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ABSTRACT: Understanding the role of oxygen vacancies in
perovskite oxides is essential for tailoring their functional properties.
In this study, we employ density functional theory (DFT) calculations
to investigate the structural, electronic, and defect-related properties of
CaMnO3‑δ across a wide range of oxygen vacancy concentrations.
Although prior studies have examined oxygen vacancies in CaMnO3‑δ,
here we present a systematic investigation across the full range from δ
= 0 to δ = 0.5 in increments of Δδ = 0.0625, thereby providing
detailed new insights into its defect chemistry. Using cluster expansion
techniques and high-accuracy relaxations, we identify ground-state
configurations for each oxygen vacancy concentration and analyze
their lattice distortions, bond length variations, and charge
redistribution. Our results reveal a nonlinear progression of lattice
parameters and bond environments with increasing oxygen vacancy concentration, accompanied by significant changes in the
electronic band structure. Bader charge analysis indicates a progressive reduction in Mn oxidation state and charge compensation
among all atomic species. As the estimated cost of creating oxygen vacancies increases at high concentration, from 2.03 to 2.26 eV,
there exists a thermodynamic limit to vacancy incorporation at high oxygen vacancy concentrations. These findings provide a
comprehensive understanding of how oxygen vacancies influence the stability and electronic behavior of CaMnO3‑δ, offering insights
relevant to its use in different types of applications.

1. INTRODUCTION
Over the past decade, perovskites have been thoroughly
studied because of their fundamental properties and potential
practical applications, for example solar cells and other light
sensitive processes1−5 but also processes such as chemical-
looping where perovskites can be used as oxygen-carriers.6,7

Perovskite structures can be represented by the general
formula ABO3‑δ, where A is a larger alkaline or rare earth
cation, B is a smaller transition metal cation, and δ represents
the level of oxygen vacancies in the perovskite, which is related
to the oxygen partial pressure in the surroundings. This type of
material transfers oxygen without changing phase, unlike
common monometallic oxygen carriers; a phenomenon that
manifests itself as a nonstoichiometry (δ). Since multiple
species can partially occupy both cationic sites, the number of
potential combinations is enormous. In the past few years,
different manganites have evoked the interest of scientists;
among which calcium Manganite (CaMnO3‑δ) has been
extensively studied both experimentally and theoretically.8−21

Specifically, this is due to its interesting electric and magnetic
properties which are beneficial in a wide range of applications,
for example solid oxide fuel cells, sensors, spintronic devices,
and as an oxygen carrier in chemical-looping combustion
(CLC) and related energy technologies.15,22−29 The latter

concepts are novel processes for combustion, gasification,
hydrogen and chemical production where oxygen carriers are
pivotal, and where perovskites like CaMnO3 could play an
important role.30−32 Besides showing promising results in
applications, this material is also cheap to synthesize in
comparison to other synthesizable materials.33 One major
problem, however, is the long-term stability, as it tends to
undergo an irreversible phase change to CaMn2O4 and
Ca2MnO4 both under reducing and alternating reducing and
oxidizing conditions.34,35 These phases are not as beneficial as
CaMnO3‑δ as they do not possess the beneficial perovskite
structure and hence have different properties. These phases are
less advantageous than CaMnO3‑δ, as they lack the beneficial
perovskite structure, which plays a crucial role in enabling the
desirable structural and electronic properties in the material.
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The presence of oxygen vacancies in CaMnO3‑δ can
profoundly influence its material properties, leading to
enhanced or altered functionalities. Oxygen vacancies are
intrinsic defects that play a crucial role in determining the
behavior of perovskite oxides: they can influence the electronic
structure, magnetic ordering, ionic conductivity of the material
and oxygen mobility. Understanding the effects of oxygen
vacancies in CaMnO3‑δ is therefore essential for optimizing its
performance in practical applications.

In this study we employ density functional theory (DFT)
calculations using the Vienna Ab initio Simulation Package
(VASP) to investigate the material properties of CaMnO3‑δ
with and without oxygen vacancies. Previous work, such as that
of Grimm and Bredow16 has advanced the understanding of
oxygen vacancies in CaMnO3‑δ by examining their effect on
properties for different functionals. The present study extends
this line of inquiry by providing a detailed account of vacancy
behavior across a broad concentration range and including
properties that have, to our knowledge, never been reported.
We analyze the electronic structure and thermodynamic
stability to provide a comprehensive understanding of how
oxygen vacancies influence the behavior of CaMnO3‑δ.

2. METHOD

2.1. Representative Structures
The most stable configuration of CaMnO3 found in the
Materials Project36 database was used as a starting points for
the first-principles calculations. Specifically, this corresponds to
an orthorhombic structure, which belongs to space group 62
(Pnma). It is furthermore assumed to be ferromagnetic with a
total magnetization of 3.0 μB per functional unit. The
structural parameters and the unit cell of CaMnO3 are
presented in Figure 1.

The orthorhombic unit cell of CaMnO3 has a total of 20
atoms and the formula Ca4Mn4O12. Since only stoichiometric
CaMnO3 is found in the database of Materials Project, the
ground states for compositions with oxygen vacancies were
determined using Cluster Expansions (CEs) as is described in
Section 2.2.
2.2. Ground States
Here, the term “ground state” refers to the global lowest-
energy configuration across all considered oxygen vacancy
arrangements at a given composition, as obtained from the
cluster expansion and mixed integer programming (MIP), and

not to possible metastable electronic states within a single DFT
+ U calculation. The ICET toolkit37 was used to find the
ground state structures with oxygen vacancies via the creation
of alloy CEs. This method is often used to represent
disordered systems as combinations of clusters with different
symmetries. Based on the order, or in other words, the number
of atoms per cluster, these can be classified as pairs, triplets,
quadruplets, and so on. Since the number of clusters is
theoretically infinite, those above a certain order or with radii
larger than specific cutoffs are disregarded. In practice,
however, the selection is often limited by the available
computational resources as well as the size of the training
data set.

Here, 200 configurations were created by randomly
replacing oxygen atoms in up to 40 atom CaMnO3‑δ supercells
with vacancies. After relaxing the structures as detailed below, a
CE, with cutoffs of 3.5 Å for pairs and 1.5 Å for triplets, was
fitted using automatic relevance detection regression (ARDR).
The ground states were then determined using a procedure
based on MIP, as shown by Larsen et al.38 and Brorsson et
al.,39 which is implemented in ICET.37

2.3. Computational Details

DFT, as implemented in VASP40 (version 5.4.4), was used for
all first-principles calculations, which includes structure
relaxations and force determinations. The input files were,
more precisely, generated with PYMATGEN.41 This ensured
that the settings were the same as in the Materials Project,36

which entailed using the generalized gradient approximation
(PBE + U) functionals presented by Perdew, Burke and
Ernzerhof (PBE)42 and an energy cutoff of 520 eV as well as
setting the U-value for Mn to 3.9 eV.41 A fixed U parameter is
used for all compositions. Although a δ-dependent U may
refine the accuracy, a constant U ensures consistency across
stoichiometries and is appropriate for the comparative trends
examined here. Initially, the energy differences for the
electronic and ionic convergence were set to 10−3 eV and
10−2 eV per atom, respectively. After this, a second relaxation
was performed using the same functionals, to achieve more
accurate results, where the same thresholds were set to 10−6 eV
and 10−5 eV.

Reciprocal grids of 1100 k-points per atom, which is higher
than the default setting in the Materials Project (1000), were
generated using the Monkhorst−Pack principle in the case of
stoichiometric CaMnO3 and the γ-centered method for each
oxygen vacancy concentration. The tetrahedron method with
Blöchl corrections, but without smearing, was used to sample
the grid for all compositions.

This study concerns the following compositions, with
different fractions of vacancies: CaMnO3, CaMnO2.9375,
CaMnO2.875, CaMnO2.8125, CaMnO2.75, CaMnO2.6875,
CaMnO2.625, CaMnO2.5625, CaMnO2.5. In practice, 2 × 2 × 1
Super cells with up to 80 atoms were used in all calculations,
specifically Ca16Mn16O48, Ca16Mn16O47, Ca16Mn16O46,
Ca16Mn16O45, Ca16Mn16O44, Ca16Mn16O43, Ca16Mn16O42,
Ca16Mn16O41, and Ca16Mn16O40.
2.4. Oxygen Vacancy Formation Energy

The formation energy of oxygen vacancies (EVdO
) is defined as

E
n

E E
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2V CaMnO CaMnO OO 3 3 2
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(1)

Figure 1. Structural parameters and the orthorhombic unit cell of
CaMnO3.
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for CaMnO3. Here, ECaMnOd3
is the total energy of the

stoichiometric CaMnO3, ECaMnOd3−δ
is the total energy of

CaMnO3‑δ with one or more oxygen vacancies and n represents
the number of O atoms released by the structure. EO2 is the
total energy of an O2 molecule in the gas phase. The energy of
the O2 molecule, in vacuum, was optimized based on a cubic
unit cell with a length of 20 Å. The methodology previously
described for CaMnO3‑δ was also used for O2, except that the
volume of the cell was kept constant.
2.5. Temperature-Dependent Gibbs Free Energy of
Vacancy Formation
It is interesting to study the Gibbs Free Energy of an oxygen
vacancy, ΔGVdO

, as a function of temperature and oxygen partial
pressure

G T p
n

E E F T

F T
n

T p

( , )
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( )
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( , )
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Where Fvib represents the vibrational free energy, which was
obtained from phonon calculations based on the harmonic
approximation, using Phonopy,43 and included both phonon
entropy and zero-point energy. The chemical potential of
oxygen was estimated using the equation44

T p E k T
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( , ) (T) lnO2 O2 O
corr

B 02
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jjjjj

y
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zzzzz= + +

(3)

The thermal contribution, μOd2

corr, was taken from the NIST-
JANAF thermochemical tables to account for the temperature
variation of the enthalpy and entropy.45 The pressure

correction, ( )k Tl n p
pB 0 , accounts for the difference between

the actual pressure (p) and the standard reference pressure
(p0).

All calculations were performed under the assumption of
neutral oxygen vacancies in the bulk perovskite structure for
the purpose of isolating their impact without introducing
additional complexity from charge compensation.
2.6. Electronic Band Structure
After relaxing the structures using PBE + U, as laid out in
Section 2.3, a nonself-consistent calculation was performed
using the Modified Becke-Johnson (MBJ) MetaGGA poten-
tial.46 It should be emphasized that the MBJ potential is used
exclusively for computing the electronic band structure, while
all total energies and thermodynamic quantities throughout
this work are obtained from PBE + U calculations, as it is
known to produce more accurate band gaps than PBE + U for
many transition-metal oxides, which includes CaMnO3. In
particular, PBE + U typically underestimates the band gap,
whereas MBJ provides a band structure in closer agreement
with available experimental data as shown by Becke and
Johnson, and Tran, Blaha and Schwarz.46,47 For this reason,
structural relaxations and all total-energy quantities are
obtained using PBE + U, while MBJ is employed only for
the final nonself-consistent band-structure calculation. The
MBJ calculations were performed with the same level of
accuracy as the relaxations described in section 2.3 and using
the default values for the MBJ parameters: α = −0.012, β =
1.023 bohr1/2, and e = 0.5. The band structure was calculated

along the high-symmetry Brillouin zone path Γ�X�S�Y�
Γ�Z�U�R�T�Z, which is continuous for members of
space group 62 (Pnma), such as orthorhombic CaMnO3, and
visualized using the Python toolkit Sumo.48 The same k-point
grid was used for all oxygen vacancy concentrations to ensure a
consistent k-point density, since the supercell dimensions were
kept fixed. The choice of k-point mesh depends on the
supercell dimensions and is therefore appropriate even when
local symmetry lowering occurs in vacancy-ordered config-
urations.

3. RESULTS AND DISCUSSION

3.1. Structural Properties
The calculated lattice parameters from this work of
stoichiometric CaMnO3 are compared with two experimental
data sets8,9 and two previous computational studies13,17 in
Table 1. The a, b, and c parameters from this work (5.325 Å,

5.398 Å, and 7.554 Å, respectively) are slightly larger than the
experimental and those predicted by previous calculations. The
comparison reveals that the values obtained here fall within the
expected range and show reasonable agreement with both
experimental and theoretical references especially considering
the theoretical references assumed antiferromagnetic magnet-
ism compared to the ferromagnetism in this study. Differences
in calculated lattice parameters depending on choice of
magnetism has been shown to deviate 1−2%, which is the
same magnitude as the difference between this study and
previous theoretical studies. No previous studies on ortho-
rhombic CaMnO3 using ferromagnetic ordering was found in
the literature.

The unit cell volume calculated in this work (217.11 Å3) is
larger than all other reported values, consistent with the
expanded lattice parameters. Several factors may contribute to
these differences. For example, the choice of exchange-
correlation functional plays a significant role; the present
work employs PBE + U, which is known to slightly
overestimate lattice parameters compared to experiment. The
small deviations from experimental values are within accept-
able limits for DFT-based methods and support the validity of
the subsequent analyses. Another factor is the assumed
magnetic ordering. Here it was assumed to be ferromagnetic,
but in experimental studies it may not have been explicitly
reported or controlled. Additionally, minor deviations in
oxygen stoichiometry (δ in CaMnO3‑δ) in experimental
samples can affect lattice dimensions, while calculations
assume perfect stoichiometry. Finally, differences in computa-
tional setups such as k-point grids, energy cutoff, and
pseudopotentials may also contribute to the observed
variations across studies.

The calculated lattice parameters of CaMnO3‑δ reveal a
structural response as the oxygen vacancy concentration
increases, as shown in Table 2. As δ increases from 0 to 0.5,

Table 1. Comparison of Lattice Parameters and Volume of
Stoichiometric CaMnO3

δ Exp.8 Exp.9 Calc.13 Calc.17 this work

a (Å) 5.264 5.286 5.316 5.314 5.325
b (Å) 5.279 5.292 5.380 5.367 5.398
c (Å) 7.448 7.463 7.543 7.548 7.554
V (Å3) 206.97 208.77 215.73 215.26 217.11
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the lattice undergoes anisotropic distortions, reflecting the
system’s effort to accommodate the removal of oxygen atoms.

The a and b lattice constants exhibit moderate fluctuations.
The a lattice constant increases steadily up to δ = 0.25,
suggesting a gradual expansion along this axis, followed by a
slight contraction at higher vacancy levels. The b parameter
shows a less consistent trend, with minor increases and
decreases, indicating localized structural adjustments rather
than a uniform response.

In contrast, the c parameter remains relatively stable at low δ
but decreases significantly at δ = 0.375 only to increase again,
reaching its maximum at δ = 0.5. The elongation along the c-
axis may signal that a more substantial structural rearrange-
ment occurs at higher vacancy concentrations.

The lattice angles α, β, and γ, which are 90° in the ideal
orthorhombic structure, begin to deviate slightly as δ increases.
These deviations become more pronounced at higher vacancy
levels, particularly in γ, which reaches 92.1° at δ = 0.375, and β,
which is 92.3° at δ = 0.5. Such angular distortions suggest a
change away from ideal symmetry, likely due to octahedral
tilting induced by the vacancies.

Overall, the observed trends indicate that the introduction of
oxygen vacancies leads to a complex, nonlinear structural
evolution. These changes reflect the interplay between lattice
relaxation, defect accommodation, and symmetry breaking
within the structure.

In the stoichiometric CaMnO3 structure, the Mn−O bond
lengths are relatively uniform and fall within a narrow range.
However, upon introducing oxygen vacancies, the difference
between the maximum and minimum Mn−O bond lengths
increases significantly. This indicates local distortions in the
MnO6 octahedra. Similarly, the Ca−O bond lengths show
increased variation, suggesting changes in the coordination
environment of calcium atoms. The estimated bond lengths of
Mn−O and Ca−O in the supercells are presented in Table 3.
Additionally, the distances between Mn atoms also change,
which can influence the magnetic interactions and overall
stability of the material.
3.2. Electronic Properties

The electronic band structure and total density of states
(DOS) for stoichiometric CaMnO3 and eight oxygen-deficient
structures (CaMnO3‑δ, δ = 0.0625 to 0.5) were calculated to

evaluate the effects of oxygen vacancies on the material’s
electronic properties. The results, presented in Figures 2 and 3,
reveal significant effects on the bandgap and electronic states
induced by increasing oxygen deficiency.

For stoichiometric CaMnO3, the band structure exhibits a
direct bandgap of approximately 1.8 eV at the Γ-point. This
would make it a semiconductor and is within the range of band
gaps, i.e., from 1.02 eV to as high as 3.63 eV, where
stoichiometric CaMnO3 was estimated experimentally.17,20,49

Previous DFT studies of stoichiometric CaMnO3 found a band
gap between 0.5 to 3.0 eV,11,13,50,51 based on calculations with
similar levels of accuracy as in this study.

The band gap for each oxygen vacancy concentration is
presented in Table 4. Upon introducing oxygen vacancies (δ >
0) the bandgap decreases. At δ = 0.0625 the band gap becomes
indirect and is reduced to around 0.9 eV. For δ = 0.125, it is
still indirect and even smaller, close to 0.4 eV. At δ = 0.1875
the band gap has closed completely, meaning that CaMnO2.8125
has a state similar to a metal. Interestingly enough, the band
gap reopens as the level of oxygen vacancies increases further
and stays so, but displays strong variations, until δ = 0.4375,
where it closes, before opening again at δ = 0.5.

Table 2. Lattice Parameters of Relaxed CaMnO3‑δ Structures

δ 0 0.0625 0.125 0.1875 0.25 0.3125 0.375 0.4375 0.5
a (Å) 5.325 5.348 5.375 5.383 5.454 5.431 5.422 5.375 5.392
b (Å) 5.398 5.416 5.429 5.419 5.328 5.400 5.415 5.346 5.382
c (Å) 7.554 7.554 7.561 7.554 7.625 7.650 7.467 7.948 8.026
α (°) 90.0 90.086 90.162 90.0 90.713 90.441 90.0 89.92 90.152
β (°) 90.0 89.949 90.056 90.0 90.0 90.253 90.0 90.12 92.321
γ (°) 90.0 89.657 89.755 90.364 90.004 89.855 92.105 89.569 89.996
V (Å3) 217.11 218.74 220.64 220.33 221.57 224.35 219.08 228.35 232.67

Table 3. Average, Minimum, and Maximum Bond Lengths between Mn−O and Ca−O in CaMnO3‑δ

δ 0 0.0625 0.125 0.1875 0.25 0.3125 0.375 0.4375 0.5
Mn−O (Å) (avg) 1.94 1.95 1.95 1.95 1.96 1.97 1.96 1.98 2.02
Mn−O (Å) (min) 1.94 1.90 1.83 1.89 1.90 1.89 1.89 1.88 1.87
Mn−O (Å) (max) 1.95 1.98 2.01 2.01 2.07 2.17 2.15 2.22 2.38
Ca−O (Å) (avg) 2.46 2.48 2.48 2.53 2.54 2.52 2.56 2.57 2.51
Ca−O (Å) (min) 2.32 2.27 2.26 2.26 2.29 2.29 2.29 2.32 2.26
Ca−O (Å) (max) 2.63 2.99 2.99 2.99 2.99 2.99 2.97 2.94 2.88

Figure 2. Band structure and DOS-plot for stoichiometric CaMnO3.
Orange bands represent spin-up and blue spin-down, while the red
dot is the lowest point of the conduction bands and the green dot the
highest point of the valence band. The reason that the DOS does not
align perfectly with the valence band maximum (VBM) is because
SUMO does not shift it according to sigma smearing since version
2.3.0.
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The total DOS, shown alongside the band structures in
Figures 2 and 3, complements these observations by
highlighting the redistribution of electronic states. As δ

increases, the total DOS near the Fermi level increases. This
trend is particularly pronounced for δ = 0.375 and δ = 0.5, for
which the Fermi level intersects the defect-induced states,

Figure 3. Band structure and DOS for CaMnO3‑δ. The orange lines represent spin-up and blue spin-down, while the red dot is the lowest point of
the conduction bands and the green dot the highest point of the valence bands.

Table 4. Band Gap in CaMnO3‑δ

δ 0 0.0625 0.125 0.1875 0.25 0.3125 0.375 0.4375 0.5
Eg (eV) 1.86 0.92 0.42 0.59 0.21 0.86 1.5
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marking a transition to a semimetallic or metallic state. These
changes are attributed to the increased electron density
introduced by oxygen vacancies and the resulting local lattice
distortions.

The progressive reduction in the bandgap and the
appearance of defect states with increasing δ highlight the
critical role of oxygen vacancies in tailoring the electronic
properties of CaMnO3‑δ and the importance of studying
oxygen vacancies on a fine grid, since key material properties
can emerge only at specific concentrations. The narrowing of
the bandgap and eventual metallization suggest potential
applications in electronic devices where tunable conductivity is
required.
3.3. Bader Charge Analysis

The average Bader net charges are listed in Table 5 for the
different levels of δ. The Bader charge analysis reveals
systematic changes in the electronic environment of
CaMnO3 as oxygen vacancies are introduced. These trends
provide insight into how the system redistributes charge to
maintain electrostatic balance in response to oxygen deficiency.

At δ = 0 (stoichiometric CaMnO3), the average Bader
charges are approximately +1.674 e for Ca, + 2.240 e for Mn,
and −1.305 e for O. As δ increases, the average net charge on
Mn atoms decreases steadily, reaching +1.976 e at δ = 0.5. This
reduction reflects a lowering of the Mn oxidation state,
consistent with the idea that electrons previously involved in
ionic bounds involving the missing oxygen atoms have a
tendency to localize on Mn, partially reducing Mn4+ to Mn3+.

The Ca atoms also show a slight but consistent decrease in
net charge, from +1.674e to +1.660e. Although less prominent
than for Mn, this suggests that Ca may participate marginally
in the charge redistribution.

In contrast, the average Bader charge on the remaining
oxygen atoms becomes increasingly negative, shifting from
−1.305e to −1.455e. This indicates that the remaining O
atoms accommodate more electron density as vacancies are
introduced, as evidenced by the increasingly negative Bader
charges of the oxygen atoms.

Overall, these trends indicate that the charge compensation
involves all three atomic species and that the redistribution of
electron density helps stabilize the structure in the presence of
oxygen vacancies.
3.4. Oxygen Vacancy Formation Energies

The formation energy of oxygen vacancies in CaMnO3 was
calculated for vacancy concentrations (δ) between 0 and 0.5.
The results presented in Table 6 reveal a nonlinear increase in
the vacancy formation energy with δ, indicating a progressively
higher energy cost associated with introducing additional
vacancies. This trend can be broken into three distinct ranges,
more precisely low (δ = 0.0625 to 0.1875), medium (δ = 0.25

to 0.375), and high (δ = 0.25 to 0.375) levels of oxygen
vacancies.

At low oxygen vacancy concentrations, the formation energy
remains fairly consistent from 2.03 to 2.01 eV. This suggests
that the crystal structure can initially accommodate oxygen
vacancies with moderate energy penalties, likely due to local
relaxation mechanisms or the inherent defect tolerance of the
perovskite lattice. It should be noted that a formation energy of
2.03 eV is fairly high, which means that vacancies should not
be expected to form spontaneously, which is consistent with
results from previous calculations.12 Since the data in Table 6
applies to the most stable structures at 0 K, the formation
energy for oxygen vacancies may decrease at elevated
temperatures due to entropic contributions and thermal effects.

As the vacancy concentration approaches a medium level,
the formation energy per O atom is lower compared to δ =
0.0625 and 0.125, showing oxygen of 1.83−1.95 eV, with the
exception of δ = 0.375, which has the lowest formation energy
per O atom at 1.75 eV.

At high concentrations, the formation energy increases
sharply, reaching 2.26 eV per O atom at δ = 0.5, which
indicates a significant energy barrier. This suggests that the
material could be approaching a limit, in terms of structural
stability, or begins to favor the formation of alternative phases
or defect arrangements.

These results highlight the importance of considering
vacancy concentration when evaluating the thermodynamic
stability of oxygen-deficient CaMnO3. The increasing for-
mation energy with δ suggests that while low levels of
vacancies may be thermodynamically accessible, higher
concentrations are likely to require nonequilibrium synthesis
conditions or may lead to phase transformations. Compared to
the low concentration zone, the increase in formation energy is
significantly smaller from δ = 0.3125 to 0.375, but almost
doubles from δ = 0.375 to 0.4375. This could indicate a higher
level of stability for δ = 0.375 and that CaMnO3 starts to shift
into another phase beyond this point, which has, in fact, been
observed in experiments.34

3.5. Gibbs Free Energies of Vacancy Formation

Calcium Manganite has been suggested as an oxygen carrier for
chemical-looping combustion and could be relevant for other
similar technologies at higher temperatures. Here, it is mainly
the oxygen transfer capability which is of interest. Figure 4
illustrates the calculated Gibbs free energy of oxygen vacancy
formation (ΔGVdO

) in CaMnO3‑δ over a temperature range of
0−2000 K for an oxygen partial pressure of 10−2 bar. These
conditions are relevant in chemical-looping combustion
(CLC) environments, where oxygen carriers operate under
both oxidizing and reducing atmospheres.34

Table 5. Average Bader Net Charges for Each Atom-Type and Oxygen Vacancy Concentration

δ 0 0.0625 0.125 0.1875 0.25 0.3125 0.375 0.4375 0.5
Ca (e) 1.674 1.674 1.673 1.672 1.668 1.667 1.667 1.666 1.660
Mn (e) 2.240 2.204 2.170 2.133 2.113 2.068 2.033 2.007 1.976
O (e) −1.305 −1.320 −1.337 −1.353 −1.375 −1.390 −1.410 −1.434 −1.455

Table 6. Oxygen Vacancy Formation Energies per Oxygen Vacancy at 0 K

δ 0 0.0625 0.125 0.1875 0.25 0.3125 0.375 0.4375 0.5
EVdO

(eV) 2.03 2.01 1.83 1.89 1.95 1.75 1.95 2.26
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At low temperatures, ΔGVdO
remains positive across all

pressures, indicating that oxygen vacancy formation is
thermodynamically unfavorable in the bulk perovskite
structure for all oxygen vacancy levels. As temperature
increases, ΔGVdO

decreases due to the entropic contribution
from the oxygen chemical potential. The transition to negative
ΔGVdO

, where vacancy formation becomes favorable, occurs at
1400−1500 K for δ = 0.1875, 0.25 and 0.375, 1900 K for δ =
0.3125 and 0.4375. In the case of δ = 0.0625, 0.125, and 0.5,
ΔGVdO

never goes below 0 eV, indicating that it is not
thermodynamically favorable to remove the equivalent of 1, 2,
or 8 oxygen atoms from a Ca16Mn16O48 supercell. The
behavior of δ = 0.0625 is peculiar as it does not follow a linear
evolution of the Gibbs free energy as the temperature
increases. This behavior is explained because the Fvib of δ =
0.0625 becomes higher than at δ = 0 around 500 K, and this
shifts the change in Gibbs free energy and leads to what is seen
in Figure 4.

The calculated Gibbs free energy of oxygen vacancy
formation in CaMnO3 reveals important insights into the
thermodynamic behavior of this material under conditions
relevant to chemical-looping processes. Our results show that
ΔGVdO

remains positive across a wide temperature range and
only becomes negative, and therefore thermodynamically
favorable, at elevated temperatures and low oxygen partial
pressures. This trend is consistent with the fairly strong
bonding of oxygen in the bulk perovskite structure and
highlights the inherent stability of stoichiometric CaMnO3.

However, these findings differ from experimental observa-
tions, where oxygen release from CaMnO3-based materials is
reported at significantly lower temperatures (700−1000 K)
under reducing conditions.22,23 This discrepancy suggests that
oxygen vacancy formation in real systems is not only affected
by bulk thermodynamics. A few potential factors that could
influence this are effects from surfaces or interfaces and
structural transitions. Oxygen vacancies may form more readily
at surfaces, grain boundaries, or other extended defects, where
the local bonding environment is less constrained than in the
bulk. These regions are not captured in our current bulk model

but can be highly relevant in practical applications. Moreover,
CaMnO3 is known to undergo temperature-induced structural
distortions, which could facilitate oxygen mobility or stabilize
nonstoichiometric phases. Such transitions could lower the
effective energy barrier for oxygen release. It has also been
suggested that impurities or dopants, such as Fe and Ti, could
influence the properties of CaMnO3, and most experimental
investigations have actively incorporated dopants or utilized
technical grade or natural materials during production, where
active impurities may be present.52,53

Taken together, these considerations suggest that while bulk
CaMnO3 exhibits strong resistance to vacancy formation,
compared to experiments, real-world oxygen release likely
involves a combination of surface processes, structural
rearrangements, and potentially other effects that influence
the stability of the material. Future work that incorporates
surface models, additional phases, and machine learning
potentials, to explore a wider range of potential interactions,
could provide a more comprehensive understanding of oxygen
transport and release in CaMnO3.
3.6. Powder X-ray Diffraction Patterns

To support the structural models obtained from DFT
calculations, we simulated Powder X-ray diffraction (PXRD)
patterns based on the relaxed CaMnO3‑δ structures using the
VESTA software.54 These simulated patterns serve as
theoretical fingerprints, allowing for qualitative comparison
with experimental observations reported in the literature.
PXRD is a widely used experimental technique for phase
identification and has been previously used to characterize
CaMnO3. By simulating PXRD patterns for each oxygen
vacancy level, we can ascertain if the induced structural
changes are detectable. We note that the vacancy config-
urations used here originate from cluster expansion predictions
of the lowest energy ordered arrangements and therefore
impose a periodic ordering of vacancies. Such ordering
necessarily lowers the symmetry locally, even when experi-
ments indicate that vacancies are likely disordered and the
average structure remains as Pnma for δ ≤ 0.5 The simulations
were performed using a wavelength of 1.5406 Å, which
corresponds to Cu Kα radiation. The results are shown in
Figure 5. The simulated PXRD pattern for stoichiometric
CaMnO3 shows strong agreement with experimental data
reported in the literature, particularly in the positions and
relative intensities of the main diffraction peaks. This

Figure 4. Gibbs free energy of oxygen vacancy formation per number
of O atoms removed for CaMnO3‑δ with different oxygen vacancy
concentrations for a partial oxygen pressure of 10−2 bar.

Figure 5. Simulated PXRD patterns for CaMnO3‑δ.
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agreement validates the structural model used in our
simulations and provides a reliable baseline for analyzing the
effects of oxygen vacancies. Notably, the prominent peaks
around 2θ = 34°, 48°, and 59° in the simulated PXRD are
close to the expected experimental peaks at 2θ = 34°, 48°, and
60°, confirming the orthorhombic perovskite structure (Pnma
space group) of CaMnO3.

At low oxygen vacancy concentrations, the PXRD patterns
remain largely consistent with stoichiometric CaMnO3,
suggesting minimal structural distortion. At δ = 0.375,
however, there is a noticeable change, since the peaks at
around 34° and 48° have split. There are indications that this
also applies to the 60° peak but because of low intensity, it is
difficult to determine the significance. The splits remain at
higher levels of oxygen vacancies and represent large enough
shifts in the crystal structure to be observable in the PXRD
patterns.

This effect has been reported by Poeppelmeier et al.8 for δ =
0.5, but our results suggests that this structure change should
be expected even at lower concentrations of oxygen vacancies.
Further studies at a higher resolution might give more details
about exactly when this shift occurs but would require
significantly higher computational cost since the unit cells
would need to include at least 140−160 atoms. Caution is, in
other words, warranted when performing PXRD analyses of
CaMnO3, and possibly other perovskites, as the material can be
mischaracterized if the shifted peaks are similar to another
known phase. It is, for instance, known that CaMnO3 can
decompose into other phases, such as Ca2MnO4 and
CaMn2O4

34 or Ca3Mn2O7,
55 at high temperatures. Further-

more, the PXRD patterns for nonstoichiometric CaMnO3
show similarities to those of Ca2MnO4, Ca2MnO3.5, and
Ca3Mn2O7,

8,56−60 with high double peaks between 30 and 35°
and 45−50°, suggesting a possible structural convergence or
phase transition. This should be interpreted as a local
symmetry lowering effect in the ground-state configurations,
rather than a prediction that long-range symmetry breaking
must occur experimentally at low δ.

4. CONCLUSIONS
This study presents a detailed first-principles investigation of
oxygen-deficient CaMnO3‑δ, revealing how structural, elec-
tronic, and energetic properties evolve with increasing oxygen
vacancy concentration. The introduction of vacancies leads to
anisotropic lattice distortions, octahedral tilting, and nonlinear
changes in bond lengths and angles. These structural changes
are accompanied by a redistribution of electronic charge,
particularly a reduction in the Mn oxidation state, as confirmed
by Bader charge analysis.

The electronic band structure undergoes significant
modifications, with the bandgap narrowing, and eventually
closing, at intermediate δ levels, followed by the emergence of
defect states and partial reopening at higher concentrations.
This tunable electronic behavior highlights the potential of
CaMnO3‑δ for applications requiring variable conductivity.

The calculated oxygen vacancy formation energies increase
nonlinearly with δ, indicating that while low vacancy
concentrations are energetically accessible, higher concen-
trations may require nonequilibrium synthesis conditions or
lead to phase transitions. Notably, a relative stabilization
around δ = 0.375 suggests a possible structural transition point,
consistent with experimental observations of the phase change
in CaMnO3.

Overall, these results underscore the significant impact of
oxygen vacancies on the structure of CaMnO3‑δ and the
importance of resolving oxygen vacancies with high precision,
as subtle but significant changes in properties may appear only
at narrowly defined oxygen vacancy concentrations. The results
also offer valuable new insights into the design of metal oxides
with tailored electronic properties while also highlighting the
need for further studies.
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