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First-principles investigation of ferromagnetism and ferroelectricity in bismuth manganite
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We present results of local spin density approximation~LSDA! pseudopotential calculations for the perov-
skite structure oxide, bismuth manganite (BiMnO3). The origin of the differences between bismuth manganite
and other perovskite manganites is determined by first calculating total energies and band structures of the high
symmetry cubic phase, then sequentially lowering the magnetic and structural symmetry. Our results indicate
that covalent bonding between bismuth cations and oxygen anions stabilizes different magnetic and structural
phases compared with the rare earth manganites. This is consistent with recent experimental results showing
enhancement of charge ordering in doped bismuth manganite.@S0163-1829~99!11113-5#
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I. INTRODUCTION

Perovskite structure oxides exhibit a wide range of lo
temperature structural distortions associated with lattice
stabilities of the prototype cubic structure~Fig. 1!, including
ferroelectric ~e.g., PbTiO3 and BaTiO3), antiferroelectric
~e.g., PbZrO3), and antiferrodistortive~e.g., SrTiO3). Both
first- and second-order transitions are observed, with a
spectrum of transition behavior ranging from displacive
order-disorder. The strong coupling between the electric
larization and the structural distortions has led to the wi
spread use of perovskites such as lead zirconium tita
~PZT! in piezoelectric transducer and actuator application1

In magnetic perovskites, different microscopic orienta
tions of the spin-polarized ions give rise to different mac
scopic magnetic symmetries. This results in rich phase
grams, in which both the magnetic order and the struct
depend on the temperature, pressure, and chemical com
tion. A large amount of recent research activity2 has been
focused on the rare earth perovskite-structure mangan
following the observation of colossal magnetoresista
~CMR! in Ca-doped LaMnO3.3 During these recent studies
many rare earth perovskite manganites have been foun
show strong coupling between their magnetic and structu
or magnetic and electronic order parameters. For examp
magnetically induced structural phase transition has been
served in La0.83Sr0.17MnO3 ~Ref. 4! indicating strong cou-
pling between the local magnetic spin moments and the
tice structure. In Nd0.5Sr0.5MnO3, strong coupling between
the magnetic spin moments and the electronic charge car
was demonstrated when an electronic metal-insulator tra
tion was induced by an external magnetic field.5 The large
change in conductivity with applied magnetic field, whic
gives these materials potential technological importance
the read element in magnetic recording heads,6 is believed to
originate from a similar type of phase transition.7

Materials which have strong coupling betweenall threeof
the magnetic, electric, and structural order parameters, re
ing in simultaneous ferromagnetism, ferroelectricity, and f
roelasticity, are known as multiferroics. Most multiferro
PRB 590163-1829/99/59~13!/8759~11!/$15.00
-
-

ll

o-
-
te
.

-
a-
re
si-

s,
e

to
l,

, a
b-

t-

rs
si-

as

lt-
-

materials are complex structures with many atoms per
mula unit, and more than one formula unit per unit cell. T
large number of interionic interactions has prevented iso
tion of the essential factors causing multiferroicity. As a r
sult, the origin of multiferroism and the nature of the co
pling between the magnetic, electric polarization, a
structural order parameters are not well understood. In s
of the lack of fundamental understanding, a number of
vice applications have been suggested for multiferroic ma
rials including multiple state memory elements, electric fie
controlled ferromagnetic resonance devices, and varia
transducers with either magnetically modulated piezoe
tricity or electrically modulated piezomagnetism.9 Also, the
ability to couple witheither the magneticor the electric po-
larization offers an extra degree of freedom in the design
conventional actuators, transducers, and storage devices

Bismuth manganite can be regarded as the ‘‘hydrog
atom’’ of multiferroics. Although information about BiMnO3
is sparse,8 indications are that it is simultaneously ferroma
netic and ferroelectric at low temperatures, and, becaus
has a simple structure, it is amenable to detailed study u
first-principles techniques. Investigation of BiMnO3 permits
the study of the essentials of multiferroism without the pro
lems associated with simulating compounds containing m

FIG. 1. The perovskite structure. The smallB cation~in black! is
at the center of an octahedron of oxygen anions~in gray!. The large
A cations~white! occupy the unit cell corners.
8759 ©1999 The American Physical Society
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atoms per formula unit. In addition, BiMnO3 is strikingly
different, both magnetically and structurally, from the ra
earth perovskite manganites. BiMnO3 is ferromagnetic with
a triclinic structural distortion in its ground state, whereas
rare earth manganites are antiferromagnetic and either o
rhombic or hexagonal. The differences are unexpected
cause bismuth and the rare earths all form trivalent cati
with similar ionic radii. The anomalous behavior of BiMnO3
compared with conventional perovskite manganites co
give rise to unusual and useful transport properties.

The goal of the study described in this paper is to de
mine the origin of the differences between BiMnO3 and the
other perovskite manganites, both to understand the fun
mental physics, and to assist in the optimization of per
skite manganite materials for novel device applications.
achieve this goal we evaluate electronic and magnetic p
erties of perovskite manganites using a plane wave pse
potential ~PWPP! implementation of density functiona
theory ~DFT! within the local spin density approximatio
~LSDA!. Our choice of theoretical approach is influenced
successful first-principles studies ofnonmagneticperovskite
ferroelectrics.10,11 The origin of ferroelectricity in the proto
typical ferroelectric perovskites PbTiO3 and BaTiO3 , and
the reasons for the differences between them, were ded
using first principles density functional theory~DFT!
calculations.12,11 It was shown in both cases that T
3d-O 2p hybridization is essential for ferroelectricity. I
BaTiO3 , the Ba21 ions are almost entirely ionically bonded
resulting in a rhombohedral structure. In PbTiO3 , however,
the Pb 6s electrons are partially covalently bonded with t
oxygen 2p electrons, favoring a tetragonal structure.

Throughout this work, we use LaMnO3 as our example of
a typical rare earth manganite, and compare our calcul
results for BiMnO3 with those for LaMnO3. Since Bi is
adjacent to Pb, near the right-hand side of the periodic ta
and La is adjacent to Ba on the left-hand side, we anticip
by analogy with the earlier PbTiO3-BaTiO3 study, that the
high lying occupied Bi 6s electrons will contribute to the
structural and magnetic differences between BiMnO3 and
LaMnO3. In addition we will find significant hybridization
between the Bi 6p and O 2p electrons.

The remainder of this paper is organized as follows.
Sec. II we describe the plane wave pseudopotential LS
implementation of density functional theory which we u
for this study. Our PWPP implementation is shown to g
results which are in excellent agreement with previou
published all electron calculations for magnetic perovsk
oxides. In Sec. III our results for BiMnO3 and LaMnO3 are
presented. Our results are summarized in Sec. IV.

II. COMPUTATIONAL TECHNIQUE

The calculations described in this work were perform
using a plane wave pseudopotential implementation13 of den-
sity functional theory14 within the local spin density approxi
mation. Plane wave basis sets offer many advantages in
energy calculations for solids, including completeness,
unbiased representation, and arbitrarily good converge
accuracy. They also allow for straightforward mathemati
formulation and implementation, which is essential in t
calculation of Hellmann-Feynman forces15 and in density
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functional perturbation theory calculations.17

However, plane wave basis sets necessitate the us
pseudopotentials to model the electron-ion interaction, in
der to avoid rapid oscillations of the valence wave functio
in the region around the ion cores. The accuracy and e
ciency of ab initio pseudopotential calculations~compared
with all electron calculations! is now well established for
nonmagnetic systems,18 but application of the method to
spin-polarized magnetic systems is still in its infancy. Tra
tionally, magnetic materials containing transition meta
have been studied using all electron methods with mix
basis sets, such as the linear augmented plane w
~LAPW!,19 linear muffin tin orbital,20 or Korringa-
Kohn-Rostoker21 approaches.

Resistance to the use of the PWPP method to study th
systems has been based on two perceived difficulties.

~1! First, the magnetic properties of the transition met
and their compounds originate from tightly boundd elec-
trons, which might be expected to require a prohibitive
large number of plane waves to expand their pseudopo
tials. This problem can be overcome by using the optimiz
pseudopotentials developed by Rappeet al.22 Optimized
pseudopotentials minimize the kinetic energy in the h
Fourier components of the pseudo wave function, leading
a corresponding reduction in the contribution of high Four
components in the solid. The use of optimized pseudopo
tials reduces the energy cutoff of the plane wave expans
in transition metal solids to around 60 Ry or less.

~2! Second, implicit within the pseudopotential approx
mation is the assumption that the exchange-correlation
tential Vxc is separable into a valence part and a core pa

Vxc~r,s!5@Vxc~r,s!2Vxc~rv,sv!#1Vxc~rv,sv!. ~1!

Herer is the electron density,s is the spin polarization, and
the superscriptv refers to the contribution from the valenc
electrons. If the core electrons are spatially separated f
the valence electrons then this separation is rigorously
rect. However, in transition metals, thed electrons have large
wave function amplitudes near the core region. Therefo
becauseVxc is a nonlinear function of both charge and sp
polarization, use of Eq.~1! is inaccurate. Early pseudopoten
tial calculations for magnetic materials attempted to circu
vent this problem by using a small core radius.23,24 This re-
sulted in a pseudo wave function which was similar to the
electron wave function and therefore could not be expan
efficiently using plane waves. A better solution is offered
the partial nonlinear core correction scheme of Louieet al.,25

in which the core charge density is explicitly retained in bo
the construction of the ionic pseudopotential, and in the D
calculation.

The PWPP method with optimized pseudopotentials a
partial nonlinear core corrections was first tested by Sas
et al. for ferromagnetic nickel and iron.26 The structural and
magnetic properties calculated using the PWPP method w
found to be in excellent agreement with results from all el
tron calculations. A similar study using different soft pseud
potentials obtained comparable results for the ground-s
properties of nickel.27 More recently, Lewis and co-worker
presented the first PWPP calculation for a magneticcom-
pound (CrO2),28 and showed that the results agreed w
with those of all electron LSDA calculations. Before prese
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PRB 59 8761FIRST-PRINCIPLES INVESTIGATION OF . . .
ing our results for BiMnO3 in Sec. III, we will compare the
results of our PWPP calculations for a magneticperovskite
with published all-electron calculations29 and show that simi-
larly good agreement is obtained.

A. Pseudopotential construction

For La and Bi, we constructed optimized scala
relativistic pseudopotentials, using~for La! a 5s25p65d1 ref-
erence configuration with core radius (r c)52.6 a.u., and
~for Bi! a 6s0.56p1.26d0.3 reference configuration withr c
53.0 a.u. In the La reference configuration the 4f orbitals
were unoccupied, and for Bi the filled 4f shell was placed in
the core. The pseudopotentials were optimized using f
basis functions with a cutoff wavevectorqc of 7.5 a.u. qc
determines the convergence of the kinetic energy with
spect to the plane wave cutoff energy in reciprocal sp
calculations. The resulting optimized pseudopotentials
shown in Figs. 2 and 3. The pseudopotentials were tested
transferability by comparing with all electron calculations f
a range of typical atomic and ionic configurations. The ps
doeigenvalues and total energies are equivalent to the
electron values to within a few meV.

For Mn and O we constructed non-relativistic optimiz
pseudopotentials. The oxygen pseudopotentials were ge
ated from a 2s22p4 reference configuration with core radii o

FIG. 3. Optimized ionic pseudopotentials for Bi. The core rad
is 3.0 a.u. for all angular momenta. Four basis functions were
cluded in the optimization, which used a cutoff wave vector of
a.u.

FIG. 2. Optimized ionic pseudopotentials for La. The core
dius is 2.6 a.u. for all angular momenta. Four basis functions w
included in the optimization, which used a cutoff wave vector of
a.u.
-
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-
e
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-
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1.5 a.u. for boths andp orbitals. They were then optimize
using four and three basis functions withqc of 7.0 and 6.5
a.u. fors andp orbitals, respectively. The oxygen pseudop
tentials were used in earlier calculations for nonmagne
perovskite oxides10 and gave accurate results. For Mn,
4s0.754p0.253d5 reference configuration was used, withr c

equal to 2.0, 2.15, and 2.0 a.u. fors, p, andd orbitals. The
optimized pseudopotentials for Mn were constructed us
four basis functions andqc57.5 a.u., and partial nonlinea
core corrections25 were included. The core charge was a
proximated by a zeroth order spherical Bessel funct
within a radius of 0.737 a.u., with the full core charge us
outside this radius. The resulting optimized pseudopotent
are shown in Figs. 4 and 5. Again the pseudopotentials
transferable to within a few meV.

All pseudopotentials were put into separable form30 using
two projectors for each angular momentum.31 The first pro-
jector was taken as the atomic pseudo wave function, and
second projector asr 2 times the first projector, suitably or
thogonalized to the first.32 For La, Bi, and Mn, thel 50
component was chosen as the local potential. For oxygen
local potential was thel 51 component. The absence o

s
-

FIG. 5. Optimized ionic pseudopotentials for oxygen. The co
radius is 1.5 a.u. Thes pseudopotential was optimized using fo
basis functions and a cutoff wave vector of 7.0 a.u., and thp
pseudopotential used three basis functions and a cutoff wave ve
of 6.5 a.u.

-
re

FIG. 4. Optimized ionic pseudopotentials for Mn. Th
exchange-correlation potential contribution from the core cha
has been subtracted, in accordance with the nonlinear core co
tion scheme of Louieet al. ~Ref. 25!. The core radii are 2.0, 2.15
and 2.0 a.u., respectively, for thes, p, andd pseudopotentials. Fou
basis functions were included in the optimization, which used
cutoff wave vector of 7.5 a.u.
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8762 PRB 59NICOLA A. HILL AND KARIN M. RABE
ghost states was confirmed using the ghost theorem
Gonze, Ka¨ckell, and Scheffler.33

B. Technical details

The total energy and band structure calculations were
formed on a Silicon Graphics Power Challenge L using
conjugate gradient programCASTEP 2.1~Refs. 34,35! which
we have extended to study spin-polarized systems. We u
a plane wave cutoff of 60 Ry, which corresponds to arou
3500 plane waves in a cubic unit cell with lattice constant
around 4 Å. A variable Gaussian broadening between 1
0.002 eV was applied to thek-point sampling to speed con
vergence for metallic systems. A 63636 Monkhorst-Pack36

grid was used for all calculations. This led to 10k points in
the irreducible Brillouin zone for the high symmetry cub
structures, and a correspondingly higher number for the
torted structures with lower symmetry.

The Perdew-Zunger parametrization37 of the Ceperley-
Alder exchange correlation potential38 with the von Barth-
Hedin interpolation formula39 was used. Previous all
electron calculations for perovskite manganites29 found no
appreciable difference between results obtained using
von Barth-Hedin and the more sophisticat
Vosko-Wilk-Nusair40 interpolations.

For density of states~DOS! calculations we interpolated
the calculated eigenvalues to a grid of'350 000 k points in
the irreducible simple cubic Brillouin zone using the inte
polation scheme of Monkhorst and Pack.36 We then applied
the Gilat-Raubenheimer method41 to this fine mesh. Finally,
for the band structure plots, and for use in the tight-bind
analysis, symmetry labels along high-symmetry lines w
assigned using projection operators for the correspondin
reducible representations.

C. Comparison with LAPW calculations

Before presenting our new results for BiMnO3, we first
show that the results obtained for perovskite manganites
ing this PWPP implementation are in excellent agreem
with the results of previously published LAPW calculation
Figure 6 shows the band structures for up- and down-s
electrons in cubic ferromagnetic CaMnO3, calculated in this
work using the PWPP method. We used a ten electron
pseudopotential with a 3s23p53d1 Ca21 reference configu-
ration and core radii of 1.29, 1.29, and 1.45 a.u. for thes, p,
and d potentials. Four basis functions were included in t
optimization,22 with a cutoff wavevector of 7.0 a.u. The ban
structures are indistinguishable from those shown in Fig. 7
Ref. 29, which were calculated using the LAPW method.
addition, we find that our PWPP calculated energy differe
between the ferromagnetic and paramagnetic phase
CaMnO3 is 876 meV, within 2% of the LAPW value of 860
meV. The inclusion of nonlinear core corrections is essen
The pseudopotential band structure calculatedwithout non-
linear core corrections is markedly different from the LAP
band structure. In particular the energy of the minority s
Mn 3d bands is too high, a pseudogap opens up in the
jority spin O 2p bands, and the lower O 2p bands have
unphysical flat regions. In addition the total energy diffe
ence between the ferromagnetic and paramagnetic phas
overestimated to be 3.2 eV.
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III. CALCULATED ELECTRONIC PROPERTIES
OF BiMnO 3 AND LaMnO 3

In this section we investigate the origin of the differenc
between BiMnO3 and the rare earth manganites by comp
ing the calculated electronic properties of BiMnO3 with
those of LaMnO3. We begin by calculating the electroni
structure for the high symmetry cubic phases, without
cluding magnetic effects, then lower the magnetic symme
to the ferromagnetic phase. Finally we introduce structu
distortions in both paramagnetic and ferromagnetic calcu
tions. This ability to isolate structural and magnetic disto
tions is unique to computational studies, and allows iden
cation of the essential microscopic interactions which ca

FIG. 6. Up- and down-spin band structures for CaMnO3 calcu-
lated using the plane wave pseudopotential method and the pa
nonlinear core correction method of Louieet al. ~Ref. 25!. The
band structures are in good agreement with earlier LAPW calc
tions ~Ref. 29!.

FIG. 7. Calculated densities of states for cubic paramagn
LaMnO3 and BiMnO3 .
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PRB 59 8763FIRST-PRINCIPLES INVESTIGATION OF . . .
the observed macroscopic behavior. All calculations are
ried out at the experimental lattice constant of 3.95 Å.

A. Cubic paramagnetic structures

First we present results for BiMnO3 and LaMnO3 in the
highest possible symmetry state—that is the cubic struct
without spin polarization@we call this the paramagneti
~PM! phase#. Although this phase is experimentally inacce
sible, it provides a useful reference for understanding
ferromagnetic~FM! structures to be discussed later in th
paper.

Figure 7 shows the calculated densities of states for cu
paramagnetic LaMnO3 and BiMnO3. The plotted energy
range is from212 to 4 eV, and the lower lying semicor
states have been omitted for clarity. The Fermi level is se
zero in both cases. The broad series of bands between22
and 27 eV in both materials arises from the oxygen 2p
orbitals. Above the oxygen 2p bands, and separated fro
them by an energy gap, are the Mn 3d bands. The Mn 3d
bands are divided into two sub-bands—the lower energyt2g
bands and the higher energyeg bands—as a result of crysta
field splitting by the octahedral oxygen anions. One strik
differencebetween the two DOS plots is the presence o
band between210 and212 eV in the BiMnO3 band struc-
ture which does not exist in the LaMnO3 case. This band
corresponds to the high lying occupied Bi 6s electrons. In
addition, the high-energy La 5d electrons have a very differ
ent form than the Bi 6p electrons, which occupy a simila
energy range.

The Fermi level lies near the top of the Mn 3d t2g bands
and is in a region of high density of states. The large DOS
the Fermi level suggests that the cubic PM structure is
stable, and that a lower-energy structure could be achie
by allowing spin-polarization and/or structural distortion.

Figure 8 shows the corresponding band structures a
the high symmetry axes of the simple cubic Brillouin zon
Again the broad O 2p bands between22 and27 eV can be
seen clearly in both materials, with the Mn 3d bands above
them, separated by an energy gap. The highlighted line
the band structure plots accentuate the upper and lower
3d bands, which have a similar form to each other and
those of CaMnO3 ~Fig. 6!. This indicates a ‘‘universality’’ in
the manganite structure throughout the perovskite manga
series, which is independent of the identity of the large c
ion.

Again we observe the Bi 6s band, which can be seen t
have considerable dispersion suggesting that it is involve
covalent bonding. In addition, the Mn 3d bands in BiMnO3
overlap with the partially occupied Bi 6p orbitals, whereas
in LaMnO3 the next highest bands are the unoccupied Lad
bands.

The differences between the two band structures show
clearly in the bands along theG→X line. This region of the
band structure is shown in Fig. 9 with the symmetry lab
added, and the energy scale extended to include the lo
energy O 2s and La 5p bands. In the following discussio
we focus on the bands withD1 symmetry as capturing th
essential features. TheD1 bands are plotted with solid lines
and all other bands with dashed lines.
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In LaMnO3, the oxygen 2pD1 bands decrease monoton
cally in energy fromG to X, and the Mn 3d D1 band in-
creases monotonically fromG to X. Figure 10 shows a con
tour plot of the charge density in the group of bands abo
the O 2p manifold near the Fermi level at theG point. The
spacing of the outer three lines is13 that of the innermost
contours. The charge density has been projected on the~100!
plane by integrating through the whole unit cell perpendic
lar to ~100!. The Mn ion is located at the center of the plo
the La ions at the corners and the O ions in the middle of
cell edges and at the center. It is clear that the Fermi sur
consists largely of Mn 3d electrons, with contributions from

FIG. 8. Calculated band structures for cubic paramagn
LaMnO3 and BiMnO3 along the high symmetry axes of the Bri
louin zone. The highlighted lines in the band structure plots acc
tuate the upper and lower Mn 3d bands, which have a similar form
to each other and to those of CaMnO3 ~Fig. 6!.

FIG. 9. Calculated band structures for cubic paramagn
LaMnO3 and BiMnO3 along theG→X axis. The solid lines show
the bands ofD1 symmetry.
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8764 PRB 59NICOLA A. HILL AND KARIN M. RABE
other atoms below the resolution of the plot. The cha
density at theX point is very similar, except that there is
small oxygen contribution, indicating that the amount of M
3d-O 2p hybridization increases along theG to X line.

In BiMnO3 the behavior is quite different. First, theX1
symmetry of the Bi 6s band at theX point causes theX1 O
2p band to be ‘‘pushed up’’ in energy, resulting in a diffe
ent ordering of the O 2p bands at theX point. The Mn
3d D1 band crosses the very dispersive Bi 6p D1 band, and
the latter moves below the Fermi level near theX point.
Figures 11 and 12 show contour plots at theG andX points,
respectively, of the charge density in the five bands near
Fermi level above the O 2p manifold. ~These are the band
which we found to be entirely Mn 3d in the case of
LaMnO3.) Again the charge density is projected onto t
~100! plane, and the same scale is used for the contours a

FIG. 10. Contour plot of the charge density distribution in t
Mn 3d bands at theG point of LaMnO3 . A ~100! projection is
shown, with the Mn cation at the center of the square, the La ion
the corners, and the oxygen anions at the edge midpoints an
center. The charge density has been integrated through the uni
perpendicular to the~100! plane.

FIG. 11. Contour plot of the charge density distribution in t
Mn 3d bands at theG point of BiMnO3 . A ~100! projection is
shown, with the Mn cation at the center of the square, the Bi ion
the corners, and the oxygen anions at the edge midpoints an
center. The charge density has been integrated through the uni
perpendicular to the~100! plane. Note the similarity to the corre
sponding plot for LaMnO3 ~Fig. 10!.
e

e

in

Fig 10. At theG point the charge distribution is similar t
that of LaMnO3. However, atX there is a significant amoun
of charge density around the Bi atoms. Further analysis
veals that the Bi component is in theX48 band, which crossed
the highest Mn 3d band. The lack of anticrossing betwee
the Bi 6p and Mn 3d D1 bands is due to the zero matri
element between the Bi 6p and Mn 3d orbitals.

To quantify the differences between cubic PM BiMnO3
and LaMnO3, we performed tight-binding analyses of theG
to X regions of the respective band structures. Tight-bind
parameters were obtained by non-linear-least-squ
fitting43 to the calculatedab initio energies at the high sym
metryG andX points, and at 19 points along theD axis. First
we performed analyses with only oxygen 2s and 2p and Mn
3d orbitals included in the basis set. The tight-binding p
rameters thus obtained are given in Table I. The band e
gies calculated using these parameters have root mean s
~rms! deviations from theab initio energies of 0.20 for
LaMnO3 and 0.25 for BiMnO3. The resulting band struc
tures for the bands ofD1 symmetry are compared with theab
initio values in Fig. 13. The limited basis set reproduces
LaMnO3 bands well, consistent with an early proposal
Goodenough42 that the magnetic properties of LaMnO3 are
determined by the Mn 3d-O 2p hybridization only. Note
that the fit to the lower energy O 2s bands is the leas
good—these bands are very close in energy to the Lap
bands which have not been included in the fit. The behav
of the BiMnO3 D1 bands is less well reproduced, confirm
ing that additional orbital overlaps are essential in produc
the observed band structure.

We then repeated the fitting procedure for BiMnO3, with
Bi 6s and 6p orbitals added to the basis. Transfer integr
between nearest neighbor Bi 6s-O 2p, Bi 6p-O 2p, Bi
6p2Mn 3d, and Bi 6p-Bi 6p orbitals were allowed to be
nonzero. This significantly improved the quality of the fit
the ab initio bands~see Fig. 14!, and reduced the root mea
square deviation to 0.12. The values of the new tight-bind
parameters are given in Table II. The largest transfer in
grals involving Bi are the Bi 6s-O 2p and Bi 6p-O 2p s

at
the
ell

at
the
ell

FIG. 12. Contour plot of the charge density distribution in t
‘‘Mn 3 d’’ bands at theX point of BiMnO3 . A ~100! projection is
shown, with the Mn cation at the center of the square, the Bi ion
the corners, and the oxygen anions at the edge midpoints and
center. The charge density has been integrated through the uni
perpendicular to the~100! plane.
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interactions, with the magnitude of thes-bonded Bi
6p-O 2p interaction being approximately 30% larger th
that of the Bi 6s-O 2p. Also large are the Bi 6p-Bi6p s
interactions, which cause the Bi 6pD1 band to be pushed
down below the Fermi level.

B. Comparison with experiment

The conclusion from our tight-binding analysis is cons
tent with recent measurements showing enhancemen
charge ordering in Bi-doped CaMnO3.45 Rao and co-
workers observed that the charge-ordered state
Bi0.3Ca0.7MnO3 persists to a higher temperature than that

TABLE I. Tight-binding parameters for BiMnO3 and LaMnO3

obtained by non-linear-least-squares fitting to theab initio eigenval-
ues alongG to X. E indicates an orbital energy andV an interatomic
transfer integral. All transfer integrals are between nearest ne
bors, except those with the subscript 2 which are between
nearest neighbors. Only the parameters listed in the table wer
lowed to be nonzero in the fitting procedure.

BiMnO3 LaMnO3

EO2s 217.680595 217.836376
EO2p 23.444399 24.514022
EMn3d 21.202430 21.191285
VO2s-O2s 20.252108 20.243683
V(O2p-O2p)s 0.735211 0.620568
V(O2p-O2p)p 20.132201 20.063466
@V(O2p-O2p)s#2 20.211935 0.182635
@V(O2p-O2p)p#2 20.044754 0.082951
VO2s-Mn3d 21.720688 21.735814
V(O2p-Mn3d)s 21.964201 21.838490
V(O2p-Mn3d)p 1.036316 0.878961
V(Mn3d-Mn3d)d 20.003391 0.066346

FIG. 13. Comparison ofab initio D1 bands with those obtaine
from a tight-binding fit using only Mn and O orbitals in the bas
The fit for LaMnO3 is good indicating that only the Mn and O ion
are significantly involved in covalent bonding. The fit for BiMnO3

has a higher rms deviation, and in particular misses the additi
curvature around23 eV near theX point. This shows that addi
tional interactions are present.
-
of

in

La0.3Ca0.7MnO3. They explained their observations by no
ing that the electronegativity of Bi enhances Bi-O hybridiz
tion and in turn reduces the amount of Mn-O hybridizatio

Additional evidence in support of this phenomenon can
extracted from Ref. 46, in which a temperature-composit
phase diagram for Bi12xCaxMnO3, showing the charge-
ordered transition and the Ne´el temperature, is plotted. Com

h-
xt
al-

al

FIG. 14. Comparison ofab initio D1 bands with those obtained
from a tight-binding fit including Bi 6s and 6p orbitals in addition
to Mn 3d and O 2s and 2p. The fit is improved over the fit using
only Mn and O orbitals.

TABLE II. Tight-binding parameters for BiMnO3 obtained by
non-linear-least-squares fitting to theab initio eigenvalues alongG
to X. An expanded tight-binding basis including the Bi 6s and 6p
orbitals was used. The labeling scheme for the parameters is
same as in Table I. Only the parameters shown were allowed t
nonzero.

BiMnO3

EBi6s 210.310688
EBi6p 0.202695
EO2s 217.717958
EO2p 23.725773
EMn3d 21.167871
VBi6p-Bi6ps 0.848443
VBi6p-Bi6pp 0.166061
VBi6s-O2p 20.812502
V(Bi6p-O2p)s 21.061660
V(Bi6p-O2p)p 20.145201
V(Bi6p-Mn3d)s 0.170850
V(Bi6p-Mn3d)p 0.078144
VO2s-O2s 20.237506
V(O2p-O2p)s 0.652059
V(O2p-O2p)p 20.125450
@V(O2p-O2p)s#2 20.010196
@V(O2p-O2p)p#2 20.002797
VO2s-Mn3d 21.645508
V(O2p-Mn3d)s 21.926533
V(O2p2Mn3d)p 0.959768
V(Mn3d-Mn3d)d 0.029347
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parison with similar data for La12xCaxMnO3 ~in, for ex-
ample, Ref. 47! confirms that the charge ordered pha
persists to higher temperature in Bi-doped CaMnO3 than in
La-doped CaMnO3. The ability to tune the positions o
phase boundaries by substitution of Bi for the rare earth i
might prove valuable in optimizing materials properties
specific device applications.

C. Cubic ferromagnetic structures

Next, we present the results of calculations in which
high symmetry cubic structure is retained, but the electr
are allowed to spin polarize. We find that introduction
spin polarization reduces the energy of both BiMnO3 and
LaMnO3 by around 1 eV per unit cell compared with th
paramagnetic case. The most important observation of
section is that thedifferencesbetween BiMnO3 and LaMnO3
which we observed in the paramagnetic calculations pe

FIG. 15. Calculated densities of states for cubic ferromagn
LaMnO3 and BiMnO3 .

FIG. 16. Up- and down-spin band structures for cubic LaMn3

and BiMnO3 along the high symmetry axes of the Brillouin zone
s
r

e
s

f

is

ist

into the ferromagnetic phase, the PM to FM transition int
ducing the same kinds of changes in both materials.

Figure 15 shows the calculated densities of states for
bic ferromagnetic LaMnO3 and BiMnO3. The majority spins
are represented by the solid line on the positivey axis, and
the minority spins by the dashed line on the negativey axis.
In both LaMnO3 and BiMnO3, the down-spin Mn 3d band
is split off from the O 2p band, and has a similar form to th
corresponding paramagnetic band. The up-spin Mn 3d hy-
bridizes strongly with the O 2p and there is no band gap fo
the majority carriers. The up-spin DOS at the Fermi level
LaMnO3 is still high, indicating that the cubic FM state has
high energy. This is consistent with the fact that the lowe
energy spin polarization instructurally relaxedLaMnO3 is
antiferromagnetic.44 The DOS at the Fermi level in BiMnO3

ic
FIG. 17. Minority conduction band charge density in cubic F

LaMnO3 . The charge density is projected on the~001! plane of the
cubic unit cell.

FIG. 18. Minority conduction band charge density in cubic F
BiMnO3 . The upper plot is a~100! slice through the Mn-O plane
and the lower plot is a~100! slice through the Bi-O plane.
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TABLE III. Force constant matrices in cubic paramagnetic BiMnO3 and LaMnO3 .

BiMnO3 LaMnO3

Bi Mn Oz Ox Oy La Mn Oz Ox Oy

Bi 25.47 22.37 20.73 4.28 4.28 La 20.05 22.64 20.71 1.70 1.70
Mn 22.46 11.12 28.66 0.00 0.00 Mn 23.07 15.10 211.57 20.21 20.21
Oz 20.64 28.57 13.03 21.91 21.91 Oz 20.72 211.53 17.04 22.40 22.40
Ox 4.28 20.09 21.82 22.19 20.18 Ox 1.92 20.46 22.38 20.01 0.91
Oy 4.28 20.09 21.82 20.18 22.19 Oy 1.92 20.46 22.38 0.91 20.01
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is somewhat lower suggesting that the FM phase should
more stable in BiMnO3 than in LaMnO3. For both com-
pounds, the Fermi level cuts through the very bottom of
down-spin Mn 3d bands, and the conduction band is occ
pied almost entirely by up-spin electrons. Materials in wh
the electrons at the Fermi level are 100% spin polarized
known as half-metallics, and are considered desirable for
in devices such as spin transistors. Again the most obv
differences between the two electronic structures are
presence of the Bi 6s band between210 and212 eV, and
the contrasting forms of the Bi 6p and La 5d bands.

Figure 16 shows the up and down-spin band structures
BiMnO3 and LaMnO3 along the high symmetry axes of th
simple cubic Brillouin zone. There are many similarities b
tween the FM and PM energy bands, and our earlier con
sions regarding the origins of the differences betwe
BiMnO3 and LaMnO3 continue to be valid.

First we examine the up- and down-spin LaMnO3 band
structures, and compare with the PM LaMnO3 band struc-
tures to determine the changes which spin polariza
causes in a ‘‘conventional’’ manganite. The states which c
respond to nonmagnetic atoms are unchanged from the p
magnetic state, and are identical for up- and down-spin e
trons. For example, the dispersion of the lowest O 2p band is
identical for up and down spin, and for the PM phase. A
the La 5d bands, which were above the Mn 3d bands in the
PM state are unchanged in form and energy. The chara
istic perovskite manganite Mn 3d pattern which we re-
marked on earlier persists in the FM phase, appearing aro
2 eV higher for the down-spin electrons than for the up-s
because of the exchange splitting. The up-spin Mn 3d and O
2p bands are strongly hybridized and there is no gap
tween them. However, the down-spin Mn 3d are split off
from the O 2p bands by a larger gap than in the PM case.
a result, the Mn 3d bands occupy the same energy region
the unoccupied La 5d bands.

Next we compare the up- and down-spin BiMnO3 band
structures. As expected, the nonmagnetic Bi 6s band and the
be

e
-
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-
u-
n

n
r-
ra-
c-
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lower O 2p bands are identical for up and down spin. In fa
the overall form of thedown-spinO 2p bands is almost
identical to that of the corresponding PM BiMnO3 bands.
However, it is different from that of the down spin LaMnO3

O 2p bands—in particular the structure at theG point is
quite different, a consequence of the unusual behavior of
D1 band which we observed earlier in the PM bands. B
up- and down-spin Mn 3d bands show the characteristic pe
ovskite manganite features~most noticeable in this cas
along theM -R-X directions! which we noted earlier in our
discussions of the PM band structures, and of CaMnO3. The
form of the down-spin Mn 3d/Bi 6p bands is similar to that
of the PM phase, although the energy separation from th
2p bands is larger. In contrast, the majority bands sh
strong hybridization between the Mn 3d and O 2p electrons.
The lowest Mn 3d bands at theG point (G258 ) move below
the upper O 2p bands. At theR point, the Bi 6p bands are
now above the Mn 3d bands, whereas in the down-spin an
paramagnetic band structures they were below.

The contrast between the BiMnO3 and LaMnO3 minority
conduction electrons is striking. Figure 17 is a contour p
of the small amount of down spin charge density in the
gion above, and separated by a gap from, the O 2p bands.
The charge density through the entire unit cell has been
jected onto the~100! plane. The electrons are localized e
tirely in the Mn 3d orbitals with no hybridization with the O
atoms. This is a result of the large energy separation betw
the Mn and O bands, which in turn is a consequence of
minority Mn 3d bands being pushed to higher energy
exchange forces. There is no contribution from the La ato
because the La 5d electrons never intersect the Fermi leve
Figure 18 shows the charge density of the down-spin c
duction band electrons in BiMnO3. Rather than summing
over the unit cell, two different slices through the unit ce
are shown. The upper plot is in the Mn-O~100! plane, with
the Mn ion at the center and O ions at the edge midpoi
There is minority spin conduction band charge density loc
table
TABLE IV. Eigenvectors and eigenvalues of the dynamical matrix which correspond to the uns
phonon modes in cubic paramagnetic BiMnO3 and LaMnO3 .

BiMnO3 LaMnO3

n (cm21) Bi Mn Oz Ox Oy n (cm21) La Mn Oz Ox Oy

72.39i 0.0 0.0 0.0
2

1

A2

1

A2

49.04i 0.0 0.0 0.0
2

1

A2

1

A2
98.20i 20.43 0.09 0.16 0.62 0.62 44.69i 20.59 0.22 0.21 0.53 0.53
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ized on both the Mn and O ions. The lower plot is in t
Bi-O ~100! plane, with Bi ions at the corners and an O ion
the center. We see that the Bi contribution to the cha
density is both large and highly directional. The fact that
conduction electrons partly occupyp-type atomic orbitals
should produce quite different transport characteristics t
those observed in conventional rare earth manganites, w
the conduction bands are entirely Mn 3d type.

D. Ferroelectric distortions

Finally we investigate the origin of the proposed ferr
electricity in BiMnO3. In keeping with the philosophy o
this paper, we study the lattice distortions of the high sy
metry cubic phases, and compare our results for BiMn3
with those for LaMnO3. We restrict our discussion to zon
center phonons.

The perovskite manganites have five atoms per unit c
which results in 15 phonon branches, 3 acoustical and
optical. At theG point all phonons are threefold degenera
so there is one acoustical phonon frequency~which is zero!,
and four optical frequencies. We are interested in the opt
phonons which have negative eigenvalues, indicating lat
instabilities.

The force constant matrices for LaMnO3 and BiMnO3
were determined by calculating the Hellmann-Feynm
forces resulting from the displacement of each atom in t
0.1 Å along thez direction of the unit cell. The forces
exerted on the Mn ions by the other ions were determi
using the acoustic sum rule. We calculated the Mn-Mn fo
by applying the acoustic sum rule to both the columns a
the rows of the resulting matrix. The two values differed
less than around 0.001 eV/Å . Our calculated force cons
matrices for paramagnetic LaMnO3 and BiMnO3 are tabu-
lated in Table III.

The paramagnetic cubic phases of both LaMnO3 and
BiMnO3 have two unstable phonon modes. The frequenc
and eigenvectors of the unstable modes are given in T
IV. The mode involving motion of the equatorial oxygen
shown in Fig. 19~b!, does not correspond to a ferroelectr
distortion and will not be discussed further. The displa
ment pattern for the second unstable mode is shown in
19~a!. Here the large~Bi or La! cations are moving in oppo
sition to the oxygen cage, resulting in a ferroelectric d

FIG. 19. Eigenvectors of the two unstableG point phonon
modes in BiMnO3 . The Mn ion is at the center of the unit ce
surrounded by an octahedra of oxygens, with the Bi ions at the
cell corners. Each mode is threefold degenerate.~a! is the mode
which leads to a ferroelectric distortion;~b! is a nonferroelectric
mode.
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placement. The imaginary frequency of this mode is twice
large in BiMnO3 than in LaMnO3, indicating a stronger in-
stability in the Bi compound. It is interesting to note that t
Mn is moving in the same direction as the oxygen ions. T
is opposite to the behavior of the Ti ion in BaTiO3 and
PbTiO3 , but similar to the behavior of Zr in PbZrO3.16

The imaginary frequency phonons in the ferromagne
phases are less unstable than the corresponding imag
frequency paramagnetic phonons. In fact the ferroelec
mode in LaMnO3 is now only slightly unstable, a
21.1i cm21, and the other formerly unstable mode now h
a positive frequency. However, the frequency of the fer
electric mode in ferromagnetic BiMnO3 remains strongly un-
stable, at 82.30i cm21.

It is clear from our analysis, that the presence of fer
electricity in BiMnO3, and absence of ferroelectricity i
LaMnO3, can be explained by the different zone center l
tice instabilities. Although a definitive prediction require
calculation of the phonon dispersion throughout the en
Brillouin zone, it is likely that the weakly unstable zone ce
ter phonon in LaMnO3 will be overshadowed by a stronge
instability elsewhere in the Brillouin zone, reproducing the
retically the experimentally observed Jahn-Teller distortio
Similarly, the very unstable ferroelectric mode at the zo
center in BiMnO3 is likely to dominate over possible un
stable modes at other frequencies, confirming theoretic
the suggested existence of ferroelectricity in BiMnO3. We
are in the process of developing spin-polarized density fu
tional perturbation theory code17 which will allow us to in-
vestigate efficiently the nature of the phonons throughout
entire Brillouin zone. Our results will be the subject of
future publication.

An alternative suggestion for the origin of the ferroele
tricity in BiMnO3 is that it originates from an electroni
phase transition, in contrast to the conventional displac
ferroelectricity caused by a lattice distortion.48 Such elec-
tronic ferroelectricityhas been demonstrated theoretically49

in the insulating phase of the Falicov-Kimball model, a
there is some experimental data which is consistent with
occurrence of electronic ferroelectricity.49 The correlations
associated with the electronic instability are included via
BCS-like wave function and thus the resulting energy is
expected to be well described within the local density a
proximation. In similar situations, however, LDA resul
have been successfully used to compute values of mode
rameters for input to many-body investigations.50 This is
clearly a subject which merits further experimental and t
oretical study.

IV. SUMMARY

Our results indicate that covalent bonding between
bismuth cations and oxygen anions in BiMnO3 introduces
additional orbital interactions compared with the rare ea
manganites, in which the rare earth—oxygen interaction
essentially purely ionic. These additional orbital interactio
in turn stabilize different magnetic and structural phases. O
results are consistent with the limited experimental data
doped BiMnO3-based compounds, and suggest that a mod
experimental study of pure BiMnO3 might reveal novel and
potentially useful phenomena.
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