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ABSTRACT: Low-dimensional magnets exhibit complex magnetic phases for studying
fundamental spin ordering phenomena, while semiconducting variants of these materials are
explored for all-optical control and readout of magnetic states. Thus, the discovery of systems
with compositional tuning of optical and magnetic properties unlocks emerging
functionalities and fundamental investigations. Here, we report the synthesis of low-
dimensional (canted-)antiferromagnets (R)-3YMBA,CoX, (Y, X = halide; MBA =
methylbenzylamine) and study their magnetic and optical properties. Structural character-
ization confirms distorted Co-halide tetrahedra separated by organic groups, forming chiral
crystal structures. Magnetic measurements reveal composition-dependent (canted)
antiferromagnetism at high cryogenic temperatures. While (R)-3CIMBA,CoBr, was
identified as an easy-plane-type antiferromagnet, (R)-3BrMBA,Col, was found to exhibit
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canted antiferromagnetism showing a 50 times higher spontaneous magnetic moment than that of reported hybrid metal halides.
Using optical measurements, we find an optically active metal—ligand charge-transfer state involving cobalt atoms that participate in
the magnetic ordering. Using photoexcitation of the metal—ligand transfer state for optical spin-alignment in ultrafast magneto-
optical measurements, we find a spin dephasing time of 60 ps in our hybrid cobalt compounds, exceeding spin lifetimes of related
low-dimensional hybrid metal halides. Our report introduces a promising material platform for symmetry-mediated spin control,
paving the way for hybrid quantum materials with optical spin manipulation capabilities.

B INTRODUCTION

Low-dimensional magnetic semiconductors show unique
properties such as (electro-)optical control of magnetic and
spin states," complex quantum magnetic properties,2 and
fabrication of nanoscale spintronic devices,” > which makes
them promising materials in the field of opto-spintronics.
Antiferromagnetic variants show especially advantageous
properties such as a lack of stray fields’ and potential THz
spin control.” Additionally, low-dimensional antiferromagnets
show quantum phenomena such as a strong excitonic
confinement and exotic many-body phenornena,g’9 while
complex quantum magnetic phenomena have been reported
recently in the frustrated 2D (two-dimensional) cobalt-halide
triangular antiferromagnet Cs,CoBr,, e.g., the existence of a
spin density wave phase.'”""

A less explored direction of low-dimensional semiconductor
magnets is spin-selective effects originating from the distortion
of their material structure. In the related material class of low-
dimensional hybrid organic—inorganic lead halide perovskites
(HOIPs), distortion in the crystal structure has been shown to
produce a diverse array of magneto-optic properties, >~ '
arising from the HOIP’s lattice softness and tunability of
organic groups. The asymmetric nature of these materials has
led to the demonstration of unique processes, such as chirality-
induced spin-selectivity (CISS), spin memory, circular
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dichroism (CD), and circularly polarized photoluminescence
(CPL).">™"® Thus, materials that combine distorted structure
features with magnetic properties are poised for complex
magnetic ordering and opening up different directions for spin-
state manipulation.'””° Motivated by these reports, and our
work on low-dimensional hybrid organic-metal-halide frame-
works,'#*"** we have now synthesized chiral hybrid variants of
Cs,CoBr,, in which the Cs-atoms were replaced by chiral
organic groups, and report the formation of unusual magnetic
phases, unique to the materials’ crystal structure.

We for the first time find clear signatures of the predominant
antiferromagnetic nature in a series of 0D hybrid organic—
inorganic tetrahedral Co-halide compounds. We report the
single-crystal synthesis of four hybrid organic—inorganic
cobalt-halide compounds (R)-3BrMBA,Col,, (R)-
3CIMBA,CoBr,, (R)-3BrMBA,CoCl,, and PEA,Col,. We
employ single-crystal X-ray diffraction (SCXRD) to resolve
the crystal structure of the compounds and magnetometry to
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Figure 1. Images and crystal structures derived from SCXRD measurements of (R)-3BrMBA,Col, (a), (R)-3CIMBA,CoBr, (b), and (R)-
3BrMBA,CoCl, (c). For simplicity and clarity in (c), there is only one of two possible organic group orientation modifications shown.

study magnetic material properties in dependence of crystal
structure and chemical composition. Selected compounds with
promising magneto-optic properties are investigated with
ultrafast polarization-resolved pump—probe spectroscopy.
This work unveils a pioneering class of hybrid low-dimensional
materials where tunable crystal structures provide a powerful
design knob to coengineer canted antiferromagnetism and
strong magneto-optical responses, opening pathways for future
spintronics and magneto-optic applications.

B MATERIALS AND METHODS

Materials

Cobealt acetate (Co(Ac),), enantiopure (R)-3BrMBA (3BrMBA = 1-
(3-bromphenyl)-ethylamine), methylammonium bromide (MABr),
phenethylammonium iodide (PEAI), hydrochloric acid (HCl, 37%),
hydrobromic acid (HBr, 48%), hydroiodic acid (HL 57%), ethanol,
toluene, and N,N-dimethylformamide (DMF) were ordered from
Sigma-Adrich. Enantiopure (R)-3CIMBA (3CIMBA represents 1-(3-
chlorophenyl)ethylamine) was purchased from BLDpharm. All of the
chemicals were used directly without further purification.

Growth of Hybrid Organic—Inorganic Cobalt Halides
Single Crystals (R)-3BrMBACoX (X = Cl, Br, and 1)42

(R)-3BrMBA,CoX, single crystals were prepared by sequentially
adding 0.177 g of Co(Ac),, 2 mL of HX (X = Cl, Br, and I), and 302
uL of (R)-3BrMBA into 20 mL of ethanol in an ice bath. After
continuously stirring the solution at 80 °C for ~1 h, the fully
dissolved solution was kept at room temperature for a few days until
large crystals showed up. The crystals were cleaned three times with
toluene, dried under vacuum overnight, and stored inside a glovebox
for further usage.

(R)-3CIMBA,CoBr,

(R)-3CIMBA,CoBr, single crystals were prepared by the same
solution- evaporation method as above, except putting 278 uL of (R)-
3CIMBA replacing 302 uL of (R)-3BrMBA inside precursor solutions.

(PEA),Col, and MA,CoBr,

Both (PEA),Col, and MA,CoBr, single crystals were prepared by a
hydrothermal synthesis method. For a general process, 89 mg of
Co(Ac), and 249 mg of PEAI or 112 mg of MABr were dissolved in 2
mL of HI or HBr solutions at 95 °C. The fully dissolved solutions
were transferred to 25 mL autoclaves and kept at the same
temperature (95 °C) inside the oven for 24 h. After slowly decreasing
the temperature to room temperature at a rate of 1 °C/h, large single
crystals appeared at the bottom of the autoclaves. Toluene was used
here to clean the obtained crystals three times, which were then dried
under vacuum conditions. The crystals were stored inside a N,-filled
glovebox before usage.
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Fabrication of Hybrid Organic—Inorganic Cobalt Halide
Thin Films

For optical characterization, we prepared hybrid organic—inorganic
cobalt halide thin films by spin-coating methods. The thin-film
fabrication process was performed inside a glovebox under an inert
gas. The stock solution was prepared by adding single-crystal samples
(80 mg) to a 200 uL of DMF solution. After fully dissolving at 100 °C
for 30 min, 100 uL of the solution was spin-coated on 20 X 20 mm
glass substrates (4000 rpm, 35 s). The substrates were precleaned by a
UV-ozone cleaner for 30 min. The obtained films were then annealed
at 100 °C for 30 min and stored in a glovebox before characterization.

General Structural and Optical Measurements

Single-crystal XRD measurements were performed on a Bruker D8
Venture system with a Helios optic monochromator and Mo radiation
(4 =0.71073 A). The measurement temperatures for each crystal are
listed in Table S1. Absorption and CD measurements were performed
on a commercial CD spectrometer (JASCO J-1700). During CD
measurements, to exclude additional artifacts, we rotated and flipped
all samples at different orientations to ensure that the obtained CD
signal was not due to linear dichroism or birefringence.

TA Spectroscopy Measurements

Room-temperature TA measurements were performed by a
commercial TA setup (Ultrafast Systems, HELIOS).

Faraday Rotation Measurements

The transient Faraday rotation measurements were conducted in a
home-built setup where the sample is located inside a closed-cycle
helium magneto-optical cryostat (Montana Instruments). The
pump—probe experiments were performed at a laser (Pharos +
Orpheus + Hiro + Lyra by Light Conversion) repetition rate of
16.667 kHz. Before the sample, the pump beam was circularly
polarized by an achromatic quarter wave plate (B-Halle) while the
probe beam was kept linearly polarized. After the sample, the probe
beam was guided through a Wollaston prism and onto an amplified
balanced detector (PDB210A by Thorlabs). The differential signal
was analyzed by a Lock-In amplifier (MFLI by Zurich Instruments) as
a function of pump and probe time delay.

Magnetic Measurements

The direct current (dc) and alternating current (ac) magnetization
were studied in the temperature range 1.8—300 K and in magnetic
fields up/down to +7 T by means of a Magnetic Properties
Measurement System (MPMS3, Quantum Design). Measurements
were restricted to T < 300 K to avoid thermal degradation of the
materials. For dc measurements down to 400 mK, the MPMS3
instrument was equipped with the iQuantum *He probe.

https://doi.org/10.1021/acs.chemmater.6c00755
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Figure 2. Magnetic characterization of (R)-3BrMBA,Col, (a, b) and (R)-3CIMBA,CoBr, (¢, d). (a) Static magnetic susceptibility y = M/ (uoH) as
a function of the temperature T in the presence of an external magnetic field y,H = 0.1 T measured after zero field cooling. (b) Magnetization M as
a function of the external magnetic field y H at T = 1.8 K. Bottom right inset shows the differential magnetic susceptibility 0M/0(poH). The vertical
dashed lines located at the peaks of the derivative indicate the critical field y,H,, and the spin-reorientation field y,H,. (c) Static magnetic
susceptibility y along two different directions with 90° in between, respectively (y; square symbols and y, dots) as a function of the temperature T
in the presence of an external magnetic field ytoH = 0.1 T measured after zero field cooling. (d) Magnetization M;; and M as a function of the
external magnetic field yoH at T = 1.8 K. The inset shows the differential magnetic susceptibility dM/d(u,H). The vertical dashed lines located at

the peaks of the derivatives indicate the spin-reorientation fields.

B RESULTS AND DISCUSSION

Single-Crystal Structures of Hybrid Organic Cobalt-Halide
Compounds

We synthesize a series of hybrid organic—inorganic cobalt
halide single crystals using two solution-processing methods,
which have a strong dependence on the precursor concen-
tration and solubility.”> We slowly evaporated the ethanol
solutions containing the large distorted organic molecules (R)-
3BrMBA or (R)-3CIMBA, cobalt acetate (Co(Ac),), and HX
(X = Cl, Br, I) mixtures to produce (R)-3BrMBA,CoX, or
(R)-3CIMBA,CoBr, single crystals (see details in the Materials
and Methods section). PEA,Col, and MA,CoBr, single
crystals with symmetrical organic cations were synthesized
for comparison by a hydrothermal method, wherein large
crystals formed by controlling the cooling rate (1 °C/h) of
highly concentrated precursor solutions.

We used SCXRD measurements to identify the crystal
structures of the synthesized hybrid cobalt-halide compounds
(detailed crystal information is listed in Table S1 in the SI).
The three Co-based samples (R)-3CIMBA,CoBr,, (R)-
3BrMBA,Col,, and (R)-3BrMBA,CoCl, show a zero-dimen-
sional (OD) crystal structure, consisting of disconnected
distorted cobalt-halide tetrahedra with surrounding large
organic molecules (Figure 1). The compounds (R)-
3CIMBA,CoBr, and (R)-3BrMBA,CoCl, crystallize in a
monoclinic P2, space group, while (R)-3BrMBA,Col, shows
a hexagonal P6, space group, which is a chiral space group.
Both space groups belong to the Sohncke space groups,
confirming the formation of distorted crystal structures due to
structure modeling from large asymmetric organic molecules.”*
We further included the Flack parameters for all non-

5269

centrosymmetric structures in Table S1. For (R)-
3CIMBA,CoBr, and (R)-3BrMBA,CoCl, (space group P2,),
the Flack parameters refine to values near zero with reasonable
standard uncertainties, confirming the correct absolute
structure assignment. For (R)-3BrMBA,Col, (space group
P6,), the Flack parameter was refined to 0.27, indicating that
the major domain constitutes 73% of the major twin crystal
volume and 27% of the minor twin domain. This twinning
likely arises from a displasive phase transition during the
crystallization process, where a higher-symmetry parent phase
transforms to the low-temperature chiral P6, phase upon
cooling. Such symmetry reduction further gives rise to multiple
equivalent orientation variants. Similar behavior is also
reported in many systems such as quartz, metal oxides, and
chiral metal-halide compounds,”~>" where symmetry-lowering
transitions generate twin domains. Incorporation of sym-
metrical groups, like PEA and MA (Figure S1), also yields 0D
cobalt halide tetrahedral structures in PEA,Col,, and in the
previously reported MA,CoBr,,”” which both crystallize in a
P2,/c space group with inversion symmetry.

A main difference between the five synthesized hybrid
cobalt-halide samples is the average distance between the Co
atoms, analyzed by evaluating the distance between the next
neighbor lattice planes of Co atoms (Table S2). By tuning the
size of organic cations or halide compositions, the average
distance of the lattice planes formed by Co-halide tetrahedra,
i.e, in direction perpendicular to the “2D planes”, decreases
from 15.1 A (001) in (R)-3BrMBA,CoCl, to 14.43 A (001) in
(R)-3CIMBA,CoBr, to 13.30 A in PEA,Col, (010) to 12.13 A
(001) in (R)-3BrMBA,Col, and finally to 6.5 A (010) in
MA,CoBr,. The fact that MA,CoBr, exhibits the smallest
interplanar distance agrees with the smaller size of the MA

https://doi.org/10.1021/acs.chemmater.6c00755
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compared to the other organic groups. Along the other two
crystal directions, the average distance of the Co planes varies
between a minimum distance of 3.59 A (100) in PEA,Col, and
a maximum distance of 5.60 A (001) in MA,CoBr,.
Interestingly, (R)-3BrMBA,Col, is the only compound
which shows the same distances along a and b directions.
Furthermore, we analyze the H-bond distance and angle, which
has been reported as an important structure factor.”’ We
notice that, compared to the substitution of the organic
cations, different halide compositions result in the different H
bond acceptor atoms from CI to Br and to I, which have a
larger impact on the formed H bond. Both (R)-3BrMBA,Col,
and PEA,Col, show a similar H—I distance (~2.7 A, see
details in Table S2), while 3CIMBA,CoBr, and MA,CoBr,
show a shorter H—Br distance (~2.5 A), indicating stronger H
bond connections. The shortest H-halide distance is found in
the Cl-based compound (R)-3BrMBA,CoCl, with ~2.35 A.
Opposite trends were observed in H bond angles, in which we
found that (R)-3BrMBA,CoCl, shows a largest N—H—Cl
angle (~178°), while the smallest N—H—I angles were
observed in (R)-3BrMBA,Col, and PEA,Col, samples
(~140°).

In summary, we demonstrated that the crystal structure and
symmetry of hybrid organic cobalt-based semiconductors can
be controlled by cation and halide engineering, tuning the
lattice distance, and H-bond strength.

Compositional Tunability of Magnetism in Hybrid
Organic—Inorganic Cobalt Halides

While the fully inorganic compounds Cs,CoBr,, Cs,CoCl,,
and the related Cs,CuBr, and Cs,CuCl, are known to be very
interestin% 2D frustrated quantum triangular-lattice antiferro-
rnagnets,1 11,3134 hybrid organic—inorganic Co-halide com-
pounds with tetrahedrally coordinated Co** ions were reported
to only show paramagnetic behavior’*® and signs of
cooperative magnetism were only found in higher-dimensional
versions based on Mn or Cu.*”*’ Interestingly, we find
signatures of cooperative magnetism of predominantly
antiferromagnetic nature in all of our presented materials
(Figures 2 and S2). Our data suggest that both magnetic
interaction and magnetic anisotropy depend on the organic
group and halide composition, as summarized in Table S3.
The magnetization data of Co compounds (R)-
3BrMBA,Col, and (R)-3CIMBA,CoBr, are shown in Figure
2. Starting with the powder sample of compound (R)-
3BrMBA,Col,, we find a sizable spontaneous magnetic
moment below T, = 2.8 K, which can be seen in the rapid
increase of magnetization in Figure 2(a) and the remnant
magnetization of nearly My = 0.1 yg/fu. at 0 T in Figure 2(b).
The magnetic susceptibility data were fitted using the modified
Curie—Weiss law.*” The Curie—Weiss-like fit, adapted in the
temperature range from 200 to 300 K (solid black line in

Figure S3(a)),
C

£ e,

T (1)

with the Curie constant C, the Weiss temperature 6y, and the
temperature-independent contribution y,, reveals C = 2.31(10)
ergK/(G* mol) and a negligible Weiss temperature. The Curie
constant yields the effective moment p.g = 4.30(9) pg, ie., g~
2.22(5), when considering J = 3/2, which is in agreement with
typical values for tetrahedrally coordinated Co*" and reflects
the contribution of unquenched orbital angular momentum.*!
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The small spontaneous magnetic moment observed in the
isothermal magnetization curve, compared to the expected
fully saturated magnetization, suggests that the observed
spontaneous magnetization may result from a canted
antiferromagnetic ground state spin configuration. Given the
expected saturation moment of M = gJ = 3.33(7) up suggested
by the Curie—Weiss analysis, the size of the measured net
magnetic moment My implies the canting angle ¢ = tan™'(My/
M;) ~ 1.7°. To precisely determine the long-range magnetic
ordering temperature T., of the material, we performed
additional magnetization measurements down to 400 mK,
shown in Figure S4, revealing T, = 2.2 K as read off from the
minimum in the temperature derivative of the static magnetic
susceptibility.

The apparent high-field saturation in the isothermal
magnetization at 7 T indicates a plateau-like behavior at
around 2Ms/3, as the full saturation of the magnetization Mg =
34 pp is not reached in the accessible field range. The
derivative dM/d(uoH) shown in the inset of Figure 2(b)
unveils the existence of two critical fields pyH, and poH,,
indicated by a sharp peak and a broad hump in 0M/d(u,H),
respectively. The former anomaly is associated with a
discontinuous increase in magnetization of about 0.06 y/f.u.
We attribute pH, to a field-driven spin reorientation.

The temperature and frequency dependencies of the real and
imaginary parts of the AC susceptibility y' and y”, shown in
Figure S5, demonstrate the increase of the real part of y’
around the long-range ordering temperature T.,, but also show
that it is associated with slow spin dynamics as it is suppressed
at high frequencies. At 1.8 K, a maximum in the imaginary part
of y" centered around 5 Hz reveals a long magnetic relaxation
time of 7 & 0.03 s, which was determined from 7 = 1/27f
assuming Debye relaxation. Similar slow relaxation just below
the transition temperature has been also observed in the canted
antiferromagnetic ground state of Co(II)-tetrazolate-carbox-
ylate with quasi-two-dimensional magnetic interaction.*” While
the slow relaxation observed in ac susceptibility is reminiscent
of single-molecule magnet behavior (Figure SS), it occurs just
below the long-range ordering temperature T,. This points to
dynamics associated with the domain state of a bulk canted
antiferromagnet rather than isolated molecular behavior,
similar to observations in related quasi-2D canted antiferro-
magnets.”” To definitively exclude SMM (single-molecule
magnets) behavior, magnetic dilution experiments would be
necessary; however, the clear signatures of cooperative
antiferromagnetic ordering (Figure 2) indicate that the slow
dynamics arise from bulk magnetic correlations rather than
molecular anisotropy.

In the case of (R)-3CIMBA,CoBr,, we are able to synthesize
single crystals of sufficient size, shape, and physical stability to
allow magnetization measurements. The growth process results
in thin platelet-shaped single crystals (see Figure 1), which
typically exhibit the c-axis perpendicular to the platelet layers.
Hence, magnetic measurements were performed for magnetic
fields applied either in parallel to the layers (y;) or
perpendicular to them (y,), which we attribute to the in-
plane (Bllab-plane) and out-of-plane (Bllc) magnetization,
respectively. Compared to (R)-3BrMBA,Col,, the compound
(R)-3CIMBA,CoBr, does not show a detectable spontaneous
magnetic moment down to 1.8 K. It displays clear
antiferromagnetic characteristics, evidenced by the decreasing
susceptibility at low temperatures that peaks at approximately
T = 44 K in Figure 2(c). An attempt to fit the experimental

https://doi.org/10.1021/acs.chemmater.6c00755
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data using a Curie—Weiss-like model (eq 1) yields slightly
different Curie constants for the two measured directions
(Figure S3(b)), the average of which is consistent with the
iodide compound (R)-3BrMBA,Col,, discussed above. It
further suggests a very small positive Weiss temperature,
which might result from competing ferro- and antiferromag-
netic interactions (magnetic frustration) yielding the overall
antiferromagnetic characteristics.*> At low temperatures, the
static magnetic susceptibility measurements (Figure 2(c))
along the two orthogonal directions reveal magnetic anisotropy
and show an easier and harder magnetic response in the
measured susceptibilities jy; and y,, respectively. This is
supported by the crystal orientation dependence of the
isothermal magnetization in Figure 2(d) and the resulting
dependence of the spin reorientation fields, which are denoted
by the vertical lines in the inset. The data suggest an easy-
plane-type antiferroma%net, similar to what is observed in
(CH,CH,NH,),CuCl,.””

Comparison of Co-halide compounds with symmetric (e.g.,
PEA-based shown in Figure S2) and nonsymmetric organic
groups (MBA-based) suggests that the geometry of the
distorted tetrahedra and the lack of inversion symmetry in
organic compounds favor canting of spins and further reduce
transition temperatures overall. This can also be connected to
different Co—Co distances due to the different sizes and
arrangements of the organic groups (see Table S2). Taniguchi
et al. reported the Dzyaloshinskii-Moriya interaction (DMI) to
be responsible for the canted antiferromagnetism which they
observed in hybrid organic 1D Mn—Cl perovskite deriva-
tives.*’ Here, we show a 50 times higher spontaneous magnetic
moment (~0.1 uB/fu.) in (R)-3BrMBA,Col, than reported
recently (~0.002 uB/fu.),”” which we also attribute to DML It
may be related to the larger spin—orbit coupling of Co*" in
(R)-3BrMBA,Col, and the smaller interatomic distance
between Co atoms (Table S2). Spin canting is often promoted
by the interplay between isotropic Heisenberg exchange and
the antisymmetric DML**** In (R)-3BrMBA,Col,, the chiral
crystal structure breaks spatial inversion symmet?f, making
DMI a likely origin of the observed spin canting,**~*" which is
underlined by the comparison to the centrosymmetric
arrangement of Co-iodide tetrahedra in the material PEA,Col,
(Figure S2(a),(b)), that does not show spin canting. Detailed
investigations of the magnetic phase diagram are planned to
elucidate this behavior further. Such strong DMI together with
previously observed easy-plane-type antiferromagnetism fur-
ther places the hybrid organic cobalt-halide semiconductors on
the list of potential solution-processable layered materials for
spintronic applications.15’24’50

The anisotropy within the Co-halide tetrahedra is another
important aspect governing the magnetic order. From the
SCXRD results, we find that the Co—Br tetrahedra exhibit
minimal distortion, with averaged angular deviations from the
ideal bond angle of 109.5° of 1.45° for (R)-3CIMBA,CoBr,
and 1.55° for MA,CoBr,. This distortion increases for the Co—
Cl tetrahedra, reaching 1.73° in (R)-3BrMBA,CoCl,, and
culminates in the Co—I tetrahedra, where the distortion is
1.99° for PEA,Col, and peaks at 3.51° for (R)-3BrMBA,Col,,
which exhibits the highest magnetic susceptibility. The
distortion of the tetrahedra lifts the degeneracy of the e and
t, orbitals,”’ modifying the orbital angular momentum
contribution to the magnetic moment and influencing the
magnetic anisotropy—an effect well-documented in tetrahe-
dral CoX,*~ systems.’” The increasing distortion from Br- to I-
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based compounds correlates with the emergence of canted
antiferromagnetism, suggesting a strong link among the ligand
field strength, spin—orbit coupling, and the antisymmetric
exchange interactions. While variable-temperature structural
studies are beyond the scope of the current work, the
continuous nature of the magnetic susceptibility curves
suggests that no major structural phase transitions occur
across the measured temperature range. Future temperature-
dependent diffraction experiments would provide direct
confirmation of the structural stability.

Ultrafast Transient Magneto-Optical Photophysics

Next, we investigate the optical features of the synthesized
cobalt halides. Like for hybrid metal-halide perovskite
materials,"”*> we obtained color-tunable single crystals (R)-
3Br/CIMBA,CoX, from blue (X = Cl) to dark blue (X = Br)
and to green (X = I) by changing the halide compositions
(Figure 1(a—c)), indicating energy shifts in their optical
transitions. To study the origin of this behavior, we dissolved
as-synthesized single crystals in N,N-dimethylformamide
(DMF) solvent to fabricate spin-coated thin films (details in
the Materials and Methods section). Steady-state absorption
spectroscopy measurements show that (R)-3Br/CIMBA,CoX,
(X = Cl, Br, or 1) films have a dominant broad absorption
feature in the range 600 to 850 nm (Figure S6), which we
attribute to cobalt d-d transitions. These d-d transitions are
highly sensitive to the local coordination environment of Co*,
and the presence of sharp, well-defined features confirms that
the CoX,>” tetrahedra remain intact and are properly
coordinated in the films. Further, all film preparation and
measurements were performed under a strict inert atmosphere
(N,filled glovebox), and the UV—vis spectra showed no
additional features that would indicate decomposition or
formation of secondary phases. We found these optical
transitions shift spectrally with halide composition, moving
increasingly toward longer wavelengths from CI to Br to L
Additionally, the relative intensities of the different d-d
transitions change with the halide composition. Both
observations can be rationalized by the impact of ligand field
strengths, which depend on the metal-halide tetrahedral
geometry. Differently sized halides result in variations of the
tetrahedral distortion which lead to relative shifts in the
electronic structure of the e and t, sets of orbitals.”’ More
importantly, we find high-energy optical transitions at ~400
nm for (R)-3BrMBA,Col,, and at ~320 nm for (R)-
3CIMBA,CoBr, films. For the (R)-3BrMBA,CoCl, samples,
the position of these optical transitions is further moved to
<290 nm, beyond our detection limit. These systematic blue-
shifts with changing halide composition (I to Br to Cl) follow
the trend expected for increasing ligand field strength and
widening band gaps, consistent with typical semiconductor
behavior in metal-halide materials. The observed transitions
can be interpreted as signatures of the fundamental band-to-
band transitions or charge-transfer excitations that define the
semiconducting gap. Previous reports have attributed such
high-energy features in related cobalt halide systems to band
transitions arising from more delocalized “bandlike” states
extending across multiple tetrahedral units, rather than being
confined to individual metal centers.””>* These assignments
are supported by computational studies on analogous hybrid
metal-halide systems, where the conduction band minimum
typically derives from metal orbitals with some halide
contribution, while the valence band maximum is dominated
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Figure 3. Time-resolved magneto-optical properties of (R)-3BrMBA,Col,. Transient absorption (TA) spectroscopy color maps (a), spectra (b),
and kinetics (c) of (R)-3BrMBA,Col, thin films. TA measurements were performed under 300 nm excitations with a fluence of ~70 yJ/cm?
Transient Faraday rotation measurement of (R)-3BrMBA,Col, at T =7 K and T = 25 K (d), pumped at 343 nm and probed at 700 nm for the two

opposite helicities of the pump denoted by o+ and o—.

by halide p-orbitals hybridized with metal d-states. While
detailed band structure calculations (e.g., DFT) are beyond the
scope of the current experimental work, the systematic optical
data presented here provide strong evidence of the semi-
conducting nature of these hybrid cobalt-halide compounds
and establish a foundation for future theoretical investigations.

Circular dichroism (CD) measurements (Figure S6(b)) on
(R)-3Br/CIMBA,CoX, (X = Cl, Br, or I) thin films show
Gaussian-shaped optical activity with obvious Cotton effect
near the wavelengths of the high-energy “bandlike” transitions,
while no CD signals are observed at the d—d transition regions.
This suggests that the chirality transfer happens from the chiral
organic cations to delocalized states across hybrid cobalt halide
tetrahedra rather than to the cobalt d—d orbitals. From
previous reported work,'”'***** we know the pure organic
cations (MBA-based) exhibit CD signals only below 300 nm,
with no detectable optical activity in the region above 300 nm
where our hybrid cobalt halide samples absorb. Thus, the
observed CD signals must originate from the hybrid cobalt
halide framework itself and not from the organic cations alone.

To study the photophysics of the hybrid organic—inorganic
cobalt halide samples, we focus our investigation on (R)-
3BrMBA,Col, films, which show metal-to-ligand charge-
transfer (MLCT) states in the spectral range of our optical
setup. We investigate the photoexcited state population
dynamics with broad-band TA spectroscopy. Using femto-
second pulses at a wavelength of 300 nm with a fluence of ~70
uJ/cm® for excitation, we probe the ensuing optical TA
response in (R)-3BrMBA,Col, films with broad-band white-
light probe pulses. We observe a ground state bleach (GSB)
signal located at ~370 nm (Figure 3 (a)) and a broad
photoinduced absorption (PIA) signal (400—600 nm). The
GSB is close to the optical transitions that we have detected in
steady-state absorption (Figure 3(b)). We find that the
dominant GSB signal quickly decays and levels out within
the first ~100 ps (Figure 3(b),(c)). Within this regime, the
signal can be qualitatively fitted with a biexponential decay
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function with corresponding lifetimes of 7, & 5 ps, and 7, & 44
ps. Beyond a time delay of 100 ps, the signal shows no further
detectable evolution up to the end of our probe range,
indicating nano- to microsecond decay kinetics. The PIA signal
shows an initial peak, which could stem from hot carriers,
followed by a rise up to 1.5 ps, suggesting the fast population
of a photoinduced state from the initially photoexcited levels.

To probe the excited-state spin dynamics, we performed
transient Faraday rotation measurements at cryogenic temper-
atures. Control measurements at room temperature show a
negligible signal. Although the material’s ordering temperature
T.s = 2.2 K lies below the base temperature of our magneto-
optical cryostat (around 7 K), cooperative magnetic inter-
actions, evident from deviations from Curie—Weiss behavior,
emerge already around 25 K, prompting measurements at both
7 and 25 K to explore potential coupling between developing
magnetic order and spins of photoexcited states. As shown in
Figure 3d, the transient Faraday response for opposite pump
helicities is mirrored and no significant differences are
observed between the two temperatures. Importantly, the
Faraday decay curves last longer than 1 ns, indicating the
ultralong spin lifetime in our hybrid cobalt compounds. We
further fit the decay dynamics by a biexponential model, with
components 7, &1 ps and 7, & 60 ps. Thus, the spin lifetime
observed in our hybrid cobalt compounds far exceeds typical
spin lifetimes of related low-dimensional hybrid metal-halide
materials,”” >’ suggesting that moderate Co-induced spin—
orbit coupling, which acts directly on the magnetically active d-

. 1. 58—60
orbitals,”

enables efficient optical spin injection while rapid
spin relaxation is suppressed. In future work, accessing
temperatures below T., will be essential to elucidate the
expected interactions between fully ordered localized spins in
magnetic phases and photoexcited spins.
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B CONCLUSION

In summary, we synthesized and characterized a series of
hybrid organic—inorganic cobalt halide semiconductor mag-
nets. Magnetic characterization reveals cooperative antiferro-
magnetic ordering across all compounds, with (R)-
3BrMBA,Col, exhibiting sizable spontaneous magnetization
in the canted antiferromagnetic ground state. Our findings
underscore the potential of hybrid cobalt halides as model
systems for investigating the interplay among structures, low-
dimensional magnetism, and optically accessible spin-polarized
states. The easy-plane-type antiferromagnetism and possible
strong DMI furthermore suggest their potential for spintronics
applications. Further investigation, particularly comparing the
chiral enantiomers and racemic mixtures, neutron scattering,
and advanced theoretical modeling, will be essential to fully
elucidate the effects of structural distortion, the rich spin
textures, and anisotropies present. More broadly, our work
highlights the promise of hybrid organic—inorganic systems for
exploring emergent phenomena at the nexus of structure
symmetry, quantum magnetism, and excited-state spin physics
and motivates future studies leveraging optical and magnetic
probes at ultralow temperatures in these tunable platforms.

Hl ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c0075S.

Experimental details of synthesis and characterization,
crystallographic data, structure distortion calculation,
magnetic characterization, and absorption and CD
spectra (PDF)

Accession Codes

Deposition Numbers 2481379—2481382 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallo-
graphic Data Centre (CCDC) and Fachinformationszentrum
Karlsruhe Access Structures service.

B AUTHOR INFORMATION
Corresponding Author

Felix Deschler — Physikalisch-Chemisches Institut, Universitit
Heidelberg, 69120 Heidelberg, Germany; Email: deschler@
uni-heidelberg.de

Authors

Shangpu Liu — Physikalisch-Chemisches Institut, Universitit
Heidelberg, 69120 Heidelberg, Germany; Walter Schottky
Institut and Physics Department, TUM School of Natural
Sciences, Technische Universitit Miinchen, 85748 Garching,
Germany; © orcid.org/0000-0001-9067-7098

Jonathan Zerhoch — Physikalisch-Chemisches Institut,
Universitit Heidelberg, 69120 Heidelberg, Germany; Walter
Schottky Institut and Physics Department, TUM School of
Natural Sciences, Technische Universitit Munchen, 85748
Garching, Germany; © orcid.org/0000-0003-4336-8828

Stanislav Bodnar — Physikalisch-Chemisches Institut,
Universitit Heidelberg, 69120 Heidelberg, Germany; Walter
Schottky Institut and Physics Department, TUM School of
Natural Sciences, Technische Universitit Munchen, 85748
Garching, Germany

5273

Julia A. Gessner — Physikalisch-Chemisches Institut,
Universitit Heidelberg, 69120 Heidelberg, Germany

Luca Bischof — Kirchhoff Institut fir Physik, Universitit
Heidelberg, 69120 Heidelberg, Germany

Jan Arneth — Kirchhoff Institut fir Physik, Universitit
Heidelberg, 69120 Heidelberg, Germany; © orcid.org/0000-
0002-1527-8449

Franz Bodenmiiller — Physikalisch-Chemisches Institut,
Universitit Heidelberg, 69120 Heidelberg, Germany

VJoachim Ballmann — Anorganisch-Chemisches Institut,
Universitit Heidelberg, 69120 Heidelberg, Germany;

orcid.org/0000-0001-6431-4197

Frank Rominger — Organisch-Chemisches Institut, Universitit
Heidelberg, 69120 Heidelberg, Germany

Rudiger Klingeler — Kirchhoff Institut fiir Physik, Universitit
Heidelberg, 69120 Heidelberg, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.6c00755

Author Contributions
#S.L. and J.Z. contributed equally to this work.
Notes

The authors declare no competing financial interest.
V].B. Deceased on June 7, 2025.

B ACKNOWLEDGMENTS

This project has received funding from the European Research
Council (ERC Starting Grant agreement no. 852084—
TWIST). Work has been done within the Heidelberg
University’s Cluster of Excellence STRUCTURES. L.B.
acknowledges funding by the German Research Foundation
(DFG) via Research Training Group GRK 2948/1.

B REFERENCES

(1) Huang, B; Clark, G; Klein, D. R; MacNeill, D.; Navarro-
Moratalla, E.; Seyler, K. L.; Wilson, N.; McGuire, M. A.; Cobden, D.
H.; Xiao, D.; Yao, W.; Jarillo-Herrero, P.; Xu, X. Electrical control of
2D magnetism in bilayer CrI3. Nat. Nanotechnol. 2018, 13, 544—548.

(2) Bernevig, B. A, Felser, C.; Beidenkopf, H. Progress and
prospects in magnetic topological materials. Nature 2022, 603, 41—
S1.

(3) Sierra, J. F.; Fabian, J.; Kawakami, R. K.; Roche, S.; Valenzuela,
S. O. Van der Waals heterostructures for spintronics and opto-
spintronics. Nat. Nanotechnol. 2021, 16, 856—868.

(4) Yang, H; Valenzuela, S. O.; Chshiev, M.; Couet, S.; Dieny, B;
Dlubak, B.; Fert, A.; Garello, K; Jamet, M,; Jeong, D. E.; Lee, K,; Lee,
T.; Martin, M. B,; Kar, G. S.; Sénéor, P.; Shin, H. J.; Roche, S. Two-
dimensional materials prospects for non-volatile spintronic memories.
Nature 2022, 606, 663—673.

(5) Gish, J. T.; Lebedev, D.; Song, T. W.; Sangwan, V. K; Hersam,
M. C. Van der Waals opto-spintronics. Nat. Electron. 2024, 7, 336—
347.

(6) Rimmler, B. H,; Pal, B; Parkin, S. S. P. Non-collinear
antiferromagnetic spintronics. Nat. Rev. Mater. 2025, 10, 109—127.

(7) Kampfrath, T.; Sell, A; Klatt, G.; Pashkin, A.; Mihrlein, S.;
Dekorsy, T.; Wolf, M.; Fiebig, M.; Leitenstorfer, A.; Huber, R.
Coherent terahertz control of antiferromagnetic spin waves. Nat.
Photonics 2011, 5, 31—34.

(8) Shcherbakov, A.; Synnatschke, K.; Bodnar, S.; Zerhoch, J.; Eyre,
L.; Rauh, F,; Heindl, M. W,; Liu, S.; Konecny, J.; Sharp, I. D.; Sofer,
Z.; Backes, C.; Deschler, F. Solution-Processed NiPS3Thin Films
from Liquid Exfoliated Inks with Long-Lived Spin-Entangled
Excitons. ACS Nano 2023, 17, 10423—10430.

https://doi.org/10.1021/acs.chemmater.6c00755
Chem. Mater. 2026, 38, 52675275


https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00755?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6c00755/suppl_file/cm6c00755_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2481379&id=doi:10.1021/acs.chemmater.6c00755
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2481382&id=doi:10.1021/acs.chemmater.6c00755
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Deschler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:deschler@uni-heidelberg.de
mailto:deschler@uni-heidelberg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shangpu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9067-7098
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Zerhoch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4336-8828
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stanislav+Bodnar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julia+A.+Gessner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Bischof"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Arneth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1527-8449
https://orcid.org/0000-0002-1527-8449
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Franz+Bodenmu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joachim+Ballmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6431-4197
https://orcid.org/0000-0001-6431-4197
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+Rominger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ru%CC%88diger+Klingeler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.6c00755?ref=pdf
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41586-021-04105-x
https://doi.org/10.1038/s41586-021-04105-x
https://doi.org/10.1038/s41565-021-00936-x
https://doi.org/10.1038/s41565-021-00936-x
https://doi.org/10.1038/s41586-022-04768-0
https://doi.org/10.1038/s41586-022-04768-0
https://doi.org/10.1038/s41928-024-01167-3
https://doi.org/10.1038/s41578-024-00706-w
https://doi.org/10.1038/s41578-024-00706-w
https://doi.org/10.1038/nphoton.2010.259
https://doi.org/10.1021/acsnano.3c01119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c01119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.3c01119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(9) Jungwirth, T.; Sinova, J.; Manchon, A.; Marti, X.; Wunderlich, J.;
Felser, C. The multiple directions of antiferromagnetic spintronics.
Nat. Phys. 2018, 14, 200—203.

(10) Povarov, K. Y.; Facheris, L.; Velja, S.; Blosser, D.; Yan, Z;
Gvasaliya, S.; Zheludev, A. Magnetization plateaux cascade in the
frustrated quantum antiferromagnet Cs2CoBr4. Phys. Rev. Res. 2020,
2, No. 043384.

(11) Facheris, L.; Povarov, K. Y.; Nabi, S. D.; Mazzone, D. G.; Lass,
J.; Roessli, B.; Ressouche, E.; Yan, Z.; Gvasaliya, S.; Zheludev, A. Spin
Density Wave versus Fractional Magnetization Plateau in a Triangular
Antiferromagnet. Phys. Rev. Lett. 2022, 129, No. 087201,
DOI: 10.1103/PhysRevLett.129.087201.

(12) Liu, S.; Kepenekian, M.; Bodnar, S.; Feldmann, S.; Heindl, M.
W.; Fehn, N.; Zerhoch, J; Shcherbakov, A.; Péthig, A; Li, Y,;
Paetzold, U. W,; Kartouzian, A.; Sharp, I. D.; Katan, C.; Even, J;
Deschler, F. Bright circularly polarized photoluminescence in chiral
layered hybrid lead-halide perovskites. Sci. Adv. 2023, 9,
No. eadh5083.

(13) Liu, S.; Heindl, M. W.; Fehn, N.; Caicedo-Dévila, S.; Eyre, L.;
Kronawitter, S. M.; Zerhoch, J.; Bodnar, S.; Shcherbakov, A;
Stadlbauer, A.; Kieslich, G.; Sharp, I. D.; Egger, D. A.; Kartouzian,
A.; Deschler, F. Optically induced long-lived chirality memory in the
color-tunable chiral lead-free semiconductor (R)/(S)-CHEA4Bi2Br-
xI10—x (x= 0—10). J. Am. Chem. Soc. 2022, 144, 14079—14089.

(14) Lu, H.; Vardeny, Z. V.; Beard, M. C. Control of light, spin and
charge with chiral metal halide semiconductors. Nat. Rev. Chem. 2022,
6, 470—485.

(15) Kim, Y. H; Zhai, Y.; Lu, H.; Pan, X.; Xiao, C.; Gaulding, E. A,;
Harvey, S. P.; Berry, J. J.; Vardeny, Z. V.; Luther, J. M.; Beard, M. C.
Chiral-induced spin selectivity enables a room-temperature spin light-
emitting diode. Science 2021, 371 (1979), 1129—1133.

(16) Ma, J.; Fang, C.; Chen, C,; Jin, L.; Wang, J.; Wang, S.; Tang, J.;
Li, D. Chiral 2D perovskites with a high degree of circularly polarized
photoluminescence. ACS Nano 2019, 13, 3659—3665.

(17) Hu, Y.; Florio, F.; Chen, Z.; Phelan, W. A,; Siegler, M. A;
Zhou, Z.; Guo, Y.; Hawks, R;; Jiang, J.; Feng, J.; Zhang, L.; Wang, B,;
Wang, Y.; Gall, D.; Palermo, E. F,; Lu, Z.; Sun, X.; Lu, T.-M.; Zhou,
H.; Ren, Y.; Wertz, E.; Sundararaman, R.; Shi, J. A chiral switchable
photovoltaic ferroelectric 1D perovskite. Sci. Adv. 2020, 6,
No. eaay4213.

(18) Ishii, A; Miyasaka, T. Direct detection of circular polarized
light in helical 1D perovskite-based photodiode. Sci. Adv. 2020, 6,
No. eabd3274.

(19) Kim, K; Vetter, E.; Yan, L; Yang, C.; Wang, Z.; Sun, R,; Yang,
Y,; Comstock, A. H,; Li, X.; Zhou, J.; Zhang, L.; You, W.; Sun, D,;
Liu, J. Chiral-phonon-activated spin Seebeck effect. Nat. Mater. 2023,
22, 322-328.

(20) Abdelwahab, 1.; Kumar, D.; Bian, T.; Zheng, H.; Gao, H.; Hu,
F.; McClelland, A.; Leng, K.; Wilson, W. L,; Yin, J.; Yang, H.; Loh, K.
Ping. Two-dimensional chiral perovskites with large spin Hall angle
and collinear spin Hall conductivity. Science 2024, 385 (1979), 311—
317.

(21) Ksiadzyna, M.; Kinzhybalo, V.; Bienko, A.; Medycki, W.;
Jakubas, R; Rajndk, C.; Boca, R.; Ozarowski, A.; Ozerov, M.; Piecha-
Bisiorek, A. Symmetry-breaking phase transitions, dielectric and
magnetic properties of pyrrolidinium-tetrahalidocobaltates. Inorg.
Chem. Front. 2022, 9, 2353—2364.

(22) Mande, H. M,; Ghalsasi, P. S.; Arulsamy, N. Racemic and
conglomerate 1-(4-haloaryl) ethylammonium tetrachlorocobaltate
salts: formation of helical structures. RSC Adv. 2015, S (77),
62719—-62723.

(23) Yao, F; Peng, J.; Li, R.; Li, W,; Gui, P,; Li, B,; Liu, C.; Tao, C,;
Lin, Q; Fang, G. Room-temperature liquid diffused separation
induced crystallization for high-quality perovskite single crystals. Nat.
Commun. 2020, 11, No. 1194.

(24) Long, G.; Sabatini, R; Saidaminov, M. 1; Lakhwani, G;
Rasmita, A.; Liu, X,; Sargent, E. H; Gao, W. Chiral-perovskite
optoelectronics. Nat. Rev. Mater. 2020, 5, 423—439.

5274

(25) Liebau, F.; Bohm, H. On the Co-Existence of Structurally
Different Regions in the Low-High-Quartz and Other Displacive
Phase Transformations. Acta Crystallogr, Sect. A:Found. Crystallogr.
1982, 38, 252—-256.

(26) Matsubayashi, Y.; Sugawara, H.; Hasegawa, T.; Hiroi, Z.
Formation and Control of Twin Domains in the Pyrochlore Oxide
Cd,Re, 0. J. Phys. Soc. Jpn. 2018, 87, No. 104604.

(27) Jin, M.; Han, X; Liu, C.; Liang, B.; Jing, C.; Wang, W,; Fan, C,;
Ju, T,; Zhang, J.; Zhang, W. Integrated Multi-Channel Responsive
Switches in a Room-Temperature Crystal Actuator. Adv. Funct. Mater.
2024, 34, No. 2408120.

(28) Maniadi, M.; Mercier, N.; Abhervé, A.; Gindre, D.; Tailleur, E.;
Pillet, S.; Dupray, V.; Tyrpenou, C.; Volonakis, G. A 2D Double
Perovskite Based on the Chiral Cystaminium Cation Exhibiting
Multiple Switches in Quadratic Nonlinear Optical Response. . Am.
Chem. Soc. 2025, 147 (44), 40708—40718.

(29) Babu, R; Vardhaman, A. K,; Dhavale, V. M,; Giribabu, L.;
Singh, S. P. MA2CoBr4: Lead-free cobalt-based perovskite for
electrochemical conversion of water to oxygen. Chem. Commun.
2019, 55, 6779—6782.

(30) Garrote-Marquez, A.; Lodeiro, L.; Suresh, R.; Cruz Hernandez,
N.; Grau-Crespo, R.; Menéndez-Proupin, E. Hydrogen Bonds in Lead
Halide Perovskites: Insights from Ab Initio Molecular Dynamics. J.
Phys. Chem. C 2023, 127, 15901—15910.

(31) Bose, A; Lahiry, S.; Ghosh, U. S. Ligand Field Theory of the
Magnetic Behaviours of Tetrahedrally Coordinated Cu2+ Ion in
Cs2CuCl4. J. Phys. Chem. Solids 1965, 26, 1747—1752.

(32) Thallapaka, S. K.; Wolf, B.; Gati, E.; Postulka, L.; Tutsch, U.;
Schmidt, B.; Thalmeier, P.; Ritter, F.; Krellner, C.; Li, Y.; Borisov, V.;
Valenti, R; Lang, M. Magneto-Structural Properties of the Layered
Quasi-2D Triangular-Lattice Antiferromagnets Cs2CuCl4—xBrx for x
=0, 1, 2, and 4. Phys. Status Solidi B 2019, 256, No. 1900044.

(33) Starykh, O. A.; Katsura, H.; Balents, L. Extreme sensitivity of a
frustrated quantum magnet: Cs2CuCl4. Phys. Rev. B 2010, 82,
No. 014421.

(34) Tokiwa, Y.; Radu, T.; Coldea, R.; Wilhelm, H.; Tylczynski, Z.;
Steglich, F. Magnetic phase transitions in the two-dimensional
frustrated quantum antiferromagnet Cs2CuCl4. Phys. Rev. B 2006,
73, No. 134414.

(35) Wang, Q; Lu, Y,; He, R. L;; Chen, R;; Qiao, L,; Pan, F,; Yang,
Z.; Song, C. Spin Selectivity in Chiral Hybrid Cobalt Halide Films
with Ultrasmooth Surface. Small Methods 2022, 6, No. 2201048.

(36) Asensio, Y.; Marras, S.; Spirito, D.; Gobbi, M.; Ipatov, M,;
Casanova, F.; Mateo-Alonso, A.; Hueso, L. E.; Martin-Garcia, B.
Magnetic Properties of Layered Hybrid Organic-Inorganic Metal-
Halide Perovskites: Transition Metal, Organic Cation and Perovskite
Phase Effects. Adv. Funct Mater. 2022, 32, No. 2207988.

(37) Comstock, A. H.; Chou, C. T.; Wang, Z.; Wang, T.; Song, R;;
Sklenar, J.; Amassian, A,; Zhang, W.; Lu, H,; Liu, L,; Beard, M. C,;
Sun, D. Hybrid magnonics in hybrid perovskite antiferromagnets. Nat.
Commun. 2023, 14, No. 1834.

(38) Asensio, Y.; Jalali, H. B.; Marras, S.; Gobbi, M.; Casanova, F.;
Mateo-Alonso, A.; Di Stasio, F.; Rivilla, I; Hueso, L. E.; Martin-
Garcia, B. Circularly Polarized Photoluminescence in Chiral Hybrid
Organic—Inorganic Manganese Halide Perovskites: From Bulk
Materials to Exfoliated Flakes. Adv. Opt Mater. 2024, 12,
No. 2400554.

(39) Taniguchi, K.; Huang, P. J.; Kimura, S.; Miyasaka, H. Chiral
weak ferromagnets formed in one-dimensional organic-inorganic
hybrid manganese chloride hydrates. Dalton Trans. 2022, SI,
17030—17034.

(40) Mugiraneza, S.; Hallas, A. M. Tutorial: a beginner’s guide to
interpreting magnetic susceptibility data with the Curie-Weiss law.
Commun. Phys. 2022, S, No. 95.

(41) Krzystek, J; Ozarowski, A.; Telser, J. Multi-frequency, high-
field EPR as a powerful tool to accurately determine zero-field
splitting in high-spin transition metal coordination complexes. Coord.
Chem. Rev. 2006, 250, 2308—2324.

https://doi.org/10.1021/acs.chemmater.6c00755
Chem. Mater. 2026, 38, 52675275


https://doi.org/10.1038/s41567-018-0063-6
https://doi.org/10.1103/PhysRevResearch.2.043384
https://doi.org/10.1103/PhysRevResearch.2.043384
https://doi.org/10.1103/PhysRevLett.129.087201
https://doi.org/10.1103/PhysRevLett.129.087201
https://doi.org/10.1103/PhysRevLett.129.087201
https://doi.org/10.1103/PhysRevLett.129.087201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.adh5083
https://doi.org/10.1126/sciadv.adh5083
https://doi.org/10.1021/jacs.2c01994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01994?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-022-00399-1
https://doi.org/10.1038/s41570-022-00399-1
https://doi.org/10.1126/science.abf5291
https://doi.org/10.1126/science.abf5291
https://doi.org/10.1021/acsnano.9b00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b00302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aay4213
https://doi.org/10.1126/sciadv.aay4213
https://doi.org/10.1126/sciadv.abd3274
https://doi.org/10.1126/sciadv.abd3274
https://doi.org/10.1038/s41563-023-01473-9
https://doi.org/10.1126/science.adq0967
https://doi.org/10.1126/science.adq0967
https://doi.org/10.1039/D2QI00187J
https://doi.org/10.1039/D2QI00187J
https://doi.org/10.1039/C5RA11719D
https://doi.org/10.1039/C5RA11719D
https://doi.org/10.1039/C5RA11719D
https://doi.org/10.1038/s41467-020-15037-x
https://doi.org/10.1038/s41467-020-15037-x
https://doi.org/10.1038/s41578-020-0181-5
https://doi.org/10.1038/s41578-020-0181-5
https://doi.org/10.1107/S0567739482000540
https://doi.org/10.1107/S0567739482000540
https://doi.org/10.1107/S0567739482000540
https://doi.org/10.7566/JPSJ.87.104604
https://doi.org/10.7566/JPSJ.87.104604
https://doi.org/10.1002/adfm.202408120
https://doi.org/10.1002/adfm.202408120
https://doi.org/10.1021/jacs.5c13444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c13444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5c13444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC00878K
https://doi.org/10.1039/C9CC00878K
https://doi.org/10.1021/acs.jpcc.3c02376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c02376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-3697(65)90205-2
https://doi.org/10.1016/0022-3697(65)90205-2
https://doi.org/10.1016/0022-3697(65)90205-2
https://doi.org/10.1002/pssb.201900044
https://doi.org/10.1002/pssb.201900044
https://doi.org/10.1002/pssb.201900044
https://doi.org/10.1103/PhysRevB.82.014421
https://doi.org/10.1103/PhysRevB.82.014421
https://doi.org/10.1103/PhysRevB.73.134414
https://doi.org/10.1103/PhysRevB.73.134414
https://doi.org/10.1002/smtd.202201048
https://doi.org/10.1002/smtd.202201048
https://doi.org/10.1002/adfm.202207988
https://doi.org/10.1002/adfm.202207988
https://doi.org/10.1002/adfm.202207988
https://doi.org/10.1038/s41467-023-37505-w
https://doi.org/10.1002/adom.202400554
https://doi.org/10.1002/adom.202400554
https://doi.org/10.1002/adom.202400554
https://doi.org/10.1039/D2DT02928F
https://doi.org/10.1039/D2DT02928F
https://doi.org/10.1039/D2DT02928F
https://doi.org/10.1038/s42005-022-00853-y
https://doi.org/10.1038/s42005-022-00853-y
https://doi.org/10.1016/j.ccr.2006.03.016
https://doi.org/10.1016/j.ccr.2006.03.016
https://doi.org/10.1016/j.ccr.2006.03.016
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(42) Ding, B; Liu, Z. Y.; Gong, X. J.; Tang, H. M.; Wang, X. G.; Liu,
Z.Y.; Dong, H. M,; Liu, J; Yang, E. C. Interlayer interaction-force-
tuned magnetic responses in Coll-tetrazolate-carboxylate system from
canted antiferromagnet to field-induced metamagnet. Dalton Trans.
2023, 52, 17477—17484.

(43) Ramirez, A. P. Strongly geometrically frustrated magnets. Annu.
Rev. Mater. Sci. 1994, 24, 453—480.

(44) Dzyaloshinsky, 1. A thermodynamic theory of ‘weak’
ferromagnetism of antiferromagnetics. J. Phys. Chem. Solids 1958, 4,
241-25S.

(45) Moriya, T. Anisotropic superexchange interaction and weak
ferromagnetism. Phys. Rev. 1960, 120, No. 91.

(46) Togawa, Y.; Ovchinnikov, A. S; Kishine, J. I. Generalized
Dzyaloshinskii—Moriya Interaction and Chirality-Induced Phenom-
ena in Chiral Crystals. J. Phys. Soc. Jpn. 2023, 92, No. 081006.

(47) Comstock, A. H,; Chou, C. T.; Wang, Z.; Wang, T.; Song, R;
Sklenar, J.; Amassian, A.; Zhang, W.; Lu, H; Liu, L,; Beard, M. C,;
Sun, D. Hybrid magnonics in hybrid perovskite antiferromagnets. Nat.
Commun. 2023, 14, No. 1834.

(48) Zheng, H.; Ghosh, A.; Swamynadhan, M. J.; Zhang, Q.; Wong,
W. P. D; Wu, Z; Zhang, R; Chen, J.; Cimpoesu, F.; Ghosh, S,;
Campbell, B. J.; Wang, K,; Stroppa, A.; Mahendiran, R.; Loh, K. P.
Chiral multiferroicity in two-dimensional hybrid organic-inorganic
perovskites. Nat. Commun. 2024, 1S, No. 5556.

(49) Siegfried, S. A.; Altynbaev, E. V.; Chubova, N. M.; Dyadkin, V;
Chernyshov, D.; Moskvin, E. V,; Menzel, D.; Heinemann, A;
Schreyer, A.; Grigoriev, S. V. Controlling the Dzyaloshinskii-Moriya
interaction to alter the chiral link between structure and magnetism
for Fel-xCoxSi. Phys. Rev. B 2018, 91, No. 184406.

(50) Long, G.; Jiang, C.; Sabatini, R;; Yang, Z.; Wei, M.; Quan, L.
N,; Liang, Q.; Rasmita, A.; Askerka, M.; Walters, G.; Gong, X.; Xing,
J.; Wen, X.; Quintero-Bermudez, R.; Yuan, H.; Xing, G.; Wang, X. R;;
Song, D.; Voznyy, O.; Zhang, M.; Hoogland, S.; Gao, W.; Xiong, Q.;
Sargent, E. H. Spin control in reduced-dimensional chiral perovskites.
Nat. Photonics 2018, 12, 528—533.

(51) Griffith, J. S.; Orgel, L. E. Ligand Field Theory. Q. Rev. Chem.
Soc. 1957, 11, 381—393.

(52) Bird, B. D.; Cooke, E. A; Day, P.; Orchard, A. F. Derivation
and testing of a molecular orbital description of ligand field spectra.
Philos. Trans. R. Soc, A 1974, 276, 277—339.

(53) Zeenelabden, H. H.; Elseman, A. M.; El-Aasser, M. A.; Gad, N.;
Rashad, M. M. Observation on structural and optical features of new
nanostructured lead-free methylammonium zinc or cobalt iodide
perovskites for solar cells applications. SN Appl. Sci. 2023, 5, No. 335.

(54) Sidaoui, S.; Ghoudi, A.; Oueslati, A.; Raduca, M.; Badea, M.;
Andruh, M.; Nasr, S.; Naili, H.; Rekik, W. Crystal structure, thermal
behavior and electric properties of a new semiconductor cobalt-based
hybrid material. J. Mol. Struct. 2023, 1294, No. 136394.

(55) Chen, X; Lu, H.,; Wang, K; Zhai, Y.; Lunin, V.; Sercel, P. C;
Beard, M. C. Tuning Spin-Polarized Lifetime in Two-Dimensional
Metal-Halide Perovskite through Exciton Binding Energy. J. Am.
Chem. Soc. 2021, 143, 19438—194453.

(56) Zheng, H.; Ghosh, A.; Swamynadhan, M. J.; Wang, G.; Zhang,
Q.; Wu, X,; Abdelwahab, I; Wong, W. P. D; Xu, Q. H,; Ghosh, S;
Chen, J.; Campbell, B. J.; Stroppa, A.; Lin, J.; Mahendiran, R.; Loh, K.
P. Electron Spin Decoherence Dynamics in Magnetic Manganese
Hybrid Organic-Inorganic Crystals: The Effect of Lattice Dimension-
ality. J. Am. Chem. Soc. 2023, 145, 18549—18559.

(57) Huang, W.; Zhou, Z.; Nam, S. H.; Chen, Q.; Wang, J.; Zeng, Z.;
Ge, C,; Li, Y.; Wang, J.; Kim, Y. H.; Zhai, Y. Spin Lifetime in Hybrid
Organic-Inorganic Perovskites: Mechanisms, Measurements, and
Prospects for Spintronic Applications. J. Phys. Chem. Lett. 2025, 16,
5109-5120.

(58) Brazzolotto, D.; Gennari, M.; Yu, S.; Pécaut, J.; Rouzieres, M.;
Clérac, R;; Orio, M.; Duboc, C. An experimental and theoretical
investigation on pentacoordinated cobalt (III) complexes with an
intermediate S= 1 spin state: How halide ligands affect their magnetic
anisotropy. Chem. - Eur. J. 2016, 22, 925—933.

5275

(59) Manohar, E. M; Roy, S.; Li, X. L,; Tothadi, S; Mok, J. G;
Tang, J.; Das, S.; et al. Halide mediated modulation of magnetic
interaction and anisotropy in dimeric Co (ii) complexes. Dalton
Trans. 2024, 53, 10499—10510.

(60) Goodenough, J. B. Spin-Orbit-Coupling Effects in Transition-
Metal Compounds. Phys. Rev. 1968, 171, No. 466.

BRIDGE
BIOLOGY AND
CHEMISTRY FOR
FASTER
ANSWERS

Analyze target relationships,
compound effects, and disease
pathways

D

oF

Explore the platform

\J
\

\\

A\

CAS

on of the
American Chemical I Society

https://doi.org/10.1021/acs.chemmater.6c00755
Chem. Mater. 2026, 38, 52675275


https://doi.org/10.1039/D3DT02851H
https://doi.org/10.1039/D3DT02851H
https://doi.org/10.1039/D3DT02851H
https://doi.org/10.1146/annurev.ms.24.080194.002321
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1016/0022-3697(58)90076-3
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.1103/PhysRev.120.91
https://doi.org/10.7566/JPSJ.92.081006
https://doi.org/10.7566/JPSJ.92.081006
https://doi.org/10.7566/JPSJ.92.081006
https://doi.org/10.1038/s41467-023-37505-w
https://doi.org/10.1038/s41467-024-49708-w
https://doi.org/10.1038/s41467-024-49708-w
https://doi.org/10.1103/PhysRevB.91.184406
https://doi.org/10.1103/PhysRevB.91.184406
https://doi.org/10.1103/PhysRevB.91.184406
https://doi.org/10.1038/s41566-018-0220-6
https://doi.org/10.1039/qr9571100381
https://doi.org/10.1098/rsta.1974.0024
https://doi.org/10.1098/rsta.1974.0024
https://doi.org/10.1007/s42452-023-05562-x
https://doi.org/10.1007/s42452-023-05562-x
https://doi.org/10.1007/s42452-023-05562-x
https://doi.org/10.1016/j.molstruc.2023.136394
https://doi.org/10.1016/j.molstruc.2023.136394
https://doi.org/10.1016/j.molstruc.2023.136394
https://doi.org/10.1021/jacs.1c08514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c08514?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c05503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c05503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c05503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5c00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201502997
https://doi.org/10.1002/chem.201502997
https://doi.org/10.1002/chem.201502997
https://doi.org/10.1002/chem.201502997
https://doi.org/10.1039/D4DT00927D
https://doi.org/10.1039/D4DT00927D
https://doi.org/10.1103/PhysRev.171.466
https://doi.org/10.1103/PhysRev.171.466
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.6c00755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

