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This research contributes to material science by synthesizing new materials with optimized
performance. Moreover, it enhances our understanding of magnetic molecules with entangled
magnetization and polarization. Development of these materials may lead to next-generation
magnetoelectric devices.

Polarization is one of the most important property of materials. In this

work, we focused on the magnetic field-induced polarization switching in molecular materials lacking

long-range ordering (0D systems). Particularly, we investigated the polar polynuclear complexes
with magnetic structures that could be tuned by magnetic fields (e.g. antiferromagnetic or
frustrated systems). In these two years, we have successfully obtained a spin-crossover complex
exhibiting largest field-induced polarization up to date. Besides, we also screened out an
antiferromagnetic trinuclear Fe complex exhibiting polarization change during phase transition.
Pulsed magnetic fields measurements revealed that it possesses a spin ground state that could be
switched by magnetic field of 97 T. Another single-molecule magnet with a non-collinear spin
structure was also shown to exhibit magnetic field-induced polarization current, featuring a clear
non-linear effect.
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Polarization is a fundamental property of materials. Various stimuli can switch the magnitude and
orientation of polarization, forming the basis for many technologies. Recently, magnetic field
switching in multiferroic materials has attracted attention in condensed matter physics. This
phenomenon, known as magnetoel ectric coupling, provides an additional way to control these systems.
For example, in TbMnQOg, alarge magnetoel ectric effect occurs during acycloidal spiral spin ordering,
which inducesferroelectric order (Nature, 2003, 426, 55). This discovery spurred further research into
magnetoel ectric effects in spiral magnets (Rep. Prog. Phys., 2014, 77, 076501).

With the miniaturization of electronic devices and advances in molecular spintronics, a key
challenge arises. how to obtain molecular materials without long-range ordering exhibit similar
effects? Recently, magnetic fields have been shown to affect electric polarization hysteresis in
molecular ferroelectric crystals (Science, 2020, 367, 671). Additionally, single-molecule magnets have
demonstrated the magnetodielectric effect (J. Am. Chem. Soc., 2018, 140, 7795). Furthermore,
electric current release upon applying a magnetic field has been observed in a piezoelectric Mn(l11)
complex with spin crossover behavior (Nat. Commun., 2019, 10, 4043; AlIP Adv., 2019, 9, 085219;
Inorg. Chem., 2021, 60, 6167). However, these studies focus either on second-order effect (e.g.
magnetostriction) or specific condensed phases like the Jahn-Teller liquid.

In this context, we propose to investigate the direct magnetic field-induced polarization switching
in polar molecular crystals with specific spin structures responsive to magnetic fields, paying
particular attention to frustrated systems and spin crossover molecules that exhibits potential field-
dependent electric dipoles at amolecular level.

The proposed research aims to explore magnetic field-induced polarization changes in the polar
crystals composed of molecules with field-responsive magnetic structures, representing a new
direction in molecular magnetoelectrics. Specifically, we seek to investigate new mechanisms beyond
spiral spin ordering that could be applied to molecular crystals or even isolated molecules.

Taking advantage of the designability and tailorability of molecular systems, we aim to achieve
more versatile physical behaviors not possible in conventional inorganic systems. Fundamentally, the
uniformity of molecular crystals will help clarify the mechanisms of magnetoelectric coupling at the
molecular level.

The methodology for this research involves several key steps. Firstly, an extensive literature survey
will be conducted to identify potential candidate materials crystallized in polar space groups. These
candidateswill be screened to select crystalswith suitable sizes and good integrity. Magnetometry will
be employed to gain accurate knowledge of their magnetic properties.

Next, the standard methodology for measuring the magnetic field-dependent pyroelectric effect
using various standard samples will be established, and then we will then record and analyze the
current release from single crystals upon changing the magnetic field to investigate polarization
changes induced by both conventional and pulsed magnetic fields. Additionally, we will measure the
pyroelectric current in various magnetic fields and integrate these measurements to obtain information
on temperature-dependent polarization changes, derived from the thermally induced population
changesin the magnetic field.

The first system that we focused on in this project is an oxo-bridged mixed-valence complexes,
[FesO(piv)s(py)s]. We unambiguously confirmed the electron localization/delocalization phase
transition occurring at two inequivalent metal sites via variable-temperature Mossbauer spectroscopy
and single-crystal diffraction analyses. Notably, as the compound crystallizes in a polar space group,



changes in molecular dipole moments lead to a measurable sharp pyroelectric current during the
transition process, indicative of polarization switching. Aswe are aware, thisis the first experimental
observation of polarization switching behavior induced by electron delocalization in absence of
external electric fields.

Furthermore, our theoretical analyses via density functional theory and point-charge calculations
further elucidate the intramolecular electron transfer mechanism, affirming its crucia role in
polarization behavior. This aligns with our theoretical simulation of the potential magnetoel ectric
effect, positing the system as an ideal model for single-molecule magnetoelectrics due to its polar
crystal structure, slight asymmetry at valence-active sites and the antiferromagnetic interactions
between them. Magnetization and polarization measurements under pulsed magnetic fields further
estimate the critical field of ca. 97 T to observe these effects.

To summarize, we

o—b o—b — -

r r R = N——
\:k c(e) :H' ° 3 20 ————— observe thermally
. o o induced  polarization

¢ - 3.0
« = [ kT =01 . . .

-G5S be § == S\I.VI'[ChIng in a
0% }. Ll trinuclear mixed-

¢ ¢ p—
valence Fe complex

~ o6 e kT1Jy = 5.0 . . .

& B ‘\ . o:Fer .. with non—colll_near spin

®: Fe* T T @ : Fe? 00 02 04 06 08 10 12 14 16 18 20 structures.  Simulation
woH 1 Jy (cm T) . .

suggestsits potential as

single-molecule

Fig.1 Thermally-induced polarization switching in a mixed valence Fe3
complex with non-collinear ground-state spin structure and the simulated ) )
magnetoel ectric effect of it. magnetoelectrics  with

amechanism similar to

that for LuFexO4, where spin-flop leads to change in the electronic charge on Fe ions at the domain
boundary. Pulsed magnetic field measurements render the estimated critical fields for such effect (Fig.
1). This manuscript has been submitted and is now under review.

During the setup of our magnetoel ectric measurement system with our MPM S system, weidentified
another complex, [(Fe(SS-cth))(Co(RR-cth))(u-dhbqg)] (AsFs)s, exhibits an abrupt SCO process at Fe
site, which induces a redistribution of electron density owing to the change in the metal-ligand
interaction. The resulting directional shift of electron density transfer, together with the directional
alignment of moleculesin lattice, lead to alarge polarization change of 0.45 uC cm ~2 observed during
the SCO process. Interestingly, the same process can aso be induced by pulsed magnetic field with
the same polarization change, which sets a new record in the molecular crystals (ref. 0.12 uC cm 2 as
the previous record). Even in various inorganic multiferroic crystals, the magnitude of polarization
change of our crystal is competitive. This highlights the huge potential of our approach for realizing
polarization change toward the threshold for practical applications (Fig. 2).
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published as J. Am. Chem. Soc. 2023, 145, 29, 15647-15651.

Another system under intense investigation now is a transition metal-based chira single-molecule
magnet with frustrated spinsin accord with our proposal. In measurements up to date, magnetic field-
induced current release has been confirmed. However, more detailed characterizations to illustrate its
origin is now in progress.

Besides these systems, during the preparation and characterization, many novel molecular crystals
with polarization switching behavior induced by various stimuli have been found and characterized.
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