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Corner- versus face-sharing octahedra in AMnOj; perovskites (A =Ca, Sr, and Ba)
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The electronic structure of the series of perovskites AMnO; (A=Ca,Sr,Ba) is examined with the aid of
density-functional calculations. A range of possible crystal structures is examined for each compound, and in
each case the calculated lowest-energy structure is that observed at low temperature. The factors that control
the variation in structure with the alkaline-earth ion A>* are discussed. CaMnQj; consists of corner-sharing
octahedra but is orthorhombically distorted consistent with Ca2* being too small for the 12-fold site within a
perfect cubic MnOg polyhedral framework. When the size of the alkaline-earth cation increases, a transforma-
tion from corner-sharing to face-sharing octahedra is induced since the alkaline-earth cation now becomes too
large for the 12-fold site. While SrMnOj5 at 0 K has the four-layered hexagonal (4H) structure with corner-
sharing Mn,Oy dimers, BaMnOj; at 0 K adopts the two-layered hexagonal (2H) structure with infinite chains
of face-sharing octahedra. The Mn charge is much lower than the conventional ionic model charge due to
Mn-O covalence, and this reduces the Mn-Mn repulsion and favors sharing of the octahedral faces. We see no
evidence for direct Mn-Mn metal bonding which has often been invoked to rationalize the adoption of this type
of structure. We also discuss the atomistic origins of acid-base stabilization of ternary oxides from their binary

constituents. A link between cation size and acid-base properties is suggested for AMnOs;.
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I. INTRODUCTION

Ideal perovskites have the general formula ABX;, where
the A-site cations are typically larger than the B-site cations
and similar in size to the X-site anions. While the A-site
cations are surrounded by 12 anions in cubo-octahedral co-
ordination, the B-site cations are surrounded by six anions in
octahedral coordination [see Fig. 1(a)]. The X-site anions are
coordinated by two B-site cations and four A-site cations.

Ideal perovskites adopt the space-group Pm3m, and CaTiOs
is commonly regarded as the archetypical cubic perovskite.
While the ideal perovskite structure is cubic, the majority of
perovskites are distorted due to rotation or tilting of regular,
rigid BX, octahedra or due to a distortion of the BX4 octahe-
dra themselves. Tilting of the octahedra occurs when the size
of the A cation is too small for the 12-fold site within a BXg
polyhedral framework. This tilting of the BX4 polyhedra nec-
essarily induces a distortion of the AX;, polyhedra which
eventually results in a decrease in the A-cation coordination
number. The rotation or tilting does not disrupt the corner-
sharing connectivity present in the ideal cubic perovskite.

The structure of a perovskite-related oxide can, to some
extent, be predicted from the tolerance factor ¢

IZ(VA+rx)/\"5(VB+rx), (1)

where r,, rp, and ry are the ionic radii of the ions A, B, and
X, respectively. t=1 corresponds to an “ideal” cubic perov-
skite, while smaller values of ¢ (#<<0.88) correspond to an
orthorhombic distortion. A tolerance factor larger than unity,
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on the other hand, implies that the A-site cations are too large
to be accommodated in the A-site of the BX; framework, and
hexagonal perovskites are formed. In these, some octahedra
share faces, and chains are formed along the hexagonal ¢
axis. Face-sharing octahedra have B-B distances close to
those in metallic B, thus increasing the electrostatic repulsion
between the B-site cations. As a compromise, hexagonal
stacking is introduced in stages with increasing size of the
A-site cation. Polyhedral representations of the 4H and 2H
polymorphs are given in Figs. 1(b) and 1(c), respectively.
While the two-layered (2H)-hexagonal structure contains
face-sharing octahedra only, the four-layered (4H)-hexagonal
structure may be regarded as intermediate, containing both
corner- and face-sharing octahedra.

The majority of the hexagonal perovskites contain large
alkali- or alkaline-earth metals on the A-site and transition
metals on the B-site. The alkaline-earth manganese oxides,
AMnO3;, show the importance of size on stability well. The
ionic radius of the 12-coordinated alkaline-earth ion in-
creases from Ca®* (re+=1.35 A) to Sr?* (rg2+=1.44 A) and
Ba®* (rgp+=1.60 A) (Ref. 1), and while CaMnO; forms an
orthorhombic variant of the ideal cubic structure,” BaMnO5
forms a hexagonal 2H structure (space-group P6s/mmc).?
SrMnOj;, containing intermediately sized Sr** ions, is a rare
example of a compound taking both a cubic and a hexagonal
perovskite structure.*® The 4H-hexagonal polymorph
(space-group P65/mmc) is stable up to about 1035 °C where
it transforms to a cubic high-temperature modification with
only a small enthalpy of transition, about 6 kJmol™".”
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Temperature-induced transitions which increase the fraction
of corner-sharing octahedra are observed also for
BaMnO;.%°

In a recent paper, we discussed the electronic and mag-
netic structures of cubic and 4H-hexagonal StMnO5.'® While
the bonding interactions involving Sr were found to be
mainly ionic, there is a significant covalent contribution to
the Mn-O bond. It was suggested that this covalency is im-
portant for the stabilization of the hexagonal structure com-
pared to the cubic polymorph. Two additional related factors
were discussed: the displacement of the Mn atoms in the
face-sharing octahedra away from the center of the octahedra
along the c¢ axis of the hexagonal structure and the charge
transfer giving a lower charge on oxygen atoms in the oxy-
gen triangle of the shared face compared to those in the plane
where the octahedra share corners. The combination of these
two factors results in a contraction of the oxygen triangle
that to some extent shields the repulsive interaction between
the manganese atoms in the Mn,Oy dimer. In this paper,
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FIG. 1. Polyhedral representations of (a) the
ideal cubic perovskite (b) the four-layered hex-
agonal perovskite and (c) the two-layered hex-
agonal perovskite structures.

electronic band-structure calculations for AMnO3, where A
=Ca, Sr, and Ba, are reported. The ideal cubic, the 2H- and
the 4H-hexagonal modifications (see Fig. 1) are considered
for all three compounds. In addition, the orthorhombically
distorted structure observed for CaMnO; is also considered.
Electronic structure, bonding, and the main driving forces
controlling corner versus face sharing of octahedra are dis-
cussed. We also discuss the microscopic origins of acid-base
stabilization of ternary oxides from their binary constituents.

II. COMPUTATIONAL DETAILS

For most of our calculations, we have used the projector
augmented wave!! implementation of the Vienna ab initio
simulation package.!>'* The self-consistent calculations are
performed using the generalized gradient approximation
(GGA)."> The cutoff energy for the plane-wave basis is
500 eV. Periodic unit cells containing 10 atoms (2 f.u.) are
used for the cubic and 2H structures, while the 4H and ortho-
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TABLE 1. Fractional atomic coordinates for the 4H- and
2H-hexagonal structures.

Wyckoff X y Z
4H-P65/mmc
Al 2a 0 0 0
A2 2c 1/3 2/3 174
Mn 4f 1/3 2/3 ZMn
(0] 68 0 0 1/2
02 6h -X02 —2x0n 1/4
2H-P65/mmc
A 2d 1/3 2/3 3/4
Mn 2a 0 0 0
(6] 6h X0 2X0n 1/4

rhombic cells have 20 atoms (4 f.u.). To ensure high accu-
racy, the k-point density and the plane-wave cutoff energy
are increased until convergence (19X 19X 19 for cubic, 13
X 13X 8 for 4H, 13X 13X 13 for 2H, and 14X 10 X 14 for
orthorhombic cells). The chosen parameters give approxi-
mately the same k-point density in the reciprocal space. The
Monkhorst-Pack mesh is used for the cubic and orthorhom-
bic unit cells, while a I'-centered k-point mesh is used for the
hexagonal cells. All calculations are spin polarized; majority-
and minority-spin electrons are treated separately.

The atomic coordinates for the 2H and 4H polymorphs
are given in Table I. Several magnetically ordered structures
are, in general, possible both for cubic and the hexagonal
perovskites. We have used the G-type antiferromagnetic or-
der [see Fig. 1(a)] observed for cubic StMnO; (Ref. 10) for
all the cubic structures (ten atom unit cells). An antiferro-
magnetic configuration with alternating spins along the ¢
axis (both within the Mn,0y-dimers and between the corner-
sharing MnOg octahedra) and with spins parallel to the a axis
is used for the 4H modification, see Fig. 1(b). This modifi-
cation has been found experimentally for 4H BaMnOj; (Ref.
16) and Bag ;SryoMnO, o4 (Ref. 17) and theoretically for 4H
StMnOj;.'% For 2H AMnO; a configuration (ten atoms) with
antiferromagnetic coupling along the ¢ axis is used [see Fig.
1(c)]. This simplification makes the computational cost of
the calculations feasible. Experiments show that the spin di-
rections  associated ~ with the Mn  chains at
(1/32/3 z) and (2/3 1/3 z) are rotated +120° with respect to
the chain at (0 0 z).!®

The enthalpies of formation of the ternary oxides from the
binary oxides

AO + MnO, — AMnO; (2)
are given by
Af,oxideSHo(AMnOS) = AfHO(AMnO3) - AfHO(AO)
- AfH”(MnOZ) . (3)

Hence, total energies are also calculated for CaO, SrO, and

BaO (space-group Fm3m),'® and MnO, (Ref. 20) (space-
group P4,/mnm). In the latter case, the magnetic configura-
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tion is too complex,? and a slightly simpler antiferromag-
netic structure, in which the two Mn atoms of the unit cell
are aligned antiparallel, is considered.?! This simplification
does not affect the calculated enthalpy of reaction (2) to any
appreciable extent due to the small energy difference be-
tween these magnetic orderings.

III. RESULTS AND DISCUSSION

The calculated unit-cell dimensions and magnetic mo-
ments of the different crystal structures considered for
CaMnOs;, StMnO3;, and BaMnOj; are presented in Table II.
Some experimental results from the literature are also given
in the table. For each structure, the unit-cell dimensions as
well as the atomic coordinates are optimized.

The magnetic moment is largely independent of the crys-
tal structure and of the alkaline-earth ion, varying from
2.40 to 2.52up/Mn. This agrees well with available experi-
mental values for the oxides considered here and related
compounds. Also the calculated unit-cell dimensions for the
lowest-energy modification are in good agreement with the
experimental values. In general, GGA overestimates equilib-
rium volumes, and agreement with experiment within 2% is
considered good. Calculated and experimental atomic coor-
dinates for the 4H and 2H polymorphs are given in Table III.
Excellent agreement is obtained.

Relative polymorph stability in agreement with experi-
ment is obtained for all three compounds, where data are
available. Figure 2 shows the calculated enthalpy of forma-
tion of the different polymorphs from their binary constitu-
ents for each compound. The values are also given in Table
II. Increasing the size of the alkaline-earth cation induces a
transition from corner sharing to face sharing of octahedra.
The lowest-energy structure for CaMnOj is an orthorhombic
distorted variant of the ideal cubic structure. StMnO;5 with
the intermediately sized alkaline-earth cation preferentially
adopts the 4H structure with corner-sharing Mn,Oq dimers,
consisting of two octahedra sharing a face. BaMnOj; takes
the 2H polymorph in which there is only face sharing of
MnOg octahedra. The only experimental value for the en-
thalpy of formation of StMnO; (=99.8 kJ mol~! from the bi-
nary oxides)’?® we have been able to find is in good agree-
ment with the calculated value (see Fig. 2). A value
determined in  similar experiments for CaMnO;
(=89.0 kJ mol™!)726 is about ~37 kJ mol~! more negative
than that calculated.

A. Electronic structure and bonding

The total electronic density of states (DoS) and the Mn
and O contributions to these are given in Fig. 3 for the dif-
ferent polymorphs considered for CaMnO; [Fig. 3(a)],
SrMnOj; [Fig. 3(b)], and BaMnOj [Fig. 3(c)]. The DoS con-
tribution from the alkaline-earth ion is negligibly small near
the Fermi energy in all cases, indicating a high degree of
ionic bonding between alkaline-earth ion and the host lattice.
All structures considered for the three compounds are insu-
lators; the band gaps are given in Table IV. It is worth noting
that the method used here usually underestimates the band
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TABLE II. Unit-cell dimensions, magnetic moments, and total energy of the different polymorphs con-

sidered for AMnO; (A=Ca, Sr, and Ba).

Magnetic
a b c moment Energy
Compound modification (A) A) A) (up) (meV)
CaMnO; Orthorombic calc. 5.3298 7.4873 5.2818 2.52 —287
Orthorombic expt.? 5.2819(1) 7.4547(2) 5.2658(1)
Cubic calc. 3.7584 2.45 0
4H calc. 5.3488 9.0216 2.44 -18
2H calc. 5.3008 4.7420 2.38 239
StMnO; Cubic calc. 3.8244 2.47 0
Cubic expt. 3.80(2) 2.6(2)
4H calc. 5.4893 9.1143 2.47 =251
4H expt. 5.4434(2) 9.0704(1)
2H calc. 5.5053 4.7711 2.40 —111
BaMnO; Cubic calc. 3.9361 249 0
4H calc. 5.6936 9.2827 2.50 —-690
HT 4H expt.¢ 5.669(3) 9.375(15)
4H expt.® 5.62732(8) 9.2080(1) 2.71(2)
2H calc. 5.7781 4.8217 242 -850
2H expt.! 5.6691(2) 4.8148(2) 1.31(5)
2H expt.® 5.695 4.812
2H expt.h 5.67(5) 4.70(8)

4Reference 22.
PReference 23.
‘Reference 24.
dReference 25.

gap. Close to E. the density-of-states contribution from man-
ganese dominates for all compounds and structures, but there
are also O contributions. The conduction band is dominated
by manganese d states, and the band gap is of an intermedi-
ate character having both p-d charge-transfer and d-d Mott-
Hubbard characteristics.

The previous study of cubic and 4H SrMnO; clearly
showed several different features of the band structures that
point to significant covalent contributions to the bonding.'”
This interpretation is further supported by the present calcu-
lations. First of all, the manganese and oxygen DoS contri-
butions overlap in the valence band for all polymorphs for all
three compounds, indicating a degree of covalency of the
bonds. In the previous paper on StMnOj3, this interpretation
was supported by a crystal orbital Hamiltonian population
analysis which identified bonding, antibonding, and non-
bonding interactions between Mn and O in cubic StMnO;.!°
Furthermore, even though Mn in the antiferromagnetic
ground state formally has a ¢ configuration (three unpaired
spins in an octahedral crystal field), on each Mn there is a
significant population of minority-spin states in the valence
band. If the bonding was purely ionic Mn** (d°), there would
be no minority-spin contributions from the Mn d orbitals in
the DoS in the right-hand frames in Fig. 3. Also, the calcu-
lated magnetic moments of manganese deviate from those
expected for a purely ionic case (three unpaired spins).

®Reference 16.
fReference 18.
gReference 3.
hReference 4.

The charges on the ions derived from a Bader charge
population analysis®’ also indicate partial covalency. While
the charges obtained for the A and Mn ions are about +1.6
and +2.0 for all the compounds in all the structures, the
charges on the oxygen atoms vary somewhat. For the 4H
polymorphs, there is a difference between the charges of the
O ions in the face-sharing triangle (-1.15) and the O ions
corner shared (—1.27) between two MnOg octahedra. On av-

TABLE III. Calculated fractional atomic coordinates for 4H and
2H AMnOj; (A=Ca, Sr, and Ba).

“Ideal”  CaMnOjy SrMnO; BaMnO;

4H

Zyvn cale. 5/8 0.6142 0.6129 0.6122

ZMn €Xpt. 0.6122(5)*  0.60855(9)°

Xop calc. 1/6 0.1752 0.1805 0.1881

Xop expt. 0.1807(2)*  0.18677(2)°
2H

Xo calc. 1/6 0.1612 0.1559 0.1487

Xo expt. 0.14950(5)¢

4Reference 24.
PReference 16.
‘Reference 18.
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FIG. 2. The enthalpy of formation of ternary oxides from their
binary constituents. Squares represent the cubic polymorph, circles
the 4H polymorph, and triangles the 2H polymorph. The filled sym-
bol denotes orthorhombic CaMnOs;.

erage, the O charges are =—1.2. It can be noted that the
present results agree with Mulliken charges for CaMnOj cal-
culated using the periodic Hartree-Fock theory. In that case,
the charges reported for Ca, Mn, and O were 1.86, 2.17, and
—1.34, respectively.?

A final feature is present in the orbital-resolved DoS for
cubic AMnOj;. The local octahedral coordination of the Mn
atoms in cubic AMnO; gives rise to two- and threefold de-
generate e, and 1,, Mn d orbitals due to crystal-field effects.
In manganese oxides (i.e., MnO) the on-site exchange split-
ting is larger than the ligand field splitting, and both the
valence band (VB) and the conduction band have a mixed
e,/ tr,-character.?®? Crystal-field effects alone would raise
the energy of the e, orbitals relative to the #,, since the e,
orbitals point directly towards the neighboring O atoms. In
the present case, however, the covalent character of the
manganese-oxygen o bond lowers the energy of some of the
occupied e, states; f,, orbitals form weaker 7 manganese-
oxygen bonds. As a result such e, states are lower in energy
than the #,, states in the VB in cubic AMnOj; (see Fig. 4).
The difference in energy between the bottom of the 7,, and ¢,
states and f,, shift increases from CaMnOj; to BaMnOs, con-
sistent with an increasing degree of Mn-O covalent o bond-
ing.

B. Enthalpy of formation and acid-base arguments

The enthalpy of formation of a ternary oxide (such as
ABOj) from the binary constituent oxides (like AO and BO,)
reflects the strength and number of the chemical bonds in the
ternary oxide relative to those in the binary oxides.
Af oxidest,, is often interpreted qualitatively in terms of fac-
tors related to oxide ion transfer between the constituent ox-
ides, i.e., acidity/basicity.’*3! The larger the difference in
acidity of A,,0, and B,O,, the more exothermic is the en-
thalpy of formation of the ternary oxide from its binary con-
stituents. While s-block oxides are usually basic, the p-block
oxides are acidic. The basicity of the alkaline-earth oxides
increases down the group, i.e., CaO<<SrO<BaO. Thus,
when combining these binary alkaline-earth oxides with a

PHYSICAL REVIEW B 75, 184105 (2007)

DosS (states/eV f.u.)
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FIG. 3. (Color online) The electronic density of states for (a)
CaMnOs, (b) SrMnOj, and (¢) BaMnOj;. The total densities of
states are given on the left-hand side of the figures. The Mn and O
contributions to the densities of state are given on the right-hand
side of the figure. The Mn contributions are represented by thick
black lines, while the oxygen contributions are given by thin red
(solid) and (for 4H polymorphs) blue (dashed) lines. For 4H poly-
morphs, the red curves are for corner-sharing oxygens, and blue
curves for face-sharing oxygens.

given oxide such as MnQO,, the enthalpy of formation of
BaMnO; from the constituent oxides is expected to be more
negative than that of SrMnO;, for which, similarly,
Af oxidesH,, is expected to be more negative than for
CaMnOs.

Our ab initio calculations allow us to calculate these en-
thalpies of reaction for comparison with the acid-base model.
The enthalpy of formation of the 2H ternary oxides from

TABLE IV. Calculated band gaps (eV) for the different poly-
morphs considered for AMnO3 (A=Ca, Sr, and Ba).

Orthorombic Cubic 4H 2H
CaMnO; 0.70 0.46 1.77 1.43
SrMnO; 0.30 1.72 1.57
BaMnO; 0.21 1.64 1.68
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FIG. 4. (Color online) The fh,-e, decomposed electronic density
of state (d-orbitals only) of manganese in G-type AF cubic AMnOs5.
The t,, contribution is given in black (thick line), and the e, in red
(thin line).

their binary constituents increases from —1.6 kJ mol~! for
CaMnOj5 to =90 kJ mol~! for StMnO; and to —148 kJ mol ™!
for BaMnOj;. Hence, the trend expected from the usual acid-
base argument is obtained. The enthalpy of formation of the
2H ternary oxides from their binary constituents are visual-
ized in Fig. 5 as the difference between the enthalpies of
formation of the ternary 2H oxides and the sum of the en-
thalpies of formation of the constituent binary oxides. Data
for the binary oxides (from the elements) are taken from
experiment.’> The enthalpy of formation of the ternary ox-
ides (from the elements) is obtained by adding the presently
calculated Ay oyiqesH,, to the enthalpy of formation (from the
elements) of the binary oxides.

The first question is the extent to which this trend is vis-
ible in the electronic density of states of the compounds in-
volved. The total electronic densities of states for 2H
CaMnOs;, SrMnOj;, and BaMnOj are given in Fig. 6. For all
three compounds, the bands from —19 to —17 eV are from O
2s and the changes in these from Ca to Ba are minor. There
is a large change in the position of the narrow bands due to
the semicore alkaline-earth p-electron states from —21 eV for
Ca3p states in CaMnO; via —16 eV for Sr4p states in
SrMnO; to —11 eV for Ba 5p states in BaMnOj;. These nar-
row bands are not expected to participate in bonding, as con-
firmed by the minimal contribution to the oxygen DoS at the
same energies. The remaining part of the electronic DoS of
the valence band is that close to Ey, which is mainly due to
Mn and O contributions. This part becomes slightly narrower
from CaMnOj; to BaMnOj. Thus, there is only a small varia-
tion between the electronic densities of states of the ternary
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1200 > Bawno,
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FIG. 5. The sum of the enthalpy of formation (from the ele-
ments) of the binary alkaline-earth oxides and MnO, (Ref. 28). The
enthalpy of formation of ternary 2H AMnO; from the elements are
also included to visualize the physical meaning of A oyigesHy, The
enthalpy of formation of the ternary oxides from the elements is
obtained by adding the presently calculated Af,oxidesH; to the en-
thalpy of formation for the binary oxides (Ref. 28).

oxides. Let us now consider instead the changes in the elec-
tronic structure due to the formation of the 2H oxides from
their binary constituent oxides. Figure 7 compares site-
decomposed electronic DoS for 2H AMnO; with the corre-
sponding DoS for the binary constituent oxides, neglecting
the lower-energy states not contributing to bonding. One sig-
nificant difference between the binary and ternary oxides is
evident. In all three cases the Mn and O DoS are narrower
for the ternary oxide than for MnO,, and as we have already
commented the width also decreases slightly from CaMnO;
to SrMnOj; to BaMnOs. The contribution from the alkaline-
earth states is, on the other hand, much narrower for the AO
oxides than for the ternary oxides. Bonding in binary AO is

T T
CaMnO,
02
4 F [Ca3p B
0 f t } t

SrMnO;,
025
Srdp 9
0 t t } t }

DoS (states/eV f.u.)
o

BaMnO,
02y
4 + Ba 5p ~

L L T

20 -15 -10 -5 0 5
Energy (eV)

FIG. 6. The total electronic density of states (spin up and spin
down) for 2H AMnOs.
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DoS (states/eV f.u.)
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Energy (eV) A%
(a) gy (b) Energy (eV)
4 Ba

Do (states/eV f.u.)

WY SN

2 0 2 4 6 8
(c) Energy (eV)

FIG. 7. (Color online) The site-decomposed electronic density
of states for the 2H ternary oxides and the corresponding binary
oxides: (a) CaO, MnO,, and CaMnOj; (b) SrO, MnO,, and
SrMnOQ3; and (c) BaO, MnO,, and BaMnOj. Thick black lines rep-
resent the ternary oxide, thin red lines the AO oxides, and dotted
lines MnO,.

indicated by the overlap of A and O states in the valence-
band region close to Ey. The width of the A-valence band
decreases going from Ca to Ba, indicating less overlap and
weaker A-O covalent bonding. In conclusion, no evident cor-
relation between the electronic band structures of the ternary
and binary oxides and the enthalpy of formation from the
binary constituent oxides is found.

Alternatively, consider cation size. The variation in
Af oxidest,, for the ternary oxides is dominated by the differ-
ence in lattice enthalpy of AMnO; and AO+MnO, [see Eq.
(3)]. This difference becomes more negative from Ca to Ba.
All three binary alkaline-earth monoxides take the NaCl
structure. In the simplest ionic picture, their lattice energy is
inversely proportional to the interatomic distance which in-
creases from 2.40 A in CaO to 2.56 A in SrO and 2.76 A in
BaO. On this basis alone, the lattice energy of BaO is ex-
pected to be approximately 15% lower than that of CaO, and
the lattice energy contribution dominates the variation in the
enthalpy of formation of the binary oxides from the ele-
ments, which becomes less exothermic from CaO to BaO
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(Fig. 5). Unlike the enthalpy of formation of the binary ox-
ides from the elements, the enthalpy of formation of the ter-
nary oxides from the binary oxides becomes more exother-
mic from Ca to Ba. This also is a size-related effect. While
Ca®* is too small for the A site of the 2H ABOj structure, the
larger cations Sr** and Ba* fit better. The size mismatch
argument used here is a generalization of those used to jus-
tify the trends in thermal stability of salts containing poly-
atomic anions such as carbonate, nitrate, and sulfate.?> In
conclusion, the fact that A oqe.H,, becomes more negative
from Ca to Ba reflects the combined effect of the different
size mismatches in the ternary and the binary oxides.

In this context, it is interesting that A 4., for the
cubic perovskites (Fig. 2) shows a minimum at Sr, and for
this polymorph Ay yi4esH,, for BaMnOj is less negative than
for StMnOj; since the Ba®* ion is too large for the A-site
environment of the undistorted cubic perovskite structure.

C. Corner- versus face-sharing octahedra

The formation of hexagonal perovskites is believed to be
largely governed by the size misfits in the compound. While
BaMnOj; forms the 2H-hexagonal structure with face-sharing
octahedra only, CaMnOj; is orthorhombic and contains
corner-sharing octahedra only. SrMnOj; containing interme-
diately sized Sr ions takes the 4H-hexagonal structure which
may be seen as intermediate containing both corner- and
face-sharing octahedra. The hexagonal structures give more
room to large alkaline-earth cations but, on the other hand,
lead to short Mn-Mn distances connecting the centers of the
face-sharing octahedra. While the distance between the man-
ganese in two corner-sharing polyhedra in SrMnOj; is
3.78 A, the Mn-Mn distance over the common face is as
short as 2.50 A, and hence comparable to the Mn-Mn dis-
tance in metallic manganese (2.47 A in y-Mn). In BaMnOs,
the distance between these Mn atoms is even shorter
(2.41 A).'8 The face-sharing octahedra increase the electro-
static repulsion between the Mn atoms in the Mn,0Oy entities,
and therefore increase the magnitude of the Mn-Mn contri-
bution to the Coulomb energy of the compound. The shortest
0O-O distance is in BaMnO; (both experimentally and in the
calculations), consistent with the oxide ions moving to
screen the repulsion, a point to which we return below.

In a previous study of ternary fluorides ABF; (A=Li-Cs,
B=Mg-Ba) (Ref. 34) the corresponding transition from
structures containing corner-sharing octahedra to hexagonal
structures with face-sharing octahedra was modeled using a
set of transferable potentials within the framework of the
conventional ionic model. For every compound the lowest-
energy structure was that experimentally observed. Since
these calculations allow for no change in bonding from struc-
ture to structure and no ionic contributions, the driving force
for the adoption of a structure by a given fluoride is clearly
size. While in both series ABF; and AMnOs;, the transition
from orthorhombic to cubic to hexagonal is consistent with
the increase in the tolerance factor ¢ [Eq. (1)] for each com-
pound as the size of A* or A>* increases, this very simple
hard-sphere concept is quantitatively much more successful
for the fluorides than for the oxides, presumably because of
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the tolerance factor perform rather well, but it is clear that
factors other than size also contribute. While the tolerance
factor predict the cubic structure for CaMnO; (1=0.94),
SrMnOj; is found on the stability borderline between cubic
and hexagonal (r=0.99). BaMnOj; is predicted to adopt a
hexagonal perovskite structure (r=1.06). We have here used
the Shannon-Prewitt radii. However, for consistency with the
work of Babel,?® ionic radii for the 12-coordinate cations
have been assumed to be 6% greater than the radii for the
same ions when octahedrally coordinated.

In a purely ionic model the total energy is the lattice en-
ergy which can conveniently be separated into a Coulomb
term and a term largely due to repulsion between the electron
clouds on neighboring ions (the so-called Pauli repulsion),

qi9;
Elice = 2 Ao *Cexpl=rip) |, (4)
TEY

where the summation is over any pair of ions i and j sepa-
rated by r;;. g; is the charge, while C and p are constants. In
the following discussion, we consider first the Coulomb en-
ergy due to long-range electrostatic interactions between the
different ions represented as point charges and then indi-
rectly the effects of other terms by considering bond-valence
sums,**37 which are widely used in solid-state chemistry.
These do not give energies directly but rather quantities
which often correlate with energy. The bond-valence sum V;;
is the sum of all bond valences v;; for bonds between two
atoms 7 and j:

Vi:EUij' (5)

The bond valence is a function of the distance d;; between
the two atoms and is given by

Here, b is a “universal” constant (0.37 A) while R;; is the
bond-valence parameter. The latter is an empirical parameter
for a given ion in a given oxidation state, derived from ob-
served bond lengths for a large number of compounds. There
is empirical evidence suggesting that the bond-valence sums
for the elements in a given structure often correlates with the
energy of that structure, and the lowest-energy structure is
usually that in which the bond-valence sums are closest to
the formal oxidation numbers of the given elements.

Significant information on the driving forces can, as indi-
cated above, be obtained by an analysis of the main contri-
butions to the Coulomb energy. The ab initio calculations
have revealed the importance of covalent bonding in these
compounds, and thus here we do not use the formal ionic
model charges for the different ions but instead use the cal-
culated average Bader charges: +1.6 for A, +2.0 for Mn, and
—1.2 for O. We take interatomic distances from the calcu-
lated equilibrium geometries for the different structures. Fig-
ure 8§ gives selected contributions to the Coulomb energy for
CaMnO; and BaMnOj;. The Ca/Ba-O, Mn-O, Mn-Mn,
Ca/Ba-Mn, and O-O contributions to the Coulomb energy
are, for each compound, given relative to their contributions
in the cubic modification of the compound.

Several features are worth noting. First of all, CaMnOj is
orthorhombic; the orthorhombic deformation reduces the
Ca-O distances and the Ca-O interactions become more fa-
vorable [Fig. 8(a)]. The 4H and 2H polymorphs have more
unfavorable Coulomb energies. While the formation of the
hexagonal structures gives more favorable Mn-O contribu-
tions to the lattice energy, the Mn-Mn and O-O distances
become shorter and the energy penalty involved here is
larger than the energy gain due to more favorable Mn-O
interactions [Fig. 8(a)]. For BaMnOs, the Coulomb energy
itself favors the cubic modification [Fig. 8(b)]. Nevertheless,
the gain in the Mn-O Coulomb energy (due to shorter Mn-O
distances) contributes significantly to the stabilization of the
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hexagonal structures. A comparison of Figs. 8(a) and 8(b)
shows that the energy gain due to shorter Mn-O distances in
the hexagonal polymorphs of BaMnO; (as shown by the
open diamonds in both frames) is much more marked than
for CaMnOj; by a factor of 2-3, while the extra repulsion due
to the shorter O-O and Mn-Mn distances (open circles and
open triangles) is approximately comparable to CaMnOj.

Clearly, factors other than the Coulomb energy stabilize
the hexagonal polymorphs for BaMnO5. The bond-valence
sum empirically takes such factors into account and suggests
that the 2H-hexagonal polymorph for BaMnOj is energeti-
cally favorable since both the Ba and Mn bond-valence sums
for 2H BaMnOj are close to the formal oxidation numbers
(1.9 and 3.9 for 2H compared with 2.4 and 3.7 for 4H and
3.1 and 3.4 for cubic). The bond-valence sum concept also
gives results in agreement with experiment for CaMnOs.
Here, both structures based on corner-sharing octahedral
have Ca and Mn bond-valence sums close to the formal oxi-
dation numbers.

As mentioned earlier, the preference for hexagonal struc-
tures with increasing alkaline-earth cation size is often ex-
plained by metal-metal bonding.?® In our previous study of
4H-hexagonal SrMnO; a charge-density analysis of the
Mn,Oy dimer showed that the suggested Mn-Mn d-orbital
overlap is small.!” Instead, the charge density indicates co-
valent bonds between manganese and oxygen atoms, and
these contribute to the stabilization of the hexagonal struc-
tures as the size of the alkaline-earth cation increases. In this
context, it is significant that the Mn charge is much lower
than the conventional ionic model charge due to the Mn-O
covalence, and this reduces the Mn-Mn repulsion leading to
sharing of the octahedral faces. We see no evidence for direct
Mn-Mn metal bonding which has often been invoked to ra-
tionalize the adoption of this structure.

For the 4H polymorphs, the Mn and O ions relax from the
“ideal” positions defined in Table III. In this ideal structure,
the Mn ions are equally spaced and all Mn-O distances the
same. For CaMnOj3, StMnOj3, and BaMnO; each Mn atom is
displaced approximately 0.011, 0.012, and 0.013 A, respec-
tively, from the ideal position along the ¢ axis. The linking of
the Mn,0Oqy units to neighboring octahedra by corner rather
than face sharing makes possible a displacement of the Mn
cations within the dimer units from the center of the octahe-
dra and away from the shared face, thus reducing the elec-
trostatic repulsion between them. In addition, the oxygen tri-
angle in the shared face is significantly compressed, with
O-0 distances of 2.538, 2.517, and 2.481 A (for A=Ca, Sr,
and Ba, respectively), while the O-O distances in the plane
where the octahedra share corners are 2.674, 2.745, and
2.847 A, respectively, i.e., the difference between these in-
creases from 0.14 to 0.23 and 0.37 A for CaMnO,, StMnO»,
and BaMnOj;. The lower charge of the oxygen atoms in this
face-sharing triangle (1.15 versus 1.27) contributes to the
reduced O-O distances. The effect on the Coulomb energy is
large. Figure 9 shows the changes in the total Coulomb en-
ergy and the changes in the contributions from Mn-O, Mn-
Mn, A-O, and O-O interactions due to relaxation from the
ideal 4H structure (see Table III). In the ideal structure, the
0O-O distances in the face-sharing triangle are comparable to
the O-O distance in the corner-sharing layers. The Coulomb
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FIG. 9. The changes in Coulomb energy due to relaxation of the
oxygen and manganese ions from the “ideal” positions of the 4H
AMnOj structure. Details are given in the text.

energy gain from the relaxation increases as expected with
the size of the A cation. While the O-O and A-O contribu-
tions raise the energy, the Mn-Mn and especially the Mn-O
contributions lower the energy which in total becomes more
favorable. In ideal 4H SrMnOj; the Mn-O distance involving
the face-sharing oxygens would be 1.952 A compared to the
observed value of 1.917 A.

The polymorph stability is affected not only by the size of
the A-site cation but also by temperature. Low-temperature
4H-type SrMnO; transforms to the cubic polymorph at
1035 °C. Similarly, 2H-type BaMnOj transforms to the 4H
type through a series of hexagonal polymorphs between 1150
and 1550 °C.° Phase transitions in single-component sys-
tems are in general entropy driven. A simple first approxima-
tion rigidity argument’®#? indicates a larger flexibility of oc-
tahedra sharing corners compared to octahedra sharing faces,
and at a given temperature the entropy is expected to in-
crease in the order 2H <4H < cubic.

IV. SUMMARY

We have reported periodic ab initio calculations for
perovskite-type AMnO3, where A=Ca, Sr, and Ba, examin-
ing structures with corner and with face sharing of MnOg
octahedra. The cubic, the 2H-, and the 4H-hexagonal modi-
fications are examined for all three compounds. In addition,
the orthorhombically distorted structure observed for
CaMnO; is considered. Relative polymorph stability in
agreement with experiment is obtained for all three com-
pounds. Increasing the size of the alkaline-earth cation in-
duces a transition from corner sharing to face sharing of
octahedra. We have discussed the factors influencing the sta-
bility of the different polymorphs. The Mn charge is much
lower than the conventional ionic model charge due to the
Mn-O covalence, and this reduces the Mn-Mn repulsion and
favors sharing of the octahedral faces. We see no evidence
for direct Mn-Mn metal bonding which has often been in-
voked to rationalize the adoption of this structure.

We have, in addition, analyzed the variation of Ay oyiqesH),
with the alkaline-earth cation for given polymorphs.
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Af oxidest,, is often interpreted qualitatively in terms of fac-
tors related to oxide ion transfer between the constituent ox-
ides, i.e., acidity/basicity. Here, we show that the variation in
Af oxidesH,, for the ternary oxides reflects largely the differ-
ence in lattice enthalpy of AMnO; and (AO+MnO,).
Af oxidest,, for the 2H polymorph becomes more negative
from Ca to Ba, which reflects the combined effect of the
different size mismatches in the ternary and the binary ox-
ides. Cation size can also be used to rationalize why
Af oxidest,, for the cubic polymorphs shows a minimum at Sr.

PHYSICAL REVIEW B 75, 184105 (2007)

Af oxidesH,, for BaMnOs is less negative than for StMnO;
since the Ba”* ion is too large for the A-site environment of
the undistorted cubic perovskite structure.
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