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Overview

1) Quantum Materials

2) First-principles simulations
3) High-performance computing
4) Good practices

5)Future
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( b) Nuclear structure and dynamics
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Quantum Materials
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What drives human development?

Major advances in human civilization are driven by materials:

stone, bronze, iron... ... silicon age

But... The silicon era is approaching its limits.
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Quantum Materials

All materials are guantum

The Atom

But some materials are more guantum than others.

- Zeila Zanolli (2020)

a.h.kole@uu.n
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Quantum Materials
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Superconductors Dirac Materials Topological insulators

Keimer & Moore Nat Phys 2017

_ Quantum technology:
Quantum behaviour at — Low-dissipation electronics

macroscopic scales Photovoltaics

Quantum information
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Quantum Materials by Design group %\;«

Using simulations to guide quantum materials design

Perfect atomic control

Try before you buy/fabricate

Easy exploration of many different materials/combinations

Close collaboration with experimentalists

Tension and Compression

Compression

He tested thousands and
thousands of other
materials to use for the
filament.

The Franklin Institute on
Thomas Edison’s search for
the lightbulb filament
https://fi.edu/en/science-and-
education/collection/edisons-
lightbulb
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Quantum Materials for Quantum Technologies & Sustainability %ATS

Topological Matter
> Low-energy

Theoretical Spectroscopy
> Quantum computing

consumption > Cryptography
electronics > Quantum sensing
> Photovoltaics

Magnetism
Quantum > Spin Qubits
Materials

Quantum Electron & Thermal Transport
> Semiconductor industry

Vacuum Laser (532 nm)

ons W///I////an\\\\\\\\\\W\\ —

v «IIII IIII#

In-plane thermal transport

Heat sink
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Normal metals vs superconductors N
Normal metal Superconductor
006 0-00
Electrons repel each other (Coulomb) Effective attractive electron-electron
Interaction
Electron-electron scattering > Formation of Cooper pairs

- finite resistance > Collective motion without scattering
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Normal metals vs superconductors

Superconductor

6606 60660

Effective attractive electron-electron
Interaction

> Formation of Cooper pairs

> Collective motion without scattering
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Interplay superconductivity and magnetism 7441\;“

Conventional superconductors expel magnetic fields (Meissner effect)
Heterostructures of magnetic atoms and superconductors yield exciting new physics

Potential applications in quantum computing

%%‘%Xk%k
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Cuperus submitted 2024
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First-principles simulations
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First-principles N

Definition of 'first principle’ O

first principle

in British English (Y Ie]IOl®)

noun (usually plural)

1. one of the fundamental assumptions on which a particular theory or procedure is thought to be based

Computing the properties of the system in a parameter-free way, including all the
material specific details

18 /54
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Quantum description

Excited states

Ground state

Quantized states ¥, with energy E,

a.h.kole@uu.nl
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Quantum description
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Ground state properties
> Electronic

> Structural

> Magnetic

> Topological

Excited state properties
> QOptical properties

Time-dependent properties
> Transport
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Overview of computational approach T
N

Solve for ground state

First-principles
superconductivity

siesta

SC: Superconductivity

21 /54
a.h.kole@uu.n



Density Functional Theory U

electron \
E density E °

Many-Body Hohenberg-Kohn Kohn-Sham
N Interacting particles Energy is a unique functional of ground state N Independent particles auxiliary potential and same
electron density n ground state electronic density
Y(1y,S1;72 83 -..;TN, sN) ~@i(x,s)
E = E[n(r)]
HY = (T+V + Uy = Ey Ho=(T—Ep+Vys)p=Egp
p(x) ., SE.[p]
1% =V, + dx’ +
eff(x)[p] ext(x) j |x — x,l X 5,0(x)
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Basis Sets N\

How to represent the wavefunction?
> On aregular grid => impractical

> Better: expand in terms of known functions

a.h.kole@uu.nl
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First-principles superconductivity R\
Hsc = Hppr + A
Our implementation in SIESTA
SIeSta Reho, Wittemeier, Kole, Ordejon, Zanolli
Phys. Rev. B 110, 134505 (2024)

a.h.kole@uu.n



Hsc = Hprr + A

siesta

Our implementation in SIESTA

Reho, Wittemeier, Kole, Ordejon, Zanolli
Phys. Rev. B 110, 134505 (2024)

a.h.kole@uu.nl
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Hsc = Hprr + A

siesta

EI(DE; _(HﬁFT)*> (

Our implementation in SIESTA

Reho, Wittemeier, Kole, Ordejon, Zanolli
Phys. Rev. B 110, 134505 (2024)

u; uf
U,LO- 4
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First-principles superconductivity U

Reho, Wittemeier, Kole, Ordején, Zanolli
Phys. Rev. B 110, 134505 (2024)

siesta

—— SIESTA
—— JuKKR

Example for bulk niobium

> Parameter-free except for superconducting
interaction

Direct comparison with experiment
Measurable properties are material specific
Small energy scales require high accuracy
Valid for heterostructures

>
>
>
>

E — EF [meV]
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Performance vs Accuracy

> Size of basis set, number of grid points for integration, etc.

> Higher accuracy means more expensive calculation

[ [ ] e 0000
e 060606 00
o 0o 000
o 0000
[ ] [ ] o 060 00
—
Accuracy

-——eeeeeee

Performance



Adaptive sampling

Reho, Wittemeier, Kole, Ordején, Zanolli
Phys. Rev. B 110, 134505 (2024)

sliesta

a.h.kole@uu.nl
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0
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High-performance computing
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Why we need HPC o3

= VS
N
Eigenvalue problem

Heterostructures require large simulations
time oc N2>

atom

Time [s]

103 .
siesta
102 -
10! //”’/
100
102 103
# atoms

Cuperus submitted 2024

a.h.kole@uu.nl
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Different levels of parallellization
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Parallellization strategies U

Different levels of parallellization
1)Distributed parallel linear algebra (i.e.
ScalLAPACK, ELPA)

3x3 process grid

10x9 matrix

40

41

46

47

50

Silt

56

57

a.h.kole@uu.nl
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Parallellization strategies

Different levels of parallellization
1)Distributed parallel linear algebra (i.e.

ScaLAPACK, ELPA)

2)Solving more eigenvalue problems

simultaneously

Solve
eigenproblem

Solve
eigenproblem

Solve
eigenproblem

MPI

N
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4
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Parallellization strategies

Different levels of parallellization

1)Distributed parallel linear algebra (i.e.
ScalLAPACK, ELPA)

2)Solving more eigenvalue problems
simultaneously

3)Parallel integration

0 1 2 3 4 6
1L 5 2 2
6 o
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32F

slesta

Speedup

Speedup

Parallellization strategies

16

20F

128

256 512 1,020 2,050

CPUs

1,090

5,440
CPUs

21.800
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Good practices



Electronic Structure Library

(b)

.sta A FHI a|ms
/ /—h The ab initio materials

simulation package

.LBi
J. Chem. Phys.. 2020; 153(2). d0i:10.1063/5.0012901 (@““""T““Es"““” D ® GRam!

Lcecam

entre Européen de Calcul Atomique et Moléculaire a h kole@ uu nl



1024

ta

T T

Scalapack =———

Siesta-ELPA —3¢—

ELSI-ELPA multi-k-point —#—
Ideal

Electronic Structure Library

512
@ 256

(]

£
T 128}

@)
64 |

32

64

.sta

J. Chem. Phys.. 2020; 153(2). doi:10.1063/5.0012901 (@"“""T““”"““"

Lcecam

Centre Européen de Calcul Atomique et Moléculaire a h kole@ uu nl

128

At

oinit
/-h
|

DFT

256 512 1024
MPI ranks

J. Chem. Phys. 152, 204108 (2020); doi: 10.1063/5.0005077

22008
FHI-alms
The ab initio materials
simulation package

GPeM!
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Documentation U

es and tutorials [ Documentation (O Literature utilities CJHPC [J Cheatsheets [JTeknowlogy [ Communities [J Utilities A ArchLinux [JUU

[  Ground-State Q search

’) github-abinit
©1025 204 ¥ 92

Variables kpt”aﬂ q Table of contents
All Variables NGO
2N fockoptmix
Abinit Mnemonics: K - PoinTs grid: Real space LATTice R
0 yb_mixing
Basic Mentioned in topic(s): topic_k-points
% hyb_mixing_sr
Bethe-Salpeter Variable type: integer
D \ hyb_range_dft
Developers Dimensions: (3,3)
DMFT Default value: 0 A e o
Elaction Phonen +*The use of this variable forbids the use of: ngkpt e
Varff Added in version; before_v9 il
2 % icutcoul
File-handling
Geometry @ Testlist (click to open). Moderately used, [69/1245] in all abinit tests, [7/159] in abinit tutorials > ipreel
t
Ground-State 8
ow This input variable is used only when kptopt is positive. It partially defines the k point grid. The ivalence
AN other piece of information is contained in shiftk. kptrlatt cannot be used together with ngkpt. ixcpositron
paralleli jellslab
s The values kptrlatt (1:3,1), kptrlatt (1:3,2), kptrlatt (1:3,3) are the coordinates of three vectors in A
PAW real space, expressed in the %rprind coordinate system (reduced coordinates). They define a e
ptrla
DFPT super-lattice in real space. The k point lattice is the reciprocal of this super-lattice, possibly A
2 ptrlen
Relaxation shifted (see shi f tk).
magcon_lambda
Vdw
Wanniergo If neither ngkpt nor kptrlatt are defined, ABINIT will automatically generate a set of k point grids, magconon
RS and select the best combination of kptrlatt and shiftk that allows one to reach a sufficient value mixalch
aTDEP of kptrlen. See this latter variable for a complete description of this procedure. natsph
AN natsph_extra
Multibinit
7 kptrlen nbdbuf
Optic
Al nblock_lobpeg
im
Mnemonics: K - PoinTs grid: Real space LENgth ndivk

External Parameters

Da S A AL TS VNSO

a.h.kole@uu.nl
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Documentation

Good

[ Courses and tutorials (3 Docunr

call POPBLASINFO( 0
Variables kpt”a“ Table of contents
All Variables \
2N fockoptmix
Abinit % Mnemonics: K - PoinTs grid: Real space LATTice N
0 hyb_mixing
Basic Mentioned in topic(s): 2
nyb_mixing
Bethe-Salpeter Variable type: integer S
hyb_range_dft
Developers Dimensions: (3,3) ey
DMFT Default value: 0 AR ook
Elaction Phonen *The use of this variable forbids the use of: L
Varff Added in version; before_v9 el
icutcoul
File-handling
Geometry @ Testlist (click to open). Moderately used, [69/1245] in all abinit tests, [7/159] in abinit tutorials > ipreel
igpt
ow This input variable is used only when is positive. It partially defines the k point grid. The Ivalence
AN other piece of information is contained in . kptrlatt cannot be used together with § ixcpositron
paralleli jellslab
s The values kptrlatt (1:3,1), kptrlatt (1:3,2), kptrlatt (1:3,3) are the coordinates of three vectors in e
PAW real space, expressed in the coordinate system (reduced coordinates). They define a
DFPT super-lattice in real space. The k point lattice is the reciprocal of this super-lattice, possibly A
Relaxation shifted (see ). o
vaw magcon_lambda
Wanniergo If neither nor kptrlatt are defined, ABINIT will automatically generate a set of k point grids, magconon
RS and select the best combination of kptrlatt and that allows one to reach a sufficient value mixalch
aTDEP of . See this latter variable for a complete description of this procedure. natsph
natsph_extra escal 1 )i
Multibinit P LLD_ )
N kptrlen nbdbuf b( LLD_ )N
ptic )+l
o nblock_lebpeg -
im
Mnemonics: K - PoinTs grid: Real space LENgth ndivk
External Parameters A NN NN
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Parameters . Structure

SCF

. Results

R
o’
%

Distance

. Results

Relax

Parameters Relaxed structure

. Results

SCF

Parameters

] . Results
Sci Data 7, 300 (2020)

N

FAIR data =—°-=

N

09 @

MATERIALSCLOUD

V —
Open-Source Python LEARN WORK DISCOVER EXPLORE ARCHIVE
Infrastructure to
automate, manage, share and reproduce
> Complex computational workflows & data
> Designed for high-throughput workflows
> Interfaced with multiple material science
codes
> Ensures full data provenance
> Allows for FAIR data storage
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INPUT WORK
loan_workdi

JINPUT WORK

LINPUT WORK +INPUT WO
eloan workdir * ma itorations

INPUT WORK.
max_itorations

\ RETURN ", INPUTWORK
pomote fodor ", options.

peendon N,

RETURN / RETURN <" RETURN
remote stash) remote folder " retrioved

; Materials Cloud Archive 2024.143 (2024)
!

a.h.kole@uu.nl
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N
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GPU

J. Chem. Theory Comput. 2023,

19,

GPU VS CPU

GPU 10X PERFORMANCE & 5X ENERGY EFFICIENCY
CPU

Few Cores
Optimized for
Serial Tasks

6992-7006

GPU Accelerator
1000’s of Cores
Optimized for
Parallel Tasks

EENEEEEE N
EEEEEEENE N

EEEEEEN
ENEEEEN

CPU time (s)

Horizon MaX report 2020

a.h.kole@uu.nl

time per iteration (sec)

N
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w
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o
T

w

o

o
T

oCPU execution

PWSCF - Chromium lodide orthorombic supercell
(1152 atoms, 7776 electrons, NCPP+CC:240/60Ry)

( @HUHNTUMESPRESSU

GPU execution GPU execution GPU execution
(1024 V100 cards) (24 A100 cards) (96 A100 cards)

(1440 cores)

1024

S512.1

256

128

ELSI-ELPA-CPU —4—
ELSI-ELPA-GPU —3¢—

siesta

64

1 2 4 8
Number of nodes
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53,185

509

235

Workflows for high throughput e

68,860 inorganic compounds

163 5) HSEO6 g

a2

_edges

9.8 5.8

(3 Aqueous stabiliy

(4) Small lattice

input layer

hidden layer 1

hidden layer 2

output layer

]
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The Materials Project

Apps  About ¥  Co

Home / Apps / Materials Explorer

. Materials Explorer

Search for materials information by chemistry, compasition, or property.

Materials
. [SRINISEMENICEN At Least Elements Formula
U Be Select elements to search for
% materials with only these elements
Na Mg
K Ca| S T V C M Fe Co N Cu Zn
Rb (St Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
Cs | Ba H Ta W Re Os Ir Pt Au  Hg
la Ge Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Y¥b Lu
Ac Th Pa U Np Pu
Filters Reset All 153,235 materials
Showing 1-15
» Composition c
Material ID Formula Crystal System Space Group Symbol Sites.

48 /54
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107 =
. © Easily exfoliable
] © Potentially exfoliable
i © High binding energy
& 1075
2 ]
E 1 i c
o 1 @
= - .'E:‘o-' “ oo
\d 8 - ® ®
10" 3
| I 1 | | I

0 10 20 30 40 50 60
Change in interlayer distance (revPBE versus DF2-C09) (%)

Nature Nanotechnology volume 13, pages 246—-252 (2018)
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Quantum Computing

Perfect fit for solving quantum problem

Current applicability still limited => hybrid algorithms

Using regular (CPU+GPU) and quantum (QPU) hardware in tandem

HPC

L

» Server

Qc
Control & Shielded Room
\S‘ac;lum Dilution
ik Refrigerator
Cryogen
Pump

Pulse
Tube

a.h.kole@uu.nl
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Summary

Quantum Materials exhibit quantum behaviour at macroscopic scales

Quantum description using first-principles simulations

Compute properties in a parameter-free way to aid materials design

Recent extension to include superconductivity

Open-source codes that scale well on High Performance Computing infrastructure

Good practices to help the community
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Quantum Materials by De5|gn 2024 Team %\é«

Projects on Snellius

> NWO-2022.012
> EINF-6220 r‘)‘;
> NWO-2024.012 m
Publications NWO

Sohier 2D Mat 10(2), 025006, 2023
Melo npj CM 9(1), 147, 2023
Zanolli A&A 675, L9, 2023

Moes NL 24(17), 5110-5116, 2024
Reho PRB 110 (3), 035118, 2024
Reho PRB 110 (13), 134505, 2024
Reho arxiv 2024

Cuperus submitted 2024

Vonk submitted 2024

Reho in preparation 2025

Student theses
Wittemeier 2023
Tops 2024

Dubbink 2024

14 keynote and invited
presentations at international

conferences o354




Questions?
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