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Magnetochiral dichroism (MXD) originates in the coupling of local electric fields and magnetic moments in
systems where a simultaneous break of space parity and time-reversal symmetries occurs. This
magnetoelectric coupling, displayed by chiral magnetic materials, can be exploited to manipulate the
magnetic moment of molecular materials at the single molecule level. We demonstrate herein the first
experimental observation of X-ray magnetochiral dichroism in enantiopure chiral trigonal single crystals
of a chiral mononuclear paramagnetic lanthanide coordination complex, namely, holmium oxydiacetate,
at the Ho Ls-edge. The observed magnetochiral effect is opposite for the two enantiomers and is
rationalised on the basis of a multipolar expansion of the matter—radiation interaction. These results
demonstrate that 4f-5d hybridization in chiral lanthanoid coordination complexes is at the origin of
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Introduction

Future information technology devices will incorporate molec-
ular magnetic materials.” This allows for device miniaturisation
with respect to the use of nanoscale materials but also offers the
possibility to exploit the quantum properties that matter
exhibits at the molecular scale.> To this purpose the capability
to address and to individually manipulate molecular magnetic
moments is a prerequisite.®*® This is possible for chiral
magnetic materials displaying the magnetoelectric effect,*”®
where the absence of inversion symmetry leads to efficient
coupling of local electric fields to the molecular magnetic
moment.’** This magnetoelectric coupling leads to magneto-
chiral dichroism (MXD),"*2¢ a remarkable optical property that
differentiates the optical response of chiral systems subjected to
magnetic fields for counter-propagating light beams. This
second order non-reciprocal (directional) dichroism was
experimentally discovered less than 25 years ago, first with
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visible light" and soon after with X-rays."” Magnetochiral
phenomena are not limited to photons but also occur for
particles such as electrons,” and even for quasiparticles like
magnons®® or phonons.*

MXD can be harnessed by electromagnetic radiation from
microwaves® to hard X-rays,"”'*** irrespective of its polarization
and for a large variety of systems exhibiting simultaneous
breaking of parity and time reversal symmetries. In diamagnetic
or paramagnetic materials, time reversal can be broken by
application of an external magnetic field resulting in occurrence
of a field induced magnetic moment. The experimental mani-
festation of MXD is the differential absorption of light with
respect to the relative orientation of the wave vector of the
incident light, k, and the applied external magnetic field, B, the
effect being of opposite sign for enantiomers. In chiral
magnetic materials, the observation of magnetochiral
dichroism and birefringence is concomitant with natural
circular dichroism (NCD) and birefringence and magneto-
circular dichroism (MCD) and birefringence, associated with
odd parity and a spontaneous or induced magnetization,
respectively."***** Thus, the experimental difficulty lies in
eliminating the effects of all other anisotropies which are typi-
cally larger than MXD and therefore mask its weak response.

Results and discussion

An elegant molecular theory for MXD has been proposed** but it
requires knowledge of all transition moments involved for
a quantitative comparison with experimental results. To this
end, the interaction Hamiltonian between the incident

This journal is © The Royal Society of Chemistry 2020
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electromagnetic radiation and the molecular system can be
expressed in terms of electromagnetic multipoles E and M/, J
being the multipolarity, as:

Hin=E'+ M+ E>+ M*+ E* + ... 1)

The absorption cross-section, o, is proportional to the square
of the transition moment, (i|Hiy|f), with [i) and |f) the initial
and final states, respectively. We may write quantitatively:

g X ggtot+ o (2)

—EE BB E MMM (3)

Here ¢, corresponds to the dominant electric-dipole contribu-
tions, ¢, is the sum of terms linear in k, whereas ¢, combines
the terms quadratic in k. The electric dipole-magnetic dipole
(E*-M") and electric dipole-electric quadrupole (£*-E?) contri-
butions in g, are at the origin of natural optical activity (natural
circular birefringence and circular dichroism). These interfer-
ence terms can be non-zero only in systems having no inversion
symmetry since they mix multipoles of opposite parity. When-
ever the molecule is odd both with respect to space parity
(chirality) and time-reversal symmetry (magnetic order or
external magnetic field), the £*-M" and E*-£? terms are at the
origin of non-reciprocal optical activity effects, such as mag-
netochiral dichroism and birefringence. Pure electric dipole
transitions (o,), as well as those quadratic in k (¢,) mix same
parity multipole moments and hence cannot contribute to
optical activity effects.

In the context of X-ray spectroscopy, magnetic dipole tran-
sitions (M') are very weak® and can be neglected. On the
contrary, ample experimental evidence demonstrates signifi-
cant electric quadrupole contributions to hard X-ray absorption
spectra.®® Thus, optical activity effects in the hard X-ray range
arise from interference of electric dipole and electric quadru-
pole transitions as it has been experimentally demonstrated**-*
and theoretically confirmed.* These interference contributions
average to zero in randomly oriented samples (polycrystalline
powders or liquids) and can only be detected on orientation
ordered systems, e.g. single crystals. Furthermore, X-ray MXD
(XMXD) was shown to be due to orbital toroidal currents in
absorbing atoms,**** which are relevant to many phenomena,
ranging from multiferroicity to superconductivity.

MXD is, in general, a very weak effect with only very few
examples reported to date. A prediction of MXD was made by
Groenewege®' in 1962 and was first observed in 1997 by Rikken
and Raupach, in the visible luminescence spectra of a chiral
Eu(m) complex.” MXD has since only been observed for a Ni(u)
complex,’® two-dimensional chiral Cr(u)-Mn(u) ferrimag-
nets,*?* for a diamagnetic molecular Zn(n) aggregate, for
some diamagnetic organic compounds,*¢ in the photolysis of
Cr(m) oxalates** and in Bragg scattering.® There are even
fewer reports on observation of XMXD. XMXD was first
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observed in the Cr,O; antiferromagnet'” and subsequently in
the GaFeO; ferrimagnet'® and more recently in Mn(u) and Co(u)
molecule-based helices.” The first attempt to observe XMXD for
molecular lanthanoid (Ln) complexes was performed on the 3d-
4f coordination complex TbNis.'* However, the validity of these
results is not firmly established as the reported experimental
XMXD is too large for a paramagnetic system measured at room
temperature and at relatively low magnetic field (1 T). We
present herein the first example of unambiguous experimental
observation of XMXD for a mononuclear Ln complex, namely,
Na;[Ho(ODA);](BF,),-6(H,0), (1), with ODA*>~ = oxydiacetate.
Such mononuclear Ln-based complexes have been proposed as
single-ion magnets**** displaying magnetic hysteresis at liquid
nitrogen temperatures,*>* electron-based qubits,*** coupled
qubit-qudits®>*® and single molecule transistors.*>>"-%

The crystal structures of Ln oxydiacetates have been previ-
ously described in detail.** In 1, Ho(u) coordinates to three
virtually planar tridentate ODAs to form the two enantiomers (A
and A) of the nine-coordinate complex anion, [Ho(ODA);]*~
(Fig. 1A). The coordination geometry around Ho(u) is distorted
face-centred trigonal prismatic (D;). 1 undergoes spontaneous
resolution upon crystallisation. The crystal structures for 1A
and 1A were refined in the trigonal R32 Sohncke space group
with Flack parameters®® of 0.008(4) and 0.015(4), respectively
(Table S17).

In search of XMXD of 1 we performed experiments at the L;
absorption edge of Ho exploiting the ESRF beamline ID12
dedicated to polarization dependent X-ray spectroscopy. At
this edge, absorption of an incident X-ray photon promotes
a 2p;, core electron into empty 5d or 6s valence states via the

Fig. 1 Structure of the two enantiomers of complex anion,
[Ho(ODA)sI®~, of 1 and experimental set-up. (a) Simplified structure of
the A and A enantiomers of 1 along the crystallographic trigonal ¢ axis.
Hydrogen atoms, counter ions, and lattice water molecules are
omitted for clarity. Colour scheme: Ho — pink, C — black, O — red. (b)
Relative orientation between the crystal trigonal ¢ axis and the circu-
larly polarized X-rays wave-vector, k, that is parallel or antiparallel to
the applied magnetic field, B. (c) Enantiopure crystals mounted on the
sample holder, viewed along the crystallographic trigonal ¢ axis.
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allowed electric dipole transitions (Al = 41) or to 6p or 4f states
(Al = 0,+2) via electric quadrupole transitions. Such quad-
rupolar 2p-4f transitions are easily distinguishable either in
X-ray MCD (XMCD) or in resonant inelastic X-ray scattering
spectra at the L;-edge®® of rare-earths, whereas their contri-
bution at the L,-edge is more difficult to disentangle.®

We used left (L) or right (R) circularly polarised X-rays whose
wave vector, k, was parallel (+) or antiparallel (—) to the external
magnetic field, B. To identify two enantiomeric single crystals of
1 each displaying an optimal response, X-ray NCD (XNCD)
spectra were recorded at room temperature on several crystals
already characterised by X-ray crystallography, as crystals of
macroscopically similar appearance do not yield the same
XNCD intensity (Fig. S11). This is because the penetration depth
of X-rays at the L;-edge of rare-earths is typically of the order 10
microns, making the obtained response sensitive to the struc-
tural quality of this near-surface layer. The identified crystals
were then inserted into an experimental station equipped with
a 17 T superconducting magnet and a constant flow helium
cryostat, where they were mounted on a cold finger oriented
with the crystallographic, trigonal, ¢ axis parallel to k and B
(Fig. 1b and c).

For each enantiomerically pure crystal we acquired four
distinct absorption spectra corresponding to different experi-
mental configurations for the relative orientation of kand B and
the polarization of X-rays, namely, L+, L—, R+, R—. From these,
one can obtain the polarization averaged X-ray absorption
spectrum (XAS) and the three dichroic contributions (XNCD,
XMCD and XMXD), allowed by the crystal symmetry, as:

XAS =[(L+) + (R+) + (L—-) + (R—)]/4 (4)
XNCD = [{(L+) — RH)} + {(L—) — (R-)}]2 ()
XMCD = [{(L+) — (RH)} — {(L—-) — (R-)}]2 (6)
XMXD = [{(L+) + R+)} — {(L-) + (R—)}]/2 7)

The underlying physics of these three dichroisms is very
different and the corresponding effective operators are very
distinct: of purely electric charge nature for XNCD, of purely
magnetic nature for XMCD, whereas magnetoelectric for
XMXD.***” The normalised XAS, XNCD, XMCD and XMXD
spectra of 1A and 1A are shown in Fig. 2. Note that the XAS and
XMCD spectra should be strictly identical for two enantiomeric
crystals, whereas the XNCD and XMXD spectra should be of
opposite sign. This is precisely what we observed experimen-
tally. The XAS spectrum is dominated by the electric dipole
allowed (E*-E") transitions to localized 5d orbitals, giving rise to
a very strong resonance at 8078 eV, the so-called “white-line”.
Dipole allowed transitions to extended 6s states are much
weaker and cannot be easily disentangled from the XAS spec-
trum. Electric quadrupole transitions (£2-E?) to strongly local-
ized unoccupied 4f orbitals are also very weak and are barely
noticeable in the XAS spectrum as a pre-edge feature at
8069 eV.*® The quadrupole contribution to the spectrum
appears at about 9 eV below the “white-line” because of much
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Fig.2 Normalised X-ray dichroic traces recorded on 1A and 1A at the
Ho Lz-edge, at 2.7 K with an applied magnetic field of 4 T. (a) XAS (right
scale) and XMCD (left scale). (b) XNCD and (c) XMXD.

stronger Coulomb interaction of the 4f electrons with the 2p;/,
hole.®®

The low temperature XNCD spectra are practically noise-free
and have the same spectral shape and intensity as those
measured at room temperature. This indicates that there is no
symmetry change of the crystals in the studied temperature
range. The intensity of the normalized XNCD is approaching
1%, which is significantly larger than previously reported values
for XNCD at the L-edge of chiral Ln complexes.*”””* XNCD
measures the mixing of electronic states with opposite parity in
the ground state, which is at the origin of the non-linear optical
properties of chiral systems. In the case of an L; absorption
edge, the selection rules for the £*-£? interference term*® allow
only transitions to the intra-atomic (d, p) and (d, f) hybridized
states. The relatively weak XNCD intensities at photon energies
corresponding to transitions to the 4f states (ca. 8069 eV) can
reasonably be explained by their very strong localization and
quasi-atomic character. As a result, they are only weakly hybri-
dised with the 5d states and very little affected by the local chiral
surroundings. The largest XNCD signal is observed at about
30 eV above the “white-line” and is extended over a very broad
energy range of at least 70 eV. This indicates that extended intra-
atomic states (6d, 6p, ...) are strongly hybridized and strongly
affected by the chiral ligand arrangement.

Contributions from quadrupole transitions are expected to
be more pronounced in the XMCD spectra of Ho at the L; edge
because the 4f states have intrinsically magnetic character. For
crystals that exhibit XNCD, the true artefact-free XMCD can be
obtained only as a combination of four spectra measured

This journal is © The Royal Society of Chemistry 2020
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independently, as given by eqn (6). The XMCD signal is ob-
tained as the difference of two XNCD spectra measured with
opposite directions of applied magnetic field. However, the
microscopic origin of these two circular dichroisms is funda-
mentally different; only pure dipole transitions or absorption
terms quadratic in k (see eqn (3)) contribute to XMCD. The
XMCD intensity is about an order of magnitude larger than the
XNCD one and contrary to XNCD the spectra are identical for
both enantiomers. They consist of two main features: a large
positive peak close to the XAS “white-line”, arising from dipole
transitions to unoccupied 5d states and a well-defined negative
peak about 8 eV lower in energy which is due to quadrupole
transitions to unoccupied 4f states. This spectral shape is
typical for Ho(m) ions® and the assignment of the spectral
features is in line with results of X-ray resonant magnetic scat-
tering of Ho metal.”

The magnetic field dependence of the XMCD of 1 at 2.7 K
(Fig. S27) displays a rapid increase between 0 and 4 T, above
which a more slow linear increase is observed, up to 17 T. Given
that the XMXD response is expected to be proportional to the
sample's magnetisation,” measurements were performed at
applied magnetic fields of £4 T to optimise between the field
sweep waiting time for successive measurements and the
sample's magnetization (about 80% of the maximum reachable
value). This turns out to be very important because the
measured XMXD is at least two orders of magnitude weaker
than the XMCD. XMXD spectra were extracted from the same
four experimental spectra according to eqn (7) where absorp-
tion of unpolarised X-rays was simulated by the sum of L and R
spectra.

The same electric dipole-quadrupole interference terms
(E'-E?) as for XNCD, but combined with the orbital toroidal
current in the hybridised ground states, are responsible for
XMXD. Noisy but clearly observable XMXD spectra of opposite
sign for 1A and 1A were detected at the pre-edge (8069 eV) and
the main (8078 eV) absorptions but not in the extended region.
This indicates that the nonmagnetic empty extended states like
6p, or 6d do not contribute to XMXD signal. On the contrary, the
hybridised 4f-5d orbitals that contain a significant amount of
orbital angular momentum give a sizeable contribution and
carry a toroidal orbital moment. However, the fact that the
XMXD response depends on the same electric dipole-
quadrupole interference terms (E£*-£%) as for XNCD and on the
orbital toroidal current of the hybridised states carrying the
magnetic moment, responsible for XMCD, does not mean that
the XMXD response is simply the product of XMCD and XNCD.
Even though the amplitude of the XMXD response is in a first
place indicating so, the sign of the XMXD does not confirm this
interpretation. It is true that the XMXD spectral shape looks
somewhat similar to the XNCD one and that the main features
of the former have the same sign as these of the latter. However,
these are not the same spectra. Furthermore, they are neither
the product of the XNCD and XMCD responses. The XMCD
signal changes sign around 8.072 keV. At the same energy the
XNCD response also changes sign. Thus if the XMXD response
was defined by the product of the XMCD and XNCD responses,
its sign should be conserved. However, it is experimentally
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observed that this is not the case since a clear sign change of the
XMXD response is observed around 8.072 keV. Furthermore,
the XMXD signal vanishes above 8.085 keV whereas the XNCD
features are the most intense in this energy interval.

These findings confirm that X-ray spectroscopy is an excel-
lent technique for the investigation of local chiral and magnetic
properties in Ln-based coordination complexes, provided that
the studied single crystals are of high enough enantiopurity to
display strong XNCD, which is crucial for the observation of
XNCD and XMXD.

Conclusions

We present herein the first detection of XMXD for a mono-
nuclear, thus purely Ln-based, coordination complex. The
parity and time reversal symmetry of the observed dichroic
responses of 1A and 1A unambiguously confirm that all
detected dichroic responses are genuine. However, the detected
XMXD at the L;-edge of Ho, although measurable, is still of
small magnitude, contrary to what was expected for rare-earth
systems.”® Thus, the magnitude of the detected XMXD effect
remains small even when the corresponding XNCD is large for
4f systems with intrinsically large orbital magnetisation. This
observation can be ascribed to the very strong localization and
quasi-atomic character of the 4f states that are very little
affected by the local chiral surroundings. Furthermore the small
magnitude of the detected XMXD response indicates that these
4f states are only weakly hybridised with the largely more
spatially extended 5d states, very susceptible to the local chiral
surroundings. Thus, the high intrinsic magnetic moment of 4f
states combined with a large admixture of these with extended
5d states emerges like a design criterion for the generation of
large magnetochiral responses in lanthanoid based chiral
coordination complexes. The underlying strong magnetoelec-
tric coupling evidenced by such large magnetochiral responses
can be exploited directly or indirectly for the electric field
addressing of magnetic moments. The direct exploitation of
magnetochiral dichroism for the electric field addressing of
magnetic moments passes via the ‘inverse’ magnetochiral
effect, which consists in inducing magnetic polarisation by
absorption of unpolarised light.>® This theoretically predicted”
effect has never been experimentally demonstrated.* Indirectly,
magnetochiral dichroism can be used to establish a sizable
magnetoelectric coupling which is the fundamental ingredient
for the coherent manipulation of magnetic moments by static
or pulsed electric fields in pulse electron paramagnetic reso-
nance experiments.'*>7>”* These results are important for the
perspective of manipulating the magnetic moment of molecular
magnetic materials, at the single-molecule level, via external
stimuli such as unpolarised light or applied electric fields. Such
a capability is a prerequisite for the integration of molecular
magnetic materials into molecular quantum spintronics
devices.
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