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We discuss the importance of the topography of the potential energy hypersurface for the ionic conductivity
of perovskite-related /,0s oxides. A correlation between the energetic preference of the cations for different
coordination geometries and the ionic conductivity is proposed based on a first principles periodic density
functional theory study of selected possible structures fehB@s, SLFe,0s, SEMN,0s, and LaNi,Os. There

are a large number of low-energy local minima on the potential energy hypersurfaces of the two first compounds
due to an energetic preference for B@trahedra. Tetrahedral environments are energetically unfavorable
for Mn(lll) in Sr,Mn,0s and for Ni(ll) in La&Ni,Os, and the number of low-energy configurations is relatively

low in these two cases. Consistent with our findings, in contrast #6e%Ds and Baln,Os, SLMn,0s and
La;Ni»Os do not exhibit transitions to disordered phases on heating, and there appear to be no reports of
enhanced ionic conductivity for these compounds. Thus we suggest that the possibility of many different
oxygen orderings associated with a variety of low-energy connectivity schemes within tetrahedral layers such
as in the brownmillerite-based structures off&0s and Baln,Os is a prerequisite for high ionic conductivity

in perovskite-related M,0s oxides.

Introduction and suggests structural criteria, in turn related to the electronic
The complexity of grossly disordered structures hinders Structure, for fast ionic conduction through a study of selected
fundamental understanding of the functional properties of many configurations for SiMn2Os, SpFe;0s, and LaNi;Os. Each of
classes of advanced materials. Links between the dynamicthese compounds adopts a different perovskite-related structure.
structure, thermodynamic behavior, and ionic and electronic While the structure of $Mn,Os is based on corner-sharing
conductivity are central themes in contemporary solid-state Square pyramids (Figure 18&)? SrFe;0s adopts a brownmil-
science, and disordered materials remain a challenge to botHerite-type structure in which alternate layers contain corner-
experiment and theory. Present models most often describe theSharing Fe@octahedra and FeQetrahedra (Figure 185)The
structures and thermodynamics of disordered nonstoichiometricStructure of LaNi>Os is built from alternate layers of corner-
oxides in terms of random distributions of oxygen atoms and sharing NiQ octahedra and square planar entities (Figure
oxygen vacancies on the available oxygen sites and their €)% Structural order-disorder transitions to cubic perovs-
dynamic behavior in terms of single or correlated ion-jump kites with significant ionic conductivity are observed inSr

mechanismé:2 FeOs at 1120 K*?in isostructural C#Fe0s'® at 973 K, and in
Recently we proposed an alternative interpretation focusing BaIn20s at 1146-1230 K4*%In contrast, $Mn20s, isostruc-
on the local structure present in the disordered 8t@enfigura-  tural CaMn;Os, and LaNi>Os do not undergo transitions to

tions that were energetically accessible at a given temperaturedisordered phases at these temperatures, and there appear to be
were thought of as representing snapshots of small regions ofn0 reports of enhanced ionic conductivity for these compounds.
the disordered material, and the average structure observed?Ur purpose in this paper is to examine the reasons for this
experimentally (at high temperature) was interpreted as a time dlffgrent behavpr, and we present a correlation linking structure
and spatial average of the different local environments. This 0 ion conduction. In our previous work on Ba0s, we

local structure interpretation has implications also for our calculated the energies of all possible oxygen orderings in a 2
understanding of the ionic conduction. Transition paths con- x 2 x 2 supercell (36 atom$pand determined energy barriers
necting thermally accessible low-energy crystallographically o 0xygen transpoft.Our purpose in this paper is to establish
nonequivalent configurations (CNCs) using the climbing-image @ Structure-activity relationship between ionic conductivity and
nudge-elastic-band methbsliggest a collective mechanism for ~ Structure by considering a selection of the oxygen orderings

ion transport in the fast-ion conductor B@0s in which obtained for Baln0s*° avoiding explicit (spin-polarized)
different energetically accessible local structural environments calculat_lons of the_ energy barriers to migration that are
play important role$:> exceedingly expensive.

The present contribution highlights the importance of the

topography of the potential energy hypersurface of the solid Computational Details

. I ... We have carried out structural optimizations (with respect
* Corresponding author. E-mail:svein.stolen@kjemi.uio.no. . . . . .
t University of Oslo. to all unit cell dimensions and basis atom coordinates) ef Sr
* University of Bristol. Mn,Os, SKFe,0s, and LaNi»Os in the three different structural

10.1021/jp050697g CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/03/2005



lon Conduction in Perovskite-RelatedByOs Oxides

J. Phys. Chem. B, Vol. 109, No. 25, 20062363

i HA

Figure 1. Polyhedral representation of low-temperature crystal structures of fsngds,68 (b) SpFe0s,° and (c) LaNi 051011

arrangements given in Figure 1 using periodic density functional OB ' ' v LaNiO.tpe
theory (DFT) within the generalized gradient approximation . O O & scno-gpe  ©
(GGA), with a sufficiently large basis of projected augmented * Brownmillerite-type
plane waves (a constant energy cutoff of 700 eV), as imple- ® s
mented in the Vienna ab initio simulation program (VAS®Y’ B 0250F * i
In addition, in the case of Ffe0Os where tetrahedral coordina- £ % v

tion is favorable, test calculations have been carried out for £ A rownmi e e

selected low-energy configurations structurally related to the g & Sr,Mn,0_-type

brownmillerite-type structure but with different oxygen ordering > 0.125¢ O other configs s v ]
in the tetrahedral layers. Spin-polarized calculations were carried &

out to check that the correct ground state properties were *

obtained for the experimentally observed structures for each @

compound. In addition, the magnetically ordered structures 0000 * . . v & *
represent the paramagnetic high-temperature state better than 0 200 400 600 LaNiO. StMnO. SrFeO
non-spin-polarized calculations. Ferromagnetic and selected degeneracy oo

antiferromagnetic orderings were considered. THspace Figure 2. (a) Low-energy portion of energydegeneracy plot for

integration was increased until a satisfactory convergence of 2 x 2 cell of BgIn,0s.3° (b) Energies of selected CNCs for ANi>Os,
energy was reached. SrMN,0s, and SgFe,0s. All energies are relative to those of the lowest
energy structure for each system, assigned a value of zero. Note that
. : the brownmillerite-type structure for Lidi,Os is 0.72 eV above the
Results and Discussion ground state and tt%g beyond the scabll: tzjs;d on the vertical axis in (b).
Previously for Baln,Os we optimized all distributions of
oxygen vacancies over the possible oxygen sites inxa2x with slightly higher energy. The magnetic order and spin state
2 supercell and also calculated energy barriers between selectedf the B-site cation for the higher energy structures are given
configurations. We obtained a total of 21 5@8laxed local in Table 3. For our present purposes, these magnetically ordered
energy minima on the potential energy hypersurfat®lany structures and their corresponding energies represent the
of these were high in energy, and only a fraction of the local paramagnetic high-temperature state sufficiently well since the
structural entities were shown to contribute significantly to the energy differences between the magnetically ordered structures
disordered state at other than very high temperatures. Thus, hereand the paramagnetic states are small compared to the energy
for SLMn20s, SpFe0s, and LaNi»Os, only a selection of scale in Figure 2.
structures are considered. The energies of the three different Large differences in the relative stability of the various
structures in Figure 1 (those adopted byMB1,05, SKLFE0s, structure types are evident. While structures containing BO
and LaNi»Os, respectively) for each of the three compounds tetrahedra are energetically favorable fofF8$0s and Baln,Os,
are shown in Figure 2b, where they are also compared with thethis is not so for SiMn,0s and LaNi,Os. Consistent with the
low-energy portion of the energy vs degeneracy plot fop-Ba molecular structural chemistry of Mn(lll) and Ni(ll), the
In,Os (Figure 2a)° energetic preference in these compounds is for square pyramidal
All energies plotted are those of the lowest energy states and square planar coordination, respectively. FeM8s0s, the
obtained in spin-polarized calculations. Details of the calculated LayNi»Os-type and SiFeOs-type structures, both of which
crystal and magnetic structures and the magnetic moments ofcontain 50% 4-coordinate Mn, lie close in energy to each other,
the lowest energy structures of2BIN,0s, SKLFe0s, and La- 0.22 and 0.23 eV per formula unit above the ground state. For
Ni»Os are given in Tables 1 and 2 together with selected LayNi»Os, the SpMn,Os-type structure is 0.12 eV per formula
experimental data. The observed structures and magneticunit above the ground state; theSe0s-type structure is still
orderings are lowest in energy, and the unit cell dimensions higher in energy by an additional 0.60 eV per formula unit above
are in good agreement with experiment. The atomic coordinatesthe SeMn,Os-type structure, and is therefore beyond the scale
also agree well with observation, and the calculated structuresof the vertical axis in Figure 2b. For $©0s, in contrast, the
thus represent the interatomic distances well. All three ground two other structural types are closer in energy, lying 0.12 eV
state configurations are predicted to be insulators in agreement(La;Ni>Os-type) and 0.27 eV per formula unit ($n,Os-type)
with experiment. Note that the calculated electronic structure above the ground state.
of LapNi,Os is very sensitive to the starting point of the structural We have shown earlier that the square planar geometry is
optimization. If we take the monoclinic crystal structtiras a very unfavorable for In and that the iMdi,Os-type structure is
starting point, the correct insulating behavior is obtained. If we very high in energy for Ban,Os.2 Nevertheless, a number of
instead use the previously reported and closely related orthor-other CNCs have rather low energies; see Figure 2a. These are
hombic structur® as a starting point, we get a metallic state all close relatives of the lowest energy brownmillerite-type
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TABLE 1: Calculated and Experimental Values for the Unit Cell Dimensions of the Lowest Energy Structures of SiMn ,Os,
SroFeOs, and LazNizos

ref
SrzMn205
a=5.526 Ab=10.882Ac=3.834 A this work
a=5.5060(2) Ab=10.7458(4) Ac = 3.8057 (1) A 7
a=5.5307(4) Ab=10.7829(8) Ac = 3.8145 (3) A 8
SrzFeg05
a=5.635Ab=16.154 Ac=5530 A this work
a=5.672(1) Ab=15.59(2) A,c=5.527 (1) A 9
LazNi205
a=5.5499 Ab=7.5455 A c=11.1162 Ao = 86.23, 3 = 89.86, y = 86.26 this work
a=5.5308 Ab=7.4703 Ac=11.0616 Ao = 87.25, f = 89.65, y = 87.25 112

@ The reported setting is transformed to a triclinic cell in order to describe the proper magnetic structure.

TABLE 2: Calculated and Experimental Magnetic Properties of the Lowest Energy structures of SgMn ,0s, Sr.Fe,Os, and
LazNi205

magnetic
magnetic order structure magnetic moment ref
SrMn,0s AF (0,0, 1/2) u=3.25ug this work
AF 0,0, 1/2) ux=0.5(2)us 7
sty = 3.20(B)us 7
AF (0,0,1/2) uy=3.44uz 7
SrFe0s
sublattice 1 AF G-type u(Fese) = 3.50us this work
sublattice 2 AF u(Feae) = -3.44ug this work
sublattice 1 AF uAFen) = 3.85(7)us 9
sublattice 2 AF UuAFee) = —3.67(8)us 9
LazNi205
sublattice 1 AF (272,172, 0) U(Nioc) = 1.248ug this work
sublattice 2 nonmagnetic t(Nisq.play = O g this work
sublattice 1 AF (1/2, 172, 0) Ux(Nioe) = 0.5(2)ue 11
tANioe) = 1.9(3)us 11
sublattice 2 nonmagnetic U(Nisqplag = 0 g 11

TABLE 3: Calculated Magnetic Properties for Higher

reports of enhanced ionic conductivity for these compounds
Energy Structure Types for Sr,Mn,0s, SrFe,0s, and

suggest there are no energetically accessible excited configura-

LaaNi20s tions for these compounds due to the relative stabilization of
structure spin state the ground state structure. The stabilization of the ground state

compound  type magnetic order  of B-site cation ensures that the activation energy for any single-jump oxygen

SpMn,0s  SkFe0s  antiferromagnetic  high-spin Mn(lll) diffusion mechanism must be high in these compounds due to
LaNizOs  antiferromagnetic  high-spin Mn(lll) the accompanying change in Mn or Ni coordination.

SrFe0s Srzanos antlferromag_netlc h_|gh—sp.|n Fe(ll) On the basi f lculati . |
LaNi.Os  ferromagnetic high-spin Fe(lll) n the basis or our calculalions, we propose a simple

LasNi,Os SpFe0s  nonmagnetic structure-activity relationship connecting local structure and
SpFe0s  nonmagnetic disorder, and hence ion conduction. The existence of low-lying

structure, differing in that they contain other types of oxygen excited configuratior_ls involving tgtrahedrally coordinated atoms
orderings or connectivity patterns within the tetrahedral layers, @PPears to be crucial. These give a large number of possible
as discussed in detail in ref 3. Test calculations show that such@Xyden positions that are important for collective mechanisms
brownmillerite-related CNCs are relatively low in energy also [nvolving strongly correlated motions of sets of tetrahedra. In
for SFeOs, in agreement with earlier force-field calculatidds, ~ this context it is worth noting that in the 2 2 x 2 cell for
and thus a number of different low-energy CNCs exist also for B&ln20s there are around 650 configurations with 50%
this compound. The brownmillerite-related CNCs are not tetrahedr_ally a_nd 50% octahedrally coordlnated_ln atoms, around
considered for LgNi;Os and SgMn,Os because they will be 300 conflguratlorjs bas_ed solely on 5-fold coordination, and o_n_Iy
even higher in energy than the brownmillerite-type itself. around 100 conflguratlon_s containing 50% square plan_ar entities
The stability of the different local structural entities has @nd 50% octahedral entities. Thus, the number of configurations
important implications for possible mechanisms of ion transport involving different sorts of connectivity patterns within the
in these materials. lonic movement is necessarily highly tgtrahedral layers of brownmlllerlte-rela_ted structures is con-
restricted by the local symmetry and the energy Changessmerably larger than the number of configurations solely ba_sgd
involved in its alteration. For B#n,Os, as shown in Figure 2a,  ©On square pyramids or on square planar and octahedral entities.
and also SFe0s there are energetically accessible excited This is due to a large number of possible sites within the O(3)
states, which involve different connectivity patterns within the Plane when distributing tetrahedra in the brownmillerite-type
tetrahedral layers. In previous work we have shown that there Structure. The result is a large number of structurally related
are collective, low-energy pathways between these different cOnnectivity patterns and many low-energy transition pathways
arrangements, consistent with enhanced ionic conductivity atfor oxygen ion transport.
higher temperatures. A characteristic of compounds containing tetrahedra is their
The present calculations together with the absence of erder rather large molar volume compared to compounds with the
disorder transitions in g¥n,0s and LaNi»,Os and of any same stoichiometry that contain square planar or square
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Lol St MRG0, Further work is in progress to address the effects of substitution
La,Co,0, on the A and B sites.
% 108 Lo gsmo Conclusion
< 106y o 0?:':"2305 We have proposed a structuractivity relationship that
gz 104k O cried connects local structure, disorder, and ion conduction. This
2 o5 emphasizes the importance of the tqpography of the pqtentlal
S Lo2p SR, T energy hypersurface for understanding fast-ion conduction. A
. * CaMn,0, high density of low-lying excited configurations is a prerequisite
Lop -, 0 THND for high ionic conductivity, and perovskite-related,BYOs
00 01 02 03 04 05 oxides containing B atoms that have energetic preference for
din ABO, tetrahedral coordination geometry are especially interesting. We
Figure 3. Ratio of volumes of reduced compounds AB®to those suggest that the possibility of many different oxygen orderings
of corresponding non-oxygen-deficient perovskites ABGABO;_;)/ associated with a variety of low-energy connectivity schemes

V(ABO3)) for a number of systems. The open diamonds denote within tetrahedral layers of such compounds (as in the brown-
compounds in which tetrahedral coordination is energetically favorable; millerite-based structures of £&,0s and Baln,Os) results in

the filled diamonds are compounds where square planar or squarethe requested high density of low-lying excited configurations
pyramidal structural entities are favored. and thus in many low-energy transition pathways for oxygen

. . ) ) ion transport.
pyramidal structural entitites. Figure 3 shows the ratio of the
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