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Ca;MnO3X (X = Cl, Br) — Oxyhalides with 1-dimensional ferromagnetic

chains of square planar S = 2 Mn**
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Hayward?
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ABSTRACT: Mixed anion oxyhalides with formula CazMnOsX (X = Cl, Br) are synthesized using solid state reaction methods.
These two materials crystallize in a novel structure type due to the small ionic radius of Ca and the strong Jahn-Teller effect
of Mn3+. The resulting structure (space group Cmcm) contains 1-dimensional chains of MnO4 square planes, with an angle
~120 ° between neighboring planes. At low temperatures, the two materials adopt magnetic arrangements with
ferromagnetic chains coupled antiferromagnetically. On applying a magnetic field, both materials experience spin flop

transitions.

Introduction

Mixed anion compounds are solid state materials
containing more than one anionic species. These
compounds are much less explored than the families of
monoanionic materials such as oxides. However, mixed
anion materials offer the possibility of forming
heteroleptic coordination polyhedra which can result in
significantly different emergent properties. Furthermore,
the differences in charge, ionic radius, electronegativity,
and polarizability add new degrees of freedom with which
to control and tune the electronic and atomic structure of
these materials.!

Mixed systems containing oxide and heavy anions such
as S, Se, Cl, Br, etc... tend to adopt layered structures. There
are a large number of known oxyhalide materials with
general formula SrM3+03X (M = V, Mn, Fe, Co, Ni) with
structures based on the n = 1 Ruddlesden-Popper (RP)
structure type. In these materials, the chloride or bromide
anions preferentially occupy the apical sites in an ordered
fashion, and they are typically antiferromagnetic insulators
due to the 180 ° M-0-M superexchange interaction within
each layer.2-?

This tendency can be overcome by using ions with
particular radius or coordination constraints. For example,
the As3Fe20sClz series of phases adopt structures analogous
to the n = 2 RP phases with apical chlorides for A = Ca and
Sr, while for A = Ba, the structure contains a complex
network of corner-sharing FeOas tetrahedra.!®!! This is due
to the much larger ionic radius of Ba, which cannot be
easily accommodated in the n = 2 RP structure.

Particular coordination requirements can also overcome
the tendency to form layered structures. For example,
M3+0Cl phases form for M = V, Ti, Cr, and Fe and adopt
layered structures where the M cations are octahedrally
coordinated by four oxides and two chlorides, the latter of
which are cis arranged.'?!5 In contrast, attempting to
prepare an analogous material with Jahn-Teller active d*
Mn3* results in a material with formula MngO10Clz which
adopts a complex 3-dimensional structure with Mn3
cations in axially elongated octahedral environments with
trans halide anions.'®

These two effects can be exploited to prepare novel
materials adopting unconventional crystal structures.
Here, we report the synthesis, structure, and magnetic
properties of Ca2Mn3+03X (X = Cl, Br). The Jahn-Teller effect
of the Mn3* cations and the structural distortion necessary
to accommodate the small Ca?* leads these materials to
crystallize in a novel structure type containing 1-
dimensional chains of corner-sharing MnOs square planes.
At low temperatures, both materials adopt long range
antiferromagnetic order with antiparallel arrangement of
ferromagnetic chains.

Experimental

Samples of Ca2MnO03X (X = Cl, Br) were prepared from
suitable stoichiometric mixtures of CaO (99.95%), MnO:
(99.99%) and MnX: (prepared from 99.9% MnXz-4H20
dried at 220 °C under dynamic vacuum over P:0s). The
reagents were stored and handled in an argon-filled glove
box and ground together using an agate mortar and pestle.
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Figure 1. (a) and (b) Crystal structure of CazMnOsCL. (c-e) [001], [110] and [010] HAADF-STEM images recorded on CazMnOsCl.

The corresponding orientation of the

The resulting precursor powders were placed in quartz
ampules and sealed under vacuum. These were then
heated at 800 °C for two periods of 12 hours with an
intermediate grinding. The resulting orange powders were
found to be moisture sensitive and were therefore handled
and stored in a glove box under an argon atmosphere (02
and Hz20 < 0.5 ppm). Laboratory X-ray powder diffraction
data were collected using a Bruker D8 Endeavor
diffractometer with Cu Ka radiation.

Structure solution was carried out by transmission
electron microscopy (TEM). A small amount of finely
ground Ca:MnOs3Cl was suspended in ethanol and a drop
was deposited on a holey carbon membrane supported by
a copper grid. 3D electron diffraction (3D-ED), high angle
annular dark field scanning electron microscopy (HAADF-
STEM), and energy dispersive X-ray (EDX) spectroscopy
were performed using a JEOL NEOARM 200F operating at
200 kV. This microscope is equipped with a Nanomegas
Digistar precession device and a 4K Gatan One View CMOS
camera. The 3D-ED data were collected by recording non-
oriented diffraction patterns during a step-by-step rotation
of the sample holder (1° steps). A precession of 1.15° was
applied in order to integrate the whole intensity of the
diffracted reflections. The PETS2.0 software package was
used to analyze the data and reconstruct the 3-dimensional
reciprocal space.l” The structural model of CazMnO3Cl was

refined

structure is superimposed on it.

calculated using the charge flipping algorithm with the
Superflip program as implemented in JANA2020.18-20

Magnetization measurements were performed using a
Quantum Design MPMS XL SQUID magnetometer. Neutron
powder diffraction data were collected using the D1b
diffractometer at the Insitut Laue Langevin neutron source
(Grenoble, France) from samples contained in vanadium
cans sealed with indium washers. Refinements of the
nuclear and magnetic structures of both compounds were
carried out against combined data collected using neutron
wavelengths of 2.53 and 1.29 A.

Results

Structure Determination

EDX analysis carried out on 10 separate crystallites
yielded the ionic ratio Cazom)Mnu.3(1)Clo7(1)0Ox. The unit cell
identified from  3-dimensional reciprocal space
reconstruction from 3D-ED data was orthorhombic with
lattice parameters a = 10.4 A b=6824, and c = 69 A.
Extinction conditions were determined from selected
sections of the reciprocal space. Indexation of these
sections yielded the systematic extinction conditions hkl:
h+k = 2n and hOIl: | = 2n, consistent with orthorhombic
space group Cmcm (Figure S 1).



Charge flipping was carried out using 406 independent
reflections, yielding a completeness of 99.9% at a
resolution of d = 0.75 A. The 3-dimensional electrostatic
potential map was interpreted by JANA2020 on the basis
of the composition CazMnOsCl (Figure S 2) to yield the
structural model shown in Figure 1 (a) and (b). The model
was confirmed and validated by Rietveld refinement
against laboratory X-ray powder diffraction data (Figure S
3 (a)). An analogous model replacing Cl by Br could also be
refined against laboratory X-ray powder diffraction data
collected from CazMnOs3Br (Figure S 3 (b)). In both cases,
laboratory X-ray powder diffraction data showed
additional reflections consistent with small (<2% by mass
total) amounts of impurity phases (primarily Ca2Mn04).

The structural model was also confirmed by HAADF-
STEM images. In these, the intensity of a projected column
of ions is proportional to Z" (1 < n < 2) where Z is the
average atomic number (i.e. the brightest spots will
correspond to the heaviest species: Zun = 25 > Zca = 20 > Za
=17 > Zo = 8). Figure 1 (c-e) shows HAADF-STEM images
along [001], [110] and [010], along with the projections of
the structural model refined against laboratory X-ray
powder diffraction data. The good match between the
refined model and HAADF-STEM images clearly indicate
the accuracy of the structural model.
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Figure 2. Observed, calculated and difference plots for the
refinements of CazMnO3Cl against neutron powder diffraction
data (A ~ 2.53 A). The black tick marks correspond to
contributions from the nuclear structure and red to magnetic
reflections. The shaded area corresponds to a portion of the
data with a malfunctioning detector which was excluded from
the refinement.

The refined structure contains chains of square planar
coordinate Mn3* cations along the [001] direction. These
planes share corners, and are arranged such that the angle
a between neighboring planes is ~ 120 °. Each chain has

six nearest neighbor other chains, two of which are
separated by halide ions along [010] and the other four by
Ca cations.

Neutron powder diffraction collected from both
materials at 100 K could be well accounted-for using the
nuclear structure determined from TEM. Observed,
calculated, and difference plots for the refinements against
data with A = 2.53 A are shown in Figure 2 (a) and S 6.
Observed, calculated, and difference plots for the
refinements against data with A = 1.29 A are given in the
Supporting Information. The refined parameters are given
in Table 1 and in the Supporting Information.

Table 1. Structural parameters of Ca2MnOsCl refined
against neutron powder diffraction data collected at
100 K.

Atom b'¢ y z frac | Uiso / A2
Cal | 0.2870(3) | 0.2176(5) | 0.25 | 1 | 0.021(2)
Mn1 0 0 0 1 0.013(6)

01 0 0.8507(8) | 0.25 1 0.008(2)
02 0.8026(3) 0 0 1 0.018(1)
cl1 0 0.3587(5) | 0.25 1 0.013(1)

Space group: Cmcm
a=9.7520(7) A, b= 6.4946(4) A, c = 6.5763(4) A
vol. = 416.51(7) A3

x2=14.1, wRp = 4.30 %

Magnetic Properties

Zero-field (ZFC) and field cooled (FC) magnetization
data collected from both Ca2MnO3X materials as a function
of temperature under an applied field of 100 Oe are shown
in Figure 3 (a) and (b). Fits of the ZFC data to the Curie-
Weiss law in the range 65-300 K yielded values of values of
C=3.23 emuK /moland 3.04 emu K / mol (corresponding
to Mefr = 5.09 us and 4.93 ps vs. an expected spin only pexp =
4.90 pp for S =2 Mn3*) and 6 = 22 Kand 19 K for X = Cl and
Br respectively. The positive Weiss temperature in both
compounds indicate that ferromagnetic interactions
dominate.

Data collected from both materials contain a local
maximum at T ~ 45 K. This feature is a consistent with the
presence of a small amount of ferrimagnetic y-Mnz0s.
Below this temperature, both materials show features
which are consistent with long range antiferromagnetic
(AFM) ordering (Tn ~ 20 and 28 K for X = Cl and Br
respectively).

Isothermal magnetization data collected from both
materials at 300 and 5 K are shown in Figure 3 (c). In both
cases, data are linear through the origin at 300 K. At 5 K,
both materials show metamagnetic behavior with shapes
characteristic of a spin flop transition. The critical fields for
the two compounds are significantly different: Hc ~ 2.0 and
4.8 T for X = Cl and Br. In both cases, saturation is not
reached at5 T.
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Figure 3. (a) Zero-field (ZFC) and field cooled (FC) magnetization data collected from CazMnOsCl as a function of temperature
under an applied field of 100 Oe. Inset: inverse susceptibility. (b) Zero-field (ZFC) and field cooled (FC) magnetization data
collected from Ca:MnOs3Br as a function of temperature under an applied field of 100 Oe. Inset: inverse susceptibility. (c)
Magnetization data collected as a function of field from CazMnO3X (X = Cl, Br). In (a) and (b), the feature marked with an asterisk is
assigned to a small amount of ferrimagnetic y-Mn203 (< 1%) while the dashed line corresponds to the AFM ordering temperatures
of CazMnO0sX. (d) and (e) Refined magnetic structure of CazMnOs3Cl. The smaller unit cell corresponds to the nuclear cell and the
larger to the magnetic in the setting of the parent. (f) Separation between the chains at 100 K in Ca2MnOsCl (green, upper values)

and CazMnOs3Br (brown, lower values).

Neutron powder diffraction data collected from both
materials at 1.6 K contained additional reflections
indicating long-range magnetic order. In both cases, these
could be indexed using a propagation vector k = (%2, %, 0).
There are only two possible maximal subgroups
compatible with this propagation vector, one of which
completely failed to account for the observed magnetic

intensity. The magnetic structure shown in Figure 3 (d-f)
and Figure S 7 (space group Pc21/c (14.82)) resulted in the
best fit to the data.

The refined structure contains only a single magnetic
site. Refined moments of 3.7(1) and 3.5(1) us were
obtained for X = Cl and Br respectively. Observed,
calculated, and difference plots for the refinements against



data with A = 2.53 A are shown in Figure 2 (b) and S 6.
Observed, calculated, and difference plots for the
refinements against data with A = 1.29 A and the obtained
refined parameters are given in the Supporting
Information.

This structure preserves the C centering of the nuclear
cell. During the refinement and despite the zigzag
arrangement of MnO4 square planes, the M; component
refined to 0 within error and was therefore fixed at this
value, resulting in collinear moments on every site with a
direction close to the [110] of the nuclear cell,
perpendicular to the chain direction. The structure
consists of an antiferromagnetic arrangement of
ferromagnetic chains. Neighboring chains separated by
halide ions are AFM, while those separated by calcium
cations show both FM and AFM alignment.

Discussion

Structural Properties

Mixed systems containing oxide and heavy anions such
as S, Se, Cl, Br, etc...) tend to adopt layered structures. This
is due to the large differences in size and polarizability
between the two anionic species (Hume-Rothery rules).2!
For example, substitution of chloride for oxide in materials
adopting the n = 1 Ruddlesden-Popper (RP) structure type
tends to result in oxychloride materials where the Cl-
anions replace the apical oxides in an ordered fashion as
shown in the structures of Sr2M3+03Cl (M = V, Mn, Fe, Co,
and Ni) and CazFe3*03Cl.2-7 Further substitution results in
the replacement of the remaining apical oxide as shown by
the structures of A2Cu?*02Clz (A = Ca, Sr) and
Sr2€0%2+02(l2.8922

The Ca?* cation is too small to be properly
accommodated in the A4 sites of the RP structure without a
structural distortion. This accounts for the relative paucity
of CazM03Cl phases, which were hereto known only for M =
Fe.” This factor, combined with the strong Jahn-Teller
effect characteristic of high spin Mn3*, results in the
observed crystal structure of CazMnO3X. This structure is
related to that of the n = 1 RP phases, but with the halide
anions replacing equatorial rather than apical oxide ions. A
significant rotation of the Mn coordination environment is
necessary to accommodate these, resulting in the zig-zag
arrangement of MnOs4 square planes. The structure is
further stabilized by the Jahn-Teller distortion typical of
3d* Mn3+.

Refined bond lengths, angles, and bond valence sum
parameters from Ca:zMnOsX are given in Table 2. The
calcium cations occupy seven-coordinate sites (five oxide
and two halide anions). The Mn cations are formally
coordinated to oxide anions in a square planar
environment with much longer interactions to halides in
the apical sites. While the Mn-X bond lengths are
significantly shorter than those found in other oxyhalides
(cf 3.184 A and 3.151 A in SrzMn0O3Cl and SrsMn30s.Cl2
respectively), these bonds have a small contribution
(~5%) to the final valence sum, indicating weak metal-
halide interactions.’. The Mn-O bond lengths comparable

to those found in other compounds containing square -
planar Mn3* (cf. 1.924 A in YMn3Al:Oiz; 1.914 A in
SrMn7012).23.24

Table 2. Selected refined bond lengths, angles, and
bond valence sum (BVS) parameters from Ca:MnOsX at
100 K.

X=Cl X=Br
Cax 3.122(4) A x1 3.125(3) A x1
2.945(3) A x1 3.027(3) A x1
Ca-01 2.250(4) A x1 2.253(4) A x1
002 2.468(2) A x2 2.479(3) A x2
2.337(3) A x2 2.353(3) Ax2
Ca BVS25 2.06 1.63
Mn-X 2.851(2) A x2 2.898(3) A x2
Mn-01 1.909(3) A x2 1.915(2) A x2
Mn-02 1.925(3) A x2 1.932(3) A x2
Mn BVS25 2.91 2.57
?fl?r'xﬁam 3.288(2) A 3.285(2) A
Mn-01-Mn («) 118.9(2)° 118.2(2)°

Magnetic Properties

At low temperatures, both Ca:MnOsX materials adopt
long-range antiferromagnetic structures (Tn ~ 20 and 28 K
for X = Cl and Br respectively). In both cases, the spins
within each chain order ferromagnetically, and chains with
intermediate X anions are antiferromagnetically arranged
(Figure 3 (d-f) and Figure S 7). The lack of a correlation
between the moment direction and orientation of the
square planar coordination environment is indicative of
weak single ion anisotropy.

The dominant interaction is expected to be the
ferromagnetic intrachain interaction, as evidenced by the
Weiss temperature. The long range 3d ordering is
governed by the exchange between chains separated by
the halide anions. Pairs of chains separated by Ca cations
show both parallel and antiparallel arrangements (Figure
3 (f)) and therefore this interaction does not contribute to
the total energy.

Interestingly, CazMnOsBr has a higher Tn (28 K vs 20 K
for CazMn0s3Cl) and metamagnetic transition field (4.8 T vs
2 T for Ca:MnOsCl) despite a significantly greater
separation between the spin chains (Figure 3 (f)). This
behavior is similar to that observed in the manganese
dihalides and their tetrahydrates (MnXz and MnXz-4H20)
which have lower ordering temperatures for X = Cl than for
X = Br (196 K vs 2.16 K and 1.62 K vs 2.12 K
respectively).2627 The MnX:-4H20 phases also show spin
flop transitions at low temperature, with much higher
fields for X = Br than for X = C1.28 In [(CH3)sNH]MnX3-4H20
linear chain compounds, the strength of the exchange
interaction is greater for X = Br than for X = C], resulting in
high T~ for the Br compound (1.58 K vs. 0.98 K).29:30



It should be noted that there are very few examples of
comparable S = 2 d* materials with similar 1-dimensional
chains: the Cr?* dihalides and Mn3* trihalides and their
respective solvent adducts tend to be unstable and/or air-
sensitive.30-33

Conclusions

Two novel mixed anion compounds with formula
Ca:MnOsX (X = Cl, Br) are reported and characterized. Both
compounds contain 1-dimensional chains of corner-
sharing Mn3* square planes. At low temperatures, both
materials adopt an overall long-range antiferromagnetic
order in which the spins within each chain are
ferromagnetically coupled. Both materials show spin flop
transitions below Tn.

The X = Br phase shows a high Tv and Hc despite the
increased separation between magnetic centers. This effect
is ascribed to an enhancement of the anisotropic exchange
interaction on substitution.

These materials highlight the role of ionic and electronic
effects in stabilizing unusual structure types in mixed
anion solid state compounds. The resulting materials
contain rare examples of ferromagnetic S = 2 chains.
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