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What are Muons?

Properties
e Sub-atomic particles
e Heavy electron / Light proton
eImplanted into a sample
e Lifetime 2.2 ms
* uSR experiments in TS1
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Muon Spectroscopy Computational Project

https://muon-spectroscopy-computational-project.github.io

Sustainable, User-friendly and Reproducible Software Tools for Interpreting Muon Experiments

MuDirac

. ymuon-suite
treat muonic atoms P

muon stopping sites

, Muspinsim
pm—nq spin dynamics of systems of a muon
muon quantum effects plus other spins
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https://muon-spectroscopy-computational-project.github.io/

Theoretical Basis of our Variant of the UEP Method

u*and p*e” in CaF

Schematic electrostatic potential
landscape. Similar minima,
different attractor.

PRB 87, 121108(R) (2013) PRB 87, 115148 (2013)
Efficient method to scan 3D electrostatic potential of samples
Uses clusters to determine the ‘attractor size’ and value of electrostatic potential’s minima
Relies on only ONE DFT simulation of the unperturbed host material

Tested in many systems and proven reliable. However, users must exercise scientific criteria when analyzing results form
the method

S. Sturniolo and L. Liborio, The Journal of Chemical Physics, 153, 044111 (2020)



Workflow for Finding the u* stopping site
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Workflow for Finding the p* stopping site: command line tools
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Workflow for Finding the p* stopping sitein ™ Galaxy
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/ PyMuonSuite AIRSS UEP Optimise run UEP optimisation
(Galaxy Version 8.3.0+galaxy1)

Tool Parameters

Structure file *

(] I} [ma] 18: File containing the positions of all muon sites - =

The structure to add muons to. The original file will be preserved. Accepted file types: CELL, CIF, XYZ (extended only).

Charge density file (.den_fmt) *

D 0 DO 2: Cu.den_fmt - =]
The charge density file created by CASTEP during your initial DFT simulation for the structure.
CASTEP log (.castep) *

D 0 DO 3: Cu.castep - =

The CASTEP log for your initial DFT simulation for the structure.
Generation Parameters =

Poisson radius *
0.8 <

Poisson sphere radius to use for random generation. No two starting muon positions will be closer than this
distance. Smaller values make for bigger structure sets. (poisson_r)

Van der Waals scale *
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/ PyMuonSuite AIRSS Cluster run clustering for optimised structures
(Galaxy Version 8.3.0+galaxy®)

Tool Parameters
optimised muonated structures (.zip) *
D 0 DO 17: PyMuonSuite AIRSS UEP Optimise on data 3, data 2, and data 6 - (=)

A zip folder containing a set of optimised muonated structures, the original structure, and a YAML parameter file. See
below for the expected folder structure.

Clustering method

© hierarchical
O k-means

(clustering_method)

t parameter for hierarchical clustering - optional
0.3 v

(clustering_hier_t)

Clustering Save Format

Do not generate v

If set, for each cluster a structural file with the specified format will be generated, corresponding to the structure in
the cluster with minimal energy. (clustering_save_format)

PyMuonSuite AIRSS UEP Optimise
run UEP optimisation

PyMuonSuite AIRSS Cluster
run clustering for optimised structures



Workflow for Finding the p* stopping sitein ™ ?F?D!EaC)T(y
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https://muongalaxy.stfc.ac.uk/



https://muongalaxy.stfc.ac.uk/

DFT Relaxation of Pure Host material with EJ@:S113%

YOU NEED A
PROPERLY
CONVERGED
SIMULATION

Pr,Rh;Ge,

* Can provide access to Scarf cluster
* Can provide basic support for CASTEP simulations
* Need 3 files:
e Cu.castep (main CASTEP output file )
 Cu.den_fmt (CASTEP charge density file)
e Cu-out.cell (CASTEP structural file for the
relaxed host material)



= Galaxy psr

PyMuonSuite AIRSS UEP Optimise: = Galaxy
PROJECT
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WORKFLOWS

All workflows

Welcome to Muon Galaxy!

Muon Galaxy provides access to tools for tackling computational challenges in
muon spectroscopy. These tools can be used to:

¢ |dentify the muon stopping site(s) in a system

¢ Simulate the spin dynamics of a system containing a muon, electrons, and
atomic nuclei, with various experimental setups and couplings

¢ Fit a spin dynamics simulation to experimental data

Muon Galaxy is based on the Galaxy framework, which guarantees simple
access, easy extension, flexible adaption to personal and security needs, and
sophisticated analyses independent of command-line knowledge.

New to Muon Galaxy?
Take an interactive tour:  Galaxy Ul History = Scratchbook
Or try these tutorials:

e Galaxy 101 for everyone
e Finding muon stopping sites with PyMuonSuite (coming soon)
e Modelling spin dynamics with MuSpinSim (coming soon)

Available Tools

Using 29.8 MB
History + = -
search datasets ¥y X
Find muon site Cu - ’
Oxford
So8B Qo0 &

<]
o

© This history is empty.
You can load your own data or get
data from an external source.




PyMuonSuite AIRSS Cluster: - Galaxy
PROJECT

= Galaxy HSR A Workflow Visualize SharedDatav Help~v Userv M & 55t Using 38.5 MB
Tools T ) o - History + = -
/ PyMuonSuite AIRSS UEP Optimise run UEP optimisation w R -
search tools ¥ X (Galaxy Version 8.3.8+galaxy1) search datasets ¥ | X

Tool Parameters . .
2. Upload Data Find muon site Cu - ’
Structure file *

Oxford
SEbE O (] 5: File containing the positions of all muon sites v B
SPIN DYNAMICS - sy ~
L. The structure to add muons to. The original file will be preserved. Accepted file types: CELL, CIF, XYZ 747 KB 05 W6 W4 T
MUSpmS]m (extended only). an P
FIND MUON STOPPING SITES Charge density file (.den_fmt) *
5 : File containing the positio © # W
UEP Method O ©@ O  2cCudenfmt v B ns of all muon sites
PyMuonSuite AIRSS Cluster run
clustering for optimised structures The charge density file created by CASTEP during your initial DFT simulation for the structure. 4 : PyMuonSuite AIRSSUEP @ /' B
* Optimise on data 3, data 2, a
PyMuonSuite AIRSS UEP Optimise CASTEP log (ccastep) - data 1
run UEP optimisation 0O () 3: Cu.castep o =
Other Methods 3 : Cu.castep oWV |
The CASTEP log for your initial DFT simulation for the structure.
OTHER TOOLS 5
5 2 : Cu.den_fmt ®
) Generation Parameters X S /s .
PyMuonSuite
Poisson radius * 1: Cu-out.cell LONY 4 |
File Conversion
0.8 >
Deprecated L3

Poisson sphere radius to use for random generation. No two starting muon positions will be closer than this

~ s ~

distance. Smaller values make for bigger structure sets. (poisson_r)




Workflow creation: = Galaxy
PROJECT

- Galaxy HSR A Workflow Visualize SharedDatav Helpv Userv M & 55t Using 36.5 MB
Tools w - ) ) o History + =2 -
# PyMuonSuite AIRSS Cluster run clustering for optimised structures w & v
search tools ¥y X (Galaxy Version 8.3.9+galaxy®) search datasets ¥ X

Tool Parameters . .
L. Upload Data Find muon site Cu - ’
optimised muonated structures (.zip) *

Oxford
Get Data O 18] (] 4: PyMuonSuite AIRSS UEP Optimise on data 3, data 2, and data 1 v =
SPIN DYNAMICS - _ ~
L. A zip folder containing a set of optimised muonated structures, the original structure, and a YAML parameter W 762 kb 0s We W6 ©
MuSpinSim file. See below for the expected folder structure. ax Py
FIND MUON STOPPING SITES
Clustering method 18 : Cluster data for PyMuonS @ #* B
HEF G uite AIRSS UEP Optimise on
PyMuonSuite AIRSS Cluster run O hierarchical data 3, data 2, and data 1
clustering for optimised structures O k-means
PyMuonSuite AIRSS UEP Optimise (clustering_method) 17 : Cluster report for PyMuon © ¢ W
run UEP optimisation t parameter for hierarchical clustering - optional SUteAIRSS HEROpsimise o
n data 3, data 2, and data 1
Other Methods o= <
ST e (clustering_hier_t) 16 : Minimal energy structures @ /' W
a list with 2 datasets
PyMuonSuite

Clustering Save Format

5 : File containing the positio @ #*
ns of all muon sites
Do not generate v
Deprecated L3
If set, for each cluster a structural file with the specified format will be generated, corresponding to the 4 : PyMuonSuite AIRSS UEP @ ¢
< structure in the cluster with minimal energy. (clustering_save_format) >

File Conversion




Galaxy Tools for XAS Data Processing

Process Raw Data Normalise Data Analyse Data Portions of the existing workflow are covered by
oo different “tools” in Galaxy. Each tool executes a Python

Input: Nexus File (.nxs) Input: Text Files (.dat) Tasks: H H H .
Software: DAWN Softare: Athera L script which uses the Larch library:
Tasks (XY plotting tools > processing XY): Tasks: Add Athena File

Crop Data in energy range (Crop Data __] Create Athena project Add Crystal data

[1D]) | Add Data from DAT Files Calculate paths (FEEF) .

XAFS Normalisation of data (XAFS (Limit on the number of s;;:tap:tﬁz : ¢ LarCh Athena -

RaGp Eon b elvad) ez sdder) fitDaa * Processing and Normalization of raw data

Export to as Text Files (.dat) Save Athena Project File Save Artemis Project File .
Output: Text Files (.dat) Output: Athena File (.prj) Output: b CI’OppIng energy range Of data

Sl - Outputs Athena project file and plots
 Larch FEFF:

z — )_, [ nomatse | [ eporttan ]__, et dta )' + Load from cif and converts to FEFF input file (or loads
3 files (.nxs) copdats =N T ae [ 7] dets files (dat) )™ . .
< L ) ) I - FEFF input directly)
= *  Outputs zipped directory of FEFF paths
g import text f verify ) f save Athena ) e LarCh : * LarCh SeIeCt Paths
2 '{ data | rormaisation [\ project [ "8 Athena ™ «  Selects which paths from Larch FEFF to use
REEEEERRERRRRERRRRRRRRRERE PR * Defines GDS parameters for these paths
: « Larch Artemis:
LErlcb IFIEII:E EEm |..a.r.C|;| lSlellelCE lPitlhlsl EEEE 2554 [N;:':i“;a[::ta] : * Performs flttmg on FEFF pathS
il = import crystal i Wi [Paths) m [ femees [ + Outputs report on fitting and plots
.g : Lcif) 7 data for FEEF Paths Select Paths i : : :
< E Have also implemented a 5™ tool for combining and
Larch = plotting results from multiple files (not shown on
- g
Artemis = diagram).
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Conclusions and Future Work

Our version of the UEP method can be efficiently used to predict muon stopping sites.
It can be run as a command-line tool or in muongalaxy.

The method requires properly converged CASTEP DFT simulations.

We will officially release this method at 2024 Muon Intn’l Workshop @ STFC.

Working on expanding Galaxy to XAS catalysis experiments -> Materials Galaxy
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