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The origin of the insulating ground states and the charge disproportionation in the two Fe-based perovskite
oxides, viz., CaFeO3 and La1/3Sr2/3FeO3, are examined from ab initio electronic structure calculations based on
the density-functional methods. We find that correlation effects beyond the local density approximation as well
as lattice distortions are necessary to describe the electronic properties of both compounds. It is the intricate
interplay between lattice distortion and correlation effect that describes both the charge disproportionation and
insulating ground state within the band theory, as is observed in these compounds.

I. INTRODUCTION

Metal-insulator transitions and related phenomena in tran-
sition metal perovskite materials have been the topic of both
theoretical and experimental studies over many years. In this
context Fe-based perovskites with Fe in an unusually high
valence state of Fe4+ �d4� have attracted much attention in
recent years. These ions in spite of their orbital-degenerate,
high-spin t2g

3 eg
1 configurations remain free from Jahn-Teller

�JT� instabilities unlike isoelectronic Mn3+ ions, as in
LaMnO3 for example. They rather show charge-
disproportionation �CD� transitions in many of the com-
pounds. This apparently puzzling behavior has been
interpreted1 in the way that manganites prefer a JT distortion
because the covalent character is weak in the Mn-O bond,
while the Fe-based perovskites like CaFeO3 favor a CD dis-
tortion because the covalent character is stronger in the Fe
-O bond.

In the present work, we focus on two particular com-
pounds, namely CaFeO3 and La1/3Sr2/3FeO3 which have cre-
ated lot of discussion due to the issues of the similarities and
contrast between these two compounds. CaFeO3 undergoes a
metal to semiconductor transition2 at 290 K along with
charge disproportionation transition of type 2Fe4+→Fe4+�

+Fe4−� on lowering the temperature. The corresponding
crystal structure changes from orthorhombic Pbnm in the
normal state to monoclinic P21/n in the charge-
disproportionated state. At 115 K, it further undergoes a
magnetic phase transition from paramagnetic to screw anti-
ferromagnetic structure with a long wave vector.3

La1/3Sr2/3FeO3 undergoes a first-order transition with jump in
resistivity from a paramagnetic nearly metallic state with an
average valence of Fe3.7+ �d4.3� to antiferromagnetic insulat-
ing charge-disproportionated state4 of Fe3+ :Fe5+=2:1 as
temperature decreases. The magnetic structure shows a six-
fold periodicity along the �111� direction5 with two inequiva-
lent spin states of Fe. These two compounds have been ex-
perimentally extensively studied in terms of photoemission,6

Mössbauer spectroscopy,4 neutron diffraction,5 transmission
electron microscopy,7 optical spectroscopy,8 etc. While the

neutron diffraction study clearly establishes breathing type of
distortions in CaFeO3 with alternate expansion and contrac-
tion of the FeO6 octahedra,8 the situation is not clear for
La1/3Sr2/3FeO3. Neutron diffraction study could not detect
any appreciable lattice distortion5 while an electron diffrac-
tion study shows extra spots.7 These findings have been in-
terpreted as two different mechanisms9 being effective in
these two compounds: while the lattice distortion is impor-
tant in case of CaFeO3, the electron-electron correlation
plays an important role for the case of La1/3Sr2/3FeO3.

Although great amount of experimental efforts have been
devoted for the study of these two compounds, the theoreti-
cal study in terms of systematic first-principles electronic
structure calculations is still lacking. Theoretical calculations
have been performed in terms of parametrized Hartree-Fock
calculations �HF�,6,9 which is not first-principles in nature,
the parameters are obtained by fitting to experimental core-
level photoemission spectra. A full-potential linear aug-
mented plane wave �LAPW� calculation10 has been reported
for CaFeO3 while for La1/3Sr2/3FeO3 no such calculation ex-
ists to our knowledge. In the present communication we car-
ried out a systematic study of the role of the various crystal-
lographic distortions, electron-electron correlation in
describing the CD-driven insulating ground states in these
compounds in terms of local density approximation �LDA�-
based tight-binding linear muffin tin orbital �TB-LMTO�,11

full-potential LMTO,12 and LDA+U �Ref. 13� calculations.
Our study shows that, the electronic correlation is suffi-

cient to produce charge disproportionation of the iron atoms
in La1/3Sr2/3FeO3, while in CaFeO3, the breathing-mode lat-
tice distortion is essential to produce the same. We find that
electronic correlation beyond the LDA must be included in
order to describe the insulating states in both compounds,
which is captured by the correlation effects included within
the Coulomb-corrected “LDA+U” method. At variance with
the neutron diffraction data5 which suggested the absence of
the breathing distortions of the FeO6 octahedra in
La1/3Sr2/3FeO3, we however find that the ideal structure has a
tendency for a substantial lattice distortion as indicated from
our total energy calculations using the full-potential LMTO
method.
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II. CRYSTAL STRUCTURE OF CaFeO3

At room temperature, CaFeO3 forms in the orthorhombic
crystal structure with space group Pbnm having GdFeO3
type distortions.3 The lattice in Pbnm with GdFeO3 type dis-
tortions results from that of an ideal cubic perovskite by
setting a��2ac, b��2ac, and c�2ac. The distortion arises
due to the tilting of the FeO6 octahedra around the �110�c

axis, followed by a rotation around the �001�c axis �cubic
axes are denoted by the subscript c�. While the tilt distortions
are opposite for any neighboring pair of octahedra, the octa-
hedra neighboring along the c axis rotate in the same sense.
The rotation produces the inequality c� �1/�2��a+b� while
the tilt makes a�b. Distortions of the individual FeO6 are
very small and the Fe-O bond lengths ��1.925 Å� are simi-
lar to Fe-O distance observed in SrFeO3 at room tempera-
ture. The low temperature crystal structure shows further dis-
tortion in terms of alternate breathing in and out of the
neighboring FeO6 octahedra.3 The combination of the in-
phase tilting of the octahedra about �001�c, out-of-phase ti-
tling of the octahedra about �110�c and this breathing distor-
tion, which can be viewed as 1:1 rock salt like ordering of
two different kinds of Fe ions �FeA and FeB�, reduces the
symmetry from orthorhombic Pbnm to monoclinic P21/n.
This produces two different types of Fe-O bonds �FeA -O
and FeB -O bonds� with average bond lengths of 1.872 Å
and 1.974 Å, which is a substantial difference. The crystal
structure of CaFeO3, with tilting, rotation and breathing dis-
tortion of the octahedra are shown in Fig. 1.

III. ELECTRONIC STRUCTURE OF CaFeO3

The band-structure calculation for CaFeO3 has been
carried out with linear muffin-tin orbital basis within
the framework of atomic sphere approximation �ASA�.
Following Ref. 9, we have assumed, in our calculations, fer-
romagnetic arrangement of Fe spins, which is a good

approximation considering the fact that the spin alignment
of neighboring Fe sites is almost ferromagnetic in a screw
antiferromagnetic structure with a long wave vector3

�q=0.161�111�2� /a�.
Figure 2 shows the LDA band structure of CaFeO3 in the

low temperature phase. The key feature of the band structure
is the strong Fe-d and O-p hybridization, caused by the close
proximity of the Fe 3d level to that of the O 2p level. This
leads to wide d-p hybridized band complex ranging approxi-
mately from −7 eV to 5 eV. The almost perfect octahedral
environment provided by the oxygen atoms surrounding the
Fe atom, splits the five degenerate Fe d levels into threefold
degenerate t2g and twofold degenerate eg levels. In the ma-
jority or up-spin channel, the spectra below −3 eV or −4 eV
is dominated by the oxygen character. The �-antibonding
bands derived from mixture of Fe-eg and O-p, span an en-
ergy window of about −0.8 to 3 eV, while the �-bonded t2g
complex overlapping with strong oxygen character bands,
lye in the energy range of approximately −1 eV to −3 eV. In
the minority or down-spin channel, the t2g complex cross the
Fermi-level while the eg complex remains completely empty
and the spectra below −1 eV is dominated by oxygen char-
acter. The covalent character of the Fe-O bond is noticed to
be stronger in the majority spin channel than in the minority
spin channel, in the sense that the orbital composition of the
�-antibonding bands is contributed equally by Fe 3d and O
2p while for minority spin channel Fe 3d orbital contribution
is larger than O 2p contribution. This is caused by the fact,
that the Fe 3d level lies above the O 2p level for the down-
spin channel, while they are nearly degenerate for the up-
spin channel. The covalent character of the FeA -O bond is
even stronger than the FeB -O bond due to the short FeA
-O bond length compared to the FeB -O bond length. This
enhanced d-p hybridization causes the �-antibonding bands
related to FeA site pushed higher up in energy compared to
FeB derived �-antibonding bands, resulting into develop-
ment of an energy gap within the Fe eg �-antibonding com-
plex as is seen in Fig. 2.

In order to systematically investigate the role of various
lattice distortion and the interplay of lattice distortion and the
electron-electron correlation effect on providing the proper

FIG. 1. �Color online� Crystal structure of CaFeO3. O2 denotes
the oxygen in the a ,b plane and O1 denotes the apical oxygen. Ca
atoms are not shown for clarity. The left panel shows octahedral
network in a-b plane while the right panel shows pair of octahedra
connected along c axis. The figure shows the rotation, tilt, and
breathing distortions present in the structure in the low-temperature
phase.

FIG. 2. LDA band structure of CaFeO3 in the low temperature
phase. The left and right panel show band structures in the majority
and minority spin channels. The bands are plotted along the
symmetry directions �= �0,0 ,0�-Z�0,0 ,1 /2� ,Z-C�0,1 /2 ,1 /2� ,C
-Y�0,1 /2 ,0� ,Y-�. Zero of the energy is set at the Fermi
energy.



description of the electronic structure of CaFeO3, we have
carried out calculations in different steps. The results are
summarized in Fig. 3, where only the majority spin band
structures are shown.

The first panel shows the band structure of CaFeO3 in the
ideal cubic structure where Fe-O-Fe bond angle is 180°.
The direct Fe-eg and O-p overlap in this case gives rise to a
very broad antibonding � band of width �3.2 eV, ranging
from about −0.8 eV to �2.4 eV. The second panel shows
the band structure of CaFeO3 in the high temperature phase,
where the underlying crystal structure differs from that of the
ideal cubic perovskite structure by introduction of GdFeO3
kind of distortion, viz. tilting and rotation of the FeO6 octa-
hedra but having no breathing distortion. Introduction of
such distortion leads to bending of the Fe-O-Fe bond with
the bond angle deviating from 180° to �158°, causing mis-
alignment of the Fe-eg orbital with that of O-p orbitals. This
in turn results into reduction of the pd� bandwidth down to
�2.3 eV without causing any other significant changes in the
band dispersion. The third panel shows the band-structure in
the low temperature phase which is same as left panel of Fig.
2 but only the specific symmetry direction has been chosen
which corresponds to the symmetry directions in the first and
second panel. We notice that since the magnitude of GdFeO3
type of distortion remains practically unaltered between the
high temperature and low temperature phase, the total pd�
bandwidth remains essentially same between the second and
the third panel. However, the breathing distortion added on
top of the GdFeO3 type distortion creates two inequivalent
Fe sites with different Fe-O environment, which lifts the
degeneracy of pd� antibonding bands at R point in the first
panel or the near degeneracy of that at T point in the second
panel, opening up a gap in the pd� antibonding complex.
The pd� antibonding bands below the gap are predominantly

of FeB character while those above the gap are predomi-
nantly of FeA character. The breathing distortion therefore
brings in the charge disproportionation between the two Fe
sites. Consistent with the nominal valence of FeA as d5+ and
FeB as d3+ in this case, one would expect the FeB-eg states to
be fully occupied while FeA-eg states to be empty.14 How-
ever, as is seen from the band-structure plots in the third
panel of Fig. 3 and in Fig. 2, the local density approximation
fails to achieve this situation. Furthermore the ground state is
metallic with finite density of states at the Fermi energy. This
indicates the importance of the correlation effect, which is
missing in the local density approximation. The simplest way
to deal with this situation is to construct the LDA+U energy
functional by adding a correlation term for the localized elec-
trons �Fe-d� on top of the LDA energy, where the correlation
effect is modeled in terms of on-site Hubbard and exchange
parameters, U and J. Within the spirit of LDA+U, for elec-
tron occupancies n↑ and n↓ in the up- and down-spin chan-
nels, the correlation energy between the electrons of opposite
spins is 1 /2U�n↑n↓+n↓n↑�, and the correlation energy be-

tween the electrons of same spins is 1 /2�U−J��n↑2
+n↓2

�,
which is weaker since electrons of same spins tend to stay
apart from each other due to the Pauli exclusion principle.
The new LDA+U energy functional can therefore be written,
taking into account the orbital degrees of freedom, as

ELDA+U = ELDA + Ecorr − Edc,

where Ecorr=1/2�m,m�,�Umm�nm�nm�−�

+1/2�m,m�,m�m�,��Umm�−Jmm��nm�nm��. m and � represent
orbital and spin degrees of freedom and Edc is a term which
accounts for identifying LDA as a model mean-field solution
and hence should be subtracted out to avoid double counting.
Different form of Edc has been suggested in literature.15 The
modern implementation of LDA+U also considers the rota-
tionally invariant form to take into account orbital-flip am-
plitudes nmm�� with m�m�.13 The underlying philosophy is
to engineer an energy functional that has the localization
property governed by Hubbard U instead of the Stoner pa-
rameter I as in the spin-polarized local density
approximation.16 The spin dependence in the new energy
functional has its physical origin in the Hubbard U rather
than in the Stoner parameter I, where for transition metals U
is typically of value 4–8 eV and I is �1 eV. The construc-
tion of new functional therefore makes configurations with
larger magnetizations more favorable. Considering the situa-
tion of the partially filled FeB-eg states in the majority spin
channel and that of Fe t2g states in the minority spin channel
within the LDA calculation, the application of LDA+U
method tries to empty the minority spin t2g states so as to
maximize the spin polarization, by putting the electrons from
the minority spin t2g states to the majority spin FeB eg states.
This process naturally brings the Fermi level in the energy
gap formed between FeA and FeB pd� antibonding com-
plexes in the majority spin channel and that between the t2g
bands and O-p bands in the minority spin channel, thereby
driving the system insulating is the sense of zero density of
states at the Fermi level. This is schematically shown in Fig.
4. We carried out the LDA+U calculations within the frame-

FIG. 3. Band-structure analysis of CaFeO3. The band-structure
plots in the first three panels show the effect of lattice distortion—
starting from the ideal cubic perovskite structure �IC� in the first
panel, the GdFeO3 type distortion with rotation and tilting �RT� is
introduced in the second panel while in the third panel breathing
type distortion is added on top of the GdFeO3 type distortion
�RTB�. The last panel demonstrates the effect of correlation. The
symmetry directions are chosen to be the same between different
panels.



work of LMTO basis with the choice of U=5 eV and
J=1 eV. The double counting correction within the LDA
+U formalism was taken as that of standard LMTO-LDA
+U calculations, namely the atomic limit (the fully localized
limit). For details see Ref. 15. The band structure result of
such calculation for majority spin channel is shown in the
last panel of Fig. 3. The magnetic moment at the two in-
equivalent Fe sites, FeA and FeB are increased to 3.27 �B
and 3.98 �B compared to LDA values 2.31 �B and 2.48 �B,
with Fe sphere radius of about 1 Å. Our study revealed that
both the lattice distortion and the correlation effect are im-
portant in driving the gap at the Fermi level. We also carried
out test calculations within the LDA+U with perfect cubic
crystal symmetry which failed to give rise to a gap. There-
fore it is the intricate interplay between the lattice distortion
and the electron correlation effect that is necessary for the
proper description of electronic structure of CaFeO3. In con-
formity with the parametrized Hartree-Fock study, we also
noticed that both the breathing distortion and the GdFeO3
kind of distortion with rotation and tilting are important.
Though the total energy calculations based on full-potential
LMTO12,17 show instability towards the pure breathing dis-
tortion as shown in Fig. 5, invoking only breathing distortion
falls short to drive the system insulating. The minimum in
Fig. 5. is obtained at a breathing amplitude of about 0.025 Å.
This is a reasonable estimate, keeping in mind the experi-
mental estimate3 of 0.05 Å in the low-temperature structure
which involves rotation and tilting distortions in addition to
breathing distortion. The introduction of GdFeO3 kind of ro-
tation and tilting distortions is expected to help breathing,
further enhancing its magnitude by improving the nesting
property.18

IV. CRYSTAL STRUCTURE OF La1/3Sr2/3FeO3

The crystal structure of non-stoichiometric
La0.33Sr0.67FeO2.98 was reported by Battle et al.5 from the
neutron scattering study. The crystal structure is that of a
perovskite distorted by a small compression along one of the

body-diagonal of the cubic unit cell, leading to a rhombohe-
drally distorted structure. The neutron data for low tempera-

ture was indexed in the space group R3̄c with a=5.47 and
c=13.35 Å in the hexagonal setting. The ẑ axis of the hex-
agonal unit cell corresponds to the �111� body diagonal of the
pseudocubic structure. The neutron scattering data of Battle
et al. further showed a realization of combination of a
charge-density wave of threefold periodicity and a spin-
density wave of sixfold periodicity along the �111� pseudocu-
bic direction. In order to mimic La0.33Sr0.67FeO3 with the
above mentioned magnetic structure, we constructed a super-
cell model with six formula units, viz., 2�LaSr2Fe3O9�. The
constructed supercell with Fe positions are shown in Fig. 6.
The figure shows the layers of two kinds of Fe atoms, to
account for two charge disproportionated Fe atoms, in se-
quence of 2:1 with the above-mentioned specific magnetic
order. The result from Battle et al.5 showed all the Fe-O
distances in the FeO6 octahedra to be equal, with a value
1.94 Å and Fe-O-Fe bond angle �171°. The study of Battle
et al. did not show sign of structural modulation in the
charge disproportionated phase. However the electron dif-

FIG. 4. Schematic density of
states of CaFeO3 computed within
LDA and LDA+U.

FIG. 5. Total energy differences of full-potential calculations of
CaFeO3 as a function of breathing distortion of the FeO6 octahedra.



fraction study7 claim to see extra spots and in La0.3Sr0.7FeO3,
the presence of structural modulation related to CO in the
sequence . . .Fe3+Fe5+Fe3+Fe3+Fe5+Fe3+. . . along the
pseudocubic �111� axis direction has been claimed to be di-
rectly identified.

V. ELECTRONIC STRUCTURE OF La1/3Sr2/3FeO3

Electronic structure calculation of La1/3Sr2/3FeO3 in the
magnetic structure with a spin density wave of sixfold peri-
odicity along �111�p �the subscript p refers to pseudocubic
axis� direction has been carried out with LMTO basis within
LDA and LDA+U approximation. Due to the complexity of
the magnetic structure and the large unit cell with substitu-
tional disorder at the La/Sr site, the electronic structure of
La1/3Sr2/3FeO3 is more complex compared to that of
CaFeO3. The formal Fe valency in La1/3Sr2/3FeO3 is 13/3
�d4.33�, which might give rise to the following charge dispro-
portionated configurations: 2 Fe�d4�+Fe�d5� or 2 Fe�d5�
+Fe�d3�. The Mössbauer data4 however is consistent with a
2:1 ratio of two types of Fe cation with electronic character-
istics fairly close to Fe3+ and Fe5+ respectively. The LDA
calculation, as in the case of CaFeO3, gives rise to a metallic
solution with high density of states at the Fermi level.
Though the total d charge at two different classes of Fe sites
are similar, but the magnetic moments at the two sites differ
with values 2.27 �B and 2.63 �B, signaling presence of two
different types of Fe atoms. However the trend in charge
disproportionation is more close to 2 Fe�d4�+Fe�d5� with
two small and one large magnetic moments per three Fe
sites. Introduction of missing correlation effect within the
LDA+U approach, reverses this trend with two large and
one small magnetic moments per three Fe sites—the charge
disproportionation similar to that observed experimentally.
This undoubtedly proves the very unique role of correlation
effect in generating the proper charge disproportionated state

as it has been stressed in Refs. 6 and 10. Our LDA+U cal-
culation with U=5 eV and J=1 eV gives the magnetic mo-
ments 3.67 �B and 3.42 �B for the “Fe3+” and “Fe5+” type
sites. This difference in magnetic moment is similar to that
obtained in model Hartree-Fock calculation of Matsuno et
al.6 We noticed that the actual magnitude of this difference
depends somewhat on the disordered chosen at the La/Sr
site, where out of six La/Sr sites four are occupied by Sr and
two are occupied by La. This implies the disordering pro-
cess, which makes the local environment of individual Fe
site different, also contributes in the charge disproportion-
ation process. Similar to model HF calculation, we find that
due to the strong pd hybridization, the holes at the oxygen
sites also charge disproportionate. The magnetic moment at
oxygen sites which are common neighbor between unlike Fe
sites �e.g., those between “Fe3+” and “Fe5+” type sites� is
0.13 �B while that at oxygen sites between like Fe sites �e.g.,
those between “Fe3+” and “Fe3+” type sites� is 0.0 �B. The
LDA+U calculation produces an almost gap like feature at
the Fermi level with a very tiny density of states at the Fermi
energy.

The basic electronic structure is shown in the density of
states plot in Fig. 7. In accordance with the nominal valence
of d5 and d3 at the FeA �“Fe3+” type� and FeB �“Fe5+” type�
sites �there are four FeA sites and two FeB sites in the six
formula unit supercell� in the majority spin channel, the t2g
dominated stated are filled, the eg states at the FeA sites are
filled and the eg states at FeB sites are empty, while the
Fe-d dominated states in the minority spin channel are
mostly empty. The crystal field splitting between the Fe-t2g
and eg states is of the order of 2 eV. Consistent with the
larger and smaller magnetic moments at FeA and FeB sites,
the exchange splitting at the FeA site is larger ��4 eV� than
that at FeB site ��2 eV�. The pseudo gap like feature at the
Fermi level arises between the filled FeA eg↑ and empty FeB
eg↑ states, similar to that in CaFeO3. In the minority or the
down-spin channel it coincides with the gap between oxygen
dominated states and the t2g states.

Naively one would expect the lattice to follow the charge
modulation observed in La1/3Sr2/3FeO3. However, the issue
concerning the presence of lattice distortion in
La1/3Sr2/3FeO3 seems not to be settled experimentally with
the neutron diffraction study of Battle et al.5 suggesting no
lattice modulation and the recent electron diffraction study of
Li et al.7 confirming its identification. This motivated us to
carry out model calculations introducing lattice distortion. It

FIG. 6. �Color online� The stacking of Fe atoms in
La1/3Sr2/3FeO3 compound. Two different sizes of atoms indicate
two kinds of charge disproportionated Fe atoms. All black atoms are
spin-up and all white atoms are spin-down.

FIG. 7. Total density of states of La1/3Sr2/3FeO3 in the charge-
disproportionated state with a charge density wave of threefold pe-
riodicity and spin density wave of sixfold periodicity, computed
with LDA+U method.



is reasonable to expect that, due to the coupling with the
breathing-type distortions, “Fe5+�d3�” type atom will occupy
smaller octahedral sites than “Fe3+�d5�” type atoms. In order
to mimic such a distortion, we moved the oxygen atoms
surrounding the FeB site �“Fe d3” type� closer to Fe atom
and kept the oxygen atom positions in between two FeA
�“Fe d5” type� atoms unaltered. This results into a homoge-
neous contraction of FeO6 surrounding the FeB site as in a
breathing distortion, however the octahedra surrounding the
FeA site is expanded in an anisotropic manner as shown in
Fig. 8.

Introduction of such distortion, as expected, opens up a
clear gap at the Fermi level—moving the oxygens by 0.02 Å
from their undistorted positions give rise to a gap of 0.03 eV.
For accurate total energy calculations, ASA is clearly inad-
equate and we carried out full-potential LMTO
calculations.12 The result of such calculation is shown in Fig.
9. As is clearly seen, the system seems to be unstable with
respect to such distortion. Though our model distortion may
not be the one which is actually achieved in reality and cer-
tainly we have not optimized the structure with respect of all
possible distortions, which is a very hard task, our study
clearly points to the possibility of structural modulation to be
present in this system, supporting the result obtained from
electron microscopy study.7

VI. SUMMARY

We have carried out first-principles electronic structure
calculations for CaFeO3 and La1/3Sr2/3FeO3. Our study

shows importance of both the lattice distortion and electron-
electron correlation effect in CaFeO3. The rather unique role
of electron-electron correlation in La1/3Sr2/3FeO3 in driving
the charge-ordered phase has been observed. We find
La1/3Sr2/3FeO3 to be susceptible to lattice modulation as was
suggested by electron microscopy study. It would be satisfy-
ing if more conclusive experimental evidence for lattice dis-
tortion around the Fe3+ and Fe5+ in La1/3Sr2/3FeO3 can be
obtained.
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