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Automated first-principles simulations as a service:
accelerating materials discovery via computational spectroscopies
Ab initio lattice vibration: Raman spectroscopy Many-body perturbation theory: Optical spectroscopy
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Alireza Taghizadeh et al., Nat. Commun. 11, 3011 (2020) Miki Bonacci et al. npj Comp. Mat. 9, 74 (2023)
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Where does the muon stop? Magnetic (~ Su- A-S ) &/or paramagnetic (™~ Su -A-1) phase
interactions

Internal field at the muon

B”NBdip+Bhf+"'

Ho _ 5
B =_0_( m+3(m r)r)
dip 4xm r3 r5

2u
B, = 0 (0)m

P. Bonfa, R. De Renzi, J. Phys. Soc. Jpn. 85, 091014 (2016)
S. J. Blundell, T. Lancaster, Appl. Phys. Rev. 10, 021316 (2023)
I.J. Onuorah, et al Phys. Rev. B 97, 174414 (2018). Page 3
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Where does the muon stop? Magnetic (~ Su- A-S) &/or paramagnetic (~ Su -A-1) phase
interactions

o 1D Internal field at the muon

{n‘ S é ‘ B”NBdip+Bhf+"'

Approach: density functional theory (DFT) based simulations with pu* modelled as
interstitial impurity.

o Or = 2O (0P m

P. Bonfa, R. De Renzi, J. Phys. Soc. Jpn. 85, 091014 (2016)
S. J. Blundell, T. Lancaster, Appl. Phys. Rev. 10, 021316 (2023)
I.J. Onuorah, et al Phys. Rev. B 97, 174414 (2018). Page 4
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Challenges for a regular user within DFT-based high-throughput approaches:

e  What supercell size is sufficient for impurity calculations WW

° Initial trial muon positions?

° Choice of optimized DFT parameters:
o g point sampling of the Brillouin zone
o  Plane-wave cutoffs
o  Convergence thresholds

° Results, data handling and analysis:
o  Alot of human intervention/expertise
o Task intensive
o  Reproducibility loss
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Challenges for a regular user within DFT-based high-throughput approaches:

° What supercell size is sufficient for impurity calculations

—

° Initial trial muon positions? T

o (l——
Not User friendly!!!

©) Fldarne-wdve CULOIITS
o  Convergence thresholds

° Results, data handling and analysis:
o  Alot of human intervention/expertise
o  Task intensive
o  Reproducibility loss
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Challenges for a regular user within DFT-based high-throughput approache

° What supercell size is sufficient for impurity calculations

E;.

° Initial trial muon positions?

1’
I
° Cl— - L1 I = Huddart, B. M., et al., 280, 108488 (2022)
Not User friendly!!! - Automation ¢

I | pir
OPTaNe-Wave CUtoTTS U S b d :

o  Convergence thresholds
° Results, data handling and analysis:

o  Alot of human intervention/expertise

o  Task intensive

o  Reproducibility loss
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(-1 Automation strategy & Platforms

Automated workflows P Nopah el et L 3™
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S. P. Huber et al., Sci. Data, 7(1):300 (2020)
M. Uhrin et al., Comp. Mat. Sci. 187, 110086 (2021)

e v 1T
https://www.aiida.net A 4 ] @
Provenance Tracking Plugin Framework HPC Interface Open Source

aiida-muon @

aiida-muon is allows to find candiate muon
analysis.

— Source Code

— Plugin details (7 QUANTUMESPRESSO

Workflows 1

https://github.com/positivemuon/aiida-muon

P. Giannozzi et al., JPCM, 29:465901 (2017)

https://github.com/aiidateam/aiida-quantumespresso
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(I{J» Outline

/ Automation Platforms

Automation protocols &
validation
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@ MC3D ~ 35 000 inorganic 3D crystals

Materials Cloud three-dimensional crystals database (MC3D) i’:ﬁﬂ

m 10.24435/materialscloud:rw-t0

Curated set of relaxed three-dimensional crystal structures based on raw CIF data from the experimental databases
MPDS, COD, and ICSD.

‘ Use ‘ About REST API

Search for materials:

Elements filtering mode:
7 O Include/exclude @
.EI @ Only selected
5
Na vig
9 20 21 2 23 24 25 26 23
K& & H U &k &
37 38 39 40 a 42 43 44 45
CARAE AR AL
55 56 - 72 73 74 75 76 77
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(I-{}=» High-throughput stories

S. Huber, M. Bercx, N. Hormann, M. Uhrin, G. Pizzi, N. Marzari
https://archive.materialscloud.org/record/2022.38

Powered by
;s AlIDA
¢sAlp
MC2D > 2 000 layered 2D materials

nature -
nanotechnology

Computational quest for 2D materials

ENVIRONMENTAL NANOTECHNOLOGY
Interacting with the community

ACHROMATIC METALENSES
Visible images

NEUROMODULATION
Wireless excitement

N. Mounet et al., Nat. Nanotech. 13, 246-252 (2018)
D. Campi et al., ACS Nano, 17,12, 11268-11278 (2023)
https://archive.materialscloud.org/record/2020.158
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-I{Jm High-throughput stories Powered by

UNIVERSITA o5 AlIDA

Automated Wannierization of 17 744 materials (1 155 049 MLWFs) 352 new electrides identified, several of which with
relevant magnetic properties

(a) silicon
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J. Qiao, G. Pizzi, N. Marzari, npj Comp. Mat. 9, 206 (2023) F. Ramirez, L. Ponet, M. Bercx, N.
J. Qiao, G. Pizzi, N. Marzari, npj Comp. Mat. 9, 208 (2023) Marzari, G. Pizzi, in preparation
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(J-{}» Graphical user interface (GUI) ﬁﬁﬁ AIIDA

AiiDAlab-QuantumESPRESSO: The web environment for first-principle calculations.

[ Structure }
optimization

Bands
structure

1.0 The Quantum ESPRESSI App

A. V. Yakutovich et al., Comp. Mat. Sci. 188, 110165 (2021)
https://www.aiidalab.net/

~ / Step 4: Status & Results

+ % QeAppWorkChain<757> Finished [0] [4:results]

QE App Workflow (pk: 757) — Si2

Workflow Summary | Final Geomery Electronic Structure

Z [ Total DOS
0 g [CJsie72272,00]
H SH4.08, 1.36, 4.08)

Electronic bands (eV)

23

E X UK r L w
Edit the path: GAMMA-X-U|K-GAMMA-L-W-X

Reset default path Drag (or pinch) to zoom Toggle PDOS
Download Figure
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(-1 Graphical user interface (GUI) A| | DA

Xing Wang (LMS, PSI)
Jusong Yu (LMS, PSI)
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New implementation supports multiple properties in one interface.

[ IR+Raman }

Bands
structure

\

;%Q The Ouantum ESPRESSD App
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[F={= Graphical user interface (GUL) g3 AIIDA

Xing Wang (LMS, PSI)
Jusong Yu (LMS, PSI)
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New implementation supports multiple properties in one interface.

XPS XAS
PDOS

IR+Raman
Bands
Muons
structure
And

more!

;%Q The Ouantum ESPRESSD App

New AiiDAlab Quantum ESPRESSO app plugin for muon simulations
https://github.com/mikibonacci/aiidalab-ge-muon
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(J-{}» Graphical user interface (GUI) ﬂﬁ AIIDA

Xing Wang (LMS, PSI)
Jusong Yu (LMS, PSI)
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New implementation supports multiple properties in one interface.

Muons

.10 The Quantum ESPRESSD Apy

Available at
aiidalab.psi.ch

New AiiDAlab Quantum ESPRESSO app plugin for muon simulations
https://github.com/mikibonacci/aiidalab-ge-muon
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Automation protocols &
validation
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AiiDA-muon: workflows & implementation

Lattice and
magnetic
Structure:
cif/mcif

uSR
Signal

Open source code: https://github.com/positivemuon/aiida-muon

Supercell
~»| convergence / -
: generation DFT & DFT+ U Paramagnetic
J Structural phase Interaction | |
: relaxations 4 ~8 Al
: > ¢ b
1ol Initial interstitial | Y ,~- |Magnetic Interaction
u* sites : oY o ~S *A-S,
generation aﬁysistz’ g Al Dipolar contrib.
relaxed p* sites &
Contact hyperfine
AiiDA DFT Engine UNDI MuESR
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Dipolar fields using classical approximation:

Contact hyperfine fields using spin density at the muon site:

2

Bry = Holis ot (r) — py (1)]

The variance of the field distribution at the muon site due to nuclear dipoles:

ro
j=1 J

9 2 M oA21 (141
op =3 () B prrgy L2

)

BE AiiDA-muon: workflows & implementation

(1 — 02t2) e

1
20’

2t2
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BE Challenges in Automation
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e Move beyond DFT and introduce corrections to describe electronic correlation effects

Conventional DFT:
Example: FeO WITH DFT+U
N 4 /= .
\ / ’ \ ’/’/\\\ / h / < 5 \\
‘\\\‘ A \\ / \ | \ / w y \ \ / \
4 / \ A | | A AR
| \\ / \\ ) | |
o v v/ h \
\ f || W \
\ 5; \,//
\f" ' ;
. -4 -2 0 4
-4 -2 0 2 4 E-Ef (eV)
E-EF (eV)

lurii Timrov et al. Phys. Rev. B 98, 085127 (2018)

® This affects outcomes of muon site predictions.
® Important to get correct conducting state because of different charge screening effects.
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BE Challenges in Automation
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e Move beyond DFT and introduce corrections to describe electronic correlation effects

Conventional DFT;
Example: FeO WITH DFT+U
A / N ~ / o - y
\ | \ [ / 4
vl W - | /
-
\ c‘ \ v/
¥y W
- : -4 -2 0 2 4
-4 -2 0 2 4 E-Ef (eV)
E-Er (eV)

This affects outcomes of muon site predictions.

DFT+U correction, with U values obtained from the

analysis of large set of oxidation energies.
Lei Wang, et al Phys. Rev. B 73, 195107 ( 2006)

Co Cr Fe Mn Ni Vv Cu
33 | 35 40 40 64 31 40
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The description of non collinear magnetic structures is computationally demanding and can be

affected by numerical instabilities.

Algorithm produces collinear spin structures (if possible) and performs collinear DFT

calculations.
* Original structure is used to compute the dipolar interactions.

I 0,0,

r
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¢/ w{Iqm Muon local field in V_O M
et o
B. A. Frandsen et al., Phys. Rev. B 100, 235136 (2019) MW

Uemura et al., Hyperfine Interact. 17, 339 (1984)

-2
~ J u pyte r Data for muon site #7
QE App Workflow (pk: 38028) — 012V8
Entry Value
Workflow Summary ‘ Muon spectroscopy ’ Vibrational Structure [
' muon position (crystal
) . . [0.559, 0.316, 0.476]
Select view mode for muonic outputs: Summary of all unique muon s coordinates)
Select muon site: ‘ 7 v‘
l AE(otal (€V) 0.0
structure pk 38162
[0.138, -0.042,
Btotal (T)
0.086]
Buipotar (T) [0.03, -0.042, 0.05]
[Btotall (T) 0.168
[Baipl (T) 0.072
|Bhyperfine| (T) 0.113

Download table in csv format: muon_7.csv
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- | —

» Muon local field in V,0,

B. A. Frandsen et al., Phys. Rev. B 100, 235136 (2019)
Uemura et al., Hyperfine Interact. 17, 339 (1984)

Field magnitude (T)

| Btotal I (T)

[Baipl (T)

Contributions

I Bhyperfine I (T)

Frequency (MHz)

16 -

12

Temperature (K)

-Iol.-..' V203 ZF-uSR
L)
l’\

¢ 300 nm film

Y 70 nm film

¥ Bulk
I T T 1 — T T
0 50 100 150 200 250

Data for muon site #7

Entry

muon position (crystal

coordinates)

AEtotal (€V)

structure pk

Biotal (T)

Bdipolar (T)

[Btotall (T)

[Baipl (T)

|Bhyperﬁne| (T)

Value

[0.559, 0.316, 0.476]

0.0

38162

[0.138, -0.042,
0.086]

[0.03, -0.042, 0.05]

0.168

0.072

0.113

Download table in csv format: muon_7.csv
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¢ wa{Iqjm KT Polarization: KV 3Sb & RbV 3Sb5

DI PARMA Mielke, C., Das, D., Yin, JX. et al., Nature 602, 245 (2022)

0.20

0.15

Alt)

0.10

[® 5K
0.05f - - GKT ks

[ GKT erpty |

< 0.00 ¥ =
J o 2 4 6 8
5 t(us)
2
1]
B 15 muon site #3
——— muon site #1
muon site #6
0.8 muon site #4
muon site #5
#> muon site #7
~ 06
|_
'
o
2
%
0.4
0.2
0
0 5 10

time (ps) Page 25
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A ES Magnetism in 2H-MoTe, & 2H-MoSe, °

DI PARMA Guguchia et al., Sci. Adv., 4, 12: eaat3672 (2018)

=

—=>  Substitutional defect calculations are not yet implemented
=> Assuming an induced ~0.4 M, moment at Mo sites .

1.

=0

Muon site in the Mo site vicinity

= X

Va7V
NI
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—=>  Substitutional defect calculations are not yet implemented
=> Assuming an induced ~0.4 K, moment at Mo sites

Muon site in the Mo site vicinity

P ——

250

n 7\

'_ ./‘__%\ @ 100
\ll / ), \.'

- 50

0

Local field at the muon

RS Magnetism in 2H-MoTe, & 2H-MoSe,

\ 200 -

' Buaip

Bhr

Btot

Bhr

Buaip

Btot

1 (us)
250 T
L C 2H-MoTe,
A -‘ * Slnglecrp.-
= I Soic A d
g 150 B Pdyryal
) Sampis B |
T_ 100t 4
50 Long-range order /Tu .
1 A —
0 20 40 60 80
T(K)
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Select view mode for muonic outputs:

Internal field in LaFeAsO

H. Maeter, et al., Phys. Rev. B 80, 094524 (2009)

Summary for all the unique muon sites, sorted by energy:

Select muon site: ’ 10

Unit cell containing all the unique muon sites:

muon#  AEga (eV) | [Brotall (T)  [Bdipl (T) | [Bnyperfinel (T)
Summary of all ur
6 0.0 0.373 0.373 0.0
10 0.001 0.271 0.271 0.0
3 0.001 0.374 0.374 0.002
1 0.104 0.305 0.237 0.068
=
4 0.105 0.301 0.238 0.063 ;
o
2
2 0.434 0.346 0.05 0.339 %
©
1S
9 0.434 0.344 0.049 0.337 %
2
5 0.629 0.022 0.022 0.001
8 0.662 1.161 0.014 1.161
1 0.695 0.017 0.017 0.0

®  AEa (eV) ®
1 B (Bl (T) — 0.6
B [Bgpl (T) <
o IBhyperﬂnel (T) LJ ® 0.4 3
©
0.5 S
L
<

"= lIlI 0.2
0 t l-'-- L - 0

ey, M, Moy, Mo, ey, ey, o, ey, o,
St Stk Sie She e e g tg Mt
@% G% 9% @% S% @% 9% @% @% 9%
RN 7, e Fo Ko Es T He o Hy
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Select view mode for muonic outputs:

Internal field in LaFeAsO

Summary of all ur

Select muon site: ’ 10

Unit cell containing all the unique muon sites:

H. Maeter, et al., Phys. Rev. B 80, 094524 (2009)

Summary for all the unique muon sites, sorted by energy:

10

muon # AEsotal (eV)

0.0

0.001

0.001

0.104

0.105

0.434

0.434

0.629

0.662

0.695

[Btotall (T)

0.373

0.271

0.374

0.305

0.301

0.346

0.344

0.022

1.161

0.017

|Bdipl (T)

0.373

0.271

0.374

0.237

0.238

0.05

0.049

0.022

0.014

0.017

|Bhyperﬁne| (T)

0.0

0.0

0.002

0.068

0.063

0.339

0.337

0.001

1.161

0.0

Field magnitude (T)

35| | ® WSRfrequency

S 30T | a Fehyperfine field (ref. 23)

+/neutron counts (a. u.), (refs.

16,17, 22)

ST LaFeAsO
0 1 N Il N 1 . 1 " | P 1
000 025 050 075 1.00 1.25
reduced temperature 7/7,,
51 MHz or 37 MHz
® AEtotal (eV) 'f— ®
1 W (Bl (T) e ] 0.6
B [Bgpl (T) =
—‘ IBhyperﬂnel (T) L ® 0.4 3
0.5 £
02 4

M, M, M, M, M, Mt Mt M,

o,

My,

St S St S STE ST ST STE | STE, ST
e e e e e N] e e e e
B e Ed * £ 2, o S *
6 () 7 T F9 *§ F4
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Select view mode for muonic outputs:

Internal field in LaFeAsO

Summary of all ur

Select muon site: ’ 10

Unit cell containing all the unique muon sites:

u*sites 6, 10, 3

H. Maeter, et al., Phys. Rev. B 80, 094524 (2009)

Summary for all the unique muon sites, sorted by energy:

10

muon # AEsotal (eV)

0.0

0.001

0.001

0.104

0.105

0.434

0.434

0.629

0.662

0.695

[Btotall (T)

0.373

0.271

0.374

0.305

0.301

0.346

0.344

0.022

1.161

0.017

|Bdipl (T)

0.373

0.271

0.374

0.237

0.238

0.05

0.049

0.022

0.014

0.017

|Bhyperﬁne| (T)

0.0

0.0

0.002

0.068

0.063

0.339

0.337

0.001

1.161

0.0

Field magnitude (T)

35| | ® WSRfrequency

S 30T | a Fehyperfine field (ref. 23)

+/neutron counts (a. u.), (refs.

16,17, 22)

ST LaFeAsO
0 1 N Il N 1 . 1 " | P 1
000 025 050 075 1.00 1.25
reduced temperature 7/7,,
51 MHz or 37 MHz
. AEtotal (eV) ' .
1 W (Bl (T) e ] 0.6
B |Bgpl (T) =
| IBhyperﬂnel (T) ® ® 0.4 EJ/
0.5 £
[ [ a m B R 02 g
0 [ ' l' | [usss] . E— -H 0
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(5= Outlook: further developments and case studies
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What's still missing? £ i

w
=3
s
=

Frequency
\

e Full treatment of nuclear-muon interactions
e PES barriers (NEB and TST) =

w
«
=}

w
o
=}

250 =
® Zero-point motion corrections 200
0 100 200 300 400 500
Minimization step number
SSCHA
1.0

T
Hl Total energy

. i 0.8 N 7PE b

=10 | : .
i 10~ 06 1

ciﬁ % g 1 = i f‘i
_4 1000 T™* [K™1] 15 L ]

=<t 107*F = : 0.4

— —_— )

H O 2 |- -
3 10—5 = —4
310
= 0.0 a
O T

A [fs71]

25 50 75 100
Timews) 1000 T [K~]

P. Bonfa et al., PRL 129 097205 (2022) P. Bonfa et al., arXiv:2305.12237 (2023) I. Onuorah et al., Phys. Rev. Materials 3, 073804 (2019)
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(= Summary and conclusions
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®
Q\*”“»@@\@ AiiDA-muon workflows and the GUI is ready for use at aiidalab.psi.ch deployed inside PSI
| network for PSI users.

Already includes static DFT based muon embedding site identification for magnetic and non
magnetic systems.

Computes the hyperfine interaction parameters for magnetic systems and nuclear relaxation
rate based on second moment approximation.

..more to come in the near future!

Page 32



PAUL SCHERRER INSTITUT

=15

=2
UNIVERSITA
DI PARMA

*

T Finanziato

* * ~

S dall'Unione europea
sl NextGenerationEU

) ecosister

Acknowledgements

I_I_‘ Swiss National
Science Foundation

MARVEL
OCo0e®

NATIONAL CENTRE OF COMPETENCE IN RESEARCH

N
r D
( J

A

DRIVING
MAX THE EXASCALE
TRANSITION

Ministero
dell’Universita

ETH BOARD

£],
ob-f PREMISE

BATT

20

rm

RY
®

* X x
*
* *
* *
* 5k
European

Commission
I

People

Unipr

Muhammad Makudi Isah
Marcello Mazzani
Roberto De Renzi

Pietro Bonfa

PSI
Giovanni Pizzi
Nicola Marzari

AiiDAlab team

Carlo Pignedoli (Empa)
Aliaksandr Yakutovich (Empa)
Jusong Yu (PSI)

Xing Wang (PSI)

Marnik Bercx (PSI)

Dou Du (EPFL)

Daniel Hollas (Univ. of Bristol)
Andres O. Guerrero (Empa)
Edan Bainglass (PSI)

Page 33



PAUL SCHERRER INSTITUT

—_— ] —

=
UNIVERSITA
DI PARMA

Benchmark & Validation on;

V203

RbVBSb5 & KVSSb5 & CsV,Sb5
MoTe, & MoSe,

LaRu 3Si ,
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g RS Muon polarization function in LaRu_Si
UNIVERSITA 3 2

DI PARMA C. Mielke, Ill, et al, Phys. Rev. Mat 5, 034803 (2021)
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o [{J= Outlooks - further developments and case studies
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What's still missing?
Low-hanging fruits

FIl treatment ofu nuclear-muon interactions
PES barriers (NEB and TST)

Diamagnetic or paramagnetic?

® Muonium hyperfine coupling parameters

----- Deep interstitial configuration
= Defect-complex configuration
Bond configuration
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P. Bonfa et al.,, PRL 129 097205 (2022) J.S. Mdller et al., PRB 87, 121108R (2013) R. C. Vildo et al., PRB 84, 045201 (2011)
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o [{J= Outlooks - further developments and case studies
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What's still missing?

After low-hanging fruits
® Zero point motion correction
e Muon site population
® Magnetic fluctuations
(magnons, crystal-field transitions, ...
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I. Onuorah et al., Phys. Rev. Materials 3, 073804 (2019)

Jacobsson et al., Phys. Rev. B 88, 134427 (2013)
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What's still missing?

High-hanging fruits

® Dynamical effects and muon diffusion (classical)
e Quantum motion
e Superfluid density (BCS)

e
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P. Bonfa et al., arXiv:2305.12237 (2023)
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M. Gomilsek et al. Commun. Phys. 6, 142 (2023)

Outlooks - further developments and case studies
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Muon local field in LaFeAsO

H. Maeter, et al., Phys. Rev. B 80, 094524 (2009)

Summary for all the unique muon sites, sorted by energy:

muon #
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0.373

0.271

0.374

0.237

0.238

0.05
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0.0

0.0

0.002

0.068

0.063

0.339

0.337

0.001

1.161

0.0

51 MHz or 37 MHz?
Or both?
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m  Fe hyperfine field (ref. 23)
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H. Maeter, et al., Phys. Rev. B 80, 094524 (2009)

Page 39



=g
UNIVERSITA
DI PARMA

PAUL SCHERRER INSTITUT

Muon local field in LaFeAsO

Summary for all the unique muon sites, sorted by energy:

6

10

3

1"

muon #  AE¢ota (€V)

0.0

0.001

0.001

0.104

0.105

0.434

0.434

0.629

0.662

0.695

[Btotall (T)

0.373

0.271

0.374

0.305

0.301

0.346

0.344

0.022

1.161

0.017

|Baip| (T)

0.373

0.271

0.374

0.237

0.238

0.05

0.049

0.022

0.014

0.017

IBhypsrﬂnel (T)

0.0

0.0

0.002

0.068

0.063

0.339

0.337

0.001

1.161

0.0

51 MHz or 37 MHz?
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= Fe hyperfine field (ref. 23)
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H. Maeter, et al., Phys. Rev. B 80, 094524 (2009)
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Select view mode for muonic outputs:

Internal field in LaFeAsO

Summary of all ur

Select muon site: ’ 10

Unit cell containing all the unique muon sites:

u*site 6, 10, 3

H. Maeter, et al., Phys. Rev. B 80, 094524 (2009)

Summary for all the unique muon sites, sorted by energy:
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Field magnitude (T)
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