&SYSTEM
degauss =  1.4699723600d-02
ecutrho = 2.4000000000d+02
ecutwfc = 3.0000000000d+01
ibrav = 0
nat = 1
nosym = .false.
ntyp = 1
occupations = 'smearing'
smearing = 'cold'
/
&ELECTRONS
conv_thr = 2.0000000000d-10
electron_maxstep = 80
mixing_beta = 4.0000000000d-01
/
ATOMIC_SPECIES
Al 26.981538 Al.pbesol-n-kjpaw_ps1.1.0.0.UPF
ATOMIC_POSITIONS crystal
Al 0.0000000000 0.0000000000 0.0000000000

K_POINTS automatic
14 14 14 0 0 0
CELL_PARAMETERS angstrom

2.0200000000 2.0200000000 0.0000000000
2.0200000000 0.0000000000 2.0200000000
0.0000000000 2.0200000000 2.0200000000

Drag to rotate, scroll to zoom, right-click for other

Supercell: 2 T 2 T 2 { UPDATE  RESET 2x2x2 CELL

Camera: x v z

Axes:

bonds (% atom labels [7) packed cell [7)
space-filling 7] rotation

e  Return optimal parameters and

pseudopotentials from SSSP [1,2]

e Copy-paste and download options

o Also works as a structure visualiser!

[1] https://www.materialscloud.org/sssp
[2] G. Prandini et al., npj Comp. Mat. 4, 72 (2018)


https://www.materialscloud.org/sssp

How to run and input file

e The Wannier90 input file must have a .win extension (e.g.: ex1.win)

e Torun the code, pass the basename (i.e., the name without the .win
extension) as a command line parameter to wannier90.x:
wannier90.x -pp ex1 (for the pre-process step)

wannier90.x ex1 (for the Wannierization step)

e Input file format: very simple, there are no namelists but only:

e \ariables (order is not important; not case sensitive)
num_wann =4
mp_grid:666

e Blocks
begin atoms_frac
Si-0.25 0.75 -0.25
Si 0.00 0.00 0.00
end atoms_frac

e Default units: lengths are angstrom (bohr are also accepted),
energies are eV



Example of input file (ex1)

num_bands = XXX
num_wann = XXX mp_grid = XXX XXX XXX
num_iter = 100 begin kpoints
XXX
| restart = plot XXX
wannier_plot = true XXX
wannier_plot_supercell = 3 end kpoints
oands_plot = true begin atoms_frac
oegin kpoint_path Si-0.25 0.75 -0.25
0.5 0.505G0.0 0.00.0 Si 0.00 0.00 0.00
G0.0 0.00.0X0.5 0.00.5 end atoms_frac

end kpoint_path
begin unit_cell_cart

begin projections bohr
f=-0.125,-0.125, 0.375:s -5.10 0.00 5.10
f=0.375,-0.125,-0.125:s 0.00 5.10 5.10
f=-0.125,0.375,-0.125:s -5.10 5.10 0.00
f=-0.125,-0.125,-0.125:s end unit_cell cart

end projections



Exercise 3: band structure and Fermi surface of lead

Lead - d;sp3

e [nterpolate the
band structure of
lead

e Show the Fermi
surface of lead

e Requires a very dense grid
of points in the BZ!
~503=125000

e Wannier interpolation
essential to compute it
efficiently




Exercise 4: automatic projections with SCDM

e Obtain the Wannier functions and the band structure
of lead without having to explicitly specify the
projections!

Lead - SCDM

""""""""




Hunting for projections

Usually, code needs user to specify
initial projections (guesses for the

minimisation procedure)

This needs a lot of chemical
understanding and experience.
Biggest challenges for new users, and

very hard to automate

Recently: SCDM method (selected
columns of the density matrix) [1,2]
proposed, aiming at automatically

finding Wannier functions

rSome recent emails from the j]
H Wannier90 mailing list:

Dear Experts,
How can | define the correct |
| projection of particular material? [...]

Dear Sir,

| need to know the correct projection
4 of Graphene for a converged wannier
Hcalculation. [...]

Dear Wannier Community,

[...]
| My question is how do | define three J

projections for the half-filled p states

of the two As atoms?
L ———— — I

—————

[1] Damle, A., Lin, L. & Ying, L. Compressed representation of Kohn—-Sham orbitals via
selected columns of the density matrix. Journal of Chemical Theory and Computation 11,

1463-1469 (2015).

[2] Damle, A. & Lin, L. Disentanglement via entanglement: A unified method for Wannier
localization. Multiscale Modeling & Simulation 16, 1392-1410 (2018).



Overview of the SCDM method

Number of occupied

(“valence”) states N | on the va ) )
N t is a projector (on the valence subspace):
density matrix (DM): P = Zizl |¢z> <¢z‘ P=P?2 p=p

Discretisation on a real-space
grid with with Ng point\

Wavefunction localized only on i-th point
of the discretiTtion grid (a “delta”)

(N~10-100, Ng
Ne~1007000-1’000’000) -

0

| Therefore, the j-th column of

e  Columns of P . the DM is the projection of
P NG< 0 . . .

(“CDM”): : this very localized function

; on the valence eigenspace

0

These projections (the columns) are localized! (but are not
orthogonal)

Reason: “nearsightedness” of the density matrix

« J. Des Cloizeaux, Phys. Rev. 135, A685 (1964)
« E. Prodan and W. Kohn, Nearsightedness of electronic matter, PNAS 102, 11635 (2005).

- M. Benzi, P. Boito, and N. Razouk. Decay properties of spectral projectors with applications to electronic structure. SIAM
Rev., 55, 3 (2013).



SCDM - columns of the density matrix

Silane, '-only

« Isosurface of square modulus at 1/10 of
the maximum

 Transparency to indicate the norm
(transparent: zero norm; opaque: max
norm)

« Dot: real-space position associated with
the DM column

.
For > \ bo
comparison: | )
The four o —4 )
MLWF °\(




SCDM - using N CDMs to span the valence subspace

1. Columns are localised

R

P : N+

2. Therefore: any N linearly-independent
columns vyield a localized basis for

the span of valence states (because P

IS a projector on the valence subspace)

However: if | pick N random columns (that are NOT orthogonal),
| might get “very overlapping” (almost linearly-dependent)

columns.

How can we select the “most representative” columns?

(intuitively: the ones with less overlap)

’

A

Ve

~




SCDM - using N CDMs to span the valence subspace

Main idea: use the QRCP algorithm (QR decomposition with column-
pivoting)
(implemented in LAPACK: ZGEQP3)

- P: density matrix (input)
- [1: permutation matrix (swaps columns)
PII — Q R . Qi or_thogonal/unitary matrix (columns are orthogonal:
Q*Q=l)
* R: upper-triangular matrix

- Swaps chosen so that diagonal elements of R
are decreasing: IRl > |Rool > ...



SCDM - using N CDMs to span the valence subspace

Main idea: use the QRCP algorithm (QR decomposition with column-

Y7 1T Y.

' ZGEQPS3)

It)
(swaps colul
matrix (colum

PIl = OR

natrix

dlagonal ele
are decreasmg IR11I > | Rool > .

The rule for swaps finds the most representative
(“most orthogonal”) columns: SCDM

A final orthonormalisation (Léwdin) completes the
algorithm

The method can be extended to the case of k-points




SCDM - results for insulators

Results from our high-throughput validation

[ Q [ ] ) Q
Ary s SeqTl,
./—_’\
104 /——\/\’;f? § 2
10.0
W& —
A—- = —
; 04 E 5.04 — — — = ]
A DFT 2 0
—104
2.5 -
. -5
s, Wannier Ee—— e = —
20 -5 I—_r " . — : \1 7
r MK roA L H AL MH K r X M r Zgx PN r r X M roz R A ZX RM A

al

(all SCDM+MLWF)

—80+ bands (insulat

Vitale, V., Pizzi, G., et al. Automated high-throughput Wannierisation,
npj Comput Mater 6, 66 (2020)



SCDM - entangled bands

o We consider (formally) all eigenstates, and give a weight in the quasi-density-
matrix P

e f: smooth function of energy, selecting relevant states. If f is smooth: P(r,r’)
decays rapidly [2]

* We select the most N representative columns; procedure is analogous to
Isolated case

Isolated Entangled case 1

f(e) = %erfe (5 - ”)

o

Arbitrary parameters to choose: 1 and o
(and N, the number of Wannier functions)

[2] A. Damle, L. Lin, Disentanglement via
entanglement: A unified method for Wannier
localization, arXiv:1703.06958 (2017)



SCDM - choice of parameters for entangled bands

The SCDM method does not suggest how to
choose the g and o parameters (and neither the
number N of Wannier functions)

The choice cannot be arbitrary: “bad” values
generate bad interpolations

M too small: not enough information on high-
energy bands: QRCP will pick top states
randomly

M too large: high-energy states (that we are
not interested into) might have a large weight
and QRCP might prefer to select them:
iInterpolation tends to have higher energy than
the actual bands

How to choose these parameters
(automatically)?

K@J
|
“‘,
&\
|

-60
XY T ZzZR T TuUu T Vv

“Correct” p: excellent interpolation

F XY T  ZR r TU T Vv
Too larae u: bad interpolation

B



Important ingredient: projectability

‘wnk Z‘ Ozlwnk

atomic orbitals o; described
in the pseudopotential

—

For each band (n,k), it is
the projection of that
state on all the pseudo-
atomic orbitals described in
the pseudopotential file

Easy to obtain from
Quantum ESPRESSO’s
projwfc.x

200

Copper
Orbitals: s,p,d (no nodes) + s,p (1 node)

150

100

50

Ein

—50

L

-100

G

X WK

G

LW L KX

200

1504

)
1004
»

Yl

IR INRITY

50 BSRI<ESR
BTNy

—-50 ’ d
_108 0 ‘ 0.2 0.6 0.8 lq.O
lwn k Z ‘ O; ‘wn k



Can we automate the choice of N, pand o?

e Weaim at getting a good band interpolation for the low-lying bands

e 1:choose N as the number of atomic orbitals for which we have information
in the pseudopotential file (see also Agapito et al., PRB 88, 165127 (2013))

e 2:compute the“projectability” of each state as the projection of each state on
the subspace of the atomic orbitals o; described in the pseudopotential:

P([¥n.x) Z (03| 1c) AszNiz

[
o
®
®

o
[o+]

e 3:Fit the plot of the projectability vs. energy

with 1 £ — g £ 06 /
— g £
e) = —erfc S
) = yerte (2220 ) Ef/
S
® 4:choose the parameters p and o as follows - i
' I
U= Wit — 30ft; O = Ofit R 0 o 20 40 so

Eneray (eV)



Can we automate the choice of N, yuand o?

e Weaim at getting a good band interpolation for the low-lying bands

e 1:choose N as the number of atomic orbitals for which we have information
in the pseudopotential file (see also Agapito et al., PRB 88, 165127 (2013))

e 2:compute the“projectability” of each state as the projection of each state on
the subspace of the atomic orbitals o; described in the pseudopotential:

p(|Ynk)) = Z | {0i|Yn k) |2 AN,

M: when projectability=<0.9, weight<10-3

need to exponentially suppress high-energy states
to affect SCDM choice

o: we select the physical
e the parameters Y and GRSV system

n = Uft — 30ﬁt7 0 — Ofit 80 -60 —40 -20 0 20 40 60
Enerav (eV)



Parameter choice validation: tungsten (W)

Spread
as a function of u and o

o Q
35 -
30 &
25
20 G
15
10
\/68Q\

rtificially low
total spread
35

Bands distance
as a function of u and o

AT

& S
)
< S
v T “&A 103 &
: v~ k A CORRR : 5 ! e 102
15 \/ 68"
20 4 N}
2230 35, g2 ¢
# (ev)

Very high
/oands distance

R 10.0 — .....J( 10.0 Haaaaanansaaaaasns AAA E 103
U = Uit — 30
\ oo::: 30 AAAAAAAAAAAAAAAA A:::: -
/; 75 ] . g\ /; 75 ] P — ;
<@ - 25 °$ <@ AAa = 102 GE)
5 5.0 |epfhecccecesnscsccce C 5 50 - 'Yy — ~
_ &
©0000000000000000000000 -~ 20 AAa IYYY Yy -
I B N l 25 s Elo1
Our protocol: oooooToooooooooToooooo ..T. 15 /AAAAATA IYYYYS T Aaaa TA
M = Mt — 30t 20 30 40 Also in this region 20 30 40
m (eV) distance starts to go up again m (eV)

(even if not so visible on this scale)



SCDM - results for entangled bands

Results from our high-throughput validation

‘I DFT
| Wannier

using AiiDA

FoXe

CaO CsH

bands computed

~with entangled b

-\(all SCDM+MLWF)

Yo R W S

Vitale, V., Pizzi, G., et al. Automated high-throughput Wannierisation,

npj Comput Mater 6, 66 (2020)



SCDM - results for entangled bands

e To assess quality of Wannierisation and interpolation:
we define a bands distance
(between DFT bands and interpolated bands)

DFT Wan max DFT Wan
1 = E —€nk ; N —max(}e — &,k |)
nk
Average bands distance Max bands distance

e Moreover, we want to assess the importance of the
density of k-points in the NSCF/Wannierisation step

We will use a linear density Pk in A1



SCDM - results for entangled bands

px = 0.15 A-1 SCDM-+MLWE

QS:h
0 = | | | | |

m SCDM only
25 px = 0.2 A-1
0 L“F‘ = -7 I E—

= 0.3 A1
10 Pk
0
10 px = 0.4 A1
0
0.0 50.0 100.0 150.0 200.0 250.0 300.0
nMaX (meV)

10

0
10

0

px = 0.15 A1
m SCDM only

SCDM+MLWF

px = 0.2 A1

ji ‘ o =03A"1
Il [ |
|

‘ px = 0.4 A-1
H_ BN I
|
0.0 10.0 20.0 30.0 40.0
n (meV)

* Good results require a density of at least 0.2 A-1or more dense

e Forinsulators, SCDM-only already provides very good results; MLWF improves

them

e In general, very small band distances (i.e. very good interpolation)

Vitale, V., Pizzi, G, et al. Automated high-throughput Wannierisation,
npj Comput Mater 6, 66 (2020)

50.0



¢sAll

{ Crystal structure J

A
seekpath
Find primi-
tive, refine cell

A

Quantum
ESPRESSO
Relax structure

Automating with AiiDA

Many steps; all automated with AiiDA (www.aiida.net)

S.P. Huber et al., Scientific Data 7, 300 (2020)
M. Uhrin et al., Comp. Mat. Sci. 187 (2021)
G. Pizzi et al. Comp. Mat. Sci. 111, 218-230 (2016)

Converged?

seekpath
Find primi-
tive, refine cell

Prepare restart,
adapt inputs

suggested
k-points path
for band structure

/

A

Quantum
ESPRESSO
Final SCF

A

DFT charge
density

All workflows available; see tutorial:
https://aiida-tutorials.readthedocs.io/en/latest/pages/2020_Oxford/

We will not see AiiDA today; in Exercise 4, you will
run all steps "by hand" - but feel free to check the
tutorial if you are curious

Y

DFT charge density
Lfrom Quantum ESPRESSO SCF

k-points path
from seekpath

Y

Quantum
ESPRESSO
projwfc.x

Y

Compute
projectability
Get N, fit u, o

| pw2wannier90.x

Quantum
ESPRESSO

NSCF on
regular grid

Y

with SCDM

Y

Wannier90

SCDM
M, ASCOM

A

compute MLWF

A4

MLWFs
Wannier Hamiltonian
Interpolated bands



http://www.aiida.net
https://aiida-tutorials.readthedocs.io/en/latest/pages/2020_Oxford/

Exercise 4: automatic projections with SCDM

e Goals:

e Understand how to run Wannier90 without an explicit
specification of the initial projections

e Understand the simulation steps involved in SCDM

e Use the projectability approach to get the values for the
SCDM parameters

-~y * ’, - =
938 ) ARG e 5 NPT o = T T
(XS QTR |
A AR ) -
\ _\‘\r’g‘.l‘:«,;':,‘ Lead SCDM

o
o

Projectability

o
>
[

e
()
[

(=]




Exercise 5: cubic BaTiOs3

(a) Exclude bands = 2-20. (b) Exclude bands = 1,5-20. (c¢) Exclude bands = 1-4,6-20.
Ti:s Ti:p Ba:s

(d) Exclude bands = 1-5,9-20. (e) Exclude bands = 1-8,12-20. (f) Exclude bands = 1-11.
O:s Ba:p O:p



If you want to continue at home:
Quantum Mobile: A VM for quantum simulations

« VM based on Ubuntu Linux

2@« Comes with quantum codes:

File Edit View Search Terminal Help () Quantum ESPRESSO
PO 0 run a command as administrator (user "root"), use "sudo <command>".
1iel See "man sudo_root" for details.

B 8888 18:318:8:218:2181318:3:5:8:312:3:5:3:213 l a m bo
# Welcome to Quantum Mobile version 21.05.1

# distributed by the MARVEL NCCR and MaX CoE
RELEASE  fd

IRSJESR74aN# Instructions:

# - See RELEASENOTES.txt on the Desktop for installed packages °
=p # - type 'workon aiida' to enable the AiiDA 'verdi' commands Iesta

RURHBHBRARHBHB R R AR R R R BB HBH B R R AR HB R R BB R B R R AR HBH B R R U BHB R R AR HBHBRARUH
. max@qmobile:~$ which pw.x
Trash Jusr/local/bin/pw.x cp2k

max@gmobile:~$ which wannier90.x

Jusr/local/bin/wannier90.x °

m max@gmobile:~$ which siesta Wannlergo
e /usr /local/bin/siesta

max@gmobile:~$

) YSde ¢ Contains also AiiDA,

udl ——— )

QUANTUM (yprie preconfigured to use these
codes

e Just download and start
running! No need to spend
time on installation,
compilation, ...

Quantum Mobile:
https://www.materialscloud.org/quantum-mobile Cooe



If you want to continue at home:
Quantum Mobile: A VM for quantum simulations

1 B @) 3:09PM %

e « All codes ready to be

max@gmobile: ~/examples/aiida-max-e... x Tools Macros Help ee

(aiida) max@qmobile:~/codes$ verdi code list g (m[@] Plee] [ Rx (@ [ used through AIIDA

List of configured codes:

(use 'verdi code show CODEID' to see the details)

pk 1 - yambo-4.2.0@localhost
#* pk 2 - p2y-4.2.0@localhost

pk 3 - fleur-0.27-fleur@localhost

pk 4 - fleur-0.27-inpgen@localhost

pk 5 - siesta-4.0.1@localhost
* pk 6 - cp2k-5.1@localhost
(aiida) max@gmobile:~/codes$ verdi calculation list -a
# Last daemon state_updater check: 0h:00m:05s ago (at 15:09:17
on 2017-11-20)

PK Creation State Sched. state Computer

® ® A max@qmobile: ~/codes

L9}

e Visualization tools
(xcrysden, ...)

o Useful for:

e exercises,
courses, ...

175 3h ago FAILED localhost siesta.
siesta

179 3h ago FINISHED localhost fleur.i
npgen

195 3h ago FAILED localhost siesta.
siesta

208 3h ago FINISHED localhost siesta.
siesta

« running simulations

1 Jmol *
nigtlen 11m ago FINISHED localhost fleur.1i ’_—“:0 o T T WlthOUt any Setup
228 11m ago FINISHED localhost fleur.f
o « experimenting with
Total results: 6 (:)LJEBrthJFWW Mobile F) (j EJ
(aiida) max@qmobile:~/codes$ || MARVEL neW CO eS
O00e

e Production
simulations

B P =0 R Left 2

Quantum Mobile:
https://www.materialscloud.org/work/quantum-mobile Cooe



Getting help

- Today: ask me, Junfeng, and all other tutors
of the school

- From tomorrow on.... www.wannier.org

. User guide, tutorials (with solutions)

. Register to the Wannier90 mailing list
(do it today!)

« Read the source codel


http://www.wannier.org

Practical information

 You can find the PDF with the instructions online:
https://epw2021.oden.utexas.edu/74-schedule

 Oralso inside /work2/06868/giustino/EPW-SCHOOL/

. Before starting the tutorials, copy the files above in your
scratch; you can go to it with: cd $SCRATCH

. To untar: tar xf FILENAME.tar

For instance: tar xf /work2/06868/giustino/EPW-SCHOOL/Mon.4.Pizzi.tar

« You will need to submit to the queue in order to be able to
run

- Don't fill the queue for too long, be considerate for others

- Use parameters and commands suggested in the PDF


https://epw2021.oden.utexas.edu/74-schedule

