MARYV Materials’ Revolution:
O O O . Computational Design and

Discovery of Novel Materials

Progress Report

Year 10
February 2023 - January 2024

Ir Swiss National
Science Foundation

a funding scheme of the Swiss National Science Foundation






Swiss National Programmes division +41 31 308 22 22

= = Wildhainweg 3, P.O. Box divd@snf.ch
SCIEI"Ice Foundation 3001 Berne www.snsf.ch
NCCR series 4: 10" Progress Report
Title of the NCCR Materials’ Revolution: Computational Design and Discovery

of Novel Materials (MARVEL)

NCCR Director / Co-Director

Name(s), first name(s) Marzari Nicola

Institution(s) EPFL

Date of submission 5 February 2024

1. Executive summary see explanation # [1]

2. Reaction to the recommendations of the review panel

3. NCCR Organisation
3.1 Structure and organisation of the NCCR, management activities
3.2 Changes to the consortium’s composition

4. Research
4.1 Status of collaboration / integration and added value
4.2 Results from Year 10
4.3 List of new projects

5. Structure-related aspects
5.1 Education & Training
5.2 Knowledge & Technology Transfer
5.3 Equal Opportunities
5.4 Communication & Outreach
5.5 Open Science

6. Structural aspects
7. Legacy of the NCCR and plans post-NCCR

8. Financial situation — expected balances SNSF / HI funding

Annexe 1: Status of structural measures implementation
Annexe 2: Finances

(2]

(3]
[4]

5]
(6]
(7]

(8]

9]
[10]
(1]

[12]
[13]







Contents

1 Executive summary
2 Reaction to the recommendations of the review panel

3 NCCR Organisation
3.1 Structure and organisation of the NCCR, management activities . . . . ... ... ...
3.2 Changes to the consortium’s composition . . . ... ... ... ... ... 0L,

4 Research
4.1 Status of collaboration / integration and added-value . . . ... ... ... .......
42 Resultsfromyear 10 . . . ... ... .. ...
Pillar 1 . . . . e e e
Pillar 2 . . . e e e e e
Pillar 3 . . . . e e e e e e
Pillar4 . . . . e e e e e
Advanced Simulation Methods . . . . . . . .. . .. ... ... ..
Quantum Simulations . . . . . . . . .. e
43 Listofnew projects . . . . ... ... L

5 Structure-related aspects
51 Education & Training . . . . . . .. .. .. ... L
52 Knowledge & Technology Transfer . . . . . ... ... ... .. ... ..........
53 Equal Opportunities . . . . ... ... .. ... ... ... .. .. ... ..
54 Communication & Outreach . . . . . . ... ... ... .. .. L L o o
55 OpenScience. . . . ... ... e

6 Structural aspects
7 Legacy of the NCCR and plans post-NCCR
Annex 1: Status of structural measures implementation

Annex 3: Publications

79

81

83






]. Executive summary

The plans for MARVEL phase III are now fully
developed and delivering — all the different
Pillars and projects are ongoing, with regular
project meetings and updates in between
annual events (Review and Retreat, and Site
Visit); closer collaborations have emerged also
in the more recent efforts on Advanced Sim-
ulation Methods and Quantum Simulations
("Leveraging Quantum Computers and Algo-
rithms for Materials Discovery”). Most notable
in phase IIl has also been the arrival and
engagement of new tenure-track faculty mem-
bers (Anirudh Raju Natarajan in Materials at
EPFL, on materials design and advanced man-
ufacturing, Michael Herbst in Mathematics at
EPFL, on the algorithms of electronic-structure
calculations, Zoé Holmes in Physics at EPFL,
on hybrid classical-quantum methods, and
Michael Schiiler in Physics at UniFR, on light-
matter interactions), together with a closer
involvement with CECAM thanks to the role
and research of Sara Bonella. The creation of
the new Laboratory for Materials Simulations
at PSI (with 3 group leaders, 2 research scien-
tists, and 20+ in personnel) is now complete,
and is one of the core long-term structural
deliverables from the NCCR, together with the
creation of a Scientific IT division at Empa, and
the long-term synergies with CSCS. EPFL has
also reiterated its long-term commitment to the
Materials Cloud, with additional CHF 150K
in cash for years 11-12, to support long-term
housing of the platform.

In order to focus the activities of the remain-
ing full funding for MARVEL, the Director has
established seven challenges for the PIs and the
projects, to be answered in the remainder of the
phase III:

1. Are we discovering novel materials? And
interacting with the experimental com-
munity on these?

2. Are we pushing machine learning for
materials, and making it into a tool for
the community?

3. Is AiiDA accelerating or slowing down

research? Can it become usable by reg-
ular computational scientists?

4. Is the Materials Cloud sustainable? What
is it missing and what should be devel-
oped/dropped?

5. Are advanced simulation methods acces-
sible and adopted by the community?

6. Is quantum computing going to be viable
and useful for materials?

7. Are we missing out on Al and large-
language models?

We would like to focus both the March 2024
site visit, and the remaining time on MARVEL,
on these 7 questions above — most are for the
individual Pillars and projects, while the first
and the last are broader.

In the meanwhile, we highlight below some of
the key research and structural developments.

Pillar 1  Pillar 1 work has discovered new po-
tential high-performance complex alloys using
theory and advanced thermodynamics meth-
ods and has demonstrated the development
and use of machine-learned interatomic poten-
tials to discover new mechanisms of precipi-
tation evolution and plasticity in lightweight
metals. In addition, it has established screen-
ing protocols to assess whether a covalent-
organic framework (COF) is a candidate for
photocatalysis, and, notably, shown the appli-
cability of large-language models in predictive
chemistry.

Pillar 2 Pillar 2 has provided the first proof-
of-concept of the M-stack framework, using
the metatensor library to facilitate data ex-
change between ML descriptors and quantum
mechanical calculators, supporting our effort
to integrate atomistic machine learning and
electronic-structure methods, including corre-
lated wavefunction techniques. Collabora-
tive efforts have further advanced our objec-
tives towards reliable uncertainty quantifica-
tion, and allowed us to demonstrate applica-
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tions to NMR crystallography, alloy thermody-
namics, and functional materials.

Pillar 3 Pillar 3 develops the digital infras-
tructure for exascale-ready accessible simula-
tions, combining workflows (in AiiDA) with
accelerated codes with robust algorithms (in
SIRIUS). In year 10, AiiDA support has been
strengthened for the Alps infrastructure, and
scalability has been demonstrated on the GPU
partition of LUMI, showcasing also SIRIUS im-
proved robustness. Integration of the MaZe al-
gorithms in SIRIUS is ongoing, and the team of
Michael Herbst is now complementing Pillar 3,
working on error control and novel robust al-
gorithms. Together with Materials Cloud for
FAIR data sharing, the Lhumos portal to share
educational resources, and AiiDAlab for easy
access to simulation capabilities, Pillar 3 works
toward the delivery of a self-sustaining long-
term digital infrastructure of open simulations
and data.

Pillar 4 The integration of MARVEL in the
Swiss scientific landscape is also now estab-
lished, with the fully staffed Laboratory of
Materials Simulations at PSI (20+ scientists
and students) moving to new headquarters in
September 2023. Core activities are driven by
the three groups on “Materials Software and
Data”, “Multiscale Materials Modelling”, and
“Light-matter Interactions”, and two tenure-
track scientists on electronic-structure meth-
ods. These activities are matched by comple-
mentary efforts at Empa, where a new Scien-
tific IT division has been created, and the en-
gagement of CSCS where the new PSI HPC re-
sources will be deployed on the Alps architec-
ture of GraceHopper virtual cluster. The re-
search focus remains firmly in the support of
the experimental capabilities, with a focus on
computational spectroscopies.

Advanced Simulation Methods Methods and
tools based on Green’s functions are devel-
oped in the project to simulate complex mate-
rials and realistic devices. At the device level,
progress has been made on the treatment of
electron-phonon interactions and impact ion-
ization. On the materials side, the develop-
ment of a user friendly multi-tier GW+DMFT
framework is under way.

Quantum Simulations The Quantum Simula-
tions project is working on hybrid quantum

algorithms to combine classical and quantum
computing for electronic structure calculations.
This year the focus was on simulating dynam-
ics of quantum systems with diverse hybrid
approaches, as well as on the application of
quantum machine learning for the simulation
of continuous space systems and material char-
acterization.

Structure-related aspects Like in previous
years, we participated in — and organized di-
rectly — several meetings and events that con-
tributed to straighten the position of MAR-
VEL in the Swiss community and at the in-
ternational level, while also disseminating the
results of our research. These included the
PASC23 Conference in Davos, the CECAM-Psi-
k Conference in Berlin, as well as key edu-
cational events such as the Advanced QUAN-
TUM ESPRESSO school in Pavia or the Ma-
chine Learning Interatomic Potential School
for Young & Early Career Researchers (MLIP
2023). All are listed on the website (nccr-
marvel.ch/ctw).

Our portfolio of open-source resources for the
community has grown significantly this year,
with important expansions of all section of
the Materials Cloud, new AiiDA releases, new
open source codes. We have put special effort
towards ensuring the long-term sustainability
of these resources beyond the NCCR, for exam-
ple by starting the Learning Hub for Modelling
and Simulation (Lhumos) platform, that will be
the successor to the Material Cloud Learn sec-
tion. Our strong commitment to open science
was also acknowledged with a special mention
(to Nicola Marzari’s group) at the Swiss Na-
tional Prize for Open Research Data.

We have continued our efforts for Equal Op-
portunities with more INSPIRE Potentials fel-
lowships, several activities for girls and young
women, Agility Plus funding, the participation
in the #NCCRWomen campaign. We have cre-
ated several education and training opportuni-
ties for young scientists and students, includ-
ing a very successful MARVEL junior retreat
and the participation in international summer
schools from Pavia to Berlin to Kigali. We
have also continued communicating our re-
search through the website and in social media,
and organizing communication events with
CECAM, with more to come in 2024.

Executive summary
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2 Reaction to the recommendations of the review panel

We share here core passages from the report
of the review panel, that was broadly speak-
ing very positive on the current effort, and we
highlight here and in rest of the report the ac-
tions that we have taken in response to these
comments.

General impression

As in previous years, the review panel is very im-
pressed by the high quality of the research produced
by the NCCR. But as the NCCR Director reminded
the audience in the first presentation, an NCCR is
not only about excellent science, it is foremost about
collaborative science that could not have happened
without the consortium, and which has a long-term
structural impact. It is already clear in year 9 that
NCCR MARVEL has succeeded in these two as-
pects as well. On the one hand, the NCCR has
manoeuvred the downsizing requested in phase II1
fruitfully and is now composed of members will-
ing to carry-on MARVEL'’s vision beyond the end
of NCCR funding. On the other hand, the core
activities of the NCCR have been secured for the
long term by positioning research groups at the Paul
Scherrer Institute (PSI) and at the Swiss Federal
Laboratories for Materials Science and Technology
(Empa), and through continued tight collaboration
with the Swiss National Supercomputing Centre
(CSCS). Securing the legacy of a NCCR already
in year 9 is impressive and the review panel highly
praised the consortium for this achievement, as well
as the leadership of the Director.

In terms of structure-related areas, the panel
commends the portfolio of activities in terms of
communication and outreach and the fact that
NCCR MARVEL is a role model for open science in
Switzerland and world-wide. The Psi-k conference
organised in the summer of 2022 is also deemed a
great success. Finally, the review panel is very fond
of the INSPIRE Potentials Master’s fellowships for
women and pleased that they will be extended to
allow research stays in NCCR MARVEL groups
for other underrepresented groups in the field.

We thank the panel for this very positive as-
sessment — we are actually delighted to an-

nounce that the general Psi-k conference will
be held again at EPFL in August 2025, on the
wake of the great enthusiasm (and outstanding
organization by our program manager Patrick
Mayor and the MARVEL team) following the
previous one in August 2022, with 1300+ par-
ticipants.

Scientific performance, collaborations and
added value

Pillar 1

The review panel considers the work presented in
the progress reports and at the annual review to be
of high scientific quality. However, the panel noted
that most of the reported work is on alloys, and
almost none on MOFs, and asked the NCCR man-
agement on the status of the collaboration with the
group of Professor Berend Smit. The NCCR Direc-
tor replied that indeed Professor Smit has stepped
back from engagement in NCCR MARVEL, as he
is overwhelmed with other funding obligations.
This gap is replaced by the new junior Pls Michael
Herbst and Anirudh Raju Natarajan, and the
decision for this disassociation was supported by
the Steering committee. The panel understands
the situation, but also regrets it since the work
on MOFs was the closest to market opportunity.
Nevertheless, this is a natural progression, and the
reviewers are pleased to hear that the new Pls are
being so well integrated and already benefit from
the network.

This is well understood, but it is also the mark
of the great success for the vision of the pro-
posal, with other senior PIs moving on to
coordinate major activities in the field (e.g.,
see Matthias Troyer and Microsoft Quantum,
Anatole von Lilienfeld and the Acceleration
Consortium at the University of Toronto, An-
toine Georges directing the Center for Com-
putational Quantum Physics at the Flatiron,
Michele Parrinello leading the Molecular Sim-
ulations group at the Italian Institute of Tech-
nology); and the work of Berend Smit on
large-language models and younger former
MARVEL researchers like Kevin Jablonka and



MARVEL

Philippe Schwaller promises also to be pioneer-
ing in the field. Most importantly, there is a
new generation of junior professors that has
entered the Swiss scientific environment and
that is building powerful synergies with the
goals of the project, thus laying also the foun-
dation for longer-term collaborations and in-
teractions that fulfill the promise of structural
impact and goals.

Pillar 2

Owerall, the reviewers commented that the machine
learning (ML) landscape is very large and that
the presented examples were interesting, but that
they failed to see what MARVEL’s niche is. They
recommend showing the uniqueness of MARVEL's
activities more prominently. They further asked
about the value of ML in this field and were satisfied
to hear that the intention is to go toward more
accuracy for pragmatic applications, especially in
the density functional theory (DFT) accuracy.

Indeed, this will be one of the clear challenges
for Pillar 2, i.e., how to make the M-stack
infrastructure usable and used by the different
groups. One important element has been the
embedding and long-term employment of
Guillaume Fraux from the Ceriotti group into
a permanent position in SCITAS at EPFL (the
scientific IT group), initially supported for
2 years by MARVEL, and ensuring that the ML
and data analytics capabilities are going to be
supported in the long-term.

The panel is pleased to hear about the software
trainings for students.  However, similarly as
mentioned above, they understand that the transfer
towards the industry only works if the companies
have research units and use Python.

We are actually very pleased about the interac-
tions with industry. It has become clear that
one of the core mechanisms for IP transfer
in industry is actually that that concerns the
hires and moves of MARVEL-trained person-
nel, with many now having leading roles in
industry. Just a few examples could be those
of the students/postdocs hired by Microsoft
Quantum (Sebastiaan Huber, Leopold Talirz,
Conrad Johnston, Loris Ercole, and Andrea Ce-
pellotti), by Sandip De at BASF or Maximil-
ian Amsler at Bosch. This is on one hand the
best guarantee of long-term success and inte-
gration, but showcases also the excellent job
opportunities for our own researchers (not to
mention those that moved to academic insti-
tutions, as, e.g., Bingqing Chen now at UC

Reaction to the recommendations of the review panel m———.——

Berkeley). At the same time, funding and close
collaborations with both national and interna-
tional industries continues strongly, often satu-
rating our capabilities.

Pillar 3

The experts are very impressed by this pillar and
mostly wondered about the data management
plans, the quality of the data uploaded and the
reproducibility. They were very pleased to hear
that the Materials Cloud Archive follows the FAIR
principles (and is recommended by the SNSF as a
FAIR repository), and that they have a solid pro-
tocol in place for the ~ 600 submissions per year.
The panel members also report that the platforms
and tools developed by the NCCR are being used by
the international community, including themselves.

We thank the review panel for the kind words;
we see the remaining challenge as one of us-
ability and user-friendliness of the AiiDA plat-
form, and that will be one of the core efforts for
the remaining time.

Pillar 4

The review panel is very impressed and satisfied
that the arrangements for the legacy of NCCR
MARVEL are already secured. The fact that PSI
and Empa will be hosting the software, and that
the respective teams are in place to take care of
its curation, is applauded. At first, the panel was
slightly surprised that the legacy of NCCR MAR-
VEL would not be at EPFL, who is also currently
hosting the Centre Européen de Calcul Atomique
et Moléculaire (CECAM), but ultimately agreed
that national laboratories are indeed a better option
to perennialize the NCCR’s activities. ~Scientific
software needs to be maintained and curated by
personnel hired for the long term, which is rarely
the case at universities.

Indeed, we believe that while the intellec-
tual legacy is in the form of new professors
and new ideas in the field of MARVEL, the
structural legacy needs to take place within
the context of national laboratories and the
establishment of “digital infrastructures”
complementing the physical ones.

Further, the experts appreciate the Director’s state-
ment that MARVEL's legacy also lies in its current
members and Pls, who will continue to work on the
research topics at the core of the NCCR after its end.
This attitude illustrates the great leadership of the
Director, who is able to attract, motivate and pro-
mote young PIs. The panel also recognises that this
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whole pillar shows the dedication and great vision
of the Director for computational material science.

ASM

The panel congratulates the researchers in this
project for their solid scientific work and for the
high level of collaborations between EPFL, PSI,
the University of Fribourg, Empa and ETHZ.
However, at this point it seems disconnected to the
other pillars and the reviewers hope to see more
convergence in the coming years.

A core goal for the project is to develop the hor-
izontal capabilities for materials and devices —
from non-equilibrium Green’s function meth-
ods to DMFT to device simulations — and so
the interactions within the groups there are
key, and are where we focused the effort. The
relevance of this is also seen in new simulations
pillars involving the PIs becoming now signif-
icant components in the current call for new
2026-onwards NCCR proposals.

Bonus project, QS

The only recommendation of the review panel re-
garding the full proposal was about the integration
of this project with the rest of the NCCR’s activi-
ties. Unfortunately, the links to the NCCR remain
weak, and the synergies and collaborations are not
yet visible.

The reviewers understand that the NCCR wanted
to take on this very topical subject as an option
for following latest developments in the field. If
successful, this could indeed have a very significant
impact.  However, the panel believes that the
researchers should move away from toy problems
and asks for the wvalidation on more complex
applications, such as the ones that would be posed
by the industry and in real settings. Even if it is
not successful, there would be much to learn from
these attempts. The reviewers also realise that this
criticism can be applied to the whole worldwide
community, yet strongly encourages the NCCR to
try and go beyond the comfort zone.

Similarly to the previous project, we think that
the most important goal is to make sure that the
different PIs within the project create and sus-
tain core collaborations in this field. Question 6
from the Executive summary aims to focus the
effort on relevance to the real wold.

Agility Plus

Two of the four Agility Plus projects grantees pre-
sented their results during the annual review and
both mentioned that the scheme was excellent seed
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financing to support curiosity-driven research. The
initial idea of these experimental projects was that
they would provide concrete (and surprising, as it
turned out) cases to theorists and modellers in the
NCCR. While the panel supports this initiative to
promote women, it is unclear what will happen with
the results of these projects and how well the recipi-
ents were included.

The reviewers are therefore slightly hesitant about
the benefits of this measure for the female re-
searchers and the consortium. At the same time,
they also understand that continuing collaborations
is difficult when people move away or have other
priorities.

A positive note is that Ana Akrap is mov-
ing to a full professorship at the University
of Zagreb. That MARVEL was actively in-
strumental in making sure she could be sup-
ported until the end of the school year in Fri-
bourg is an example of the multiple avenues
of support we deploy. Also, core priorities
have been the full deployment of automated
XPS/XAS capabilities, driven indeed by the
needs, among others, from the project of Emil-
iana Fabbri, and of spin-orbit extension to the
Koopmans functionals, driven by the project
of Ana Akrap on EuCdyAs;. Broadly speak-
ing, we remain in need to attract more women
scientists to the field (the challenge is particu-
larly severe in the theory/computational field
of MARVEL, but we reiterate here the inclu-
sion of Sara Bonella, Zoé Holmes, and Lenka
Zdeborova in the project); for this reason, we
are particularly pleased that we were able to
also replicate our initiative on “Women in Ma-
terias” with leading portraits at the entrance
of the Institute of Materials at EPFL, to Mathe-
matics, Physics, and Chemistry — showcasing
role models is a key measure that we have al-
ways advocated.

Structure-related areas
Education and training

Several action items have taken place following
the recommendation of the panel.

¢ The MARVEL junior retreat was restarted
and a first one took place in Davos in
September 2023, with great success (see
section 5.1 on Education & Training for the
details). Motivated students have already
announced their intention to organize the
next one in 2024.

¢ The 2023 junior retreat focused on build-
ing bridges, in particular between indus-
try and academia. As mentioned in sec-
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tion 5.1 on Education & Training, the
workshop aimed to facilitate discussions,
enabling participants to explore the prac-
tical applications of research and forge
partnerships that bridge theory with real-
world impact.

¢ We have been meeting with Kathryn Hess
Bellwald, Associate Vice President for Stu-
dent Affairs and Outreach to search for
support of the summer camp for high-
school students; she will investigate this
through philanthropy at EPFL.

¢ The question of teaching credit was ad-
dressed through a meeting with Annalisa
Buffa, Associate Vice President for Post-
graduate education. Now, the doctoral
schools do not intervene in the teaching
load of doctoral students, and there is no
general rule at EPFL regarding teaching
credits. We need thus to deal case by case
with each institute, and a request to the
doctoral school in Materials has been put
forward.

Equal opportunities

The review panel agrees that the NCCR can show
real successes in this area after 9 years. The num-
bers speak for themselves and there seems to have
been a clear increase in the number of female PhD
students since phase L.

The panel strongly hopes that [the INSPIRE
Potentials] fellowships will continue post NCCR
funding and that EPFL will make them part of the
school programs.

As mentioned we had a first contact with
Kathryn Hess Bellwald, Associate Vice Pres-
ident for Student Affairs and Outreach also
about this topic, and will seek support through
philanthropy at EPFL. Another alternative
is to have these fellowships directly funded
through the faculty involved, given the fact
that they represent also excellent opportunities
to attract prospective future PhD students.

The review panel was also very pleased to see
the creation of fellowships for under-represented
groups, the various activities proposed to younger
girls with at least 50% of the spots reserved for
them and the efforts to promote a healthy work-life
balance, such as the popular childcare offer at the
Psi-k 2022 conference.

The creation of fellowships for under-
represented groups hit some legal restrictions
that are complex work in progress (in the

Reaction to the recommendations of the review panel m———.——

Canton Vaud, visiting PhD students cannot
get more than CHF 2’500 per month from all
sources, that is half of what the wage of a PhD
student is here); a higher wage is currently
not possible (see more details in section 5.3 on
Equal Opportunities).

Communication and outreach

The activities in this domain remain solid at the
beginning of phase III. The highlights, news and
portraits section on the website are well done and
interesting.

The arrival of Nicola Nosengo has also pro-
vided a major boost the activities in this area.

Open science

This domain is a strength of the NCCR because it
has been part of the core vision since the beginning.
MARVEL has been a pioneer in the Swiss research
landscape (and worldwide) and a model for the
other NCCRs for open science and open access by
providing a digital infrastructure of open simula-
tions and data. The goal for the coming years is to
go beyond FAIR data to FAIR simulations, which
the panel applauds.

We thank the panel for the very kind words.

The reviewers are pleased that 96% of MARVEL
papers are open access without embargo. The ones
that are not, are in the field of chemistry, where the
community is more resistant to the issue of open
science and therefore where there are only very few
open access journals. The NCCR is further very
diligent in publishing their datasets, mainly on
the Materials Cloud Archive, which the SNSF
recognises to be a FAIR repository since 2022.

NCCR MARVEL also combined efforts with 6
other NCCRs to provide three 1-day open research
data meetings in Zurich, Lausanne and Basel,
which is considered a fantastic initiative by the
review panel.

This was indeed a very fruitful collaboration
with other NCCRs and the MARVEL scientific
manager was very involved in the organiza-
tion. More details on these can be found in the
section 5.5 on Open Science.

Knowledge and Technology Transfer (KTT)

In terms of knowledge transfer, the NCCR stands
very successful in this 9th year. The long-term fate
of the data and the developed open science software
has been secured at PSI. The panel commented that
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this is usually where the big projects in the field have
failed, and MARVEL managed to do what many
dreamt about.

The organization of the Psi-k 2022 conference is
another great success of the NCCR in the past
year according to the reviewers, where the whole
community met in Lausanne. The panel salutes
the actions put in place for the under-represented
groups, such as fellowships for scientists based in
Africa or for refugees.

Again, we thank the panel for the very kind
words.

The NCCR continues to have a number of success-
ful collaborations with industry, but the transfer
of technology occurs mostly when companies hire
MARVEL researchers. As a matter of fact, unless
someone at a company is already familiar with
Python andfor the MARVEL software, the uptake
has been difficult, which the panel understands and
relates to. Nevertheless, it is important to keep the
dialogue open and the reviewers recommend that in
the coming years, Empa, with its industry contact,
could organize an “industry day”. This event,
along with the training on collaborating with the
industry and IP rights mentioned in chapter 5.1,
could represent great opportunities for the junior
researchers.

Two action items are also planned for 2024,
with an industry day at Empa, to continue the
dialogue with industry, and a dedicated ses-
sion on IP rights, at the next 2024 junior retreat.
In passing, we note that both at the September
2023 junior retreat, and at the January 2024 gen-
eral retreat, we had sessions specifically ded-
icated to interactions with and experiences in
industry.

Structural aspects and long-term plans
Support by the Home Institution

The panel is pleased to see that the NCCR is exploit-
ing the full potential of these hires and managed to
attract these professors within its ranks.

Integration in other federal research institutions

As mentioned regarding Pillar 4, the review panel is
very impressed by the already settled legacy plans of
the NCCRs. With personnel and activities anchored
at PSI, Empa and CSCS, the NCCR has already had
a long-term impact on the Swiss research landscape.
During the annual review, the deputy director of
CSCS presented their plans for HPC and the link
with NCCR MARVEL. The panel is glad to hear
that CSCS consider MARVEL to be a role model
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and that this collaboration is a beneficial learning
experience, which allows them to building com-
puting infrastructures for scientific communities.
Through its links with PSI, CSCS will stay in close
contact with the MARVEL legacy.

Indeed, we thank the panel for these words;
these points, both on the support by the Home
Institution and the integration in other fed-
eral research institutions, are also elaborated in
Chapters 6 and 7 of this report.

Answers to the main recommendations of the
review panel to the NCCR

Research

To follow up on the phase 1I Agility Plus projects
in order to foster continuity and absorption of the
grantees. There is an opportunity to address the
challenges demonstrated in the two high-lighted
experimental Agility projects by exploiting the
computational and theoretical competence within
MARVEL.

As mentioned, Ana Akrap and Emiliana
Fabbri are associated to Pillar 4, and we are
focusing some of the computational efforts
to support their experimental research. In
addition, Ana Akrap’s salary will be half-
supported by MARVEL in the spring 2024, to
allow her to stay at UniFR until the end of the
school year for her children, before a move to
the University of Zagreb as a full professor.
Sereina Riniker (as a computational PI) is still
in the list of host-laboratories for the INSPIRE
Potentials fellowships and is presently hosting
one such student (Eva Doloszeski); in addition,
Laura Grigori, a new professor at EPFL and
PSI and an applied mathematician, has also
become a host for future INSPIRE Potentials
fellowships.

To strive for demonstrating the use of the developed
methods and showcase their predictive capabilities
on real-world or experimental challenges.

Indeed, examples will be shown at the site visit
of these efforts taking place both with industry
and with experimental facilities.

To bring the Bonus and the Advanced Simulation
Methods projects to converge with the goals and
activities of the pillars.

As discussed, this will also be presented at the
site visit.
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Structure-related areas

To continue the dialogue with the industry, even if
it is difficult and the uptake is limited. Empa could
organise activities/events that engage the industry,
such as an industry day.

This is very active, with events at all retreats
and an industry day planned at Empa.

To reinstall the junior retreats for PhD students and
postdocs and include sessions on entrepreneurship,
IP rights and technology transfer sessions.

This is also done, first in September 2023, with
great success, and will be repeated further.
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Recommendation to the Home Institution

In terms of legacy, EPFL should invest in contin-
uing the INSPIRE Potentials fellowships scheme
and the summer camp for high school students. It
would be important to offer appropriate teaching
credit for the (PhD) students involved in these
activities.

The different philanthropy channels are being
explored, but one possibility for the INSPIRE
Potentials fellowships is also to preserve these
with funding directly from the PIs involved.



3 NCCR Organisation

3.1 Structure and organisation of the NCCR, management

activities

3.1.1 Structure and organisation of
the NCCR

In phase III, MARVEL's mission revolves
around six core activities, spread over six
projects, as represented in Fig. 1. In year 10 the
structure of the NCCR is unchanged compared
to year 9. The composition of the bodies (Di-
rectorate, Executive Committee, and Scientific
Committee) is also unchanged.

With the new phase, the composition of the
Scientific and the Industrial Advisory boards
have been slightly revised. The Scientific Advi-
sory Board (SAB) is still chaired by Giulia Galli
(Univ. Chicago). Gian-Luca Bona retired and
was replaced by Tanja Zimmermann, the new
director of Empa. Ignacio Pagonabarraga has

completed his term as director of CECAM and
was replaced by his successor, Andrea Cav-
alli. Risto Nieminen (Aalto Univ.) and Alexan-
der Lichtenstein (Univ. Hamburg) left and Pe-
ter Haynes (Imperial College, chair of Psi-k’s
board of trustees) has stepped in. Finally,
Gabriel Aeppli (PSI), Karsten Jacobsen (Tech-
nical Univ. Denmark, Lyngby), Boris Kozinsky
(Harvard Univ.) and Sadasivan Shankar (Stan-
ford Univ.) continue to serve on the SAB. The
composition of the Industrial Advisory Board
(IAB) was also adjusted. Still chaired by Erich
Wimmer (Materials Design), the board wel-
comes Paola Gori Giorgi (Microsoft Research
Al4Science) as a newcomer. The other mem-
bers (unchanged) are Nicolas Cudré-Mauroux
(previously Solvay, from 2024 SICPA), Thomas

Pillar 2

Machine Learning
Platform for Molecules
and Materials

Corminboeuf, Ceriotti,
Emsley, Zdeborova

Pillar 1

Design and
Discovery of Novel
Materials

Curtin, Smit, Turlo,

Raju Natarajan
K

SCIENTIFIC
ADVISORY
BOARD

AMS

Advanced Simulation
Methods

Pizzi,

Luisier, Passerone,
Werner, Schiiler

Pillar 3

Digital Infrastructure
of Open Simulations

Bonella, Herbst

Pillar 4

Long-term Integration
in the Swiss Scientific

and Data Landscape

VandeVondele,

Qs

Leveraging Quantum
Computers and
Algorithms for

Materials Discovery

Carleo, Holmes,

utter, Tavernelli

Marzari, Pignedoli,
Riegg

%
INDUSTRIAL

ADVISORY
BOARD

Agility Plus

Continued Support Akrap, Fabbri, Riniker

INSPIRE Potentials Management

Figure 1: Organization of MARVEL in phase III.
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Eckl (Robert Bosch), and Arnaud Grandeury
(Novartis). Frédéric Diologent (Richemont)
and Ryoji Asahi (formerly Toyota, moved to
academia) have left the board. Some members
of both boards were present at the MARVEL
Review and Retreat in Grindelwald in January
2024.

3.1.2 Management activities

Events organisation

In year 10, since February 2023, MARVEL man-
agement organized the meetings, lectures and
events described in chapter 5. We mention
here, for example:

e MARVEL site visit, EPFL, March 28-29.

* MARVEL stand at EPFL Open Days 2023, April
29-30.

¢ NCCRWomen stand at EPFL Open Days 2023,
April 29-30.

* 3 NCCR Open Research Data Meetings in
Zurich, April 28, Lausanne, May 8, and Basel,
June 2, particularly involved in the Lausanne
one.

* Summer camp for high school students Des
atomes aux ordinateurs, a la découverte de la pro-
grammation scientifigue, EPFL, June 26-30.

¢ MARVEL lab visit for girls participating to
the summer camp “Matériaux super géniaux”,
EPFL, August 18.

¢ MARVEL Junior Retreat 2023, Davos, Septem-
ber 12-15.

¢ CECAM-MARVEL Classics in molecular and
materials modelling, Eberhard Gross (Hebrew
Univ. Jerusalem) and Angel Rubio (MPSD),
EPFL and online, September 28.

* 6 online projects meetings (Pillars 1 to 4, ASM
and QS), September-October.

¢ MARVEL Communication open mic session,
EPFL and online, October 3.

e INSPIRE Potentials networking event, EPFL,
October 19.

* EPFL Information days for high-school stu-
dents, visit of labs, EPFL, November 23.

* NCCRs gathering event, EPFL, December 4.

¢ MARVEL Review and Retreat, Grindelwald,
January 17-19, 2024.

¢ BIG-MAP EUnified Battery Data Space Work-
shop, Grindelwald, January 29-31, 2024.

¢ INSPIRE Potentials — MARVEL Master’s Fel-
lowships for female Master’s students, with 2
calls in April and October.

* 2 weeks of #fNCCRWomen portraits on social
networks, February 13-17 and March 27-31.

* 3 online MARVEL distinguished lectures, Kris-
tian Sommer Thygesen (DTU), March 23, Clau-
dia Felser (MPI CPfS, Dresden), May 2, and
Emmanouil Kioupakis (Univ. Michigan), June
20.

® 7 hybrid junior seminars, EPFL and online,
from February to December, with pizza served
before or after.

* 4 seminars at EPFL or hybrid (Michael Herbst
(EPFL), Vojtech Vlcek (UCSB), Zhiting Tian
(Cornell), Andrew Briggs (Oxford)).

¢ 5 online or hybrid Executive Committee meet-
ings.

Other events

In addition, in year 10, MARVEL members or-
ganized at least 14 conferences, tutorials or
workshops, either in person or online; MAR-
VEL sponsored 4 of these.

Measures

MARVEL has prepared an updated version of
its internal regulations for phase III. It was
signed by all parties in June 2023.

3.2 Changes to the consortium’s composition

Three new PIs entered MARVEL in May 2023.

¢ Zoé Holmes (newly hired at EPFL in Au-
gust 2022) joined the Quantum Simulation
project.

¢ Lyndon Emsley (EPFL), already part of
MARVEL for the last two years of phase II,
joined Pillar 2 to continue the collabora-
tion started then.

¢ Michael Herbst was hired at EPFL thanks
to a proposal conceived by Assyr Abdulle
(EPFL Math) and Nicola Marzari and sub-
mitted to the EPFL leadership for a joint
interfaculty chair in Math and Materials,
and started in March 2023.
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The funding for Zoé Holmes derived from half
the funding planned for Agility Plus projects
in phase IIl. The other half was allocated to
Sara Bonella (EPFL) to increase her MARVEL
research funding. The funding of both Lyndon
Emsley and Michael Herbst was made possi-
ble through the reallocation of part of the fund-
ing of Pillar 1, with the departure of both Bill
Curtin and Berend Smit for the second half of
the phase. Indeed, Berend Smit has left the con-
sortium at the end of 2023. Bill Curtin has offi-
cially retired from EPFL on December 31, 2022
and has returned to the USA. During year 10,
he could still maintain a team at EPFL and hire
a few people through MARVEL funding. He

NCCR Organisation m———
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will leave the consortium at the end of year 10
on April 30, 2024. Anirudh Raju Natarajan will
take the lead of Pillar 1.

On the management side, Carey Sargent (20%)
left her role in the written communication for
the website and the social media. She was
replaced in this task by Nicola Nosengo, who
is also chief editor of Nature Italy. Previously,
Nicola Nosengo was also for a few years a sci-
ence writer for the NCCR Robotics. The rest of
the MARVEL management team is unchanged.
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Research

4.1 Status of collaboration / integration and added value

We start this section with a reminder on how
timely and fitting the broad topic of the NCCR
is, at a time when even major companies
— from Microsoft to Google/DeepMind —
broadly publicize their efforts and plans in ma-
terials discovery. And it is actually reassuring
that, at a time when major funding efforts are
decided at the policy-making level, the SNSF
focuses on investing in long-term projects that
are internationally reviewed and screened by
communities of scientists.

4.1.1 Status of collaborations and

integration
At the NCCR level

Key collaborations have taken place that
would not have happened without MAR-

VEL; these include the efforts of Pil-
lar 1 (Curtin/RajuNatarajan/Turlo), Pil-
lar 2 (Corminboeuf/Ceriotti), Pillar 3

(MaZe and SIRIUS), Pillar 4 (PSI and
Empa), and Advanced Simulation Methods
(Luisier/Passerone, and Passerone/Werner).
These are complemented by a very fitting
project on quantum computing meshing
academic and industrial leadership in the
field, with established MARVEL researchers
(Carleo/Tavernelli/Hutter). Also, new mem-
bers on the algorithmic side have found a
natural place in the project: Herbst in Pillar 3,
Schiiler in Advanced Simulation Methods, and
Holmes in Quantum Simulations.

At the national level

The key platform players of phase I (PSI, Empa,
CSCS) have been not only close partners for
the entire duration of MARVEL, but have en-
abled to transition the center to the post-2026
landscape. This includes the creation of the
Scientific Computing, Theory and Data divi-
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sion at PSI, where, in additional to the creation
of the Laboratory for Materials Simulations,
two other major efforts and hires between PSI
and EPFL took place, with the appointment of
Prof. Laura Griogori to lead the Laboratory of
Simulation and Modeling, and Prof. Andrea
Lauchli to lead the Laboratory for Theoretical
and Computational Physics. Also, the compu-
tational activities at Empa are now integrated
in the Scientific IT division there.

At the international level

Core partners have been MaX, the EU Centre
of Excellence for e-infrastructure on Materials
Design at the eXascale (2015-2026 or longer),
and BIG-MAP, the EU flagship initiative for
Battery2030+. MaX has consistently shared the
objectives of MARVEL, and has been a key
partner in the development of the Materials
Cloud services (including the federation of the
Archive with CINECA and Jiilich), deployment
of exascale-ready codes (including QUANTUM
ESPRESSO and SIRIUS), and of data analyt-
ics. MaX partners have been instrumental in
making the AiiDA Common Workflows project
into a broad community effort. BIG-MAP, in-
volving 34 institutions, is also a key partner
— the internal BIG-MAP Archive is modeled
on the Materials Cloud Archive, and is now
being finalized to push automatically data on
the Materials Cloud when they become open
access, while also being deployed across all
the Battery2030+ projects. Also, BIG-MAP has
been an enthusiastic promoter of the MAR-
VEL plan of externalizable capabilities (either
experimental or computational) that can be
driven or interrogated through common user
interfaces.


https://archive.big-map.eu/
https://big-map.github.io/big-map-registry/

Research m——
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4.1.2 Added value

The MARVEL hires of Anirudh Raju Natara-
jan at EPFL and Michael Schiiler at PSI, to-
gether with the arrivals of Giuseppe Carleo,
Zo¢ Holmes, and Michael Herbst at EPFL en-
sure that a new generation of researchers in
the field will be present in Switzerland and at
EPFL.
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4.2 Results from year 10

1

Pillar

OCo0e

Design and Discovery of Novel Materials

Project leaders: William Curtin (EPFL), Berend Smit (EPFL)

Partners: Anirudh Raju Natarajan (EPFL), Vladyslav Turlo (Empa), Michele Ceriotti (EPFL)

1 Progress of the different efforts

1.1 Metal alloys

The effort in metal alloys has seen significant
achievements and progress in the past year
spanning high entropy alloys, lightweight met-
als, and alloy systems of interest to Empa.
Only some major collaborative efforts are high-
lighted here. Project work in additive manu-
facturing is ongoing and will be discussed in a
future report.

With our previous computational discovery of
the Hf-Mo-Nb-Ti alloy family as promising for
a combination of high temperature strength
and room temperature ductility [1], Natara-
jan and Curtin have applied the cluster expan-
sion (CE) method to make first-principles pre-
dictions of the phase behavior over the entire
composition range while considering BCC, B2,
HCP, and C15 phases. The desired solid so-
lution state for compositions of interest is sta-
ble at 1'200°C (Fig. 1a), while the Hf-Mo inter-
actions dominate and drive short-range order-
ing (SRO) at relevant temperatures (Fig. 1b).
We have also demonstrated the accuracy of
Vegard’s law for estimating solute misfit vol-
umes that enter the strength theory. More

E
z

e Znd NN

4th NN

f

Shaort range order parameter
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Figure 1: (a) Phase diagram of quarternary Hf-
Mo_Nb-Ti at 1’200°C showing solid solutions in
the high-entropy regime. (b) Warren-Cowley short-
range-order parameters for all solute pairs in
Hfi5Moy9Nb3 Tiss versus temperature, showing Hf-
Mo ordering to dominate.
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broadly, Curtin has completed the modeling
of strengthening in the presence of SRO and
developed easily-usable analytical and graph-
ical results applicable to fcc and bec alloys of
any composition [2]. A key unexpected re-
sult is that SRO can decrease the dominant
“misfit” strengthening in certain common sit-
uation. This unexpected result has been fur-
ther demonstrated by targeted atomistic sim-
ulations in model bce alloys [3]. We are now
combining the SRO, CE, misfit volumes, and
analytical models to make detailed predictions
of strengthening in selected Hf-Mo-Nb-Ti al-
loys.

Parallel efforts by Natarajan have focused
on exploring alloy chemistries that can en-
hance the strength of refractory high-entropy
alloys through precipitation hardening. Uti-
lizing a cluster expansion model parameter-
ized from first-principles calculations, we em-
ployed Monte Carlo simulations to investigate
the high-temperature behavior of a senary Al-
Nb-Ta-Ti-V-Zr alloy. Finite-temperature phase
stability, as estimated from our model, indi-

Predicted
equilibrium
precipitate
composition
b

Maximum 0.8 Experimental
driving precipitate 0.03
force

compaosition

0.00

Driving Force (eV/atom)

0.06

Al

Xal

Figure 2: Precipitate compositions and driving
forces as predicted at 600°C by a cluster expansion
model and Monte Carlo simulations in a senary Al-
Nb-Ta-Ti-V-Zr alloy.
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Figure 3: (a) Vacancy strongly trapped inside a 10-
atom Mg-Si cluster; (b) pre-B” and (c) pre-pB” with
Si capping top and bottom, with significantly lower
formation energy.

cates the emergence of an ordered precipitate
from the disordered phase over a broad com-
position range. Our predictions for precip-
itate composition and phase fractions are in
excellent agreement with recent experimental
findings (Fig. 2). We find that the emergence
of ordered phases in this alloy is driven by
the strong segregation of aluminum to a sin-
gle sublattice of the B2 structure. Surprisingly,
our results reveal that despite conventional B2
orderings being mechanically and thermody-
namically unstable in this system, defect order-
ings on B2 emerge as metastable states. Further
research will focus on searching for alloying el-
ements that can enhance the thermal stability
of the precipitate phase.

In lightweight metals, Curtin and Ceriotti
have completed the analysis of clustering
and vacancy trapping in the technologically-
important Al-6xxx (Al-Mg-Si) alloys using
their neural-network potential (NNP) [4]. We
have demonstrated the long-held belief that
vacancies are strongly trapped in small (10-14
atom) Si-Mg clusters, thus halting natural ag-
ing process (Fig. 3a). Our analysis has also
uncovered the existence of energetically stable
clusters where Si replaces Mg on capping sites
of needle-like pre-B” clusters (Fig. 3, b and c),
rationalizing experimental evidence that nat-
ural aged clusters must be partially dissolved
before nucleation of B” precipitates can pro-
ceed during artificial aging. In Mg, Curtin has
used our previous Mg NNP to demonstrate
(i) a low-temperature (T < 150 K) instability
in prismatic slip [5] and (ii) a new 3D mech-
anism for thermally-activated prismatic slip at
high temperatures (T > 150 K) [6], both captur-
ing long-standing and previously-perplexing
experimental results.

We have continued to develop NNPs for
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Figure 4: Interface stresses in the Cu/W nano-

multilayers obtained with the NNP DFT, and exper-
imental results for the respective interfaces, for the
experimental strain range.

other metallurgical applications. Turlo and
Curtin have developed an NNP for the Cu-
W system. This has enabled better interpre-
tation of experimental measurements of in-
terface stress in relation to internal strains
in Cu/W nano-multilayers (solid circles in
Fig. 4). Density functional theory (DFT) cal-
culations for the generic Cu/W interface (the
only one feasible for small supercells) and
NNP calculations for textured Kurdjumov-
Sachs and Nishiyama-Wassermann interfaces
demonstrate that the experimental measure-
ments do not correspond to the variation of
interface stress with residual in-plane strains
in the multilayers (which is rather weak), but
to the different nature of the interfaces, i.e.
generic/random vs textured. Further research
will be focused on identifying the nature of in-
terfaces with the highest interface stress, with
the main hypothesis that it is a premixed
amorphous structure. A more-refined NNP
to enable such calculations is near completion
(Liyanage et al., in preparation), and its appli-
cations to this and other challenges at Empa
are in progress. Following earlier development
of an NNP for hep Zr, Curtin has also created
an excellent potential for Zr-H (Liyanage et al.,
in preparation), since hydride formation in nu-
clear applications of Zr is a component-critical
issue. The potential accurately captures the en-
ergetics of various competing hydride phases,
their surface energies, and their fracture behav-
ior, in addition to H interstitials in Zr and im-
proved performance of pure Zr itself.

Research m———
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1.2 Metal-Organic Frameworks

The effort in metal-organic frameworks has
achieved two important goals.  The first
achievement is the successful development of a
methodology to predict whether a covalent or-
ganic framework (COF) is a candidate for pho-
tocatalysis [7]. The second achievement is an
understanding of the effect of adding Zn-MOF-
74 to the cobalt-catalyzed hydroformylation of
1-hexene. In addition, we have co-organized
a hackathon in which we illustrated the use of
large language models in chemistry [8, 9].

Covalent organic frameworks (COFs) stand
out as prospective organic-based photocat-
alysts, given their intriguing optoelectronic
properties, such as visible light absorption
and high charge-carrier mobility. The “Clean,
Uniform, Refined with Automatic Track-
ing from Experimental Database”(CURATED)
COFs [10] is a database of reported experimen-
tal COFs that until now remained mostly un-
explored for photocatalysis. In this study, the
CURATED COFs database is screened for dis-
covering potential photocatalysts using a set of
DFT-based descriptors that cost-effectively as-
sess visible light absorption, preliminary ther-
modynamic feasibility of the desired pair of re-
dox reactions, charge separation, and charge-
carrier mobility. The workflow (Fig. 5) can
shortlist 13 COFs as prospective candidates for
water splitting and identify materials (Nx-COF
(x = 0-3)) that have been reported as candi-
dates for hydrogen evolution reaction. Overall,
the strategy addresses the challenge of explor-
ing many COFs by directing future research to-
ward a selective group of COFs while provid-
ing valuable insights into the structural design
for achieving a desired photocatalytic process.
The tandem hydroformylation-aldol condensa-
tion (tandem HF-AC) reaction offers an effi-
cient synthetic route to synthesizing industri-
ally relevant products. The addition of Zn-
MOF-74 to the cobalt-catalyzed hydroformyla-
tion of 1-hexene enables tandem HF-AC un-
der milder pressure and temperature condi-
tions than the aldox process, where zinc salts
are added to cobalt-catalyzed hydroformyla-
tion reactions to promote aldol condensation.
The yield of the aldol condensation products
increases by up to 17 times compared to that of
the homogeneous reaction without MOF and
up to 5 times compared to the aldox catalytic
system. Both Co,(CO)g and Zn-MOF-74 are
required to enhance the activity of the cat-
alytic system significantly. Density functional
theory simulations and Fourier-transform in-
frared experiments show that heptanal, the
product of hydroformylation, adsorbs on the
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Figure 5: Flowchart of the workflow developed

for this screening study. It takes as input the struc-
tures from the CURATED COFs database (box high-
lighted in Persian indigo) and then checks the num-
ber of atoms and lattice parameters. The next step
is a single-point energy calculation. The structure is
optimized if this calculation confirms that we have
a closed-shell system with a semiconducting band.
From the optimized structure, the workflow com-
putes the main outputs (boxes highlighted in jungle
green) utilized to calculate our photocatalytic DFT
descriptors, namely, band gap and band alignment
(with band gap and cube files printed after opti-
mization), charge separation (with cube files from
electron and hole injection) and charge carrier effec-
tive masses (with bands data).

open metal site (OMS) of Zn-MOEF-74, thereby
increasing the electrophilic character of the car-
bonyl carbon atom and facilitating the conden-
sation [11].

Large-language models (LLMs) such as GPT-4
caught the interest of many scientists. Recent
studies suggested these models could be useful
in chemistry and materials science. To explore
these possibilities, we organized a hackathon.
Participants employed LLMs for various ap-
plications, including predicting properties of
molecules and materials, designing novel tool
interfaces, extracting knowledge from unstruc-
tured data, and developing new educational
applications. The diverse topics and the fact
that working prototypes could be generated in
less than two days highlight that LLMs will
profoundly impact the future of our fields. The
rich collection of ideas and projects also indi-
cates that the applications of LLMs are not lim-
ited to materials science and chemistry but of-
fer potential benefits to a wide range of scien-
tific disciplines [8, 9].
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2 Contribution to overall goals and initial
proposal

The project continues to achieve major goals
that were laid out in the phase III proposal
while exploiting opportunities to resolve im-
portant and open questions in the field as we
have new insights. The PIs continue to be at
the forefront of the field of high entropy alloys,
lightweight metals, and metal-organic frame-
works, providing new methods, new insights,
and enabling the discovery of new promising
materials.

3 Collaborative and interdisciplinary compo-
nents

Internal MARVEL collaborations among the
Pillar 1 members in the metallurgy thrust
have been indicated above. We continue to
have formal and informal collaborative inter-
actions with external colleagues worldwide.
The research remains within the broad do-
main of computational metallurgy, but within
the domain encompasses the application of
first principles methods, alloy thermodynam-
ics, machine learning, atomistic simulations,
and new mechanistic concepts and associated
theories that (i) connect nanoscale behavior to
macroscale performance and (ii) enable predic-
tion of new alloys with enhanced mechanical
performance.

The predictions of the adsorption thermo-
dynamics of gasses in MOFs are part of
the PrISMa platform, in which materials are
ranked for their performance in carbon cap-
ture applications. The PrISMa platform in-
volves the integration of the material’s prop-
erties with process design, techno-economics,
and life-cycle assessment [12].

MARVEL publications
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Machine Learning Platform for Molecules and
Materials

Project leaders: Clémence Corminboeuf (EPFL), Michele Ceriotti (EPFL)

Partners: Lenka Zdeberova (EPFL), Lyndon Emsley (EPFL), Giuseppe Carleo (EPFL)

1 Progress of the different efforts

In 2023 this Pillar has made excellent progress
along the lines set forward in the proposal,
developing further the collaborations between
the partner labs. The efforts to develop a mod-
ular software platform for atomistic machine
learning (M-stack) have reached an important
milestone with a first version of a torchscript
compatible model based on the Metatensor li-
brary, as well as with preliminary integration
of the libraries to compute density-correlation
descriptors with Q-stack and NetKet. High-
quality documentation, and tutorials to show-
case typical use cases improve the usability of
M-stack. At the same time, we have pushed
ahead with the study of the fundamental na-
ture of machine learning (ML) models, with
the integration of ML and quantum chemistry
techniques, and performed several exciting ap-
plications to materials design and discovery,
to make the impact of the infrastructure and
methodological work more clearly visible.

1.1 Modular software for atomistic ML

An important milestone from the point of view
of the software infrastructure has been the re-
lease on PyPI of an alpha version of Metaten-
sor!, a library that provides a custom sparse
array format containing all the required meta-
data to exchange data between different parts
of the ecosystem. Metatensor is compatible
with Pytorch’s torchscript framework, making
it possible to train models in Python and export
them in a format that can be loaded from com-
piled simulation engines such as LAMMPS.
Metatensor facilitates interfacing the various
components of the M-stack ecosystem, such
as Rascaline?, that computes representations
of atomic structures, and the packages in Q-
stack®, that are geared towards the calcula-
tion and manipulation of quantum mechani-
cal quantities, such as different types of scalar
fields based on the electron density.

Thttps:/ / github.com/lab-cosmo/metatensor
Zhttps:/ / github.com/Luthaf/rascaline
3https: / / github.com/lcmd-epfl/Q-stack
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Work is also underway to provide efficient,
multi-language and multi-platform libraries to
accelerate the calculation of some of the key in-
gredients of an atomistic ML model. Spheri-
cart* provides an efficient implementation of
the evaluation of spherical harmonics [1] for
both CPU and GPUs, with Python, Pytorch and
Jax bindings, that has already received much
interest from the community, with the group
of Christoph Ortner having contributed a Julia
implementation.

The M-stack software ecosystem also includes
tools dedicated to structural data manipulation
and visualization. For instance, cell2mol® [2]
provides a platform to automate and stream-
line calculations for molecular systems, that
has already been used to generate several
datasets including a curated database® of
ground-state transition metals complexes and
FORMEDY, a dataset containing excited-state
properties for 100’000 organic molecules from
the CSD [3]. The chemiscope8 viewer has
been extended to include new features such
as the visualization of shapes and atomic col-
oring. To enhance the visibility of these de-
velopments, webapps have been deployed on
the Materials Cloud, such as an online ver-
sion of cell2mol’. An online calculator to pro-
vide access to a SA-GPR (Symmetry-Adapted
Gaussian Process Regression) [4] and neural-
network frameworks for the prediction of the
electron density is also under development
(Fig. 1) and will be distributed in early 2024.

1.2 Methodological and algorithmic advances

Following on previous work revealing the limi-
tations of some of the most popular descriptors
for atomistic ML [5, 6], we have been able to
introduce a set of provably-complete descrip-
tors, based on the definition of low-body-order
rotational invariants that correspond to an en-
semble of local coordinate systems [7]. A simi-

4https://github.com/lab-cosmo/sphericart
5https://github.com/lcmd—cpfl/coHZmol
bhttps:/ /doi.org/10.24435 /materialscloud:zx-t2
https:/ /doi.org/10.24435 / materialscloud:aa-2w
8https:/ /chemiscope.org /

9https: //cell2mol.matcloud.xyz/



MARVEL

p prediction

Molecule visualization

Visualization options

Download bt cosefficients

Figure 1: Screenshot of the predicted electron den-
sity for a caffeine molecule on the Materials Cloud.
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lar idea has been developed into the Equivari-
ant Coordinate System Ensemble framework,
that allows to incorporate rotational equivari-
ance on top of models that are not equivari-
ant, and that therefore benefit of a larger de-
sign space. This has been exploited to de-
velop a point edge transformer (PET) model [8]
that achieves state-of-the-art accuracy on sev-
eral benchmark datasets.

Another important goal in the proposal con-
cerns improvements in uncertainty quantifica-
tion (UQ) algorithms. Research in the Zde-
borova group focused initially on comparing
various calibration methods for binary clas-
sification in a mathematically tractable high-
dimensional model for over-parametrized neu-
ral networks. In [9], frequentist and Bayesian
inference were compared in terms of UQ,
showing that in a model setting based on
random-forest features, frequentist methods
can be as calibrated as Bayesian methods,
when they are used in conjunction with Tem-
perature Scaling, a popular post-training cal-
ibration algorithm. A variant of temperature
scaling dubbed Expectation Consistency was
developed to calibrate the output of neural
networks in multi-classification problems [10].
Expectation Consistency outperforms temper-
ature scaling on image classification tasks with
different neural network architectures, espe-
cially when the test data is corrupted. These
ideas (that are implemented in open-source
code available online'?) will be extended to an-
alyze other UQ methods, and applied to atom-
istic ML.

Ohttps:/ github.com/spoc-group
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A major thrust in our methodological effort in-
volves the combination of ML with electronic
structure theory. In this respect, there are three
main ongoing developments we want to high-
light.

(1) The Corminboeuf group has continued with
its efforts to design molecular representations
that go beyond the description of atomic posi-
tions and explicitly include information about
the charge and spin of a system. This re-
sulted in a new family of representations: the
SPectrum of Approximated Hamiltonian Ma-
trices (SPA"M ). The global eigenvalue-based
descriptor (e-SPA™M ) [11] is complemented
with two local density-matrix-based variants:
SPAHM (a) and SPAHM (b). Both encode the
information about the electron density of the
system using an inexpensive one-electron ini-
tial guess [27]. SPAHM (a) results in fea-
ture vectors expanded in terms of atoms, and
SPAHM (b) localizes the electron density be-
tween pairs of atoms, thus affording a de-
scription of bonds. These local representa-
tions have shown excellent predictive power
on local atomic properties (atomic charges,
spin densities, and isotropic magnetic shield-
ing) for neutral and charged species of the
benchmark database M7 [28] and in a more
challenging database of azoheteroarene-based
dyes [12]. In particular, SPATM (b) captures
the changes in electron delocalization typically
observed in extended r-conjugated systems
for both ground and excited states [13]. The
performance of both representations is being
evaluated against more challenging systems,
namely transition metal complexes and chemi-
cal reactions [14]. The necessary code and data
to generate all SPAHM representations is avail-
able online'’.

(2) The Ceriotti group has focused on
demonstrating the integration of quantum-
mechanical calculations with a predictive ML
workflow. By building a symmetry-adapted
ML model trained to predict the minimal-
basis, single-particle electronic Hamiltonian,
and using it as an intermediate layer for
predicting a range of target properties such as
compute the molecular orbital (MO) energies
and Lowdin charges, they demonstrated
exceptional transferability to different sys-
tems and properties [15]. In particular, they
could show that training on a small dataset
composed of a few hundred configurations of
seven small hydrocarbon molecules allowed
making accurate predictions for molecules as
large as pB-carotene, and to extend the predic-
tions to complex observables such as vibronic

Hegithub.com /lcmd-epfl/SPAHM-RHO
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Figure 2: Extrapolative predictions from an indirect
Hamiltonian learning framework. A model trained
on a few distorted configurations of seven small hy-
drocarbons can make accurate predictions of the ex-
citations of some aromatic compounds, long-chain
polyenes, and a molecule as complex as $-carotene.

spectra (Fig. 2).

(3) The Carleo group has worked on incor-
porating ideas from the ML representation
of atomic structures into the many-body de-
scription of the electronic structure in molec-
ular as well as extended systems. The pri-
mary focus has been the combination of vari-
ational Monte Carlo (VMC) with machine-
learning techniques, in particular neural net-
works, to parameterize the many-body wave-
function of the molecular Hamiltonian in the
Born-Oppenheimer approximation. Besides
technical difficulties such as ensuring the cor-
rect quantum statistics, these efforts include
the development of expressive features to re-
duce the learning complexity and therefore
computational cost. To this end, in collab-
oration with the Ceriotti group, many-body
atomic descriptors (SOAP and higher-order
density-correlation terms), which are tradition-
ally used in the context of energy-surface learn-
ing, have been adapted to the description of
fermionic degrees of freedom. The system-
atic dependence of density-correlation features
on the correlation order, and on the size of
the discrete spherical harmonics/radial func-
tions basis provide more interpretable results
as well as fewer variational parameters to op-
timize. Early experiments on small model sys-
tems such as H, suggest an improvement upon
vanilla Hartree-Fock benchmarks. NetKet, the
software used to run the simulations is devel-
oped in the Carleo group and can be found on-
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1.3 Applications and materials design

In order to showcase the algorithms and soft-
ware developed in this Pillar, we are also
actively pursuing more applied projects, tar-
geting materials characterization and design.
We want to highlight in particular efforts in
the Emsley group to perform structure deter-
mination combining NMR measurements and
ML predictions. Based on the previously de-
veloped model of chemical shifts for molec-
ular solids ShiftML [16], which was recently
updated to improve generalization and accu-
racy [17], a method to directly predict the local
three-dimensional environment around atoms
in a molecular solid was developed. This
makes use of the large-scale computation of
chemical shifts in over 300’000 experimental
crystal structures using ShiftML2 as previously
reported [18]. By comparing the experimen-
tal shift associated to a given atomic site with
all shifts predicted for similar chemical groups,
a chemical shift-dependent three-dimensional
interaction map can be generated, which is a
first step towards direct prediction of struc-
ture from NMR experiments (Fig. 3A) [19]. A
general method to determine the structure of
amorphous molecular solids at the atomic level
was also developed. This involves the large-
scale computation of chemical shifts for large
ensembles of MD snapshots using ShiftML2,
followed by comparison between the exper-
imental chemical shift distributions and the
shifts obtained for each molecular environment
in the snapshots. By comparing the NMR-
selected ensemble comprising molecular envi-
ronments in best agreement with the NMR ex-
periment to the complete MD ensemble, pro-
moted interactions in the NMR ensemble can
be identified (Fig. 3B). This provided the first
atomic-level structure of an amorphous molec-
ular solid [20].

We have also been able to extend many of
our ongoing investigations of various classes
of materials, including ferroelectrics (with a
large-scale sampling [21] of polarization fluc-
tuations in BaTiO3, building on a previous col-
laboration with the Marzari group [22] funded
by Samsung), high-entropy alloys (with an ex-
tension to surfaces and surface segregation [23]
of a breakthrough potential that allows study-
ing arbitrary combinations of 25 transition
metals [24], supported by an industrial grant
with BASF), precipitation in Al-6xxx alloys [25]
(continuing a long-running collaboration be-

2github.com/netket/netket
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Figure 3: A. Chemical shift-dependent interaction
map around the carboxylic acid proton of AZD8329
constructed using the experimental chemical shift of
the crystalline form 1. The interaction map correctly
predicts the carboxylic acid dimer present in the
crystal structure. B. The structure of the amorphous
form of the drug AZD4625 (left) is determined by
comparing predicted chemical shifts from MD snap-
shots to experiments. In comparison to the whole
MD ensemble (blue), the ensemble selected based
on NMR (red) clearly promotes hydrogen bonding
to the enone oxygen and aromatic nitrogens, as well
as the chair conformation of the diazinane ring.

tween the Ceriotti and Curtin groups) and
transport in lithium thiophosphate [26].

2 Contribution to overall goals and initial
proposal

The focus on the development and release of
a high-quality, well-documented and cohesive
software infrastructure is perfectly in line with
the goals of usability and visibility set forth
for the third phase of the NCCR. The par-
allel efforts to advance our understanding of
atomic-scale ML, and the applications to rele-
vant materials-science problems, support and
motivate these efforts. The implementation of
interactive apps on the Materials Cloud plat-
form showcase the integration of Pillar 2 efforts
within the broader scope of MARVEL.

3 Collaborative and interdisciplinary compo-
nents

This second year has seen the first results from
the involvement of partner laboratories, as well
as the ongoing joint effort by the Corminboeuf
and Ceriotti groups to unify our ML infrastruc-
ture. Collaborative efforts with Pillar 1 [25],
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with industrial partners (BASF and Samsung),
as well as with research labs outside MARVEL
(e.g., the collaboration with Benedetta Men-
nucci on ML for electronic excitations [15]) un-
derscore the commitment of the member labs
to collaborative research efforts.
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Digital Infrastructure of Open Simulations and
Data

Project leaders: Giovanni Pizzi (EPFL), Joost VandeVondele (CSCS)

Partners: Sara Bonella (EPFL), Michael Herbst (EPFL)

1 Progress of the different efforts

1.1 AiiDA and high-throughput workflows for
materials discovery and characterization

In year 10, three new versions of AiiDA were
released (2.3, 2.4, 2.5). Recent developments
focused on making AiiDA easier for users, in-
cluding automated environment setup' and
lightweight profiles not requiring configura-
tion of any system service. We also strength-
ened the support for the new Alps infrastruc-
ture, with a proof-of-concept implementation
of connections via the FirecREST API and na-
tive support for containerized codes, including
the SARUS engine.

To streamline interaction and support within
the AiiDA community, we transitioned from a
mailing list to a new platform on Discourse?,
where 340+ posts have already appeared since
July 2023. As a Google Summer of Code
project, the AiiDA plugin registry’ was re-
designed, making it easier than ever to search
and inspect existing plugins. The registry
now includes 92 plugin packages with over
160 workflows, developed for dozens of pop-
ular codes in the materials science community,
including a set of new workflows that we de-
veloped for automated Wannierization [1, 2].
These have been combined with the phonon
workflows presented in the year 9 report to
integrate AiiDA with the EPW code*, which
enables automated calculation of the electron-
phonon interactions. A screening of the MC3D
database for novel superconductors is ongoing
using these exciting new workflows.

The common workflow interface discussed in
the year 9 report was used for a large-scale
verification study published on Nature Reviews
Physics [3]. The work includes a high-quality
all-electron reference dataset (obtained with
the two codes FLEUR and WIEN2k), then used
to verify 9 other pseudopotential codes (Fig. 1)
and improve the respective pseudopotential li-
braries. Notably, our AiiDAlab SSSP toolkit

Thttps:/ / github.com/aiidateam /aiida-project
Zhttps:/ /aiida.discourse.group /

Shttps:/ /aiidateam.github.io /aiida-registry/
4http5://epw—code.org/
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(see year 9 report) was used to produce two
new releases of SSSP (v1.2 and v1.3), improv-
ing existing pseudopotentials and extending
them to include actinides.

Similar to the LUMI-C “hero run” discussed
in the year 9 report, we could obtain a
dedicated slot on the new LUMI-G parti-
tion (2’978 nodes with 4 AMD MI250x GPUs
+ one 64-core AMD EPYC “Trento” CPU).
During a 9-hour time window, AiiDA was
used to run 22’353 SIRIUS-enabled QUAN-
TUM ESPRESSO calculations (Fig. 2a). Run-
ning with SIRIUS was crucial because (i) it en-
abled running QUANTUM ESPRESSO on the
LUMI-G AMD architecture, and (ii) it pro-
vided the new robust direct minimization tech-
nique (see year 9 report). Using a multi-
step approach, we successfully determined the
ground-state geometry of 2’978 structures that
failed with regular QUANTUM ESPRESSO,
reaching a noteworthy success rate of 95% for
the new SIRIUS-enabled workflow. We note
that the AiiDA submission rate was so high
to overwhelm the SLURM scheduler afrew a
few hours (Fig. 2a). To overcome this limita-
tion for high-throughput runs, we developed
a new scheduler plugin interfacing with Hy-
perQueue’® (Fig. 2b), a “meta-scheduler” that

Shttps:/ /github.com/aiidateam /aiida-hyperqueue

FLEUR@LAPW.LO - }
WIENZK@(L)APW+l0+LO 1 1
ABINIT@PW|PseudoDojo-vD.5 - -+
BigDFT@DW|HGH-K[Valence) - e e [l e
CP2K/Quickstep@TZV2P|GTH - —+—T+——---
GPAW®EPW]|PAW-v0.9.20000 —{T—
CASTEP@PW|C19MK2 - N
ESF W|SSSP-prec-v1.3 1 e
SIESTA@AOrOptDiamond|PseudoDojo-v0.4 — ] [}
SIRIUS/CPZK@PW|SSSP-prec-v1.2 - et
VASP@PW|GW-PAWS4* - I

5.0 25 0.0 2.5 a0
Vy difference [%)]

Figure 1: Box-and-whisker plots comparing the vol-
ume discrepancy of 11 codes involved in [3], with
respect to the all-electron reference dataset.
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Figure 2: (a) Total number of completed SIRIUS-
enabled QUANTUM ESPRESSO runs during the
LUMI-G hero run. (b) Flow chart explaining how
AiiDA uses the HyperQueue (HQ) meta-scheduler
to avoid overloading the scheduler.

batches multiple AiiDA submissions in a sin-
gle scheduler job, enabling higher submission
rates and more efficient use of the scheduler
queue.

1.2 Materials Cloud

Materials Cloud remains widely used by
the materials science community, with over
160K unique visits between January and Oc-
tober 2023 (a 20% increase with respect to the
same period in 2022). Multiple Discover sec-
tions have received updates. Notably, the Ma-
terials Cloud 3D crystals database (MC3D)°
was reimplemented with the React framework
and now includes various improvements, such
as advanced filtering and searching (Fig. 3).
Moreover, a new Discover section was added
with the curated data associated to the DFT
verification” paper discussed earlier [3].

The Work section now contains OSSCAR (Open
Software Services for Classrooms and Re-
search)®, a platform hosting software and
tools geared towards education and research.
The Learn section has expanded to include
259 recordings of lectures and tutorials, and the
transition to Lhumos is progressing steadily
(see next section).

The Archive, our open access and moderated
research data repository, continues to grow
(172 new records since January 2023 and a
total of 922 records, as of November 13,
2023). The development of a new version
of the Archive using InvenioRDM’ is ongo-
ing, with the new version planned to go in

6https: / /materialscloud.org/mc3d

7https:/ /materialscloud.org /acwf-verification
8https:/ /osscar.org

%https:/ /inveniordm.docs.cern.ch/

30

Ve B0 o BLRRT Page 1o LTI 3

Figure 3: Search interface of the new MC3D Dis-
cover section, allowing for advanced filtering and
data display.

production upon CERN’s release of Invenio-
RDM LTS v12, scheduled for spring 2024. The
new version will bring several new features
and a more user-friendly interface, including
drag-and-drop file upload, parallel upload of
several files, support of fast addition of au-
thors/affiliations via a dropdown and/or via
their ORCID ID, generation of secret links
for secure access to the record by collabora-
tors, and extensive REST APIs supporting all
repository operations. Finally, the Archive-
OPTIMADE service was developed. By sim-
ply uploading crystal structures in an Archive
entry (together with a very simple configura-
tion file), we generate a custom OPTIMADE
APIY to serve the structures in a standard
way, allowing researchers to access them via
any OPTIMADE-compliant tool. A prototype

demo server is already online'!.

1.3 Lhumos

Lhumos is the next generation platform for ed-
ucational material, designed to replace Mate-
rials Cloud Learn. In year 10, significant de-
velopments enabled the deployment of an al-
pha version!? (Fig. 4). Moreover, Lhumos has
been populated with training material; migra-
tion of all Materials Cloud Learn content will
be completed in early 2024. Testing within a
broad user pool is ongoing; feedback on issues
and user experience will be collected and inte-

Ohttps:/ /www.optimade.org/
Mhttps:/ /dev-optimade.materialscloud.org /
12https:/ /alpha.lhumos.org
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Figure 4: Alpha Lhumos platform.

grated in the beta release, foreseen for Q2 2024.
The EU Centre of Excellence MultiXscale'® will
open a new space on Lhumos in early 2024, and
discussions have been initiated with two more
projects, BioNT!* and Dome 4.0'° for access to
the platform.

1.4 AiiDAlab and Quantum Mobile

In year 10 there have been two releases of
the Quantum Mobile virtual machine. The
latest version of the AiiDAlab QUANTUM
ESPRESSO (QE) app (v23.10.0) contains sev-
eral notable features, including a new image
that streamlines the initiation and execution
of QUANTUM ESPRESSO calculations with-
out additional setup. We also implemented a
robust test suite covering ~80% of the code,
ensuring reliability and stability of the appli-
cation. A newly designed widget makes the
setup of new resources (remote computers and
code executables) very easy (Fig. 5). The QE
app now has a plugin design, paving the way
to adding custom interfaces to compute ad-
vanced properties (such as XAS and XPS spec-
troscopies, Raman and IR phonon spectra, or
muon spectroscopy, see Pillar 4).

New AiiDAlab applications have been regis-
tered, such as the Aurora app'®, an Empa-
EPFL-PSI collaboration targeting autonomous
battery optimization, where AiiDA-tracked cy-
cling experiments of robot-assembled coin cells
can be launched and monitored from the
app [4]. The In Silico Photochemistry group
of Bristol University contributes now actively
to the development of AiiDAlab and released
the ATMOSPEC app!’, encapsulating an ab ini-
tio workflow for UV /VIS spectroscopy of or-

13https: / /www.multixscale.eu/

14https: / /biont-training.eu/
15httpsz//dome40.eu/

16https:/ / github.com/epfl-theos/aiidalab-aurora
https:/ / github.com/ispg-group/aiidalab-ispg

31

OCo0e

pwa | pw-7.2@daint-mc w Setup new code
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to pre-fill the fields below.
Domain: | daint.cscs.ch v
Computer: | mc v

Code: | QuantumESPRESSO-7.2 v

Piz Daint supercomputer at CSCS Lugano, Switzerland, hybrid partition.

Computer Label: | daint-mc
Slurm account: | mr32
Code name: | pw v
SSH username: | alida
Tick checkbox to setup r step by step.
o Quick setup T Reset

Figure 5: Setting up a pw.x code on a CSCS machine
via the redesigned AiiDAlab resource setup widget.

ganic molecules. Our recent endeavors also in-
clude the deployment of AiiDAlab for the NEP
project'® on CSCS, as well as a new internal de-
ployment for experimentalists at PSI (in collab-
oration with Pillar 4), demonstrating a commit-
ment to fostering collaborative research envi-
ronments and facilitating seamless workflows
for researchers.

1.5 SIRIUS, and MaZe integration

We successfully implemented LDA+U+V for
SIRIUS, expanded nlcglib!’ to accommo-
date Hubbard functionality, and implemented
a magnetism-constrained Hubbard approach
for finding the correct magnetic ground
state. The nlcglib package now also sup-
ports distributed wavefunctions and GPUDi-
rect RDMA. Linear wavefunction extrapola-
tion has been added to C++ SIRIUS improving
MD support of g-e-sirius. The beta-projector
code in SIRIUS has been refactored to better ac-
commodate the needs of the ultrasoft precondi-
tioning required in nlcglib.

Collaborative work between the Bonella group
(EPFL) and CSCS led to the implementation via
the Python binders for the SIRIUS library of
a suite of first principles molecular dynamics
algorithms, including Born-Oppenheimer, Car-
Parrinello, Extended Lagrangian Method, and
Kolafa Algorithm. These are the first demon-
strators of the use of SIRIUS as a driver for sim-
ulations of time-dependent properties of ma-
terials, and pave the way for combining the
Mass Zero (MaZe) Constrained Dynamics with
SIRIUS.

Bhttps:/ /nffa.eu/news/project-updates /pilot-nep /
https:/ /github.com/simonpintarelli/nlcglib
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1.6 DFTK: An interdisciplinary DFT code tai-
lored towards mathematical research

In year 10 the team of Michael Herbst (EPFL)
joined, adding the density-functional toolkit
(DFTK)? to the MARVEL software portfolio.
DFIK is being integrated with AiiDA and we
released a DFTK plugin?!, currently being used
for a full-scale verification using the dataset
from [3]. Initial results show that DFTK is
in very good agreement with standard codes,
with a few outliers that we are now investigat-
ing, probably because of details of the pseu-
dopotential handling. In the upcoming years,
the goal is to expand the verification beyond
equations of state and to employ the plugin to
verify a recently developed technique for esti-
mating the error due to insufficient plane wave
cutoffs [5] on a broader range of systems.

2 Contribution to overall goals and initial
proposal

The exascale readiness of SIRIUS and AiiDA
has been further validated on exascale infras-
tructures through the LUMI-G hero run, ben-
efitting from enhanced robustness due to the
direct minimization methods within SIRIUS.
This is complemented by a high-impact verifi-
cation process that utilizes common workflows
to produce refined parameters, crucial for auto-
mated workflows. Integration between MaZe
and SIRIUS has also been achieved. Moreover,
the Materials Cloud Archive continues to grow,
securing its position as a key repository for ma-
terials science data. Additionally, the Lhumos
platform has seen its inaugural deployment.

3 Collaborative and interdisciplinary compo-
nents

There are several ongoing European collabo-
rations, including with TIER-0 HPC centers,
Battery2030+’s BIG-MAP, and several H2020
projects like MaX and TREX Centres of ex-
cellence. The new ORD-R Establish initia-
tive “PREMISE”, led by Giovanni Pizzi and
supported by the ETH Domain, has adopted
AiiDA as the main workflow engine for sim-
ulations and robotic experiments. In partner-
ship with H2020 BIG-MAP, a successful au-
tonomous loop for battery experiments con-
trolled by AiiDA through an AilDAlab GUI has
been demonstrated [4]. In addition, tight col-
laborations are ongoing with the SNSF project
FISH4DIET, led by Giovanni Pizzi, focusing on
high-throughput discovery of materials with

Dnttps://dftk.org
Zlhttps://github.com/aiidaplugins/aiida-dftk

® [1]
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exceptional Fermi surface topologies, where a
workflow has been set up to automatically ob-
tain a Wannier-function representation of any
material and then predict Shubnikov-de Haas
oscillation frequencies.

The common-workflows verification project is
a massive collaboration with over 45 partners
worldwide, including several key players in
the ab initio community. This consortium will
continue to work together on testing the tools
we all rely on, where AiiDA will play a central
role as the workflow engine. In a combined ef-
fort by the AiiDAlab and CSCS teams, we have
introduced the MFA CSCS app??, designed to
simplify the setup of CSCS machines under
its multi-factor authentication. This coopera-
tive effort aims to streamline processes, making
AiiDAlab more accessible and user-friendly for
researchers utilizing CSCS resources.

The development and deployment of the Lhu-
mos portal is part of a collaborative effort with
CECAM and the EU funded Centre of excel-
lence for computing applications MaX?. Up-
loading of training material from the three cen-
ters is part of a broader effort to provide a
unique entry point for advanced education in
simulation and modeling, with a particular fo-
cus on tools for the simulation of materials.
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Pillar74

Long-term Integration in the Swiss Scientific
Landscape

Project leaders: Nicola Marzari (EPFL and PSI), Christian Riiegg (PSI), Carlo Pignedoli (Empa)

Partners: Ana Akrap (UniFR), Emiliana Fabbri (PSI)

1 Progress of the different efforts

1.1 Computational spectroscopies

a) X-ray absorption and photoelectron spectro-
scopies We implement automated and ro-
bust workflows, namely XpsWorkChain and
XspectraBaseWorkChain, to compute the core-
level spectra, namely X-ray absorption spec-
troscopy (XAS) and X-ray photoemission spec-
troscopy (XPS), using AiiDA and QUANTUM
ESPRESSO (QE). These workflows utilize
core-excited pseudopotentials and offer vari-
ous options (e.g., full, excited, or half core-hole)
for the core hole treatment. The workflows
handle the advanced setup for various mate-
rials (e.g., crystals, molecules, and other sys-
tems with low symmetry), taking care of the
identification of symmetry-inequivalent atoms
and the supercell generation needed to take
into account of the core hole in periodic bound-
ary conditions. We are actively applying these
workflows for various systems, aiding exper-
imentalists in spectrum calculation and peak
assignment. Our ongoing collaborations in-
clude Mounir Mensi from EPFL on XPS in cop-
per oxide, Luca Artiglia from PSI on XPS of Pt
nanoparticles, and Mario El Kazzi from PSI on
XAS of battery materials (e.g., LiMnyOy4). On
the other hand, thanks to the new plugin im-
plementation of the AiiDAlab QEapp in Pil-
lar 3, we can now seamlessly develop and in-
corporate spectroscopy calculations as plugins
within the AiiDAlab platform. Our ongoing
effort focuses on integrating these workflows
into the AiiDAlab QEapp. This integration
aims to provide a user-friendly interface acces-
sible directly through a web browser. It will
enable researchers from EPFL, PSI, Empa and
other institutions to perform core-level spectra
calculations and visualize the results without
needing to write any code. Fig. 1 (left) illus-
trates the XPS AiiDA plugin.

b) Inelastic neutron scattering spectroscopy To-
wards leveraging the data analysis and in-
terpretation capabilities of experimental lab-
oratories at PSI, e.g., the neutron scattering
facilities, we are developing workflows to
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model the magnetic interactions of materials
from ab initio. We parameterize a general-
ized Heisenberg Hamiltonian, including the
Dzyaloshinskii-Moriya interaction, using the
magnetic force theorem [11]. Our approach
consists of combining QE, Wannier90, TB2],
and DFWannier codes. We chose this route
based on the need for Hubbard corrections,
as implemented in QE, that have been shown
essential to describe the ground-state prop-
erties of magnetic materials. We performed
an extensive validation by comparing our re-
sults for elemental magnetic materials (e.g.,
bulk Fe, Ni, and Co) against a full electron
DFT code (JuKKR) (Fig. 1, right). The re-
sults are very promising, and currently, we
are investigating the source of small discrep-
ancies. Meanwhile, we have also researched
the topological magnons in Mn;Ge; [1]. In
addition, we are working on the implementa-
tion of the on-site U and inter-site V Hubbard
corrections [2] in the noncollinear framework
of time-dependent density-functional theory
(TDDFT) including spin-orbit coupling (SOC).
This will result in the so-called TDDFT+U+V
approach for modeling magnons in complex
transition-metal compounds that require the
Hubbard corrections. Leveraging the exist-
ing TDDFT implementation in QE, known
as the TURBOMAGNON code [3], our ongo-
ing efforts focus on the testing and valida-
tion of our TDDFT+U implementation. Within
the independent particle approximation, the
computed TDDFT+U Stoner spectrum demon-
strates noteworthy agreement with the refer-
ence spectrum derived from a straightforward
calculation using the sum over empty states.
Simultaneously, we are assessing the accuracy
of the implemented response Hubbard poten-
tial by comparing it to calculations performed
using the Heisenberg model Hamiltonian, us-
ing TB2J. Concomitantly, we are actively ex-
tending our work to incorporate the +V term,
aiming to realize the complete TDDFT+U+V
framework.

c) Muon Spin spectroscopy Muon spin rota-
tion/resonance (1SR) is among the most effi-
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Figure 1: Left: XPS calculation for the C4H5F3;0, molecule using the AiiDAlab-XPS workflow in the QEapp.
Right: Heisenberg exchange parameters of bulk Ni computed using QE+Wannier90+TB2J vs JuKKR, and the

resulting spin-wave dispersion of the former method.

cient techniques used to study several material
properties, e.g., magnetism, superconductiv-
ity, defects, as well as hydrogen diffusion. We
contributed to the development of automated
workflows within the AiiDA framework, de-
voted to characterize the different muon stop-
ping sites in materials from an ab initio perspec-
tive [12]. This is done in collaboration with
Pietro Bonfa and Ifeanyi John Onuorah, both
from the University of Parma (Italy). In partic-
ular, two AiiDA workflows are developed for
such a purpose, called FindMuonWorkchain
and MusconvWorkchain and delivered within
the aiida-muon and the aiida-musconv codes.
These workchains use QE and other post pro-
cessing codes in order to relax a given supercell
containing the muon candidate and compute,
if any, the magnetic field at the muon site. An
intuitive graphical user interface is also pro-
vided in the AiiDAlab framework, thanks to
the above mentioned plugin implementation of
the AiiDAlab QEapp. This opens the possibil-
ity to perform uSR simulations on a daily rou-
tine alongside experimental measurements at
PSI and will promote wider adoption of ab ini-
tio methods by the SR community.

d) Photoemission spectroscopy Koopmans
spectral functionals provide a theoretical
framework that allows to obtain reliable
charged excitations (as revealed, e.g., in pho-
toemission and angle-resolved photoemission
spectroscopies) of molecules and materials
within a functional approach. The framework,
and its deployment in the software package,
called koopmans, are described in a new and
comprehensive article by MARVEL researchers
at EPFL and PSI [4]. We have extended the
range of applicability of the approach by
developing a non-collinear formulation of
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the Koopmans spectral functional based on
Wannier functions and density-functional
perturbation. This allows calculating accu-
rate band structures in the presence of SOC
and possibly non-collinear magnetism. This
advance has been implemented in the KCW
package of QE and it is currently under exten-
sive testing. In Fig. 2, we report a validation
of the theory and implementation for the
band structure of CsPbBr; (one member of
the family of halide perovskites, excellent
candidates for optoelectronic applications)
with and without SOC. The predicted band
gap with SOC is of 1.81 eV and compares very
well with the experimental gap of 1.85 eV
and state-of-the-art many-body perturbation
theory results [5].

1.2 AiiDAlab

The nanotech@surfaces laboratory at Empa
collaborates with experimental partners to ad-
dress scientific inquiries focused on two key ar-
eas: investigating point defects in 2D transition
metal dichalcogenides and characterizing the
magnetic properties of graphene-based low di-
mensional nanomaterials, including those with
transition metal elements. Key point in this
research field are our efforts in enhancing the
AiiDAlab QEapp! with new features. Notably,
we have enabled the QEapp with the possi-
bility to treat 1D and 2D materials. In ad-
dition, charged systems can be now treated,
spin-orbit coupling effects can be included as
well as Hubbard corrections. The progress
in the QEapp has significantly contributed to
ongoing research at Empa. Our modified

1https://github.com/aiidalab/aiidalab—
qe/tree/empa_qgeapp
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Figure 2: Band structure of CsPbBrs in its high-temperature cubic phase obtained with the non-collinear KCW
code as a one-shot correction on top of LDA. Bands are calculate both with and without the inclusion of SOC.
(*) The experimental value is corrected to remove finite temperature effect (not included in the theory). () SOC
effects for the quasi-particle self-consistent GW (qsGW) results are computed at Gy W level.
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Figure 3: AiiDAlab structure viewer. Left: The old version; it was inconvenient to use for large structures as
it did not allow to specify different representations. Right: The new version with representation feature. The
users can select a sub-part of a system and configure its view.

QEapp has been instrumental in investigating
the electronic and magnetic properties of later-
ally porphyrin-fused zigzag nanoribbons, with
a forthcoming publication. Simultaneously, we
are exploring the electronic properties of a Re
dopant and a Sulfur vacancy in MoS,. The
latest release of the QEapp integrates some of
these features, such as periodicity and charge,
with an ongoing commitment to introducing
new functionalities. The plugin implemen-
tation of the QEapp streamlines the integra-
tion of features, exemplified by the collabora-
tion between PSI and Empa. This collabora-
tion focuses on integrating aiida-vibroscopy’
workflows into the QEapp, enhancing its capa-
bilities further.

a) Structure viewer The default viewer had
limitations in representing structures with flex-
ibility, as illustrated in Fig. 3 (left). In response
to user feedback requesting custom represen-
tations, a significant focus over the past year

thtps: / / github.com/mikibonacci/aiidalab-qe-
vibroscopy
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has been to address this need by introducing
the concept of representations to the viewer.
This enhancement allows users to break down
a structure into multiple substructures and dis-
play them in distinct ways, as depicted in Fig. 3
(right). This feature proves especially useful
when dealing with large structures such as or-
ganic molecules adsorbed on a substrate.

b) FLEXPART-COSMO We are actively
assisting various groups at Empa in adopt-
ing AiiDA/AiiDAlab, and one notable
project involves collaboration with Stephan
Henne from the Laboratory for Air Pollu-
tion/Environmental Technology. Since August
2023, Lucas Fernandes Vilanova has joined
the project to carry on the implementation
of the FLEXPART-COSMO workflow, which
aims to automate daily simulation runs in the
laboratory.

c) CSCS-MFA app As the threat of unautho-
rized access to supercomputer centers grows,
there has been a concerted effort to enhance
security measures. These measures pose chal-
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Figure 4: MFA CSCS app allows for a quick and easy
key update using multi-factor authentication.

lenges for workflow managers like AiiDA that
rely on seamless, user-free access to supercom-
puter centers. To address these challenges, we
have developed a user-friendly AiiDAlab ap-
plication (Fig. 4) aimed at simplifying the setup
of SSH connections for AiiDAlab users. Essen-
tially, users only need to input their username,
password, and a 6-digit number obtained from
an authentication app (like Google Authentica-
tor) to grant access to the supercomputing in-
frastructures for up to 7 days. After that period
the user has to provide a new authentication
code.

d) Surfaces app: new features We have im-
plemented significant updates to the AiiDA-
lab Surfaces app®. Notably, we merged the
scanning probe microscopy (SPM) app into the
Surfaces app, streamlining and enhancing its
functionality. The interface for various types
of SPM simulations has been unified to pro-
vide a more seamless user experience. Addi-
tionally, a new feature has been introduced, en-
abling users to compute the adsorption energy
of molecules on surfaces.

Furthermore, we have made improvements to
the resource handling model. In previous ver-
sions, workflows would automatically select
the appropriate resources, which proved prob-
lematic as it was highly specific to a machine
and often resulted in unexpected behavior. To
address this, we have adopted a suggestion
model. Under this approach, the automated
tool suggests the required amount of resources,
giving users the flexibility to override these
values before submission.

e) Documentation Effective documentation
plays a crucial role in fostering community
growth. In the context of AiiDAlab, we
maintain two types of documentation: (i) a
comprehensive guide* covering the needs for
general users, deployment guidelines, and
app development, and (ii) a documentation
specific to the base widgets®, which is tailored

3https: / / github.com/nanotech-empa/aiidalab-empa-
surfaces

4https://aiidalab.readthedocs.io

Shttps:/ /aiidalab-widgets-base.readthedocs.io
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for app developers. To ensure the consistent
expansion and quality of our documentation,
we have implemented monthly AiiDAlab
documentation days.

f) Publications In 2023 AiiDAlab tools at
Empa were employed mainly for the charac-
terization of the electronic and magnetic prop-
erties of carbon based nanomaterials [6, 7, 8,
9[13].

2 Contribution to overall goals and initial
proposal

The establishment of the Laboratory for Mate-
rials Simulations at PSI, accompanied by the re-
cruitment of two group leaders (Giovanni Pizzi
and Michael Schiiler) and two tenure-track
scientists (Nicola Colonna and Iurii Timrov),
and several PhD students and postdocs at PSI
and Empa, strategically aligns with the objec-
tives of phase IIl for Pillar 4. The compu-
tational tools and advances described in this
report, their implementation in widely-used
open-source codes, and their deployment as
turnkey solutions through automated and ro-
bust AiiDA workflows and AiiDAlab apps rep-
resent a step further toward a computational
infrastructure for reliable spectroscopy simu-
lations in core areas of interests for PSI and
Empa. This together with the strengthened
and efficient collaboration with experimental
groups at both institutions (see section below)
is fully in line with the final goal of perma-
nently integrating MARVEL into the Swiss sci-
entific landscape, and contribute to fortifying
materials science in Switzerland and globally.

3 Collaborative and interdisciplinary compo-
nents

A new scientific collaboration between the
Spectroscopy of Quantum Materials group (in
particular with Vladimir Strokov and collabo-
rators) and the Laboratory of Materials Simula-
tions has been recently established to comple-
ment ARPES measurements of the band struc-
ture of strained Germanium quantum dots
with ab initio simulations. The efforts on
the non-collinear extension of Koopmans func-
tional is taking place in close collaboration with
Antimo Marrazzo from the University of Tri-
este.

A collaborative working group has been es-
tablished between the Neutron and Muon di-
vision of PSI and the Laboratory of Materi-
als Simulations, focusing on cooperative efforts
in modeling magnons through model Hamil-
tonians and investigating muon rest sites in



MARVEL

selected materials. Concurrently, vibrational
spectroscopy initiatives encompass a partner-
ship with the University of Bremen [10]. In
addition, collaborative efforts in XPS and XAS
are underway, closely intertwined with the
H2020 project BIG-MAP (a constituent of Bat-
tery 2030+), and Deborah Prezzi’s team at the
University of Modena.

In addition to the collaboration with Empa ex-
perimentalists active in the characterization of
0D, 1D, and 2D materials, we started a collab-
oration with the Univeristy of Rome (Marco Di
Giovannantonio) to enable the use of AiiDA-
lab apps for the supercomputer hosted at
CINECA. Collaboration with IBM in Zurich
(Leonard Lieske) is also centered on offering
access to AiiDAlab for experimentalists inter-
ested in performing simulations in parallel to
experiments. Collaboration with Jan Wilhelm
(Regensburg) is aimed to design AiiDAlab ap-
plications leveraging upcoming GW capabili-
ties of the CP2K code for 2D materials.

At present, AiiDAlab instruments target ex-
perimentalists with experience in collaborating
with theoreticians. For persons interested in
testing the platform, we typically ask to de-
scribe the type of calculations they would like
to perform and for which class of systems. If
the available AiiDAlab tools cover the cases
specified, we organize a three to four days tu-
torial with examples. After this, we provide
assistance to submit production simulations
till the researchers are confident enough with
the procedures. The feedback obtained dur-
ing the collaboration is precious input to im-
prove/complement the AiiDAlab tools. In case
the simulations foreseen by the experimental-
ists require the creation of new AiiDAlab tools
(as in the case of defects in 2D materials) a col-
laboration could start with the aim to create
them with direct inputs from the experimental-
ists for a better design.
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From Materials to Devices

Project leaders: Philipp Werner (UniFR), Mathieu Luisier (ETH Zurich), Daniele Passerone (Empa)

Partner: Michael Schiiler (PSI and UniFR)

1 Progress of the different efforts
1.1  Ab initio multi-tier GW+DMFT

Ruslan Mushkaev, the MARVEL funded PhD
student in the Werner group at UniFR has fa-
miliarized himself with the ab initio multi-tier
GW+DMEFT framework [2] in a project focused
on the perovskite compounds SrVOs, SrCrOs
and SrMnOj. The goal of this project was
to test the robustness and predictive power
of the multi-tier approach, which treats the
high, intermediate and low-energy subspaces
at the GoW), self-consistent GW, and extended
DMFT (EDMFT) level, respectively, by com-
paring the results for different intermediate
and low-energy subspaces. Specifically, the
following three combinations for the (inter-
mediate, low-energy) spaces have been con-
sidered: (i) (tag, tag), (ii) (t2g + eg, tag + €g),
and (iii) (f24+(oxygen)p, tog) orbitals. More
or less consistent results were obtained for
the mass enhancements and spectral functions,
which shows that the multi-tier GW+DMFT
framework is internally consistent. = Rus-
lan Mushkaev also studied the spin-excitation
spectra and electron energy loss spectra (EELS)
using a postprocessing approach based on the
random phase approximation.

In separate work by PhD student Viktor
Christiansson, the GW, DMFT, EDMFT and
GW+EDMEFT frameworks were used to inves-
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Figure 1: Charge susceptibility —x.(q,iwy, = 0) of
LazNi, O; at f = 50 eV~! from GW+DMFT (a) in the
k; = 0 plane for dxz,yz and (b) along the indicated
high-symmetry path. (c) Temperature and doping
dependence of the maximum of —x.(q,iw, = 0)
(from [1]).
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tigate the electronic structure of the recently
discovered bi-layer nickelate superconductor
LazNiyO7 [11]. Also here, the charge suscep-
tibility was computed and it was found that
the system is close to an instability towards
the formation of incommensurate stripe order,
Fig. 1[1].

We also performed an ab initio study of the pur-
ported room-temperature superconductor LK-
99 [12], which created a remarkable, but short-
lived hype in the condensed matter commu-
nity and beyond. Our analysis suggested that
this system is too strongly correlated to be a
high-temperature superconductor [13].

1.2 Electrical, thermal, and optical transport in
2D materials

Two members of the ETH Zurich team of Math-
ieu Luisier left MARVEL after either finishing
their PhD (Guido Gandus) or completing their
postdoc (Youseung Lee). They both joined
semiconductor companies where they remain
active in the field of nano-device modeling.

In terms of research, progress has been made
on several fronts involving the OMEN code, a
quantum transport solver relying on the non-
equilibrium Green’s function (NEGF) formal-
ism. First, the electron-phonon interaction
model of OMEN has been improved to ac-
count for the non-diagonal entries of the scat-
tering self-energies. Typically, these entries
are neglected, which can lead to an underes-
timation of the influence of phonons on the
electron population. Including these elements
up to a predefined cut-off radius required to
modify the way the scattering self-energies are
computed. Since the latter operation is time
consuming, it was ported to GPUs. This up-
grade has been used to calculate the mobility
of monolayer MoS, and to compare it with re-
sults obtained with the linearized Boltzmann
transport equation (LBTE) where no cut-off ra-
dius is applied to the electron-phonon inter-
actions. Excellent agreement between both
methods was obtained (Fig. 2a). This san-
ity check validates the implemented approach.
The NEGEF solver can go beyond mobility cal-
culations and shed light on the behavior of de-
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Figure 2: (a) Monolayer MoS, mobility as a func-
tion of the electron density and temperature as cal-
culated with LBTE (lines with symbols) and with
NEGF (stars). (b) Schematic view of a single-
gate MoS, field-effect transistor (FET) deposited
on a SiO, substrate and using a HfO, dielectric.
(c) Spectral current distribution in the ON-state of
the FET in (b). Red indicates high current concen-
trations, green no current. The dashed line repre-
sents the conduction band edge. (d) Schematic illus-
tration of the photon-induced avalanche multiplica-
tion process encountered in avalanche photo-diode.
(e) Spectral current and (f) local in-/out-scattering
rates in a bulk InAs structure under a single photon
energy illumination (iw = 0.8 eV).

vices, e.g., MoS; single-gate field-effect transis-
tors (Fig. 2b). Such simulations do not only
return the “current vs voltage” characteristics
of transistors, but also the distribution of the
current along their channel as a function of the
electron energy (Fig. 2c). Obviously, signifi-
cant energy losses occur close to the drain side,
where the electric field is the highest.

Work has also been undertaken at ETH Zurich
to enable the modeling of nano-devices in
the presence of electron-electron interactions
within the GW approximation [3, 4], thus es-
tablishing a link with UniFR. This level of
complexity is needed, for example, to capture
avalanche multiplication processes, which can
be triggered by the absorption of a photon that
generates an electron-hole pair (Fig. 2d). The
application of an external bias then accelerates
both particles which, through impact ioniza-
tion, create additional carriers. By combin-
ing electron-electron and electron-photon in-
teractions through dedicated scattering self-
energies, photon-induced avalanche processes
could be simulated within a bulk InAs struc-
ture. The resulting spectral distribution of the
electron and hole currents as well as the in- and
out-scattering rates are presented in Figs. 2e
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and 2f, respectively. They clearly indicate
that the photon-generated carriers get multi-
plied once they are accelerated by the under-
lying electric field.

Finally, the ETH Zurich team published an in-
vited paper [5] and book chapter [6] that dis-
cuss the state-of-the-art in ab initio device sim-
ulation based on NEGF.

1.3 Ab initio Wannier-function approach to ex-
citons

In the Schiiler group, the MARVEL-funded
PhD student Gian Parusa started at the begin-
ning of the year and familiarized < himself with
first-principle approaches to angle-resolved
photoemission spectroscopy (ARPES). He has
already obtained optimized pseudopotentials
to accurately describe photoelectron states —
an essential step toward implementing effi-
cient and accurate ARPES calculations. These
activities tie directly into MARVEL Pillar 4
(Long-term Integration in the Swiss Scientific
Landscape), as we are preparing collaborations
with experimentalists at PSI. We also connect
to MARVEL Pillar 3 (Digital Infrastructure of
Open Simulations and Data) in our efforts to
automatize the construction of these pseudo-
potentials in collaboration with Giovanni Pizzi.
In collaboration with Philipp Werner and his
PhD student Viktor Christiansson, we have
further developed an ab initio method to de-
scribe excitons out of equilibrium.  With
the first-principle Coulomb interactions pro-
vided by Viktor Christiansson we have per-
formed GogWj calculations and solved the
Bethe-Salpeter equation (BSE) for the excitons
directly in the Wannier basis with unprece-
dented speed. Based on this method and in
close collaboration with leading experimental-
ists, we have revealed how the Berry curvature
of 2D materials can be extracted from the exci-
ton signal in time-resolved ARPES [7] (Fig. 3).

The second PhD student Juan Felipe Pulgarin
is continuing this line of research with system-
atic benchmarks. We expect that the efficiency
of the Wannier-GW method can be combined
with non-equilibrium simulations of materials
and facilitate the scaling up to devices, which
is a synergy with the efforts at ETH Zurich.

1.4 Beyond-DFT modeling of electronic proper-
ties and transport in realistic systems

At Empa, in the Passerone group, the
MARVEL-funded postdoc Anooja Jayaraj has
started at the beginning of the year and got
acquainted with the massive palette of meth-
ods left by Guido Gandus, i.e., a fully acces-
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Figure 3: Wannier-BSE vs experiments. (a) and

(b) Polarization-averaged time-resolved ARPES sig-
nature of excitons in monolayer WSep, comparing
experiment (a) and theory (b). (c) and (d) Circular
dichroism with respect to the pump pulse polariza-
tion from experiments (c) and our calculation (d).
The positive-negative pattern of the dichroism in (c)
and (d) directly reflects the Berry curvature in each
valley.

sible, open source and versatile suite of pro-
grams for quantum transport (qtpyt) and cor-
related systems based on exact diagonaliza-
tion and DMFT (edpyt). She is now applying
the DMFT+NEGF approach to the simulation
of Coulomb blockade effects in quantum-dot
transport regime observed experimentally in
the Empa laboratories nanotech@surfaces and
Transport at Nanoscale Interfaces. The ap-
proach originally developed by Guido Gandus,
where the “active correlated” region is mod-
eled via a system of multiple impurity Ander-
son models, also requires a parallelization ef-
fort in the original edpyt code to afford the
modeling of realistic quantum systems.

Anooja Jayaraj together with the experimen-
tal group led by Mickael Perrin at Empa
could already complete the first publication
which is presently under review. The topic
is twisted trilayer graphenes. Twisted van
der Waals heterostructures have emerged as
a versatile, tunable platform for the explo-
ration of magnetotransport and optoelectronic
properties.  This work considers the theo-
retical counterpart to the experimental real-
ization of the scarcely explored twisted dou-
ble trilayer graphene (TDTLG) devices. Due
to unit cell sizes with ~13’000 atoms, tight-
binding calculations were used to calculate the
band structure and rationalize the experimen-
tally observed charge-transport behavior. The
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Figure 4: (a) Band structure of TDTLG with 6 =
1.8 degrees in the absence of an external electric
field. The blue (orange) lines denote the bands of
unrelaxed (relaxed) TDTLG. (b, c) Calculated band
structure in the presence of an external field. The
displacement field D has been calculated using the
dielectric constant of h-BN and screening effects
have been ignored. (d) Band gap as a function of
D for both the relaxed (orange curve) and unrelaxed
(green curve) structure of TDTLG. (e) Band gap as a
function of twist angle for unrelaxed TDTLG in the
absence of an external displacement field.

Hamiltonian was built using orbital distance-
dependent Slater-Koster parameters as imple-
mented in WannierTools. This work also ex-
plores the configuration space of the stacking
order in TDTLG in order to verify the stack-
ing order of the fabricated device. Lattice re-
laxation is found to have a negligible effect
on the band structure of TDTLG at the fabri-
cated twist angle of 0 = 1.8 degrees. Band
structure calculations show the range of twist
angles for which TDTLG is predicted to be
intrinsically insulating. The effect of an ex-
ternally applied electric field on the band-
gap of ABC-ABC stacked trilayer graphene
demonstrates the semi-metal-instulator-semi-
metal transition that is observed experimen-
tally using resistivity measurements (Fig. 4).
The band structure in the presence of the ex-
ternal field is used to explain the semi-metal-
insulator-semi-metal transition. It is further
used to eliminate other stacking possibilities
such as ABA-ABC and ABA-ABA and nar-
row the stacking configuration to ABC-ABC or
CAB-ABC, since an experimental characteriza-
tion of the stacking order within a fabricated
device is difficult.

Four important papers in collaboration with
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experimental groups on the cotunneling sim-
ulation of molecules on surfaces [8] as well
as the simulation of electronic transport in
nanoribbon-based devices [9, 10], together
with another paper about the GW approach de-
veloped by Guido Gandus during his thesis [3],
have been published in 2023.

2 Contribution to overall goals and initial
proposal

The work at ETH Zurich continues to progress
according to the proposal for MARVEL’s
phase III. The focus is set on the development
of advanced, ab initio models to simulate elec-
trical, optical, and thermal effects in nanoscale
devices. During year 10, a new feature was
added, photon-induced avalanche processes.
Furthermore, the electron-phonon scattering
model of OMEN was improved.

The goal of the MARVEL phase III ef-
fort in UniFR is to develop a user-friendly
GW+EDMEFT simulation framework for cor-
related materials. In year 10, we have sys-
tematically tested this method on a range of
compounds with perovskite structure. Work
to connect the simulation framework to the
QUANTUM ESPRESSO ab initio code is under
way.

3 Collaborative and interdisciplinary compo-
nents

The ETH Zurich and Empa groups actively col-
laborate on the simulation of 2D materials and
on the inclusion of correlation effects in these
investigations. Both teams work with scientists
from Pillar 3 to automatize their calculations
with AiiDA and define appropriate simulation
workflows. The PSI and UniFR groups collab-
orate with experimentalists at PSI on ARPES
and resonant inelastic X-ray scattering (RIXS),
and they were both involved in a project re-
lated to excitons. The ETH Zurich, Empa, PSI
and UniFR groups will intensify their collabo-
ration from year 10 onward to extend the mod-
eling of correlation effects from the materials to
the device level, and from equilibrium to non-
equilibrium conditions.

® [10]
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Project leader: Giuseppe Carleo (EPFL)
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Leveraging Quantum Computers and
Algorithms for Materials Discovery

Partners: Jiirg Hutter (UZH), Ivano Tavernelli (IBM), Zoé& Holmes (EPFL)

1 Progress of the different efforts

The goal of the Quantum Simulations project
is to close the gap between classical and quan-
tum computing in order to enable more accu-
rate electronic structure calculations that are
currently unattainable with classical comput-
ing alone. To achieve this, the project aims
to develop new hybrid quantum algorithms
that combine the strengths of both classical
and quantum computing, as well as algorith-
mic tools that interface with classical electronic
structure tools. In addition, the project aims
to research and develop a quantum machine
learning pipeline that uses wavefunctions to
classify materials and their properties.

The following are the three interconnected
goals of the project.

¢ Develop new hybrid quantum algorithms
that leverage advanced machine learning
and optimization techniques in order to
overcome the limitations of current quan-
tum hardware.

® Research and develop algorithmic tools
that interface with state-of-the-art classical
electronic structure tools in order to design
suitable problems for quantum hardware.

* Develop a quantum machine learning
pipeline that uses wavefunctions for mate-
rial classification and property prediction.

1.1 Description of the project progress

In year 10 we developed the core methods ini-
tially conceptualized in year 9 after a thor-
ough evaluation of quantum resources. This
progress involved the refinement of various
techniques, including but not limited to, the in-
tegration of machine learning, circuit cutting
methodologies, and adaptive circuits. These
endeavors were undertaken to extend the ca-
pabilities of near-term hardware. In addition,
we have coordinated a large community effort
to analyze existing variational methods, both
classical and quantum, to come to a consensus
on a metric for accuracy (Fig. 1) [1].
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a) Hybrid quantum-classical variational ansatz
Last year we reported the introduction of
a completely variational ansatz combining a
neural network and a parameterized quantum
circuit in order to determine the ground state
of quantum systems. The performances of this
new method were initially assessed on spin
systems. During this year, we first extended
the combined method to other classical varia-
tional ansatzes, such as mean field and Jastrow.
Then, we focused on the study of molecular
systems, in particular configurations in which
the static correlation effects are enhanced by
the stretching of interatomic bonds. We re-
cently reported the results of our experiments
in a preprint [2]. Stefano Barison, PhD student
in the Carleo group, is working on this project.

b) Hybrid quantum-classical periodic embedding
The interface between the classical electronic
structure code CP2K and IBM’s Qiskit Nature
library'is finished and officially released in
both software. There are now three ways in
which data can be exchanged between them:
formatted files on disk, binary files on disk,
and via UNIX/INET sockets. We have im-
plemented a classical-quantum embedding ap-
proach that was used in a previous study [6],
and extended it to support periodic bound-
ary conditions, thereby enabling the simulation
of localized defects in materials and provid-
ing access to the properties of both ground and
excited electronic states. The implementation
has been extensively tested on small molec-
ular systems at different correlation regimes.
Currently, simulations of optically addressable
defects in monolayer hexagonal boron nitride
(Vg defect in h-BN) and bulk magnesium ox-
ide (F-center in MgO) are underway. Stefano
Battaglia, postdoc in the Hutter group, and
Max Rossmannek, PhD student in the Taver-
nelli group, are working on this project.

c) Real-time dynamics of quantum systems with
circuit knitting Simulating the dynamics of
large quantum systems is a formidable yet vi-
tal pursuit for obtaining a deeper understand-

Ihttps:/ /github.com/qiskit-community/ giskit-
nature/tree/stable/0.5
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Figure 1: The study performed in [1] provides a comprehensive collection of computational outcomes for quan-
tum many-body ground-state problems. For each Hamiltonian in the dataset, the mean energy and its variance
are computed utilizing various variational techniques, including physically motivated ansatzes, neural net-
works, tensor networks, and parameterized quantum circuits. The energy and the variance are integrated into
the V-score, a metric of variational accuracy. A low V-score indicates high accuracy. The V-score is then em-
ployed to prioritize the Hamiltonians in terms of simulation precision, identifying which quantum many-body
models are challenging to simulate using present techniques.

ing of quantum mechanical phenomena.While
quantum computers hold great promise for
speeding up such simulations, their practical
application remains hindered by limited scale
and pervasive noise. In our recent preprint [3],
we propose an approach that addresses these
challenges by employing circuit knitting [7, 8,
9] to partition a large quantum system into
smaller subsystems that can each be simu-
lated on a separate device. The evolution
of the system is governed by the projected
variational quantum dynamics (PVQD) algo-
rithm [10], supplemented with constraints on
the parameters of the variational quantum cir-
cuit, ensuring that the sampling overhead im-
posed by the circuit knitting scheme remains
controllable. We test our method on quan-
tum spin systems with multiple weakly entan-
gled blocks each consisting of strongly corre-
lated spins, where we are able to accurately
simulate the dynamics while keeping the sam-
pling overhead manageable. Further, we show
that the same method can be used to reduce
the circuit depth by cutting long-ranged gates.
This research has been performed by Gian Gen-
tinetta and Friederike Metz in the group of
Giuseppe Carleo and will be presented in a talk
at the quantum techniques for machine learn-
ing (QTML) conference in November 2023 at
CERN.

d) Real-time dynamics of quantum systems with
adaptive methods While circuit knitting tech-
niques address the spatial-like limitations of
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current hardware, qubit decoherence times and
operation infidelities require us to optimize
also the circuit depth. For this reason we in-
troduced an adaptive scheme for the PVQD al-
gorithm [10]. Instead of fixing a variational
quantum circuit at the beginning of the sim-
ulation, we define a pool of gates, depend-
ing on the Hamiltonian governing the phys-
ical system. When the optimization of the
variational parameters fails to converge below
the infidelity threshold, we choose a new gate
from the pool to grow the circuit. This is ac-
complished by looking for the gate that max-
imizes infidelity decrement, as proposed for
ground-state search in [11], and can be per-
formed in parallel on multiple quantum pro-
cessors. We tested the method on driven spin
chains and fermionic lattice systems. Recently,
we reported the results in a preprint [4]. Ste-
fano Barison worked on this project together
with David Linteau, a Master’s student in the
Carleo group.

e) Continuous-Space Quantum  Simulation
Most quantum many-body systems including
those of electronic structure and materials are
natively described in first quantization. How-
ever, simulating continuous-space systems
on quantum computers is challenging as the
systems have to be discretized and mapped
onto qubits while respecting the underlying
exchange statistics. The discretization usually
amounts to either discretizing space itself
or choosing a suitable finite basis set which

Research m———
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introduces errors and scales poorly with the
number of particles. In this work, we propose
an alternative approach of harnessing quan-
tum resources within variational Monte Carlo
simulations for continuous-space problems
which does not require any form of discretiza-
tion. To that end, the wavefunction ansatz
is partly represented by a parameterized
quantum circuit and optimized similarly to
the neural quantum states framework [12]. We
have applied our hybrid quantum-classical
algorithm to the paradigmatic 1D quantum
rotor model [13] and showed how the accuracy
of the ground-state energy can be controlled by
the circuit depth. The results were compared
to typical classical ansatzes such as Jastrow
wavefunctions and MPS calculations on a dis-
cretized approximation of the model. In terms
of the latter, we have demonstrated a reduction
in the number of qubits when simulating the
system using our continuous-space formalism.
We are currently working on extending the
framework to fermionic systems. Friederike
Metz is working on this project.

f) Quantum machine learning from quantum
data for material characterization Recently,
there has been a growing interest in the in-
tersection of quantum computing and arti-
ficial intelligence, leading to the emergence
of quantum convolutional neural networks
(QCNNSs) [14] [5]. QCNNs have the poten-
tial to surpass classical CNNs in handling cer-
tain types of data, such as quantum data or
data with inherent quantum properties [15].
This opens up possibilities for applications in
quantum-enhanced machine learning, where
traditional computing models may fall short.
Our focus is the single band Fermi-Hubbard
model. Our interest is motivated by the fact
that, despite its simplicity, this model cap-
tures a lot of aspects of the complex physics of
many-body systems. We focus on 1D at first
and successively 2D spin lattices, whose com-
plete characterization of the phase diagram re-
mains an open problem. As a test-case, we
first investigated 1D Hubbard chains repro-
ducing with our quantum algorithm the signa-
ture of a charge gap at half-filling, which per-
sists with increasing system sizes, confirming
the preservation of the Mott insulator phase.
The quantum calculations were validated us-
ing exact diagonalization and density matrix
renormalization group (DMRG) approaches.
In addition, using QCNNs we successfully per-
formed a first, promising phase classification
over the metal-insulator phase transition of a
1D chain when varying coupling strength and
next-nearest parameter (Fig. 2).
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Figure 2: U vs t; phase diagram predictions for the
quantum states of a1 x 4 lattice. Black points: train-
ing set, color: reconstructed pounts.

In the next steps, we will implement a
fully functioning quantum machine learning
pipeline that allows for the direct utilization of
the system’s wavefunction rather than solely
relying on its observables, eventually extend-
ing our study to 2D materials for which a large
curated database exists within MARVEL. An
ambitious way to reach our goal would be the
implementation of a tensor network-inspired
QCNN structure, exploiting its intrinsic ca-
pabilities for an enhanced understanding and
classification of quantum phases.

g) Quantum dynamics of magnetic material ~ Si-
multaneously, quantum simulations have re-
cently emerged as a powerful tool for scien-
tific research, providing a unique avenue to ex-
plore complex quantum systems. One notable
project focuses on simulating the Heisenberg
model, driven by its broad relevance in fields
such as condensed matter physics and quan-
tum information science. The project specif-
ically emphasizes the optimization of trotter-
ized Heisenberg circuits, with a particular fo-
cus on employing efficient transpilation tech-
niques at the pulse level to make optimal use
of the limited coherence times of current noisy
quantum hardware. Observable parameters
of interest include magnetization, as well as
static and dynamical correlations, with the lat-
ter serving as a gateway to the study of Green’s
functions and other dynamic observables [16].
The natural progression involves integrating
noise learning and error mitigation techniques,
such as probabilistic error cancellation (PEC).
The collaborative effort with IBM and Nicola
Marzari’s group aims at simulating large-scale
systems of interest in material science.
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2 Contribution to overall goals and initial
proposal

The research contributions presented above
align with our original proposal. The varia-
tional embedding scheme has moved from pre-
liminary calculations on spin systems to the
study of molecules, proving that via the addi-
tion of classical resources we can improve the
accuracy of quantum simulation without in-
creasing circuit width and depth.

The interface between Qiskit Nature and classi-
cal electronic structure codes has been enlarged
with the addition of CP2K, enabling the simu-
lation of realistic materials that leverage IBM
quantum computing accelerators.

As an important update, Zoé Holmes, EPFL
faculty, joined the project in 2023. She has one
PhD student (Manuel Rudolph) as an affiliate
member, and has hired a postdoc (Tyson Jones)
who is first visiting for three months from De-
cember, and then will join full-time from early
summer 2024. She plans on building on re-
cent work on quantum-inspired classical sim-
ulation methods [17, 18] to develop new meta-
learning algorithms and as well as tools for
finding ground states. In both cases she in-
tends on exploring hybrid methods where the
classical simulations are enhanced with data
obtained from quantum hardware.

3 Collaborative and interdisciplinary compo-
nents

After the initial phase of this project, several
methods have been developed and demon-
strated on small problems. An important next
step is to move to larger, physically interest-
ing problems. This is especially interesting, as
we investigated several hybrid methods that
should allow to scale our simulations to larger
systems. In order to understand what physi-
cal systems that fit the requirements imposed
by our methods could be of particular interest,
we started interdisciplinary discussions with
other MARVEL investigators. In particular, we
discussed a potential application of our hy-
brid real-time dynamics algorithm to quantum
impurity models with Philipp Werner. Dis-
cussions with Nicola Marzari’s group happen
also on a regular basis, among all the different
groups involved in the project.
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F. Becca, X. Cao, J. Carrasquilla, F. Ferrari, A. Georges,
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M. Hibat-Allah, M. Imada, A. M. Lauchli, G. Mazzola,
A. Mezzacapo, A. Millis, ]. R. Moreno, T. Neupert,
Y. Nomura, J. Nys, O. Parcollet, R. Pohle, I. Romero,
M. Schmid, J. M. Silvester, S. Sorella, L. F. Tocchio,
L. Wang, S. R. White, A. Wietek, Q. Yang, Y. Yang,
S. Zhang, and G. Carleo, Variational Benchmarks for
Quantum Many-Body Problems, arXiv:2302.04919 (2023).

[2] S. Barison, F. Vicentini, and G. Carleo, Embed-
ding Classical Variational Methods in Quantum Circuits,
arXiv:2309.08666 (2023).

[3] G. Gentinetta, F. Metz, and G. Carleo, Ouverhead-
constrained circuit knitting for variational quantum dy-
namics, arXiv:2309.07857 (2023).

[4] D. Linteau, S. Barison, N. Lindner, and G. Car-
leo, Adaptive projected variational quantum dynamics,
arXiv:2307.03229 (2023).

[5] L. Nagano, A. Miessen, T. Onodera, I. Tavernelli,
E. Tacchino, and K. Terashi, Quantum data learning for
quantum simulations in high-energy physics, Physical Re-
view Research 5, 043250 (2023).

Other references

[6] M. Rossmannek, P. K. Barkoutsos, P. J. Ollitrault, and
I. Tavernelli, Quantum HF/DFT-embedding algorithms
for electronic structure calculations: Scaling up to complex
molecular systems, The Journal of Chemical Physics
154, 114105 (2021).

[7] S. Bravyi, G. Smith, and J. A. Smolin, Trading Classi-
cal and Quantum Computational Resources, Physical Re-
view X 6, 021043 (2016).

[8] K.Mitarai and K. Fujii, Constructing a virtual two-qubit
gate by sampling single-qubit operations, New Journal of
Physics 23, 023021 (2021).

[9] K. Mitarai and K. Fujii, Overhead for simulating a non-
local channel with local channels by quasiprobability sam-
pling, Quantum 5, 388 (2021).

S. Barison, F. Vicentini, and G. Carleo, An efficient
quantum algorithm for the time evolution of parameterized
circuits, Quantum 5, 512 (2021).

H. R. Grimsley, S. E. Economou, E. Barnes, and N. J.
Mayhall, An adaptive variational algorithm for exact
molecular simulations on a quantum computer, Nature
Communications 10, 3007 (2019).

G. Carleo and M. Troyer, Solving the quantum many-
body problem with artificial neural networks, Science 355,
602 (2017).

J. Stokes, S. De, S. K. Veerapaneni, and G. Carleo,
Continuous-variable neural network quantum states and
the quantum rotor model, Quantum Machine Intelli-
gence 5, 12 (2021).

I. Cong, S. Choi, and M. D. Lukin, Quantum convolu-
tional neural networks, Nature Physics 15, 1273 (2019).

H.-Y. Huang, M. Broughton, J. Cotler, S. Chen, J. Li,
M. Mohseni, H. Neven, R. Babbush, R. Kueng,
J. Preskill, and J. R. McClean, Quantum advantage in
learning from experiments, Science 376, 1182 (2022).

C. A, E Tacchino, M. Grossi, P. Santini, I. Tavernelli,
D. Gerace, and S. Carretta, Quantum hardware simulat-
ing four-dimensional inelastic neutron scattering, Nature
Physics 15, 455 (2019).

E. Fontana, M. S. Rudolph, R. Duncan, I. Rungger,
and C. Cirstoiu, Classical simulations of noisy variational
quantum circuits, arXiv:2306.05400 (2023).

M. S. Rudolph, E. Fontana, Z. Holmes, and L. Cincio,
Classical surrogate simulation of quantum systems with
LOWESA, arXiv:2308.09109 (2023).
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List of year 10 publications related to the Quantum Simulation project

We list publications either resulting directly from the NCCR (marked with a red hexagon ®) or with
minor contributions from the NCCR. The publications marked with a green open circle (O) are ac-

cessible in Open Access (OA).

O D. T. HOANG, F. METZ, A. THOMASEN, T. D.
ANH-TAI, T. BUusCH, AND T. FOGARTY
Variational quantum algorithm for ergotropy
estimation in quantum many-body batteries

Physical Review Research 6, 013038 (2024).
Group(s): Carleo / Project(s): QS

Links to article: Journal / Open access
Related datasets: doi.org/10.5281/zenodo.10376853

O N. ASTRAKHANTSEV, G. MAZZOLA, I. TAVER-
NELLI, AND G. CARLEO
Phenomenological theory of variational quan-
tum ground-state preparation
Physical Review Research 5, 033225 (2023).
Group(s): Carleo, Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable

O G. GENTINETTA, D. SUTTER, C. ZOUFAL,
B. FULLER, AND S. WOERNER
Quantum Kernel Alignment with Stochastic
Gradient Descent

in 2023 IEEE International Conference on Quan-
tum Computing and Engineering (QCE) (2023),
pp- 256-262.

Group(s): Carleo / Project(s): QS

Links to article: Journal / Open access
Related datasets: doi.org/10.5281/zenodo.7804477

@0 L. NAGANO, A. MIESSEN, T. ONODERA,
I. TAVERNELLI, F. TACCHINO, AND

K. TERASHI
Quantum data learning for quantum simula-

tions in high-energy physics
Physical Review Research 5, 043250 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

®0 A. NYKANEN, A. MILLER, W. TALARICO,
S. KNECHT, A. KOVYRSHIN, M. SKOGH,
L. TORNBERG, A. BROO, S. MENSA, B. C. B.
SYMONS, E. SAHIN, J. CRAIN, I. TAVERNELLI,

AND F. PAVOSEVIC
Toward — Accurate  Post-Born—Oppenheimer

Molecular Simulations on Quantum Comput-
ers: An Adaptive Variational Eigensolver with
Nuclear-Electronic Frozen Natural Orbitals
Journal of Chemical Theory and Computation
19, 9269 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

®0 A. KOVYRSHIN, M. SKOGH, A. BROO,

S. MENSA, E. SATIN, J. CRAIN, AND I. TAVER-
NELLI
A quantum computing implementation of
nuclear-electronic orbital (NEO) theory: To-
ward an exact pre-Born—Oppenheimer formula-
tion of molecular quantum systems
The Journal of Chemical Physics 158, 214119
(2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

@®0 F. PAVOSEVIC, I. TAVERNELLI, AND A. RUBIO

Spin-Flip Unitary Coupled Cluster Method:
Toward Accurate Description of Strong Elec-
tron Correlation on Quantum Computers
The Journal of Physical Chemistry Letters 14,
7876 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

@®0 M. JOHN, J. SCHUHMACHER, P. BARKOUTSOS,

I. TAVERNELLI, AND F. TACCHINO
Optimizing Quantum Classification Algo-
rithms on Classical Benchmark Datasets
Entropy 25, 860 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

®0 M. ROSSMANNEK, F. PAVOSEVIC, A. RUBIO,

AND I. TAVERNELLI
Quantum Embedding Method for the Simula-

tion of Strongly Correlated Systems on Quan-
tum Computers
The Journal of Physical Chemistry Letters 14,
3491 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

@0 D.]J. EGGER, C. CAPECCI, B. POKHAREL, P. K.

BARKOUTSOS, L. E. FISCHER, L. GUIDONI,

AND I. TAVERNELLI
Pulse wvariational quantum eigensolver on

cross-resonance-based hardware
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Physical Review Research 5, 033159 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

®0 A. KOVYRSHIN, M. SKOGH, L. TORNBERG,
A. BROO, S. MENsA, E. SAHIN, B. C. B.
SYMONS, J. CRAIN, AND I. TAVERNELLI
Nonadiabatic Nuclear—Electron Dynamics: A
Quantum Computing Approach
The Journal of Physical Chemistry Letters 14,
7065 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

®0 G. GENTINETTA, F. METZ, AND G. CARLEO
Overhead-constrained circuit knitting for vari-
ational quantum dynamics
arXiv:2309.07857 (2023).
Group(s): Carleo / Project(s): QS

Links to article: Journal / Open access
Related datasets:  github.com/gentinettagian/circuit-
cutting-pvqd

®0D. Wu, R. Rossi, F. VICENTINI, N. As-
TRAKHANTSEV, F. BECcA, X. CAO, J. CAR-
RASQUILLA, F. FERRARI, A. GEORGES,
M. HIBAT-ALLAH, M. IMADA, A. M.
LAucHLI, G. MAZZOLA, A. MEZZACAPO,
A.MILLIS, J. R. MORENO, T. NEUPERT, Y. NO-
MURA, J. NYS, O. PARCOLLET, R. POHLE,
I. ROMERO, M. SCHMID, J. M. SILVESTER,
S. SORELLA, L. F. TocCHIO, L. WANG, S. R.
WHITE, A. WIETEK, Q. YANG, Y. YANG,
S. ZHANG, AND G. CARLEO
Variational Benchmarks for Quantum Many-
Body Problems
arXiv:2302.04919 (2023).
Group(s): Carleo / Project(s): QS

Links to article: Journal / Open access
Related datasets: github.com/varbench/varbench
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@®0 S. BARISON, F. VICENTINI, AND G. CARLEO
Embedding Classical Variational Methods in
Quantum Circuits

arXiv:2309.08666 (2023).
Group(s): Carleo / Project(s): QS

Links to article: Journal / Open access
Related datasets: github.com/StefanoBarison/hybrid_ansatz

®0 D. LINTEAU, S. BARISON, N. LINDNER, AND
G. CARLEO
Adaptive projected wvariational quantum dy-
namics
arXiv:2307.03229 (2023).
Group(s): Carleo / Project(s): QS

Links to article: Journal / Open access
Related datasets: github.com/dalin27/adaptive-pvqd

®0 1. NHA MINH LE, O. KISS, J. SCHUHMACHER,
I. TAVERNELLI, AND F. TACCHINO
Symmetry-invariant quantum machine learn-
ing force fields
arXiv:2311.11362 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)

@0 W. DoBrauTZ, I. O. SokoLov, K. LIAO,
P. LOPEZ Rios, M. RAHM, A. ALAVI, AND
I. TAVERNELLI
Ab Initio Transcorrelated Method enabling
accurate Quantum Chemistry on near-term
Quantum Hardware
arXiv:2303.02007 (2023).
Group(s): Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable (no data)
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4.3 List of new projects

Lyndon Emsley

Lyndon Emsley, who has already contributed
to the NCCR in the previous phases by pi-
oneering the application of machine-learning
models to solid-state nuclear magnetic reso-
nance, joined Pillar 2 in year 10 to provide di-
rect application to experimental problems of
its infrastructural and methodological devel-
opments. In particular, Jacob Holmes, postdoc
in his group, will use predictions of the chem-
ical shieldings obtained by improved versions
of the shiftML model to further increase the re-
solving power of NMR crystallography.

Zoé Holmes

Zoé Holmes joined MARVEL in the Quantum
Simulations project in 2023. She now has two
PhD students (Manuel Rudolph, Joe Gibbs)
as affiliate members, and has hired a post
doc (Tyson Jones) who will first visit for three
months from December, and then join full-time
from early summer next year. She plans on
building on recent work on quantum-inspired
classical simulation methods to develop new
meta-learning algorithms and as well as tools
for finding ground states. In both cases she in-
tends on exploring hybrid methods where the
classical simulations are enhanced with data
obtained from quantum hardware.
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Michael Herbst

In May 2023 Michael Herbst joined MARVEL
as a PI in Pillar 3. His research focus is the
understanding of simulation errors in density-
functional theory with the aim to improve the
reliability of materials simulations. In this di-
rection his prior work includes novel density-
functional theory (DFT) algorithms, which au-
tomatically adapt the numerics to the physics
of the simulated material. Within Pillar 3
he and his team will work on integrating
their density-functional toolkit (DFTK) — a
DFT code tailored to mathematical research
— within the MARVEL software ecosystem
to provide a unique platform for prototyping
and validating novel algorithms directly in the
high-throughput regime.

Associated Pls from PSI

At PSI, Laura Grigori (head of Laboratory
for Simulation and Modelling) and Matthias
Krack (head of Multiscale Materials Modelling
Group) have now become possible hosts for
INSPIRE Potentials fellowships.






5 Structure-related aspects

5.1 Education & Training

We keep supporting the growth of students and young scientists in all age groups, from high-school
students (from whom we organized a summer camp and information days) to Master students (with
new digital education tools that we started to develop this year) to PhDs and postdocs both within
and outside MARVEL, to whom we devoted a wide range of activities including a highly successful
junior retreat, several international schools and a growing collection of online educational tools.

5.1.1

In the MARVEL community

PhD students and postdocs

Junior seminars and junior retreats

We are continuing to encourage junior scien-
tists to take the lead on events stimulating in-
teractions and collaborations between different
groups and institutions. In this line, the junior
seminars were relaunched in a hybrid mode in
2023, after an interruption due to the buildup
of the Psi-k 2022 conference. With a similar
goal, the junior retreats were reinstalled follow-
ing a recommendation of the review panel at
the last site visit, with a new edition in Septem-
ber 2023 and again in 2024.

Junior seminars  MARVEL junior seminars are
a monthly activity which was initially held on
campus at EPFL, and was then moved to a vir-
tual format during the pandemic. They aim
to intensify interactions between MARVEL ju-
nior scientists from different research groups.
The MARVEL junior seminar series was re-
booted, and since 2023 is in hybrid mode, in
order to maintain in-person contacts and allow
off-campus attendees to follow the seminars re-
motely. More details are given in section 5.4 on
Communication & Outreach.

Junior retreat Five years after the last edi-
tion, the junior scientists of MARVEL got to-
gether for the MARVEL junior retreat that took
place in Davos on September 11-15. The
meeting was organized by four PhD students,
Virginie de Mestral in Luisier’s group, and
Stefano Barison, Gian Gentinetta and Gabriel
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Pescia from Carleo’s group. It gathered al-
most 60 PhD students and postdocs from the
MARVEL-affiliated laboratories across all part-
ner institutions (Fig. 1) and provided the op-
portunity to network, exchange ideas, start
new collaborations and gain important skills
for their future careers. The focus of the re-
treat was “building bridges”: not only between
different research directions but also between
industry and academia. By bringing together
ideas and people from the two worlds, the
workshop aimed to facilitate discussions, en-
abling participants to explore the practical ap-
plications of research and forge partnerships
that bridge theory with real-world impact.
The program featured three guest speakers,
who shared about their different experiences:
Leopold Talirz, a former MARVEL member at
EPFL who is now working for Microsoft Quan-
tum; Erich Wimmer, co-founder, Chief Scien-
tific Officer and Chairman of the Board of Ma-
terials Design, and head of the MARVEL In-

Figure 1: Group picture at the MARVEL junior re-
treat.


https://nccr-marvel.ch/outreach/education-and-training/marvel-junior-seminars

MARVEL

dustrial Advisory Board; Maximilian Amsler,
former MARVEL member at UniBas, formerly
at Cornell University and now a research sci-
entist at Bosch Corporate Research and Ad-
vance Engineering. The rest of the speak-
ers were junior MARVEL members presenting
their current research, also including a poster
section accompanied with 2-minute pitch pre-
sentations. More information can be found in
the official retreat website and in the news on
the MARVEL website.

Education platform

OSSCAR Open Software Services for
Classroom and  Research  (OSSCAR),
www.osscar.org, which provides a platform
to develop, deploy, access and share material
for teaching and learning in the form of web
applications, has been integrated this year in
the Work section of Materials Cloud, exploiting
its infrastructural resources. It is disseminated
widely through the CECAM network and be-
yond. It is a collaborative environment. As an
example, Michele Ceriotti bases his Bachelor
course on “Introduction to Atomic-scale mod-
eling” on interactive Jupyter notebooks that
integrate chemiscope.org widgets, developed
in collaboration with the OSSCAR project and
CECAM. OSSCAR notebooks are also used in
Sara Bonella’s course Computational methods
in molecular quantum mechanics.

Lhumos The Learning Hub for Modelling and
Simulation (Lhumos) platform is a novel ed-
ucational platform developed to facilitate the
upskilling of students, scientists, and indus-
trial users in HPC applications in the material
sciences domain. Lhumos development was
supported by MARVEL, MaX, CECAM, Multi-
Xscale, and DOME4.0. Targeted at early-career
and more advanced scientists, the e-learning
platform gathers videos, lectures, codes, tuto-
rials, seminars, and exercises that cover a wide
range of subjects including electronic structure
calculations, molecular dynamics, high per-
formance computing, and code optimization.
A first test version has now been launched
(alpha.lhumos.org), and a webinar was held
on January 15, 2024 — attracting 130 partici-
pants — to present the new portal and show-
case its sections and materials. In particular,
Lhumos is set to be the successor to Material
Cloud Learn, and already hosts 95% of its con-
tent, gearing up for a seamless migration. More
details on this platform can be found in the Pil-
lar 3 section of the Research chapter.
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Figure 2: CECAM-MARVEL Classics in molecular
and materials modeling with, from left to right, An-
gel Rubio, Eberhard Gross and Nicola Marzari.

CECAM-MARVEL Classics in molecular and ma-
terials modeling

In the series of lectures entitled “Classics in
molecular and materials modeling”, launched
by MARVEL and CECAM in 2019, lecturers
explain their pioneering contributions in the
field of molecular and materials simulations
at a level appropriate for second-year Mas-
ter and graduate students. The lectures are
followed by an interview with the presenters:
they are asked to recall the period, problems,
people and circumstances that accompanied
the creation of milestone methods and algo-
rithms that are now routinely used. The events
are recorded and made available on the Learn
platform of Materials Cloud, and from now
on the MARVEL space on Lhumos. While the
first two events were held on site at EPFL and
attracted about 40-50 participants, the follow-
ing events were conducted entirely online due
to the pandemic, and attracted a much larger
audience (up to almost 600 unique viewers).
We have since kept the online version to maxi-
mize viewership, and also held sessions in hy-
brid mode if the speakers are available to be
present on site. Such a hybrid edition was
held on September 28, 2023, featuring Eber-
hard Gross (Hebrew University of Jerusalem)
and Angel Rubio (Max Planck Institute for the
Structure and Dynamics of Matter) and enti-
tled: “Time-dependent density functional the-
ory: past, present and future” (Fig. 2). It gath-
ered more than 60 participants on site, with
about 200 participants online.

Outside MARVEL
Schools

MARVEL PIs and senior reserachers regularly
organize and/or lecture to various schools in
the domains of MARVEL.
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e Education & Training

¢ In July, Bill Curtin has continued to teach
a module on the topic of atomistic simu-
lations at the Texas A&M Computational
Materials Science Summer School. This
summer school attracts 30-50 PhD stu-
dents and postdocs worldwide each year.

e Jurii Timrov and Nicola Colonna, se-
nior researchers involved in Pillar 4
co-organized the Advanced QUANTUM
ESPRESSO school: Hubbard and Koop-
mans functionals from linear response at
the University of Pavia, on August 28 —
September 1. It was a success, with 45 par-
ticipants, out of more than 160 applica-
tions. The core objective of this school
was to introduce PhD students, postdocs,
and junior scientists to the intricacies of
advanced exchange-correlation function-
als in DFT, specifically tailored for mod-
eling complex materials, including ex-
tended Hubbard and Koopmans function-
als. The first two days provided partici-
pants with a comprehensive foundation in
DFT, density functional perturbation the-
ory, and their basic applications, includ-
ing ground-state calculations and lattice-
vibrational properties. The subsequent
two days delved deeply into the theoret-
ical underpinnings of Hubbard and Koop-
mans functionals, the focal point of our
event. We also dedicated a half-day to pro-
viding our attendees with a primer on au-
tomation techniques, centered around the
AiiDA platform, for managing computa-
tional workflows involving these cutting-
edge methods.

¢ In November, several young researchers
from Michele Ceriotti's group co-
organized the Machine Learning In-
teratomic Potential School for Young &
Early Career Researchers (MLIP 2023).
This school aimed at young and early-
career researchers who are interested
in using machine learning interatomic
potentials (MLIPs) in their research, intro-
ducing to the basic scientific techniques of
designing, fitting, and validating MLIPs
for chemical /material systems, as well as
providing a platform to connect users and
developers in a community.

Initiatives in Africa

ASESMA school The 7th edition of ASESMA,
the African School on Electronics Structure
Methods and Applications took place in Kigali
(Rwanda) on June 12 to 23, 2023, and featured
several speakers from MARVEL (Fig. 3). Held
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Figure 3: Group picture at the ASESMA school in
Kigali, June 2023.

every two years, ASESMA is organized by the
Abdus Salam International Centre for Theoret-
ical Physics (ICTP) in Trieste and consists in
a series of lectures and hands-on tutorial ses-
sions that aim to introduce young African re-
searchers to the theory of electronic structure
and other atomistic simulation methods, with
an emphasis on the computational methods for
practical calculations. MARVEL has been sup-
porting the initiative since the third edition in
2015, co-sponsoring it and providing lecturers
and mentors. Current members Sara Bonella
(CECAM deputy director and group leader at
EPFL) and Iurii Timrov (from Nicola Marzari’s
lab at EPFL), were among the speakers, as well
as former member Alberto Carta (from Claude
Ederer’s group at ETH Zurich). Shobhana
Narasimhan (Jawaharlal Nehru Centre for Ad-
vanced Scientific Research, India), member of
the NCCR MARVEL review panel at SNSF, was
also present.

Fellowships for ICTP-EAIFR  We are discussing
MARVEL support to one (out of four) 2-year
Master’s fellowship (about CHF 8000 for 2
years) for the ICTP-East African Institute for
Fundamental Research (ICTP-EAIFR), located
at the University of Rwanda in Kigali, and
partner institute of ICTP in Trieste. This would
be part of MARVEL planned support to stu-
dents from underrepresented groups (in this
case, certainly regarding country of prove-
nance) and we will give priority to a woman.

ASESMAnet MARVEL initiated the Atom-
istic Simulations, Electronic Structure, Com-
putational Materials Science and Applications:
the African Network (ASESMAnet), with sup-
port now from Psi-k, CECAM and MARVEL
(12’000 €/year, 4'000 each) matched by another
12’000 €/year by ICTP. This network funds
the visits of African researchers to other re-
searchers or research groups in Africa for fo-
cused collaboration of two months or more at
a time (half of the funding) and supports ex-
change of scientists between Africa and Europe


https://cms3.tamu.edu/
https://cms3.tamu.edu/
https://sites.google.com/view/hubbard-koopmans-2023
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for research collaborations and conference par-
ticipation (half the funding).

Excellence in Africa (EXAF) The Excellence in
Africa (EXAF) joint initiative between EPFL
and the Mohammed VI Polytechnic Univer-
sity (Morocco) is meant to foster collaboration
between Africa-based young professors and
EPFL professors on projects addressing African
and global challenges. Steve Ndengué, se-
nior lecturer in the condensed matter physics
section of ICTP-EAIFR, Kigali, Rwanda, and
Nicola Marzari are working on a project called
“Embedded exact quantum dynamics for pho-
tocatalytic water splitting”, meant to improve
understanding of the photochemical processes
that might be used in applications, such as pro-
ducing fuel simply from water and sunlight.
This project is relying on a regional compu-
tational center located in Rwanda, supported
by EPFL, to accurately simulate the dynam-
ics of these chemical processes. The initia-
tive is supporting 1 postdoc and 2 PhD stu-
dents in Kigali and 1 PhD student at EPFL,
namely Marija Stojkovic, under the supervi-
sion of Nicola Marzari.

5.1.2 Master students
Courses

Various Master- and PhD-level computational
courses are currently offered at participating
institutions, taught by MARVEL PIs and other.
As an example, Daniele Passerone and Carlo
Pignedoli have been teaching for ten years the
course “Molecular and Materials Modelling”
at ETH Zurich-ITET, where methods of classi-
cal and ab initio simulation, applied to realistic
problems from the research, are introduced to
students at the Bachelor and Master level with
hands-on sessions based on Jupyter notebooks
and access to computational resources inspired
by the MARVEL framework.

Advanced modeling online courses

A plan for phase III is to develop structured
digital education tools, at the Master level: a
library of “advanced modeling courses” in-
cluding a set of lectures covering different as-
pects of a modeling technique, completed with
lecture notes, self-assessment exercises and
(where possible) practical tutorials using actual
research software. A first MOOC “Path Inte-
gral Methods in Atomistic Simulations” pre-
pared by Michele Ceriotti, has been released
and is accessible online!. The lecture pro-

Thttps:/ /tinyurl.com /pimd-mooc
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vides an introduction to path integral tech-
niques applied to the modeling of molecules
and materials. It covers molecular dynamics
and sampling, the basics of path integrals, ad-
vanced path integral methods, ring-polymer
molecular dynamics, and colored-noise meth-
ods. It was used for a CECAM school entitled
“Path Integral Quantum Mechanics” which
took place on June 4-8. Participants with little
experience with path integral methods and/or
i-PI were invited to prepare for the advanced
school by following the MOOC before the start
of the school. About 60 people participated,
and were very positive about the experience.
More generally, the homepage of the MOOC
has been accessed more than 3’000 times

5.1.3 For the younger generation
MARVEL high-school summer camp

This year’s MARVEL summer camp Des atores
aux ordinateurs, a la découverte de la program-
mation scientifique, organized in collaboration
with the EPFL Education Outreach Depart-
ment, took place on June 26-30 and attracted
22 high school students — 10 women and
12 men — for a full week of lectures, exer-
cises and lab visits built around the theme of
scientific programming and atomistic model-
ing. Like in the previous years, the first two
days were devolved to a basic introduction
to Python, thanks to the expertise of Nico-
las Richart and Emmanuel Lanti, two collab-
orators of SCITAS (Scientific IT & Application
Support) at EPFL. Advanced exercises were
also planned for more expert students. The
next three days took the students through ap-
plied exercises in cellular automaton, molec-
ular dynamics and machine learning, thanks
to a team of six volunteer PhD students and
postdocs from the groups of Michele Ceriotti,
Nicola Marzari and Clémence Corminboeuf.
The week was enhanced by visits to the clus-
ters of SCITAS and the Swiss Plasma Center,
as well as a guided tour of the EPFL campus
(Fig. 4, left and center). Student evaluations in-
dicated that the week was a success. Student
enjoyed discovering EPFL, making friends, the
availability and patience of the teachers. Al-
though some found the exercises sometimes
too difficult, they noted that with some help
they could manage to solve them. Half the stu-
dents were from Switzerland (from the French
speaking part, as well as one from Zurich) and
the other half were from different countries in
Europe (BE, IT, ES, RO, CZ), as well as Turkey
and USA.
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Figure 4: Left and center: MARVEL summer camp Des atomes aux ordinateurs, a la découverte de la pro-
grammation scientifique on June 26-30, 2023. Right: Lab visit during the EPFL information days for high school
students on November 23, 2023.

The summer camp was spearheaded by Other activities
Michele Ceriotti, who as high-schooler took

part in something similar at CSCS that inspired EPFL information days for high school students

him to choose a career in simulation, and is The EPFL information days for high school
now coordinating its content. A new edition is students are an opportunity to educate
being planned for June 24-28, 2024. high school students on research domains

through presentations and demonstrations.
With the support of the review panel as stated On November 24, Anirudh Raju Natarajan and
in their report after the 2023 site visit, we are Michael Herbst participated with a common
currently looking at the possibility for partic- presentation describing the use of computa-
ipating PhD students to get teaching credits tional materials in designing high-performance
for their involvement in teaching this summer materials, welcoming three groups of about
camp. Rules are different from a department 20 students. On the day before, the Marzari
to another at EPFL, thus we may have to deal group welcomed six groups of 6-12 high
case by case. A request to the doctoral school school students. This took the form of a “lab-
in Materials has been put forward. visit” given by a 100% female team. Under the

supervision of the scientific manager, a PhD
student and a postdoc presented their research
accompanied with hands-on experiments on
phonons and practical activities using the
Interactive phonon visualizer available on the
Work section of Materials Cloud (Fig. 4, right).

5.2 Knowledge & Technology Transfer

Materials Cloud and the AiiDAlab workflow frontend remain at the core of our knowledge trans-
fer efforts, allowing us to share the results of our work with a wider research community that
keeps growing. In parallel, in year 10, we leveraged international (e.g. BIG-MAP) and national
(SwissTwins) collaborations and conferences (e.g. PASC23) to reinforce ties with the community,
and we devoted the 20203 MARVEL junior retreat to technology transfer and academic/industry
collaborations.

5.2.1 Knowledge transfer tions (Learn, Work, Discover, Explore, Archive)
are continuously populated and more details
Software on the new features can be found in the Pillar 3

section of the Research chapter. The Materi-
als Cloud Archive is officially recommended by
the SNSF as a repository to deposit materials-
science data, as well as by Nature’s Scientific
Data and the European Commission’s Open Re-
search Europe.

Materials Cloud

Materials Cloud is central to MARVEL. It is
built to enable the seamless sharing and dis-
semination of resources in computational ma-
terials science, offering educational, research,
and archiving tools; simulation software and Most year 10 efforts focus on consolidation to-
services; and curated and raw data. All its sec- ward sustainability beyond the end of MAR-
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VEL, as it can be seen from the ongoing mi-
gration of the JavaScript backend to the mod-
ern React framework, the migration of the
Materials Cloud Archive to the upcoming In-
venioRDM v12 release (scheduled in spring
2024), and the development of Lhumos to re-
place the Learn section. Moreover, new sec-
tions offering curated data have been pub-
lished (fully updated MC3D database, and the
section on verification of DFT codes), and the
Archive has been tightly integrated with the
OPTIMADE API by providing a new service
that can convert entries with crystal structure
files into a fuslly fledged OPTIMADE REST
API server.

AiiDAlab and Quantum Mobile

The AiiDAlab web platform gives users ac-
cess to their personal AiiDA environment in
the cloud, where they can run and manage
workflows through tailored and lightweight
web applications in the browser. As discussed
in detail in the Pillar 3 section, in addition
to significant platform improvements (robust-
ness, testing, speed), the AiiDAlab QUAN-
TUM ESPRESSO app has been significantly ex-
tended with a plugin interface to provide easily
new computational capabilities, and with de-
tailed user documentation.

Quantum Mobile, a virtual machine for com-
putational materials science, has become a
model for knowledge transfer in real and vir-
tual training events. Standard, but modular
and customizable, virtual machines have been
used in over 10 tutorials and events, with very
good testimonials. In year 10 we have been fo-
cusing on releasing a version of Quantum Mo-
bile customized for the QUANTUM ESPRESSO
app, to make the startup of the app extremely
fast. In addition, a version working also on the
new Apple M1/M2/M3 chips has been made
available.

AiiDA

AiiDA 2.3, 2.4 and 2.5 were released in year 10,
and the developments and improvements are
presented in the Pillar 3 section. Beside the
code development, one major activity is its dis-
semination through the scientific community
and beyond. In particular, AiiDA was intro-
duced end of August at the Advanced QUAN-
TUM ESPRESSO school in Pavia, along with
a short tutorial and examples of recent devel-
opment in workflows that automatically ap-
ply Hubbard corrections. The AiiDA user sup-
port has been consolidated in a single new
Discourse channel. Since its creation in July
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2023, already over 400 posts have been created,
showing active engagement and use of AiiDA
in the community.

New releases, open source codes

In year 10, several new open source codes were
released, with, e.g.,

* Metatensor?, a specialized data storage

format for all your atomistic machine
learning needs and more (Ceriotti group);

e DFTK, the density-functional toolkit>, a li-
brary of Julia routines for interdisciplinary
research on plane-wave density-functional
theory (DFT) algorithms (Herbst group);

* NetKet?, the machine-learning toolbox for
quantum physics (Carleo group);

* gtpyt’, a quantum transport library based
on the non equilibrium Green’s func-
tion (NEGF) formalism written in Python
(Passerone group);

* anew release of chemiscope® including vi-
sualization of scalar and vectorial atomic
properties;

o SPAHM’, for the generation of local
and global representations of spectrum
of approximated Hamiltonian matrices
(Corminboeuf group).

Generally, open source codes developed by
MARVEL researchers are listed on the MAR-
VEL website.

To support the use of these codes, tutorials
were organized by the developers, in particu-
lar a webinar entitled “Julia for Materials Mod-
elling” was organized by Michael Herbst on
May 24, providing a short overview of the cur-
rent state the code in the multidisciplinary field
of atomistic materials modeling and perspec-
tives for using it in this field. Its recording is
available in the Learn section of the Materials
Cloud platform in the MARVEL seminars and
tutorials section.

Collaborations and other conferences

European synergies

BIG-MAP Thanks to collaborations with
the European BIG-MAP project, an AiiDA +
AilDAlab interface has been developed (and is
currently used in production for research) to

2https: / /lab-cosmo.github.io/metatensor /latest/
3https://docs.dftk.org/stable/

4https:/ /www.netket.org/

Shttps:/ /pypi.org/project/qtpyt/

6ht’tps:/ /chemiscope.org/

"https:/ / github.com/lemd-epfl/SPAHM-RHO
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Figure 5: “BIG-MAP EUnified Battery Data Space
workshop”, Grindelwald, January 29-31, 2024.

drive robotic experiments to assemble and test
battery cells, in collaboration with Prof. Corsin
Battaglia’s lab at Empa. In addition, the devel-
opment of the next generation of the Materials
Cloud Archive benefits from the collaboration
with BIG-MAP (that has deployed a private
version of an Archive, inspired by the public
one, to securely share data within the project).

The “BIG-MAP EUnified Battery Data Space
workshop” took place on January 29-31, 2024,
in Grindelwald. Participants were invited by
the organizers Nicola Marzari (EPFL), Gio-
vanni Pizzi (PSI), Tejs Vegge (DTU), and Ivano
Castelli (DTU). All representatives of the var-
ious Battery2030+ projects — both senior and
junior researchers. In total, the meeting hosted
49 participants (Fig. 5). Since the field carries
significant overlap with MARVEL areas of re-
search, several MARVEL members joined the
event and the logistics was facilitated by the
MARVEL program manager.

2D-PRINTABLE Nicola Marzari is part of the
2D-PRINTABLE EU-project aiming at devel-
oping new 2D materials and heterostructures
for printed digital devices, which started in
October 2023. His contribution will build
on the Materials Cloud two-dimensional crys-
tals database (MC2D)®, resulting from high-
throughput computational exfoliation of 3D
crystal structures, flagship work within MAR-
VEL.

Other collaborations MARVEL continues ben-
efiting from collaborations and cooperations
with several European initiatives, e.g., the core
partnership with H2020 MaX, NEP, DOME 4.0,
or OpenModel.

8https:/ /www.materialscloud.org/discover/mc2d/
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Other Swiss synergies

Significant collaborations are ongoing with the
SwissTwins project, a Swiss replacement to the
EuroHPC calls, with direct funding from SERI
and coordinated by CSCS. SwissTwins pro-
vides support to AiiDA core developments,
as well as focusing on direct support for
the new interfaces on the Alps infrastructure
(FirecREST API, Sarus containerisation).

Tight collaborations are also ongoing with the
ORD Establish project PREMISE, aiming at
streamlining the exchange of data between
AiiDA and electronic lab notebooks (ELNs) to-
ward seamless FAIR data both for simulations
and experiments.

Further adoption of AiiDA also beyond mate-
rials science is happening in collaboration with
the ORD Explore project led by Dr. Stephan
Henne at Empa, using AiiDA for Regional In-
verse modeling of greenhouse gases.

Conferences organized by MARVEL members

As every years, MARVEL members organized
or co-organized conferences, tutorials or work-
shops, with at least 14 in year 10, and some
were also sponsored by MARVEL. All are listed
in the NIRA database and on the website (nccr-
marvel.ch/ctw). A selection is given here.

e MARVEL sponsored the PASC23 con-
ference which took place in Davos on
June 26-28. Among the community,
Joost VandeVondele co-organized a mini-
symposium about “High performance and
high throughput approaches in material
science simulations: a European perspec-
tive” and Michael Herbst one about “Inter-
disciplinary challenges in multiscale mate-
rials modelling”. Four MARVEL PIs (Sara
Bonella, Nicola Marzari, Giovanni Pizzi,
and Carlo Pignedoli) had invited talks and
several posters were prepared by MAR-
VEL members.

¢ Michele Ceriotti organized with Cecilia
Clementi, Gabor Csanyi, and Lixin Sun,
the CECAM-Psi-k Conference “Bridging
length scales with machine learning: from
wavefunctions to thermodynamics” on
June 19-23 at Freie Universitit Berlin in
Germany with more than 150 participants
(Fig. 6), benefiting of MARVEL sponsor-
ship.

e As every year since 2019, Giovanni
Pizzi has been co-organizing the Open
Databases Integration for Materials De-
sign (OPTIMADE) conference, which took
place on June 5-9 at CECAM EPFL. Next


https://archive.big-map.eu
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Figure 6: CECAM-Psi-k Research Conference “Bridging length scales with machine learning: from wavefunc-
tions to thermodynamics”, Berlin, June 19-23, 2023. More pictures on the website.

edition will be also at CECAM EPFL on
June 10-14, 2024.

Other seminars of interest to the MARVEL com-
munity

* On May 25, a seminar jointly hosted
by MARVEL and the EPFL Physical
Chemistry Seminars featured Vojtech VI-
cek (University of California Santa Bar-
bara) addressed the topic “Excitations dy-
namics driving electronic correlations in
molecules and solids”.

® On June 2, Zhiting Tian, associate profes-
sor at Cornell University, presented a sem-
inar dedicated to thermal phonon trans-
port for energy applications.

* On June 16, a seminar jointly hosted by
MARVEL and EPFL’s Centre for Quantum
Science and Engineering (QSE) featured
Andrew Briggs, Professor of Nanomateri-
als at the University of Oxford, who gave a
presentation entitled “Accelerating quan-
tum technologies with machine learning”.

5.2.2 Technology transfer

Raising awareness of technology transfer
among junior researchers

Leading topic at the MARVEL junior retreat

The theme of the 2023 edition of the MAR-
VEL junior retreat was “Building bridges”: be-
tween different research lines, but most of all
between industry and academia. By bringing
together ideas and people from the two worlds,
the workshop aimed to facilitate discussions,
enabling participants to explore the practical
applications of research and forge partnerships
that bridge theory with real-world impact. The
participants were also invited to take part in a
poster competition, where the ultimate stage
consisted of marketing their research to non-
specialists in an elevator pitch-format, with a
strong focus on storytelling.
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An initiative to revive the NCCR MARVEL
Members and Alumni LinkedIn private group
was proposed at the term of the retreat, with
the goals of strengthening, expanding, and per-
petuating collaborations and technology trans-
fer during and beyond the MARVEL project
(more details in the Social media section p. 72).

Round table at the Review and Retreat

During the last Review and Retreat in January
2024 in Grindelwald, a 45-minute round table
took place on industrial careers and technol-
ogy transfer with the MARVEL Industrial Ad-
visory Board. Moderated by Bill Curtin, Erich
Wimmer (Materials Design), Nicolas Cudré-
Mauroux (SICPA) and Arnaud Grandeury
(Novartis) shared with the MARVEL members
their visions and advice on how to enter the
world of industry from the academic world.
We have heard about networking, spark in the
eyes, not failing without learning, etc. “Science
is only about curiosity, research is finding solu-
tions, innovation is about creating value” said
Nicolas Cudré-Mauroux.

From MARVEL to industry — Interviews on the
website

Many former members have moved to the in-
dustry after working as PhD students or post-
docs in one of the MARVEL laboratories. From
ICT to energy, from chemical engineering to
automotive, several industry sectors value the
skills and competences that can be developed
doing research on computational materials sci-
ence. In this new section of the website, we
talk to some former MARVEL members who
are now working in the private sector, to know
more about their experience and the advice
they have for younger researchers who are in-
terested in careers beyond academia. The first
interviews draw up portraits (Fig. 7) of

* Leopold Talirz, formerly with Berend
Smit’s laboratory at EPFL, now Senior
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Figure 7: Four MARVEL former members who have
moved to the industry. From left to right, Leopold
Talirz, Giulia Mangione, Leonid Kahle and Sandip
De.

Software Engineer in the Azure Quantum
team at Microsoft;

¢ Giulia Mangione, formerly in Clémence
Corminboeuf’s group at EPFL, now De-
sign Tech Lead at Stellantis;

* Leonid Kahle, former PhD and then post-
doc in Nicola Marzari’s lab at EPFL, now
working for Materials Design Inc, a com-
pany specializing in atomistic simulation
software;

¢ Sandip De, postdoc in Michele Ceriotti’s
lab at EPFL from 2015 to 2018, now leader
of a team working on quantum mechani-
cal simulation at BASF.

New interviews will be added regularly.

Other actions

Trainings on IP rights and transfer to industry
will be proposed at the 2024 junior retreat.

Industrial Advisory Board

Since the beginning of phase II, an Indus-
trial Advisory Board (IAB) was established,
bringing together six representatives of the
industrial sectors of interest to MARVEL.
Two of these members — Frédéric Diolo-
gent (Richemont) and Ryoji Asahi (Toyota
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Central R&D Labs) — have now left the
board. A new member, Paola Gori Giorgi
(principal research manager at Microsoft Re-
search Al4Science) has joined existing mem-
bers Nicolas Cudré-Mauroux (SICPA), Thomas
Eckl (Bosch GmbH), Arnaud Grandeury (No-
vartis), and Erich Wimmer (Materials Design).

Industrial collaborations

Broad collaborations with Solvay, Samsung, or
Bosch, are continuing in phase III, and some
new ones have started, e.g., with one phar-
maceutical company, or an Innosuisse project
of Luisier’s group with Lumiphase. MAR-
VEL members are also hired by industries, e.g.,
BASF, Microsoft, or Materials Design.

An ongoing collaboration with BASF is demon-
strating the technological impacts of the ma-
chine learning developments in Pillar 2 [1].

Industry day at Empa

We are planning to organize this year an Indus-
try day, as a collaboration between Empa and
MARVEL, as suggested by the review panel at
the last site visit.

Other activities

Anirudh Raju Natarajan gave a seminar as
part of the EPFL Engineering Industry Day in
March. This event is an opportunity to connect
companies with research laboratories to estab-
lish new collaborations.

MARVEL publications

[1] N. Lopanitsyna, G. Fraux, M. A. Springer, S. De, and
M. Ceriotti, Modeling high-entropy transition metal alloys
with alchemical compression, Physical Review Materials
7, 045802 (2023).
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5.3 Equal Opportunities

The promotion of gender equality is a major focus for MARVEL. We continue to build on our
flagship measures and activities (e.g., the INSPIRE Potentials MARVEL Master’s Fellowships, the
activities for girls and young women, Agility Plus funding, #NCCRWomen campaign) to strengthen
the recognition of women researchers and increase their visibility.

5.3.1 Advancements of women sci-
entists

Leadership of projects & allocation of funding

An amount of 400'000 CHF was allocated in
phase III to integrate new junior and women
researchers. It was decided to use this fund-
ing to support two women PIs, Sara Bonella,
already in Pillar 3 since the beginning of
the phase, to increase her funding, and Zoé
Holmes, in the Quantum Simulation project, as
a recently hired assistant professor at EPFL.

INSPIRE Potentials fellowships

New recipients In year 10, through the two
calls, we could offer nine new INSPIRE Po-
tentials fellowships, five in April, including an
anticipated application in January (plus one
additional who declined), and four in Octo-
ber, including a late application in December.
To summarize, in addition to Noémie Hu and
Eva Doloszeski, who were already selected in
2022 and started in February and September
2023, repectively, we are happy to welcome for
6 months (Fig. 8)

¢ Jente Clarysse from ETHZ in the group of
Mathieu Luisier at ETHZ from end-April 2023,

¢ Anna Paulish from EPFL in the group of Nicola
Marzari at EPFL from August 2023,

¢ Ayesha Ulde from the Indian Institute of Tech-
nology Madras in Chennai in the group of
Anirudh Raju Natarajan at EPFL from mid-
August 2023,

¢ Laura Mismetti from EPFL in the group of
Ivano Tavernelli at IBM from September 2023,

* Aude Maier from EPFL in the group of Lenka
Zdeborova at EPFL from October 2023,

* Serena Bragadini from Universita degli Studi di
Modena e Reggio Emilia in the group of Nicola
Marzari at EPFL from March 2024,

e Valentina Sanella from Universita Milano-
Bicocca in the group of Nicola Marzari at EPFL
from April 2024,

e Hela Mhiri from ENIT, Tunisia and ENSTA,
Paris in the group of Zoé Holmes at EPFL from
mid-April 2024,

¢ Jayashree Narayan from the Indian Institute of
Science Education and Research Mohali in the
group of Sara Bonella at EPFL from August
2024.

Networking event On October 19, a 1.5-hour
networking event gathering present and for-
mer (now PhD students) INSPIRE potentials
fellows was led by the scientific manager with
the help of a female postdoc. The idea was
to run this session in a spirit of kindness and
confidentiality, allowing all the participants to
share about their experience or concerns, after
a time of exchange by two to learn about each
other. The importance of networking was one
of the main take-home message. It took place
on a Thursday morning, just before a MAR-
VEL junior seminar, enabling those who trav-
eled from out of EPFL to also enjoy to be phys-
ically present at the seminar. The initiative was
very well appreciate and will be renewed in
this or another format.

We also made sure to invite all of them to the
MARVEL gathering events, in particular to the
junior retreat in September and the Review and
Retreat in January.

Good practices for Master’s students We do our
utmost to ensure that the Master’s students feel
welcome and that they benefit from a high-
quality experience. They have a mentor in the
group as a preferential contact person, not only
for research but for all questions, helping to
join the life in the group and to increase their
self-confidence. However, it’s not always easy
to spot any problems during their stay. At the

Figure 8: New INSPIRE Potentials students selected in 2023. From left to right, from the April call, Jente
Clarysse, Anna Paulish, Ayesha Ulde, Laura Mismetti, Aude Meier, and from the October call, Serena Bragadini,
Valentina Sanella, Hela Mhiri, and Jayashree Narayan.

Structure-related aspects m——————————
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end of their internship, we are asking them to
give some feedback which is kept anonymous.
One wrote “I was putting a lot of pressure
on myself throughout the internship which re-
sulted in a burn-out at the end of the intern-
ship. This was mainly my own doing (I really
wanted to achieve something and prove that
I was worth the internship), but maybe hav-
ing clear targets on when to work (so no Slack
messages on the weekends) or clear commu-
nication on what to achieve would have been
good.” This kind of feedback is a challenge for
us and led to a meeting of a group of women
researchers to discuss how we can propose ex-
cellence fellowships and at the same time pre-
vent that the recipients put too much pressure
of themselves, wanting to show they deserve
it, also addressing the impostor syndrome that
may arise. As an outcome of this meeting,
we plan in the future to also propose a con-
tact outside the group and more informal meet-
ings with present and former INSPIRE Poten-
tials fellows, for example simply for a coffee.

New host groups at PSI With the newly estab-
lished Laboratory for Materials Simulations at
PSI headed by Nicola Marzari, new research
groups in computational material science are
loosely interacting with MARVEL. Even if they
are not directly funded by MARVEL, a sug-
gestion was made to Laura Grigori (head of
Laboratory for Simulation and Modelling) and
Matthias Krack (head of Multiscale Materials
Modelling Group) to be added in the list of
labs willing to host INSPIRE Potentials fellows,
which they accepted.

Visiting PhD students

At the 2023 site visit, we shared with the re-
view panel our project of setting fellowships
for visiting PhD students and junior post-
docs from underrepresented groups regard-
ing gender, ethnicity, or any other status, es-
pecially women, and researchers from sub-
Saharan countries. It appears that the rules, no-
tably at EPFL, make it difficult to set up, with
a maximum grant of CHF 2’500 per month, in-
cluding funding for the student in her or his
own country. We are still investigating how
to implement these fellowships, or envision-
ing to set them informally, circulating the pos-
sibility among PIs. Also, as mentioned in sec-
tion 5.1 on Education & Training, we are plan-
ing to fund a 2-year Master’s fellowship at
ICTP-EAIFR in Kigali.
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EPFL-WISH Foundation

In 2023, MARVEL decided to contribute once
again 5000 CHF to the EPFL-WISH Founda-
tion fellowships for Masters projects abroad,
with the idea of supporting a student in ma-
terials science. This was the case of a project
focusing on “Perovskite solar cells — Substi-
tuting the layer of Indium Tin Oxyde”. The
EPFL-WISH (Women In Science & Humanitie)
Foundation “supports young women in STEM,
in particular at EPFL, and encourage them
to continue their research and pursue their
dreams in a higher professional career” acting
on representation, financial support, coaching
and recognition of brilliant women across the
world.

Career development

MARVEL women researchers were regularly
informed about dedicated activities (lunch
events, conferences, workshops) organized at
EPFL or in other participating institutions, and
are encouraged to participate in training, men-
toring and coaching programs offered at the
various institutions. In particular, in Novem-
ber, a round table for PhD students, organized
by NCCR Bio-Inspired Materials, EPFL-WISH
foundation, and EPFL Equal Opportunity of-
fice, entitled “Planning and advancing your
career in industry” and facilitated by Stefania
Bellaio, head of R&D Plant Based at Migros,
attracted four MARVEL students (from EPFL
and ETHZ). It was really appreciated, by its
quality and the usefulness and intelligence of
the information shared.

5.3.2 Recognition of women re-
searchers’ excellence and in-
crease of their visibility

Distinguished lectures and junior seminars

We continuously identify renowned women
scientists for the MARVEL distinguished lec-
tures. In year 10, we featured a lecture from
Prof. Claudia Felser (MPI CPfS, Dresden), out
of the three lectures of the year, and Prof. Elisa
Molinari (Univ. Modena and Reggio Emilia)
will give the next one in February 2024. Since
the beginning of the distinguished lectures se-
ries, 13 women and 22 men have participated
(i.e., 37% women featured). An effort is also
made to feature the diversity of MARVEL in
the speakers presenting at the junior seminars,
with 5 women and 9 men in the 7 seminars of
year 10 (i.e., 36% women featured).
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Women of MARVEL

We continue to feed our webpage with por-
traits of the MARVEL researchers and their tes-
timonies about their triumphs as well as the
challenges they face in pursuing their careers,
as well as collect testimonials of MARVEL INS-
PIRE Potentials fellows to promote this tool.
Both series were used for the continuation of
the #NCCRWomen campaign.

#NCCRWomen campaign

As a continuation of the #NCCRWomen cam-
paign, in 2022-2023 some participating NCCRs
decided to feature more women researchers,
this time in the form of written portraits and
photos on our website and promoted on the
campaign’s Instagram and Twitter (now X)
channels. For Twitter, we can report 673 fol-
lowers as of January 29, 2024. On the MAR-
VEL side, we drew on the existing portraits
that have populated the website since spring
2019, while supplementing our corpus with in-
terviews conducted by Carey Sargent. After a
week in November 2022, showcasing our Pls,
we were pleased to highlight some MARVEL
researchers, Ksenia Briling, Marija Stojkovic,
and Giovanna Lani, on February 13-17, and
current and former INSPIRE Potentials fellows
Melika Honarmand, Linda Mauron, Arianna
Cantarella, Yuri Cho, and Virginie de Mestral,
on March 27-31 (Fig. 9). The second week was
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#NCCRWomen

Starting Monday November 14°
More testimanies, more cool

Figure 9: #NCCRWomen campaign in 2022-2023,
with (first line) the portraits of the MARVEL re-
searchers shared on February 13-17 and (second
and third lines) the portraits of former and current
INSPIRE Potentials fellows shared on March 27-31.
Screenshots from Instagram.
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intentionally chosen close to the MARVEL INS-
PIRE Potentials application deadline of April
15, to enhance the publicity for our fellowships.
In March 2023, as part of the #NCCRWomen
in school, a “researcher in my class” initiative
in 2022-2023, Ksenia Briling (Corminboeuf’s
group) and Giovanna Lani (Marzari’s group)
visited a chemistry and a physics classes at Col-
lege Voltaire, a high school in Geneva.

To further build on the #NCCRWomen cam-
paign and take advantage of these videos, we
used them as starting points on different occa-
sions, for example for the EPFL Open Days (see
p- 73 in section 5.4 on Communcation & Out-
reach), the lab visits for the girls of the summer
camp Matériaux super géniaux (see below, sec-
tion 5.3.3) or during the EPFL information days
for high school students (see p. 61 in section 5.1
on Education & Training).

Women's representation in events

We put a lot of attention on women’s repre-
sentation in educational or public events orga-
nized by MARVEL or in which MARVEL par-
ticipates. In particular, in year 10, 4 women
(out of 11 researchers) were at the MARVEL
stand at the EPFL Open Days, 2 (out of 6) su-
pervised students during the summer camp for
high school students, 1 (out of 2) came to help
the scientific manager at the lab visit during the
summer camp Matériaux super géniaux, and a
100% female team hosted the lab visits during
the EPFL information days for high school stu-
dents.

“Women in Materials” artwork and beyond

The “Women in Materials” artwork, present-
ing female EPFL professors active in the Insti-
tute of Materials (IMX), first realized in 2018
based on an idea from Nicola Marzari and
sponsored by MARVEL and IMX, was modi-
fied in spring 2023 to add the portraits of the
recently-appointed Professors Marianne Liebi
and Tiffany Abitbol (Fig. 10). In 2019, the
project was extended by the EPFL Equal Op-
portunities Office to “Female Leadership in
Science”, and portrayed 50 women professors
at EPFL on the occasion of EPFL’s 50th anniver-
sary. Now, following positive exchanges be-
tween our director and Prof. Paul Dyson, dean
of the faculty of Basic Sciences at EPFL, they
decided to set similar artworks in the entrance
halls of the three institutes, Physics, Chemistry
and Mathematics. MARVEL will sponsor half
the costs and is involved in the realization and
the promotion of the project. The practical re-
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Figure 10: The “Women in Materials” artwork, on
display in the entry hall of building MX on the EPFL
campus..

alization is currently under study, and the por-
traits should be visible by summer.

5.3.3 Actions for girls, young
women and future scientists

MARVEL continues to support the activities
for girls or for girls and boys (with 50% girls)
organized by EPFL’s Science Outreach Depart-
ment (Fig. 11). These are always fully booked
weeks in advance, with registrations filling up
within a few hours/days.

The two editions of the Polythéme workshop
Diamant, alu, caoutchouc, ils sont fous ces
matériaux!  for girls only (one in February
with 16 participants and one in November
2023 with 17 participants), took place on
three Wednesday afternoons, and enabled
participants to discover the extraordinary
properties of materials. The next edition will
be on February 28, March 6 and 13, 2024. The
ninth edition of the summer camp Matériaux
super géniaux, August 14-18, allowed 20 girls
aged 11 to 13 to discover the fascinating world
of materials. From discovering polymers
to carrying out experiments with crystals,
the different families of materials no longer
hold any secrets for them. Two lab visits
took place during the week, one organized
by the MARVEL scientific manager. Making
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computational research visual for a lab visit
is a challenge. Building on activities already
developed for different occasions and publics,
and making sure the tools and concepts are
adapted to their age and knowledge, she built
a storytelling showing some research aspects
of computational design and discovery of
materials, starting with showing two #NCCR-
Women portraits of MARVEL scientists, using
a 3D crystal-structure visualizer to determine
which crystals are 3D and which are 2D and
thus maybe exfoliable, playing around with vi-
brations (sound, heat) to perceive the concept
of phonons, and ultimately visualizing those
using the Interactive phonon visualizer, this
last stage being a huge success. The chemistry
summer camp for girls and boys (with 50%
girls), August 7-11, with 20 participants,
takes place in a real chemistry lab and, with
gloves, white coats and protective glasses,
the young people wear the same clothes as
“real chemists” and discover different as-
pects of chemistry and its usefulness, doing
experiments. The next editions of these two
camps will be August 12-16 and 5-9, 2024.
respectively.

To this, we can add the continued support of

¢ the mathematics workshops Maths en jeu
(with 180 participants in 2023, 101 girls
and 79 boys);

o the Coding club des filles, offering coding
workshops for girls 11 to 15 years old or-
ganized throughout French-, German- and
Italian-speaking Switzerland.

Moreover, we continue to set aside for girls half
of the spots of the MARVEL-organized sum-
mer camp for high-school students Des atornes
aux ordinateurs, a la découverte de la programma-
tion scientifique (see section 5.1.3). Indeed, high-
school is a good time to help young women
consider university studies in a scientific do-
main and the summer camp is an opportunity
show them a little bit what it looks like.

Figure 11: Action for girls in 2023. From left to right: Summer camp Matériaux super géniaux: MARVEL lab
visit and activity during the camp; chemistry summer camp; Polytheme workshop on materials; mathematics
workshops Maths en jeu; Coding club des filles (© EPFL SPS for all pictures).
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year 1 year 2 year 3 year 4 year 5 year 6 year 7 year 8 year 9 year 10
W M \4 M W M W M W M \4 M W M W M W M \4 M

Group 4 20 6 27 9 32 8 34 4 27 3 27 7 29 6 26 7 17 5 19
leaders  17% 83% | 18% 82% | 22% 78%| 19% 81%| 13% 87%| 10% 90% | 19% 81%| 19% 81%| 29% 71%| 21% 79%

w/o 3 17
Agil. + 15%  85%
Senior 1 7 0 8 2 21 3 28 4 17 3 17 7 19 6 16 3 8 2 7
res. 13% 87%| 0% 100%4 9% 91% | 10% 90% | 19% 81% | 15% 85% | 27% 73% | 27% 73% | 27% 73%| 22% 78%

Postdocs 5 39 8 65 13 69 15 61 13 48 9 49 6 36 7 30 5 26 4 26
11% 89% | 11% 89% | 16% 84% | 20% 80% | 21% 79%| 16% 84% | 14% 86% | 19% 81%| 16% 84%| 13% 87%

PhD 6 17 9 35 9 38 10 43 14 41 18 47 21 39 16 35 20 40 20 39
26% 74%| 20% 80% | 19% 81% | 19% 81% | 25% 75%| 28% 72%| 35% 65% | 31% 69% | 33% 67%| 34% 66%

Table 5.1: Number and share of women (W) and men (M) involved in MARVEL in years 1 to 10 (From NIRA).
In the category “group leaders”, in year 10, all people are receiving NCCR funding except Christian Riiegg. Ana
Akrap was spending her carryover from phase 1I until July 2023. In the category “senior researchers”, 3 people,
1 women and 2 men, are paid with NCCR funding, at least for part of year 10. In this category, the numbers are
too low to be considered on a statistical aspect.

5.3.4 Work-life balance similar levels (Table 5.1).

) We worked a lot at the PhD student level to in-
AIMARVEL members are informed about ex- crease the number of women within MARVEL.
isting measures suc.h' as the SNSF Flexibility The main tool has been and still is the INSPIRE
grants, da.y—care fac11'1t1es an'd tools for a bet- Potentials fellowships. This allowed to double
ter work-life balance in the different MARVEL- the number (and the share) of women PhD stu-
related institutions, through the website and dents in phase II as compared to phase I. Now,
sharing information in the internal newsletters. since year 7, we can notice a stabilization of the’
Currently, a SNSF Flexibility grant is awarded share of female PhD students a bit above 30%

to a MARVEL member which is rather on the high side compared to

what is found in the MARVEL-related domains
5.3.5 Numbers in Switzerland. At the other levels, the share of

women postdocs remains in the low range of
Increasing the proportion of women scientists previous years, and the total number of senior
in STEM fields is a challenge. At the national researchers (9) is too low to be considered on
level, the proportion of women in physics, a statistical aspect. Welcoming Zoé Holmes as
chemistry, materials science and computer sci- new PI from year 10 has increased the number
ence is very low and MARVEL numbers are at of women PIs in the project.

5.4 Communication & Outreach

We continued using a mix of online and in-presence tools to increase the visibility of MARVEL
scientists and their results and to communicate to different audiences. In addition to publishing
news and scientific highlights on the website and in social media, we organized events such as
the distinguished lectures and participated in large events such as the EPFL Open Days. Internal
communication was ensured by a variety of tools, including the newsletter, junior seminars and
another highly successful Review and Retreat meeting.

5.4.1 Internal and external communication

Website and newsletter highlights and feature stories focused on our

. . . research. We published 9 internal and sci-
We continued ac_ldmfé to the web51fce (necr- entific newsletters during the year. External
marvel.ch), contributing to 24 news items on readership of the scientific newsletter grew to

Varioui 'activities, iveglts, dawards and' other 563 subscribers, up from 392 in January 2023
news of interest to the broader community. We and 209 in January 2021.

also wrote 16 (as of January 29, 2024) science
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MARVEL distinguished lectures

MARVEL has organized distinguished lectures
given by prominent experts in the fields cov-
ered by the NCCR. During 2023, three distin-
guished lectures were organized, all of them
as 50-minute Zoom webinars, which were also
recorded and made available on the Learn plat-
form of the Materials Cloud and are also avail-
able on the MARVEL space of Lhumos.

¢ Prof. Kristian Sommer Thygesen, from the
Technical University of Denmark (DTU),
who presented a lecture on “Emergent
Properties in Flatland: When One Plus
One is More than Two” on March 23.

¢ Prof. Claudia Felser, from the Max Planck
Institute for Chemical Physics of Solids in
Dresden (Germany), with a lecture enti-
tled “Chirality and Topology” on May 2.

¢ Prof. Emmanouil Kioupakis, from the Uni-
versity of Michigan, on “Advancing the
state of the art in semiconductor technol-
ogy through predictive atomistic calcula-
tions: from uncovering fundamental lim-
itations to discovering new materials” on
June 2.

5.4.2 Internal communication
Review and Retreat

For the second time, the MARVEL Review and
Retreat took place in Grindelwald, in the Bern
canton, on January 17-19, 2024, involving over
130 people — including Pls, postdocs, PhD stu-
dents and members of the project’s Scientific

MARVEL Review and Retreat in

Figure 12:
Grindelwald, January 17-19, 2024.
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and Industrial Advisory Boards (Fig. 12). Di-
rector Nicola Marzari opened the first day by
reminding that the key goal of this third phase
of the project is to build a digital infrastructure
for materials science and to show the commu-
nity that it can become a powerful accelerator
of research, while keeping pace of a rapidly
evolving scenario where machine learning and
large language models are changing the rules
of the game. Marzari also challenged all
groups in the consortium to think critically
about the usability and long-term sustainabil-
ity of open science tools such as the Materials
Cloud and AiiDA, on how to make advanced
simulation methods available to a larger com-
munity, and on the viability of quantum com-
puting for materials science. The sessions
were then structured around the main pillars of
NCCR MARVEL: on the first day, the sessions
on Design and discovery of novel materials,
Machine learning for molecules and materials,
Digital infrastructure of open simulations and
data, Long-term integration in the Swiss sci-
entific landscape were introduced respectively
by William Curtin, Michele Ceriotti, Giovanni
Pizzi, Nicola Marzari, all of whom were fol-
lowed by presentations of junior lab members
focusing on key results and case studies. The
second day was dedicated to the Advanced
simulation methods and Quantum simulation
projects, introduced by Daniele Passerone and
Giuseppe Carleo respectively. The program
also included two highly-appreciated opportu-
nities for all MARVEL members to exchange
views directly with members of the Industrial
Adpvisory Board (in particular, on the opportu-
nities and challenges of career transitions from
academia to industry, see also p. 64 in sec-
tion 5.2 on Knowledge & Technology Transfer)
and of the Scientific Advisory Board.

MARVEL junior seminars

MARVEL has been organizing junior seminars
in order to strengthen interactions between the
MARVEL junior scientists belonging to differ-
ent research groups (i.e. PhD and postdocs,
either directly funded by the NCCR, or as a
matching contribution). Each seminar consists
of two 25-minute presentations, followed by
time for discussion. During year 10, 7 sem-
inars were organized in hybrid mode, in or-
der to maintain in-person contacts and allow
off-campus attendees to follow the seminars
remotely. Overall, 14 researchers (represent-
ing EPFL, ETH Zurich, PSI, Empa, UniFR) pre-
sented their research.
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Other meetings
Projects meetings

In order to ensure a continuing and broad re-
search stream between groups, we have striven
to ensure that all project teams meet at least
four times a year, including the Review and
Retreat and the SNSF site visits. With the Re-
view and Retreat in January and the site visit
in March/April, we have therefore planned to
arrange two online meetings for each project,
one in September/October and another in
June/July. Project leaders are left free to set up
the program for their project meeting (formal
structured presentations, general discussions,
etc.). The only expectation is that they are ses-
sions of 2-3 hours taking place around the dates
mentioned above. All MARVEL members are
expected to attend the meetings of the project
to which they are affiliated. The project meet-
ings are then announced to all MARVEL mem-
bers, and everyone is welcome to attend the
meetings of other projects. A series of online
meetings, one per project, has taken place be-
tween September and October 2023.

MARVEL communication open mic session

With SNSF expecting a clear communication
strategy and implementation — including giv-
ing maximum visibility to the work produced
within MARVEL — the NCCR has organized
an open mic session to introduce the new com-
munication officer, Nicola Nosengo, who is
overseeing all these aspects, organizing news
coverage, managing social networks and writ-
ing highlights and feature stories about the
NCCR'’s research actuality. The open-mic ses-
sion allowed MARVEL members to be in-
formed about the editorial schedule and the
way news coverage is planned and prepared;
to discuss upcoming studies, events and ac-
tivities that would be suitable for coverage; to
raise any issue or relevance for communica-
tion. We also took the opportunity to remind
attendees how open access in data and publi-
cations work.

5.4.3 External communication
Communicating MARVEL research
EurekAlert

We continued using EurekAlert to communi-
cate research results to scientific journalists,
publishing 5 press releases on topics deemed
to be of interest to the wider scientific and jour-
nalistic communities, in line with our strat-
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egy of increased outreach to these groups. All
releases were viewed more than 200 times
according to EurekAlert statistics, and were
picked up and relaunched by science journal-
ism websites such as Phys.org.

Social media

X (formerly named Twitter) remains the main
focus of our social media work and the account
@nccr_marvel has 27167 followers as of January
25, 2024. We posted an average of more than
one Tweet per week over the period, earning
over 80’000 impressions (the total sum of all the
times a Tweet has been seen) and an average
engagement rate (calculated as the total num-
ber of engagements such as clicks, retweets,
replies, follows or likes that a Tweet receives
divided by the total number of views) of 3.5%.
On LinkedIn, we have both a MARVEL page,
with 471 followers as of January 24, 2024,
where we regularly post news, and a LinkedIn
private group (NCCR MARVEL Members and
Alumni), primarily with the intention of build-
ing and reinforcing ties within the MARVEL
community and keep contacts with researchers
and students who have moved on. This lat-
ter was reinforced in year 10, with the idea of
building a platform of exchange between for-
mer and present MARVEL members, adver-
tising for example job offers. After public-
ity made in the newsletters and especially at
the last Review and Retreat, the group counts
96 members, as of January 29, 2024.

MARVEL in web news and in the press

In addition to the several stories published
on the MARVEL website and on the websites
of home institutions, MARVEL research re-
sults have often been covered by the scien-
tific media. For example, the story on “Solids
that are also liquid” on research from Nicola
Marzari’s group (January 2023) and the story
on Ana Akrap’s discovery that a material con-
sidered a semi-metal is indeed a semiconduc-
tor (November 2023), were both featured in
Phys.org; a story on Nicola Marzari’s group re-
search into a computational model of thermo-
electric conversion led to a story on the EPFL
website and to one on TechExplore. The story
on the massive verification effort of computer
codes led by Giovanni Pizzi (November 2023)
was featured both in Phys.org and in AZOma-
terials.
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Events

CECAM-MARVEL Mary Ann Mansigh conversa-
tion series

The CECAM-MARVEL “Mary Ann Mansigh
conversations”, named after Mary Ann Man-
sigh Karlsen, an outstanding representative of
the first generation of coders, whom we had
welcomed to EPFL in 2017, focus of non-strictly
technical topics of cultural interest for the sim-
ulation and modeling community. The format
reflects the informative and informal nature of
these sessions, with talks introducing the sub-
ject followed by a conversation between the
speakers and the audience. A fourth conver-
sation, this time on scientific writing and scien-
tific publishing, is planned on April 23, 2024.
The two speakers will be Mark Peplow, for-
merly news editor of Chemistry World and Na-
ture and now a freelance science journalist who
frequently covers chemistry and materials sci-
ence, and Nina Meinzer, Senior Editor at Nature
Physics.

EPFL Open Days

On April 29-30, MARVEL participated in the
traditional EPFL. Open Days, which allowed
thousands of visitors to discover the school
through events, animations, meetings, work-
shops and many other initiatives. = MAR-
VEL's stand proposed 3D movies and experi-
ments to show how novel materials are created
by computational design, explaining magnons
and phonons, playing with magnets and com-
passes on one side, and with sound vibra-
tions and propagation of heat on the other side,
and showing how supercomputers are used to
build materials properties (Figs. 13 and 14).

Building on the #NCCRWomen campaign,
MARVEL invited the other NCCRs present at
EPFL to join a part of the stand dedicated to
women in science. Visitors could thus meet
women researchers from NCCRs SPIN, Au-

Figure 13: EPFL Open Days on April 29-30, 2023.

MARVEL stand with 3D movies and hands-on ex-

periments on phonons and magnons.

Figure 14: EPFL Open Days on April 29-30,
2023. MARVEL stand. Hands-on experiments on
magnons (left) and phonons (right).

tomation, Digital Fabrication and MARVEL,
discover the #NCCRWomen campaign movies
of the four NCCRs, take postcards of the por-
traits of the “Female Leadership in Science” ex-
hibition, and children could enjoy the colorings
from the #NCCRWomen campaign (Fig. 15).
They could also read (and take with them)
the comics Cherchez, les femmes! which was
produced by CECAM to show young girls
and everyone else that computer simulation
and programming is a fun field and can lead
to great adventures, and translated to French
with the support of MARVEL. All these initia-
tives wanted to show that we should never let
anyone tell us what we can or can’t do or study.
Neither our gender, nor our origin, nor any-
thing else should be a brake on our choices.
Together with CECAM, two round tables on
“Comics & Science” were also organized,
with a scientist (Sara Bonella, MARVEL and
CECAM), a local cartoonist (Laurent Schafer)
and an expert on scientific dissemination (An-
tonella Del Rosso, CERN) exploring how
comics can be used as a tool for scientific dis-
semination.

lg Nobel Award Tour Show

On Tuesday April 16, 2024, after a 5-year break,
EPFL will welcome for the fifth time the Ig No-

Figure 15: EPFL Open Days on April 29-30, 2023.
Women in science stand.
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bel Award Tour Show, with Marc Abrahams
and a line-up of Ig Nobel Prize winners, with
the support of the MARVEL.

NCCR gathering at EPFL

NCCRs MARVEL and Automation organized
a NCCR gathering at EPFL on December 4.
It started with a discussion time, addressing

5.5 Open Science

questions such as making sure that our labs
are diversity-friendly environments, sharing
on best practices, brainstorming on new col-
laborative projects between NCCRs. About
25 participants could then extend the discus-
sion over a standing lunch and then visit of the
current exhibition at Archizoom. Exchanges
between NCCRs are opportunities for rich out-
comes.

The Materials Cloud Archive has grown into an important open science repository not only for
MARVEL but for the whole community, recommended by the European Commission and the SNSF.
Our varied open science efforts also include meetings on open data with the other NCCRs and a
continuous work to inform and sensitize our scientists on open access requirements.

5.5.1 Introduction

Open Science is central to MARVEL and part
of its backbone. In particular, at the research
level, Pillar 3 works toward the delivery of a
self-sustaining long-term digital infrastructure
of open simulations and data.

The MARVEL data manager is the scientific
manager, Lidia Favre-Quattropani, and she is
supported by the MARVEL data team, with
in principle at least one representative per
project, available to address questions regard-
ing open research data policy within MARVEL.
The role involves being the point of contact
in the group, project or institution, and serves
to ensure that information is flowing well and
easily; to raise awareness of data management;
and to check the minimal requirements pre-
sented in the MARVEL research data strategy.
MARVEL members are regularly reminded of
important pointers related to open access (data
and publications) , in particular at the open-

Figure 16: Nicola Marzari (left), with Leopold Talirz
and Giovanni Pizzi, former members of his lab and
now respectively at Microsoft and PSI, at the Na-
tional ORD prize ceremony on December 6, 2023.

mic event and very recently at the Review and
Retreat in Grindelwald. The requirements re-
garding open access are included in each inter-
nal newsletter with links on the two dedicated
web-pages on open access publications and
open research data, also accessible through the
MARVEL toolbox at nccr-marvel.ch/toolbox.

5.5.2 Open data

National Prize for Open Research Data

Nicola Marzari and his team at EPFL and
PSI received a special acknowledgment from
the jury of the National Prize for Open Re-
search Data (ORD Prize), awarded by the Swiss
Academies of Arts and Sciences on December
6 (Fig. 16). The theme of the prize was “The
re-use of research data”, for projects that either
re-use data from other projects or make their
own data available in such a way that other
researchers can conduct further work with it.
A detailed news can be read on the MARVEL
website.

Joint-NCCRs ORD meetings

A group of NCCRs, led by NCCR Microbiomes
and including NCCR MARVEL, have received
funding from SNSF, through the NCCR Net-
work Ventures to organize three one-day meet-
ings on Open Research Data (ORD), in Zurich,
Lausanne and Basel. The MARVEL scientific
manager, in her data officer role, took some
time in this project in the spring 2023. MAR-
VEL was heavily involved in organizing the
event in Lausanne (Fig. 17). In addition, sev-
eral of its researchers made plenary presen-
tations: Marnik Bercx and Chris Sewell with
a talk entitled “Towards fully reproducible
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Figure 17: Meeting on Open Research Data (ORD)
in Lausanne on May 8, 2023.

workflows with the AiiDA informatics infras-
tructure”, in Lausanne, and Giovanni Pizzi
on “Open-research data repositories and re-
producible workflow” to showcase the open-
science approach and platforms of MARVEL,
in Basel.

In preparation for the meeting, a survey was
sent to MARVEL researchers (and those of
other NCCRs as well) to get their input on a se-
ries of topics to ensure that the meetings would
meet their needs and interests.

A detailed report was sent by Kendra Brown
(NCCR Microbiomes) to the SNSF already in
June 2023.

Datasets on Materials Cloud

The Materials Cloud Archive has been devel-
oped by MARVEL and has become an open
repository for research data that has been rec-
ommended by entities including the EU Com-
mission and the SNSF, or Nature’s Scientific
Data. The platform receives about 2’500 vis-
itors per month. The moderation of records
submitted to the platform is managed by MAR-
VEL program manager Patrick Mayor, who
also consults with the technical team on im-
provements, coordinating with the web engi-
neer. In 2023, 199 records have been published
on the Materials Cloud Archive.

For MARVEL researchers, the data underlying
publications must be submitted to the Mate-
rials Cloud Archive at the latest at the same
time as publication, with no additional costs
for the groups. Hosting files on the Materi-
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als Cloud Archive is a requirement of the fund-
ing agencies, and this also makes the data
citable (with DOI), ensures long-term preser-
vation of the data for 10+ years, boosts visi-
bility of the research, and increases the citation
count. The use of the Materials Cloud Archive
as an open repository is broadly adopted by
MARVEL members. Moreover, for entries al-
ready on the Materials Cloud Archive by mid-
November, we can generate the bibliography
files with the related publications, asking the
PIs to complete their file with the missing pub-
lications (i.e. publications with no dataset de-
posited on Materials Cloud or publications for
which the datasets have been published be-
tween November and January).

MARVEL publications in 2023 generated
59 MARVEL-related entries on the Materials
Cloud Archive as well as 18 entries on other
open repositories. The MARVEL dataset index
is available on the website, updated every year
in February/March. One challenge for the
data manager is to track, for each MARVEL
publication with no indication about datasets,
whether datasets exist, are already deposited
somewhere and, if not, ask the authors to do
so or why they don’t. Finally, it should be
noted that for newly submitted publications
for which the preprint is available on arXiv.org
or ChemRxiv, it is still compliant not to have
the data in open access, and this is the case of
15 publications as of January 31, 2024.

Self-assessment of policies of data storage &
backup during research

As stated in the MARVEL research data man-
agement strategy, day to day work data are ei-
ther stored on local group resources under the
responsibility of the researchers/PIs or on the
MARVEL-supported /store partition at CSCS.
In fall 2023, each MARVEL group was asked
to make a self-assessment of its policies of data
storage and backup during research (backup
frequency and duration of backup retention)
through an online form to be filled by the
PI or someone in the group. One third of
the groups use the CSCS /store filesystem
partition, half the groups use an institutional
backup solution, and half the groups use a
group-internal backup solution, knowing that
more than one solution can be used. The out-
comes were good, respecting in principle the
minimal requirements of the RDM strategy,
namely at least weekly backups and minimum
one month backup retention (three months rec-
ommended), although some groups need to be
reminded of the minimal requirements.


http://nccr-marvel.ch/publications/dataset-index
https://arxiv.org/
https://chemrxiv.org/
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5.5.3 Open access publications

In year 10, we have 128 publications, 98 are
published and 30 are available as preprint
(mostly on arXiv.org). MARVEL researchers
know the SNSF policy concerning the open-
ness of publications and almost all publica-
tions (97%) are available on open access. Al-
most two thirds use the gold road (58 out of
100), the rest use the green road (37 out of 100),
depositing the author accepted manuscript ei-
ther on an institutional repository (currently
InfoScience at EPFL, DORA at PSI or Empa,
Research Collection at ETH Zurich), or a dis-
ciplinary repository (mainly arXiv.org), with
apparently no journal requesting an embargo.
For the three publications for which the au-
thor accepted manuscript is not available in
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open access yet, the reason is an embargo of
12 months, which is not compliant for two of
them — and the groups have been informed of
it and that this should be taken into account for
the future. The third one is a book chapter, for
which a 12-month embargo is allowed.

5.5.4 Open source codes

Developing codes is part of the work of MAR-
VEL researchers, and a key aspect of MAR-
VEL’s knowledge transfer is their dissemina-
tion as open-source codes. As reported in sec-
tion 5.2 on Knowledge & Technology Transfer,
several new open source codes were released
during year 10. Generally, open source codes
developed by MARVEL researchers are listed
on the MARVEL website.
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6 Structural aspects

Tenure-track position in computa-
tional materials science at EPFL

The call for the promised tenure-track faculty
position in computational materials science has
been launched in August 2020 by the EPFL.
The selected candidate was announced in Oc-
tober 2021. Prof. Anirudh Raju Natarajan was
appointed and started at EPFL in February
2022 as tenure-track assistant professor. He is
very committed to MARVEL and already par-
ticipated actively in phase III.

Tenure-track between

UniFR and PSI

As mentioned in the proposal for phase III,
UniFR and PSI were planning to jointly hire
in 2022 an assistant professor in the fields of
strong light-matter interactions and the com-
putational characterization of light-driven ma-
terials, with activities also in the new Labo-
ratory for Materials Simulations at PSI. Prof.
Michael Schiiler was appointed and started in
September 2022. As planned, he is receiving
funding from MARVEL within the Advanced
Simulation Methods project.

position

Tenure-track position between maths
and materials at EPFL

A proposal for a joint tenure-track professor-
ship between the Institute of Mathematics
and the Institute of Materials was conceived
by Assyr Abdulle and Nicola Marzari. This
received favorable traction and was one of the
3 inter-faculty positions approved by EPFL’s
direction in 2021 — a search committee iden-
tified in 2022 Michael Herbst as the optimal
candidate, and he has joined MARVEL and an
EPFL professor in May 2023.
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Data services

Data storage and services for the Materials
Cloud are in place to support the platform till
2036 (i.e., guaranteeing at least 10 years af-
ter submission), mostly deployed at CSCS but
with a data server also at EPFL and mirroring
of the Archive on Amazon’s AWS.

Federation with the Italian supercomputing
center CINECA has taken place as part of the
third phase of the EU Centre of Excellence MaX
(2022-2026).

Hardware for Materials Cloud

EPFL has committed CHF 150000 in cash
to support hardware for Materials Cloud
sustainability to be deployed at EPFL and PSI.






7 Legacy of the NCCR and plans post-NCCR

As often highlighted, the legacy of the NCCR
is built and ensured thanks to strategic efforts
in three directions.

1. People: new PIs have been hired at
EPFL and UniFR (Raju Natarajan, Herbst,
Holmes, Schiiler), group leaders and sci-
entists at PSI (Pizzi, Timrov, Colonna) and
Empa (Yakutovich), and software engi-
neers at CSCS (Pintarelli) and EPFL, SCI-
TAS (Fraux), together with close collabo-
rations with CECAM (Bendinelli).

2. Institutions: the involvement of national
laboratories and centers has been key and
will be instrumental to sustainability post-
2026.

3. Infrastructure: a core focus is and will be
on the digital infrastructure for materials
design and discovery — the codes, the
workflows, and the Materials Cloud as the
front-end dissemination platform.
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Annex ]. Status of structural measures implementation

Planned measures according to annex 3
of the NCCR contract for phase Il

Current status of implementation and
comments

Infrastructure

None

Faculty

Tenure-Track Assistant Professor in Com-
putational Materials Science, phase II con-
tinuation (740 kCHF in-kind contribution,
in addition to an expected 645 kCHF carry-
over from phase II)

Prof. Anirudh Raju Natarajan was hired
and started in February 2022

Additional measures

None

Specific conditions and requirements
according to Article 10 of the NCCR
contract for phase IlI

Current status of implementation and
comments

None
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An NeX 3 Publications

All publications have been entered in NIRA, and are listed below with links to the articles (journal
and open access links) and, when applicable, links to the datasets underlying the publications. We list
publications either resulting directly from the NCCR (marked with a red hexagon ®) or with minor
contributions from the NCCR. The publications marked with a green open circle (O) are accessible in
Open Access (OA). The following lists cover the period February 2023 — January 2024.

1. Publications in journals with peer review, sorted by group leader

2. Publications in journals without peer review, sorted by group leader

3. Publications involving several groups or several projects (inter-group or inter-project)

1. Publications in journals with peer review, sorted by group

leader

Phase Il Pls
Group of Ana Akrap

SANTOS-COTTIN, I. MOHELSKY,
J. WyzuLA, F. LE MARDELE, I. KAPON,
S. NASRALLAH, N. BARISIC, 1. ZIVKOVIC,
J. R. SOH, E. Guo, K. RIGAUX, M. PUPPIN,
J. H. DiL, B. GUDAC, Z. RUKELJ, M. NOVAK,
A. B. KuzMENKO, C. C. HOMES, T. DIETL,
M. ORLITA, AND A. AKRAP
EuCdyAsy: A Magnetic Semiconductor

Physical Review Letters 131, 186704 (2023).
Group(s): Akrap / Project(s): DD6

Links to article: Journal / Open access
Related datasets: not applicable

®OF. LE MARDELE, J. WYZULA, I. MOHELSKY,

S. NASRALLAH, M. LOH, S. BEN DAVID,
O. TOLEDANO, D. Torj, M. NOVAK,
G. EGUCHI, S. PASCHEN, N. BARISIC,
J. CHEN, A. KIMURA, M. ORLITA, Z. RUKEL]J,
A. AKRAP, AND D. SANTOS-COTTIN
Evidence for three-dimensional Dirac conical
bands in TIBiSSe by optical and magneto-
optical spectroscopy
Physical Review B 107, L241101 (2023).
Group(s): Akrap / Project(s): DD6

Links to article: Journal / Open access
Related datasets: not applicable

O I. MOHELSKY, J. WyzuLA, B. A. PioT, G. D.
GU, Q. L1, A. AKRAP, AND M. ORLITA

Temperature dependence of the energy band gap

in ZrTes: Implications for the topological phase
Physical Review B 107, L041202 (2023).

Group(s): Akrap / Project(s): DD6

Links to article: Journal / Open access
Related datasets: not applicable

Group of Giuseppe Carleo

O D. T. HOANG, F. METZ, A. THOMASEN, T. D.
ANH-TAI, T. BusCH, AND T. FOGARTY
Variational quantum algorithm for ergotropy
estimation in quantum many-body batteries
Physical Review Research 6, 013038 (2024).
Group(s): Carleo / Project(s): QS

Links to article: Journal / Open access
Related datasets: doi.org/10.5281/zenodo.10376853

O N. ASTRAKHANTSEV, G. MAZZOLA, I. TAVER-
NELLI, AND G. CARLEO
Phenomenological theory of variational quan-
tum ground-state preparation
Physical Review Research 5, 033225 (2023).
Group(s): Carleo, Tavernelli / Project(s): QS

Links to article: Journal / Open access
Related datasets: not applicable
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O G. GENTINETTA, D. SUTTER, C. ZOUFAL,
B. FULLER, AND S. WOERNER
Quantum Kernel Alignment with Stochastic
Gradient Descent
in 2023 IEEE International Conference on Quan-
tum Computing and Engineering (QCE) (2023),
pp. 256-262.
Group(s): Carleo / Project(s): QS
Links to article: Journal / Open access
Related datasets: doi.org/10.5281/zenodo.7804477

Group of Michele Ceriotti

®O0 F. BiGi, G. FRAUX, N. J. BROWNING, AND
M. CERIOTTI
Fast evaluation of spherical harmonics with
sphericart
The Journal of Chemical Physics 159, 064802
(2023).
Group(s): Ceriotti / Project(s): P2
Links to article: Journal / Open access
Related datasets: github.com/lab-cosmo/sphericart

®O N. LOPANITSYNA, G. Fraux, M. A.
SPRINGER, S. DE, AND M. CERIOTTI
Modeling high-entropy transition metal alloys
with alchemical compression
Physical Review Materials 7, 045802 (2023).
Group(s): Ceriotti / Project(s): P2
Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:73-yn

®0 R. K. CERSONSKY, M. PAKHNOVA, E. A. EN-
GEL, AND M. CERIOTTI
A data-driven interpretation of the stability of
organic molecular crystals
Chemical Science 14, 1272 (2023).
Group(s): Ceriotti / Project(s): P2, DD1

Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:71-21

@0 A. C. P. JAIN, M. CERIOTTI, AND W. A.
CURTIN
Natural aging and vacancy trapping in Al-
bxxx
Journal of Materials Research 38, 5171 (2023).
Group(s): Ceriotti, Curtin / Project(s): P1, P2
Links to article: Journal / Open access
Related datasets: not applicable

Group of Cléemence Corminboeuf

®0 K. R. BRILING, Y. CALVINO ALONSO, A. FAB-
R1Z10, AND C. CORMINBOEUF

SPARM(a,b): Encoding the Density Informa-
tion from Guess Hamiltonian in Quantum Ma-
chine Learning Representations
Journal of Chemical Theory and Computation
(2024), d0i:10.1021/acs.jctc.3c01040.
Group(s): Corminboeuf / Project(s): P2
Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:1g-w5

@0 . T. BLASKOVITS, R. LAPLAZA, S. VELA, AND

C. CORMINBOEUF
Data-Driven Discovery of Organic Elec-

tronic Materials Enabled by Hybrid Top-
Down/Bottom-Up Design
Advanced Materials 2023, 2305602 (2023).
Group(s): Corminboeuf / Project(s): P2

Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:aa-2w

Group of William Curtin

®0 X. L1u AND W. CURTIN

Mechanism of thermally-activated prismatic
slip in Mg
Acta Materialia 262, 119402 (2024).
Group(s): Curtin / Project(s): P1
Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:bf-5x

®0S. NAG AND W. A. CURTIN

Solute-strengthening in metal alloys with
short-range order
Acta Materialia 263, 119472 (2024).
Group(s): Curtin / Project(s): P1
Links to article: Journal / Open access
Related datasets: not applicable

@0 X. L1u AND W. CURTIN

Atomistic simulations reveal strength reduc-
tions due to short-range order in alloys
Acta Materialia 263, 119471 (2024).
Group(s): Curtin / Project(s): P1
Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:kz-b7

O V. EYERT, J]. WORMALD, W. A. CURTIN, AND

E. WIMMER
Machine-learned interatomic potentials: Recent

developments and prospective applications
Journal of Materials Research 38, 5079 (2023).
Group(s): Curtin / Project(s): P1
Links to article: Journal / Open access
Related datasets: not applicable (review article)

®0 B. YIN, L. L1, S. DRESCHER, S. SEILS, S. NAG,
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https://arxiv.org/abs/2302.08381
https://github.com/lab-cosmo/sphericart
http://dx.doi.org/10.1103/PhysRevMaterials.7.045802
https://arxiv.org/abs/2212.13254
https://doi.org/10.24435/materialscloud:73-yn
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https://doi.org/10.1016/j.actamat.2023.119471
https://doi.org/10.24435/materialscloud:kz-b7
https://doi.org/10.1557/s43578-023-01239-8
https://doi.org/10.1557/s43578-023-01239-8
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Solute misfit and solute interaction effects on
strengthening: A case study in AuNi
Acta Materialia 257, 119118 (2023).
Group(s): Curtin / Project(s): P1
Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:tn-jh

®0 M. R. N1AZI AND W. A. CURTIN
Solute strengthening of edge prism dislocations

in Mg alloys
European Journal of Me-
chanics - A/Solids (2023),

doi:10.1016/j.euromechsol.2023.105128.
Group(s): Curtin / Project(s): P1

Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:h2-x5

®0 G. WINKENS, A. KAUFFMANN, J. HER-
RMANN, A. K. CZERNY, S. OBERT, S. SEILS,
T. BoLL, C. BARUFFHI, Y. RAO, W. A. CURTIN,
R. SCHWAIGER, AND M. HEILMAIER
The influence of lattice misfit on screw and edge
dislocation-controlled solid solution strength-
ening in Mo-Ti alloys
Communications Materials 4, 26 (2023).
Group(s): Curtin / Project(s): P1

Links to article: Journal / Open access
Related datasets: doi.org/10.5445/IR /1000157205

@0 A. C. P. JAIN, M. CERIOTTI, AND W. A.
CURTIN
Natural aging and vacancy trapping in Al-
bxxx
Journal of Materials Research 38, 5171 (2023).
Group(s): Ceriotti, Curtin / Project(s): P1, P2

Links to article: Journal / Open access
Related datasets: not applicable

®0 C. BARUFFHI, F. MARESCA, AND W. A. CURTIN
Screw vs. edge dislocation strengthening in
body-centered-cubic high entropy alloys and im-
plications for quided alloy design
MRS Communications 12, 1111 (2022).
Group(s): Curtin / Project(s): P1

Links to article: Journal / Open access
Related datasets: not applicable (no data)

Group of Lyndon Emsley

®O0P. Moutzouri, M. CorDOVA, B. S.
DE ALMEIDA, D. TORODII, AND L. EMmS-

LEY
Two-dimensional Pure Isotropic Proton Solid

State NMR

Angewandte Chemie International Edition 62,
€202301963 (2023).
Group(s): Emsley / Project(s): DD1

Co0e

Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:xj-5f

®0 M. CORDOVA AND L. EMSLEY
Chemical Shift-Dependent Interaction Maps in

Molecular Solids

Journal of the American Chemical Society 145,
16109 (2023).
Group(s): Emsley / Project(s): DD1

Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:98-sx

®0 M. CORDOVA, P. MOUTZOURI, S. O. N. LILL,
A. COUSEN, M. KEARNS, S. T. NORBERG,
A.S. ANKARBERG, ]. MCCABE, A. C. PINON,
S. SCHANTZ, AND L. EMSLEY

Atomic-level structure determination of amor-
phous molecular solids by NMR

Nature Communications 14, 5138 (2023).
Group(s): Emsley / Project(s): DD1

Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:gk-51

Group of Marta Gibert

oM. HADJIMICHAEL, B. MUNDET,
C. DOMINGUEZ, A. WAELCHLI, G. DE LUCA,
J. SPRING, S. JOHR, S. M. WALKER, C. PI-
AMONTEZE, D. T. L. ALEXANDER, J.-M.
TRISCONE, AND M. GIBERT
Competition between Carrier Injection and
Structural Distortions in Electron-Doped Per-
ouskite Nickelate Thin Films

Advanced Electronic Materials 9, 2201182
(2023).
Group(s): Gibert / Project(s): DD5

Links to article: Journal / Open access

Related datasets: doi.org/10.26037/ yareta:bnjdzugkenhjbcbe4sx4pechle

Group of Jiirg Hutter

®0 N. DONGFANG, Y. S. AL-HAMDANI, AND
M. IANNUZZI
Understanding the role of oxygen-vacancy de-
fects in CupO(111) from first-principle calcula-
tions
Electronic Structure 5, 035001 (2023).
Group(s): Hutter / Project(s): DD4

Links to article: Journal / Open access
Related datasets: doi.org/10.24435/materialscloud:3z-bk
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https://doi.org/10.1038/s43246-023-00353-8
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https://doi.org/10.1557/s43579-022-00278-2
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Group of Mathieu Luisier

O C.-Y. CHEON, Z. SUN, J. CAO, J. F. G. MARIN,
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Cover picture

Wannier-BSE (right) vs experiments (left).
Top: Polarization-averaged time-resolved
ARPES signature of excitons in monolayer
WSe,. Bottom: Circular dichroism with re-
spect to the pump pulse polarization. The
positive-negative pattern of the dichroism
directly reflects the Berry curvature in each
valley (groups of Michael Schiiler, PSI and
UniFR and Philipp Werner, UniFR).
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