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Introduction

Magneto-chiral dichroism in a chiral twistacene
ytterbium(in) one-dimensional assembly of
single-molecule magnetst

Israa Shioukhi,? Langit Cahya Adi, 2 Vincent Dorcet,® Olivier Cador, ) ©
Geert L. J. A. Rikken, €2 ® Boris Le Guennic, (2 € Jeanne Crassous, (2 *¢
Cyrille Train, ©2° Fabrice Pointillart, (2 ** Matteo Atzori (2 ** and Ori Gidron (2 *?

Here we report on one-dimensional nano objects of formula [Yb(hfac)s(M-or P-Ant-C8)], where the Ant-
C8 moiety refers to enantiopure M- and P-twistacenes decorated at positions 2,6 with 4-pyridyl-ethynyl
units and helically locked into an end-to-end twist by an octyl tether. The crystal structure analysis reveals
intertwined 1D nano-chains featuring two crystallographically independent Yb(i) ions. Under applied
magnetic fields these systems show slow relaxation of the magnetization. The optical properties show the
expected contributions of the 2F7/2 « 2F5/2 electronic transition of the Yb() ions split by the crystal field.
Magnetic field and temperature dependent Magneto-Chiral Dichroism (MChD) studies reveal contri-
butions of opposite sign and similar intensity for the two crystallographically independent ions that cancel
out for the 0-0" and 0—2" absorptions but not for the 0-1". These findings, supported by ab intio theore-
tical calculations, demonstrate the important role of the structural arrangement of MChD-active ions
when designing chiral magneto-optical materials responsive to light and magnetic fields.

lighted in recent reviews, MChD can be studied through UV-
vis-NIR light emission or via UV-vis-NIR light and hard X-ray

Magneto-Chiral Dichroism (MChD), a phenomenon which
manifests as a differential absorption of light that chiral
systems might exhibit when irradiated collinearly with a mag-
netic field, was theoretically predicted in 1984"' and experi-
mentally demonstrated in 1997 for an emissive chiral Eu(m)
complex.” MChD arises from an enantioselective light-matter
interaction in magnetic and optically-active molecular
materials. It offers practical technological advantages since it
is independent of the state of light polarization, thus it can be
observed without requiring polarized light irradiation. This
characteristic opens potential applications, such as optical
readout of magnetic data using unpolarized light.*> As high-
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absorption.* Another important feature of MChD is its propor-
tionality to the magnetization of the materials.> Consequently,
most studies have focused on chiral molecular complexes
involving paramagnetic transition metals®® and lanthanide
ions.'”™" Lanthanide ions have recently become the most
studied, as both a significant magnetic moment and strong
spin-orbit coupling are prerequisites for observing strong
MChD effects.'” In the field of molecular magnetism, lantha-
nide ions are renowned for their high magnetic moments and
strong magnetic anisotropy, making them ideal candidates for
designing  high-performance  Single-Molecule = Magnets
(SMMs)."** In this context, some of us demonstrated that pro-
moting axial magnetic anisotropy in one-dimensional nano-
objects enables the observation of slow magnetic relaxation
and MChD signals up to room temperature.'® It is essential to
note, however, that while the presence of SMM behaviour in
lanthanide complexes is a prerequisite, it does not guarantee a
strong MChD signal. Magnetic-dipole allowed f-f transitions
are also required.'®'” Finally, recent advancements have
demonstrated the potential for optically detecting magnetic
bistability in SMMs using unpolarized light through MChD.?
While the role of f-f transitions and magnetic properties
(such as magnetization, spin-orbit coupling, and magnetic an-
isotropy) have been demonstrated - the former within the
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broader framework of the Richardson’s theory of optical
activity'® - the role of the type of chirality into the resulting
MChD response is still unclear.

One of the few reported examples of room-temperature
MChD was observed in an Yb(u) SMM complex involving
chiral helicene-based ligands decorated with two 4-pyridyl-
ethynyl units.’> This study proposes to replace the helicene
moiety with their linearly-fused analogs, twisted acene (twista-
cene). Acenes, a subclass of polycyclic aromatic hydrocarbons,
consist of linearly fused benzene rings and can be considered
as 1D nanographenes.'® Chemists can design nanocarbons
with defined sizes and shapes to fine-tune their electronic,
magnetic and optical properties.

The degree of dihedral twisting can be controlled through
chemical substitution,?® and this twisting significantly influ-
ences (chir)optical properties such as natural circular dichro-
ism and circularly polarized luminescence (CPL).*!

In the present work, enantiopure M- and P-twistacenes,
decorated at positions 2,6 with 4-pyridyl-ethynyl units and
sterically locked into an end-to-end twist by an octyl tether
(referred to as M- or P-Ant-C8) were reacted with the Yb
(hfac);(H,0), building block. This result in the formation of
one-dimensional nano objects of formula [Yb(hfac);(M- or

a) K. Dhbaibi et al. Angew. Chem. Int. Ed. 2023

b) This work

Mo P2 M or P-Ant-C8
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P-Ant-C8)], (M- or P-1), which were successfully isolated as
single-crystals suitable for X-ray diffraction analysis. This study
highlights the combination of SMM behavior and unpre-
cedented MChD within a twistacene-based system. These find-
ings are further detailed and rationalized through ab initio
calculations.

Results and discussion
Synthesis and structural analysis

It has been previously demonstrated that Yb(m) ion is a prom-
ising candidate for exhibiting remarkable optical and chiropti-
cal properties, including CPL'***"*” and MChD*'"*® activities,
as well as field-induced SMM behavior. Enantiopure M- and
P-twistacenes, decorated at positions 2,6 with 4-pyridyl-ethynyl
units, are helically locked to a specific handedness by an octyl
tether (M or P-Ant-C8) (Fig. 1b). By analogy with M- and
P-carbo[6]helicenes, similarly decorated (Fig. 1a),"> M or P-Ant-
C8 appears suitable for the preparation of polymeric nanomo-
lecular objects. Enantiopure twistacene ligands M- or P-Ant-C8
were synthesized by Sonogashira coupling of M- or
P-twistacene-C8 with 4-iodopyridine in 55-60% yield (see ESI
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Fig. 1

(@) Molecular structure of [Hg(Py),Yb(hfac)z], (2), (b) chemical reaction for the formation of [Yb(hfac)s(Ant-C8)], (1), (c) X-ray structure of M-1

(up) and P-1 (down) along the b axis with part of M or P-Ant-C8 and Yb(hfac)s with pyridyl-ethynyl drawn in spacefill and wireframe representations.
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for synthetic and characterization detailst)."> ECD spectra
display the expected mirror image with the typical vibronic
pattern of the anthracene p-band at 420-490 nm (Fig. S77).
Refluxing an equimolar mixture of M or P-Ant-C8 and Yb
(hfac);(H,0), (hfac™ = 1,1,1,5,5,5-hexafluoroacethylacetonate)
for 2 hours in toluene yielded single crystals of [Yb(hfac);(M or
P-Ant-C8)], (M or P-1) suitable for X-ray diffraction after
diffusion with n-pentane. Enantiopure compounds M-1 and
P-1 crystallize in the non-centrosymmetric orthorhombic
€222 space group (No. 21) (Table S1}). The asymmetric unit
consists of one Ant-C8 chiral ligand and two half Yb(hfac)s
units, that is, two crystallographically independent Yb(i)
ions are present. Single-crystal X-ray diffraction revealed the
formation of chiral one-dimensional nano-assemblies, where
each Yb(ur) centre is eight-coordinated with six oxygen atoms
coming from three bischelating hfac™ anions and two nitro-
gen atoms from the pyridine rings of the Ant-C8 chiral
ligand (Fig. 2). The Yb-O and Yb-N bond lengths range from
2.508(12) to 2.567(11) A and 2.249(10) to 2.316(9) A, respect-
ively. Furthermore, the N-Yb-N angles range from 141.3(3) to
142.9(3)°. SHAPE analysis®® indicates that the Yb(m) coordi-
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nation sphere adopts a slightly distorted D,q square antipris-
matic symmetry in both enantiomers (Table S2}). The bond
lengths and angles involving the first neighbouring atoms
around the Yb(u) centre are comparable to those observed in
the chiral 1D polymeric structures obtained with helicene
ligands (M- and P-2)."> However, the arrangement of the
ligands results in an increase in symmetry from D,4 for M-
and P-2 to Dyy for M- and P-1. With such chiral ligands, it is
well-established that the tether length strongly influences the
degree of twisting, which in turn governs the chiroptical pro-
perties of the ligand.?° In M- and P-1, the anthracene core is
nearly flat, resulting in an end-to-end dihedral angle of 175.9
(4)°, similar to that observed for the free twistacene with an
octyltether.?® The shortest intra- and inter-chain Yb-Yb dis-
tances are 8.439 A and 25.711 A, respectively. The crystal
packing revealed intertwined 1D nano-chains, resulting in
the formation of cavities in the (011) and (110) planes.
Nevertheless, the various substitutions with tert-butyl and
octyltether groups effectively prevent any =n-n stacking
between the m-extended systems. Instead, the crystal packing
is stabilized by F---F and F---H short contacts.

Fig. 2 Representation of the crystal packing for M-1 along the a axis (a) and the b axis (b).

This journal is © the Partner Organisations 2025
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Magnetic measurements analysis

Crunched single crystals of M-1 were immobilized in a Teflon
pellet to investigate their magnetic properties through SQUID
magnetometry. The temperature dependence of the molar
magnetic susceptibility displays an experimental room temp-
erature value of 2.38 cm® K mol™?, which is consistent with the
expected value for an isolated Yb(m) ion (2.57 cm® K mol™" for
ground-state multiplet *F;, with g, = 8/7) per formula unit
(Fig. S107).>° The depopulation of the M; doublets results in a
monotonic decay down to 1.21 cm® K mol™" at 2 K. The field
dependence of the magnetization measured at 2 K reaches
1.75Np under a magnetic field of 5 T, significantly lower than
the expected saturation value of 4.0Np for isolated Yb(m) ions
in the absence of magnetic anisotropy (Inset of Fig. S107). The
g tensors and corresponding calculated wavefunction energies
for the ground state multiplet *F,, are reported in Tables S3
and S4t highlighting a |+ m;) = |+ 7/2) dominant Kramers
doublet (KD) for the ground state. The ab initio simulated
temperature dependence of the magnetic susceptibility and
field dependence of the magnetization are in fair agreement
with the experimental data (Fig. S107).

The slow magnetic relaxation of M-1 was probed by measur-
ing the magnetic susceptibility in a 5 Oe alternating field. At
2 K, no significant frequency dependence of the out-of-phase
magnetic susceptibility (yy) was observed in the 100-10 000
Hz frequency range under zero applied DC field. This behavior
is likely due to fast magnetic relaxation through Quantum
Tunneling of the magnetization (QTM), as usually observed for
Yb(m) with non-zero transverse component in the g tensor.
However, QTM could be suppressed by applying an external
DC field. Indeed, field-dependent magnetic susceptibility
revealed frequency-dependent behavior at 2 K (Fig. 3a and
S117). The relaxation times (z) were extracted with an extended
Debye model®'** fitting simultaneously the in-phase (yi) and
out-of-phase (y§;) components of the magnetic susceptibility
(eqn (S1) and Table S51). The best fit for the field dependence
of the relaxation time at 2 K (Fig. 3b) was obtained using

eqn (1).

-1 Bl

:TBZI{Z+2B3MOHm + By (1)

From left to right, the terms represent the contributions of
QTM, direct and field independent, possibly thermally acti-
vated (Orbach + Raman) processes. The best-fitted parameters
for m fixed to 4 are: B, = 6.92(3) x 10* s™", B, = 1.60(10) x 10~°
Oe™2, B; = 1.89(2) x 107** s™* K Oe™* and B, = 6.75(6) x 10°
s~'. The fitting results indicate that the QTM process domi-
nates for uoH < 750 Oe, while field-independent processes
(Orbach + Raman) are predominant in the range 750 < poH <
3000 Oe. The direct process does not dominate for uoH < 3000
Oe. The optimal field for investigating the thermal depen-
dence of the magnetic susceptibility was chosen as a compro-
mise between the relaxation time and the amplitude of yf;. M-
1 exhibits frequency dependence of y§; under an applied DC
magnetic field of 1400 Oe (Fig. 3c), which can be analyzed in
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Fig. 3 (a) Frequency dependence of the yi for M-1 at 2 K in the
0-2800 Oe magnetic field range. (b) Magnetic field dependence of the
relaxation time (7) (black dots) with the best fit (full red line) obtained
with eqgn (S11). The dashed black and blue lines represent the QTM and
Raman + Orbach processes contributions, respectively. (c) Frequency
dependence of yu for M-1 in the 2—-6.5 K temperature range under an
applied magnetic field of 1400 Oe. (d) Thermal dependence of log(z) for
M-1 (black dots) in the 2-6.5 K temperature range under an applied
magnetic field of 1400 Oe with the best fit (full red line) obtained with
eqn (S17) (see text for parameter values). Raman and Orbach contri-
butions are drawn in dashed blue and black lines respectively.

the framework of the extended Debye model (Table S5 and
Fig. $121).>'** The temperature dependence of the relaxation
time is plotted in Fig. 3d. The log(z) vs. T curve was fitted
using eqn (2) accounting for a combination of Raman and
Orbach processes.

A
= RCT” +17," exp (— ﬁ) (2)
aman _,—/

Orbach

The best fit was obtained with C = 136.0(61) K" s, n = 0.87
(15), 7o = 3.45(13) x 1077 s and 4 = 26.2(3) K, where C and n
are the constant and exponent factor of the Raman process, 7,
and A are the relaxation time and energy barrier of the Orbach
relaxation process, respectively. The expected n value for
Kramers ions should be 9;** however, it is well known that in
molecular systems, the presence of both acoustic and optical
phonons can result in lower n values, typically between 2 and
7.7 In some cases, especially in organometallic complexes
and when phonon bottleneck process is involved, n can be
even lower than 2.*® Finally, the normalized Argand diagram
(Fig. S13t) shows that 90% of the sample experiences slow
magnetic relaxation under the selected applied DC magnetic
field.

A comparison between the polymeric structures 1 and 2
revealed slow magnetic relaxation under similar applied DC
magnetic fields, with magnetization relaxation occurring
through a combination of Raman and Orbach processes. The
energy barriers for both compounds are comparable, account-

This journal is © the Partner Organisations 2025
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ing for 14.8(9) K for 2 and 26.2(3) K for 1. The main difference
between 1 and 2 relies in the nature of the ground KD, which
was constructed of an admixture of |+ m;) states (68% |+ 7/2),
13% |+ 1/2), 12% |+ 3/2) and 7% |+ 5/2)) for 2 whereas,"® for 1
the ground state reveals purer |+ 7/2) composition (Table S47).
This directly affects the magnetization dynamics as well as the
magneto-chiral optical properties (see below).

Magneto-chiral dichroism spectroscopy

To get insights into the electronic transitions of the investi-
gated compound, single crystals of M-1 and P-1 were used to
record temperature-dependent (4.0-290 K) absorption spectra
in the 900-1000 nm range, with unpolarized light k propagat-
ing parallel to the b crystallographic axis. The absorption
spectra for M-1 are presented in Fig. 4. Three distinct absorp-
tion bands, centred at ca. 928, 950 and 976 nm are observed
(Fig. 4). These bands are associated with the ?F,,, — *F5, elec-
tronic transition of the Yb(i) ion. The three main components
arise from the crystal field splitting of the *F,, ground and
’F;, excited multiplets (Fig. 4b). The peak at 1 = ca. 976 nm,
associated with the lowest energy 0-0' absorption, represents
the sharpest contribution. However, it is worth noting that its
full width at half maximum of 3 nm is broader than typically
observed in similar Yb(u) complexes,'"*>*® and its shape devi-
ates from a symmetric Gaussian profile, exhibiting asymmetric
features (inset of Fig. 4). This suggests inhomogeneous broad-
ening due to non-equivalent Yb(ui) sites. The contributions at
A =ca 950 nm and A = ca. 928 nm, associated with the 0-1’
and 0-2' transitions, respectively, increase in intensity as the
temperature decreases and become well-defined at T = 4.0 K.
These contributions are notably broader than what is com-
monly observed.'"'>?® These spectral features can be attribu-
ted to the presence of two crystallographically independent Yb
(mr) ions within the unit cell, each with distinct crystallographic
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Fig. 4 (a) Thermal variation of the absorption coefficient for a single
crystal of M-1 (k//b) in the 900-1000 nm range. Vertical sticks are the
calculated energy (rescaled of 10 nm) of the m; doublets of the excited
2Fs/» multiplet states for the two Yb(u) ions. (b) Energy diagram for the
2F,,, - 2Fg, transition split by the crystal field parameters in three main
components and calculated values for the two crystallographically inde-
pendent Yb(i) ions in the crystal structure (rescaled of 10 nm). The cal-
culated values are reported in Table S3.+
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parameters (see above). While these structural differences are
insufficient to render the ions fully optically distinguishable,
they appear to contribute at different energies to the optical
spectrum. Indeed, ab initio theoretical calculation at the
SA-CAS(13,7)PT2/RASSI-SO level on the two crystallographically
independent Yb(ui) sites show that they contribute differently
to the optical spectrum in agreement with the experimental
findings. Furthermore, the -calculated energy differences
between the 0, 1’ and 2’ excited state sublevels are in good
agreement with what is experimentally observed (Fig. 4 and
Table S37).

Magnetic field dependent MChD measurements were con-
ducted on M-1 and P-1 at T = 4.0 K, with alternating magnetic
fields B applied along k from 0.0 to 2.0 T. The results are pre-
sented in Fig. 5. The B dependence of the MChD spectra for
the two enantiomers show mirror-image spectral profiles with
opposite signs and similar intensities, which increase as the
magnetic field intensity increases (Fig. 5). At T = 4.0 K, a dis-
tinct, strong, and fine-structured MChD signal associated with
the 0-1' transition is observed between 940 and 960 nm.
Additionally, a sharp but weak MChD signal is observed at 4 =
976 nm (0-0' transition), while the 0-2’ transition does not
provide a MChD signal above the detection limits of our setup
(Fig. 5).

The MChD spectra of compound 1 are unusual. First, while
an intense and sharp contribution to the MChD spectrum is
typically observed for the 0-0' transition, only a weak signal is
detected here. Second, low-temperature MChD spectra of Yb
(m) chiral complexes generally display a weak MChD contri-
bution for the 0-2' transition, which is absent here. Third, the
MChD contribution associated with the 0-1' transition at A =
950 nm appears, at first glance, to have a derivative-type line-
shape, which contrasts with the expectations from the micro-
scopic theory of MChD." Derivative-type signals are associated
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Fig. 5 Magnetic field dependence of AAmchp for M-1 and P-1 at T =
4.0 K in the 900-1000 nm range.
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with MChD A-terms, which are temperature-independent and
arise from the Zeeman splitting of the ground state induced by
the magnetic field. For paramagnetic systems, these terms
usually become noticeable only at T > 100 K.'"*>?® At lower
temperatures, absorptive-type MChD C-terms, which reflect
the Boltzmann population changes of the ground state split by
the magnetic field, typically dominate due to their temperature
dependence, which follows the magnetization of the system.

Based on these considerations and the findings reported
above for the experimental absorption spectra, the MChD
results can be rationalized as follows: The MChD signal at 4 =
950 nm is more likely attributed to the contributions of two
crystallographically independent Yb(m) ions. These ions
produce MChD responses of similar intensity but opposite
signs at slightly different wavelengths: one at 4 = ca. 948 nm
and one at 1 = ca. 953 nm, in agreement with ab initio theore-
tical calculations and not a unique derivative-type signal
(Fig. 5). Therefore, each contribution should be regarded as an
independent temperature-dependent C-term (vide infra). The
MChD dissymmetry factor |gycnp| (eqn (S2)1) at 4 = 948.0 and
952.0 nm (T = 4.0 K and B = 1.0 T) are 0.025(1) T~ and 0.024
(1) T, respectively. Applying similar reasoning to the 0-0’ and
0-2' transitions explain why these transitions do not produce a
detectable MChD signal. In general, the MChD contribution to
the 0-2’ transition of Yb(m) chiral complexes is weak and
broad.'"'*?® Two broad signals of weak intensity and opposite
sign, originating from two crystallographically independent Yb
(m) ions, centred at slightly different wavelengths (see above),
are expected to average to zero. This likely explains why no
MChD signal is observed for this transition. For the 0-0' tran-
sition, the two Yb(un) ions are expected to produce signals of
similar intensity but opposite sign. However, due to the very
small energy difference between the two contributions (see
above), the observed weak MChD at T = 4 K can be ascribed to
the residual non-compensated of the two
contributions.

An important consideration relates to the magnitude of the
AAyvicnp signals at 1 = ca. 948 and ca. 953 nm. At these wave-
lengths, AAychp is strong and comparable to the values
observed for compound 2 for the same transition. In both
compounds 1 and 2, the coordination sphere consists of 6
oxygen atoms in the equatorial plane and 2 nitrogen atoms in
axial positions, with the magnetic easy axis aligned along the 2
axial nitrogen atoms. Furthermore, the MChD properties were
investigated in both case with k and B oriented along the crys-
tallographic direction (k, B || to b and ¢ axes for 1 and 2,
respectively) that minimize the angle between and the mag-
netic easy axis. Therefore, (i) it is not surprising that Adychp is
strong for the 0-1' transition, and (ii) this supports the hypoth-
esis that the absence of a MChD signal for the 0-0' transition
arises from the presence of two distinct Yb(m) sites, rather
than from a lack of the physico-chemical conditions necessary
to produce a strong MChD signal in 1.

Temperature dependent MChD measurements were carried
out on M-1 and P-1 in the T = 4.0-290 K range with an alternat-
ing magnetic field = 1.0 T applied along. The results are pre-

average
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Fig. 6 Temperature dependence of AApchp for M-1 and P-1 at B = 1.0
T in the 900-1000 nm range.

sented in Fig. 6. The MChD signals at 1 = ca. 948 and ca.
953 nm decrease in intensity as the temperature increases,
falling below the detection limits of our setup above ca. 50 K.
Within this temperature range, the signal intensity changes
significantly, while the spectral shape remains largely
unaffected. These observations support the assignment of
these two contributions to independent MChD C-terms. The
temperature at which the signals become undetectable is con-
sistent with previous findings. The MChD signal associated
with the (0-2') transition, which is absent at 4.0 K, remains
undetectable at higher temperatures, as expected. In contrast,
the MChD signal at A = 976 nm (0-0’ transition) exhibits a non-
monotonic behaviour with 7, differing slightly between oppo-
site enantiomers. Additionally, the signal intensities are not
mirror-symmetric for M-1 and P-1. This further corroborates
the hypothesis that the observed MChD signal represents an

a b o7 i
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Fig. 7 Temperature (a) and magnetic field (b) dependence of AAmchp (4
= 948, 952 nm) compared to magnetization data recorded in the same
conditions on a microcrystalline sample of M-1.
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average of two contributions with comparable intensities and
opposite signs, arising from crystallographically independent
Yb(m) ions. A residual MChD signal is indeed detectable at
temperatures close to room temperature (Fig. S14%), further
supporting the hypothesis that a strong MChD can potentially
be observed for 1 at this wavelength.

Finally, the thermal variations of the MChD signal at 1 =
947.7 and ca. 952.0 nm were compared to the corresponding
variations in sample magnetization measured at = 1.0 T
(Fig. 7a). The data show good agreement with those obtained
through magnetometry for both enantiomers. The magnetic
field dependence of the MChD signal at the same wavelengths
between 0 and 2 T shows a linear behaviour, as observed
through magnetometry in the same magnetic field range
(Fig. 7b).

Conclusions

In conclusion, we have investigated enantiopure one-dimen-
sional assemblies of ytterbium(m)-based single-molecule
magnets where the chirality is provided by M and
P-twistacenes decorated at positions 2,6 with 4-pyridyl-ethynyl
units and helically locked to a specific handedness by an octyl
tether. The magnetic and optical properties are in good agree-
ment with ab initio theoretical calculations. Magnetic measure-
ments under an AC magnetic field show slow relaxation of the
magnetization at low temperature. The optical spectrum is
characterized by unusually broad absorptions associated with
’F,,, — ’Fs,, electronic transition split by the crystal field. The
origin of the broad absorptions is associated with two crystal-
lographically independent Yb(m) ions in the crystal structure.
The energy of the optical transitions for the two ions is slightly
different for the 0-0’ and 0-2' transitions. Therefore, the result-
ing MChD signals, which are expected to be of similar inten-
sity and opposite sign for the two Yb(mu), are averaged to zero.
The 0-1' optical transition instead is associated with two con-
tributions well separated in energy for the two Yb(u) ions. As a
result, the MChD signal is intense, as it can be expected by the
magnetic-dipole allowed character of the transition, and
follows the expected magnetic and temperature-dependent
behaviour. These findings clearly demonstrate the important
role of the structural arrangement of MChD-active ions when
designing chiral magneto-optical materials responsive to light
and magnetic fields.
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