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Introduction

Among Open Science practices: research data management according to

FAIR principles (Wilkinson et al., 2016).

Interoperable



https://www.openaire.eu/how-to-make-your-data-fair
https://www.openaire.eu/how-to-make-your-data-fair

The Project

FAIR

Actual
—

experimental

rinciples
P P EAIR ification CONLEXLS

Aim: explore and implement a FAIRification process in one of

the spintronics laboratories at INRIM (experimental materials
science).

Result: metadata pipeline.
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Background

There are several frameworks for FAIRification: general (e.g., Jacobsen et
al., 2020; Welter et al., 2023) and specific (e.g., Sinact et al., 2020)

Two important points (from Welter et al., 2023):

* Choose an aspect of the FAIR principles to be implemented - they are
principles!

* FAIR-by-design.



Background: The General Context

There are many FAIR tools for life sciences (Wilkinson et al., 2016).

Materials science has a lower level of digital maturity:
- There are several resources for computational materials science.

- Experimental materials science has fewer FAIR tools at its disposal (they

are being built right now) (Ghiringhelli et al., 2023)



Background: The Experimental Context

Spin-Orbit Torque (SOT) Measurement

Instruments

Instruments

SOoT

Lab Python
program

Word file —

LL.ab notebook
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Method: Contextual FAIRification

* Fragmented context of FAIRification in experimental materials science

* Usually the ‘openness’ of Open Science values the pluralism of scientitic

disciplines (Leonelli, 2023)
* FAIR-by-design
—FAlRification starting from the context

The research and choice of tools was an important part of the project.

(Usually, you would need the support of a data steward)

12



Focus: Metadata and Interoperability

Metadata: set of key-value pairs that describe a potentially informative object
(Pomerantz, 2015)

Interoperability: two or more information systems speak the same language
(and refer to the same objects) (Guizzardi, 2020)

(e.g.: “Temperature™ of the environment? of the sampler)

Interoperability (FAIR principles) '"Modest' interoperability

I1. (meta)data use a formal, accessible, shared, and Clarity
broadly applicable language for knowledge representation

I2. (meta)data use vocabularies that follow FAIR Unambiguity
principles
I3. (meta)data include qualified references to other Qualified references

(meta)data

13




Tool #1: CHADA

Conceptual metadata schema (PDE non machine-actionable)

CHADA: ‘Characterization Data’ (CEN, 2021): CWA 17815:2021

- Controlled vocabulary for material characterization experiments and
measurements

- Metadata schema divided into 4 sections
- User case
- Experiment
- Raw data

- Data processing

14



© | eLabFTW

Tool #2: eLabFTW

elLabF'T'W 1s an electronic laboratory notebook (CARPI et al., 2017).
=> machine-actionable (Higgins et al., 2022)

Two important features:

1) It allows you to record the metadata of an experiment in a custom way

as JSON (‘extra_fields’).

2) Templates for frequently done experiments.

15



@ | eLabFTW

SOT_FAIR_def

292 Team
B Category

Status NOT SET

This is the electronic laboratory notebook TEMPLATE for the spin-orbit torque (SOT) magnetoresistance measurement.
The vocabulary and the broad logical structure come from the CEN CWA 17815, which established a documentation standard for material characterization data.

The standard, also known as CHADA, was adapted for the purpose of the present experiment.

v EXTRAFIELDS
v UNDEFINED GROUP

Experiment_RunNumber

MNumber n specifying the number of times the code has beenrun

RawData_Host_Location

Location of the data file in the folder of the hosting computer

Experiment_DateAndTime

The date and the time of the experiment

Part of template example on eLLabFTW
16



Tool #3: NOMAD $SNOMAD

= FAIR repository and archive for materials science (meta)data

(Scheidegen et al., 2023)

The (meta)data are organized into 'sections', which can be default or
defined by the user from the NOMAD Metainfo (schema language).

Entry 2> < SOTMeasurement > > 8 Sample Structure 2> <O
section EntryArchive =] section SOTMeasurement B section SampleStructure =]
sub section data B
SUB SECTIONS QUANTITIES
results 4 QUANTITIES name = thin_film »
metadata 4 short name UserCase Sample device width = 100000 A ’
REFERENCED BY composite system reference o ID
o o 7 . R
thin_film.archive json UserCase Sample device geometry = Hall bar
description
UserCase Sample sample name
09/D6 REFERENCED BY

datetime
28/02/2025 18:34 m

Experiment RunMumber

11
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Tool #3: NOMAD

:. PUBLISH ~ EXPLORE v~ ANALYZE v ABOUT v

Interoperability of
NOMAD: example of
filter in the search

page.

Entries @

FILTERS
Material
Elements / Formula
Structure / Symmetry
Method
Precision
DFT
B
GW
BSE
DMFT
EELS
Workflow
Molecular dynamics

Geometry Optimization

$SNOMAD

ELEMENTS / FORMULA <«
Elements linear v+ @
g . - =
[] only compositions that exclusively contain these atoms He
4.70k
3 i 5 7 9 10
Li | Be B N F || Ne
B65k Bhdik] 563k 1.86M 523k 6.55k
11 12 13 14 15 16 17 1B
Na || Mg Al || Si | P S| d | Ar
710k 770k BA7k 812k 798k T4gk|| 908k 761k
R EE 21 22 23 24 25 26 27 28 25 30 31 32 33 34 EH ES
K|CG ] |Sc| Ti| V |[Cr|Mn|Fe|C| Ni|CujZn||Ga| Ge| As | Se || Br || Kr
715k 750k 728k 665k] 571k 639k Tohk 724k 7E38k| B25k 943k] BBk 779k 639k 656k BI7k| 731k 3.48k
37 38 39 40 41 42 43 il 45 46 &7 48 49 50 51 52 53 54
Rb | Sr|[Y || 2r | Nb||Mo| Tc |Ru| Rh| Pd| Ag| Cd | In || Sn | Sb | Te I || Xe
266k 748k 760k 720k 561k 651k 639k 730k TBk] 765k BO0k] 77%k 813k 727k 669k B4 1k| 303k 131k
55 56 72 73 Th 75 76 77 78 79 80 81 B2 83 B4 85 86
Cs || Ba Hf | Ta | W |[Re |Os | Ir || Pt | Au| Hg | Tl || Pb || Bi | Po || At | Rn
275k 759K| 579k 652k| Bisdik] 617k 653k 735k| 799k 775k] 689k 777K B804k 612k B.63kK] 222 972
87 88 0 05 06 107 08 1 2 5 16 117 118
Fr || Ra Rf [ Db | Sg | Bh |Hs | Mt| Ds | Rg | Cn |NR || FI [Mc| Lv | Ts || Og
43 1.00k C 0 0 0 0 g 272
Uue
57 58 59 60 51 62 63 B4 65 66 67 58 69 70 7
La | Ce | Pr||Nd|Pm|Sm| Eu| Gd | Tb || Dy | Ho || Er | Tm | Yb | Lu
754k 196k| 232k 229k 241k 260k 59.5k] 7a.3k 214k] 257k 184k 213k 213k 25.7k|| 5.2k
89 90 o 92 93 =l % 96 97 58 I 00 0 102 103
Ac || Th|Pa| U |Np| Pu|Am|Cm| Bk | Cf | Es ||Fm || Md | No | Lr
218k 172k] 126k 108k 934k 153k 20 24 32 31 0 0 g 1 0
Chemical formula hill o Chemical formula IUPAC o

E.g

202, C2H5Br

linear =

—

E.g. GaAs, SiC

linear =

18
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Result

Legend
Ellipse: input
Boxes: action/step

Bee: API integration
(Python)

Step 1,2,3: temporal
order

e

B: Experimental needs

|= A: CHADA

Step 1: Create the flat conceptual metadata schema

@ eLabFTW uNOMAD
Step 2a: Create the eLabFTW template Step 3a: Match
® the keys of the flat
C: Laboratory % - metadata schema with
Python D: User’s data entry the NOMAD Metainfo
program

Step 2b: Create the eLabFTW experiment
o
@ eLabFTW l. NOMAD

Step 3b: Create the NOMAD schema in YAML

%ﬂ

Step 3c: Upload the NOMAD entries for the experiment
$SNOMAD 20




Step 1: flat conceptual metadata schema

Adapt CHADA to the SOT measure (A)
_I_

Experimental needs (B)

Experiment_RunNumber Experiment_Detector_detector_1 DataProcessing_data_management

Experiment_DateAndTime Experiment_Detector_detector_2 UserCase Sample_device _geometry

UserCase SamplePreparation UserCase Sample sample_name Experiment_MeasurementParameters_field direction
Experiment_InteractionVolume UserCase Sample_device width Experiment_Detector_detector_1 brand
Experiment_CalibrationProcess RawData_Host Location Experiment_Detector_detector_2_brand
UserCase_CharacterisationEnvironment Experiment_MeasurementParameters_current_pulse UserCase_SampleMaterialProperties_layer_1_material
Experiment_Probe&PhysicsOfinteraction_probe 1 UserCase Sample device length UserCase SampleMaterialProperties_layer_2 material
Experiment_Probe&PhysicsOfinteraction_probe_ 2 UserCase User_operator_name UserCase_SampleMaterialProperties_layer_3 material

UserCase Sample_number_of layers Experiment_Signal_signal 1 from_current UserCase SampleMaterialProperties_layer_4 material

UserCase Sample layer_1 thickness DataProcessing_data_normalisation UserCase_SampleMaterialProperties_layer_5_material

UserCase Sample layer 2 thickness Experiment_Signal signal 2 from_field DataProcessing_main_processed_signals

UserCase Sample layer 3 thickness UserCase_Batch_production_batch_name Experiment_Probe&PhysicsOfinteraction_physics_of _interaction
UserCase Sample layer 4 thickness DataProcessing_properties_elaborated_data DataProcessing_data_processing_level of expertize

UserCase Sample_layer_5_thickness UserCase_User_operator_level of expertise RawData_raw_data_file_column_headers_unit
DataProcessing_processing_reproducibility DataProcessing_data_analysis_procedure Experiment_MeasurementParameters_magnetic_field sequence

21



Step 2: eLabFTW

Step 2a: Create an experiment template on eLLabF'TW from the flat
conceptual metadata schema (step 1).

object » extra_fields » UserCase_Sample_layer_1_thickness » units »
v object {1}
v extra fields {44}

» Experiment RunNumber {5}
RawData_Host_Location {3}
Experiment DateAndTime {3}
UserCase_SamplePreparation {2}
UserCase_Sample_sample_name {3}
UsercCase User_operator name {2}
Experiment_Interactionvelume {3}
UserCase Sample device width {5}
Experiment_CalibrationProcess {3}
UserCase_Sample_device_length {5}
DataProcessing data management {3}
Experiment_Detector_detector_1 {3}
Experiment Detector detector 2 {3}
UsercCase Sample device geometry {3}

DataProcessing_data_normalisation {3}

e e e e Portion of the JSON
metadata attached to the

¥ units [1]

experiment template on

value :

UserCase_Sample_layer_2_thickness {4} e I abF I N‘X/.

UserCase_Sample_layer_3_thickness {4}

4 Y Y ¥ ¥ Y Y Y Y Y Y V¥ Vv¥YVYY

UsercCase Sample layer 4 thickness {4}
UserCase_Sample_layer_5_thickness {4}

Experiment Detector detector 1 brand {3}

¥y ¥y Yy Y v¥YYvy

Experiment Detector detector 2 brand {3}



A
Upload_metadata_to_elLabFTW_with_APLipynb
Step 2: eLabFTW = <

API Integration

Python library: https://github.com/elabftw/elabapi-python
- GET the experiment template

- POST the experiment

- Editing the metadata coming from the experiment with information

from the lab Python program

Metadata quality considerations

- PATCH the experiment with the metadata coming from the lab Python
program (C)

23


https://github.com/elabftw/elabapi-python

Step 2: eLabFTW

a Laboratory Python program

Upload_metadata_to_elabFTW
_with_APLipynb

(€)

Step 2b: Create the
eLabFTW experiment

=> Locally FAIR

User’s data entry (D)

25



Step 3: NOMAD

Step 3a: match the keys of our flat conceptual metadata schema

(step 1) with the NOMAD metainfo.

In particular, we are able to model the structure of the sample (the

thin film) with the NOMAD Metainfo.

Step 3b: create a NOMAD schema for the definition in YAML.

- ‘SOTMeasurement’ (experiment entry, in which most of the

information converge).

- ‘SampleStructure’ (thin film).

- ‘Substance’ (the layers of the thin film).

definitions:

name: SOT

sections:
SampleStructure:
base_sections:

nomad.datamodel.metainfo.basesections. Compositesystem
- nomad.datamodel.data.EntryData
guantities:

Useri{ase_Sample_dewvice_width:
type: np.floated
unit: mm
m_annotations:
eln:
component: MumberEditQuantity
display:
unit: mm
sub_sections:
layers:
section:
guantities:
layer:
type: Substance
m_annotations:
eln:
component: ReferencebditQuantity
repeats: true
S0THeasurement :
base_sections:

- nomad.datamodel .metainfo.eln.ElnBasesection
- nomad.datamodel.data.Entrybata
- nomad.datamodel .metainfo.basesections. Lompositesystemfeferen
guantities:

UserCase_Sample_sample_name:

type: str

m_annotations:

eln:
component: StringEditQuantity

Experiment_RunMumber:

type: int

m_annotations:
eln:
component: MumberEditQuantity
Substance:
base_sections:
- nomad.datamodel.metainfo.eln. Substance
- nomad.datamodel.data. Entrybata
guantities:
Useri{ase_Sample_layer_thickness:
type: np.floated
unit: pm
m_annotations:
eln:
component: MumberEditQuantity 26
display:
unit: nm

ce



A

Step 3: NOMAD B £on-c15T% o NOMADigr

Step 3c: the goal is the creation of NOMAD entries for the SOT measurement.

- GET the metadata from the eLLabF'I'W experiment (elabapi-python).

- Creating Python dictionaries for each entry (experiment, thin film, layers of the
thin film).

- Part of the structure was hard-coded on the basis of the structure of NOMAD entries.

- Dictionaries edited with the metadata coming from eLabFTW.
- Metadata quality

- Transforming strings containing numbers into integers and floats.
- Date format: from Python datetime object into ISO 8601 format (accepted by NOMAD).

- The Python dictionaries are turned into JSON files and, together with the
YAML schema, are uploaded onto NOMAD through API.

27



Step 3: NOMAD

NOMAD parsers create structured and interoperable entries (partial

interoperability, due to the (until now) ‘low’ population of NOMAD).

8 entries m

|:| Name Type Mainfile Process status 1

| SOT Schema SOT.schema.archive.yaml| =] SUCCESS 4

O Tantalum Substance Tantalum.archive.json = SUCCESS -

[[]  CcoFeB Substance CoFeB.archive.json B8 SUCCESS >

O Platinum Substance Platinum.archive.json =l SUCCESS ->

O SOT_attempt_API SOTMeasurement SOT_attempt_APl.archive.json =] SUCCESS -

| Silicon dioxide Substance Silicon dioxide.archive.json =] SUCCESS 4

[J  thin_film SampleStructure thin_film.archive.json 8 SUCCESS >

O Silicon Substance Silicon.archive.json = SUCCESS - 28



Step 3: NOMAD

Example of the ‘data’ section within the ‘SOT_attempt_API entry

‘. PUBLISH v EXPLORE v ANALYZE v ABOUT w

Your uploads / upload_zip_sot_def / SOT_attempt_AP| / Data

OVERVIEW FILES DAT,

quantity

Q O
Entry < <> | SOTMeasurement <> B
section EntryArchive =] section SOTMeasurement B

sub section data B

SUB SECTIONS
results » QUANTITIES
metadata » short name
REFERENCED BY composite system reference / i

thin_film.archive.json

UserCase Sample sample name

09/D6

datetime

28/02/2025 18:34

Experiment RunMumber

11

D



tep 3: NOMAD

Example of the ‘results’ section within the ‘Platinum’ entry

@ PUBUSH v EXPLORE v ANALYZE v ABOUT v
Welcome Filippo Vasone € LOGOUT £% UNITS
Your uploads / upload_zip_sot_def / Platinum / Data
OVERVIEW FILES DATA LOGS

quantity

Q [J codespecific [] alldefined [] technicalview &% <> O
Entry 2 O Results 2 <& Material »> <& Elemental Composition 2 <&
section EntryArchive B section Results B section Material B section ElementalComposition B

sub section results sub section material sub section elemental _composition

SUB SECTIONS

metadata ’ clements = 1 vector | element <Pt »
data ’ properties 4 chemical formula descriptive = Pt 4 mass = 3.23944603-10 2 kg »
REFERENCED BY eln » | chemical formula reduced = Pt * | atomic fraction = 1 »
REFERENCED BY chemical formula hill = Pt 4 mass fraction = 1 »
) . B N
chemical formula iupac = Pt REFERENCED BY
chemical formula anonymous = A 4
SUB SECTIONS

elemental composition 4

REFERENCED BY



Step 3: NOMAD ERTTETE

Referencing the following entries

Name Type Mainfile
We have achieved partial interoperability. ) ) .
Silicon Substance Silicon.archive.json =l
- Description of the sample structure in an
. Silicon dioxide Substance Silicon dioxide.archive.json B
interoperable way.
_ Adherence to the idea Of modest Platinum Substance Platinum.archive.json B
interoperability  (clarity, unambiguity, CoFeB Substance CoFeB.archive json g
quahﬁed I‘CfCI'CHCCS) ° Tantalum Substance Tantalum.archive.json El

Referenced by the following entries

Name Type Mainfile

SOT _attempt_API SOTMeasurement SOT_attempt_APlLarchivejson B

Esempio det riferimenti nell’entry ‘thin_film’
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Conclusion and discussion

A: CHADA B: Experimental needs

* The project achieved a semi-
automation and FAIRification of
an initially manual and non

Step 1: Create the flat conceptual metadata schema

machine-actionable process.
* This technological infrastructure
allows  possible future data
eLabFTW template anaIYSiS, cven Wlth ML tOOlS.

Step 3a: Match

Step 2a: Create the

the keys of the flat

metadata schema with ¢ Electronic 1ab01‘atory nOtebOOkS
w the NOMAD Metainfo : .
’ have great potential for carrying

out FAIRification projects.

C: Laboratory
Python
program

Step 2b: Create the eLabFTW experiment

Step 3b: Create the NOMAD schema in YAML

/

Step 3c: Upload the NOMAD entries for the experiment 33




Conclusion and discussion

A: CHADA B: Experimental needs

| imitations

* This pipeline has two ‘bosses™
Step 1: Create the flat conceptual metadata schema CHADA aﬂd NOMAD.

* clLabFTW has limited
interoperability.
“LabFTW template * Interoperability is partial due to

Step 3a: Match .
the keys of the flat the ClOW’ populatlon Of the

metadata schema with .
the NOMAD Metainfo NOMAD Metainfo.
Y

Step 2b: Create the eLabFTW experiment

Step 2a: Create the

C: Laboratory
Python
program

Step 3b: Create the NOMAD schema in YAML

/

Step 3c: Upload the NOMAD entries for the experiment 34




Conclusion and discussion

A: CHADA B: Experimental needs

Future developments

* NOMAD plugin for CHADA.

Step 1: Create the flat conceptual metadata schema e Thin film modeling in the
NOMAD Metainfo.
* Ul tfor the pipeline.

Step 2a: Create the eLabFTW template Step 3a Match * Integration of the Metainfo

the keys of the flat NOMAD with materials science

w metadata schema with
the NOMAD Metainfo ontologies ot foundational
| ontologies.

Step 2b: Create the eLabFTW experiment

C: Laboratory
Python
program

Step 3b: Create the NOMAD schema in YAML

/

Step 3c: Upload the NOMAD entries for the experiment 35




Conclusion and discussion

A: CHADA B: Experimental needs

Step 1: Create the flat conceptual metadata schema
Step 3a: Match

CLM>
the keys of the flat

metadata schema with
the NOMAD Metainfo
Y

Step 2b: Create the eLabFTW experiment

Step 2a: Create the

C: Laboratory
Python
program

Step 3b: Create the NOMAD schema in YAML

/

Step 3c: Upload the NOMAD entries for the experiment

The code is available on GitHub:

https://github.com/filippo-
vasone/FAIR-metadata-pipeline-
for-experimental-matsci

The thesis i1s available on Zenodo:

https://zenodo.org/records /15226
191

36


https://zenodo.org/records/15226191
https://zenodo.org/records/15226191

Take-home message :

_‘

1

FATRification is not a yes/no matter but it is a gradual process of concretization of

the FAIR principles to your case.

37



Take-home message #2:
The advantages of ELN

* An ELN facilitates collaboration within the laboratory — even with
staff turnover.

*An  ELN  promotes collaboration between laboratories:
standardization fosters interoperability in the collection and production
of data and metadata.

* An ELN improves data integrity: it prevents data loss and enables
version control and time-stamping.

* An ELN promotes the findability and accessibility of data, metadata,

and protocols. For example, it allows you to reconstruct laboratory
activities in the past.

38



Take-home message #3:
Consideration for implementation

* Consider the goal (and therefore the desiderata and constraints) with
which the ELN i1s adopted.

* Some ELNs need to be installed on a local server, others rely on the
cloud: evaluate the best option.

* Try the demos, if available.
* Consider backup and data security measures.

* If you are adopting an open source ELN, rely on software that has
been backed by a strong community of developers for a long time.

* The ELN should allow the export of (meta)data in interoperable
formats (e.g., JSON, CSV, ELN).

39
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Further Reading on ELNs

https://www.kuleuven.be/rdm/en/tools/eln;

https://book.the-turing-way.org/reproducible-research/rdm/rdm-elns;
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https://book.the-turing-way.org/reproducible-research/rdm/rdm-elns

ank you for your
attention!

Contacts:

tilippo.vasone(@unibo.it
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