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ephwan2blochp.f90 3
ephwann_shuffle_mem.f90
ephwann_shuffle.f30
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epw_readin.fa0

epw_setup.f90
epw_summary.f90
epw.fo0 1
epw.x

epwcom.fo0

o

fermiwindow.f90
gen_freqgrid.f90
gmap_sym.fo0
hambloch2wan.fa0
= hamwan2bloch.f90
io_dyn_mat2.f90
io_epw.f90

= .
> OUTLINE

#1T deTlneal(_MPL)
INTEGER (kind=MPI_OFFSET KIND) :: lrepmatw
Il 0ffset to tell where to start reading the fi
INTEGER (kind=MPI_OFFSET_KIND) :: lrepmatw2
Il 0ffset to tell where to start reading t
#else
INTEGER(kind=8) :: lrepmatw
!l Offset to tell where to start reag

#endif
1

REAL (kind=DP) :: rdotk
I'l Exponential for th
1

COMPLEX (kind=DP) /=
'l Temporary mat P
COMPLEX (kind=DP) &=
'l Factor for thg
COMPLEX (kind=DP)
'l El-ph matrix
1

CALL start_clock("'

! STEP 3: inverse FoN
focmmmcmcc e ne e

1

1

1

! g~(k') is epmatf (nmodes,

! every pool works with its

!

IF (parallel k) THEN
CALL para bounds(ir start, ir

ELSEIF (parallel q) THEN

ir start = 1
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2D Materials
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How much energy does it take to train LLMs

CO2 Eq_ui_valent Emissions (Tonnes) by Selected Machine Learning Models and Real Life Examples, 2022

Source: Lyccianiet al., 2022; Strubell et al., 2019 | Chart: 2023 Al Index Report
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Figure from: Maslej et al, The Al Index 2023 Annual Report, Institute for Human-Centered Al, Stanford 07/29



Field effect transistor

Planar MOSFET
Metal gate

High-K dielectric
Spacer

Insulator

Figures from D Jena, Quantum Physics of Semiconductor Materials and Devices, OUP 2022
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Field effect transistor

Planar MOSFET
Metal gate

High-K dielectric

Figures from D Jena, Quantum Physics of Semiconductor Materials and Devices, OUP 2022
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Evolution of FET layout

Planar FET

1971

Intel 4004 chip
10pm process
2,300 transistors

Figure from: Draeger, https://newsroom.lamresearch.com (2020)
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Evolution of FET layout

Planar FET FinFET

1971 2012
Intel 4004 chip Intel vy Bridge chip
10pm process 22nm process
2,300 transistors 1.4 billion transistors

Figure from: Draeger, https://newsroom.lamresearch.com (2020)
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Evolution of FET layout

Planar FET FinFET GAAFET or RibbonFET

Gate Drain

Source
Drain

1971 2012 2022
Intel 4004 chip Intel lvy Bridge chip Apple A16 Bionic chip
10pm process 22nm process TSMC 4nm process
2,300 transistors 1.4 billion transistors 16 billion transistors

Figure from: Draeger, https://newsroom.lamresearch.com (2020) 09/29



Degradation of carrier mobility in ultrathin silicon
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The promise of 2D semiconductors

Atomically
sharp
intarfaces

Figure from: Figure from: Radisavljevic, Kis, et al, Nat. Nanotech. 6, 147 (2011) 11/29



Current limitations of 2DFETs
mobility ~100 cm?/Vs
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Ab initio Boltzmann transport equation
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Comparison between theory and experiment

Example silicon
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Poncé, Margine, FG, Phys. Rev. B 97, 121201 (2018) 14/29



Theory vs. experiments for 2D materials
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Ha & FG, npj Comput. Mater. 10, 229 (2024)
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Theory vs. experiments for 2D materials
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Ha & FG, npj Comput. Mater. 10, 229 (2024)

15/29



2D Materials Databases

Table 1| Database statistics

Unique to Uniqueto Common  Total sum
the ICSD the COD  to both
Experimental data
CIF inputs 99,212 87,070 186,282
Unique 3D 34,548 60,354 13,521 108,423
structures (set A)
Layered 3D 3,257 1180 1182 5,619
structures (set B)
DFT calculations
Layered 3D, 2,165 175 870 3,210
relaxed (set C)
Binding energies 1,795 126 M 2,662
(set D)
2D easily 663 79 294 1,036
exfoliable (EE)
2D potentially 524 34 231
exfoliable (PE)
Total 1187 13 525 1,825

Experimental data: number of structures imported from the two databases (| kD or COD, )}
uniqueness not tested), number of unique 3D structures in each imported set of both
(set A), and number of layered 3D structures identified using the geometrical criteria discussed
in the text (set B). DFT calculations: number of structures that were relaxed (set C), number of

structures that remain classified as layered after relaxation and for which binding energies were
computed (set D), and number of easily or potentially (see text) exfoliable compounds
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Figures from: Materials Cloud 2D Datadase, Mounet, Marzari, et al, Nat Nanotech 13, 246 (2018)
See also: Computational 2D Materials Database, Haastrup, Thygesen, et al, 2D Materials 5, 042002 (2018)
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High-throughput screening workflow

MATERIALS 5,619 layered compounds
CLOUD 258 dynamically-stable 2D
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95

50

12
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Pre-screening via effective masses

Effective mass (m.)
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Top 2D semiconductors from ab initio BTE
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Ha & FG, npj Comput. Mater. 10, 229 (2024)
See also: Cheng et al, JACS 140, 17895 (2018); JACS 141, 16296 (2019); PRL 125, 177701 (2020) 19/29
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Spin-valley locking in WSe, boosts mobility
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Recent measurements of high-quality WSe, samples
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Left figures from: Joe, Kim, et al, Phys. Rev. Lett. 132, 056303 (2024)
Middle figures from: Pack, Dean, et al, Nat. Nanotechnol. 19, 948 (2024)
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Recent measurements of high-quality WSe, samples
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High-throughput screening workflow

MATERIALS 5,619 layered compounds
CLOUD 258 dynamically-stable 2D
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Basic ML
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The EPW software project

Y
Y

2007 2010 2016 2025

v2.1.51,733LOC  v2.3.5 16,889 LOC v4.1 30,681 LOC v6.0 104,251 LOC

o,
OUUHNTUM
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Hybrid MPI/OpenMP in EPW and full-system runs on Frontera

Electron scattering rates of MoS,
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Taming the complexity of advanced calculations

SCF
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Taming the complexity of advanced calculations
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Taming the complexity of advanced calculations
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Phonon
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EPW Bloch
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Taming the complexity of advanced calculations
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NSCF Phonon
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Taming the complexity of advanced calculations

SCF

NSCF

Phonon

Y

EPW Bloch

—>

Wannier

!

EPW Wannier

!

EPW fine & solve

—— carrier transport

26/29



Taming the complexity of advanced calculations
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Taming the complexity of advanced calculations
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Abstraction, automation, and interoperability with EPWpy https://epupy.org

silicon = EPWpy({

: s :True},code=QE)
silicon.scf (kpoints={ :[8,8,811)

* Materials are objects, properties are functions

¢ Interfaces with

Quantum ESPRESSO
o VASP

o Abinit

o BerkeleyGW

o EPW

[e]

* Lightweight

* Intuitive for users and developers

https://epwpy.org, by S. Tiwary, UT Austin 27/29


https://epwpy.org

Advanced workflows on the cloud

TACC | §TEXAS

MATCSSI

Materials Cyberinfrastructure for Sustained Scientific
Innovation

https://matcssi.tacc.utexas.edu

TAGCG

TEXAS ADVANCED COMPUTING CENTER

A cloud-based portal for intuitive
materials modeling using JupyterHub HPC

= Jupyter

EPW workFflow for polaron calculations

I = Set up working environment

E—Eveu (eV)

JAnk|
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https://matcssi.tacc.utexas.edu
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