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Why Electron-Phonon Physics?

e )
e Lattice vibrations : Phonons

e Electrons/excited particles

* Interact with lattice
* E-Pcoupling

Wendt et.al., Sci. Adv. 10, 1126 (2019)
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Why Electron-Phonon Physics?

With more usage (higher heat) they become slow

Sabyasachi Tiwari



Why Electron-Phonon Physics?
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Prince et al., Phys. Rev. B. 93.1204 (1954)
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Why Electron-Phonon Physics (T = 0 K)?

MRI machines use superconductors to generate magnetic field

Sabyasachi Tiwari



Why Electron-Phonon Physics (T = 0 K)?

f—
W
|

e

e Superconductivity

o
W
|

Electrical Resistance (m€2)

0 50 100 150
Temperature (K)

Resistance of Nb3Sn and superconducting transition
Akimitsu group, in “Superconductors: New Developments”, 2015
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Why Electron-Phonon Physics (Light-Matter interaction)?

Solar farm using silicon photovoltaics which absorb sunlight and convert to electricity

Sabyasachi Tiwari 10



Why Electron-Phonon Physics (Light-Matter interaction)?

Absorption coefficient (cm™ )

Sabyasachi Tiwari
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Tiwari et.al., Phys.
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Rev. B. 109. 195137 (2024)

* Visible range:
Phonons
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Where do phonons come from?

Sabyasachi Tiwari

diamond
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wavevector

Move atoms along a mode
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Where do phonons come from?

diamond

X I L

wavevector

* Change in band structure

Sabyasachi Tiwari

Move atoms along a mode
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Where do phonons come from?

hZ
g o Vzl/Jn + Vscr¥n = €qfn

n(r) = z | |2

neocc

Z l n(r’)dr’
47’[60 T — TK r—r'

* Vscp: Depends on atomic positions (7,)

Vscr(r) = — + Vycln(r)]

Sabyasachi Tiwari
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Where do phonons come from?

Vscr = Vscr(T5 Tieys Tieyr Tic -+ Tiey)

Displace atoms from equilibrium position: T = 74, + At

Vscr(to + AT) = Vgcp(To) +H

/

* Perturbation to atomic positions
* Temperature

(&

dVscF AT _I_lanSCF AT+

0T 2 0t?2

Baroni et.al., Rev. Mod. Phys. 73, 515 (2001)
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Where do phonons come from?

Vscr(7; 1) Vscr(r; T + AT) Vscr(r; ©) — Vscp(r; T + AT)

Perturbing potential

Sabyasachi Tiwari 16



Use of perturbing potential

AVscF

Energy <¢m‘ AT‘ ¢n> Band renormalization

9VscE
P s 2 —
averunction Y = Ym=n Em_En Ym Optical transitions

2

OVscr AT‘ l/)n>‘ §5(E, — E,) Transport

Transition Rate T,_,, = <1/Jm ‘

e C(Calculation of perturbation potential is key to calculating many properties

Sabyasachi Tiwari 17



Electron-Phonon matrix element

dVscr

Ym @) Y| o <umk+q|AqvaCF|unk>uC — g%ln(k: CI)

/ /

Supercell

Unit-cell Potential variation
froT ion displacement r

o h AVscr(T)
AqVUSCF — z e Lq.(r Rp) Cxa v(q) ki

2M.. w ’ 0T
Kap l \ K="qV l Kap
Incommensurate l Phonon
modulation Zero-point polarization
amplitude

* Go from supercell to unit-cell

Giustino et.al., Rev. Mod. Phys. 89, 015013 (2017)
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Electron-Phonon matrix element (practical calculation)

g%m(k: CI) — (umk+q|AqvaCF|unk>

Giustino et.al., Rev. Mod. Phys. 89, 015013 (2017)
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Electron-Phonon matrix element (practical calculation)

g%tn(k: Q) — (umk+q|AqvaCF|unk>

Giustino et.al., Rev. Mod. Phys. 89, 015013 (2017)

Sabyasachi Tiwari
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Electron-Phonon matrix element (practical calculation)

g%’m(k: q) — (umk+q|AqvaCF|unk>

4 x 4 grid

Coarse BZ sampling

Giustino et.al., Rev. Mod. Phys. 89, 015013 (2017)

Sabyasachi Tiwari
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Electron-Phonon matrix element (practical calculation)

g%tn(k: q) — (umk+q|AqvaCF|unk>

4 x 4 grid 40 x 40 grid

Coarse BZ sampling Fine BZ sampling

Giustino et.al., Rev. Mod. Phys. 89, 015013 (2017)

Sabyasachi Tiwari
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Electron-Phonon matrix element (practical calculation)
g%tn(k: CI) — (umk+q|AqvaCF|unk>

E 4 x 4 grid 40 x 40 grid

k

kg y

Coarse BZ sampling Fine BZ sampling

 Dense k, q grids needed for calculating observables

* Wavefunctions: NSCF calculations (DFT)
e Cheap for unit-cells

* Displacements/derivatives Vscp: Phonon calculations
* Expensive

* Dense grids not possible
Giustino et.al., Rev. Mod. Phys. 89, 015013 (2017)

Sabyasachi Tiwari 23



Wannier functions

* Wavefunctions can be localized using Wannier representation
Interpolated to arbitrary wavevectors using Fourier transform

Sabyasachi Tiwari

-
Wmn (r; Rp) =

\

Np

1 _ . )
z eXp(lk. Rp)Unm |l/)nk>

nk
[Ynk) = Zme exp(—ik. RP)U#:;’L Wm (T; RP)

)

UK . : Obtained by diagonalizing Wannier Hamiltonian

Marzari et.al., Rev. Mod. Phys. 84, 1419 (2012)
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Wannier interpolation

g;?/ln(k» q) = (umk+q|AqvaCF|unk>

-

Sabyasachi Tiwari

\

Wm(r Rp) = N, Zexp(lk R )U,‘{m 1Vk)

\

[Vnk) = T, exp(—zk R,) UK (75 R,)

)

Giustino et.al., Phys. Rev. B. 76, 165108 (2007)
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Wannier interpolation

g;r/ln(k» q) = (umk+q|AqvaCF|unk>

-

\

wn (i Rp) = 3 zexp(lk R, U [t

~

[Ynk) = ZmR exp(—lk Rp)U}’f;;l Wm(r Rp)

g%‘tn(kco: Qco ) - g%”m(Re» Rp) — g;/nn(kfi: qfi)

A method for reliably interpolating e-p matrix element

Sabyasachi Tiwari

Giustino et.al., Phys. Rev. B. 76, 165108 (2007)
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Electron-

Phonon-Wannier method (EPW)

InnKeo Geo ) f €/)LUANTUMESPRESSO

/\\

gnn(Re,Ry)

|

kg%’tn (kfi' qfi)/

* QE: AqvaCF; AT

Sabyasachi Tiwari

EPW: Wannierization and interpolation

Ponce et.al., Comput. Phys. Comm, 209, 116-133 (2016)
Lee, ... Tiwari et.al., npj comput. mater., 9, 156 (2023)
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EPW

e Electron-Phonon Wannier (EPW) code

* A sub-package within the Quantum Espresso
DFT package

* Interpolates e-p matrix elements obtained from DFPT (QE)
* Allows calculations on very fine k and q grids

e Transport (IBTE)

* Polarons

e Superconductivity

* Temperature dependent Bandgap

* Optical absorption

Sabyasachi Tiwari



Current computational materials design landscape (EPW)

 Computational materials design
impacts all walks of life today

* These calculations require very
complex workflows and user
intervention

* High-throughput study of large
materials databases is currently
out of reach

e Challenge is two-fold
e Streamlining calculations

* Analysis

Sabyasachi Tiwari
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A typical workflow for EPW

o O X q-grids
b\\\\ /Q -
2 R 2

\ /,/J O\A{ — PH

QA eqv

aqvv
SCF e
€nk
d)nk
— NSCF

Wavefunction cutoff

Pseudopotentials

Bands Bands

k-grid

Lee et. al., NPJ.

Sabyasachi Tiwari

WANNIERSO

I Unk

— EPW Imnv(Re, Rp)

— 5 (Wannier)

1

Wannier functions
Check for
correctness

Comput. Mat 9, 156 (2023)

EPW
(interpolation)

|

Physical property
related inputs

Optical range
Fermi-surface thickness



A typical workflow for EPW (more complex)

Q 2 D
o J# 1
o Q Q
\ O O —
o (XX
SCF e
-
Wavefunction cutoff
Pseudopotentials
Bands S
-

Sabyasachi Tiwari

/ e

PH

NSCF

GW

BSE

WANNIER90
e
qv
Unk
aqvV I " Unk
— EPW Imnv(Re, Rp) EPW
>
— 5 (Wannier) (interpolation)
Enk 4 4
d)nk
Since we deal with [N + 1) /[N + 2) state
€nk
Ank

Dai et. al., Phys. Rev. Lett 32, 036902 (2024)



A typical workflow for EPW

WANNIER90
— PH
e
qv
Unk
aqvV I " Unk
SCF — > EPW gmnv(Re; l‘p)> EPW
1l (Wannier) (interpolation)
€nk
l/}nk
—> NSCF

f @ﬂ U H N T U M E S P R E S S [] * Multiple codes communicating with each-other

e Data transfer and user intervention
* There is a need for a unified method to streamline

calculations

32

Sabyasachi Tiwari



Outline

* Programmable abstraction using EPWpy
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Functional abstraction

silicon=EPWpy.EPWpy({' 'prefix"':'si"',
'calculation':'\'scf\'",
'structure mp':"mp-149",
'ecutwfc':'40"',
'celldm(1)':'10.262",
'pseudo auto':True,

env="mpirun')

N ——— SCF —  OQbject{material attributes,
scf attributes}
silicon.scf(name = 'scf' —> Method to define inputs

kpoints = {'kpoints':[[6,6,6 )
silicon.prepare('scf') =—p Method to prepare the calculation
silicon.run(4,7scT’) e Method to run the calculation

Material: Object

Calculations: Methods

Each calculation can be seen as a functional block
These blocks can take user input else automated

Sabyasachi Tiwari
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Functional abstraction

silicon.scf(name = 'scf',

kpoints = {'kpoints':[[6,6,6 )
silicon.prepare('scf')
silicon.run(4,"'scf')

 — SCF — NSCF —-

Object{material attributes,
scf_attributes,
nscf_attributes}

silicon.nscf(system = {'nbnd':8},
kpoints = {'grid':[4,4,4],
'kpoints type': 'crystal'})
silicon.prepare('nsct')
silicon.run(4, 'nscf')

* Block to block connection through position
» Data transfer is handled accordingly

Sabyasachi Tiwari 35



Functional abstraction

— SCF — NSCF —
Object{material attributes,

scf attributes,
nscf attributes}

silicon.scf(name = 'scf"',

kpoints = {'kpoints':[[6,6,6 )
silicon.prepare('scf')
silicon.run(4, 'scf")

silicon.nscf(system = {'nbnd':8},
kpoints = {'qgrid':[4,4,4],
'kpoints type': 'crystal'})
silicon.prepare('nsct')
silicon.run(4, 'nscf')

* Blocks combined to give single abstract
function

Sabyasachi Tiwari 36



Optimization of these abstract functions

Rnew = Roig t €

Band
— —>  mx(R
. Structure eff(R)
1.0
0.751 811
— £1.0
3 £ 0.9
* Entire physical calculation can be encapsulated 505015 0.8
i . . c 0.7 43 : ' '
* These abstract functions can be optimized usingtop = 0 50 160 150
. . 0.25 1
level optimizers
O-00% ] | 0.6XG
Wavevector

Sabyasachi Tiwari 37



Functional abstraction

o X

O
WANNIER90

Q —> PH
equ
OqvV I i Unk

S gmnv(Re' Rp)
>CF ] — (W?r)\\r/\\?er) q (interEpPoVI\;tion) T .
- Fout(inputs)
wnk
—> NSCF

* Entire physical calculation can be encapsulated

Sabyasachi Tiwari 38



EPWpy

] - =
The Materials Project D OJ 0

matenialsproject.org

E-P coupling ,dm.dl Interpolation of E-P
Dynamical ¢ ¢ coupling for physical
PH matrix ,d -~ ~ ,d properties:
,d A n Carrier transport
O O SCF EPW EPW Superconducting gap
n ﬁ 1 ’ (Coarse) > (Flne) > Optical absorption
O O Q Polarons
| | | NSCF _ Mass-enhancement
Ground state Eigenvalues E-P coup!lng
charge Wavefunctions in Wannier
density basis
|
v

 EPWpy is a python program allowing such object-oriented
abstractions

e Currently, interface with BGW, partial interface with

* Comes with interface with Materials project and PseudoDojo

Sabyasachi Tiwari
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A typical EPWpy script

silicon=EPWpy.EPWpy({'prefix':'si",

'ecutwfc':'40"

'
env='mpirun')

‘celldm(1)':'10.262",
'pseudo_auto':True,

‘calculation':'\'scf\'',
'structure mp':"mp-149",

silicon.scf(name = 'scf',
kpoints = {'kpoints':[[6,6,6]]})
SCF silicon.prepare('scf')
silicon.run(4,'scf")
# silicon.nscf(system = {'nbnd':8},
kpoints = {'grid':[4,4,4],
"kpoints type': 'crystal'})
NSCF silicon.prepare('nscf')
silicon.run(4, 'nscf')
silicon.ph(phonons={'ngl’':2,
‘'nq2':2,
PH 'nq3':2
)
I silicon.prepare('ph')
silicon.run(4, 'ph')
1 silicon.epw(epwin={'wdata':['guiding centres = .true.',
'dis_num_iter = 500',
EPW ‘num_print_cycles = 10°',
(Coarse) ‘dis_mix_ratio = 1',
" 'use_ws_distance = T'],
‘proj':['\'Si : sp3\''],
‘band_plot':'.true.',|
‘etf mem':1,
'wannierize':'.true."',
‘elph':"'.true.",

'num iter':500,
‘prtgkk':'.true.

name="epwl')

silicon.prepare(type_run='epwl')
silicon.run(4,type run='epwl')

Sabyasachi Tiwari

The Mate

silicon.

silicon
silicon
silicon

silicon.

silicon.

silicon

GW(GW={'nbnd':808})

.epsilon(epsilon={"'degeneracy_check_override':'
.prepare('epsilon’)
.run{192, 'epsilon’)

sigma(sigma={'degeneracy_check_override':' ',
'no_symmetries_q_grid':"' ',
'screened_coulomb_cutoff':20.0,
"band_index_min': 1,
"band_index max':12})
prepare('sigma')

.run{192, 'sigma')

'H

e Within a few lines we perform a complex

EPW calculation

» All data transfer is handled internally while
maintaining full user control

40




EPWpy resources

 EPWpy has a dedicated
website

e Contains tutorials

e Notebooks can be run on
TACC infrastructure

Sabyasachi Tiwari

EPW

Table of Contents

PROJECT

SOURCE COl

About
Releases

Documentation

Acknowledgements
Contact

Phonon-limited carrier mobility

semiconductors
Calculation of polarons

UV|Vis optical absorption spectrum o

semiconductors

Calculation of electron-phonon matrix
elements including quadrupoles from

first principle

Temperature-dependent properties

using the ZG method
Calculation of anisotropic

superconductivity
Calculation of isotropic

superconductivity
nhramonic lattice Dynamic,

Download and Install

o

Compatibility of EPWpy
To install EPWpy (Via pi

To install EPWpy-1.0.0

(Rarrammandad)

o

o

About Releases Documentation Acknowledgements Contact More ~

make run-tests-local

5. In calculations involving EPWpy you will need to direct EPWpy to a location where QE and
EPW executables are present. However, EPWpy can itself download and build QE+EPW.
To use this feature use:

python setup.py install —-with-QE True -—config <QE configuration> -—cores

<No. of cores>

6. This will install QE+EPW in a folder called build inside the EPWpy folder. You will find
executables inside:

EPWpy/build/q-e/bin/

Video tutorial

Introduction to EPWpy:
Installation

S. Tiwari, University of Texas at Austin

NS
YouTube

This video tutorial can also be found here: https://www.youtube.com/watch?v=g6kyn48KmgE&t=3s

< Previous Next N
Anhramonic lattice Dynamics EPWpy

Q Search = + K

i=On this page
Compatibility of EPWpy
To install EPWpy (Via pip)

To install EPWpy-1.0.0
(Reccommended)

Video tutorial

B Show Source

41
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Electron-Phonon-Physics with EPW

* Programmable abstraction using EPWpy

Integrated MATCSSI portal
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Enabling interoperable ab initio simulation environment

TACC User Portal

**MATCSSI

TACC | CORE

CEP |sormal

0
| &8

l JupyterHPC
SAIDA
((abipy )) |

Materials Coding

SternheimerGW

Training Data

ABINIT

TAvL “ACCESS
Frontera Expanse (SDSC) .l‘-amazon
I I " webservices .
Vista Anvil (Purdue) Amazon EC2 ||
| | | lapis
Horizon Jetstream2 (IU) i
___________________________________________________________________________ &
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MATCSSI

Extensions

G Getting Started  Tutorials  About  Philosoph! Team Codes  Hel
FMATCSS! - o R

 MATCSSI is a portal powered
by TACC

* Large scale calculations using
EPWpy can be pe rformed = Mt vew Fum Kol s Setine e

- * (&7 #| polaron_v1.2.ipynb x = zg.ipynb x #| transport-v1.2.ipynb x #| transport_dfptU.ipynb X " gquadrupole-Abinitipynb ® = B sabyadk@c202-016.fror X | + u¢

-
. B + XTO [ » m C » Code ~ Notebook [7 Python 3 (ipykernel) @
using Jupyter noteboo R

W/ - [notebook_epw_bgw [ notebooks_basic |

( M P I _TACC) = - = test Modfied Abinit interface for quadrupole calculation
- lif 2 months ago

» = pseudo |ast month Here we connect the silicon class with the Abinit interface to calculate the quadrupolar tensor
- s 2 months ago
. o [2]: from EPWpy.Abinit.EPWpy_Abinit import py_Abinit B ™Yy & F 0
7| compare-with-mlip.ipynb 2 months ago from EPWpy.Abinit.Abinit_util import =
[ diamond.POSCAR 2 months ago silicon.pseudo_auto = False
- ) Installation_notebook.ipynb 2 months ago # Defining the class with Abinit code location
silicon.abinit = py_Abinit(silicon,code = '/workspace/Sabya/Abinit/abinit/build3/src/98 _main/",env="mpirun')
* Allocations can be requeste
A optics_perturbation_v1.1.ipynb 2 months ago # Writing the Abinit input file
A| optics_v1.1ipynb 2 months ago
. silicon.abinit.abi({"'quadr:
7 polaren_hopping.ipynb 2 months aga P velop/notebook_epw_bgw/examples/pseudo’,
® [A| polaron_v1.2.ipynb last menth
.
" i We will use MATCSSI
+0.9,0.511)}},name="1input"')
[ POSCAR_mp-149 last month P
# Here we us ion
[ POSCAR_mp-66 2 months ago

2 months ago silicon.abinit. i n H a n d S-O n SeSSiO n folder

silicon.abinit.ps:

« [ guadrupole-Abi

drupole fmt 2 ith
O guadrupole.fm monihs ago # Same philosophy of p
Al guadrupole.ipynb 2 months ago silicon.abinit.prepare{type_.
A guasidegenerate_ab.ipynb 2 months ago #silicon.abinit.run(4,type_run = 'abin..",
O sieig 2 months ago
| superconductivity-anisotropi... 2 months ago
. . pp_dirpath /workspace/Sabya/codes/EPW_py/TACC/EPWpy_develop/notebook_epw_bgw/examples/pseudo
| superconductivity-FBW-IR.ip... 2 months ago pseudo ['14si.fhi'l
Al superconductivity-isotropic.i... 2 months ago mkdir: cannot create directory ‘si’: File exists
® [A] transport_dfptU.ipynb last month

B Log: Scratch/sabyadk/EPW) X

+ Add Checkpoint (© Clear Log LogLevel: Warning +
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MATCSSI

Feliciano Giustino Dan Stanzione Maytal Dahan Zhenglu Li Steven Louie Roxana Margine
UT Austin TACC TACC uscC UC Berkeley Binghamton U

This initiative is supported by the Office of Advanced Cyberinfrastructure and the Condensed Matter and Materials Theory division of the National
Science Foundation under the CSSI Frameworks program, Award #2513830

Sabyasachi Tiwari


https://www.nsf.gov/div/index.jsp?div=OAC
https://www.nsf.gov/funding/opportunities/cmmt-condensed-matter-materials-theory
https://www.nsf.gov/
https://www.nsf.gov/
https://www.nsf.gov/awardsearch/show-award?AWD_ID=2513830
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* Conclusion




Conclusion

Electron-Phonon physics is important for many physical properties

e EPW and EPWpy provide a convenient tool for exploring electron-phonon
physics

e EPW GitLab: https://gitlab.com/epw/q-e

 EPWopy GitLab: https://gitlab.com/epwpy/epwpy

Sabyasachi Tiwari
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