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A B S T R A C T

Considering the proposed structural anomaly in the ‘‘topotactically’’ reduced compound CaMnO2, we investi-
gated its local structure through extended x-ray absorption fine structure (EXAFS) spectroscopy. The in-depth
analysis of the EXAFS results unraveled an unforeseen local chemical order of Mn and Ca, which helps to
advance the previous understanding of average disordered scenario, obtained based on diffraction probes like
x-ray and neutron. We established the microscopic origin of such locally ordered structure on the basis of
Mn-O covalency through analysis of density functional theory calculations. Further, fluorination is attempted
to explore the influence of modification of the anionic network and bond covalency. We found that the more
ionic Mn-F bonds, compared to Mn-O bonds, drive a local phase separation between Mn-rich phase and Ca-rich
phase.

1. Introduction

A topotactic reaction is defined as a solid state reaction accompa-
nied by structural evolution which might involve addition or removal
of atoms. The resulting structural transformation is not arbitrary in
nature but is related to the parent structure by certain crystallographic
symmetry direction. Topotactic reduction has been carried out in a
number of systems paving paths for exotic magnetic features [1–3],
noncentrosymmetry [4] and transport properties [5,6]. CaMnO3−𝛿 is
one such promising compound which undergoes topotactic reduction
with 0.0 ≤ 𝛿 ≤ 1.0 as Mn can be easily stabilized in different oxidation
states (Mn4+ to Mn2+) [7]. The topotactic structural reduction from
CaMnO2.96 (𝛿 = 0.04) perovskite-type phase to CaMnO2 (𝛿 = 1.0) rock-
salt type phase has been recently unraveled by A. Varela et al. [8].
It was shown that the Ca/Mn site-distribution in CaMnO2 remains the
same as in the cubic perovskite CaMnO3 while the anionic assembly
undergoes a rearrangement to give rise to the rock-salt structure for
CaMnO2. The schematic of this topotactic reduction is shown in Fig. 1.
Fig. 1(a) shows the CaMnO3 cubic perovskite. A hypothetical rhombus
can be constructed within this structure where the arms of the rhombus
are directed along (111) direction with a length of 6.578 Å. It is easier
to visualize the rhombus upon a slight rotation as shown in Fig. 1(b).
The arrangement of this rhombohedral cationic subshell remains more
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or less unchanged upon reduction but two out of three oxygen atoms
adjacent to every Mn atom are eliminated and the third oxygen atom
reorganizes itself to form a rhombus depicted in Fig. 1(c). This rhombus
can then be perceived as an ordered rock-salt cell upon rotation (see
Fig. 1(d)). In this ordered structure each Mn has 6 Mn and 6 Ca
near its vicinity at a distance around 3.27 Å. If this topotactic route
is indeed followed the Ca and Mn are expected to be in an ordered
arrangement with specific site preferences for Ca and Mn, which can be
easily observed through experimental tools. However, surprisingly no
Ca/Mn long range ordering could be confirmed by long range structural
probes, although selected area electron diffraction (SAED) experiment
claims the presence of local ordering observed as extra superlattice
reflection in selected area of the sample [8]. It should be noted that
a complete Ca/Mn disorder would still statistically retain a 6/6 Ca/Mn
arrangement around every cation site in the rock-salt structure in the
same distance with the only difference that the exact location of a Ca
or a Mn will then be decided randomly.

It was therefore intriguing to find out the detailed local, microscopic
structure of the compound, so that theoretical models, based on the
true chemical structure can be constructed. The XAFS (x-ray absorption
fine structure spectroscopy) in its near edge (XANES) and extended
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Fig. 1. (Color online) Schematic of the topotactic reduction of CaMnO3 to CaMnO2.

(EXAFS) spectral regions, serves as an excellent tool for probing the
local structure more precisely [9–13] compared to SAED. Surprisingly,
the EXAFS study reveals that locally 6 Ca - 6 Mn arrangement is not
retained. Instead, a novel structural pattern emerges out of our study,
which consists of locally ordered regions where Ca and Mn atoms are
arranged in alternate layers, separated by antiphase boundaries. Using
first-principles calculations, the microscopic origin of stabilization of
such an unique structural pattern is traced to Mn-O covalency.

With a goal to study the influence of modification of the anionic
network of such oxygen deficient compound, we further introduced
a more electronegative anion, namely fluorine, into the system. It is
an interesting question to ask, whether CaMnO2 will be topotactically
taken back to a CaMnO3 like oxyfluoride perovskite structure or will
the system get readily reduced to Mn+ because of oxygen substitution
by fluorine. Admittedly the latter is very rare to achieve [14]. Our
experimental findings reveal that neither of the above possibilities are
followed. Rather the formation of more ionic Mn-F bonds upon fluori-
nation is not favored within this structure, and the system undergoes
a local phase separation maintaining the global disorder. This should
be an useful guidance to future studies of anion modification on this
material.

2. Experimental section

2.1. Experimental techniques

Polycrystalline CaMnO2 was prepared by using a two step method.
Stoichiometric proportions of high-purity CaCO3 and Mn2O3 were
mixed and calcined at 900 ◦C to decompose the carbonate, and then
heated again at 1150 ◦C for the synthesis of pure CaMnO3. CaMnO3
was then annealed at 1000 ◦C in H2/Ar atmosphere for 12 h to
obtain CaMnO2. The fluorinated compound was prepared by mixing
CaMnO2 with poly(vinylidene fluoride) (PVDF) [15] in the ratio 1:0.75
(precursor oxide: CH2CF2 monomer unit) and heating at 380 ◦C in an
inert atmosphere.

The phase purity of the samples were checked by x-ray diffraction
(XRD) at MCX beam-line [16] of the Elettra Synchrotron Centre, Italy

using a wavelength of 0.827 Å. The XRD patterns were analyzed via
Rietveld refinement using the FullProf program [17]. Ratio of Ca and
Mn in the parent compound were quantified in Inductively coupled
plasma - optical emission spectrometry, ICP-OES (Perkin-Elmer USA,
Optima 2100 DV) following standard protocol of sample analysis. In
order to achieve reasonable understanding about local chemical en-
vironment with respect to the global composition, Mn 𝐾-edge XAFS
measurements have been carried out at the XAFS beamline [18] of
the Elettra Synchrotron Centre, Italy. The details of the analysis have
been mentioned in the Supplementary material (SM). Temperature and
magnetic field dependent 𝑑𝑐 magnetic measurements were carried out
in a Quantum Design SQUID magnetometer.

2.2. Theoretical methods

Theoretical calculations were carried out within the framework of
first-principles density functional theory (DFT), [19] which takes into
account complete structural as well as chemical information. Our first-
principles calculations were carried out in the plane wave basis as
implemented in the Vienna Ab-initio Simulation Package (VASP) [20]
with projector-augmented wave (PAW) potential [21]. The exchange–
correlation functional was chosen to be that of generalized gradi-
ent approximation (GGA) implemented following the Perdew–Burke–
Ernzerhof prescription [22]. The strong electron–electron correlation
at Mn site beyond GGA, was modeled through supplemented Hubbard
𝑈 correction in terms of GGA+𝑈 calculation [23] with choice of 𝑈 = 4
eV and Hund’s coupling parameter, 𝐽𝐻 of 0.8 eV to handle the multi-
orbital situation. The results were found to be robust within 1–2 eV
variation of 𝑈 parameter. The 1 × 1 × 1 cubic unit cell of CaMnO2
in 𝐹𝑚3̄𝑚 symmetry was expanded to a 4 × 2 × 2 supercell in order
to accommodate the local structural pattern observed experimentally.
Energy cutoff of 560 eV and Monkhorst–Pack k-points mesh of 8 × 8 × 8
for the unit cell and 2 × 4 × 4 were found to provide good convergence
of the total energy in self-consistent field calculations.

3. Results and discussion

3.1. CaMnO2: Structural identification from x-ray diffraction

The powder XRD pattern of CaMnO2 (Fig. 2(a)) can be indexed
on the basis of a cubic unit cell (𝐹𝑚3̄𝑚) with rock-salt type structure
where Ca2+ and Mn2+ are randomly distributed (Fig. 2(b)) with lattice
parameter 𝑎 = 4.6328(2) Å (𝜒2 = 7.88, 𝑅𝑝(%) = 12.3, 𝑅𝑤𝑝(%) = 18.2).
The powder XRD pattern can even be indexed on the basis of ordered
Ca and Mn structure obtained from topotactic reduction (space group
𝑃1) with 𝜒2 = 16.30 (𝑅𝑝(%) = 20.0, 𝑅𝑤𝑝(%) = 34.3) (Fig. 2(c)). The
goodness of the fitting clearly shows that the structure has an inherent
preference for chemical disorder and statistically the cations prefer to
have an average 6 Mn and 6 Ca as the next nearest neighbors. This
is consistent with the previous reports where even neutron diffraction
refinement failed to suggest long range ordering of Ca-Mn [8]. The
stoichiometry of Ca and Mn in the compound is probed and ratio of
Ca:Mn = 1:1 is confirmed through ICP-OES experiments.

3.2. Magnetization: CaMnO2

The FC (field cooled) and ZFC (zero field cooled) magnetization
curves recorded with 100 Oe and 1000 Oe field are plotted in Fig. 3(a)
as a function of temperature. In the temperature range from 200 to
300 K, the magnetic susceptibility can be fitted to the Curie–Weiss law,
leading to a Curie–Weiss temperature 𝜃 = −170.9 K and a paramagnetic
effective moment of 5.95 𝜇𝐵/ Mn cation. This result is in agreement
with the calculated paramagnetic moment for Mn2+ in high spin elec-
tronic configuration. At low temperatures, around 26 K, the magnetic
susceptibility shows onset of an antiferromagnetic like transition. It
has been proposed that the presence of intervening diamagnetic Ca2+
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Fig. 2. The observed (black circle), calculated (red line) and the difference (blue
line) x-ray diffraction data for CaMnO2 with (a) disordered Mn and Ca distribution,
(b) ordered Mn and Ca distribution derived from topotactic reduction as shown in
Fig. 1(c)–(d). (c)–(d) Crystal structures obtained from refinement for both the cases.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 3. (Color online) (a) 𝑀(𝑇 ) variation for CaMnO2 during both zero field cooled
and field cooled cycles at 100 Oe and 1000 Oe field: inset shows the data near the
antiferromagnetic transition. (b) 𝑀(𝐻) variation of CaMnO2 at different temperatures
up to (±)50 kOe.

between Mn2+ ions in the rock-salt structure weakens its antiferromag-
netic strength thereby decreasing the Néel temperature from 118 K for
MnO to 26 K for CaMnO2 [8]. The isothermal behaviors of 𝑀 versus 𝐻
were studied at 300 K, 40 K, 20 K and 4 K and are shown in Fig. 3(b).

3.3. Local structure (EXAFS) analysis

The 𝑘3 weighted experimental EXAFS spectra and the best fit are
presented in Fig. 4(a) along with the partial contributions of the coor-
dination shells used for the analysis. The modulus of the 𝑘3 weighted
Fourier transform (FT) as well as the imaginary part (Imm(FT)) of
experimental spectra and the best fit are presented in Fig. 4(b) along
with the partial contributions of different neighbors to the Imm(FT).
The main structural parameters obtained from quantitative EXAFS
analysis are summarized in Table 1. The EXAFS data analysis provides
a good data fitting till about 6.5 Å. Looking at the best fit results
from Table 1, it is observed that the shell distances are close to the

Fig. 4. (Color online) Mn 𝐾-edge EXAFS fitting results for CaMnO2: (a) 𝑘3 weighted
experimental data (points) and best fit are shown in 𝑘 space. The partial contributions
from each shell (solid line) and the residual (𝑘3𝜒𝑒𝑥𝑝 − 𝑘3𝜒𝑡ℎ) are shown, vertically
shifted for clarity, single scattering (SS) and multiple scattering (MS) contributions
(shells III and V) are grouped for clarity. (b) The moduli (upper) and imaginary
parts (lower; vertically shifted) of 𝑘3 weighted Fourier transforms of experimental
(points) and theoretical (lines) EXAFS data along with the imaginary parts of the
partial contributions. (c) Hypothetical model (Structure I) constructed following the
coordination numbers obtained from the EXAFS fitting result. (d) Rietveld refinement
data of the XRD pattern of CaMnO2 using Structure I. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Table 1
Structural results obtained from the refinement of Mn 𝐾-edge XAFS spectrum for
CaMnO2. Standard uncertainty on the last digit are reported in parenthesis for free
parameters, the constrained parameters are labeled with ‘‘∗’’ while the fixed parameters
are labeled with ‘‘∗∗’’ (see SM for further details). The interatomic distances expected
on the basis of crystallographic model are reported for sake of comparison (𝑅𝑡ℎ). For all
the contributions we used the same energy shift 𝛥𝐸𝑜 = 4.0(1) eV and 𝑆2

𝑜 = 0.85 (fixed).
17 free parameters (including 𝛥𝐸𝑜) were used for the refinement. The 𝑘3 weighted
absolute mismatch between the experimental data and the best fit is 𝑅2

𝑤 = 0.044.

Shell 𝑁 𝜎2 (×102 Å2) 𝑅 (Å) 𝑅𝑡ℎ (Å)

Mn-O𝐼 6.0** 1.4(2) 2.233(5) 2.31
Mn-Mn𝐼𝐼 3.6(2) 0.96(8) 3.19(1) 3.27
Mn-Ca𝐼𝐼 8.4* 0.96* 3.30(1)
Mn-O-Mn𝐼𝐼𝐼 (SS+MS) 4.2(4) 1.6(2) 4.50(2) 4.63
Mn-O-Ca𝐼𝐼𝐼 (SS+MS) 1.8* 1.6* 4.67(2)
Mn-Mn𝐼𝑉 8** 1.1(1) 5.72(4) 5.67
Mn-Ca𝐼𝑉 16** 1.1* 5.68(4)
Mn-Mn-Mn𝑉 4** 1.3(2) 6.49(5) 6.55
Mn-Ca-Mn𝑉 8** 1.3* 6.39(5)

crystallographic model but the Mn-Ca distance is slightly expanded
with respect to Mn-Mn distance. The first shell fitting required MnO𝐼
contributions coming from MnO6 octahedra with a bond length of 2.23
Å. However, the surprise appeared in the next nearest neighbor analy-
sis, where contrary to the expectation, Mn𝑜 (see Fig. S2 of the SM for
identification) is found to have 8.4 Ca𝐼𝐼 and 3.6 Mn𝐼𝐼 neighbors rather
than the expected 6-6 coordination. This finding suggests some degree
of chemical modification which makes Ca to be the preferred neighbors
around each Mn absorber. It is to be stressed here that such chemical
order in the cationic distribution must be local in nature which in
a global scale should reproduce the average scenario of disordered
arrangement to reconcile with bulk diffraction experiment. Moving at
the third shell we found a different situation with Mn-O-Mn𝐼𝐼𝐼 (𝑁 =
4.2(4)) being preferred with respect to Mn-O-Ca𝐼𝐼𝐼 (𝑁 = 1.8). Now,
taking these coordination numbers into account, we have constructed
a model structure (structure I; Fig. 4(c)) having alternate layers of Ca
and Mn where each Mn is surrounded by 8 Ca atoms and 4 Mn atoms.
We have used this structure (𝑃1 space group) to refine our experimental
XRD data and the results are shown in Fig. 4(d). The 𝜒2 = 5.77 (𝑅𝑝(%)
= 14.1, 𝑅𝑤𝑝(%) = 18.4) points out a refinement quality comparable
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Fig. 5. (Color online) (a) Another form of local structure of CaMnO2 constructed from
the results tabulated in Table 1 with the presence of ordered antiphase boundary (IF).
(b) Experimental (black circle) and refined (red line) XRD patterns for CaMnO2 using
Structure II. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. (Color online) The left panel shows the density of states projected on the Mn-𝑑
orbitals of structure I (purple/gray) and structure II (black shaded). The difference of
density of states of the two structures close to Fermi energy (E𝐹 ) is highlighted with a
box. The right panel shows the charge density plots for structure I (top) and structure
II (bottom), with choice of maximum and minimum isosurface values of 0.02 e−/Å3.

with the Mn/Ca chemically disordered structure (Fig. 2(b)). In order
to check the validity of this model we extended the analysis of the
EXAFS data up to the IV𝑡ℎ and V𝑡ℎ shells (about 6.5 Å). In this region the
structural EXAFS signal is weak and several superimposed contributions
are expected. Therefore we have imposed some constraint in order
to have a reliable fitting. We have fixed the multiplicity numbers of
IV𝑡ℎ and V𝑡ℎ shell contributions to those expected from the model
structure I, by assuming fully ordered layered Mn/Ca arrangement:
𝑁(Mn-Mn𝐼𝑉 ) = 8 (and 𝑁(Mn-Ca𝐼𝑉 ) = 16), 𝑁(Mn-Mn-Mn𝑉 ) = 4 (and
𝑁(Mn-Ca-Mn𝑉 ) = 8). Mn-Ca-Ca𝑉 and Mn-Mn-Ca𝑉 shell contributions
have been neglected. The good agreement of the best fit strengthens the
hypothesis that a locally ordered Mn/Ca arrangement (different from
the rock-salt order) exists in this compound, which is different from
the random Mn/Ca arrangement discussed till date.

In order to make a consistency between local and global picture
another alternative model structure (structure II) has been constructed
with similar coordination numbers as mentioned in Table 1. The dis-
tinction between the two structures is the presence of antiphase bound-
ary — the layer of Mn being interrupted by a layer of Ca creating
an antiphase boundary/interface (IF) separating the bulk (B) atoms
(Fig. 5(a)). The 4–8 coordination number is maintained with a differ-
ence in the arrangement of the Ca and Mn atoms for the bulk (B) and
interface (IF) Mn as shown in the lower panel of Fig. 5(a). The oxygen
in the bulk (B) and the interface (IF) are octahedrally coordinated as
expected but with a subtle difference in the position of Ca and Mn
atoms around it. This structure (𝑃1 space group) fits the XRD data as
well (Fig. 5(b)) and can very well be considered as the most preferred
structure.

3.4. DFT calculations

In order to ascertain stability of structure II over structure I, next we
have carried out DFT calculations. The spin-polarized DFT calculations
within GGA+𝑈 gave rise to insulating solution for both structures, with
a calculated magnetic moment of about 4.5 𝜇𝐵 at Mn site and total
magnetic moment of 5 𝜇𝐵/f.u with remaining moment distributed over
oxygen sites due to finite Mn-O covalency. The calculated density of
states of structures I and II are shown in left panel of Fig. 6. We find
while the overall features of the density of states are similar between
the two structures, the density of states of structure I shows sharp
features right at Fermi level following the flat Mn 𝑒𝑔 - O 𝑝 hybridized
band, which gets removed in structure II (see zoomed part shown in
the inset of the figure marked by rectangle). This inevitably indicates
higher stability of structure II over structure I, which gets supported
by computed total energies. Structure II is found to be stabler over
structure I by an energy difference of 45 meV/f.u. Considering the
experimentally observed antiferromagnetic arrangement of Mn atoms,
which is found to be about 100 meV/f.u. lower than the parallel align-
ment of Mn2+ spins, this energy difference was found to further increase
to 60 meV/f.u. suggesting additional contribution of magnetism in
stabilization of structure II.

The stability of structure II may be anticipated on the basis of
the anionic stability perceived in MnO–CaO binary system [24]. The
ionic radius of Ca2+ (1.08 Å) is substantially larger than the ionic
radius of Mn2+ (0.83 Å) [25]. Thus, in a close packed FCC lattice,
the anion–cation distance must be modified to accommodate a larger
cation. The situation becomes much favorable if the anion (O2−) adja-
cent to the larger cation (Ca2+) shifts towards the smaller size cation
(Mn2+) and the smaller cation–anion bond (here Mn-O bond) adopts
a more covalent character to accept the anion near its vicinity. The
covalency thereby decreases the effective cation–anion (Mn-O) bond
length giving room for larger (Ca2+) cation. This covalency is further
facilitated if the smaller cation is a transition metal as the presence of
half filled 𝑑-orbitals can easily favor the exchange of electrons [24].
Thus the variation of cations around an anion plays a pivotal role in
structural stability. The cation distributions around anion for structure
I and II are shown in Figs. 4(c) and 5(a) respectively. The presence
of similar cations (Mn-O-Mn, Ca-O-Ca) around O2− for structure I is
less favorable for the anion movement than the presence of dissimilar
cations (Mn-O-Ca) around O2− at the antiphase boundary for structure
II. The degree of Mn-O covalency is therefore greater for structure
II allowing the easy accommodation of Ca2+ than structure I. The
enhanced covalency in structure II is also reflected from the calculated
value of crystal orbital Hamiltonian population (COHP) integrated until
Fermi level [26–30] which provides a reliable numerical estimate of
covalency. The integrated COHP value of structure II was found to be
0.2 eV higher than that of structure I. Further, to investigate the role
of magnetism, we made an analysis of dominant magnetism exchange
paths. While in structure I, all Mn sites are equivalent, in structure
II, the Mn sites belonging to interface at the antiphase boundary are
different to that in the bulk, as shown in top panels in Fig. 7. In the
cubic structure I, there are two kinds of Mn–Mn magnetic exchanges
(see left bottom panel), nearest neighbor (NN) 𝐽 , mediated by 90◦ Mn-
O-Mn paths and next nearest neighbor (NNN) 𝐽 ′, mediated by 180◦

Mn-O-Mn path. There are 4 NN 𝐽 -s (in-plane) and 6 NNN 𝐽 ′ (4 in-
plane and 2 out-of-pane). Moving to structure II, while the magnetic
exchanges of bulk Mn atoms are the same as that in structure I, the
magnetic exchanges for interface Mn atoms differ. While one NNN 𝐽 ′

interaction becomes missing, third NN interactions (𝐽 ′′) appear, the
number of such third NN interactions being 12 for the interface Mn’s
and being 12 for Mn’s atoms adjacent to interface layer. Although the
strength of 𝐽 ′′ is expected to be much smaller than 𝐽 ′, the combined
effect of contributions of all 𝐽 ′′ interactions (𝐽 ′′ has been estimated
to be 1/5 the strength of 𝐽 ′ from DFT total energy calculation of
different configurations of Mn spins) dominates resulting into overall
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Fig. 7. Top: Geometry of CaMnO2 for structure I (left) and structure II (right). The
atoms are shown as balls: Ca (sky blue), Mn (gray) and O (dark blue). The bonds
depict the nearest (green) and next-nearest (red) neighbor interactions. Bottom: (Left
panel) Mn–Mn exchange couplings 𝐽 , 𝐽 ′ in structure I. (Middle panel) Mn–Mn exchange
couplings 𝐽 , 𝐽 ′ for bulk Mn atoms in structure II. (Right panel) Mn–Mn exchange
couplings 𝐽 , 𝐽 ′, 𝐽 ′′ for interface Mn atoms in structure II. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

magnetic energy gain in structure II over structure I. This adds on to the
covalency energy gain in further stabilization of structure II. We thus
anticipate that structure II is the most probable local structure. These
isolated small regions, confined within antiphase boundaries, turn out
to be disordered in the long range preventing the experimental methods
(XRD analysis) to detect it.

The above analysis further prompts one’s interest to analyze the
effect of a more ionic anion like fluorine in the anionic network of
CaMnO2 since the relative Ca-O and Mn-O bond covalency was found to
play the most important role in driving the local structure of CaMnO2.

3.5. Fluorination of CaMnO2: XRD

The powder XRD pattern of fluorinated CaMnO2 showed no change
in structure. It can also be indexed on the basis of a cubic unit cell
(𝐹𝑚3̄𝑚) with rock salt type structure and similar lattice parameter 𝑎 =
4.6359(1) Å (𝜒2 = 2.13, 𝑅𝑝(%) = 9.49, 𝑅𝑤𝑝(%) = 12.2).

3.6. X-ray absorption spectroscopy

Before discussing the EXAFS results we must mention that XAFS is
unable to distinguish between O and F contributions due to the very
similar scattering amplitude and phase functions. However the effects
of fluorination on the Mn local structure could be accurately quantified
from the XANES and EXAFS fitting.

The XAS data especially in the near edge (XANES) region provides
information about the oxidation state of Mn. The XANES of both the
compounds seems similar and most importantly the edge energy is same
(Fig. 8(a)) suggesting that there is no major change in oxidation state
of Mn with fluorination but the change in amplitude (marked with red
arrow in Fig. 8(a)) suggests that a fraction of Mn is not in the same
phase compared to the parent compound CaMnO2.

The linear combination analysis (LCA) of the XANES region provides
details about the Mn phase fractions. LCA XANES for fluorinated com-
pound have been performed combining CaMnO2 XANES and reference
Mn oxides (MnO, Mn3O4 and Mn2O3) (Fig. 8(b)). The best agreement
to the experimental data is achieved using 56(3)% contribution from
CaMnO2 (𝑦𝐶𝑎𝑀𝑛𝑂2

) phase, 32(2)% MnO contribution (𝑦𝑀𝑛𝑂) and lastly
introducing about 10(1)% contribution coming from Mn3O4 or Mn2O3
phase (slightly better for Mn3O4). LCA analysis suggests that fluori-
nation provide a MnO rich phase separated from the CaMnO2, while
the presence of Mn3O4 (or Mn2O3) point out that a fraction of Mn is

Table 2
Structural results obtained from the refinement of Mn 𝐾-edge XAFS spectrum for the
fluorinated compound. Standard uncertainty on the last digit are reported in parenthesis
for free parameters, the constrained parameters are labeled with ‘‘∗’’. The multiplicity
numbers were constrained to the Mn-phase composition as derived from XANES-LCA
model (see text). For all the contributions we used the same energy shift 𝛥𝐸𝑜 = 4.0 eV
(fixed) and 𝑆2

𝑜 = 0.85, only the Mn-O* contribution associated to Mn3+ has 𝛥𝐸𝑜 = 6.9(3)
eV. 18 free parameters were refined in the analysis. The 𝑘3 weighted absolute mismatch
between the experimental data and the best fit is 𝑅2

𝑤 = 0.046.

Shell 𝑁 𝜎2 (×102 Å2) 𝑅 (Å) 𝑅𝑡ℎ (Å)

Mn-O𝐼 5-5.5 1.3(2) 2.225(7) 2.31
Mn-O*𝐼 0.5–1 0.91(8) 1.89(2)
Mn-Mn𝐼𝐼 7.2* 1.3(2) 3.19(1) 3.27
Mn-Ca𝐼𝐼 4.8* 1.3* 3.34(1)
Mn-O-Mn𝐼𝐼𝐼 (SS+MS) 5.0* 1.6(2) 4.63(2) 4.63
Mn-O-Ca𝐼𝐼𝐼 (SS+MS) 1.0* 1.6* 4.56(2)
Mn-Mn𝐼𝑉 15.0* 1.2(2) 5.68(5) 5.67
Mn-Ca𝐼𝑉 9.0* 1.2* 5.63(5)
Mn-Mn-Mn𝑉 7.5* 1.6(5) 6.58(5) 6.55
Mn-Ca-Mn𝑉 4.5* 1.6* 6.48(5)

in Mn3+ oxidation state. But, the absence of MnO, Mn3O4 or Mn2O3
features in the XRD pattern suggests that these phases have very short
coherence length in the sample.

The possibility to disentangle the contributions of each phase is dif-
ficult in the EXAFS region as the SS and MS signals overlap significantly
giving rise to average coordination shell structure around the absorber.
However the EXAFS data refinement can verify the XANES model and
provide further quantitative structural details. In the analysis of the
EXAFS spectra we have used the XANES results to provide a starting
structural model and constraints among the parameters by fixing the
fraction of CaMnO2 and MnO contributions. It is assumed that CaMnO2
phase is not affected by fluorination and the same structure is consid-
ered but each contribution is weighted by 𝑦𝐶𝑎𝑀𝑛𝑂2

= 0.56. Since MnO
and CaMnO2 have the same structures, Mn𝐼 to Mn𝑉 contributions are
weighted by 𝑦𝑀𝑛𝑂 = 0.32. In the analysis interatomic distances and
MSRD (mean-square relative displacement or disorder factor) factors
are refined. This model provides a good agreement except in the near-
est neighbor shell where an additional Mn-O contribution is required
mostly originating from the Mn3+ phase. The Mn-O short shell is at
around 1.89 Å (𝑁 = 0.5–1) which coincides with the bond length of the
Mn3+ phases. The rest of the next neighbor shells can be satisfactorily
fitted using the 0.56 CaMnO2 + 0.32 MnO model. The structural
parameters obtained from EXAFS analysis are listed in Table 2 and
best fit details are shown in Fig. 8(c) and (d). The goodness of the
best fit agreement verifies the strength of the hypothesis of the phase
separation demonstrating that adding F produces much more Mn-rich
phase and complementary Ca-rich phase. We notice that any signature
of Mn or Ca rich phases is lacking in the XRD patterns, therefore these
phases are expected to have a very short coherence length and/or much
larger disorder.

The presence of the higher valence Mn-rich phase indicates that
the O2− substitution by F− would increase the ionic character of the
Mn-anion bond which could be detrimental to the stability of the
CaMnO2 (CaO–MnO solid solution [24]) rocksalt structure. Moreover,
substitution would require reduction of Mn2+ to Mn+ which is very
much unlikely. Therefore, the more probable mode of fluorination
would be incorporation of F− in grain boundaries between Ca/Mn rich
regions and CaMnO2 phases, and F− likely localizes at the interstices of
rock-salt structure (common to MnO, CaO and CaMnO2 phases) [31–
35]. Interstitial fluorine doping in this case can be assumed to be
equivalent to hole doping in the system resulting in the formation of
Mn3O4 phase [36–38].

3.7. Magnetization: Fluorinated CaMnO2

The FC (field cooled) and ZFC (zero field cooled) magnetization
curves recorded with 100 Oe and 1000 Oe field are plotted in Fig. 9(a)
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Fig. 8. (Color online) (a) Normalized Mn 𝐾-edge X-ray absorption near edge structure
spectra of CaMnO2 and the fluorinated compound and inset figure depicts the magnified
view of the pre-edge region. (b) LCA fitting results for the XANES region between 6520
eV to 6600 eV. (c) 𝑘3 weighted experimental data (points) and best fit are shown in
𝑘 space for fluorinated CaMnO2. The partial contributions from individual single- and
multiple-scattering paths (solid colored line) and the residual (𝑘3𝜒𝑒𝑥𝑝−𝑘3𝜒𝑡ℎ) are shown,
vertically shifted for clarity. (d) The moduli and imaginary parts (vertically shifted) of
𝑘3 weighted Fourier transforms of experimental (points) and theoretical (lines) EXAFS
data.

Fig. 9. (Color online) (a) 𝑀(𝑇 ) variation for the fluorinated CaMnO2 sample at 100
Oe and 1000 Oe field. (b) 𝑀(𝐻) variation at various temperatures up to (±)50 kOe;
inset of which shows zoomed 𝑀(𝐻) curve with a finite hysteresis at 2 K.

as a function of temperature. The fitting parameters in the temperature
range from 200 to 300 K, gives 𝜃 = −179.58 K and effective moment
of 4.56 𝜇𝐵/ Mn cation. The magnetic susceptibility shows an antiferro-
magnetic like onset at about 50 K, higher than the parent compound.
The local phase separation might weaken the effect of diamagnetic
Ca2+, thereby increasing the transition temperature from 26 K to 50 K.
Fig. 9(b) shows the coercivity of ∼ 895 Oe for the fluorinated compound
compared to linear behavior in the parent compound (Fig. 3(b)). The
observed hysteresis is the outcome of the complex manganese phases
formed due to fluorination.

4. Conclusion

In summary, our experimental study employing local probes to-
gether with first principle electronic structure calculation results reveal
a very different microscopic chemical structure of CaMnO2 as opposed

to the random Ca/Mn distribution concluded from the diffraction like
bulk probe. The microscopic structure derived out of local probe con-
sists of organization of Mn and Ca atoms in alternating layers. These
chemically ordered regions must have a short coherence length, limited
by antiphase defects. The role of Mn-O covalency and the local distribu-
tion of cations around oxygen is found to determine the stability of such
local structures which is further supported by our ab-initio calculations.
Introduction of a more electronegative anion in the system disrupts the
Mn-O covalency leading the system to a patchy structure with Mn-O
rich (and likely Ca-O rich) regions, along with a major CaMnO2 phase.
Such phase separation gives rise to a composite magnetic signal with a
distinct transition at 50 K along with finite hysteresis in the isothermal
magnetization curve at low temperatures.
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