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Preface

Dear Reader,

Please find here the 2023 annual report of the Laboratoire National des Champs Magnétiques Intenses (LNCMI).
This report provides a quite complete overview of the in-house and collaborative science as well as our technical
activities. Magnetic fields for practical applications are usually provided by permanent magnets (up to 1 T) or
superconducting coils (up to 28 T in 2023). To create magnetic fields greater than these values, very specific
devices are needed, they are quite expensive (many Me) and the market for such devices is rather limited. For
these reasons, high magnetic field laboratories are the only ones able to deliver such magnetic fields above 28 T.
In addition, measurements under such magnetic fields have to be designed specifically, so that the instrumen-
tation used in these laboratories has to be designed in-house (thermometry, electronics, every sensor has to be
specifically designed to work under high magnetic fields). The regular increase in the size of the devices to create
such magnetic fields makes that today, only few places in the world are operating such facilities (Europe, USA,
China, Japan). The “Laboratoire National des Champs Magnétiques Intenses” is one of them.

Contrary to other techniques, in which you typically have gains of orders of magnitude over a few years, to
increase the magnetic field is a very complex challenge, and the progress is rather slow. It is only very recently
that superconductive magnets reached 28 T, after a long plateau at 20 T during many years. The required
funding to increase resistive magnetic fields or pulsed fields are quite huge (typically ' 50 Me) so the life time of
the power supply should be 20 to 30 years to have a reasonable return on investment. In addition, the resistive
coils themselves are used very close to their limit, with a lifetime of a few hundreds of hours (or a few hundreds
of pulses), so they have to be replaced regularly.

Despite these difficulties, the use of the highest magnetic fields available is of great interest for the societal impact
of the related research. The main application of high magnetic fields (“high field science”) is the development of
a plethora of spectroscopic techniques to better understand new materials. The development of new materials is
a fundamental need for new applications. This is true to improve the circular economy, to improve the energetic
efficiency of any process, to find new drugs, to find new quantum materials for quantum computing. The discovery
of new materials (or of new properties of existing materials) is the basis for any improvement of a material
use. Many of these “spectroscopies” are based on application of a magnetic field to the material, and have a
better resolution when you increase the magnetic field. This is the case of nuclear magnetic resonance (NMR),
and also many other techniques such as “optical” spectroscopy (Raman, UV, IR, THz, EPR,etc), resistive
or magnetic spectroscopy (quantum oscillations), thermal spectroscopy (specific heat, thermal conductivity),
ultrasonic spectroscopy. The development of all these techniques in magnetic field is of prime interest for the
development of new materials. High magnetic field science is basic research which should exist before any other
new development. For this reason, it should not be forgotten in any research plan for the future developments
of materials.

In addition to these “spectroscopies”, the role of a high magnetic field laboratory is also to find new states of
matter in high magnetic fields (one of the best examples of a new state is the quantum hall effect) or to find
new fundamental physics (examples are vacuum birefringence or new particles in dark matter). It should also
be kept in mind that high magnetic field is also large volumes (in these cases, the unit is Tm3 , 2.5 Tm3 being
an energy of 1 MJ). As examples, 40 T in (50× 50× 50) mm3 is 0.4 Tm3, and 10 T in (300× 300× 300) mm3 is
0.27 Tm3.

LNCMI generates high magnetic fields, above what is available in regular laboratories, for academic and industrial
users from France, Europe and other countries around the world. In Grenoble, on a regular basis, we provide
DC magnetic fields up to 36 T using resistive magnets. In Toulouse, we provide up to 90 T with pulsed fields
of about 100 ms duration. LNCMI, as all the large infrastructures in Europe, is facing many challenges, and in
particular the climatic crisis and the energy crisis. Our investments over the last years in new materials, and in
new techniques, places us in a very good position to provide world class magnetic fields, as you will read in the
present report. We are confident that LNCMI will continue to play an important role in science in the coming
years.

Charles Simon
January 2024
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The LNCMI user facility

INTRODUCTION

The Laboratoire National des Champs Magnétiques Intenses (LNCMI) is one of the large scale facilities of the
CNRS. It works as a research facility available both to its own researchers, as well as to external users. The high
field facility is open to users from all over the world.

The LNCMI is also a member of the European Magnetic Field Laboratory (EMFL). EMFL is a legal entity
(Association Internationale Sans But Lucratif, AISBL) in Brussels, Belgium, that provides the highest possible
fields (both continuous and pulsed) for researchers. EMFL was founded in order to unite, coordinate and reinforce
the three existing medium scale European high magnetic field laboratories - the Dresden High Magnetic Field
Laboratory (Germany), the Laboratoires National des Champs Magnétiques Intenses in Grenoble and Toulouse
(France), and the High Magnetic Field Laboratory in Nijmegen (The Netherlands) - within a single body in
order to provide such an infrastructure. The British and Polish high magnetic field communities have also joined
EMFL, as well as Italy since November 2023. The EMFL organization is the single entry point for users to
obtain access to all European pulsed and DC field facilities. The access to superconducting magnets is treated
separately by each facility.

HIGH MAGNETIC FIELDS AND INSTRUMENTATION AVAILABLE TO THE USERS

The LNCMI has resistive magnets at the Grenoble site, pulsed magnets at the Toulouse site, as well as several
superconducting magnets at both sites, achieving continuous magnetic fields up to 36 T and pulsed fields up to
90 T in which it is possible to install various experimental set-ups. The Toulouse site also operates a Megagauss
facility producing pulsed fields up to 180 T in a semi-destructive magnet. Mobile generators and coils, designed
for use in combination with other very large scale facilities, produce high fields for users of synchrotron, neutrons
sources and intense lasers.

The technical and experimental environment also allows the user to combine very low temperatures and high
pressures with very high fields. The laboratory offers a wide variety of instrumentation, allowing measurements
in high magnetic fields in the following techniques:

• Optical spectroscopy and magneto-optics- optical microscope imaging, birefringence, dichronism
and Faraday rotation, (micro-)photoluminescence spectroscopy, (micro-)Raman scattering, (far-)infrared
spectroscopy.

• Thermodynamic properties- specific heat, thermopower and Nernst-Ettinghausen, DC/AC susceptibil-
ity, compensated-coil magnetometry, torque magnetometry, ultrasonic measurements (sound velocity and
attenuation).

• Magnetotransport- magnetotransport with in-situ sample rotation, critical current of superconductors
(wires, tapes and coils),contactless transport (TDO, PDO).

• Magnetic resonance- electron spin resonance, nuclear magnetic resonance.

• Advanced sources- X-Ray spectroscopies.

• Environments- 4He cryostats (1.5-300 K,) 3He cryostats (down to 300 mK), dilution refrigerators (down
to 30-100 mK), thermostats up to 300 ◦C, high pressure.

• Other- Megagauss facility (semi-destructive fields > 170 T), Mobile 1 MJ installation allowing X-rays,
laser and neutron scattering under pulsed magnetic fields, levitation, thermometry.

ACCESS TO THE FACILITIES

Scientists who wish to obtain access to the resistive or pulsed magnets of the LNCMI must apply through the
User Portal of the EMFL website (https://emfl.eu/SelCom/login.php). This application is drawn up according
to a specific form and provides information demonstrating the relevance of the research work to be undertaken.
The application is also used to ensure that the experimental conditions requested can be satisfied. Furthermore,
scientists will find a large part dedicated to the user access on the EMFL website that includes relevant details
about experimental possibilities with examples, instrumental set-ups and available magnets as well as practical
information for users coming to the EMFL laboratories to perform their experiments.

For the use of the LNCMI mobile pulsed field facility, users must apply directly to the relevant very large scale
facilities (ESRF, ILL, LULI, NIF).
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Access to the superconducting magnets of the LNCMI as well as for technical projects using resistive magnets
goes through an in-house procedure, which is open all year (http://lncmi.cnrs.fr/utilisateur/).

In the frame of the EMFL-ISABEL project, novel access procedures in order to satisfy the needs of all current
and potential users are developed, implemented and evaluated. These procedures are based on feedback from
the user community and on a study of ongoing practices at other research institutions (RIs). They are listed
below:

• Dual access- introduced in 2021, this procedure allows users to apply, in a single proposal, for access
to one of the regional partner facilities of EMFL for preliminary experiments in moderate fields, which if
successful are followed by high-field experiments at one of the EMFL high-field facilities. These combined
proposals have to be submitted during the regular calls, the EMFL selection committee will judge the
pertinence of the low-field experiments and grant conditional access to the EMFL installations.

• Fast-track access- introduced in fall 2022, the fast-track access is permanently open for convincingly
urgent scientific cases. The request will be evaluated and decided within typically 2 weeks by the EMFL
board of directors who may optionally consult one or more EMFL selection committee members, and check
the feasibility with the facility manager and the local contact.

• Longterm access- introduced in fall 2022, this mode aims to meet the demand for long-term access
schemes such as complex high-level science cases which require a sequel of high-field experiments. Long-
term access proposals must be submitted during the regular call periods and will be evaluated by the
EMFL board of directors as a special category. If positively evaluated, the user will obtain an extended
amount of access over a two to three-year period.

• Technical development access- introduced in fall 2022, this method is dedicated to the interest of
scientists wishing to develop and improve technical installations and metrological procedures that could
also be of great interest to other EMFL users. These developments aim at improving the quality of EMFL
installations with clear benefit to the wide EMFL user community. Technical proposals must be submitted
during the regular call periods and will be evaluated by the EMFL board of directors as a special category.
In convincingly urgent cases they can also be submitted using the fast-track access mode.

• First-time access- introduced in spring 2022, this access mode aims to lower the barrier for researchers
who want to use the EMFL facilities for the first time. EMFL will offer reinforced support in preparing a
proposal as well as reinforced on-site support. The first-time access can be combined with regular access
proposals or any other access mode listed above.

• Industrial access- To meet the needs of industry, EMFL makes its infrastructures available to industrial
users. The request can be addressed anytime via a dedicated form on the industry section of the EMFL
website.

SUBMITTED PROPOSALS

FIG. 1. (left) Submitted proposals by proposal type and (right) by affiliation country of PI distinguishing EMFL member
countries, EMFL partners and other.

A total of 159 proposals have been submitted in 2023. Figure 1 shows on the left the distribution by proposal
type (regular and novel access mode proposals submitted to EMFL, proposals using advanced sources submitted
to the very large scale facilities, proposals for superconducting magnets going through the in-house procedure).
The right part of figure 1 represents the affiliation country of the principal investigator (PI) by EMFL member
countries, EMFL partners and other countries.
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FIG. 2. Number of projects submitted; the projects on DC magnets use the Grenoble facility, on pulsed magnets the
Toulouse facility, the mobile capacitor bank is used in combination with beam-lines or lasers, those on superconducting
magnets refer only to the external users at the Grenoble facility.

In the period 2018 − 2023, 940 projects have been submitted to the LNCMI, of which 420 proposals were
requests for the different configurations of DC resistive magnets at the Grenoble facility, 367 demands for pulsed
magnets at the Toulouse facility, 38 for using the mobile capacitor bank in combination with beam-lines at
other research institutions and 115 external projects submitted for superconducting magnets (see figure 2). The
in-house projects performed on superconducting magnets are not considered here. The particular success of the
possibility of working in different bore diameters of the 24 MW DC magnets with fields of 36 T in a 34 mm bore,
31 T in a 50 mm bore and 20 T in a 170 mm bore must be underlined.

Furthermore, some users are particularly interested in large bore diameters such as 130 mm or 376 mm that
use 12 MW which is half of the actual power available. These configurations are needed for the development
of applied superconductivity, magneto-electrochemistry and magneto-hydrodynamics. The 12 MW magnets can
also be used with the standard bore diameters of 34 and 50 mm achieving fields up to 25 T which can be of
considerable interest for the preparation of very high field experiments or the development and testing of new
experimental set-ups. This allows the LNCMI to offer access for very different types of experiments.

As a consequence of the Covid-19 crisis, with the lockdown and the travel restrictions, the number of submitted
proposals at the first call of 2020 in spring (call 120) was very low. It had also been decided to extend the
validity of proposals of the previous calls beyond one year. Since autumn 2020 (call 220), the numbers returned
to more usual levels. The laboratory does its best to offer magnet time to all users who had their proposals
accepted by the selection committee. Nevertheless, the requested access is generally higher than the possibilities
the laboratory can offer. Consequently, when submitting, the proposal quality is crucial.

PROPOSAL EVALUATION

The EMFL applications are examined and ranked by the EMFL selection committee, or EMFL board of directors
as described above. The evaluation of the proposals is carried out twice a year, in the course of December and at
the end of June; fast-track proposals are evaluated at any time. The applications are ranked A, B or C. Projects
rated A will be executed, those classified B are performed if the magnet time is available, and applications rated
C are rejected. The ranking is made on the same basis for all applications, including those submitted by local
scientists. The proposals for using the mobile pulsed field capacitor bank are evaluated directly by the relevant
very large scale facility, the projects are rated A (accepted) or C (rejected). Figure 3 shows the high quality of
the submitted proposals for the LNCMI sites for 2023, with 33% of the proposals rated A or A-, 39% rated B+,
25% rated B or B- and only 3% rated C.

Accepted experiments are subsequently programmed during the two semesters following the ranking of the
selection committee. If the experiment has not been performed in this period, the principle investigator is
required to resubmit the proposal mentioning the reasons why it could not be performed (issue with sample
preparation, high pressure on the magnet time schedule, etc). The acceptance of an application means that for
non-industrial users the entire cost of the experiment (scientific and technical support, electricity, cryogenic fluids,
etc) will be covered by the budget of the laboratory, for industrial users a financial basis for the performance of
the proposal will be defined.
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FIG. 3. Evaluation of proposals submitted in 2023 (EMFL calls 123 and 223).

The selection committee is divided into five groups, each with a different area of expertise (semiconductors, metals
and superconductors, magnetism, applied superconductors, soft materials). In each area there are international
experts from outside the EMFL consortium, as well as scientists from the different high magnetic field laboratories
of the EMFL consortium, whose presence ensures that a project can technically be performed in the laboratory.

PERFORMING AN EXPERIMENT

Local contact

When the applicant is informed of the acceptance of his/her proposal, and of the number of pulses/shifts
scheduled for the experiment, he/she is at the same time informed of the name of the local contact in charge of
facilitating their work at the LNCMI. The local contact is a research scientist or an engineer of the laboratory.
If an applicant has not identified a local contact, the laboratory management will appoint a scientist that the
user can contact in order to define with him/her the conditions for the organization of the experimental work.
The instrumentation groups of both sites of the LNCMI assure the technical support for the experiments.

Operation and magnet time

The periods of operation of the DC field facility, maintenance, work for upgrading and shut-down are fixed one
year in advance. In general, the facility is stopped twice a year for maintenance with an additional short break of
one week in spring. Further stops of the power installation can be decided for work, upgrading or commissioning
a new magnet.

The pulsed field facility is accessible the whole year except for the annual shutdowns, generally the first two
weeks in August and one week for Christmas. The 14 MJ, 3 MJ and 1 MJ generators are available to users for
long pulse experiments. The 90 T multi-stage coils are fully available to users. The megagauss facility is open
to users for optical spectroscopy and magnetization experiments up to 150 T at T = 10 K.

The magnet time schedule is drawn up for one semester and regularly updated. The demand for the facilities
being high, visitors are strongly urged to get in touch with their local contact at the beginning of each semester,
in January and in July, to discuss the scheduling of their experiment. LNCMI will do its maximum to satisfy
the requests of its users and find the most suitable period for carrying out the experiments. The user support
on the magnet sites is assured by the scientific local contacts and the instrumentation team.

The magnets operate on a schedule taking into account the availability of staff, magnets and instrumentation.
For the DC field facility, the installation is operational up to 24 hours per day 7 days a week including weekends
and bank holidays. In 2023, the experiments were mostly scheduled during daytime or evening with two standard
shifts from 9 a.m. to 4 p.m. and 4 p.m. to 11 p.m., and a weekly maintenance on Wednesdays from 9 a.m. to 4
p.m. If needed, the daily shift time can be flexible and adapted to the experiment’s needs. An LNCMI operator
must be contacted during working hours for any operational request whereas outside normal working hours, a
safety agent provides a presence in the laboratory.

At the DC field facility twice a month the technical teams (power facility group, magnet group, instrumentation
group, operators etc.) and scientists of the currently scheduled projects come together in an interdisciplinary
coordination meeting. This allows the exchange of information (planned experiments and special demands,
observed incidents, technical improvements, organization issues etc.) and the coordination of technical interven-
tions.

Regarding the superconducting magnets, the schedule is managed by the relevant scientific teams. The magnet
time using the mobile capacitor bank in combination with beam-lines or lasers is directly attributed by the
relevant very large scale facility.
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ADMINISTRATION, FEEDBACK AND REPORTING

Users are invited to fill out and submit an online Admin form on the User Portal as soon as possible after
scheduling of the experiment. The Admin form provides the facility with the information necessary to prepare
the visit of the experimental team. The main proposer and all participants on the proposal are listed by default
on the Admin form. The form can be modified and additional scientists added. Users will also indicate their
travel and accommodation information for each participant. By submitting, the Admin form will be sent to the
facility’s user support who will take care of accomplishing various formalities (declaring a presence to the central
administration, authorizations and access to the campus, IT charter and safety formalities, logistics).

After performing the experiment, the user committee would like to receive feedback in order to constantly
improve user access at the EMFL facilities. The feedback form can be filled out online. The data is handled
confidentially by the User Committee (https://emfl.eu/emfl-user-organisation/).

Within two months following the experiment, users are required to submit a progress report. It can be filled
online via the EMFL User Portal (https://emfl.eu/SelCom/login.php). This report is essential and is requested
by the Selection Committee. It also is used to justify the use of the facilities.

ELECTRICITY COSTS & ENERGY MANAGEMENT AT THE DC FIELD FACILITY

Electricity costs

Since more than 10 years the laboratory has to deal with steeply increasing electricity prices. From 2016 to
2019 the DC field facility bought its own electricity on the open market. Since 2020, the costs for electricity are
negotiated at the national level to have a more stable price over one or two years but with the drawback that
the high degree of flexibility in power consumption and consequently a more interesting contract could not be
taken into account. With the recent energy crisis, the electricity prize in 2023 has rocketed as shown in figure 4.

FIG. 4. Evolution of average electricity price.

Energy management

The DC field facility has set up different ways to optimize the relation of the number of scientific projects that
can be performed with a more and more tight energy budget.

Firstly, users are invited to estimate the required field profile in advance with the help of the local contact and
the user access manager. A special tool has been developed and can be made available to simulate the field
profile and calculate the corresponding power consumption. An electricity consumption is then allocated to each
project. Furthermore, a thorough and detailed preparation of each experiment is essential in order to use the
available magnet time efficiently.

Secondly, a new magnet operation mode has been developed and is in use since September 2021. It allows to
reduce the mean power consumption by 10 to 15%, taking advantages of the new materials available for magnets
and of advanced piloting of the facility. The annual energy saved is ' 1.3 GWh. The gain for a given experiment
depends of course strongly on its field profile.
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PROJECTS CARRIED OUT IN 2023

The statistics presented here summarize the use of the LNCMI facilities in 2023.

FIG. 5. Performed proposals in 2023 by country of origin (left) and by research area (right).

The left panel of figure 5 shows the country of origin of the projects that were performed on all magnets, the
resistive, pulsed and superconducting magnets. Most of the projects were performed by scientists outside France.
The users came mostly from Poland, Germany, and the United Kingdom who are members or partners of EMFL,
but also from Switzerland and followed by users from the Czech Republic and the Netherlands.

Generally, most scientists who have already used our facilities come back regularly, introducing and progressively
forming scientists who become themselves, in turn, new users. Nevertheless, every year the laboratory also
welcomes completely new users. The projects realized at the LNCMI facilities are thematically distributed as
shown in the right panel of figure 5 with focus on projects in the semiconductors, the metals and superconductors
and the magnetism areas.

FIG. 6. Distribution of the number of magnetic field shots at pulsed facility and magnet hours and power used at the
DC field facility in 2023.

The top panel of figure 6 shows the magnet time and power used at the DC field facility. In total, the facility
has provided 1773 hours of magnet time, mostly used on the 24 MW magnet sites (left) with a total power
consumption of 10.024 GWh (right). The facility was available for science from February to July, and mid-
September to October. It was then disconnected from the power grid in order to install a new high-voltage
electrical transformer.

The bottom panel of figure 6 shows the distribution of the number of shots, depending on the power supply
used, performed at the Toulouse pulsed field facility or using the mobile capacitor bank in combination with
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the neutron source at the ILL, intense laser sources at LULI and Rutherford-Appleton Laboratory or the X-
ray source at ESRF. The long pulse field facility in Toulouse has provided 3814 shots at high field on a total of
7436 shots and 3622 shots using the mobile capacitor bank in combination with neutrons or intense laser sources.

CONCLUSION

The technical and scientific environment of LNCMI, adapted to research in high magnetic fields, is highly
appreciated by the international scientific community. A large majority of users shows great interest in the
laboratory and they come regularly in order to perform their experiments, thereby strengthening collaborations
between research groups. The number of projects submitted and performed at the LNCMI demonstrates the
international scope of the laboratory. As the schedule of the Grenoble 24 MW magnets is extremely tight and the
electricity costs high, it is essential to optimize the use of these magnets. Experiments may also be transferred
from one facility to the other, after discussion with the scientists, if the schedule is too tight, or in case the
another facility has a better adapted set-up for an experiment.

C. Warth-Martin, N. Bruyant, M. Druart, A. Gasparini, S. Buisson, C. Grandclément
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Outreach activities

LNCMI-Grenoble: One off interventions

We organized about 20 group visits during the year 2023. We focus on some of them:

• In March a group of Lycéens of the Reunion Island who organized a trip to selected scientific sites in France
was welcomed. The exchanges with this very motivated group was highly stimulative.

• In June, visits were organized in the frame of 3 different workshops: Thematic School on Magnetometry,
Magnetism and Chirality, General meeting of the European project on energy flexibility in buildings,
reaching families of scientists not so familiar with the opportunities offered by high field facilities.

• From June to December, several visits were organized to more specialized attendees (conference
EP2DS/MMSS, Heavy Fermion workshop and applied superconductivity school) permitting to dissemi-
nate the recent developments of the LNCMI in term of field production.

• 5th of December we received the participants to the Winter School organized by the Renaissance Fusion
company recently installed nearby the LNCMI.

FIG. 7. Visitors at the LNCMI-G during some of the group visits organized during 2023. Bottom left - souvenir photo
of the CNRS guides for “la fete de la science” in October.

LNCMI-Grenoble: Other events

In June 2023, an LNCMI PhD student participated in a science popularization show hosted by the AurorAlpes
association on the topic of superconductivity. The program was live-streamed on the Twitch platform and later
made available for replay on YouTube : https://www.youtube.com/watch?v=Z2jkQ2GZ7g8. In June, also, we
welcomed a Lycéen’s group winner of the “Olympiades de Physique” national annual event. The open day of
the “fête de la science” in October was a success with about 700 visitors on the CNRS Campus in which the
LNCMI is embedded. 60 visitors took a detailed tour on the DC high magnetic field facility on Saturday. The
demand actually exceeded the number of trained guides, demonstrating the interest of the general public in
understanding how science is made in large scale facilities.

LNCMI-Toulouse: One off interventions

• Internal seminar on new pedagogical methods to teach quantum mechanics from hands-on experiments.

• Two-day professional training course “music and sound” for secondary school teachers at Maison pour la
science, Toulouse (20 people).

• One-day professional training course “light: waves and signals” for secondary school teachers at Maison
pour la science, Toulouse (20 people).
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• Conference with demos: “Expériences de Lumière”, Hôtel d’Assésat, Toulouse (60 people).

• Students training for the International Physics Olympiades (60 people).

• In collaboration with maths colleagues we have organized visits for middle school classes (“Jeunes Talents
Mathématiques”).

We also act as supervisor and scientific referee for:

• Long term study group with high school teachers “physics with a smartphone” within the framework of
IRES de Toulouse [33] and 4 published papers in French pedagogical journals and 1 in American Journal
of physics.

• French national Olympiades de Physique.

Finally, we also contributed to books for the general public:

• “Étonnante physique” published by CNRS Éditions on the occasion of “année internationale de la
physique”,

• “Le petit illustré” co-published by CNRS and La Dépêche du midi.

FIG. 8. A large number of visitors at LNCMI-T on the occasion of “fête de la science”.

LNCMI-Toulouse: recurrent and other events

For many years now, the optics, superconductivity and semiconductors-and-nanostructures teams and the whole
technical staff feels involved and participate actively in the “fête de la science”. On Friday we hosted two classes
from high school. The open day for the general public on Saturday was also a success since we had the visit of
nearly 100 people curious about the installations of the laboratory and the 5 stands of demonstrations which we
animated.

Special acknowledgement

We all wish a happy retirement to our colleagues Sylvie George and Jean-Pierre Nicolin who have animated
demos for many years with great enthusiasm.

E. Beaugnon, F. Debray, A. Demuer, C. Faugeras, O. Jay, S. Krämer, R. Raison, J. Sarrade, G. Sey-

farth, B. Vincent, R. Mathevet, D. Vignolles, M. Leroux, J. Béard, N. Bruyant, J. Billette, M. Pierre,

M. Barragan, S. Tardieu, L.A. Veyrat De Lachenal.
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The graphite princess and the moiré pea

Graphite is made of a stacking of layers of carbon
atoms arranged in a honeycomb lattice. This recur-
ring pattern gets disrupted at the surfaces of the crys-
tal which leads to the occurrence of “surface states” -
fading waves as one delves deeper into the bulk, which
have been the subject of several investigations. In this
work “twistronic”, where one manipulates the prop-
erties of -usually 2D- crystals through moiré patterns
created by specific relative alignments between them,
is taken one step further and applied to the surface of
three-dimensional graphite.

FIG. 9. (a) Schematic of a heterostructure device with
graphite (labelled Grt) encapsulated in hBN with one of
the interfaces aligned. Here the lattice mismatch between
graphite and hBN has been exaggerated for clarity.

FIG. 10. A princess sleeping deep in the bulk of graphite
can still feel a pea underneath several layers of graphene.
Illustration by Wareki, Leicester, England.

A schematic of the studied devices, based on bulk
Bernal-stacked graphite aligned with hexagonal boron
nitride, is displayed in figure 9. Electrical transport

was studied under high magnetic fields, enabling us to
bring the magnetic length (giving the spatial extent of
the electronic wave function) close to the moiré super-
lattice unit cell, as previously done to evidence the Hof-
stadter butterfly in graphene. Our findings revealed
that the moiré pattern doesn’t just alter graphite’s
surface states: it also has a significant impact on the
electronic spectrum of the entire bulk of the graphite
crystal. Drawing a parallel with the well-known fairy-
tale “The princess and the pea”, where the princess
felt the pea right through the twenty mattresses and
the twenty eider-down beds (see figure 10), the moiré
influence extends from the surface all the way through
graphite of over 40 atomic layers. As can be seen in fig-
ure 11, a unique 2.5-dimensional (2.5D) intertwining of
surface and bulk states is observed, and described as a
2.5D Hofstadter butterfly, a fractal version of the 2.5D
quantum Hall effect discovered earlier on thin graphite
[Yin et al., Nature Physics 15, 437-442 (2019)].

FIG. 11. (a) 2.5-dimensional Hofstadter’s butterfly.
Colour map of graphite’s conductance (giving an image of
the fractal electronic density of states) as a function of the
magnetic field and the carrier density. The white dashed
curves indicate the transition from surface Landau levels to
the bulk quantum regime.

In the present case, the standing waves in graphite are
orchestrated by twistronics, leading to the spiral dance
of electrons trapped between the top and bottom sur-
faces to be directed both by the strong magnetic field
and the moiré pattern. The extension of the surface
moiré potential deep into graphite’s bulk states opens
a route to bring new non-trivial physics (spin-orbit
coupling, ferromagnetism, and superconductivity) into
graphite via proximity effects, and gives new prospects
for controlling electronic properties in graphite or other
semimetals.

For more details please see [Mullan et al., Nature 620,
756 (2023)].

B.A. Piot

C. Mullan, S. Slizovskiy, J. Yin, Z. Wang, Q. Yang, S. Xu, Y. Yang, S. Hu, K. S. Novoselov, A. K. Geim,

V.I. Falko, A. Mishchenko (Department of Physics and Astronomy and National Graphene Institute, Uni-

versity of Manchester), K. Watanabe, T. Taniguchi (NIMS, Tsukuba)
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Plasmon-plasmon interaction in epitaxial graphene microribbons

Plasmons in graphene, the collective excitations in the
plasma of Dirac fermions, have attracted considerable
interest in past years. The great interest is triggered
by the strong enhancement of electromagnetic field,
chemical and electrostatic tunability, and low losses,
which bring potential applications in detectors, ampli-
fiers, and emitters of terahertz radiation. Since there
is a mismatch between photon and plasmon momen-
tum, the light-matter interaction must be introduced
by, e.g., translation symmetry breaking. Epitaxial
graphene on silicon carbide (SiC) offers a unique op-
portunity for intrinsic translational symmetry break-
ing without artificial patterning. However, the ori-
gin of such photon-plasmon coupling is not straightfor-
ward. Hence, we fabricated three samples with arrays
of graphene micro-ribbons. The electron-beam lithog-
raphy made ribbons provided us with a well-defined
geometry. On the other hand, the magneto-plasmon
fingerprint is a plasmonic blue shift with an increas-
ing magnetic field. This blue shift is given in graphene
only by the carrier density of Dirac fermions.

FIG. 12. The plasmon resonance in the far-infrared
spectral range shows the magneto-plasmon behavior in
our three graphene samples containing arrays of graphene
micro-ribbons. The field dependence is a fingerprint of
the magneto-plasmon given by the spatial confinement and
charge density in graphene.

Therefore, measuring the magneto-plasmon in artifi-
cially made graphene micro-ribbons (figure 12) also al-
lows us to fix the carrier density in addition to the
geometry. These are the only two parameters deter-
mining the spectral position of the plasmon resonance.

Surprisingly, we have found that the basic model of the
plasmon resonance fails to describe the plasmon reso-
nance at the zero-magnetic field. For this reason, we
extended our simulations to the core-shell and equiva-
lent circuit models (figure 13).
Though both models have limitations, there was a
significant improvement in describing the experimen-
tal data. However, the agreement with these mod-
els was not within an experimental error. Hence, we
also performed numerical simulations by exactly solv-
ing Maxwell equations. The exact solution revealed
that there are two more contributions to the spectral
position of the plasmon resonance. First, the plasmon-
plasmon interaction is the only contribution to the
hydrogen intercalated graphene micro-ribbons. De-
spite the agreement with experimental data, the ex-
act solution of Maxwell equations did not agree with
the data in the case of argon-grown graphene micro-
ribbons without intercalation. These non-intercalated
samples contain the so-called buffer layer formed by
the graphene-like crystal partially bound to the SiC
substrate. The irregular bonding forms an elevated
density of the interface states. These interface states
become charged in the plasmon field, and their quan-
tum capacitance further red-shifts the plasmon reso-
nance, providing the second contribution to the red-
shift in the non-intercalated graphene. Further details
can be found in our recent publication [Shestopalov et
al., Phys. Rev. B 108, 045308 (2023)].

FIG. 13. We compare four theoretical models, from the
simple plasmon-dispersion-based model to the core-shell
and equivalent circuit models. We also compare the data
to the exact solution of Maxwell equations. The red shift
of the plasmon resonance shows the effect of the plasmon-
plasmon interaction.
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Magnetic and electric field dependent charge transfer in
perovskite/graphene field effect transistors

Perovskite/graphene field effect transistors (FETs)
have garnered substantial attention owing to their
unique optical properties and potential for applications
in electronics and optoelectronics, including ultra-
sensitive photon detectors and FETs for metrology.

FIG. 14. Magneto-transport of graphene/CsPb(Br/Cl)3

Hall-bar devices demonstrating a magnetic-field dependent
charge transfer. a) Optical image of the sample. b) Lon-
gitudinal (solid lines), ρxx, and transverse (dashed lines),
ρxy, magnetoresistance at zero gate voltage, for T = 4.2 K
(blue), and 290 K (red). Dashed black lines show posi-
tions of the quantum Hall-effect plateau with Landau index
ν = 1, 2, and 6.

The charge-transfer processes at the perovskite-
graphene interface control the performance of these

devices. However, a comprehensive understanding is
still lacking especially in the presence of electric and
magnetic fields.

In this work we explore the charge transfer in het-
erostructures of stable all-inorganic CsPbX3 perovskite
nanocrystals integrated with high-quality chemical va-
por deposition (CVD)-grown graphene on SiO2/Si
substrates. Specifically, the performance of these de-
vices is scrutinized under the influence of high electric
fields (up to 3000 kV.cm−1) and magnetic fields (up
to 60 T) applied perpendicular to the graphene plane
(figure 14).

We demonstrate the charge transfer to be markedly
sensitive to the presence of electric and magnetic fields,
and a slow (> 100 s) charge dynamics. We also find a
significant hysteresis in the charge transfer in magneto-
transport experiments in constant (∼ 0.005 T.s−1) and
pulsed (∼ 1000 T.s−1) magnetic fields. This aspect has
not been widely explored in similar systems, and our
work proposes a magnetic time constant (τmag) as a
novel concept to explain and model the influence of
magnetic fields on charge transfer in these heterostruc-
tures.

We also observe quantum Hall-effect plateaus in the
transverse magnetoresistance at low temperatures, a
testament to the unique quantum phenomena exhib-
ited by graphene in the presence of high magnetic
fields. This, along with other observations, signifies
the multifunctional potential of perovskite/graphene
devices. Moreover, our study yields a two-capacitor
model as a valuable tool for describing and understand-
ing the complex charge distribution between graphene
and perovskite nanocrystals, further elucidating the
hysteresis effects in device behavior.

By offering a deeper comprehension of the underly-
ing physics, this work contributes to the integration of
perovskite materials with graphene for applications in
electronics and optoelectronics. High magnetic fields
emerge as a crucial tool for probing the fundamental
physics underpinning these systems.

For more details please see [Cottam et al., Adv. Elec-
tron. Mater. 9, 2200995 (2023)].
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HF-EPR investigation of graphite anodes

Li-ion batteries are energy storage devices used in a
large range of practical applications. Also, they are
currently the focus of intense research activity, with
the final goal of improving their properties on several
aspects (performance, number of cycles, safety,etc).
In these batteries, graphite is the material mostly
used for anodes and its physical and electrochemical
properties have been thoroughly characterised. How-
ever, questions remain regarding its electronic struc-
ture and whether the electrons occupy localised states
on Li or delocalised ones on C, or an admixture of
both. Here, multifrequency (9 to 441 GHz range)
EPR spectroscopy has been used to characterise the
electronic states generated during electrochemical cy-
cling through the measurement of the properties of the
unpaired electrons in lithiated graphite with different
states of lithiation.

To describe Li intercalation in graphite (lithiation of
graphite), the Daumas-Hérold mechanism defines four
different stages, where the stage number indicates the
number of graphite sheets between the Li layers. This
simplified model has then been completed, especially
with “liquid-like” stages (no Li ordering in the a-b
plane) such as the 2L stage appearing between stages
3 and 2. HF-EPR spectra were recorded on charged
graphite at four different states of lithiation (dense
stages 1 and 2, dilute stages 2L and 4). HF-EPR spec-
tra were recorded on graphite powders, covered with
nonane in order to avoid torquing effects and packed
in EPR quartz tubes. Charged graphite at four dif-
ferent states of lithiation (dense stages 1 and 2, dilute
stages 2L and 4) were measured at two frequencies (331
and 442 GHz) and four temperatures (between 10 and
170 K). The spectrum obtained for stage 1 sample at
331 GHz and 50 K is displayed in figure 15, showing
the increased resolution offered by EPR at high fre-
quencies (> 300 GHz) which enables up to three dif-
ferent electron environments of axial symmetry to be
observed. For the other stages, two different electron
environments of axial symmetry are identified. For all
stages, the quality of the fit obtained at 442 GHz with
the same parameters confirmed the model used.

For stage 1, the dominant environment (' 56% in
weight) with a giso of 2.0041 is associated to isotropic
hyperfine couplings of Aiso = 4.8 MHz to two Li nuclei
(2 Li in figure 15), corresponding to electrons in the
graphite layers with Li+ above and below the layer.
The second environment (∼ 31% in weight) with a giso
of 2.0042 corresponds to electrons with only one Li+

nucleus (1 Li on figure 15) above or below (Aiso =
4.6 MHz) , i.e. a stage 2-like environment. Finally, the
third axial environment (∼ 13% in weight) at a giso
of 2.0044 shows no hyperfine coupling to Li (0 Li on
figure 15), which should come from spins near defects

(e.g. spins on or near the surface). The actual parame-
ters used for the calculated spectra are: gx,y = 2.0043,
gz = 2.0036, Ax,y = 5.0 MHz, Az = 4.4 MHz for 2
Li; gx,y = 2.0044, gz = 2.0037, Ax,y = 0.2 MHz,
Az = 13.5 MHz for 1 Li; gx,y = 2.0045, gz = 2.0042
for 0 Li. As expected, for the other stages there is no
indication of coupling to two Li nuclei. Furthermore,
the weight ratio between 1 Li and 0 Li is decreasing
with the dilution of the stages.

FIG. 15. Top: Stage 1 EPR experimental spectrum
(black) recorded at 331.2 GHz and 50 K and weighted sum
of calculated spectra (brown). Below: calculated spectra
for the different environments of the electron (0 Li, 1 Li, 2
Li).

To summarize, HFEPR showed the presence of hy-
perfine coupling between the metallic electrons and
7Li observed here for the first time. The values
obtained point towards electrons occupying mostly
carbon-based orbitals in lithiated graphite. For stage
1, the relative weight of the 2 Li and 1 Li components
changed as a function of temperature due to changes
in conductivity and thus skin-depth effects. It indi-
cates the existence of a Li concentration gradient, with
more stage 2-like environments present in the bulk of
the particles, which illustrates the difficulty in fully
lithiating graphite.

More details of this work can be found in [Insinna et
al., Chem. Mater. 35, 5497-5511 (2023)].

A.L. Barra
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Excitons and trions in WSSe monolayers

Semiconducting transition metal dichalcogenides (S-
TMDs) MX2, which crystallize in the 2H phase, include
only five compounds, i.e. WS2, WSe2, MoS2, MoSe2

and MoTe2. Monolayers (MLs) of MX2 are direct-
band-gap semiconductors and can emit light more ef-
ficiently than their bulk counterparts having indirect
band gaps. The fundamental optical transition in S-
TMD MLs, the so-called A exciton, spans the spectral
range from 1.15 eV for the MoTe2 ML up to ' 2.1 eV
for the WS2 ML. One possibility of adjusting the A-
exciton energy is to change the layer thickness, but this
is accompanied with a change in the band gap charac-
ter (from direct to indirect) with detrimental effects on
the radiative efficiency.

In this work, we investigate the optical response of
MLs of WSSe with a S/Se ratio of 57/43 encapsulated
in hexagonal BN (hBN) flakes, by means of photolu-
minescence (PL) spectroscopy. The WSSe ML is as-
cribed to the family of MLs with a dark ground exci-
ton state, like its “parent” WS2 and WSe2 MLs. Our
optical spectroscopy investigations furthermore reveal
additional emission lines at energies lower than that
of the bright excitons. By applying magnetic fields
perpendicular and parallel to the layer plane, we are
able to determine that these lines arise from bright
and dark (spin- and momentum-forbidden) negatively
charged excitons and to identify a phonon replica of
the dark spin-forbidden charged exciton complex. We
finally demonstrate WSSe MLs as a potential platform
for quantum communication as these MLs, similar to
WSe2 or WS2 host centres emitting photons one-by-
one, as shown by a clear anti-bunching at zero delay
in our auto-correlation measurements of their emission
statistics

Figure 16 demonstrates the helicity resolved PL spec-
tra measured on the hBN-encapsulated WSSe ML in
magnetic fields up to 30 T oriented perpendicularly to
the ML plane. Due to both the large binding ener-
gies of free excitons and their huge reduced masses in
S-TMD MLs, applying the out-of-plane magnetic field
results mostly in the exciton Zeeman effect (the dia-
magnetic shift of the ground excitonic states can hardly
be seen in magnetic fields as high as 70 T), which man-
ifests itself as a splitting of the two counter-circularly-

polarised components of a given transition (σ±). All
the observed emission lines split into two σ± compo-
nents, but the magnitude of the Zeeman splittings dif-
fers, providing us with a tool to identify the different
complexes.

Through the application of in-plane and out-of-plane
magnetic fields, the four main emission lines appar-
ent in the low-temperature PL spectra were ascribed
to the neutral bright exciton, the bright and dark
(spin- and momentum-forbidden) negatively charged
excitons, and the phonon replica of the dark spin-
forbidden trion.

Our results show that alloyed S-TMD MLs can repre-
sent a powerful material platform to widen the spectral
range of operation of 2D crystals for optoelectronics
and quantum technology applications.

More information about this work can be found in
[Olkowska Pucko et al., 2D Materials 10, 015018
(2023)].

FIG. 16. a) Helicity-resolved PL spectra of an hBN encap-
sulated WSSe monolayer at T = 4.2 K measured at selected
values of the applied out-of-plane magnetic field. The red
(blue) colour corresponds to the σ+ (σ-) polarized spectra.
The spectra are vertically shifted for clarity. b) Energy dif-
ference between the two circularly polarized split compo-
nents of the X, T, TI, and TDE′′(Γ) transitions as a function
of out-of-plane magnetic field.
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Spin-defect characteristics of single sulfur vacancies in monolayer
MoS2

Spin-defects in host crystals can be fundamental build-
ing blocks for quantum technologies, such as comput-
ing, sensing or communication. For instance, color cen-
ters in diamond have been investigated since the early
1980s, of which the nitrogen vacancy (NV) center is
the most prominent example. In this defect, the crys-
tal field splitting lifts the ground state spin degener-
acy and provides the required unique quantum degree
of freedom to form an addressable two-level system.
In addition, NV centers are single photon sources and
therefore constitute excellent building blocks for future
quantum photonic circuits. However, a key prerequi-
site for such applications is the ability to position de-
fects deterministically. This is a challenge for defects
in 3D crystals, such as single NV centers, as they can
be positioned either vertically or laterally with high
precision, but not both simultaneously.

First approaches for the deterministic creation of quan-
tum emitters in 2D materials made use of strain po-
tentials, for instance induced by a textured substrate.
This results in a local band structure modulation in the
host crystal, limited by the bending radius of the ma-
terial, yet the latter approach intrinsically lacks repro-
ducibility. Furthermore, the confining potential often
breaks crystal symmetries, leading to the loss of valley
optical selection rules. A higher degree of spatial reso-
lution and reproducibility can be achieved by using the
accuracy of electron-beam or focused ion beam irradi-
ation. Specifically, He-ions can be precisely focused
and create optically active point defects in monolayer
MoS2 with a precision better than 10 nm. In photolu-
minescence (PL) spectroscopy, spectrally narrow emis-
sion lines appear about 200 meV red-shifted from the
neutral exciton of He-ion irradiated MoS2. Second or-
der correlation measurements unambiguously showed
single photon emission from single He-ion irradiation
sites, which in turn could be related to the generated
point defects. A specific advantage is that these defects
can be implanted into more complex, electronic device
heterostructures, allowing for the electrical control of
quantum emission.

We identify the bands involved in the optical quantum
emission and show that an energy-dependent degree of
hybridization between atom-like defect states and the
MoS2 band structure leads to varying degree of val-
ley selectivity for the distinct electron-hole transitions.
Our results display that sulfur vacancies in monolayer
MoS2 are spin-defects that can be tailored to specific
quantum applications.

To further investigate the details of the electronic

states involved in the emission lines Q1 and Q2, we
turn to magneto-spectroscopy in the Voigt configura-
tion for which the magnetic field is applied parallel
to the sample plane and perpendicular to the optical
beam path. This experimental configuration together
with the main results of our study are presented in
figure 17. The fact that the emission line Q1 is ener-
getically higher than Q2, while the diamagnetic shift,
and therefore the binding energy of Q1 and Q2 are
essentially the same, requires the defect band vD to
be located below the valence band edge of MoS2, as
sketched in figure 17.

FIG. 17. In-plane magnetic field B measurements on the
photoluminescence of defect luminescence Q1 and Q2. a)
Sketch of the in-plane magnetic field in-plane B configura-
tion (Voigt geometry). No polarization optics were used in
the detection path. b) Emission of Q1 remains bright for
all fields. c) The in-plane field reveals a second state Q2D
energetically below Q2. The white dashed lines are guides
to the eye for the expected in-plane Zeeman shift of Q1
and the dark-bright-splitting of Q2. The dark-bright split-
ting ∆DB = 1.4 meV for Q2. d) The quadratic dependence
of the emission ratio between Q2D and Q2 indicates the
brightening of a dark ground state. e) Sketch of the defect
levels with the possible optical transitions for Q1 and Q2
at finite in-plane B.

More information can be found in [Hotger et al., npj
2D Materials and App. 7, 30 (2023)].
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Control of the valley polarization by Dexter-like coupling

Transition metal dichalcogenides (TMDs) are a well
known 2D semiconductor class of materials due to their
exceptional optoelectronic properties. They are espe-
cially known for the spin-valley locking effect that en-
dows them with a binary degree of freedom referred to
as valley pseudospin. It can be addressed via the use
of circularly polarized light which allows for selective
excitation (or read-out) of one of the two K and K’ val-
leys. The imbalance of the exciton population between
the valleys is known as the valley polarization (VP).

FIG. 18. Circular polarization resolved PLE of the A1s
exciton (green and red spheres corresponding to the PLE
intensity of the co-polarized and cross-polarized emission,
respectively) with calculated degree of circular polarization
Pc (black spheres) as well as a reflectivity (green line).

We have investigated the valley polarization proper-
ties of an encapsulated monolayer of WSe2. In TMDs
the VP is strongly affected by various intervalley scat-
tering mechanisms. One of the most prominent roles
is played by the Dexter-like coupling [Berghäuser et
al., Nat. Comm. 9(1), 971 (20218)], which, under
resonant excitation conditions, couples the same-spin
states of the A and B excitons between the valleys fa-
cilitating an efficient intervalley transfer of coherent
bright excitons.

To investigate the possibility of controlling the value
and sign of the valley polarization we have performed
circular-polarization resolved PLE measurements from
which we calculate the energy-dependent value of Pc =
(Ico − Icr)/(Ico + Icr), where Ico/cr denotes the inten-
sity of the co-polarized/cross-polarized emission, re-
spectively. Due to spin-valley locking, this quantity
directly corresponds to the VP. Tuning the excitation
energy, we observe a generally positive VP of the A1s

exciton which however strongly decreases when the ex-
citation energy crosses either the B1s or B2s resonance,

especially pronounced at the B1s resonance, where the
VP vanishes (figure 18). This is a direct consequence
of the Dexter-like coupling mechanism. Furthermore,
if we focus on other excitonic complexes such as biex-
citon (XX) and charged biexciton (XX−) we observe
that they are more strongly affected by the Dexter-like
coupling, as their polarization becomes clearly inverted
(reaching ∼ −7%) when the excitation is near the B1s

resonance (figure 19). This is related to the fact that
more complex excitonic particles are less prone for the
subsequent depolarizing processes.

FIG. 19. Comparison of simulated (for the A1s exci-
ton) and experimental (for A1s, XX and XX− excitons) Pc
curves as a function of excitation energy (top) and corre-
sponding normalized PLE intensity (bottom).

Finally, we compare the experimental results with
a fully microscopic theoretical simulation (figure 19),
which reproduces the energy dependent VP effects
with a good qualitative agreement. The simulated VP
curve shows a flatter dependence in the region of B
states due to the overlapping resonance broadenings
of the B states, while the experimental curve shows a
clear rise of the VP in between the B1s and B2s states.
This can be related to discrepancies between the struc-
ture parameters in the simulation and of the real struc-
ture or to additional intervalley scattering effects not
taken into account in the calculations.

In conclusion, we have shown that utilizing the effects
of the Dexter-like coupling by tuning the excitation en-
ergy, becomes an additional handle to control the val-
ley polarization in TMDs, which is especially promising
for applications in valleytronics and spintronics.
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Transition metal dichalcogenide moiré structure after AFM ironing

The assembly of highly aligned transition metal
dichalcogenides reveals unique electronic and optical
properties driven by the emergence of moiré patterns.
However, challenges arise due to the atomic thickness
and high surface-to-volume ratio, which necessitates
achieving optimal interface quality. To address this,
we introduce an innovative post-stacking technique us-
ing an atomic force microscope (AFM) tip to iron the
layers, significantly improving interface homogeneity.

FIG. 20. (a-c) Topographic AFM images for as-prepared
samples and after ironing. (d) Root-mean-square (RMS)
values plotted against ironing forces. (e) Height profile of
the bubble of interest before and after ironing with 120nN.
(f) Volume (V) and (g) height (H) of the bubble of interest
versus applied force.

This process enhances layer coupling, leading to a more
pronounced moiré effect and reduced disorder, notably
impacting the optical response of interlayer excitons.

This breakthrough in TMD heterostructure physics
promises researchers a precise and consistent avenue
to unravel the intricate properties of TMD stacks.

We investigated a MoS2 monolayer on a hBN sub-
strate, partially capped by another hBN flake. The as-
fabricated sample, examined in dynamic AFM mode,
showed bubbles and wrinkles from exfoliation. Con-
tact mode scans (5 nN to 120 nN) (figure 20) on a
10×10µm2 area revealed that at low forces (< 20 nN),
debris and adsorbates clustered, creating ripples and
increasing roughness. Beyond 30 nN, extensive areas,
especially in the uncapped MoS2 region, were cleared of
bubbles and wrinkles, demonstrating the ironing pro-
cess’s efficacy.

To understand the effect of ironing on interlayer cou-
pling we perform a comprehensive statistical analy-
sis of the photoluminescence (PL) spectra through-
out the heterostructure (figure 21). Ironing induced
a redshift in the intermayer exciton (IX) transition
proportional to the applied force. The emission line
broadening increased on average with a coefficient
of 0.26 ± 0.07µeV/nN. Additionally, ironed regions
showed a 15% average increase in PL intensity, at-
tributed to enhanced layer contact post-AFM treat-
ment. Ironing the heterostructure narrows distribu-
tions for all three parameters, reducing standard devi-
ations by 50% (σ/σ0) when compared with as-prepared
sample parameters. The improved interface quality, re-
sulting in decreased RMS roughness and fewer bubbles
and wrinkles, is key to achieving spatially uniform op-
tical spectra. For more information please see [Palai et
al., Nano Lett. 23, 4749 (2023)].

FIG. 21. PL energy, line width, and intensity distributions for non-ironed and ironed heterostructure areas. Average IX
transition energy, line width, and PL intensity with linear fits as a function of ironing force. (j): Standard deviation σ
normalized to σ0 for IX parameters versus ironing force.

S. K. Palai, N. Soko lowski, D. K. Maude, P. Plochocka.

M. Dyksik, A. Surrente, M. Baranowski (Wroclaw University of Science and Technology, Wroclaw), A.

Castellanos-Gomez, C. Munuera (ICMM-CSIC, Madrid)

20

http://dx.doi.org/10.1021/acs.nanolett.2c04765
http://dx.doi.org/10.1021/acs.nanolett.2c04765


2023 EMERGING LAYERED MATERIALS

Twist-angle dependent dehybridization of momentum-indirect
excitons in MoSe2/MoS2 heterostructures

Van der Waals crystals enabled novel 2D heterostruc-
ture engineering. Vertically stacked transitions metal
dichalcogenides MoS2 and MoSe2 monolayers have in-
triguing band alignment, where the minimum of the
conduction band remains at the K point, indicat-
ing the spatial localization of electrons within MoS2

monolayer, while hybridization determines the valence
band’s maximum point at the Γ point, indicating the
hole delocalization between the two monolayers. Con-
sequently, the ground state with the lowest energy is
a hybrid interlayer exciton, which has an indirect na-
ture in both real space and k-space, as illustrated in
figure 22.

FIG. 22. Schematic of electron and holes transfer between
different valleys in a MoSe2/MoS2 heterostructure. The
two intralayer excitons and the hybridized interlayer exci-
ton are indicated by red/black and green ovals, respectively

Hybridization arises from the overlap of the atomic
wave functions of the two adjacent layers. Therefore,
it mostly affects states derived from the chalcogen
atomic orbitals, such as the states around the Γ point
in the Brillouin zone. The energy of the hybridized
states is anticipated to exhibit a significant dependence
on the interlayer twist angle. The spatial separation
between the layer depends on the twist angle, thus
tuning this parameter can lead to the dehybridization
of the interlayer exciton. On the other hand, states in
the proximity of the K points are expected to experi-
ence only a minimal impact from interlayer hopping
(coupling). This is due to the fact that the associated
orbital functions primarily localize around the transi-
tion metal atoms positioned within the central layer
of the chalcogen-metal-chalcogen sandwich.

Figure 23(a) demonstrates the photoluminescence

(PL) spectrum at various twist angles. The PL peak’s
energy blue shifts when the twist angle moves away
from 0◦ or 60◦. Extracted energies of the lower en-
ergetic interlayer exciton (IX1) are plotted in Figure
23(b) (depicted as open circles). This large blue shift
can reach up to 100 meV when going from 0◦ to 6−7◦,
which confirms the hybrid nature of the interlayer ex-
citon. This suggests that the interlayer twist angle can
act as a strong tuning knob of the hybrid interlayer
exciton energy.

FIG. 23. (a) Photoluminescence spectra of samples with
different twist angles. (b) Calculated energy shift of moiré
excitons in R-type stacking taking into account only con-
finement length (black) and total blue shift including the
dehybridization effect (green), which agrees with the shift
of the dominating IX1 transition (open circles).

For more details please see [Soko lowski,, et al. 2D
Mater. 10 034003 (2023).].

N. Soko lowski, S. Palai, D.K. Maude, P. Plochocka

M. Dyksik, K. Posmyk, A. Surrente, M. Baranowski (Wroclaw University of Science and Technology) O.
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In-plane anisotropy in the van der Waals antiferromagnet FePSe3
probed by magneto-Raman scattering

van der Waals (vdW) magnets, layered materials in-
cluding magnetic ions, are today at the heart of an in-
tense effort to investigate and characterize their mag-
netic properties. This family of materials includes a
broad variety of magnetic ground states such as fer-
romagnetism in CrI3 or Cr2Ge2Te6 and antiferromag-
netism in the MPX3 family, where M=Fe, Cr, Co, Mn,
Ni and X=S or Se, together with a rich physics of inter-
layer ferro- or antiferromagnetic interaction across the
vdW gap. Magnons are among the possible elemen-
tary excitations of magnetic systems and investigating
their properties provides a unique knowledge of the
magnetic ground state.

FIG. 24. False color map of low-temperature Raman scat-
tering of FePSe3 as a function of the magnetic field applied
along the crystal c-axis. A few representative scattering
spectra, measured at magnetic field strengths of 0 T, 5 T,
and 10 T are also plotted. The coupled magnon-phonon
modes are labelled as MPi.

The magnon-phonon interaction in magnetic materials
has recently attracted significant interest due to its in-
fluence on magnon dynamics, a critical aspect in the
field of magnontronics. In the case of iron-based anti-

ferromagnets, the strong single-ion anisotropy of Fe-ion
boosts the magnon energy in the range of meV (with
respect to µeV for other compounds). This allows one
to investigate the physics of magnon excitations using
Raman scattering techniques with a typical low energy
cut-off around 1 meV and with a spatial resolution of
∼ 1µm. Such high magnon energy coincides with en-
ergies of optical phonons in covalent solids, indicating
a possible influence of the magnon-phonon interaction
on the observed magnon or phonon energies.

Understanding the source of magnon nondegeneracy is
vital for gaining detailed knowledge about the mag-
netic system and its interacting state. A recent report
[Cui et al. Nature Communications 14, 3396 (2023)]
indicates that the magnon gap in bulk FePSe3 is nearly
degenerate with a pair of optical phonon modes with
chiral character. The magnon-phonon interaction in
bulk FePSe3 is hence chirality selective, very distinct
from the one observed in the analogous compound
FePS3 where both magnons couple independently to
the same phonon mode.

In this study, we employ Raman scattering techniques
under varying environments, including temperatures
ranging from T = 5 K to T = 140 K and magnetic
fields up to B = 30 T, to disentangle coupled magnon-
phonon excitations in bulk FePSe3 and identify the ori-
gin of zero-field splitting of the coupled modes in the
case of selective magnon-phonon interaction. We have
used a magnon-phonon coupling matrix formalism to
reproduce our experimental data and extract the bare
modes energies, type of coupling, the magnon-phonon
coupling constants, and the coupled mode composition
in terms of bare modes. Our findings reveal two non-
degenerate magnon gap excitations (of 1.2 cm−1 en-
ergy difference at low temperature) selectively coupled
with two degenerate phonons, leading to the apparent
splitting in the phonon modes. Our experiments indi-
cate an intrinsic lifting of the magnon degeneracy, most
probably representative of a weak in-plane anisotropy.

More details about this work can be found in [Jana et
al., Physical Review B 108, 144415 (2023)].
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Magnon gap excitations and spin-entangled optical transition in van
der Waals antiferromagnet NiPS3

Scientific curiosity and the possible design of novel de-
vices continue to drive pertinent research efforts fo-
cused on two-dimensional materials. Among systems
of intense current interest are the antiferromagnets
from a large family of transition metal phosphorus
trichalcogenides (MPX3), where M represents transi-
tion metal ions and X represents chalcogen ions.

The magnetic ordering in these antiferromagnets is
governed by the spin-spin exchange interactions among
the neighbouring spins while the direction of the spin
is governed by the magnetic anisotropies. Distinct ex-
change and anisotropy parameters give rise to specific
magnon gaps, crucial components in understanding
various physical properties of magnetic systems with
potential applications in spintronics.

In this work, we have employed Raman scattering and
far-infrared transmission measurements, carried as a
function of temperature and of the magnetic field, to
clarify the properties of NiPS3 van der Waals antifer-
romagnet. Our study reveals NiPS3 as a biaxial an-
tiferromagnet with two fundamental magnon-gap ex-
citations (at 1.25 meV and 5.33 meV) at the k = 0

point. Several relevant parameters, including the spin-
flop field (' 10 T), Landé g-factor (' 2.15), and ra-
tio of the anisotropy fields (' 18), were determined
through the magnetic field dependence of the magnon
gaps.

In the antiferromagnetic phase of NiPS3, we also found
an optical excitation in the near-infrared spectral re-
gion that is entangled with the magnetic ordering.
Appealingly enough, this transition has been identi-
fied as a collective excitation, the spin-entangled exci-
tonic transition between Zhang-Rice triplet and singlet
states. Our observations, of the magnetic field-induced
splitting of this transition in particular, raise pertinent
questions about its attribution as a many-body coher-
ent excitonic transition.

Although the origin of this optical transition remains
unclear, we speculate that the sub-bandgap “exci-
tonic” transition is associated with the internal transi-
tion of the metal ion, manifesting in the antiferromag-
netic phase of NiPS3 due to symmetry breaking.

More details about this work can be found in [Jana et
al., Physical Review B 108, 115149 (2023)].

FIG. 25. (a) Low temperature(5 K) Raman scattering spectra of exfoliated NiPS3 flake at the magnetic field strength
of 0 T, 5 T, 10 T, and 14 T. (b) The evaluation of magnon gap excitations (M+ and M−) as a function of the magnetic
field applied at different angles in the crystal a-b plane with respect to the crystal a-axis. (c) False color map of low
temperature (5 K) PL of NiPS3 exfoliated flake as a function of the in-plane magnetic field. A few representative PL
spectra, measured at a magnetic field strength of 0 T, 5 T, and 10 T are also plotted to show the magnetic field-dependent
evaluation of spin-entangled optical transition (X).

D. Jana, P. Kapuscinski, I. Mohelsky, D. Vaclavkova, I. Breslavetz, M. Orlita, C. Faugeras, M. Potemski

23

http://dx.doi.org/10.1103/PhysRevB.108.115149
http://dx.doi.org/10.1103/PhysRevB.108.115149


EMERGING LAYERED MATERIALS 2023

Raman scattering signature of strong spin-phonon coupling in the
bulk magnetic van der Waals material CrSBr

Two-dimensional (2D) magnetic semiconductors give
the opportunity to take advantage of the electron
charge and the electron spin at the same time, which
gives the possibility of broadening modern semiconduc-
tor technology and spintronic devices and can greatly
expand the applications of ferromagnets (FM) in other
devices such as transformers, electromagnets, high-
density storage, and magnetic random access memory.

CrSBr belongs to ternary chromium chalcogenide
halide compounds (CrXh, where X = S/Se and h =
Cl/Br/I) that have recently been widely investigated.
Bulk CrSBr, first synthesised 50 years ago, has at-
tracted attention because it was thought to be an an-
tiferromagnetic (AFM) semiconductor with the bulk
Néel temperature of TN = 132 K. Under ambient con-
ditions, CrSBr has an orthorhombic structure with a
Pmmn space group. The crystal structure of CrSBr
is formed by the two Cr layers bounded by S atoms
and passivated by Br layers along the c-axis. CrSBr
is a van der Waals crystal, therefore, it can be eas-
ily exfoliated down to the monolayer thickness using
conventional mechanical exfoliation techniques. CrSBr
has been identified as an extremely interesting and
unique van der Waals type magnetic semiconductor,
having the band gap in the near-infrared region be-
tween 1.25 eV and 1.5 eV, The electronic properties of
CrSBr are strongly anisotropic and this is reflected in
its optical and transport properties.

In this work, We use Raman scattering spectroscopy
to detect the magnetic phase transitions in bulk CrSBr
when lowering temperature. By tilting the sample with
respect to the excitation light propagation direction,
we activate Raman scattering from phonons at the Z-
point of the Brillouin zone which are particulary sensi-
tive to the AFM ordering along the c-axis. The strong
spin-lattice coupling is evidenced through the appear-
ance of new phonon modes when the additional mag-
netic periodicity develops below TN and by pronounced
variations of the scattered intensity. These changes in
the Raman scattering spectrum allow identification of
the intermediate magnetic phase when TC ≥ T ≥ TN ,
the AFM order, and also the hidden order phase below
T∗.

We show that the evolution of phonon modes when
lowering temperature from room temperature down
to liquid helium temperature cannot be described by
usual lattice dynamics and strongly reflects the mag-
netic ordering and the different magnetic phases in
this bulk compound (figure 26(a)). we have simulta-
neously measured the photoluminescence from exci-
tons in bulk CrSBr, which have been shown to be a
probe of the saturation field, above which all the spins
are aligned along the direction of the external mag-

netic field. These results are shown in figure 26(b-d)
for the unpolarized magneto-photoluminescence and
magneto-Raman scattering, respectively. When mea-
suring the magneto-Raman scattering response, we
observe that the 57 cm−1 mode observed in the AF
phase gradually disappears when the saturation field
is reached, in our tilted configuration for B ≥ 0.8 T,
and the 71 cm−1 phonon mode is recovered. Simulta-
neously, the B2

2g phonon observed at 305 cm−1 strongly
gains in intensity for B ≥ 0.8 T. This magnetic field
corresponds to the saturation magnetic field extracted
from magneto-photoluminescence, confirming that ob-
serving the B3g from the Z point at 57 cm−1 is a char-
acteristic signature of the AFM phase.

FIG. 26. (a) Evolution of the unpolarized Raman scat-
tering response measured at various temperatures between
T = 5 K up to T = 250 K, (b) magnetophotolumines-
cence of bulk CrSBr up to B = 1 T with the B field ap-
plied 30◦ from the c-axis and showing a saturation field
of Bsat = 0.75 T, and (c-d) magneto-Raman scattering re-
sponse at T = 5 K with the B field applied in the same
configuration as in panel (b) for two different energy win-
dows centered on the B3g phonon mode (c) and on the B2g

phonon modes (d).

This clearly relate the evolution of the Raman scatter-
ing response to the magnetic ordering in bulk CrSBr.
More details about this work can be found in [Pawbake
et al., Phy. Rev. B. 107, 075421 (2023)].
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Probing the pressure driven magnetic ground states in bulk CrSBr

The generation of new magnetic phases by an exter-
nal manipulation of the magnetic state is a require-
ment for the implementation of new spintronic and
magnontronic functionalities. Successful manipula-
tions of magnetic states have been achieved by us-
ing spin-polarized electrical currents, electrostatic gat-
ing, or ultrafast laser excitations. An alternative ap-
proach relies on the direct modification of the mag-
netic interactions by changing the lattice parameters
and/or the super exchange paths by applying strain
or hydrostatic pressure.Such profound modifications
affect both direct exchange magnetic interaction and
spin-orbit interactionrelated effects, such as magneto-
crystalline anisotropy, which determines the preferen-
tial directions of spins in a magnetically ordered solid
and the spin wave energy. Due to weak van der Waals
(vdW) gap, interlayer spacing can be tuned efficiently
through the application of hydrostatic pressure.

Such changes strongly affect the short-range inter-
layer interactions and the competition between mag-
netic exchange interactions and magnetic anisotropies.
New magnetic phases can be engineered in a mag-
netic system by changing the competition between the
anisotropies and exchange interactions.

In work, we apply hydrostatic pressure to bulk CrSBr
to tune the interlayer magnetic exchange interac-
tion and the magnetocrystalline anisotropies (D and
E). We sense the induced changes by magneto-
photoluminescence measurements with an external
magnetic field applied along one of the three crystallo-
graphic axis. The interlayer exchange parameter (J⊥)
responsible for the antiferromagnetic (AFM) ordering
is small in bulk CrSBr because of its lamellar struc-
ture. When the vdW gap is decreased, we observe an
increase of J⊥ by 1700% at P > 6 GPa.

This large increase with respect to magnetocrystalline
anisotropies stabilizes CrSBr into a particular mag-
netic ground state characterized by an intermediate
spin-flop phase appearing between the AFM ground
state at B = 0 and the ferromagnetic (FM) ground
state when an external magnetic field, exceeding the
saturation field, is applied (figure 27). This spin-flip
transition (AFM to FM) observed along easy axis when
(D − E) > 2J⊥ (strong anisotropy regime). On the
basis of low-temperature magneto-photoluminescence
measurements under such extreme experimental con-
ditions, we have identified a spin-flop phase stabilized
when the interlayer exchange interaction strongly ex-
ceeds the magnetic anisotropy.

These results are understood in the frame of a

spin Hamiltonian including magneto-crystalline
anisotropies, which describes the appearance of the
spin-flop magnetic phase when (D − E) < 2J⊥ (weak
anisotropy regime). Compared with the experimental
results, this model provides values for the microscopic
parameters entering the spin Hamiltonian, and their
evolution can be traced up to P = 6 GPa. This work
demonstrates the possibility of tailoring the compe-
tition between magnetic crystalline anisotropy and
interlayer exchange interaction of vdW magnets by
external means and enlarges the technical possibilities
for the design of two dimensional magnets.

FIG. 27. False color maps of the low-temperature magneto-
photoluminescence response of bulk CrSBr for the different
values of hydrostatic pressure when the magnetic field is
applied along the a-axis (top), the b-axis (middle), and
the c-axis (bottom). The white arrows indicate the critical
magnetic fields.

More details about this work can be found in [Pawbake
et al., Nano Letters 23, 958(2023)].
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Microwave absorption spectroscopy of the van der Waals
antiferromagnet CrSBr

The observation of ferromagnetism in two dimensions
and the discovery of magnetically and electrically tun-
able van der Waals bond few-layer compounds have
boosted interest in the so-called van der Waals (vdW)
magnets new class of materials. This has stimulated
the search for new layered magnetic systems, as well
as expanding the exploration of partially studied ones,
even in their bulk forms.

Among vdW magnets, layered antiferromagnets such
as CrI3, CrCl3, and CrSBr have the particularity of
hosting a low-temperature antiferromagnetic order as-
sociated with an alternating magnetic moment orien-
tation between adjacent layers. At variance with typi-
cal (covalently bond) antiferromagnets, the weak inter-
layer exchange coupling in these vdW systems allows
for the use of moderate magnetic fields to manipulate
the Néel vector. In CrSBr, there exists a significant
additional biaxial anisotropy that further defines a pre-
ferred in-plane magnetic moment direction (along the
so-called easy axis).

CrSBr has the additional advantage of being an air-
stable semiconductor, the thickness of which can be
adjusted down to the monolayer with a demonstrated
coupling between magnetic order and charge transport.
This makes it a promising system for integration in
spin-based electronic devices, which motivates the need
for an accurate description of its internal microscopic

parameters.

In this work, we present a microwave absorption study
of the low-energy magnon excitations in bulk CrSBr,
which employs a phase-sensitive external resistive de-
tection technique. Strong resonant signals are observed
in a large frequency/magnetic field phase space, for fre-
quencies continuously tuned up to 60 GHz and mag-
netic fields up to 10 T, which is well-above the sat-
uration fields of local moments. The magnetic-field
dependence of two antiferromagnetic magnon modes
is measured along the three principal crystallographic
directions, the (hard) c-axis, the (intermediate) a-axis,
and the (easy) b-axis (see figure 28).

Our observations reveal anisotropies, magnetic transi-
tions, and a strong magnon-magnon coupling in this
material. To account for the observed results, we
formulate a microscopic spin model with a bi-axial
single-ion anisotropy and interplane exchange. Theo-
retical calculations give an excellent description of full
magnon spectra, enabling us to precisely determine mi-
croscopic interaction parameters for CrSBr. The ex-
tracted parameters are consistent with the weak inter-
layer coupling and easy axis nature of CrSBr, and can
be used as a foundation to compute and engineer mag-
netic phases transitions and devices in this promising
material.

For more details please see [Cho et al., Phys.Rev.B
107, 094403 (2023)].

FIG. 28. Absorption spectra for a magnetic field B along the b, a, and c axes as indicated in each panel. Color plots
of the phase variation of the thermometer photo-resistance as a function of microwave frequency and magnetic field B.
The phase difference with respect to its median (“off-resonance”) value is color-coded from 0 (white) to −8% (dark blue).
Fits (red dashed-lines) obtained with our microscopic model.
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Exciton fine structure in 2D perovskites: The out-of-plane excitonic
state

Two-dimensional (2D) lead halide perovskites are a
very interesting group of novel semiconducting materi-
als, considered an alternative for applications in photo-
voltaics and optoelectronics. As a consequence of the
quantum and dielectric confinement, the exciton bind-
ing energy can reach several hundreds of meV, which
results in significant splitting of states of the exciton
fine structure. This makes them attractive objects for
the investigation of exciton physics, since all excitonic
effects are greatly enhanced in this system.

Excitons in 2D lead halide perovskites are composed
of electron and a hole with the total angular momen-
tum equal 1/2. This leads to four possible excitonic
states, one dark and three bright. Exchange interac-
tion between charges splits off bright states from the
dark state. In the case of (PEA)2PbI4, which is a
compound with triclinic crystal structure, due to the
low symmetry the degeneracy between the states gets
fully lifted, which results in three separated in energy
bright states, linearly polarized along the direction of
the dipole orientation (see the inset in figure 29).

FIG. 29. Red and green curve representing the reflectance
of spectra measured from the plane of the crystal. The
blue curve is the reflectance spectrum measured from the
edge of the crystal with the polarization along the out-of-
plane direction. The inset scheme indicates the orientation
of the particular exciton dipole moments with respect to
the sample.

Despite the fact that (PEA)2PbI4 is one of the most
intensely studied representative of 2D lead-halide per-
ovskites, there was no agreement in the scientific com-
munity regarding the full fine structure of the exciton,
especially when it comes to the states’ energetical or-
der. Previous experimental efforts of our group placed
the dark, optically inactive state as the lowest energet-
ically, below two bright linearly polarized states X and

Y with the dipole moments oriented in the plane of
the crystal. However, there was no conclusion about
the energy of the remaining bright out of plane ori-
ented Z state with respect to the other states of the
fine structure. Different theoretical approaches placed
the Z state below or above the X and Y states.

In order to resolve the matter, we have conducted the
polarization-resolved micro-reflectance experiments at
T = 4.2 K. We performed the measurements reflect-
ing the linearly polarized light both from the surface
and the edge of the sample, probing all three bright
states of the exciton fine structure. In the reflectance
spectrum measured from the edge of the crystal we ob-
served a strong resonance (blue curve in the figure 29),
which we assigned to originate from the out of plane ex-
citonic state. It is located energetically above the fea-
tures originating from the in plane states and linearly
polarized (figure 30) in the direction perpendicular to
the crystal plane. By obtaining the information about
the final remaining excitonic state, we completed the
full fine structure picture, experimentally determining
the energies of all states and the values of energy sep-
aration between them.

FIG. 30. Left: Dependence of the negative derivative of
the reflectance spectrum from the edge of the sample ver-
sus polarization angle. Right: Polar plot of the intensity of
the Z state extracted from the negative derivative of the re-
flectance spectrum. (PEA)2PbI4 crystal structure is shown
to provide a reference for the dipole moment orientation.

Moreover, our understanding of the detailed bright ex-
citon fine structure, alongside our previous work, al-
lowed us to determine the previously unknown values
of the dark and Z exciton g-factors along the c-axis,
and therefore the individual g-factors of the electrons
and holes. For more details please see [Posmyk et al.,
Advanced Optical Materials (2023): 2300877].
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Polaronic enhancement of the effective mass in 3D lead halide
perovskites

Three-dimensional lead halide perovskites have
emerged as one of the most promising and fast-
developing classes of materials with a vast array of
application possibilities across diverse scientific and
technological domains. The success of these mate-
rials originates from their semiconducting properties
and considerable sunlight-to-energy conversion. This
superior characteristic is often attributed to a soft,
ionic lattice of the lead halide perovskites that al-
low numerous physical processes to occur. Among
them, one should enumerate rich lattice vibrations
and dynamical fluctuation of cage ions, which create
complex potential energy surface, very different dielec-
tric constants between the high- and low-frequency
regimes which facilitates polaron formation. All these
effects strongly depend on temperature and may exert
a dramatic impact on the effective mass of carriers.
Unfortunately, our understanding of this matter is still
limited.

In our work, we used optical spectroscopy combined
with magnetic field to dissect the polaronic and tem-
perature effects on the effective mass of carriers in cae-
sium lead bromide (CsPbBr3), methylammonium lead
bromide (MAPbBr3) and methylammonium lead io-
dide (MAPbI3). The measurements were conducted
between 2 and 90 K, in the magnetic fields up to 90 T.
For all these materials, we could observe the 1s and 2s
excitonic states, with additionally well-resolved Lan-
dau levels in the reflectivity spectra (figure 31). The
Landau levels were observed only in the high-field
limit, where lattice deformation cannot follow the cy-
clotron motion of carriers and, thus, their analysis de-
livers information on the effective mass of bare carriers
(µb). This physical quantity was extracted from the
field evolution of Landau level transition energies,

ELL(n) = Eg +
(n+ 1

2 )eB

µb
,

where Eg is the band gap energy, and n = 0, 1, 2, · · · is
the orbital quantum number. We find µb = 0.117m0,
0.106m0 and 0.096m0 for CsPbBr3, MAPbBr3, and
MAPbI3, respectively, where m0 is the free electron
mass (figure 31). Crucially, it is not possible to fit
the field dependence of the 1s and 2s excitonic tran-
sitions employing Makado and McGill’s model of the
hydrogen atom in a magnetic field with this effective
mass value. Application of this simple model results
in higher effective mass values, which are equal to
µp = 0.163m0, 0.151m0 and 0.102m0 for CsPbBr3,
MAPbBr3, and MAPbI3, respectively. We found that
this enhancement originates from polaronic effects in
CsPbBr3, MAPbBr3, and MAPbI3, which is consistent

with the Bajaj model and the considerable Fröhlich
coupling constant value. In addition, we also observed
that both the bare and polaronic effective mass in-
creases with increasing temperature in these materials
(figure 32). This temperature-induced enhancement is
seen in reflectivity spectra as a diminishing blue shift
of excitonic resonances in magnetic fields. Notably,
the effective mass of carriers increases faster with tem-
perature than the band gap, contradicting the 2-band
k.p model commonly applied to explain the electronic
properties of three-dimensional lead halide perovskites.

FIG. 31. (a) Evolution of reflectance spectrum in mag-
netic field for MaPbBr3. (b) Landau levels in MAPbBr3.
(c)-(d) Fan charts summarizing 1s, 2s excitonic and inter-
band Landau levels transition energies as a function of the
magnetic field for MAPbBr3 and CsPbBr3.

FIG. 32. (a) The bare (µb) and polaronic (µp) reduced
effective mass for MAPbI3, MAPbBr3 and CsPbBr3 at var-
ious temperatures. (b) Temperature-induced relative in-
crease of the band gap and effective mass.
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Magneto-optical properties of functionalized low-dimensional
perovskites

Two-dimensional (2D) halide perovskites have recently
attracted significant interest due to their unique optical
and electronic properties. These materials consist of
inorganic layers sandwiched between organic cations,
and their structure can be tuned by changing the size
and shape of the cations. This gives rise to various in-
teresting phenomena, including quantum confinement,
high photoluminescence quantum yields, and exciton
binding energy tuning. For these reasons, 2D halide
perovskites have shown enormous promise for vari-
ous optoelectronic applications, including white-light-
emitting diodes, and photovoltaics. However, the use
of these materials for real device applications requires
a thorough understanding of their optical and photo-
physical properties.

FIG. 33. Absorption spectra of 2D functionalized per-
ovskites (continuous lines) fitted by 2D Elliott’s formula
(dashed gray lines).

Usually in low-dimensional perovskites an electroni-
cally inert organic spacer is used, which only has an
indirect effect on the electronic structure. Unfortu-
nately, most of the reported 2D perovskites exhibit a
high exciton binding energy that limits their potential
application in photovoltaics. To overcome this limita-
tion, a viable strategy consists of the incorporation of
an electroactive organic cation. This cation is thought
to contribute to the electronic properties by introduc-
ing frontier orbitals close to the band edge states of
the inorganic layer, which significantly improves the
absorption efficiency. The optoelectronic properties of
these materials are not yet fully investigated.

Here, we compare the diamagnetic shift, exciton bind-
ing energy, and band gap of carbazole-alkylammonium
(Cz-Ci, where i is the number of carbon units in the

alkyl chain, varying from 3 to 5) to investigate the
role of the electroactive Cz molecule on the excitonic
properties of the functionalized 2D perovskites. In-
troducing this electroactive organic cation should have
a pronounced effect on the exciton wave-function and
therefore on the exciton binding energy. We employ
magnetic fields up to 65 T to investigate the excitonic
properties of these functionalized 2D perovskites.

The zero-field absorption spectrum of all the investi-
gated compounds measured at 5 K is displayed in fig-
ure 33. The spectra display a single excitonic reso-
nance, which we model with a generalized Elliott’s for-
mula to extract the 1s exciton transition energy and
the onset of the continuum i.e. the band gap. The
exciton binding energy corresponds to the difference
between the energies of the bandgap and the 1s exci-
ton. In these compounds, the exciton binding energy
is higher than that of the well-known (PEA)2PbI4.

FIG. 34. Comparison of Zeeman splitting (open circles)
and diamagnetic shift (squares) for all compounds at 2 K
(left side). Measured diamagnetic coefficients (spheres) and
exciton binding energies (stars) as a function of 1s exciton
state energy. Symbols correspond to different numbers of
carbon atoms in the organic spacer (right side).

The diamagnetic shift and g-factor were determined for
three compounds with different spacers (figure 34). No-
tably, for samples with electroactive spacer molecules,
the diamagnetic shift decreases when the exciton en-
ergy increases, while the opposite trend is observed for
the binding energy. On the other hand, there seems
to be no direct correlation between the length of alkyl
chains and the diamagnetic shift. Overall, our results
shed light on the fundamental exciton physics of func-
tionalized 2D perovskites and their potential applica-
tions in emerging technologies.
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Excitons in non-distorted 2D perovskites

Two-dimensional (2D) perovskites are currently under
intensive investigation in the semiconductor physics
community due to their unique optical and electrical
properties. These properties can be easily tuned by ra-
tional synthetic design. Importantly, the choice of the
organic spacer should not influence the band structure
but has a considerable impact on the optical properties
of the 2D perovskites by changing the coupling between
charge carriers and lattice vibrations. Organic spac-
ers provide control over dielectric confinement, and
crystal structure. An interesting case is (PEA)2PbI4
and (BA)2PbI4, because presented the same inorganic
component but due to the organic cation their distor-
tion of frameworks is different. [Dyksik et al., ACS
Energy Lett. 5, 11 (2020)]. The effective mass of
the carriers correlate with octahedral distortions in the
perovskite layer since they influence the hybridization
between the I p-states and Pb s-states. Therefore, the
excitonic properties of these compounds are distinctly
different (see figure 35). It has been suggested that the
effective mass can be significantly smaller if the octa-
hedral layer is not distorted.

A novel class of benzotriazole-based lead (II) iodide
perovskite materials have recently been synthesized.
They are characterized by an exceptionally low degree
of octahedral tilting [Caiazzo et al., ACS Appl. Energy
Mater. 6, 10 (2023)].

FIG. 35. Reflection spectra for all compounds. The
dashed line indicates the energies corresponding to the 1s
excitonic state.

We compared the excitonic properties of these
relatively new compounds with the well-known
(PEA)2PbI4 and (BA)2PbI4, as shown in figure 35.
The dashed line indicates the 1s exciton state for each
compound. With the decreasing distortion angle, the
red shift of energy can be observed, directly associated
with a reduction in exciton binding energy and a re-
duction in effective mass. To test this hypothesis the

BTa (benzotriazole) and F2BTa (difluorinated ben-
zotriazole) derivative have been measured under high
magnetic field up to 85 T. We focus on monitoring the
evolution of the 1s excitonic transition (figure 36(a)) in
the magnetic field as it provides an alternative route
to estimate the effective mass. The total shift of the
1s excitonic transition as a function of the applied
magnetic field is given by the diamagnetic shift of the
exciton δE ' c0B2.

FIG. 36. (a) Reflectance spectrum at 2K measured at 0 T
and 85 T. (b) Energy shift as a function of the magnetic field
and the determined diamagnetic shift for both samples. (c)
Measured diamagnetic shift as distortions angle.

From the data shown in figure 36 we determine
the diamagnetic coefficient for both samples (c0 =
0.40µeV/T2 for (BTa)2PbI4; c0 = 0.38µeV/T2 for
(F2BTa)2PbI4). The determined diamagnetic shift is
higher than for the 2D analogs - (PEA)2PbI4 and
(BA)2PbI4, as shown in figure 36(c). Since the dia-
magnetic shift is related to the reduced effective mass,
c0 ∝ 1/µ3 our results suggest that the effective mass
for the investigated samples will be smaller than for
the compound with a large distortion angle.

Our results demonstrated that the amount of octahe-
dral distortion in the inorganic lattice has a crucial
impact on the diamagnetic shift and the carrier ef-
fective mass, which is a key parameter defining the
performance of any optoelectronic device. Our work
provides therefore a different perspective on the utility
of the 2D perovskites.
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Magneto-optical investigation of the van der Waals semiconductor
2D silver phenylchalcogenolates

2D metal-organic chalcogenides refer to a class of ma-
terials that are composed of metal cations, organic
ligands, and chalcogenide anions (such as sulfur, se-
lenium, or tellurium) arranged in a two-dimensional
structure. However, these materials stand apart from
2D perovskites due to the covalent bonding between
organic and inorganic components, providing chemical
stability in air and solvents and facilitating electronic
bandgap tuning through modification of organic lig-
ands. Out of the reports on 2D metal-organic chalco-
genides, particular focus has been directed towards sil-
ver phenylselenolate (AgSePh), commonly referred to
as “mithrene”. AgSePh crystallizes in the form of a 2D
semiconductor consisting of stacks of 2D sheets bound
together by interlayer van der Waals interactions (in-
set of figure 37). Each 2D sheet consists of a layer of
Ag+ ions arranged in a distorted hexagonal pattern
and sandwiched between two layers of phenylseleno-
late anions PhSe−, with mostly covalent character to
the Ag-Se bond [Lee et al., ACS Nano 16, 12 (2022)].

FIG. 37. Reflectance and µPL of AgSePh at 4 K. Inset -
layered 2D structure of silver phenylselenolate (AgSePh).

In this report, we investigate the AgSePh crystal,
which exhibits an interesting optical response, as
shown in figure 37. In reflectivity we observe absorp-
tion of four states (Xa, Xb, Xc and Xd). In photolumi-
nescence (PL) spectra, two main peaks can be resolved
(X1 and X2). The Xa state likely corresponds to the
states visible in emission with Stokes shift of ∼ 10 meV
(EXa

− EX2
).

We have investigated the polarization properties of the
observed absorption resonances. Notably, as shown in
figure 38(a) the Xa, Xd states show an orthogonal po-
larization behaviour to the Xb, Xc states. The sepa-
ration between all of the four features is similar and
approximately 100 meV.

The application of an external magnetic field signif-
icantly affects the PL spectra of AgSePh as can be
seen in figure 38(b). At high magnetic field (65 T), we

can see a splitting of the X2 state into X
′

2 and X
′′

2 .
This behavior indicates a Zeeman splitting (reaching
7 meV). The g-factor of 1.82 was calculated based on

the energy difference between X
′

2 and X
′′

2 as a function
of magnetic field (figure 38(c)).

FIG. 38. [(a) Linear-polarization resolved reflectance in-
tensity for the Xa, Xb, Xc and Xd states. (b) PL spectra at
0 T and 65 T. (c) Calculated g-factor from measured Zee-
man splitting.

The calculated g-factor of 1.82 (figure 38(d)) is sig-
nificantly larger than that of the well-known 2D per-
ovskites such as (PEA)2PbI4 for which, the value of
g-factor is around 1.2. This signifies a crucial differ-
ence in the electronic properties between the two types
of 2D materials. 2D silver phenylchalcogenolates re-
quire further investigation, including theoretical cal-
culations, in order to determine the effects of their
unique structure on the optoelectronic properties of
this emerging class of these hybrid 2D semiconductors.
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Polaron vibronic progression in 2D Perovskites

2D layered perovskites constitute a rather unique semi-
conducting material system very different from the
well-known family of epitaxial structures. The coex-
istence of organic and inorganic sublattices within the
crystal structure bridges the worlds of classic and or-
ganic semiconductors. The resulting hybrid material
is characterized by a soft and ionic lattice significantly
enhancing the coupling of charge carriers to the ions
in the lattice. Such a coupling has a pronounced im-
pact on their opto-electronic properties, giving rise to
complex absorption and emission spectra.

Typical optical responses of prototypical 2D per-
ovskites, namely (PEA)2PbI4 and (BA)2PbI4, are pre-
sented in figure 39(a-b), The absorption spectra (solid
line) consist of equally-spaced distinct transitions in-
dicated with dashed vertical lines and separated by an
energy ∆ (black arrows). Associated spectral features,
separated by ∆, are also present in photoluminescence
(PL) response (shaded curves). A multitude of expla-
nations have been offered in an attempt to rationalize
the complex optical spectra, however, none of the pro-
posed interpretations are able to explain the magnitude
of the ∆ spacing quantitatively.

In this work we show that the formation of polaronic
states with their characteristic vibronic progression are
responsible for complex line shapes observed in 2D per-
ovskites. Crucially, we explain the magnitude of the
∆ spacing by correlating the absorption/PL with the
resonant Raman scattering response. The resonant-
excitation spectrum, presented in figure 39(c), is un-
like any reported to date for 2D layered perovskites
– instead of being dominated by low-frequency modes
as typically observed for non-resonant excitation (pre-
sented in red in figure 39(c)), the maximum intensity is
shifted far away from the Rayleigh line to ' 200 cm−1.
This new contribution forms an asymmetric comb-like
pattern with a tail on the high energy side. The
peaks within the comb are equidistant with a period
of ' 32 cm−1 determined from a FFT analysis. These
properties are simply the well known fingerprint of po-
larons in organic materials.

The observed high-frequency Raman response (fig-
ure 39(c)) shows similarities with the analytical
spectral function in the strong coupling regime

'
∑∞
p=0

e−SSp

p! δ(ω − p∆ω)] which consists of a se-

ries of exactly ∆ω spaced delta functions at ω0, ω1, ....
The distribution of peak intensities follows a Poisson
function with a coupling constant S. The peak inten-
sity reaches a maximum value when the level-index
p ' S. Such a Poisson distribution is depicted in
the inset to figure 39(c) by the horizontal purple bars,

representing the expected intensity distribution within
the Raman response, assuming a large coupling con-
stant S ' 6. The maximum intensity is shifted by ' ∆
from 0 cm−1 and thus the energy ∆ is both the spacing
between features in absorption/PL, and the maximum
of the resonant Raman response for (PEA)2PbI4. We
emphasize that the successive features in the comb-like
pattern of the resonant Raman describe the polaron
ground state and cannot be attributed to the excited
states – they are an inherit part of the polaronic
response and form a vibronic-like progression.

For more details please see [Dyksik et al., Adv. Sci. 2,
2305182, (2023)].

FIG. 39. Comparison of absorption and PL spectra of (a)
(PEA)2PbI4 and (b) (BA)2PbI4. Dashed vertical lines indi-
cate the energy of individual optical transitions. The black
arrows indicate the ∆ energy spacing between the optical
transitions. (c) (PEA)2PbI4 Stokes and anti-Stokes Raman
scattering results for resonant (2.6 eV) and non-resonant
(2.18 eV) excitation condition. Purple arrows indicate the
equidistant signals building up the polaron vibronic pro-
gression. The inset shows the polaron’s energy diagram.
ω0 is the first component in the polaron vibronic progres-
sion. ∆ denotes the approximate position of the maximum
of the Raman response.
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Temperature dependence of the band gap in ZrTe5 - implications for
the topological phase

Zirconium pentatelluride (ZrTe5) is a narrow-gap sys-
tem widely explored in the past, often in the context
of so-called resistivity anomaly. More recently, the-
oretical studies of ZrTe5 that were primarily focused
on topological properties induced a renewed interest
in this system. In particular, the ZrTe5 monolayer was
proposed to be a large-gap quantum spin Hall insu-
lator. Over the past few years, a number of experi-
ments has been performed on bulk and thin layers of
ZrTe5 and expanded our knowledge about this material
considerably. The experimentally observed phenomena
in ZrTe5 comprise the magneto-chiral effect, the giant
planar Hall effect , the quasi-quantized quantum Hall
effect, pressure-induced superconductivity, or optical
conductivity that is linear in photon energy.

This series of important experimental observations
contrasts with our current understanding of low-energy
excitations in ZrTe5. In fact, no consensus has been so
far established whether the electronic bands in bulk
ZrTe5 have normal or inverted ordering, i.e., whether
this material is a strong or weak topological insula-
tor (STI or WTI). Ab initio calculations favor the STI
phase, but their prediction force may be limited in a
system close to the topological phase transition. Ex-
perimentally, both STI and WTI phases have been re-
ported, based on transport, ARPES and optical data.

Theoretical studies suggest that bulk ZrTe5 is a sys-
tem close to a topological phase transition, which may
be the reason why no consensus about the topological
nature of ZrTe5 has so far been achieved [Fan et al.,
Sci. Rep. 7, 45667 (2017)]. Theoretically, only a rela-
tively small increase in the unit-cell volume is sufficient
to bring ZrTe5 from the STI to WTI regime, i.e., from
the inverted to the normal ordering of bands at the cen-
ter of the Brillouin zone. Importantly, the band gap
always closes and re-opens during such a topological
phase transition.

Experimentally, it was shown that the unit-cell vol-
ume in ZrTe5 increases monotonously with temper-
ature [Fjellvag et al., Solid State Commun. 60, 91
(1986)]. Thanks to this, the temperature dependence
of the band gap was proposed to be an unambiguous
signature of the topological phase in ZrTe5. In the
STI regime, the band gap is first supposed to shrink
with increasing T , then close completely, and finally,
re-open in the WTI regime. In contrast, a monotonous
increase of the band gap with temperature is expected
in the WTI regime. Only the latter scenario is consis-
tent with our data, thus implying the WTI phase in
ZrTe5. Let us note that the volume of the unit cell

changes considerably in the explored range of temper-
atures, approximately by 0.5%.

We have performed a series of Landau level spec-
troscopy measurements on ZrTe5 at various tempera-
tures to precisely determine the width of its band gap
as a function of temperature, and therefore to test the
topological phase of this material. Figure 40, shows the
values of the band gap, deduced from the THz/infrared
magneto-reflectivity measurements. We find that the
gap is non-zero at low temperatures, Eg = (5±1) meV
at T = 5 K, and it increases with T monotonously, up
to almost 20 meV at T = 150 K. Comparing these re-
sults with the theoretical calculations, such behaviour
is consistent with ZrTe5 being a weak topological in-
sulator.

Further, performing in situ resistivity measurements,
we have shown that the resistive anomaly of ZrTe5 is
not directly connected to the change in the band gap,
as suggested in several previous studies. As shown in
figure 40, there is no significant change in the width of
the band gap at temperature T = 75 K, corresponding
to the maximum of the resistivity.

FIG. 40. The experimentally determined band gap of
ZrTe5 at various temperatures. The resistance versus tem-
perature shows an anomaly with a maximum at T = 75 K
measured on the first cooling down. Insert - schematic vi-
sualization of the band gap opening with increasing tem-
perature.
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Magneto-photoluminescence of CdTe quantum wells

We compare a low-temperature photoluminescence
(PL) from two samples with CdTe quantum wells
(QWs) and Cd0.7Mg0.3Te barriers. We have inevsti-
gated a single quantum well sample (SQW) and a mul-
tiple quantum well sample (MQW) with ten QWs. All
QWs are 20 nm wide and modulation-doped with io-
dine donors. The samples were cooled to 4.2 K and
results were obtained in magnetic field up to 9 T. PL
maps for both samples in σ− polarization are shown in
figure 41.

We analyzed the position and intensity of the oscilla-
tions in the PL as a function of magnetic field. For
the SQW, the PL originates from the recombination
of free electrons with free holes while in the case of
the MQW, the holes are localized. A crucial factor
allowing us to find out this difference was determi-
nation of the cyclotron free electron mass in these
samples which was achieved by carrying out Fourier
spectroscopy. We have found (0.1112± 0.0003)m0 and
(0.1094± 0.0003)m0 for SQW and MQW samples, re-
spectively.

FIG. 41. A false-color photoluminescence map for SQW
(upper panel) and MQW (lower panel) samples measured in
σ− polarization. PL intensity is presented on a logarithmic
scale.

Photoluminescence spectra of SQW and MQW sam-
ples are quite different. In the first case, we observe
the main peak split into Landau levels and PL spectra
cover approximately the range from 1.592 to 1.605 eV.
In the case of MQW, the spectral range of PL is
broader - from about 1.58 eV to 1.615 eV. A difference
in the lower bound is caused by Landau-like maxima
which are visible in the low-energy part of the MQW
PL and which are interpreted as phonon replicas. Ra-
man spectroscopy carried out at room temperature on
the MQW sample shows phonons with an energy which
support the interpretation of phonon replicas, however,
a softening of phonon modes with respect to bulk CdTe
was observed and attributed to disorder.

A substantial difference between the two samples is the
width of the spacer (20 nm in SQW versus 10 nm in
MQW) with the same doping level. A resulting higher
concentration nc in MQW sample leads to a broader
PL spectrum and clearly visible luminescence from the
second electrical subband. This means that the Fermi
level is close to the second electrical subband in the
MQW sample. A rough estimate of EF ' 26 meV,
based on the spectrum at B = 0, gives the electron con-
centration nc = meEF /π~2 = 1.2×1012 cm−2 which is
comparable to 1.0×1012 cm−2 determined from trans-
port measurements. On the other hand, signatures of
the second electrical subband is barely visible in PL
for the SQW sample.

In conclusion, we carried out photoluminescence mea-
surements on modulation-doped CdTe quantum wells
with Cd0.7Mg0.3Te barriers. Two samples were stud-
ied, one with ten QWs and the other with a single
QW. An analysis of the intensity of PL as a func-
tion of B shows a qualitative agreement of data with a
model based on Landau quantization of hole and elec-
tron levels in the case of the single QW. In the case
of the MQW sample, the hole is localized and the evo-
lution of its quantum levels does not follow Landau
quantization. Essential differences in PL spectra were
observed between the two samples. Interpretation of
data should take into account mixing of heavy and light
holes in the valence band of quantum wells, the influ-
ence of a built-in electric field, and also the possible
influence of fluctuations of the electrostatic potential
resulting from random distribution of impurities. In
particular, these fluctuations could lead to a softening
of LO phonon mode necessary to explain phonon repli-
cas in the photoluminescence of the multiple quantum
well sample.

For more details please see [Solarska et al., ACS
Omega, 8, 40801 (2023)].
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Three-layer InAs/GaInSb quantum-well spin-Hall insulator

The quantum spin Hall insulator is a state of matter
characterized by an insulating bulk and spin-polarized
gapless helical states at the sample edges. The pres-
ence of these edge states is of great interest for poten-
tial applications in spintronics, metrology and quan-
tum information.

So far, the quantum spin Hall insulator state was ex-
perimentally established in a few semiconducting sys-
tems, for example in HgTe quantum wells (QW) and
InAs/GaSb QW bilayers. It was also observed in 1T-
WTe2 monolayers. The latter show a 45 meV inverted
band gap demonstrating a stable quantum spin Hall
insulator state up to 100 K. Nevertheless, the obser-
vation of quantum spin Hall insulator in monolayer
systems remains extremely challenging due to struc-
tural or chemical instabilities. Our work is driven by
the search of high-temperature quantum spin Hall in-
sulators with large inverted band gaps among QW het-
erostructures.

The maximum inverted band gap achieved in classical
tensile-strained HgTe QWs grown on CdTe does not
exceed 16 meV, but can reach 55 meV in compressively-
strained HgTe QWs. Quantum spin Hall insulators
based on InAs/GaSb QW bilayers have a considerable
advantage over HgTe QWs because of their ease of fab-
rication. The subband inversion in InAs/GaSb bilayer
QWs is caused by the specific band-edge alignment
of InAs and GaSb arising at their interface. For thin
enough InAs and GaSb layers, the energy of the first
electronic subband minimum E1 lies above the hole-like
H1 level, and the QW has a trivial band ordering.

With increasing layer thickness, a band inversion may
arise, in which the E1 subband becomes lower than the
H1 subband. However, their small inverted band gap
of about 3-4 meV induces a large residual bulk con-
ductance. Removing the structure inversion asymme-
try inherent to InAs/GaSb QW bilayers by adding a
second InAs layer significantly enhances the inverted
bandgap energy, resulting in a quantum spin Hall in-
sulator with the bulk gap comparable with that of in-
verted HgTe QW.

A typical signature of the inverted-band ordering under
quantizing magnetic field is the crossing above a crit-
ical magnetic field Bc of a particular pair of Landau
levels, called zero-mode Landau levels. These modes
originate from the lowest conduction and upper valence
subbands. The former has a heavy-hole-like character
while the latter has an electron-like character. When
the magnetic field increases, the band structure re-

mains inverted up to Bc above which the system is
driven into a trivial band ordering.

Figure 42 shows our preliminary magneto-transport in-
vestigations of a 3-layer (InAs/Ga0.65In0.35Sb/InAs)
QW for which the inverted gap is estimated to be
around 30 meV. When the Fermi energy lies in the
gap, a pronounced minimum of ρxx is observed at
Bc ' 30 T, corresponding to the crossing of the zero-
mode Landau levels.

FIG. 42. Gate voltage (a) and magnetic field dependencies
of the longitudinal (b) and transverse (c) resistivities for
a 3-layer (InAs/10ML-Ga0.65In0.35Sb/InAs) QW at T =
4.2 K. (a) The resistance at zero magnetic field increases
when the Fermi energy lies in the inverted gap. When
the Fermi level is in the valence or the conduction band,
Shubnikov de Haas oscillations of ρxx are observed (b), as
well as clear quantized Hall plateaus in ρxy (c). (b) At B '
30 T, a pronounced resistivity dip is observed, whatever the
gate voltage, indicating the closure of the gap.
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Double-peak structure of quantum oscillations in the specific heat of
semi-metallic graphite

Quantum oscillation phenomenon are widely used to
understand the electronic structure of quantum mat-
ter. Here we investigate quantum oscillations in the
electronic specific heat Cel in natural graphite. At
higher temperatures, the crossing of a single spin Lan-
dau level and the Fermi energy give rise to a double-
peak structure (figure 43).

FIG. 43. (a) Electronic specific heat divided by temper-
ature Cel/T in graphite as a function of B where the 1±

h

Landau levels cross the Fermi energy. (b) Magnetic field
position of the double-peak structure as a function of tem-
perature.

Crucially, such a double peak is not observed in other
thermodynamic probes, e.g. magneto-transport or the
magneto-calorific effect. The hole and electron spin
Landau levels involved are identified by numerically
diagonalizing the SWM Hamiltonian which describes
the band-structure of graphite in a magnetic field. At
lower temperatures, the splitting decreases, and the
double-peak structure eventually merges into a single
peak at T ' 90 mK (figure 43).

Intriguingly, the double-peak structure is predicted by
text book theory,

Cel/T = k2
B

∫ ∞
−∞

D(E)

(
−x2 dF (x)

dx

)
dx,

where F (x) = 1/(1 + ex), x = E/kBT and kB is
the Boltzmann constant. The specific heat depends
on the convolution of the Landau level DOS D(E)

and a kernel term −x2dF (x)/dx which involves the
first derivative of the Fermi-Dirac distribution func-
tion. The usual approximation, removing D(E) from
the integral to obtain the well know formula Cel =
1
3πD(EF )k2

BT , actually suppresses the double-peak
structure in Cel/T , which originates from the tem-
perature dependent splitting of the double maxima in
the kernel term −x2dF (x)/dx (when plotted versus
E = xkBT as in figure 44). The calculated and pre-
dicted Cel/T in figure 44 are in excellent agreement,
notably they reveal the highly asymmetric DOS of 3D
Landau levels due to the van Hove singularity.

Therefore, the kernel term represents a spectroscopic
tuning fork of width 4.8kBT which can be tuned at
will to resonance. Using a coincidence method, the
double-peak structure in specific heat can be used to
accurately determine the Landé g-factors of quantum
materials. More generally, the tuning fork can be used
to reveal any peak in the fermionic density of states
which crosses the Fermi energy, such as for example
Lifshitz transitions in heavy-fermion compounds.

For more details please see [Yang et al., Nature Com-
munications 14, 7006 (2023)].

FIG. 44. (a) The kernel term −x2dF (x)/dx plotted versus
E = xkBT . Maxima occur at x = ±2.4 (b) Measured
(blue) and calculated (orange) electronic specific heat Cel/T
in graphite close to where the 1±

e electron Landau levels
cross the Fermi energy at T = 0.5 K.
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Influence of the anion substitution on electronic correlations in
κ-(BEDT-TTF)2X near the Mott metal-insulator transition

The layered organic conductors κ-(BEDT-TTF)2X
have been extensively employed for studying the
bandwidth-controlled Mott metal-insulator transition
(MIT) and multiple related fascinating phenomena. In
these materials one can easily tune the ground state by
applying a moderate pressure or tiny chemical mod-
ifications. For example, the salt with anion X =
Cu[N(CN)2]Cl (hereafter κ-Cl) is an archetypal quasi-
2D antiferromagnetic Mott insulator at low temper-
atures but becomes metallic under a pressure of just
0.4 kbar. At the same time, the κ-Br salt, which dif-
fers from κ-Cl by a single atom Br replacing Cl in the
complex anion, is metallic already at ambient pressure.
The anion replacement is widely believed to act sim-
ilarly to pressure, predominantly changing the ratio
U/t (U is the onsite Coulomb repulsion and t the ef-
fective transfer integral) and therefore called “chemical
pressure”. This interpretation was supported by opti-
cal conductivity studies of “mixed” salts κ-BrxCl1−x
[Merino et al., Phys. Rev. Lett. 100, 086404 (2008)]
reporting a strong, 3-fold increase of the quasiparti-
cle effective mass, caused by increasing U/t, upon a
small reduction of Br content. On the other hand,
our comparative studies of Shubnikov-de Haas (SdH)
oscillations in pressurized κ-Cl and another κ salt,
with X = Cu(NCS)2 [Oberbauer et al., Phys. Rev.
B 107, 075139 (2023)] showed nearly identical effec-
tive masses. Since κ-NCS is even more metallic than
κ-Br, this result casts doubt on the chemical pressure
scenario. To clarify the situation, we have carried out
simultaneous measurements of the SdH oscillations in
two selected κ-Cl and κ-Br crystals under pressure.

Examples of the SdH oscillations in both samples are
shown in figure 45(a). The P -dependent effective cy-
clotron masses evaluated from the T -dependence of
the SdH amplitude are plotted versus pressure in fig-
ure 45(b). One immediately sees that at all pressures
the masses in κ-Br and κ-Cl are quite similar to each
other, in stark contrast to what was found in the op-
tical studies. We note that optical properties can be
sensitive to spurious surface effects, whereas SdH oscil-
lations probe the bulk properties and hence are more
relevant.

At lowest pressures, P < 0.4 kbar, where κ-Cl is in
the metal/insulator phase-coexistence state, its effec-
tive mass mCl

c is notably, 10 − 20%, higher than for
the fully metallic κ-Br salt. This difference is likely
a manifestation of recently proposed heavy “resilient”
quasiparticles in thick domain walls emerging in the
phase-coexistence region. Right outside this range the
difference between the masses rapidly drops, however
remains positive, ∆mc ≡ mCl

c −mBr
c ≈ 0.1m0. We at-

tribute it to a weak “chemical pressure” equivalent to

P ' 100 bar.

At P ∼ 3 kbar, ∆mc virtually vanishes. One might ex-
plain this by vanishing electronic correlations in both
compounds and saturation of the mc at the level of the
one-electron band mass. However, the mc(P ) depen-
dence does not saturate, showing a significant negative
slope at P > 3 kbar. Moreover, at 6 kbar mCl

c becomes
smaller than mBr

c . The difference, |∆mc| ≈ 0.2m0,
though small, exceeds the error bar of our evaluation.
If it originates from the difference in the band masses
of the two salts, it increases our estimation of “chem-
ical pressure” at the border of the MIT, to an equiv-
alent of 0.7 kbar. One should, however, not disregard
a possibility that the two salts have slightly different
compressibilities, which would influence mc(P ). Fur-
ther studies are needed for clarifying this question.

FIG. 45. (a) Examples of SdH oscillations (normalized
to the background resistance) in κ-Cl and κ-Br at different
pressures, T = 0.5 K. The curves are vertically shifted for
clarity. (b) P -dependent effective masses of κ-Cl and κ-
Br (main panel) and their difference, ∆mc ≡ mCl

c − mBr
c ,

(inset) in units of the free electron mass. Yellow rectangle:
the phase coexistence range for κ-Cl at the 1st-order MIT.
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Exchange gap in GdPtBi probed by magneto-optics

Half-Heusler compounds are a family of ternary cu-
bic crystals that provide a large variability in their
band structures and hence in their material properties.
These materials can host inverted band gaps, leading
to topologically non-trivial electronic states. In our
study we focused on GdPtBi – a magnetic half-Heusler
material with a semimetallic electronic structure and
an antiferromagnetic phase below the Néel tempera-
ture, TN = 9 K. In this and related compounds, the
band inversion gives rise to a peculiar type of band
intersections called the triple points near the Γ point.
When GdPtBi is subjected to a magnetic field, the Γ8

bands are believed to substantially split in a Zeeman-
like fashion, with large effective g factors mediated by
the exchange interaction. The splitting of the triple
points in fields gives rise to Weyl points, which posi-
tions depend on the field strength.

This magnetically tunable Weyl state in GdPtBi has
attracted quite a lot of attention. Due to the inac-
cessibility of ARPES in magnetic fields, other experi-
mental means are required to investigate the exchange-
split band structure of GdPtBi. Currently, electri-
cal and thermal magnetotransport measurements are
available. Magneto-optical studies offer another route
for such investigations, but were at that stage still
missing. In our study, we amended this shortage. Our
findings provide strong and independent experimen-
tal evidence for the large effective Zeeman splitting in
GdPtBi.

The experimental results are presented in figure 46(a)
as a stacked plot of the relative reflectivity, RB/R0, in
1 T steps. The spectra are dominated by two broad
peaks, emerging with magnetic field: a low-frequency
peak below 10 meV and a broad, less intense maximum,
which shifts to higher frequencies as B increases. This
feature is marked by the transparent orange overlay in
the figure. Other smaller visible features include two
phonons at around 14.5 and 18 meV and an artifact
at 45 meV, which appears due to the merger of two
spectral ranges in our measurements. By looking at
the raw spectra, one can immediately note that they
are uncharacteristic for inter-Landau-level transitions,
which typically manifest themselves as a rich series
of rather narrow absorption lines in RB/R0 (“Landau
fans”). The inter-Landau-level transitions in GdPtBi
are likely weak and not resolved in our measurements.

Upon application of a magnetic field, the band
structure of GdPtBi strongly changes. The spin-
nondegenerate bands near the Γ point start to diverge
in energy in a Zeeman-like fashion due to the exchange
interaction. In our study, we demonstrated that the

two broad features in the experimental RB/R0 spectra
can be reproduced well by a parabolic model Hamilto-
nian containing Zeeman terms.

The relative reflectivity spectra calculated from the
model are shown in figure 46(b). The calculations are
made in a common way, using the Kubo formula and
the standard optical formulas for reflectivity. The

FIG. 46. (a) Relative magneto-reflectivity spectra of
GdPtBi measured from the (111) plane at T = 4.2 K and
various magnetic fields from 1 to 16 T. (b) Spectra of the
same type, calculated from the four-band model Hamil-
tonian. The colored arrows indicate the major spectral
features, showing a good match between theory and exper-
iment.

cyclotron-resonance contribution is also included in fig-
ure 46(b). As one can see from the figure, our model
can qualitatively reproduce the two major features of
the experimental RB/R0 spectra and their B-field evo-
lution: the low-frequency peak grows in intensity with
increasing B and remains roughly at a fixed frequency;
the second peak shifts to higher frequency and broad-
ens with field, centered around 70 meV at 16 T. Fur-
thermore, the heights of both peaks in the calculated
spectra are well comparable to the experiment.

Our model yields a large effective g factor, g∗ = 95.
Such large values of g∗ have been anticipated for
GdPtBi but not detected experimentally until now.
Note that g∗ expresses, in simple terms, the energy
shift of the exchange-split bands as B increases. From
the DFT calculations, one can also extract an estimate
for the g factor, which is g∗ ≈ 92, in good agreement
with our model.

For more details please see [Polatkan et al., Phys. Rev.
B 108, L201201 (2023)].
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Magneto-optical response of the Weyl semimetal NbAs -
experimental results and hyperbolic-band computations

At present, the family of transition metal monopnic-
tides (TaAs, TaP, NbAs, and NbP) is likely the best-
known and experimentally most explored class of Weyl
semimetals (WSMs). In these nonmagnetic materials,
which lack space inversion, a type-I WSM state is re-
alized. According to band-structure calculations, the
Brillouin zone of these compounds possesses 24 Weyl
nodes, which can be divided in two groups, commonly
dubbed as W1 (8 nodes) and W2 (16 nodes). Ab initio
calculations predict that the Weyl nodes are situated
either slightly below or slightly above the Fermi level,
giving rise to conical Weyl bands. This rather complex
low-energy band structure often obscures observation
of the effects, related to the chiral carriers.

In our recent study [Polatkan et al., Phys. Rev. B
108, L241201 (2023)], we concentrate on one com-
pound from the TaAs family – NbAs – and study its
Landau-level spectrum in the applied external mag-
netic field in the Faraday geometry. Magneto-optical
Landau-level spectroscopy in the far-infrared region
is a well-established tool for experimental studies of
topological materials. We motivate our study by at-
tempting to consistently describe the major features
of the magneto-optical response within a single effec-
tive Hamiltonian, which grasps the essence of the band
structure.

To describe the experimentally observed spectrum of
the inter-Landau-level transitions in NbAs, we have
constructed a model Hamiltonian. Effectively, it is
a two-dimensional Dirac Hamiltonian with hyperbolic
non-degenerate bands. Importantly, the intensity of
the inter-Landau-level transitions in three-dimensional
bands heavily depends on the out-of-plane velocity
vz. This parameter differs by an order of magnitude
for the bands near the W1 and W2 nodes in NaAs:
vz(W1) ' 104 m/s and vz(W2) ' 105 m/s. With
the difference in the density of states, different line in-
tensities are to be expected. Transitions near the W1
cones should dominate over the contributions of the
W2 bands.

In figure 47, we plot the calculated relative reflectiv-
ity, RB/R0, obtained from the quantized version of
our Hamiltonian together with the experimentally ob-
served transitions shown as dotted lines. The inter-
band optical conductivity was calculated using the
Kubo formula. From the conductivity, the relative
reflectivity was calculated utilizing the standard op-
tical formulas. As one can see from the figure, the
model description of the observed transition lines is
very good. Only one experimentally observed line (the
high-frequency blurred violet line) does not fit within
the model, but it is obvious that this line cannot be-

long to the same fan of inter-Landau-level transitions
as all other lines. This violet line is likely related to
gapped bands, as was discussed in the previous stud-
ies. The additional line appearing in the calculations
in-between the two experimentally detected sets (i.e.,

FIG. 47. False-color plot of the relative magneto-
reflectivity, RB/R0, obtained from the model Hamiltonian
and experimentally observed transitions extracted from the
experimental data and shown as dotted lines.

the red and magenta lines) is likely invisible in the
experiment because of the large noise at the relevant
frequencies.

Summarizing, our results on Landau-level optical spec-
troscopy demonstrate that the magneto-optical spec-
tra of the Weyl semimetal NbAs at low energies (5 −
150 meV) cannot be reduced to such simple approxi-
mations, as a linear or parabolic-band response (or a
sum of such responses). Instead, the spectra are domi-
nated by the transitions within the crossing hyperbolic
bands, which form the W1 Weyl cones. The chiral
Weyl bands themselves are not visible, as they have a
very small energy scale. Still, taking into account the
accurate band structure near the W1 nodes is essential
for the proper description of the observed magneto-
optical features. The chiral W2 bands, in turn, do not
provide detectable contributions due to the low density
of states in these bands.
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Evidence of 3D Dirac conical bands in TlBiSSe by optical and
magneto-optical spectroscopy

A three-dimensional Dirac semimetal is characterized
by a doubly degenerate cone in which the nodal point
crosses only at the time-reversal invariant momenta
(Kramers degeneracy). The linear dispersion of those
bands has allowed a bridge between particle physics
and condensed matter physics, in which the quasi-
particle will be described by the Dirac equations and
carry relativistic-like properties. To access those ef-
fects in the matter, the chemical potential has to sit
at the nodal point, or rather close to probe interband
transitions in the cone. The theoretical descriptions
have drawn two main hallmarks which will be a lin-
ear dispersion of the optical conductivity and a square
root dependency in the quantification of the Landau
level energy. The realization of a material that ex-
hibits both responses is missing in the literature. The
principal reasons are often a conical dispersion sitting
around other bands, a Fermi level far away from the
nodal point, or a conical dispersion only in two dimen-
sions.

We report an optical and magneto-optical spectroscopy
study on the material TlBiSSe which is a rare case of
a 3D Dirac semimetal realisation. TlBiSSe possesses
a linear dispersion at the Γ point, arising from the
topological phase transition. From density functional
theory, the cone disperses over ∼ 2 eV but it is isolated
from other electronic contributions on a range of about
500 meV. A refined growth was made to ensure the
chemical potential to sit close to the nodal point.

We have found a series of resonant excitations corre-
sponding to inter- and intra-Landau level transitions in
the magneto-transmission and magneto-reflection fig-
ure 48(a-b). They were modelized by a massive Dirac
model, extrapolating at low field to a finite energy
corresponding to twice the gap energy 2∆ = 32 meV.
We have also extracted, from the same model, the in-
plane asymptotic velocity of the Dirac cone

√
vxvy =

4× 105 m/s.

In addition, we performed the near-normal incidence
reflectivity in the full range of energy possible. We
have extracted, through Kramers-Kronig relations, the
real part of the optical conductivity. In figure 48(c) a
magnifying view of the low-energy excitation of σ1 is
plotted. We identify a clear linear dispersion of σ1 up
to 300 meV, that can be modelized by a 3D massive
Dirac model.

However, this model implies a velocity of v = 1.8 ×
105 m/s. The reason for such a difference between the
two measurements, is that optical conductivity probes

the joint density of states in 3D while magneto-optic
only probes the planes perpendicular to the magnetic
field. Thus, we argue in favor of an anisotropic cone in
the three dimensions of the Brillouin zone to explain
this disagreement between the measurements.

It is also interesting to notice that the transparent win-
dow, in which the magneto-optical measurements were
performed, corresponds to a region where the joint den-
sity of states becomes lower than the absorption coef-
ficient. It allows multiple reflections in the in-plane
parallel layers of the sample, directly visible in the op-
tical conductivity curve by the presence of Fabry-Perot
interferences.

In conclusion, TlBiSSe can be regarded as a “text-
book” example of a 3D Dirac semimetal, and the sim-
plest theoretical description is sufficient enough to de-
scribe the electrodynamics at low energy. More details
about this work can be found in Le Mardelé et al.,
Phys. Rev. B 107, L241101 (2023).

FIG. 48. Panel (a) normalized magneto-transmittance of
TlBiSSe up to 16 T. Panel (b) Color map of the trans-
mission and reflection normalized by an average of all
the curves in a range of 1 T around each magnetic field.
Panel (c) real part of the optical conductivity at 0 T up to
320 meV
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Fermi surface of the chiral topological semimetal CoSi

Topologically non-trivial band structures give rise to
a variety of interesting physical phenomena like Fermi
arc surface states, unusual transport properties and
non-linear optical responses. Chiral B20 compounds
crystallizing in space group 198 have been intensively
studied in recent years due to symmetry-protected
topological degeneracies including multifold crossing
points, Weyl points and nodal planes. The semimetal
CoSi is a prime example of this material class.

Angle-resolved photoemission spectroscopy (ARPES)
and quasiparticle interference experiments confirmed
main features of the band structure predicted by den-
sity functional theory and its topological character,
but could not resolve important features like a spin-
orbit coupling induced splitting of the bands. Previous
quantum oscillation (QO) studies detected oscillation
frequencies that can be traced back to Fermi surface
(FS) pockets centered around the R-point [Huber et
al., Phys. Rev. Lett. 129, 026401 (2022)]. How-
ever, further FS sheets are expected around the Γ-point
which have not been observed experimentally. A pre-
cise knowledge of the FS is key in enabling calculations
of topological response functions and interpreting ex-
perimental results.

Here, we report on a high-field study of the de Haas-
van Alphen (dHvA) effect in CoSi revealing previously
undetected QO frequencies that arise from FS pockets
located around the Γ-point. To probe the magneti-
zation we used cantilever-based torque magnetometry
with a capacitive readout. The experiments were per-
formed in a dilution refrigerator with a setup allowing
for in-situ sample rotation.

Figure 49(a-b) show a representative measurement
recorded at 30 mK and a specific orientation of the ap-
plied magnetic field. The Fourier transform shown in
figure 49(c) reveals the existence of a quantum oscilla-
tion frequency, labeled η, that has not been detected in
previous studies. We analyze the temperature depen-
dence of the oscillations in the range between 30 mK
and 1 K and find that the novel η frequency displays
a much stronger temperature-dependent damping as
compared to the well-known frequencies α and β. Fig-
ure 49(d) shows a fit of the FFT amplitudes with
the Lifshitz-Kosevich temperature reduction factor RT
yielding an effective mass of mη = 7.5me.

Upon rotation of the sample the frequency η can be
traced over a limited angular range around the orienta-
tion shown here and displays a mild angular dispersion.
Further previously unobserved oscillation frequencies
are detected at other angles.

A systematic comparison of the oscillation frequencies,
their angular dispersion and effective masses with pre-
dictions from first-principles calculations lets us trace
the origin of these novel QO frequencies to quasiparti-
cle orbits on FS sheets located around the Γ-point of
CoSi. In combination with additional measurements of
the Shubnikov-de Haas effect in magnetic fields up to
18 T we were able to map out the missing FS pockets
providing experimental data for the full FS.

FIG. 49. de Haas-van Alphen oscillations in CoSi. (a) Ca-
pacitance change ∆C as a function of the applied magnetic
field B. (b) Oscillatory part of the capacitance C̃ as a
function of inverse field exhibiting characteristic dHvA os-
cillations. (c) FFT spectra of the oscillations recorded at
different fixed temperatures. Three peaks can be clearly
identified. (d) FFT amplitudes of the detected frequencies
as a function of temperature T . Lines indicate fits with the
Lifshitz-Kosevich temperature reduction factor RT . The η-
peak shows a strong damping indicating an effective mass
of mη = 7.5me.

Our findings complete the experimental determination
of the FS of CoSi and lay the foundation for precise
calculations of topological response functions in this
material.
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Magnetic breakdown and topology in the Kagome superconductor
CsV3Sb5

H
LA

A

A

ξ2-band ϖ−band β-band

Sb-pz band

FIG. 50. (left) 2 × 2 reconstructed Fermi surface of
CsV3Sb5 for kz = π/c in repeated zones. Capital letters re-
fer to Brillouin zone points. (right) High-frequency section
of the oscillation spectrum at 1.5 K on a log field scale. The
κ orbit corresponds to the sum of the ξ2 and $ orbits, while
the τ orbit represents two basic triangular $ units. Corre-
spondingly, R, ℘, χ contain 3, 4 and 5 triangular building
blocks, respectively. ∂ is the sum of the ξ2 and τ orbits.

The recently discovered Kagome lattice compounds
AV3Sb5 (A = K, Rb, Cs) display a fascinating inter-
play of superconductivity, charge density wave (CDW)
order and non-trivial topology of the electronic band
structure. The CDW order is itself unconventional due
to the presence of chiral charge order and time-reversal
symmetry breaking inducing a large anomalous Hall ef-
fect and non-reciprocal transport. The transition into
the CDW state is accompanied by an extensive recon-
struction of the Fermi surface. While angle resolved
photoemission spectroscopy (ARPES) has been invalu-
able in exploring the electronic structure, effects due to
matrix-elements have largely precluded the visualiza-
tion of the reconstructed band-structure. In contrast,
quantum oscillations are a direct manifestation of the
Fermi surface and can reveal information on the quasi-

particle effective masses, their lifetimes, and their topo-
logical state.

We have performed quantum oscillation measurements
on high quality single crystals of CsV3Sb5 using the
tunnel diode oscillator technique in magnetic fields up
to 86 T. The sensitivity of the tunnel diode oscillator
setup developed at the LNCMI coupled with the high-
est magnetic fields available enabled to detect a rich
spectrum of quantum oscillations ranging in frequen-
cies from 50 T to to 60 000 T. The high-field data
reveal a sequence of magnetic breakdown orbits that
allow us to construct a model for the folded Fermi sur-
face of CsV3Sb5, shown in figure 50 (left). The domi-
nant features are large triangular Fermi surface sheets
that cover almost half the folded Brillouin zone high-
lighted in figure 50 in violet ($ band with a frequency
of 1943 T) and green (ξ2 band at 804 T). These orbits
form the building blocks that combine one-by-one to
form a series of approximately equally spaced frequen-
cies that dominate the high-field oscillation spectrum
as shown in figure 50 (right) and in more detail in fig-
ure 51.

Notably, these Fermi surface sheets had not yet been
detected in ARPES. In addition to mapping this folded
Fermi surface, we have extracted the Berry phases of
the electron orbits from Landau level fan diagrams
near the quantum limit without the need for extrap-
olations, thereby unambiguously establishing the non-
trivial topological character of several electron bands
in this Kagome lattice superconductor.

For more details please see [Chapai, et al. Phys. Rev.
Lett. 130, 126401 (2023)].

FIG. 51. Fast Fourier transform of the quantum oscillations in CsV3Sb5 observed in the TDO frequency versus field
(∆fTDO versus 1/B) at various temperatures. Inset shows expanded view of the high frequency region.
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Pauli-limit violation in square-planar nickelate superconductors

The origin of high-temperature superconductivity
(high-Tc) in cuprates is still one of the great un-
solved mysteries in condensed matter physics. In the
past three decades, intense efforts were devoted to
the search of cuprate-like compounds that could re-
produce their structure and properties. For instance,
this motivated the studies in layered materials such
as ruthenates, cobaltates, and iron pnictides. While
none turned out to share an analogue of the two-
dimensional high-Tc superconductivity of cuprates,
a breakthrough recently came with the discovery
of infinite-layer nickelates RNiO2 (R = rare-earth).
Nickel stands immediately to the left of copper in
the periodic table, and nickelates’ structure consist
of square-planar NiO2 planes in the Ni1+ oxidation
state with a cuprate-like 3d9 electronic structure and
lifted orbital degeneracy. Nickelates thus realize a true
superconducting analogue of the CuO2 planes with
Cu2+ state in the high-Tc cuprates.

Indeed, despite the difficulty of the synthesis, nickelate
superconductors share the closest electronic structure
to the cuprates to date and also some of the cuprates’s
key properties (charge order and magnons, linear resis-
tivity, strange metal near optimal doping, and Fermi-
liquid in the overdoped regime), yet, crucially, not all.
Notably, depending on the rare earth elements and
doping, they exhibit a range of electronic structure
from 3D to quasi-2D, and a range of superconduct-
ing properties from the more to the less conventional.
This prompts the question of the correlation between
dimensionality and unconventional superconductivity,
and of where does the superconductivity in nickelates
stand between the quasi-2D high-Tc cuprates and the
3D high-Tc multiband iron pnictides. A second issue,
considering the richness of cuprates’ phase diagram, is
that of new phases or orderings that would coexist with
superconductivity in nickelates, and their role and re-
lation to the pairing mechanism, especially if quantum
critical transition exists. For example, a charge or-
dering (translational symmetry breaking) was reported
in the undoped and underdoped regimes of the hole-
doped nickelates. However, inside the superconducting
dome, a coexisting symmetry-breaking state (like the
charge order in cuprates) has yet to be observed in
nickelates.

In our studies, we investigated several families of nick-
elates: Nd1−xSrxNiO2 and La1−xRxNiO2 (where R
= Ba, Ca or Sr), in thin films form with maximum
thickness of typically 15 nm (current state-of-the-art),
some lithographied into Hall bars for magnetotrans-
port measurements. Contacts were made by wirebond-
ing through the protective capping layer. Depending
on dopants and the rare-earth spacer layer (figure 52),

we observe a crossover from a two-dimensional to a
three-dimensional superconducting state in the angu-
lar dependence of the upper critical fields at temper-
atures down to 0.5 K at high pulsed magnetic fields.
From this, we speculate that La1−xBaxNiO2 is a purely
2D superconductor with the highest hope of achiev-
ing cuprates-like pairing, whereas a Ca-doped NdNiO2

(which has yet to be synthesized) could carry the
strongest 3D-like character and potentially nodeless
superconductivity. In addition, in critical current and
magnetoresistance measurements, we find that the su-
perconducting state in all nickelate families studied
exhibit an in-plane C2 rotational symmetry (nematic)
which breaks the C4 rotational symmetry of the square
lattice of NiO2 planes.

Finally, while in Nd1−xSrxNiO2 we confirmed pre-
vious studies that the Pauli-limit is respected, in
La1−xRxNiO2 we find a surprisingly large (2-3 times)
violation of the Pauli-limit, in all crystallographic di-
rections and over the entire superconducting dome
(with Hc2 of the order of 30 T despite Tc around 7 K).
This suggests the tantalizing possibility that nicke-
lates might also exhibit an evolution from spin-singlet
to spin-triplet superconductivity with the appropriate
spacer layer.

These early results evidence the promises of nickelates
as true superconducting analogues of the CuO2 planes
in high-Tc cuprates. Searching for the differences, nick-
elates are fast emerging as a promising touchstone to
understand high-Tc superconductivity.

FIG. 52. (left) R = La/Nd, B = Sr/Ca, crystal structure of
nickelates showing the NiO2 layers analogous to cuprates.
(right) angular dependence of the upper critical field in Nd-
nickelates at T=1.5 K. The 2D-Tinkham model fits well
near Tc, whereas neither a purely 2D-Tinkham nor a 3D-
GL-like model fits at the lowest temperatures, but rather
a combination of the two.

For more details please see [Chow, et al. arXiv
2204.12606 (2022)] and [Chow, et al. arXiv 2301.07606
(2023)].
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29Si NMR study of the iron silicide superconductor LaFeSiH

Superconductivity was recently found below Tc = 10 K
in the iron silicide compound LaFeSiH, thus enlarging
the broad class of Fe-based superconductors to materi-
als without pnictogen or chalcogen elements. Interest-
ingly, it has also been reported that LaFeSiH undergoes
an orthorhombic transition upon cooling.

This immediately raises the question as to whether
LaFeSiH has concomitant stripe-type antiferromag-
netic order, as found in Fe pnictides, or a ground state
without magnetic order, as found in the singular case
of FeSe. In order to answer this question, we have
performed 29Si nuclear magnetic resonance (NMR) ex-
periments in a LaFeSiH powder sample [Hansen et al.,
arXiv:2309.02241].

In general, magnetic order is detected in NMR through
changes in either the resonance lines or the spin-lattice
relaxation rate T−1

1 . Here, all observables measured
in our 29Si NMR data of LaFeSiH show a weak and
smooth temperature dependence that rules out the
presence of magnetic order; both the Knight shift (fig-
ure 53c) and (T1T )−1 (figure 53d) decrease smoothly
upon cooling and saturate to a constant value below
∼20 K.

With a detection limit set by the NMR linewidth
of 45 kHz (figure 53a), we derive an upper bound of
∼ 0.01µB for a putative ordered moment. We fur-
ther notice that ordered moments as small as 0.05µB
lead to an enhancement of T−1

1 upon cooling for 31P in
BaFe2(As1−xPx)2 (x ' 0.3), which is totally excluded
by our 29Si data here. This confirms that there is no
ordered moment greater than ∼ 0.01µB in LaFeSiH.

In fact, both K and (T1T )−1 are well described by an
activated form,

a+ b exp

(
−∆

kBT

)
,

that yields virtually identical gap values: ∆K =
106 ± 24 K and ∆T1

= 101 ± 38 K, respectively.
This activated dependence is typical of strongly over-
doped Fe-based superconductors. In strongly over-
doped Ba(Fe1−xCox)2As2, the thermal activation of
(T1T )−1 (also satisfying ∆T1

' ∆K) has been ascribed
to spin fluctuations involving small momentum trans-
fer (so-called “intra-band” scattering).

Further, the constant linewidth down to 2.8 K (fig-
ure 53b) and the absence of stretched-exponential be-
havior (not shown) of the magnetization recovery in
T1 measurements are typical of spatially homogeneous
systems with weak electronic correlations.

In conclusion, our NMR study unambiguously show
that LaFeSiH has neither spin order nor even local
moments with stripe-type AFM fluctuations. This
raises the prospect of enhancing the Tc of LaFeSiH by
appropriate chemical substitutions. These presented
data also contribute to establishing a solid, quantita-
tive phenomenology of NMR in overdoped Fe-based su-
perconductors that could be confronted to theoretical
predictions based on realistic band structures.

FIG. 53. (a) 29Si NMR line (green) in a field of ∼15 T
and T = 2.85 K. The line is a fit to a Voigt profile. (b)
Full width at half maximum. (c) Magnetic hyperfine shift
K. The solid trace is a fit to an activated dependence (see
text). (d) Spin-lattice relaxation rate T−1

1 divided by T .
The solid trace is a fit to an activated dependence (see
text). For comparison purpose, the dashed trace shows
(T1T )−1 data in LaFeSiO from Hansen et al. npj Quantum
Mater. 7, 86 (2022). While the values are similar, the T
dependence is very different, due to the presence of (rather
weak) magnetic fluctuations in LaFeSiO.
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High-field NMR study of spin fluctuations driving field-reinforced
superconductivity in UTe2

Uranium-based superconductor UTe2 provides an at-
tractive platform for studying the novel physics of
spin-triplet and topological superconductivity (SC) in
bulk materials. Magnetoresistivity measurements per-
formed in 2019, both in continuous and pulsed fields,
revealed that SC in UTe2 is significantly enhanced
when the magnetic field (H) is applied along the crys-
tallographic b axis (figure 54). This leads to an increase
of the upper critical field up to the field of a metamag-
netic transition µ0Hm = 35 T. An essential ingredient
for this field-reinforced SC has been proposed to be an
interplay with U-5f electron spin fluctuations.

To confirm the presence and elucidate the nature of
spin fluctuations in UTe2, we conducted 125Te-NMR
experiments in high magnetic fields [Tokunaga et al.,
Phys. Rev. Lett. 131, 226503 (2023)]. For the exper-
iment, we prepared 125Te-enriched high-quality single
crystals having Tc = 2.0 K using the molten salt flux
method discovered recently by ourselves. The natu-
ral abundance of 125Te nuclei is only 7%, so that our
enrichment up to 99% largely enhanced the NMR sig-
nal, allowing us to measure the field dependence of the
NMR relaxation rates 1/T1 and 1/T2 up to 32 T.

FIG. 54. Schematic H-T phase diagram for UTe2 in H‖b
presents a high-field SC (HFSC) and a low-field SC (LFSC)
phases. The Tc(H) data (white circles) are from [Sakai et
al., Phys. Rev. Lett. 130, 196002 (2023)].

Figure 55 shows our 1/T1 and 1/T2 data for H‖b. The
observed magnetic field dependence and the scaling be-
tween the two relaxation rates, (1/T2)/(1/T1) ≈ 36,
demonstrates that the dominant fluctuations in this
material are the longitudinal ones. While 1/T1 and
1/T2 are nearly field-independent at lower fields, both

quantities start to increase above ' 15 T and show a
tendency to diverge above 32 T. Above 32 T, T2 values
become extremely short, shorter than the dead time
of NMR spectrometer, preventing us to observe NMR
spin-echo signals (grey area in figure 55). This con-
firms the divergence of spin fluctuations in the vicinity
of the field-induced metamagnetic transition at Hm.
Previous macroscopic studies defined µ0H

∗ ≈ 15 T as
the characteristic field above which Tc(H) shows an
upturn as a high-field SC phase emerges on top of a
low-field SC phase (figure 54). Our NMR results show
that H∗ is also the characteristic field above which spin
fluctuations begin to develop on approaching the meta-
magnetic transition, confirming that these fluctuations
indeed enhance the pairing interactions.

Figure 55 also presents the apparent scaling of the field
dependence of our NMR relaxation rate data and of the
quadratic coefficient A extracted from a Fermi-liquid
fit to the electrical resistivity at low temperatures in
H‖b. The strong increase of A near Hm has been re-
garded as due to the enhancement of the effective mass
m∗. A similar strong field-dependence, accompanying
a sharp maximum around Hm, has also been observed
in the Sommerfeld coefficient γ. Our NMR data in H‖b
thus provide experimental confirmation of recent the-
oretical prediction that longitudinal spin fluctuations
should give rise to the enhancement of the A coefficient
and the γ around the metamagnetic transition.

FIG. 55. Magnetic field dependence of our 1/T2 and 1/T1

(scaled by a factor of 35.5) NMR data, compared to the
quadratic coefficient A of the low-T resistivity data from
[Knafo et al., J. Phys. Soc. Jpn. 88, 063705 (2019)].
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Tuning the pairing mechanism of a superconductor

For a long time, all known superconductors shared a
common mechanism responsible for this superconduct-
ing (SC) state; the interaction between electrons and
the underlying lattice. The discovery that supercon-
ductivity could also be induced by direct interactions
between electrons, for example mediated by their mag-
netic properties, was a real breakthrough. Nowadays,
this seems to be always the case for strongly correlated
electron systems. However, a precise identification of
this pairing mechanism remains a major challenge. In
the high-Tc cuprates for example, even though it is
clear that electron-electron interactions are responsi-
ble for the record large critical temperatures, still no
consensus emerges on which interactions control the
formation of the Cooper pairs. Very recently we have
shown [Rosuel et al., Phys. Rev. X 13, 011022 (2023)]
that another strongly correlated system, UTe2, is the
first system for which two different pairing mechanisms
can lead to different SC states. Moreover, a magnetic
field can tune which mechanism will drive the SC state.

It was known already that superconductivity is rein-
forced in UTe2 when a magnetic field is applied in a
particular crystallographic direction, corresponding to
the hard magnetization axis (b-axis of the orthorhom-
bic structure). This very surprising phenomenon has
been explored on high quality crystals with new mea-
surements of specific heat and thermal expansion, per-
formed up to 36 T and down to very low tempera-
tures. With these probes, we revealed that the field-
reinforcement of the SC state is due to a thermody-
namic phase transition into a new SC phase above 15 T
(see figure 56). It was also discovered that the anomaly
(the specific heat jump) which marks the transition
between the normal state and the SC state broadens
more than 4 times in the field reinforced state. This
is unique; in the very few other examples of supercon-
ductors displaying multiple SC phases, the SC states
differ only by a change of symmetry, and in such a
case, there is no remarkable change of the specific heat
anomaly. Here in UTe2 it is likely that the low field
spin-triplet SC phase is driven by ferromagnetic fluc-
tuations, whereas the high field phase with a broad
specific-heat anomaly would emerge from other mag-
netic fluctuations developing under magnetic field.

A peculiarity of the phase diagram of UTe2 apparent on
the figure is that the field-reinforced SC state abruptly
disappears above 35 T: this coincides with a metam-
agnetic transition, characterized by a large first-order
jump of the magnetization of ' 0.5µB . These “other”
magnetic fluctuations are most likely related to the
emergence of the metamagnetic transition. Detailed
analysis shows that a pairing mechanism controlled by

the metamagnetic field could explain quantitatively the
strong broadening of the specific heat anomaly, as well
as its high sensitivity to a small misalignment of the
field from the b-axis. However, there is a surprise in-
gredient in this explanation; one has to admit that the
high field phase, contrary to the low-field one, would
be a spin-singlet. This is counter-intuitive; a spin sin-

FIG. 56. Two different SC phases in UTe2 as observed by
thermodynamic specific heat measurements, showing the
transition line between the two phases. At the bottom, the
change of the specific heat anomaly, becoming very broad
in the high field phase is very clear: note the curve at 18 T
where both anomalies are successively observed.

glet state for the Cooper pairs is usually detrimental
for superconductivity at high magnetic field, because
of the loss of magnetic energy due to the alignment of
spins in the field. In contrast, a triplet state, allows
to form Cooper pairs with spins polarized along the
applied magnetic field, hence it should be favored at
high field. Nevertheless, this additional twist is con-
sistent with some theoretical predictions studying pre-
cisely the competition of different pairing mechanisms
in this system under pressure, where several SC phases
have also been discovered.
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High-sensitivity specific heat study of the low-temperature
high-field corner of the H − T phase diagram of FeSe

FeSe is a particularly interesting iron-based supercon-
ductor, composed only of c-axis stacking of FeSe lay-
ers without any charge reservoir. In contrast to other
iron-based materials, this system does not order mag-
netically (but still undergoes a structural phase tran-
sition), and superconductivity here competes with an
orbitally ordered nematic state. Despite its moder-
ate critical temperature (Tc ' 9 K), FeSe can be seen
as an extremely high Tc material due to its very low
Fermi energy EF , comparable to the superconducting
gap ∆SC .

FIG. 57. Magnetic field dependence C(H) at T = 1.8 K
for the indicated values of the angle θ between the magnetic
field and the c axis. Note that no increase of C/T above
Hmax is observed for θ & 80◦, but a clear kink remains
visible belowHmax in this angle range (marked by the star).

Here we report [Klein et al., Phys. Rev. B 107,
224506 (2023)] on an extensive experimental study of
the low-temperature high-field corner of the H-T phase
diagram in FeSe using high-sensitivity specific heat C
measurements. Indeed, since ∆SC , EF and the Zee-
man energy are surprisingly close in this compound,
different superconducting phases as well as Lifshitz
transitions in the electronic structure may exist.

We show that two distinct anomalies are visible in

C(H) (below ' 3 K), see figure 57 and figure 58(a), no-
tably a (smeared) jump at the superconducting tran-
sition and a kink in C(H). This second structure lies
either below (for H close to the ab plane) or above (for
field orientations close to the c direction) the super-
conducting transition, indicating that it is most prob-
ably related to a field-induced change in the electronic
structure. Moreover, quantum oscillations are clearly
observed below ' 2 K (see figure 58(b), with a fre-
quency of about 200 T and yielding an effective mass
m? ' 4me.

FIG. 58. (a) Field dependence of C/T for the indicated
temperatures (H ‖ c), the different curves have been ar-
bitrarily shifted for clarity. A (smeared) superconducting
jump is visible forH ' Hmax, and C/T still increases above
the transition saturating for H ' Hsat.(b) Quantum oscil-
lations (for the indicated temperatures) after subtraction of
a smooth background [solid brown line in (a)]. The red lines
are fits to the data using the standard Lifshitz-Kosevich
model. Note that the oscillations are observed well below
Hsat for T ' 1 K, indicating that Hsat lies within the nor-
mal state.
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Magnetic transitions in the highly anisotropic ferrimagnet ErFe5Al7

RFe5Al7 with tetragonal crystal structure exhibits
strongly anisotropic ferrimagnetic properties with
easy-plane (R = Tb, Dy, Ho, and Er) or easy-axis
(R = Tm) anisotropy at low temperatures. The bal-
ance between exchange and anisotropy interactions
is modified at high magnetic fields, which results in
field-induced magnetic transitions with a noticeable
spin-lattice coupling under magnetic fields applied
along the easy magnetization axis. ErFe5Al7 is ex-
ceptional in this family of compounds, since it shows
field-induced transitions under magnetic fields applied
along the hard magnetization axis [110] as well as
along the easy axis [100] within the basal plane of the
tetragonal lattice. ErFe5Al7 orders with a collinear
ferrimagnetic structure at the Curie temperature TC =
201 K, and has a compensation point of Tcomp = 33 K,
where the magnitudes of the Er and Fe magnetic
moments are equal.

In this work, magnetization, magnetostriction, and x-
ray magnetic dichroism data have been combined to
provide a comprehensive picture of the magnetic prop-
erties of the strongly anisotropic ferrimagnet ErFe5Al7
in pulsed magnetic fields applied along the hard mag-
netization axis [110], focusing on the microscopic na-
ture of the two field-induced magnetic transitions ob-
served around Tcomp. In contrast to previous assump-
tions, we found (figure 59) that one of the field-induced
transitions accompanied by strong magnetoelastic cou-
plings originates from the rotation of the Er 4f mag-
netic moments from the easy to the hard axis. In
addition, the Er 5d moments follow the rotation of
the Er 4f moments due to the intra-atomic 4f -5d ex-
change coupling across the field-induced transitions.
The other field-induced transition corresponds to a
jump from the easy magnetization direction to the
forced ferromagnetic state.

FIG. 59. (a) Er L3-edge XAS spectra at 30.3 T. (b) Er L3-edge XMCD spectra at selected B. (c) B dependence of
the XMCD signals where the electric-dipole transition (2p3/2 −→ 5d) is predominantly involved. (d) Schematic of the
electronic structure involved in the electric-dipole (ED) and electric-quadrupole (EQ) transitions at the Er L3 and M5

edges. (e) Er M5-edge XMCD spectra at selected B. (f) Er M5-edge XMCD integrals as a function of B.
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Single molecule magnetic behavior of linear Iron(I) Arylsilylamides

Single-molecule magnets (SMMs) have attained con-
siderable interest as they pose potential for future ap-
plications in high-density information storage, quan-
tum computing, and magnetic refrigeration. In this
regard, SMM’s based on two-coordinate 3d transition
metal (TM) complexes came into the scientific spot-
light recently. In comparison with other 3d-TM com-
plex geometry they can exhibit unquenched orbital an-
gular moment, that can contribute to the magnetic mo-
ment. The seminal example constitutes the S = 3/2
system [Fe(C(SiMe3)3)2]− with an effective relaxation
barrier of Ueff = 226 cm−1 at zero field. It allowed for
the first-time observation of magnetic blocking for a
mononuclear 3d-transition metal system. In few other
previously reported cases it showed however that the
presence of an S = 3/2 ion in a (quasi)linear envi-
ronment is thereby not a sufficient criterion for the
observation of magnetic blocking behaviour.

This divergent behaviour called for a study to shed
light on this issue. We therefore studied the electronic
properties and magnetic behaviour of two-coordinate
iron(I) silylamide complexes (figure 60)

FIG. 60. Linear iron(I) silylamide complexes (A,B) and
comparison with previously reported complex (C).

It showed that the highest barrier for the relaxation of
magnetisation is observed in case of a near-linear lig-
and geometry (Ueff = 184 cm−1) with a geometrically
constrained ligand set (figure 61) as found in [KFeL2].
This also results in magnetic blocking below 4.5 K, that
is still unusual for mononuclear 3d-metal complexes.
Temperature dependent magnetic measurements fur-
ther revealed that the behaviour of [KFeL2] can be
fitted by the using the classic spin Hamiltonian with
Zeeman and zero field-splitting,

Ĥ = µB ~Bg~S +D[Ŝ2
z − 1

3S(S + 1) + E
D (Ŝ2

x − Ŝ2
y)].

This gave gx = gy = 2.27, gz = 3.31 and D =
−104 cm−1. This approach is formally forbidden for
near-linear complexes with degenerate ground states,

yet is apparently also applicable here. Theoretic cal-
culations of complex [KFeL2] using ab-initio ligand
field theory showed, that the observed barrier coin-
cides with an excitation from the magnetic ground
state mJ = 7/2 to the first excited state mJ = 5/2
( E = 212 cm−1). This was supported by vibrational
spectroscopy at very low temperatures in a variable
magnetic field, that yielded a magnetic transition at
182 cm−1.

FIG. 61. χT vs T measurements (top) and zero-
field-cooled/field-cooled (ZFC/FC) magnetization mea-
surements (bottom) of [KFeL2].

Together with the limited literature precedence, fol-
lowing guiding principles can be drawn for designing
single ion magnets with two-coordinate iron(I) ions:
A) Rigidity of the complex geometry, B) linearity of
the principal bond axis and C) use of weak-field σ/π-
donor ligands, whereas the local symmetry of the lig-
and (C2v or C3v), and its substituents are a lesser fac-
tor. This study thus expands on the synthetic pos-
sibilities for mononuclear transition metal complexes
that show magnetic blocking, and might lead to other
quasilinear ligand architectures for SMM’s. Further-
more, the herein observed excellent agreement of the-
ory with experiment will give credence to the in silico
design of novel linear metal complexes, like ones with
heavier donor atoms which to this day are synthetically
unfathomable. For more details please see [Weller et
al., Inorg. Chem. 61, 3153 (2023)].
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Magneto-chiral dichroism in a one-dimensional assembly of helical
dysprosium(III) single-molecule magnets

Magneto-Chiral Dichroism (MChD) is the differential
absorption of unpolarised light by a chiral system in
the presence of a magnetic field (B) collinear to a light
wave vector (k). One of the main interests in MChD
is driven by the possible optical readout of magnetic
data using unpolarised light. One way to achieve this
is to implement chirality into single molecule magnets
(SMM) potentially making them MChD active. Since,
MChD is sensitive to the magnetic state of the sys-
tem, it should then be possible to trace the magnetic
hysteresis of SMM using unpolarised light.

FIG. 62. Molecular structure of 1-(M) and 1-(P).

Due to their large spin-orbit coupling, chiral lanthanide
complexes are among the best candidates to observe
strong MChD, which was evidenced recently in a chi-
ral helicene based YbIII coordination polymer with
record MChD signals observable up to room tem-
perature. Therefore, since some of the best SMMs
reported are DyIII based, in this work, we stud-
ied the MChD of [DyIII(H6(py)2)(hfac)3]n [H6(py)2

= 2,15-bis(4-pyridyl)ethynylcarbo[6]helicene; hfac− =
1,1,1,5,5,5-hexafluoroacetylacetonate], 1-(P) and 1-
(M) (figure 62), which are isostructural analogues to
the previously reported YbIII coordination polymer.

MChD measurements at T = 4 K with alternating B
along k showed signals at different wavelengths (fig-
ure 63). They correspond to the f-f transitions between
the 6H15/2 DyIII ground state and spectroscopic lev-

els derived from 6F and/or 6H terms. For the peaks
at λ = 1291 nm and 1300 nm, the gMChD dissymme-
try factors at B = 1 T are 1.2% and 0.9% respectively,
much are lower those observed in the YbIII analogue,
owing to the magnetic dipole forbidden nature of the
transitions in DyIII complexes.

The intensity of MChD signals at λ = 455 nm and 1291
nm closely follows the T dependence of magnetisation,
highlighting the dominance of MChD C-term at low
temperatures. In contrast with the magnetisation mea-
sured on microcrystalline sample, MChD measured on
an oriented single crystal, is far from reaching satu-

ration at 2 T (figure 64). This indicates that stronger
MChD signals can be observed by pushing up the lim-
its of the applied magnetic field.

To conclude, the investigation of the optical and mag-
netic properties of the chiral helicene based DyIII co-
ordination polymer showed the coexistence of both
MChD and SMM behaviour. The system showed sev-
eral MChD active transitions suitable to trace a mag-
netic hysteresis. These results point towards the devel-
opment of DyIII based chiral systems, with improved
SMM properties for the realisation of optical readout
of magnetic data using MChD.

For more details please see [Raju et al., Inorg. Chem.
62, 17583 (2023)].

FIG. 63. Magnetic field dependence of ∆AMChD for 1-(P).

FIG. 64. Temperature and magnetic field dependence of
∆AMChD (λ = 455 and 1291 nm) compared to the magneti-
zation data. The black line is the simulated magnetization
curve based on the Brillouin function assuming gJ = 4/3
and J = 15/2.
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Induced circular dichroism from helicoidal nano substrates to
porphyrins - the role of chiral self-assembly

Induced circular dichroism (ICD) refers to the obser-
vation of natural optical activity in achiral objects
through their interaction with chiral ones. One po-
tential use of ICD is in the field of magneto-chiral
dichroism (MChD), an optical effect where the absorp-
tion coefficient of a chiral system changes based on its
handedness when irradiated by unpolarized light in the
presence of an external magnetic field along the direc-
tion of the light propagation wavevector.

Here we explore the mechanism of interplay between
ICD and MCD, inestigating nanocomposites fabri-
cated using different chiral induction strategies on
free base tetraphenylphorpyrinate-sulphate (TPPS),
iron(III)- and copper(II)-TPPS and the naturally-
occurring iron(III) porphyrin, hemin, deposited on sil-
ica chiral nanohelices (figure 65).

We have observed ICD and MCD of four achiral por-
phyrins associated to a nanometric helical silica plat-
form. Three strategies of associating the nanohelices
with the porphyrins were tested; direct surface graft-
ing, ion exchange using hybrid helices, and drop-cast
on inorganic helices.

The results clearly show that the silica helices can effi-
ciently induce CD signals to all the studied porphyrin
compounds. Nonetheless, depending on the interac-
tion between the helices and the molecules, and on the
nature of the porphyrin, the ICD varies considerably.
These results are in contrast with the previous report
of Ishii and collaborators who observed MChD in the
Soret band for a chiral aggregation of TPPS. This can
be explained by the extremely strong ICD observed in
their system, 2000 mdeg compared to the 500 mdeg in
our case. Furthermore, they observed a non-negligible
MCD response at the Soret band.

Indeed, the formation of J-aggregates has been shown
to play a key role and the DC technique which allowed
the best head-to-tail stacking of the porphyrin led to
the highest CD signals. For this reason, the highest
ICD and MCD were observed with the free base por-
phyrin in the DC system. However, these strong ICD
and MCD signals were not observed for the same tran-
sitions, Soret band for ICD and Q-band for MCD. Such
an energy mismatch between the NCD- and MCD-
active absorption bands are likely the origin of the ab-
sence of observable MChD signals.

FIG. 65. TEM images and their corresponding CD spectra and absorption spectra (solid and dashed lines, respectively)
for the investigated nanocomposites with different chiral induction strategies.
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Synthesis, characterization and magnetochemical study of cobalt,
nickel and manganese coordination polymers

Three new polymeric compounds with the composi-
tion [M3(seb)3(phen)2]n, where MII = Co(1), Ni(2)
and Mn(3), seb = (OOC-C8H16-COO)2−, phen =
C12H8N2 were synthesized and characterized by physi-
cal and physico-chemical methods. According to X-ray
crystallography in the studied compounds the sebacic
acid behaves as double anionic ligands, the charge
balance and chemical composition are in agreement
with the formation of isostructural trinuclear species
(P21/n space group) (see figure 66). Co1 is coordi-
nated by six carboxylate oxygen atoms in a quite reg-
ular octahedral geometry. The coordination sphere of
Co2 involves four carboxylate oxygen and two nitrogen
atoms from o-phen ligand. Each trinuclear clusters are
interconnected with six neighbours through sebacate
linkers thus expanding in 3D coordination network.
Assuming an isolated magnetic distribution of trinu-
clear cluster, the evolution of magnetic susceptibility
data (figure 67) suggest antiferromagnetic interactions
in the Mn3 and Ni3 cores and ferromagnetic interaction
for Co3 moiety.

FIG. 66. Crystal structure for [Co3(seb)3(phen)2]n, (1)
(the hydrogen atoms were omitted for clarity).

The temperature dependence of magnetic susceptibil-
ity and magnetization measurements for Mn was ex-
pressed using the isotropic spin Hamiltonian which
include the exchange interaction (J) between three
Mn(II) ions (Si = 5/2) and the Zeeman splitting(g).
The best fit of experimental data give g = 2.039(1),
J = −1.43(1) cm−1 and confirm the antiferromagnetic
interaction in the Mn3. In order to estimate the ex-
change parameters for the Ni3 cluster the anisotropic
spin Hamiltonian (J , D-axial and E-rhombic ZFS pa-
rameters, g-factor) was applied to analysis the mag-
netic data. The best fit corresponds to the values
J = 0.00(5) cm−1, g = 2.261(3), D = 3.65(1) cm−1 and

E = 0.30(7) cm−1 indicating that decreasing of mag-
netic susceptibility at the low temperature is mostly
represent the contribution of ZFS and the magnetic
interaction is close to zero.

For strongly anisotropic Co3 cluster the temperature
dependence of magnetic susceptibility was analyzed by
the following anisotropic spin Hamiltonian,
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where σ = − 3
2κ is the combined orbital reduction

parameters, λ is the spin orbital coupling parame-
ters, B0

2 is the axial distortion parameters and B2
2

is the rhombic distortion parameters and J , simi-
lar to Ni3 and Mn3, reflect the isotropic interac-
tion in the cluster Co3.The obtained best fit param-
eters are J = 0.32(6) cm−1, B0

2 = 349(5) cm−1 and
B0

2 = 70.6(9) cm−1 support the assumptions of pres-
ence ferromagnetic interactions in the reported Co3

compound.

FIG. 67. Temperature dependence of the χMT product
for compounds Co3(1), Ni3(2) and Mn3(3).

For more details please see [Guzan et al., Inorganica
Chimica Acta 553, 121526 (2023)].
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Delamination strength of REBCO HTS tapes

Rare earth barium copper oxide (REBCO) tape man-
ufacturers have made efforts to reduce the production
cost and improve the current density of their products.
However, there are insufficient reports on the electri-
cal and physical properties of these REBCO tapes un-
der extreme conditions. Therefore, four REBCO prod-
ucts purchased in 2022 were tested (see figure 68): i)
THEVA (TV); ii) Shanghai Superconductor Technol-
ogy (SST); iii) Faraday Factory Japan (FFJ); and iv)
Fujikura (FJK). Table I shows the specifications of the
tapes. The width of all tapes was about 6 mm. The
measured total thickness of three tapes were all ap-
proximately ' 74−76µm. In the case of FFJ, the mea-
sured total thickness values was about ' 60 − 64µm
due to the thinner substrate.

FIG. 68. Spools of four REBCO tapes.

TABLE I. Measured width and thicknesses of REBCO
tapes. For the stabilizer the width is per side.

Unit TV SST FFJ FJK

Width [mm] 6± 0.1 6± 0.1 6± 0.1 6± 0.1

Stabilizer [µm] 10± 2 10 10± 3 5

Substrate [µm] 50 45 37± 0.3 50

Total [µm] 74-76 74-77 60-64 73-75

For the construction of REBCO magnets, cutting, pre-
tinning and soldering of the tapes are some tasks fre-
quently performed. In addition, during these pro-
cesses, polyimide tape is mainly used to protect and
fix the REBCO tape, and removed after work. If the
adhesion between the layers of the REBCO tapes is
not sufficient during this process, delamination prob-
lems occur. Therefore, we checked the delamination
strength as follows. The first step is to attach a poly-
imide tape on the REBCO tape and to remove it. The
second is to cut the tape with scissors after pre-tinning
the REBCO tape. Although this evaluation method is

a rough one, it is a very practical approach for the
construction of actual HTS magnets. In addition, to
ensure reproducibility in evaluating tape delamination
strength, we tested a minimum of eight samples from
each company’s product, selecting them from at least
four conductor spools per company. Figure 69 and 70
show pictures of delaminated tapes. In the case of the
first check (see figure 69), the tapes of three companies
(TV, FFJ and FJK) were easily delaminated.

FIG. 69. Delaminated tapes after removing polyimide.

FIG. 70. Delamination after cutting REBCO tapes.

In the case of the second check (see figure 70), the tapes
of two companies (TV and FFJ) were delaminated at
the cut edge. In addition, even if the tapes did not de-
laminate immediately after cutting, it occurred several
hours later, which means that the tapes with weak ad-
hesion between layers are physically very unstable at
the cutting area. Consequently, REBCO tapes of three
companies, with the exception of SST tape, require an
increase of their delamination strength. Recently, TV
reported to us that they succeeded in developing a new
tape with an improved delamination strength. The
preliminary evaluation on samples of this new tape us-
ing Kapton showed no delamination; next, we are plan-
ning to evaluate the new TV tapes in the coil under
high field.

J.B.Song, R. Raison, R. Pankow, J. Spitznagel, X. Chaud
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Windability of REBCO HTS tapes

For construction of high magnetic field coils, it is very
important to estimate the windability of the tapes be-
cause the coils require a large number of turns wound
with high tension on a small diameter. Therefore,
we undertake an evaluation of windability of four RE-
BCO tapes. To construct double pancake (DP) coils
for very-high-field magnet, the REBCO tapes were co-
wound with a stainless-steel tape (Durnomag - 6 mm
width and 30µm thick) on a stainless-steel (SS) inner
ring with a 50 mm diameter and a 1 mm thickness at
a winding tension (WT) of 100 MPa. The reason for
co-winding is to apply the advantages of the metal-as-
insulator (MI) technique to the DP coils [Song et al.,
IEEE Trans. Appl. Supercond. 32, 4300206 (2022)].
If a deformation of the coil was noticeable at a WT of
100 MPa, the winding process was repeated by gradu-
ally reducing the WT to evaluate the maximum WT
applicable with no deformation.

Figure 71 shows pictures of THEVA (TV) DP coils.
The coils were wound uniformly without any deforma-
tion at a WT of 100 MPa, demonstrating that TV tape
has good physical properties in terms of windability.

FIG. 71. THEVA double pancake coils at a winding ten-
sion of 100 MPa

FIG. 72. FFJ winding at a winding tension of 50 MPa

Figure 72 shows the Faraday Factory Japan (FFJ)
winding as the number of turns increases at a WT of
50 MPa. The FFJ coil not only had an uneven wind-
ing arrangement but was also deformed as the number
of turns increased, even at a WT as low as 40 MPa.
The reason for the winding deformation, as discussed
with FFJ is probably due to the thinness (37∼40 µm)
of the substrate and its geometry after electropolish-
ing. Figure 73 shows a schematic drawing of FFJ tapes

substrate after electropolishing. Since both ends of the
tape width are thinner than the middle part, its thick-
ness is inevitably asymmetrical when slitting the initial
12 mm width into 6 mm, which causes conical deforma-
tion of the windings. Moreover, in the case of 6 mm
width tape cut from the center of 12 mm width tape
for these tests (CNRS tape), the difference in thickness
between the two ends of the tape is maximized (see fig-
ure 73a). Official products of FFJ are 4 mm and 12 mm
wide tapes. FFJ will estimate the windability of their
tape using a 6 mm width tape cut at both edges (see
figure 73b) to use only the central part of the tape.
This solution has of course a higher cost.

FIG. 73. Schematic drawing of FFJ tapes substrate after
electropolishing: Center cutting (a); and both-edge cutting
(b) for 6 mm wide tape.

Figure 74 shows pictures of Fujikura (FJK) windings.
The coil shows good uniformity without any defor-
mation during winding process. However, after un-
loading the coil from the winding machine, its outer
part suddenly deformed at WTs from 100 MPa down
to 50 MPa. To investigate the effect of edge direction
on the windability, we performed the winding process
again at a WT of 50 MPa after changing the edge direc-
tion of the tape. Deformation of the winding did not
occur after unloading the coil (see figure 74b). How-
ever, after a T = 77 K test, the sapphire DP spacer
maintained by the single-pancake coils slightly moved,
which implies that it is difficult to completely prevent
winding deformation.

FIG. 74. FJK coils before (a) and after (b) changing edge
direction.
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Windability of SST REBCO HTS tapes

Figure 75 shows pictures of Shanghai Superconductor
Technology (SST) double pancake (DP) windings at
a winding tension (WT) of 100 and 60 MPa. In the
case of 100 MPa, the winding was well aligned without
any issue up to 249 turns. At 250 turns, the winding
was suddenly deformed into a conical shape (see the
far right of figure 75a). At a WT reduced to 70 MPa,
deformation of the winding could not be avoided. At
a WT of 60 MPa, the SST DP coil was successfully
wound without deformation. However, deformation
of this winding occurs in some area during charging-
discharging tests in a liquid nitrogen (LN2) bath at
77 K in self-field (see figure 75b). Finally, at a WT of
50 MPa, the SST winding was free from deformation
after winding process and LN2 test.

FIG. 75. Deformed SST MI coils at winding tensions of
(a) 100 MPa and (b) 60 MPa.

SST investigated the causes of deformation of REBCO
tapes at high WT and found that one edge is slightly
thicker (∼ 3µm thickness difference) than the other.
The reason for the thickness difference between the
edges of SST tape is that (i) the substrate has a slight
thickness variation along its width and (ii) the bot-
tom end of tape tends to be thicker because the tape
is placed vertically during copper-plating. Figure 76 il-
lustrates the winding deformation using REBCO tapes
with a different thickness between edges at high WT.
When the thicker edge of the tape faces the bottom of
the coil, the winding is denser than at the top of the
coil wound with the thinner edge. If the coil is wound
with a large number of turns at a high WT, the coil
may suddenly deform into a conical shape at a certain
number of turns exceeding the critical point of defor-
mation. In contrast, if the thin edge is placed toward
the bottom of the pancake, the deformation of the coil
might be mitigated, but may also reduce winding uni-
formity. Moreover, even in this case, as the number of
turns increases, the outer of the upper part of the coil
wound with a thick edge may deform downward. Re-
cently, SST notified us that they successfully reduced
the difference in thickness between the edges of the
tape to less than 1µm, and that there was no defor-

mation of DP coils using such tapes under the same
winding conditions as ours. In the near future, we will
evaluate the windability of SST’s new products.

To estimate thickness uniformity of the REBCO tapes
along longitudinal direction, the diameters of the wind-

FIG. 76. Illustration of winding deformation under WT
using a tape with a difference of thickness between the
edges.

FIG. 77. Number of turns versus winding diameter of DP
coils wound with four REBCO tapes.

ings were measured by vernier calipers. Figure 77
shows the conductor thickness estimated from the di-
ameter of each winding. As seen in figure 77, the esti-
mated thickness of THEVA tapes was within the mea-
sured thickness range of tapes, indicating that the tape
has a consistent thickness in both the width and length
directions of tape. In the case of SST, the evaluated
tape thickness was slightly higher than the measured
thickness because one edge of the tape is thicker than
the other. In the case of Fujikura (FJK), the estimated
thickness values of tapes were within the measured val-
ues for three spools. However, the estimated thickness
of tape in one spool after winding was 70µm, which is
up to 5µm thinner than the measured thickness. We
discussed with FJK about this difference in thickness
before and after winding, but the cause is not known
yet. In the case of Faraday Factory Japan, it was diffi-
cult to evaluate the tape thickness by winding diameter
because unevenness and deformation of the windings
could not be prevented in these tests.

J.B.Song, R. Raison, R. Pankow, J. Spitznagel, X. Chaud
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Charging and quench tests of a THEVA prototype magnet at 4.2K

To estimate electrical performance and mechanical
strength of REBCO windings, for the first test of the
prototype magnet, THEVA (TV) double pancake (DP)
coils were selected because TV tape was the only one
that showed no deformation at a winding tension (WT)
of 100 MPa among the four REBCO products. The two
TV DP coils are stacked on a support structure that is
intended to keep an uniaxial pressure of 10 MPa even
after cooling at 4.2 K. TV tapes have a unique feature
compared to other company’s products; the c-axis of
the REBCO layer is tilted by approximately 30 degrees
with respect to the substrate normal due to the epitax-
ial growth of the REBCO layer on a biaxially textured
MgO buffer layer. Therefore, when the DP coils were
wound and stacked, we paid attention that TV wind-
ings have ab-planes approximating the direction of the
field lines at the top and bottom. For a detailed de-
scription, figure 78 shows c-axis arrangement of the two
DP coils.

FIG. 78. Schematic drawing of the TV REBCO tape (a)
and half view of the assembled TV DP coils (b)

Figure 79 shows the charging and quench test results
of the model magnet at current ramp rate of 1 A/s
under several external applied magnetic field (Bext) at
4.2 K. To compare electrical performance of the TV
magnet with regards to Bext, test results of a previous
magnet wound with a combo of TV and SuperPower
tapes are added to figure 78(closed squares and closed
triangles) [Song et al., IEEE Trans. Appl. Supercond.
30 4701806 (2022)].

Note that, except for the number of turns, the previ-
ous TV-SPo metal-as-insulator (MI) magnet has sim-
ilar geometry as the TV magnet. In self-field tests at
4.2 K, the prototype magnet was charged up to 500 A
and the previous test magnet was charged up to 555 A.
The magnetic field (8.5 T) generated by the TV mag-
net is higher than the field (7.9 T) of the previous test
magnet because of the higher number of turns. At
Bext = 5 T and 10 T, the TV magnet was success-
fully charged up to 500 A, whereas a quench of the
previous test magnet occurred at 455 A and 375 A at
Bext = 5 T and 10 T respectively, even though it pro-
duces a lower magnetic field (5.3 T at Bext = 10 T)
compared to the TV magnet (8.4 T at Bext = 10 T).
This result demonstrates that the new TV tape has

improved electrical performances under high field. At
Bext = 15 T, a quench of the TV magnet finally oc-
curred at 405 A, after which the magnet was gradually
degraded by repeated quenching events (see closed cir-
cle and red arrow).
To find the cause of the degradation, the magnet was
disassembled and unwound. There were no damage
or signs of deformation of the TV windings, however,
the HTS pieces and tape for internal and external elec-
trical junctions were delaminated and kinked (see fig-
ure 80), especially in the internal junction of the top
DP coil. To confirm whether the TV tapes inside the
windings were damaged or not, their critical current
(Ic) distribution were estimated again by the Tapestar
quality control device at the TV company and com-
pared with measurements performed in similar condi-
tion prior to the delivery of the tapes. The Ic distri-
butions of each tape before and after quench events
are similar, which implies that the cause of the mag-
net degradation is from damaged junctions probably
due to the weak delamination strength of the tape. In
other words, THEVA tape not only has good physical
properties for high pressure windings, but also has high
electrical performance under external magnetic fields.
However, its delamination strength should be improved
for its use in HTS windings. Recently, TV sent a new
tape with an improved delamination strength to us.
The preliminary evaluation on samples of this new tape
using Kapton showed no delamination.

FIG. 79. Test results of THEVA-SuperPower and all
THEVA model magnets under various Bext at 4.2 K

FIG. 80. Internal electrical junctions between single pan-
cake coils after quench events.
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Joint characteristics and in-field performance of REBCO HTS tapes

For the construction of HTS magnets many electrical
junctions have to be made to connect the different pan-
cakes or double-pancakes (DP). Therefore, we investi-
gated a large number of junctions for REBCO tapes of
four companies to optimize (minimize) the resistance
without degrading the critical current (Ic). To evalu-
ate the junction properties of each tape, the samples
were tested at 77 K in a liquid nitrogen (LN2) bath in
self-field (see figure 81). Table II lists test results of
joining samples. The maximum joint resistance values
of all samples were less than 17 nΩ and their Ic values
were not degraded at least at 77 K in self-field. In other
words, all tapes show good electrical performance for
the joint.

FIG. 81. Fabricated and tested joints of REBCO HTS
tapes.

TABLE II. Test results of REBCO tape joints measured at
77 K in self-field.

Unit TV SST FFJ FJK

Min.Ic of HTS pieces [A] 130 224 272 200

Min.Ic of HTS conductor [A] 220 224 179 200

Max. joint resistance [nΩ] 6.0 16.8 6.5 11.3

Surface resistivity [nΩ·cm2] 24.2 60.6 25.7 44.8

Ic of the samples [A] 218 263 258 274

Figure 82 shows some lift factors of REBCO tapes un-
der various fields perpendicular to the ab-plane (B⊥).
In the particular case of THEVA (TV), the c-axis of
the REBCO layer is tilted by approximately 30 de-
grees with respect to the substrate normal [Song et al.,
IEEE Trans. Appl. Supercond. 30 4701806 (2022)].
As shown in figure 82, the TV tape shows the highest
performance. Figure 83 shows current carrying capa-
bility (CCC) of the tapes per unit width under various
B⊥. The critical current density of all REBCO tapes
was over 1000 A/mm2 under a B⊥ of 30 T at 4.2 K,
which implies that all REBCO tapes are suitable as
conductors for fabricating of very-high-field magnet in

terms of electrical properties. At this level of current
density, the performance of the magnets is limited by
the mechanical properties. The CCC of TV REBCO
tape was evaluated by reflecting the lift factor to the
average Ic(77 K) of purchased 6 mm width tapes.
Meanwhile, Faraday Factory Japan (FFJ) informed us
that their evaluation results of CCC differ from our
test results. Although they measured the CCC of their
tape up to a B⊥ of 13 T, the tape shows approximately
14.3% better performance under a B⊥ of 30 T com-
pared to our result (if their result is extrapolated). The
reason why our measurement was lower than that of
FFJ is probably because the tape may be mechanically
damaged under high field due to its thinner substrate.

FIG. 82. Lift factor of the tapes under various perpendic-
ular fields from ab plane.

FIG. 83. Current carrying capability of the tapes per unit
width under various perpendicular fields from ab-plane.
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Magnetization of HTS double-pancake coils with soldered joints

High temperature superconductor (HTS) double-
pancake coils, compared to HTS-stacked ring magnets
[Liao et al., J. Appl. Phys. 134, 083902 (2023)], of-
fer better symmetry in field distribution due to their
regular shape. These coils, made with commercial
HTS tapes, can generate strong magnetic fields with
high current. However, they often need external power
sources, leading to heat loads that limit current trans-
port, affecting high-current operations and magnetic
field stability. Recent flux pump developments allow
for non-contact flux injection, facilitating direct cur-
rent generation. Despite these advances, limitations
in coil turns and magnetic field strength persist. This
study exams an HTS double-pancake coil sample mag-
netized through field cooling, assessing its potential as
a trapped field magnet. It has soldered joints which
can maintain closed-loop current in the coil.

FIG. 84. Finished HTS double-pancake coil

Bridge-type soldering process were employed for the
joints and the resistance of the joints at 77 K was mea-
sured to be around 12 nΩ. The HTS coil was impreg-
nated with paraffin wax in the brass sample holder.
The finished HTS coil is shown in figure 84. A cryo-
genic Hall sensor was placed in the centre of the sample
for measuring the central field during and after mag-
netization.

The central fields during 1.07 T and 4.5 T field cool-
ing magnetization are shown in figure 85 and figure 86.
The central field commences its upward trajectory as
the applied field starts its decrement and continues to
rise until the applied field is zero. Following the end
of the external field’s decrement, there is a gradual
decline in the central field, caused by the combined
effects of flux relaxation and the resistive attributes
of the joints. In figure 86, the central field attains its
peak at approximately 4.6 T before it witnesses a con-

sistent decline. A temporal progression of 30 minutes
witnesses the central field’s decay to 4.55 T, a value
which still exceeds the originally applied 4.5 T.

FIG. 85. Central field of the HTS double-pancake coil
during 1.07 T magnetization.

FIG. 86. Central field of the HTS double-pancake coil
during 4.5 T magnetization.

When the external field is completely removed, the
closed-loop HTS double-pancake coil can be seen as an
RL circuit that is short-circuited, so the central field
can be calculated based on,

Fc(t) = A0 exp

(
−Rt
L

)
,

where Fc(t) is the time-dependent central trapped field
of the HTS coil and A0 is the initial field during field
decay. According to the equation, the resistance of
the joints under liquid helium is calculated to be 2 nΩ.
Besides, the decay rate can also be calculated. Af-
ter 3 hours, the central field decayed to 4.4 T, a 3.9%
reduction. With higher inductance (more turns) and
lower resistance, the decay rate can be further reduced.
This study underscores the potential and challenges as-
sociated with HTS double-pancake coils and suggests
references for further research and optimizations.
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Effects of the oxygen source configuration on the superconducting
properties of internally-oxidized internal-Sn Nb3Sn wires

The Nb3Sn superconductor currently stands as the fa-
vored choice for the conductor in the upcoming gen-
eration of high field accelerator magnets. A notable
instance is the high luminosity upgrade of the large
Hadron collider (HL-LHC) at the European organi-
zation for nuclear research (CERN). Within this ini-
tiative, the aim involves the installation of high-field
large-aperture Nb3Sn quadrupole magnets in the in-
teraction region, featuring a peak field on the conduc-
tor reaching 12 T. Achieving this ambitious goal neces-
sitated the development of Nb3Sn wires with a non-
Cu Jc, specifically the critical current (Jc) divided by
the wire’s non-Cu area (comprising Nb3Sn, residual
bronze, and barriers), attaining 2450 A mm−2 at 4.2 K
and 12 T.

CERN is concurrently engaged in a study for a prospec-
tive proton-proton collider known as the future circu-
lar collider (FCC-hh). This envisioned collider boasts
a ' 100 km circumference ring equipped with 16 T
Nb3Sn dipole magnets, resulting in a collision energy of
100 TeV. To meet the imperative of attaining a dipole
field of 16 T in a compact and economically viable mag-
net, the non-Cu Jc target for the Nb3Sn wires is set at
1500 A mm-2 at 4.2 K and 16 T. By way of compar-
ison, under analogous conditions, the wires developed
for the HL-LHC upgrade can manifest a non-Cu Jc
value as high as 1250 A mm−2 at 4.2 K and 16 T.

In the context of a collaborative effort between UNIGE
and CERN, this study presents the findings of an inves-
tigation into internal Sn wires with an internal oxide
source (OS) aimed at enhancing the superconducting
properties of Nb3Sn. The research explores methodolo-
gies to incorporate an internal OS into a simplified rod-
in-tube (RIT) wire, mimicking a subelement of RIT
wires with a reduced number of Nb-alloy filaments.
The absence of powder in the design of current RIT
wires necessitates preliminary studies to assess the ef-
fects of powder OS in different layouts on wire deforma-
bility/fabrication and superconducting properties.

Successfully manufacturing 12-filament rod-in-tube
Nb3Sn wires with oxide nanoparticles formed by the
internal oxidation method, the study employed Nb-
7.5 wt%Ta-1 wt%Zr and Nb-7.5 wt%Ta-2 wt% Hf al-
loys along with oxygen sources (OSs) in two different
configurations in the core of Nb filaments (coreOS) and
at the boundary between the filaments and the Cu tube
(annularOS). This rapid research and development ac-

tivity allowed for an in-depth investigation into the
effects on the superconducting properties concerning
the position of the OS relative to the Nb3Sn formation
front.

Figure 87 illustrates the ranges of Bc2 values at differ-
ent criteria measured on multiple samples of each wire
type. Experimental data indicate that Bc2(4.2) K cal-
culated using the 99% criterion increases to 29.2 and
29.3 T for Zr-annularOS and Hf-annularOS samples,
surpassing by more than 1 T the Bc2 value of 28 T for
a sample fabricated with the same procedure and using
Nb-7.5 wt%Ta alloy (NbTa-noOS).

FIG. 87. Bc2 values at temperature T = 4.2 K values
of several samples of each wire estimated using with differ-
ent criteria (from top to bottom: 99%, 90%, 50%, 10%, 1%).
Comparison with wire NbTa-noOS, is given.

The simultaneous presence of the OS and of Hf or
Zr reduced the average Nb3Sn grain size to around
50 nm, resulting in an enhancement of the layer crit-
ical current density (Jc) up to 3000 A mm−2 at 4.2 K
and 16 T for the Hf-annularOS wire. Samples manu-
factured with an OS exhibit a shift toward higher re-
duced magnetic fields of the position of the maximum
in pinning-force density. This shift is more pronounced
when SnO2 is added in the annularOS configuration
and for the Hf-containing samples. This enhanced pin-
ning at higher magnetic field levels proves beneficial
for high-field magnet applications.

For more information, please see [Bovone et al., Super-
cond. Sci. Technol. 36 095018 (2023)].
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Laser pulse propagation in a magnetized under-dense plasma

The propagation and energy coupling of intense laser
beams in plasmas are critical issues in laser-driven iner-
tial confinement fusion (ICF). Applying magnetic fields
to such a setup has been evoked to enhance fuel con-
finement and heating, and mitigate laser energy losses.
For ICF, it is critical that the maximum laser energy
possible is coupled, either directly to the fuel in direct-
drive or to the hohlraum wall in indirect-drive, in a
spatially homogeneous manner, as the laser’s imprint
seeds hydrodynamic instabilities that limit fuel com-
pression.

Laser-plasma interaction (LPI) can be either beneficial
to ICF, e.g. when spatially smoothing the laser energy
distribution, or detrimental, e.g. by conversely causing
spikes in the laser pattern through self-focusing, or by
inducing energy loss through stimulated Raman and
Brillouin scattering (SRS and SBS, respectively).

In this context, we have recently been able to perform
experimental measurements demonstrating improved
transmission and increased smoothing of a high-power
laser beam propagating in an underdense magnetized
plasma.

To assess the impact of magnetization on laser prop-
agation and coupling, we experimentally explored the

dynamics of a single speckle laser beam propagating
through pre-ionized under-dense plasma targets. For
this setup, a large-scale and strong (20 T) transverse
magnetic field was applied. This is used as a proxy for
the indirect-drive ICF hohlraums environment.

As shown in figure 88, we could show, via time-resolved
and two-dimensional (2D) space-resolved transverse
imaging of the transmitted beam, that magnetiza-
tion of the plasmas allowed enhanced energy transmis-
sion and improved beam smoothing in a magnetized
plasma, which is favourable in terms of illumination
inhomogeneity of the final target. This is due to the
magnetization favouring a lower electron density and
higher electron temperature, thus leading to a lower
absorption (via inverse Bremsstrahlung).

Additionally, measurements of the backscattered SRS
indicate an increased signal level at different plasma
densities in the magnetized case. 2D particle-in-cell
(PIC) simulations confirm this trend and reveal that
hot electron confinement (with energies up to 100 keV)
is responsible for this increase, which will reduce pre-
heating of an ICF target.

For more details please see [Yao et al., Phys. Rev.
Lett. 130, 265101 (2023)].

FIG. 88. (a1) Schematic displaying the experimental configuration (top view). (a2) Time sequence of the pre-heating
(L1) and interaction (L2) beams. (b-c) Temporal snapshots from the HISAC diagnostic, displaying transmitted L2 laser
light, for a peak electron density ne = 0.04nc and magnetic field B = 0 and 20 T, respectively. All panels are normalized
by their respective maximum intensity and share the same colormap on the right.
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Grenoble axion haloscopes - from BabyGrAHal to GrAHal

Particle physics is not confined to the high energies,
the low energy frontier i.e., the eV/sub-eV range, is
also promising for major discoveries. One of the em-
blematic particles for this new physics is the axion, a
pseudo-scalar predicted to solve the fundamental prob-
lem of the apparent non-violation of the CP symme-
try by the strong interaction. This particle could also
be the main dark matter component of our universe
and is one of the leading candidates and rare non-
supersymmetric ones. In addition, it has been recently
proposed that, using graviton to photon conversion in a
magnetic field, haloscopes can also be used to search for
gravitational waves (GW) with frequencies above the
kHz range, i.e., out of reach of LIGO-Virgo-KAGRA
interferometers.

This innovative approach has the potential to revolu-
tionize cosmology by providing observational insights
into primordial cosmology or new sources of GW.
Within the scientific scope of the GrAHal experiments,
attention is also drawn to Chameleons and dark pho-
tons. The former, a hypothetical scalar particle with
effective mass depending of its local matter environ-
ment, appears in several theories beyond the standard
model and could be responsible for dark energy. The
latter, a hidden gauge vector boson also common to
many extensions of the standard model, could also be
a component of the dark matter.

Investigating the ultra-low energy frontier require spe-
cific developments of various technologies, including
cryogenics, high magnetic field environments, mi-
crowave engineering, ultra-low noise receivers, and am-
plifiers, to build haloscopes. This type of experiment
initially proposed by P. Sikivie in 1983, was designed
to detect photon conversion in strong magnetic field
of any feebly interacting particles crossing the Earth.
Interestingly, all the required experimental tools are
common to those generally used in condensed matter
physics. In this context, the synergy between four main
laboratories in this collaboration are bringing together
key expertise to build and operate haloscopes for ax-
ion, ALPs, Chameleon and GW searches with unprece-
dented sensitivity.

Using our modular high-field hybrid magnet associated
with state-of-the-art high quality factor RF cavities,
with quantum amplifiers and ultra-low temperature
cryogenics, GrAHal will reach beyond state-of-the-art
sensitivities opening new opportunities for major dis-
coveries within the axion/axion like particles (ALPs)
mass range 1-150 eV.

First results of the GrAHal’s experimental run can be

found in Grenet et al. arxiv:2110.14406v1. Two main
components are present in the experimental part of
this project: BabyGrAHal and GrAHal. BabyGrAHal
is composed of two haloscopes targeting the frequency
range 4-7 GHz; a first one is already in operation at
4.4 K and the second one is in construction within an
existing 14 T superconducting magnet equipped with
a 50 mK dilution refrigerator.

FIG. 89. Schematic of the GrAHal-CAPP haloscope cryo-
stat within the large bore SC of the hybrid magnet with
thermal shields at 50 mK, 4 K and 50 K.

For GrAHal-CAPP, we have focused to the design of
a low frequency haloscope for the 300-600 MHZ range.
Using the state-of-the-art magnet provided by the 9 T
superconducting “outsert” coil of the hybrid magnet, a
haloscope with unprecedented sensibility, i.e., reaching
the Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) limit,
can be built. The RF cavity of 700 mm diameter will
be integrated inside the 50 mK shield of the cryostat
shown in figure 89 and will be connected to a first dilu-
tion refrigerator. A second dilution refrigerator will be
dedicated to the cooling to 100 mK of the RF electronic
components, including the near quantum noise ampli-
fier foreseen for the phase-2. The RF cavity will be
made out of Cu with a quality factor in the range of few
105. A dedicated tuning mechanism based on a piezo-
electric motor will be developed and combined with
various tie rod diameters to cover the whole targeted
frequency range. All these developments are based on
proven technologies.

R. Pfister, P. Pugnat

R. Ballou, C. Bruyère, P. Camus, T. Grenet, P. Perrier, N. Roch, A. Talermin, J. Vessaire (Institut
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Characterisation of the birefringent waveplate associated to layers of
a high reflectivity interferential mirror

Following our work on the optical noise affecting vac-
uum magnetic birefringence experiments [Agil et al.,
Eur. Phys. J. D 76, 192 (2022)], we devoted a large
part of 2023 to reducing this noise in our experiment,
the Biréfrigence Magnétique du Vide (BMV) experi-
ment, to improve its sensitivity.

The BMV experiment is dedicated to test a predic-
tion of quantum electrodynamics (QED) which states
that in vacuum and in the presence of a magnetic
field whose direction is transverse to the propaga-
tion of light, the speed of light polarised in the di-
rection of the field and orthogonally to it are differ-
ent. A birefringence thus appear characterized by a
difference of refractive index along these two direc-
tions ∆n = kCMB

2 with kCM = 4 × 10−24 T−2 the
so-called Cotton-Mouton constant predicted for vac-
uum by QED. Experimentally, this birefringence is de-
tected by the ellipticity acquired by a beam of light
propagating through vacuum under a transverse mag-
netic field. The BMV experiment uses a Fabry-Perot
cavity to increase the acquired ellipticity by trapping
the light inside the magnetic field region.

We previously showed that, in the absence of a mag-
netic pulse, our experiment is limited by a noise origi-
nating from the birefringent nature of the optical cav-
ity itself. To lower this noise, a possibility is to use
birefringenceless mirrors. We therefore explored this
prospect in collaboration with Safran Electronics &
Defense, a leading manufacturer of high reflectivity in-
terferential mirrors.

Interferential mirrors consist of a stack of alternating
dielectric layers of high and low refractive indices de-
posited on a substrate. The thickness of the layers are
chosen so that the beams reflected at each interface
observe constructive interference. The experimental
phase retardation of this kind of stacked layers de-
creases with its reflectivity i.e. with the number of
layers deposited. To explain this observation, a pro-
posed model suggests that stresses between the sub-
strate and the first deposited layer are the cause of the
observe birefringence. With added layers the birefrin-
gence decreases because the stresses relax.

We set out to verify this empirical trend as, accord-
ing to it, a mirror with a lower birefringence could
be fabricated with a high number of deposited layers.
We therefore undertook a large study of the phase re-
tardation of interferential mirrors as a function of the
number of deposited layers and of the nature of the
substrate. This work was the object of a publication
[Agil et al., Eur. Phys. J. Appl. Phys. 98, 61 (2023)]
and was carried out in two stages. In the first stage
Safran manufactured 20 mirrors under the same con-

ditions and we measured the phase retardation δ1 and
orientation of the optical axes θ1 of all of them. Then,
Safran deposited two additional pairs of layers on each
mirrors under the same conditions as before, in partic-
ular with the same orientation, and we measured the
phase retardation once again.

FIG. 90. Phase retardation per reflection of the addi-
tional layers δ2 as a function of the direction of their optical
axes θ2. Results for mirrors of fused silica substrate from
Laseroptik “LK”, and from Edmund Optics “ED”, and in
Zerodur substrate “B0” are presented.

The first series of measurements showed the impor-
tance of the surface quality of the substrate before de-
position as the substrates polished by Safran showed a
lower phase retardation than other mirrors. Moreover,
the measured orientation of the optical axes of all the
mirrors are grouped around θ ∼ 40◦ indicating a pre-
ferred direction during the mirror deposition precess.

With the additional layers we observed an increase in
reflectivity as expected. As a matter of fact, we ob-
tained never reached before reflectivities for our wave-
length. As far as the phase retardation is concerned, we
did observe a decrease of the intrinsic birefringence for
some mirrors, however, we also saw an increase for oth-
ers, as a whole staying around δ ∼ 2×10−7 rad, in con-
tradiction with the empirical trend. Also, the orienta-
tion of the optical axes of the mirrors moved when the
additional layers were deposited. Both of these facts
are a clear indication that a birefringent waveplate was
added along the additional layers, and with our mea-
surement we can retrieve its contribution for each mir-
ror, shown in figure 90, all around |δ2| ∼ 10−7 rad.

Our work is the first direct measurement of the bire-
fringence of dielectric layers. Using a computational
model, we conclude that our mirrors are currently at
the lowest phase retardation possible. To control and
eventually erase mirror phase retardation, further work
is needed to understand the origin of the favoured di-
rection during layer deposition.
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On the speed of light in a vacuum in the presence of a magnetic
field

The Biréfrigence Magnétique du Vide (BMV) experi-
ment is designed to determine if the speed of light in a
vacuum changes when a magnetic field in present. As
of today, the experimental answer to this fundamental
question remains unanswered, even though it has been
stated in modern terms for more than a century. To
fully understand the importance of such a question in
physics, we undertook a review of the main facts and
concepts from a historical point of view.

In our article [Agil et al., Eur. Phys. J. H 48, 2 (2023)],
we start with the first descriptions of light and mag-
netism in treatises of ancient philosophers such as Eu-
clid’s Optics and Plato’s Ion, and we expose the point
of view of Aristotle on the non-existence of vacuum in
his book Physics. We jump to the 17th century where
developments in our three topics are found. Indeed,
at the beginning of this century Gilbert’s De magnete
was published, this book can be seen as the founda-
tion of the science of magnetism. At the middle of the
century, Torricelli seemingly achieved a pneumatic vac-
uum thanks to his famous experiment. In the addition
of discovering atmospheric pressure, this experiment
relighted debates on the existence of vacuum. Among
thinkers of the time, the common assumption is that
in a vacuum movement as well as light propagation is
impossible and a “subtle matter” needs to be always
present. The concept of the “ether” entered science.

From this point on tremendous efforts were made by
scientist both theoretically and experimentally to clar-
ify the properties of this substance filling the whole
cosmos. In the 18th century, soon after the discovery
that light can be polarized, the first magneto-optical
effects was uncovered by Faraday. This was consid-
ered a clear indication of the connection between light
and magnetism. Subsequently confirmed by the suc-
cessful description of light as electromagnetic waves
by Maxwell in a theory where ether is put forward to
explain light waves propagation. Then, a long series
of experiments up to the 19th century tried to probe
the existence of ether by propagating light near elec-
tric or magnetic fields and measuring a variation on its
speed using interferential methods. The assumption
was that electric and magnetic fields can be described
respectively as a translation and a rotation of ether,
and because ether is the propagation medium of light,
a movement of ether was expected to induced a varia-
tion of the speed of light, but none was detected.

It was actually experiments looking for a movement of
ether without electromagnetic fields that gave the final
answer. Fizeau’s experiment found that the speed of
light in a moving medium changes by a value in be-
tween the speed at rest and the sum of this speed and
the speed of the moving medium in which the light is
propagating. This was interpreted as a partial drag
of the ether by the movement of matter. This contra-

dicted the result of another experiment by Michelson
and Morley which found that the speed of light is the
same no matter the direction probed with respect to
the movement of Earth i.e. ether does not get dragged
by the movement of Earth.

FIG. 91. Watson’s experiment to determine the influence
of a transverse magnetic field on the speed of light in vac-
uum. He used a Neon tube discharge as a photon source,
T, that he polarized using a Nicol prism, N. He then used a
Fabry-Perot interferometer, I, inside a magnet, M, to cre-
ate an interference pattern. He expected fringe broadening
but measured none outside of uncertainties.

Despite the ether being ruled out, experimentalists did
not stop to look for a variation of the speed of light
under a magnetic field as in the case of Watson’s ex-
periment figure 91, an experiment peculiarly close to
a modern vacuum magnetic birefringence search but
without clear theoretical foundations.

For these foundations to appear, new physics needed
to be introduced first. The novelty came by way of
Dirac, Euler, Heisenberg and Weisskopf who developed
the quantum theory of vacuum at the beginning of the
20th century. In this theory a quantum of light can be
absorbed in vacuum and transformed into a electron-
positron pair in the presence of other electromagnetic
fields. The phenomenon of absorption of light in a
vacuum is incompatible with classical electrodynamics
where fields can be superimposed without interacting.
Scientists therefore introduced a non linear theory of
electromagnetism in which the optical properties of a
vacuum are function of the fields present, under this
theory the speed of light is therefore function of the
electromagnetic fields. The non linear properties of
vacuum was confirmed by the emergence of the new
theory of quantum electrodynamics (QED) the follow-
ing years and experimentalists began to search for ex-
perimental signatures of variations of the speed of light.

One of the prediction of QED is that vacuum acts as
a birefringent medium, a property that the BMV ex-
periment tries to demonstrate. Since QED predictions
seem to be always correct for other systems, we expect
the same for vacuum. However, in a quantum vacuum
everything exists in a virtual state, what is known as
well as what is unknown. Experiments could add pages
to this story that began centuries ago, an endeavour in
which the BMV experiment is actively taking part.
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The effect of magnetic field on water - preliminary results and
perspectives

In 2006, a Japanese group led by Sumio Ozeki at Shin-
shu University observed that a static magnetic field
combined with a motion of water in the field gradi-
ent of a 6 T superconducting magnet would lead to a
reduction of the contact angle (in other words a bet-
ter wetting) between distilled water and a platinum
substrate [Otsuka et al., Phys. Chem. B Letter 110,
1509 (2006)]. We have preformed several experiments
to reproduce and confirm this phenomenon, with new
results concerning the effect of the substrate choice,
the field intensity, the water composition and the mo-
tion of water in the field profile. Preliminary results in
figure 92 show the evolution of the contact angle as a
function of time in the presence of an applied magnetic
field of 8 T.

FIG. 92. Contact angle between magnetized water and the
copper substrate as a function of time. A magnetic field of
8 T is applied from 0 to 150 minutes. The evolution of the
contact angle with time reveals a delay before reaching a
stable value of the angle, both after switching on, and after
switching off, the magnetic field. The green line/symbols
is the average value of two measurements (blue and red
symbols).

The mechanisms responsible for this phenomenon are
still unclear and require new experiments in high field
to probe magnetic field effects on water properties.

To elucidate this issue we have investigated the effect
of magnetic field on water, independently of any in-
teraction with a substrate. A device was designed,
where a water droplet is placed in a contactless diamag-
netic levitation environment and excited by an acoustic
wave. The vibration of the water droplet is accurately

probed by a confocal sensor. The resonant frequencies
and the time constant of the exponential decay of the
free oscillation mode allows the determination of the
surface tension and of the viscosity of the water.

An example of the oscillation of a diamagnetically lev-
itated water droplet excited by an acoustic wave is
shown in figure 93. Our preliminary results indicate
a slight decrease of surface tension in magnetic field,
accompanied by a large increase of viscosity, the main
uncertainty being the estimation of the volume of the
levitated droplet.

We have now started to investigate both the wetting
on substrates and physical properties of water alone in
high magnetic field. The experiments on wetting an-
gle will be reproduced with more samplings for repro-
ducibility testing. Different water solution with con-
trolled ionic contents, magnetic and non magnetic, will
also be used. As an alternative to investigating mov-
ing and non-moving water in the magnet, the effect of
vibrations will also be tested. Oscillations of diamag-
netically levitated droplets will be reproduced, taking
into account the time effect, as a large time constant
has been observed in wetting angle experiments. Also
different ionic content (in that case only diamagnetic
ions to maintain a stable levitation) could be tested.

FIG. 93. Preliminary results showing the resonance of
a diamagnetically levitated water droplet excited by an
acoustic wave. The resonant mode is L = 2. The first
part of the trace (Time< 22 s) corresponds to a forced os-
cillation when excited with an acoustic wave. The second
part (Time> 22 s), with a characteristic exponential de-
cay, corresponds to the free decay of the resonance in the
absence of acoustic excitation.
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Normal field instability in undercooled Co-Cu melt

Immiscible Co-Cu equimolar alloys were solidified un-
der high magnetic fields and high magnetic field gra-
dients with a deep under-cooling, ranging from 191 to
280 K. Such a high under-cooling was obtained thanks
to high purity components and boron oxide flux glass
encapsulation of liquid metallic alloys. Prior to solid-
ification, the liquid system consists of two immiscible
liquid phases, a Co rich highly paramagnetic phase,
and a Cu rich non magnetic phase. Due to high under-
cooling (actual solidification temperature below melt-
ing point), the solidification is very rapid and freezes
the liquid distribution between the two phases.

In zero field (figure 94), the CoCu alloy exhibits a typ-
ical core/shell structure, where the Co rich phase is
centered in the sample. The under-cooling was 280 K
at that time. This structure is due to the coalescence
of Co rich liquid phases during cooling at the time of
liquid phases separation and to surface tension effects
(Marangoni convection) in the radial thermal gradient
during cooling.

The next samples in magnetic field are both influenced
by the magnetic field value and the magnetic force
value, related to half the square field gradientB dB/dz.
In 1.02 T and 8.33 T2/m, the microstructure still ex-
hibits a 2 phases separation. In addition the cobalt
rich phase is sedimented downward due to the vertical
magnetic forces acting on the strongly under-cooled Co
rich paramagnetic phase. The under-cooling was 191 K

at that time. Increasing the magnetic field (4.152 T)
and the magnetic force gradient (133.14 T2/m) will
give rise to a new microstructure. As seen on figure 94,
the Co rich phase exhibits a normal field instability as
it is known in ferro-fluids. Thanks to the high under-
cooling (219 K), the Co rich phase is very magnetic and
self organizes as peaks and valleys as in ferro-fluids.

The inter peak spacing is given by,

λc = 2π

(
σ

ρg +M dB
dz

) 1
2

,

where σ is the interfacial energy, ρ is the specific mass,
g is the acceleration due to gravity, M is the magneti-
zation, and dB/dz is the field gradient.

The magnetic field gradient and force MdB/dz play a
major role in the surface instability as the peaks spac-
ing depends on the local gravity, including both earth
gravity and magnetic force. Without magnetic force,
the interpeaks spacing could exceed the sample size so
that no effect would be seen. Thanks to the strong
magnetic force acting as an added gravity force, the
peaks and valleys structure took place in the sample
size.

For more details please see [Wei et al. Appl. Phys.
Lett. 18, 123 (2023)].

FIG. 94. Microstructure of a CoCu immiscible alloy, undercooled and solidified in zero magnetic field (a, a1, a2), 1.02 T
field (b, b1, b2) and 4.152 T field (c, c1, c2). a, b, c are seen from SEM vertical cuts along the field axis. a1, a2, b1, b2,
c1, c2 are 3D CT referring to a,b and c samples. The Co rich phase is in blue.
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Alfven waves at low magnetic Reynold’s number

We have investigated Alfven waves in a liquid metal.
These waves combine transverse oscillations of the
magnetic and velocity fields and propagate along the
magnetic field lines. First predicted by Alfven in 1942,
[Alfven, Nature, 150, 405 (1942)], these waves were
shortly after observed by Lundquist using a vessel filled
with liquid sodium. More recently, experimental tests
conducted at the Grenoble DC high field facility using
a gallium alloy reported evidence of Alfven waves prop-
agation [Alboussiere et al., Phys. Fluids, 23, 096601
(2011)].

FIG. 95. Illustration of two Alfven waves developing in
the Flowcube device. The magnetic field Bo is vertical
and injection current flow parallel to the bottom array of
probes. The cube dimensions are 150× 150× 100 mm3.

At present, the dynamics of these waves and their role
in energy transfers remain not fully understood. In as-
trophysics, these waves are suspected to be one of the
main mechanisms for heating the solar corona to tem-

peratures of several million Kelvin. However, they are
very difficult to observe in this environment and even
more difficult to study. We investigate these waves
at a laboratory scale in a controlled environment that
prevent any other parasitic waves from developing.

Figure 95 depicts two typical Alfven waves develop in
the so called FLOWCUBE device subjected to a ver-
tical, static and uniform magnetic field (up to 10 T in
a 376 mm warm bore in this work). In this present il-
lustration, waves are forced through an array of 2× 2
injection electrodes, each being alternately connected
to the output and then to the common.

Each electrode will inject a current which in return will
induce a magnetic disturbance at the bottom plate.
Due to the reflection of waves at horizontal plates,
nodes and anti-nodes will appears, as illustrated in the
same figure (for both velocity and magnetic field dis-
turbances). Figure 96 gives the details of the organi-
zation of the potential probes located on the bottom
plate.

Using the array of potential probes, and thanks to the
noise reduction work operated this year, the potential
gradient (in the x and y directions) at the bottom and
top plates can be measured and recorded. From these
potential gradients, the amplitudes and the phases of
the Alfven waves can be determined. The last ex-
perimental campaign in May 2023 was successful in
terms of signal to noise ratio thanks to the preliminary
tests performed to optimize the sensitivity of the mea-
surements. A detailed comparison has been conducted
with a semi-analytical modeling.

FIG. 96. (Left panel): Diagram of the ceramic side of the bottom horizontal plate. The measurement areas that can be
selected through the probe interfacing board are represented. (Right panel): Image of the ceramic side of the bottom
horizontal plate.
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Cryogenic developments for the Megagauss generator

We report several improvements on the equipment of
an additional measuring station. Located at the second
termination of the generator current leads, the new
experimental site is equipped with a frame supporting
a cryostat.

FIG. 97. Cryostat mounted in the second cell of the
Megagauss installation. The jaw gripping the fiberglass
tube containing the tail is clearly seen.

The overall rigidity of the chassis was improved by the

addition of a beam allowing it to be firmly anchored
to the walls of the room.

Centering the tail of the cryostat in the single-turn
coil and maintaining it in position during the shot was
accomplished with the help of a fiberglass tube placed
in the coil, and into which the tail is inserted. The
dimensions of the tube were chosen to minimize the
clearance between the coil and the tail. The position
of the assembly is then held rigidly thanks to a jaw,
bolted to the frame and gripping the fiberglass tube
(see figure 97).

The plastic-metallic extensions of the cryostat were
lengthened by 40 mm which made it possible to move
the tail connection part away from the coil. This was a
weak point of the previous design because this part was
having previously been damaged by successive shots.

The room was finally equipped with pumping lines and
a gas handling panel (see figure 98) allowing the pump-
ing on the helium bath, the gas recovery and the pump-
ing on the cryostat insulation vacuum. The 60 m3/h
rotary-vane pump connected to the helium bath and
the insulation vacuum pumping stations are placed
outside the workstation for safety reasons, and also
due to the impossibility of installing mains electricity
inside.

FIG. 98. The MegaGauss workstation arrangement showing the helium pumping and recovery system.
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A metallic-plastic 3He-4He dilution refrigerator for measurements in
pulsed magnetic fields up to 60T

We report the design, and the initial phases of the as-
sembly, of a dilution refrigerator devoted to magneto-
transport measurements in pulsed magnetic fields up
to 60 T.

The refrigerator will have a base temperature' 50 mK,
and is designed to suppress eddy current heating in the
mixing chamber zone, with a sturdy and reliable con-
struction for ease of use. The design integrates some of
the technical solutions validated on a prototype com-
missioned in 2007.

A 3D overview of the system is shown in figure 99. A
pumping line located above the still integrates, from
top to bottom, an exchanger allowing precooling of
the incoming 3He gas down to a temperature of 4.2K
and a second exchanger, of the Joule-Thomson (JT)
type, where the gas is cooled taking advantage of the
enthalpy of the cold gas pumped into the still. This ex-
changer, replacing a classic 1K pot, allows avoiding the
installation of a line and an additional pumping sys-
tem, thus simplifying the construction and use of the
apparatus. The gas is then JT expanded and enters the
still, where it is further cooled. At the exit of the still
a 2nd JT expansion allows almost total liquefaction.
The gas undergoes a final cooling in a counter-current
exchanger before entering the mixing chamber.

The mixing chamber is made of plastic and G10 fiber-
glass, while the metal parts are mainly made of stain-

less steel and the capillaries equipping the exchang-
ers are made of CuNi. The choice of materials makes
it possible to almost completely eliminate heating by
eddy currents due to (i) the limited number of metal-
lic parts, and (ii) due to the relatively low electrical
conductivity of the metals used.

The parts located below the 4.2 K exchanger are in-
cluded in a removable vacuum chamber equipped with
an indium gasket flange.

A straight stainless steel tube connecting the upper end
of the refrigerator to the bottom of the mixing cam-
ber allows the introduction of a fiberglass rod equipped
with pairs of twisted wires for the magneto-transport
experiments. Passing through all the exchangers, this
tube ensures the perfect thermalization of the measur-
ing wires, before they enter the mixing chamber. This
flexible design allows the use of different rods, equipped
with optical fibers or coaxial cables allowing us to per-
form a wide variety of measurements.

Unlike the previous prototype, the refrigerator will also
be equipped with a heating system located inside the
still. This heater will make it possible to control the
temperature of the liquid and, consequently, the cir-
culation rate of the gas which conditions the cooling
power of such a refrigerator.

Construction of the refrigerator is underway, and func-
tional tests are planned for the first quarter of 2024.

FIG. 99. 3D view of the 3He-4He dilution refrigerator for use in pulsed fields up to 60 T, showing (1) the 4.2K exchanger,
(2) the JT exchanger, (3) the still, (4) the counterflow exchanger and (5) the mixing chamber.
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Megagauss developments and activities

TED measurements in MegaGauss fields: Tran-
sient electromagnetic disturbances (TED) are an in-
separable part of MegaGauss (MG) fields, whose gen-
eration depends on the ability to handle high-voltage
pulsed power on a very short timescale. Disturbances
originating from switching processes reaching 100 kV
with nanosecond rise times thus propagate by induc-
tive and capacitive coupling as well as radiatively in
MG-generators. An important preliminary step for im-
plementing new measurement techniques is therefore
to identify the precise source of TED, their propaga-
tion channels, as well as their point of entry into the
measurement setup. TED are now for the first time in-
vestigated systematically in order to improve the pro-
tection of sensitive measurements. First results have
revealed that different probes tend to exhibit similar
TED structures thereby providing a possible handle
for data corrections. The use of pick-up coils with op-
posite polarity has furthermore confirmed that some
TED affect measurements via intentional or uninten-
tional ground connections. Further investigations are
in progress.

Electric transport measurements: Charge trans-
port is a key characterization technique in condensed
matter physics. Its implementation in MG fields is
challenging, but the motivation to do so is high; the
observation of quantum oscillations in optimally doped
high-Tc superconductors or of new exotic states beyond
the quantum limit in graphite are just 2 examples re-
quiring transport measurements in the highest possi-
ble fields. In Toulouse, a transport setup making use
of RF-techniques is being developed. Over the last
couple of years, the project has given rise to a step-by-
step improvement of the MG-generator’s experimental
environment and is now in a state of producing first
proof-of-principle results under realistic conditions. As
an example, figure 100 shows the magneto-resistance
of InAs obtained in a non-destructive oscillating field
produced with the MG generator. Under these con-
ditions the measurement setup has to cope with the
same TED, short duration and a somewhat reduced
but still significant eddy-current heating. The princi-
pal advantage of the non-destructive operation mode is
the possibility to repeat experiments rapidly for testing
purposes.

Miniaturized magnetization probes: New minia-
turized magnetization probes have been developed that
are compatible with a bath-type cryostat introduced
in 2022. With the new probes the temperature limit
for magnetization measurements is reduced to typically
2.5 K which can be reliably produced with the new

cryostat.

SF6 recycling circuit: Spark-gaps operated with
mixtures containing the greenhouse gas SF6 are with-
out alternative when it comes to the switching of high-
voltage pulsed-power installations such as the MG-
generator. As each discharge decomposes part of the
SF6, thereby changing its isolation properties and giv-
ing rise to chemically aggressive reaction products, the
gas is normally renewed after each shot. In order
to reduce the environmental impact associated with
this practice and to avoid problems with an ever-
tightening legislation, a recycling circuit has been de-
veloped. While in its present form the system permits
the purification and repeated use of the same gas, it is
planned to extend its functionalities so as to permit a
quantitative analysis and correction of the gas mixture.

French-Japanese MG collaboration: To motivate
a wider use of MG-fields, facilities involved in this area
need to address three key issues; the overall improve-
ment of measurement conditions, in particular as far
as TED are concerned; the development of new mea-
surement techniques such as electric transport; and the
production of exemplary scientific results with high vis-
ibility. To cope with the significant scale of these tasks,
MG-groups in Toulouse and Kashiwa (ISSP, University
of Tokyo) have started to intensify and formalize their
long-standing collaboration.

FIG. 100. Proof-of-principle low-field measurement of
the magneto-resistance of InAs with the MegaGauss (MG)
generator (blue) as compared to a recording obtained with
conventional pulsed magnetic fields (red). The MG trace
sweeps back and forth several times in accordance with the
oscillating field shown in the inset. It exhibits more noise
but coincides clearly with the reference measurement. Sub-
sequent recordings at full field have revealed comparable
data, albeit with some deviation attributed to eddy-current
heating. To avoid the latter, steps are currently taken to
reduce the sample size further.
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The UpAlim project at the DC high magnetic field installation

The main objective of this project is to put into oper-
ation a new 60 MVA 225 kV/15 kV transformer. This
will happen, after the final acceptance is made in 2024,
transferring the ownership to CNRS. The transformer
will be used to power the high field DC resistive mag-
nets in Grenoble.

FIG. 101. 28th of September 2023; arrival of the new
60 MVA 225 kV/15 kV from SIEMENS-Italy through the
Frejus Tunnel.

The first goal of this direct connection to the high
voltage grid (which was provided by RTE) of the new
60 MVA transformer is to be able to power the high
field magnets up to 30 MW instead of 24 MW which is
the actual limit since 25 years. In 2023, decisive mile-
stones were reached in the Upalim project. Namely, (i)
delivery of the 60 MVA transformer on site (figure 101),
(ii) integration in the new building (figure 102) and
(iii) qualification tests of the 18 MW + 12 MW mag-
net configuration that will be used during the final
test (figure 103).

To prepare the 30 MW operations with the new trans-
former we have performed tests of a large bitter coil
modified to accept a maximum power of 18 MW. Fig-
ure 103 shows the chronogram of one of the tests per-
formed after the setting of new parameters on our

AC/DC convertor. A maximal power of 16.04 MW
was successfully injected into the magnet which cor-
responds to a high voltage power of 17.85 MW. Actual
limitation of the old 15 KV lines prevents us from test-
ing at higher power.

FIG. 102. Installation of the new transformer in its building
after assembly of the two side heat exchangers. On the
right, one distinguishes the departure of the 15 KV orange
lines connected on the other side to the HTA Cells located
in the LNCMI building.

Since all the electrical power is converted into heat, we
have to ensure that 30 MW of cooling capacities would
be available from the river. We therefore tested the hy-
draulics, which usually operate up to 1400 m3/h with
a single pump, to prepare the upgrade to 1800 m3/h
with two pumps.

The final test at 18 MW and then at 30 MW will be
made when the new transformer will be made available
during 2024.

FIG. 103. Qualification test for 30 MW operation. Chronogram of the 25th of October 2023. Blue: Magnetic Field,
Purple: Power on the bitter coils, Green: total Power. The high field magnets are made of two submagnets powered
and cooled independently (only the low pressure cooling side is in common). Powering a 30 MW magnet will consist of
powering one submagnet at 18 MW and the other one at 12 MW.
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Upgrade of resistive Bitter magnets for 18 MW

A power upgrade from 24 to 30 MW is ongoing at
the Grenoble facility. Starting from 2024, a maxi-
mum of 18 MW DC Power (12.5 MW today) will be
available for the external Bitter coils. The 18 MW in-
stallation will deliver a nominal current Io = 33 kA.
Around ten years ago, similar large diameter Bitter
coils were designed at the Dutch high magnetic field
facility (HFML-Nijmegen). In the framework of the
European project ISABEL, we carry out a design study
to investigate the possibilities that both Bitter coil sets
will be suitable for the available extra power. We re-
call that a Bitter magnet is built by stacking of copper
alloys disks.

FIG. 104. New inner Bitter coil temperature distribution
(Axi model) for I = 31 kA at z = 0. Comparison between
HMFL tool based on analytical 1D model and in-house nu-
merical Axi model.

The actual Bitter magnets are designed for a power of
12.5 MW. To account for the power upgrade to 18 MW
while keeping the available Bitter disks at our disposal,
we simply increase the size of the central section of the
innermost Bitter. This allows to obtain a new stacking
scheme. This minimizes the impact on the assembly
process, and the commissioning of the magnets, since
these operations are complex and time-consuming. Di-
mensions of the new inner Bitter stacks are given in
table III. With this design, the Bitter magnets are ex-
pected to provide 12.06 T for a maximum power of
18 MW (10.25 T with 12.5 MW in the actual design).

r1 [mm] r2 [mm] L [mm] n

199 341 41.39 6

522.6 158

41.39 6

TABLE III. 18 MW inner Bitter. The Bitter is divided
into 3 sections. The angular shift between 2 Bitter disks is
constant.

To confirm these estimates, tools from HFML were
used as well as a new 2D axisymetrical numerical model
for Bitter magnet simulations developed in-house (fig-
ure 104 and figure 105). This model relies on Feel++,
the FEM library used for poly-helices insert.

An inner Bitter has been assembled following this de-
sign and tested up to 20.6 kA to keep the electric power
below 12.5 MW. Comparisons between measured data
and estimates by our 2D Axisymetric model are dis-
played in figure 106. The computed magnetic field fac-
tor is 3.75 G/A. The measured one is 3.77 G/A. Subse-
quently we ran the new Bitter magnet at 31 kA which
corresponds to 16 MW, 11.7 T which is 5% less than
the computed value for the power and 2.5% less for
the magnetic field.

FIG. 105. New inner Bitter (HMFL model) (top) tem-
perature distribution in the mid-plane for I = 31 kA. The
maximum temperature is about 53◦C; (bottom) von-Mises
distribution in the mid-plane. The maximum von-Mises
stress in the new configuration is about 250 MPa compared
to 225 MPa in the previous design.

Finally, we explore more advanced designs with the
HMFL optimization tools. Preliminary studies show
that we can slightly increase the magnetic field to
12.25 T for 18 MW with a complex stacking (with 7
sections instead of 3 and with a non-constant angular
shift between the disks).

FIG. 106. Comparisons of measured (plain lines) and com-
puted voltage drop (dots) for the inner and outer Bitter.

F. Debray, J. Muzet, C. Trophime
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DC high magnetic field facilities - from intermittency to flexibility

From an energy point of view, the use of DC high
field magnets is characterized by a large intermittency
linked to the fact that users work “one user at a time”
so there is no averaging of the power consumption.
Representative power and magnetic field versus time
traces are shown in figure 107. The energy trace of the
facility is directly linked to the strategy of a given re-
searcher for his/her experiments. This is in contrast
to what is observed in a Synchrotron, with dozens of

beam lines operating in parallel.

In 2023, the DC high magnetic field facility has con-
sumed 11 GWh of electricity for 2000 hours of mag-
netic field operation which leads to an average power
of 5.5 MW for a maximum magnet power available of
24 MW. This intermittency can be described mathe-
matically using traditional statistical tools, mean val-
ues, standard deviation, etc.

FIG. 107. Representative power used (black curve) and magnetic field generated (blue curve) versus time traces at the
DC high magnetic field facility displaying the large variability of power consumption.

On the other hand, the notion of flexibility cannot be
understood from a purely mathematical approach, as it
incorporates the underlying notion of reaction to social
and technical demands. These demands are numerous
and vary from one year to the next:

• The smooth running of the scientific experiments

• The optimisation of the purchase of electricity

• Projects to recover waste heat

• Participation in network balancing mechanisms

The variability of external constraints means that a
purely statistical analysis of the laboratory’s operation
is no longer sufficient to optimize its energy use. Be-
tween 2018 and 2022, we were seeking to quantify these
constraints either through experimentation (load shed-
ding operations involving the researchers) or through
reorganization of the planning for waste heat recovery
optimization (figure 108).

FIG. 108. (Left) Waste heat of the DC magnetic field facility (blue line) and energy demand by the Grenoble heating
network (red bars) . (Right) The graph corresponds to a reorganisation of the DC magnetic field facilities weekly
consumption blocks to maximise the recovery of calories from the heating network [Hodencq 2021]

In order to take advantage of the social science per-
spective on energy issues, the DC high magnetic field

facility has proposed itself as a field of study for inter-
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disciplinary projects at the UGA concerning “energy in
neighbourhoods”. The interest of integrating the social
sciences into the question of energy optimization was
raised by us during discussions at the conference on
“Sustainable energy for research infrastructures” held
at the Grenoble Synchrotron in September 2022.

To develop this approach over a wider scale we have
written a project about Flexibility in Research Infras-
tructures for global CArbon Neutrality (FlexRICAN)
which has been funded for 2024-2026 (figure 109). It
brings together three large scale infrastructures that
currently have, or are envisioned to have when their
operation commences, different energy usage profiles,
namely:

• The European Spallation Source, Sweden.

• The Extreme Light Infrastructure, with two fa-
cilities in Czech Republic and Hungary.

• The European Magnetic Field Laboratory,
Grenoble and Nijmegen for DC fields and Dres-
den and Toulouse for pulsed fields.

Through the development of a multi-energy approach
integrating academic knowledge in social sciences,

open access tools for multi-energy modeling and two
actors of the energy sector (Alfa Laval and Energy
Pool), the project will propose new solutions to reduce
the environmental impacts of research infrastructures
for contributing to their the long-term sustainability
and to the European energy system resilience.

This project will benefit from ongoing works to assess
the carbon footprint of the DC high magnetic field fa-
cility following the Labo1.5 standards recommended
by CNRS. For the Grenoble site, it shows that the
11 GWH of annual electricity for the DC magnetic field
facility accounts for about a third of the laboratory’s
carbon footprint. The dominant item is actually pur-
chasing.

This shows how important it is for future investments
to calculate the life cycle assessment (LCA) of future
magnets or instrumentation apparatus to be brought
into operation (e.g. the use of helium versus electric-
ity). Finally we are participating in the priority re-
search program of the French Government which seeks
to develop a socio-technical approach to address the
question of flexibility in advanced energetic systems.

FIG. 109. FlexRICAN Project concept from intermittency to flexibility and services to networks.
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Commissioning status of the 43+T hybrid magnet

The hybrid magnet is a modular user platform based
on resistive and superconducting technologies. It will
produce various high DC magnetic field and flux con-
figurations ranging from 43 T in 34 mm diameter bore
with 24 MW of electrical power to 9 T in 810 mm diam-
eter bore, when the superconducting coil is used alone.
Thanks to the ongoing upgrade of the electrical power
installation from 24 MW to 30 MW, the opportunity to
increase the total field significantly above 45 T was an-
ticipated for the superconducting part as well as for the
mechanical structure and will require an optimization
of the resistive inserts. The large-bore “outsert” coil of
the hybrid magnet is based on a specifically developed
Nb-Ti/Cu superconducting conductor.

FIG. 110. View of the hybrid magnet from the ground
floor. The total height is about 5.4 m for a total weight of
about 52 tons. Water cooling system for the 24 MW resis-
tive inserts can also be seen.

The magnet cryostat with its support structure in-
cludes an eddy-current shield and is connected via a
cryogenic line to a cryogenic satellite, fed by a fully
dedicated 150 l/h He liquefaction plant. All parts have
been built, tested and delivered to LNCMI-Grenoble,
where integration and final assembly were successfully
completed in 2022 (figure 110). The commissioning
tests of the overall system started thereafter and was
pursued in 2023.

Several project milestones have been achieved in 2023

such as: (i) Mounting of the polyhelix magnets and im-
proving the centering of the resistive and the supercon-
ducting coils (figure 111), (ii) Successful thermal cycle
of the superconducting coil with warm-up from 1.85 K
to 252 K for the 2022-2023 winter break followed by a
cool down to 1.85 K for the phase-2 of the commis-
sioning, (iii) Powering cycles of the superconducting
coil up to the nominal current of 7150 A, correspond-
ing to a central field of 8.5 T, (iv) Tests of the magnet
safety system and energy extraction ones with fast and
slow energy dump, progressively by steps of 25%, up
to the nominal stored energy of 77 MJ, (v) First tests
of electromagnetic coupling between resistive and su-
perconducting magnets, and (vi) Measurements of the
field map in the axial direction.

The superconducting magnet is now slowly warmed
up by stopping LHe transfer and maintaining the LN2

flow for the winter break. This step is also part of the
commissioning program and required dedicate tuning
of the cryogenics to limit the maximum temperature
of the superconducting coil, hopefully to about 110 K,
prior to restart the cooling down in March 2024. The
commissioning tests of the hybrid magnet, i.e. with su-
perconducting, Bitter and polyhelix coils, will be pur-
sued in 2024 up to 41 T and then 43 T as first steps.
Discussions are ongoing to profit from these powering
cycles to perform in parallel scientific experiments. At
present a total of five scientific proposals have been
selected to be performed, starting in 2024.

FIG. 111. Installation of the external Bitter coil inside the
warm bore of 814 mm diameter, seen from the mezzanine
covering the upper part of the hybrid magnet cryostat.

More information can be found in [Pugnat et al., IEEE
Trans. on Appl. Supercond. 32, 1-7 (2022)].
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Toward normal operation of the cryogenics for the hybrid magnet

The technology choices for the superconducting “out-
sert” coil (SC) of 1100 mm inner diameter of the hybrid
magnet is based on the low temperature superconduc-
tor Nb-Ti/Cu cooled down by about 1500 litres of pres-
surized superfluid He. The production of the superfluid
He requires a dedicated cryogenic satellite designed by
CEA-Saclay and built by Air Liquid. This cryogenic
satellite is fed with LHe at 4.5 K and 1.3 bar coming
from a 4500 litre dewar connected to a fully dedicated
cryoplant, including a He liquefier of 150 l/h produc-
tion rate designed and manufactured by Air Liquide
(figure 112).

FIG. 112. Overview of the core part of the cryogenic
utilities with on left side the He liquefier cold box connected
to the intermediate dewar of 4500 l providing LHe to the
cryogenic satellite producing the pressurized superfluid He
to cool down the superconducting magnet.

During the phase-1 of the commissioning in 2022, an
unexpected stop of the cooling water distribution pro-
voked the automatic switch-off of the pumping group
with as ultimate consequence the growth in the 4 K -
1.8 K heat exchanger of a solid air plug preventing the
production of superfluid He. The decision was made
at that time to stop the 1.8 K pumping unit and let
the magnet to warm up to 4.4 K and stabilize it at
that temperature for first powering tests with a lim-
itation of the magnet current to 2 kA. As expected,
the partial warmup of the cryogenic system during the
2022/2023 winter break allowed the unblocking of the
1.8 K pumping line. Prior to launch the second cool
down, several improvements were made to the cryo-
genic system including: (i) Repair of the leak causing
the solid air plug inside the 1.8 K pumping line and
the water pipes of the rough pumps; (ii) Implementa-
tion to the cryogenic control system of some automated
processes; (iii) Reconditioning of all cryogenic circuits
because of a fault operation sequence polluting the sys-
tem; (iv) Implementation of a glass box ventilated with

N2 gas around the top of the current leads to reduce ice
formation on the upper part of the cryogenic satellite;
(v) Maintenance of the 125 m3/h recovery compressor
for storage of gaseous He up to 200 bars. The time
evolution of the average magnet temperature during
the second cool down starting at 252 K down to 1.85 K
shown in figure 113. Experience gained during phase-
1 allowed a significant reduction of the cooling time
from 10 K to 1.85 K of about 5 days. At present, the
total cool down duration is fully limited by manpower
resources.

FIG. 113. Average temperature of the superconducting
“outsert” coil during the second cooldown with the LHe
inventory. The time spent to cool down the SC from room
temperature to 252 K during the first cooldown was about
3.5 days.

During energy discharge test of the superconduct-
ing coil within the dump resistors, severe disturbance
of the cryogenic system was observed due to large
AC losses in the SC. The superfluid He level in the
pumped bath showed strong oscillations without at-
tenuation requiring delicate manual tuning of the PID
(proportional-integral-derivative) parameters. Since
an optimized PID-setting has not yet been found, the
discharge test at 8.5 T was postponed to the phase-3
of the commissioning. Thunderstorms on July 24th
provoked a general power outage and the cryogenics
were manually put into the fallback state with second
warmup launched, ending the phase-2 of the commis-
sioning for the summer break. No damage was noted
and the commissioning was restarted in September,
starting with a cool down from 91 K. The overall test
program of the superconducting coil alone was prema-
turely stopped on 6th of October because of a prob-
lem occurring on the recovery compressor, that was
later one solved. The cryogenic system was then put
in standby mode with LN2 cooling to limit the mag-
net warm-up to about 90 K during the winter break.
The commissioning of the overall hybrid magnet up to
the nominal field of 43 T, i.e. with resistive inserts, is
expected to be completed in 2024.
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Powering-up tests of the hybrid magnet outsert

Prior to powering cycling, the electrical measurements
from the commissioning phase-1 were repeated to check
that no damage had occurred during the thermal cy-
cle. Identical results have been obtained for the resis-
tance, the residual resistance ratio (RRR), the electri-
cal capacitance of the SC coil with respect to ground,
and its inductance. The insulation with respect to
ground measured at 500 V during 2 minutes was found
to be much higher, with leakage current of 1.1µA
corresponding to an insulation resistance better than
470 MΩ , mostly due to the ventilated box with N2 gas
around the top of the current leads, which significantly
reduced the humidity coming from ice formation and
melting.

The second commissioning phase was devoted to the
powering of the superconducting coil by steps of 25% of
stored energy up to the nominal field of 8.5 T followed
by discharge tests in dump resistors (figures 114 & 115
). Numerous spikes were observed on the differential
voltages used for the magnet protection with ampli-
tudes exceeding the 100 mV quench detection thresh-
old. Their duration of a few ms never reached the mag-
net safety system (MSS) validation time of 100 ms, and
no false quench detections were triggered.

FIG. 114. Powering cycles of the SC outsert magnet
corresponding to the increase of magnetic stored energy by
steps of 25% up to the nominal field. Except for the last
one, the flat top was ended by a FD tests within 70 mΩ
dump resistors. The FD test was performed at nominal
current during the phase-3 of the commissioning.

The occurrence of spikes in a superconducting magnet,
due to the mechanical activity of the winding, is anal-
ogous to the earth’s crust seismicity with earthquakes.
This is the Kaiser effect, which originates fracture pre-
cursors of some materials submitted to successive me-
chanical loadings. In figures 115 at low current, no
spikes or seismic events are observed until the previ-
ous mechanical loading is exceeded. At higher current
values, an overlap is observed, but with a significant
attenuation of the spike amplitudes during the second
loading. The spike location, obtained from the po-
sition of the voltage taps, suggests that most spikes
develop at the interface between the first/last dou-
ble pancakes and the upper/lower flanges respectively.
They probably originate from sliding frictions at these

locations, but without sufficient energy deposition to
trigger training quenches, as expected.
The current ramping of the SC to reach the nominal
field of 8.5 T/7155 A was performed at 4.62 A/s. Be-
cause of AC losses, the SC temperature was increased
in average by 80 mK with a minimum margin on the
flat top of 180 mK between the hottest double pancake,
which is the upper one, and the lambda point of the
superfluid He. For this current ramp-rate value, one
can guess that the critical heat flux of the superfluid
He in the conductor channel was exceeded. However,
for a ramp-rate of 1.45 A/s, no temperature increase of
the SC was observed, suggesting that the heat depo-
sition in the superfluid He bath originating from AC
losses is extracted without affecting the enthalpy mar-
gin of the superconducting conductor. This needs to be
more deeply investigated to define the proper magnet
energization rate.

For the phase-2 of the commissioning, only the Bit-
ter coils were mounted inside the hybrid magnet, the
poly-helix ones being in run-in test on another site of
the laboratory. The Bitter coils were first powered up
to 9 T/30532 A with a ramp-rate of about 22.2 mT/s.
A controlled fast de-ramp of the Bitter at 88.3 mT/s
was then performed and no quench detection from the
MSS was triggered. Among other tests performed, a
trip of the power converter of the Bitter coils was trig-
gered at 5 T/16962 A provoking a quench detection by
the MSS and a fast current discharge in dump resistors.
All these coupling between resistive and superconduct-
ing coils will be deeply studied in 2024 together with
high magnetic field plateaus up to 43 T. For more de-
tails please see [Pugnat et al., IEEE Trans. on Appl.
Supercond. 34, 1 (2023)].

FIG. 115. Superconducting magnet seismicity during
its successive powering up to the nominal field/current of
8.5 T/7155 A. The Kaiser effect is observed in spike occur-
rence recorded from differential voltage measurements used
as inputs of the MSS.
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Alternating field – a new opportunity in high field resistive magnets

We have developed a method to generate alternating
magnetic field with a high sweep rate and large ampli-
tude using resistive magnets and the 24 MW DC power
supplies. This was motivated by the need to extend the
AC magnetic field range of the magnetochiral dichro-
ism (MChD) setup, as well as the need to broaden
the experimental possibilities for future users. Pre-
viously, to reverse the polarity using single-quadrant
power supplies we had to:

• Set the field to 0 T and switch off the power sup-
plies,

• Physically change the polarity of the magnet con-
nections,

• Restart the power supplies.

This procedure takes ' 1 minute preventing the polar-
ity from changing continuously.

The high field resistive magnets are made of two con-
centric sub-magnets powered by independent current
sources. Recently, we developed the possibility to con-
trol each sub-magnet independently in order to use
EcoNRJ mode, which saves 13% energy at constant
usage [Paillot et al. IEEE, 32, 6, (2020)]. We have ex-
tended this concept to develop an unconventional con-
trol mode where the two sub-magnets have opposite
polarity. In this configuration, no physical change in
magnet connections are required, and the field polarity
can be reversed simply by adjusting the current in each
sub-magnet as illustrated schematically in figure 116

FIG. 116. AC magnetic fields can be generated using
sub-magnets with opposite polarities.

Figure 117 shows the experimental traces of tests per-
formed in March 2023 which illustrate the working
principle. B is the sum of the magnetic field created by
the Helix and Bitter magnets which are connected to
have opposite polarity. Independently controlling the
current to each sub-magnet we can generate a total
field of either polarity.

We have added functions to the GPIB interface to re-
motely control the current for each magnet. A Lab-
VIEW software has also been created to allow the user
to control the amplitude and sweep rate of the alter-
nating field. The MChD setup was installed for pre-

liminary measurements. Finally we used the high res-
olution surveillance system of the power supplies and
magnet to record technical data.

FIG. 117. Generating AC magnetic field using a 24 MW
resistive magnet. The currents of Helix and Bitter coils
with opposite polarity independently ramp up and down
to produce AC magnetic field.

In this mode, maximum field amplitude is limited by
the Bitter magnet to ±10 T and the maximum sweep
rate is twice the maximum field rate allowed by the Bit-
ter magnet. This has been tested for a magnetic field
amplitude of ±5 T at a sweep rate of up to 1600 G/s.
However, the magnet and power supply specifications
should allow at least 2000 G/s with an amplitude up
to ±10 T. This could be verified in the near future if
required by users.

Figure 118 shows an interesting working point at “zero
field” where the magnetic field of each sub-magnet ex-
actly cancel at the field center.

FIG. 118. Magnetic field main axis-profile using this mode
at “zero field”. The field cancels out only at the center since
both sub-magnets have a different geometry.

Preliminary MChD measurements have been per-
formed and validated by comparing the results with
those obtained on the ±2 T superconducting magnet.
A proposal has already been accepted for a future ex-
periment using AC field generated by a 24 MW resis-
tive magnet.

K. Paillot, C. Grandclément, M. Atzori, M.S. Raju, B. Tomba, F. Debray, C. Train
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Self-consistent model for estimating the critical current of the
Nougat HTS insert

To accompany the in-house development of high tem-
perature superconductor (HTS) magnets we have ini-
tiated an activity on implementing numerical models
to simulate HTS using some specific tools of the multi-
physics toolbox CFPDES of the Feel++ Open-Source
library we have developed in collaboration with IRMA-
University of Strasbourg.

Validations of the models have been performed on ex-
amples from the HTS modeling platform. A GitHub
repository named feelpp-hts containing modeling files
reproducing simple cases with Feel++ is available, as
well as the documentation.

We applied them to the Nougat insert, an HTS
solenoidal coil composed of 9 stacked double pancakes.
We present some simulations run in parallel that we
carried out for the estimation of the critical current Ic
as a function of the external applied magnetic field us-
ing an iterative algorithm based on the magnetic vector
potential A,

∇×
(

1

µ
∇×A

)
= J,

so that B = ∇×A where B is the magnetic flux density
(T) and J is the current density (A/m2).

The electrical resistivity of the HTS material is defined
by the so-called E − J power law,

E = ρHTSJ =
Ec

Jc(B, θ)

∣∣∣∣ J

Jc(B, θ)

∣∣∣∣n−1

J,

with E, Ec, Jc(B, θ) and n respectively the electrical
field (V/m), the critical electrical field (V/m), the crit-
ical current density (A/m2) and a material dependent
index. Jc(B, θ) describes an anisotropic dependence of
Jc on the magnitude and orientation of B for the con-
sidered HTS material. It depends on the tape design
and is defined by a fit function obtained from measure-
ments.

For our model to estimate the critical current, the
power law can be inverted to find the current Ii within
each tape Ωi,

Ji = Jc(B, θ)Pi,

Ii = Pi

∫
Ωi

Jc(B, θ)dΩi,

with Pi = Ei/Ec × |Ei/Ec|1/n−1
and Ei is the electric

field, uniform across the cross-section of the ith tape.

The Nougat HTS insert is operated in a resistive back-
ground magnetic field Bbg. To estimate the depen-
dence of Ic versus Bbg generated by resistive magnets,
a self-consistent python algorithm was implemented
following [Zermeño et al., Supercond. Sci. Technol.
28 085004 (2015)] using the Feel++ CFPDES toolbox.
This algorithm is an iterative procedure computing J
in the tapes for different imposed current until Ic is
reached. Several stopping criterions are described in
the article, and we used the most conservative one -
the MAX criteria - to determine Ic. Here Ic is defined
as the current at which E reaches its critical value Ec
in at least one tape of the HTS insert.

The model is applied to the Nougat insert composed
of 9 double-pancakes of 290 turns each in the 170 mm
configuration of helices and bitter coils in an axisym-
metric geometry. It was computed for different values
of Bbg, with a Jc(B, θ, T ) fit function derived from the
technical report of the CERN for SuperPowerr super-
conducting tapes.

FIG. 119. HTS Nougat insert current versus external re-
sistive outsert magnetic induction Bbg.

The results are shown in the figure119. The red and
blue closed circles are the measured Nougat critical
currents described in [Fazilleau et al., Cryogenics 106,
103053 (2020)], while the lines show the computed val-
ues of Ic. The green plain line and the yellow dashed
line represent respectively the critical current of the
HTS insert Nougat at 4.2 K and 7.7 K obtained with
Feel++ CFPDES.

Our results are compared with the measured Ic at
4.2 K, shown as a purple plain line. A small (0.95%)
relative error is observed between the two estimates
confirming the validity of our results.
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Pulsed magnets and generators

In parallel to the production of standard 60 and 70 T
magnets we continue developments of our multi-coil
systems. The new insert for the 90 T dual-coil magnet
wound at the end of 2022, combining for the first time
copper-niobium and copper-stainless steel composite
conductors, has been tested. The objective was to use
as little Cu-Nb as possible in the context of the war in
Ukraine, as this conductor is produced by a Russian
company, and can no longer be purchased. The coil
generated 92 T successfully before its failure. This re-
sult validates the design, using for the first three layers
Cu-Nb, which generally makes up the entire coil, and
the in-house copper-stainless steel composite wire, for
the rest of the coil. This design will be generalized, and
a second 90 T insert has been produced with a stronger
wire, with 60% of stainless steel instead of 40%, and
is now available for our users. A spare, and a large
bore version, are under preparation. This third coil is
required to generate an 80 T background field for the
120 T non-destructive pulsed magnet project.

FIG. 120. Photo of the 1 MΩ resistors, the blue cylinders,
installed on the capacitors for the automatic discharge. The
fuses are the small vertical tubes above the resistors.

We have equipped all the capacitors of the 21 MJ gen-
erator with 1 MΩ resistors, visible in figure 120. They
are placed in parallel with each fuse during the dump
process at the end of each charge. Their purpose is to
automatically discharge a capacitor in about half an
hour if its corresponding fuse is not functional for any
reason. Thanks to this modification, it is no longer
necessary to enter the room to manually discharge a
capacitor to prevent degradation.

The refurbishment of the 1.15 MJ mobile capacitor
bank is nearly finished. This generator, used at the
ESRF and ILL, is composed of three modules, two
boxes containing the capacitors, a crowbar circuit and
protecting inductors, and a central module containing
the charger, the thyristor stack and the automation.
The replacement of the obsolete automation is com-
pleted. In January 2024 we will adapt the two capaci-
tors boxes to the new central module, before the next
experiments at the ESRF scheduled mid 2024.

In the context of high magnetic fields, an essential pa-
rameter to check after the pulse is the current that has
been generated. The current generally between 10 and
20 kA is obtained by measuring the voltage across a
shunt resistor placed in the circuit. The voltage to be
measured is generally ≤ 10 V. However measuring this
is complicated by the very high common mode voltage
(up to 2000 V) which is unavoidable since the genera-
tors are situated far from the shunt resistors. There-
fore, measuring the shunt voltage requires expensive
instruments.

To solve this problem, we have developed an in-house
electronic card, combined with an Arduino plus an eth-
ernet shield. A differential amplifier coupled to an
analog-to-digital converter, are the heart of the instru-
ment. An optical impulsion triggers the acquisition,
the digitized signal is then transmitted to the Arduino
and sent to the programmable logic controller (PLC)
by the ethernet shield using the very versatile MOD-
BUS TCP protocol. A temperature probe is also mea-
sured, to correct the value of the shunt resistance as
a function of the temperature. This provides a more
accurate measurement of the current.

When used with our fast generators, for example the
rapid 115 kJ generator for the 120 T project), which
deliver ≥ 100 kA in ' 100µs, a shunt resistor is not
suitable. Instead, an optional analog integrator is used
to treat the signal from a pickup coil.

In our first tests, the difference between the current
measured with the expensive (> 10 ke) Hioki usually
used, and the in-house electronic card is less than 0,5%
with a shunt resistor, and less than 1% with a pickup
coil. This development is validated and will be dupli-
cated in all our capacitor banks, including the mobile
generators.

FIG. 121. Photo of the in-house electronic card, placed
on an Arduino with an ethernet shield, developed to ac-
quire and transmit to the PLC the current of each capacitor
bank.
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Resistivity and tensile strength of silver-copper composite wires

We have investigated 1 vol. % Ag-Cu composite wires
with a Cu matrix showing a bimodal grain-size distri-
bution in order to obtain the best compromise between
high strength and low resistivity. A schematic repre-
sentation of the method and the expected microstruc-
tures of the samples is presented in figure 122.

FIG. 122. Schematic showing the method and the ex-
pected microstructure of the powder, cylinder and wire
samples.

Combining powder metallurgy, SPS sintering and wire
drawing, it is possible to prepare 1 vol. % Ag-Cu com-
posite wires with a Cu matrix showing a bimodal grain-
size distribution. A fine Cu powder (φ ' 1µm) and a
coarse Cu powder (φ ' 20µm) are mixed with a weight
mixing ratio (Cu1µm/Cu20µm) 50/50 and 75/25. Com-
posite powders are prepared by mixing of 1 vol. % Ag
nanowires and bimodal Cu powder. They are consol-
idated into cylinders (8 mm in diameter and 30 mm
long) by Spark Plasma Sintering (SPS) at 450 ◦C. The
cylinders served as starting materials for room tem-
perature wire-drawing for the preparation of fine wires
(1 − 0.2 mm diameter). The bimodal character of Cu
is preserved after all the preparation steps.

The wires are composed of Ag nanowires distributed
at the boundaries of fine Cu grains whose size is close
to that of a dislocation cell (0.2µm) and large and
long micrometric Cu grains (indicated by an arrow in
figure 123). Because they form large areas with few
grain boundaries micrometric Cu grains can be con-
sidered as fast channels for electron transport. At
77 K, the resistivity of 0.2 mm wires is 0.51µΩ.cm for
W100, 0.45µΩ.cm for W75/25, 0.40µΩ.cm for W50/50.
The presence of the larger Cu grains greatly reduce
the electrical resistivity while having a moderate effect
on the ultimate tensile strength (UTS). At 77 K, UTS
value is 1138 MPa for W100, 1082 MPa for W75/25 and
954 MPa for W50/50. The W75/25 wires offer the best
combination of high tensile strength and low electrical
resistivity.

It is therefore possible to improve the low resistivity
and high mechanical strength compromise by a simple
modification of the initial composite powder. In addi-
tion, it is possible to adapt, if necessary, the properties
of prepared wires by modifying the initial proportion of
fine and coarse Cu grains. These results could provide
important guidelines for the design and preparation
of ultra-strong yet electrically conducting macroscopic
wires. For more details please see [Tardieu et al., Ma-
terials Today Communications (2023)].

FIG. 123. Grain size distribution maps of the longitudinal
section of W50/50 (a) and W75/25 (b) wires (φ = 0.5 mm).
Color code, Ag: red. Cu: shades of green depending on the
grain size (grains colored in white are larger than 0.4µm).

FIG. 124. UTS versus electrical resistivity at 77 K for var-
ious wires. The dotted lines indicate wires with a diameter
of 1 mm and the 0.2 mm wire for W50/50.
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Raimond Castaing, Toulouse)

99

http://dx.doi.org/10.1016/j.mtcomm.2023.107403
http://dx.doi.org/10.1016/j.mtcomm.2023.107403


MAGNET DEVELOPMENT 2023

Scale-up of silver-copper composite wires for use in a 100T triple
coil

The generation of non-destructive pulsed magnetic
fields of 100 T involves high mechanical stress, due
to the Lorentz forces, which few conductors can re-
sist. Currently, the inner coil (the most mechanically
stressed) of the 100 T triple coil consists of a winding of
a copper-niobium (Cu-Nb) wire produced by Rusatom
Metal Tech. Currently, it is one of the strongest me-
chanically conductors commercially available. How-
ever, in order to avoid dependence on such conductors,
which can only be produced by a single manufacturer,
we are working on solutions to limit their use or to
replace them by new innovative conductors.

The first solution is to limit the quantity of Cu-Nb wire
necessary for the manufacture of the inner coil. In or-
der to achieve this, a new design is developed. This
new design requires only about 200 g of Cu-Nb wire
(current design requires 10 kg of Cu-Nb conductor), the
rest of the coil being made up with macro-composite
copper-stainless steel (Cu-SS) with a volumic fraction
of 40 % of SS (1258 MPa; 0.41µΩ.cm at 77 K) manu-
factured in-house and already used in the middle coil.
Cu-Nb make up the first three layers of the coil then
the other layers are wound with a Cu-SS wire. A brass
junction allows the connection between the conductors.

FIG. 125. The first bi-material inner coil prototype show-
ing the output of the 3rd layer of Cu-Nb (right) connected
by a brass junction to the entry of the 1st layer of Cu-SS
(left).

This coil has been tested in a dual coil system and
made it possible to generate several tens of magnetic
fields pulses of 90 T. After integration in the triple coil

system a maximum magnetic field of 92 T has been
produced and the failure was due to the weakness of
the Cu-SS wire and not to the junction between wires.
Generating a higher magnetic field requires the use
of a Cu-SS conductor with a higher ultimate tensile
strength (UTS). Very high strength Cu-SS with a vo-
lumic fraction of 60 % of SS (6.0 mm2; 1406 MPa;
0.61µΩ.cm at 77 K) was therefore produced. These
tests validate the design of a bi-material inner coil con-
nected using a brass junction.

The second solution is to completely replace the Cu-Nb
conductor by Ag-Cu composite wires. However, until
then, the volume of the composite Ag-Cu wires pro-
duced (14 g) by this method was too small to consider
their use in magnets. This is why we are involved in
scaling-up the production of these samples. The main
risk is that the macroscopic properties will be modi-
fied during the upscale and do not longer fit the initial
specifications. The scaled-up Ag-Cu wires (140 g) show
a UTS ranging from 853 to 1169 MPa and the electri-
cal resistivity ranging from 0.46 to 0.51µΩ.cm at 77 K.
The properties of the wires are not impacted by the
upscale, making such a composite wire a very good
candidate to replace the Cu-Nb wire in the inner coil.
In addition, it is possible to increase the silver content
in order to achieve higher UTS values. We are now on
the way to double the volume of the Ag-Cu cylinder
produced (about 280 g) in order to wind a first proto-
type of magnet with these Ag-Cu composite wires.

FIG. 126. Ultimate tensile strength versus electrical resis-
tivity at 77 K for Cu SPS, 1Ag-Cu and scaled-up 1Ag-Cu
composite wires by SPS, Cu/Ag alloyed wires 21− 25 vol.
% Ag.
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D. Hernangómez-Pérez, T. Taniguchi, K. Watanabe, C. Kastl, J. J. Finley, S. Refaely-Abramson, A. W. Holleitner,
and A. V. Stier, “Spin-defect characteristics of single sulfur vacancies in monolayer MoS2,” npj 2D Materials and
Applications 7, 30 (2023).

[25] Teresa Insinna, Euan N. Bassey, Katharina Märker, Alberto Collauto, Anne-Laure Barra, and Clare P. Grey,
“Graphite Anodes for Li-Ion Batteries: An Electron Paramagnetic Resonance Investigation,” Chem. Mater. 35,
5497–5511 (2023).
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[45] Oliver Portugall, “Étonnante physique,” (CNRS Édition, 2023) Chap. Les champs magnétiques dialoguent avec la
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Institut Néel, CNRS, University Grenoble Alpes: 25,51,52,74
ISM-CNRS, University of Bordeaux: 59
L2C-CNRS, University of Montpellier: 37
LAAS-CNRS, Toulouse: 34
LPSC, CNRS, Univiversity Grenoble Alpes: 74
LULI-CNRS, CEA, UPMC, Palaiseau: 73
ONERA, Palaiseau: 73
Plateforme Nationale CNRS de Frittage Flash, Toulouse: 99,100
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