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Coexistence of magnetism and ferroelectricity in perovskites
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We present a first-principles comparison of BaTiO3 ,CaMnO3, and YMnO3 which reveals the fundamental
role of thed electron occupation in preventing or favoring the simultaneous presence of magnetic and electric
polarization. The ferroelectric compounds are distinguished from the nonferroelectrics by an ultrasensitivity of
the p-d charge hybridization to the atomic displacements. To be effective these hybridization changes require
the d orbitals oriented in the direction of the ferroelectric distortion to be formally empty. This orbital direc-
tionality can explain the coexistence of antiferromagnetism and ferroelectricity in the hexagonal phase of
YMnO3, which is ferroelectric along thec axis: in the Mn31 ion, four filled d orbitals provide a magnetic
moment, and one emptyd orbital (dz

2) can participate in hybridization changes and induce a ferroelectric
distortion. The Born effective charges are found to be highly anomalous in CaMnO3, which is far from being
ferroelectric.

DOI: 10.1103/PhysRevB.65.195120 PACS number~s!: 71.20.2b, 75.50.Ee, 77.80.2e, 77.84.Bw
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I. INTRODUCTION

Perovskite materials are fascinating both because
display a wide variety of fundamental properties, from ma
netism to ferroelectricity, from colossal magnetoresistanc
half-metallicity, and because they are used in a numbe
important technological applications, such as transducers
memories. They also show electronic and structural pe
liarities including orbital and charge ordering, formation
local moments, and Jahn-Teller distortions. Such a richn
combined with their relatively simple structure, makes th
ideal materials for investigating the general principles t
govern these properties.

For example in the recent past an understanding of
fundamentals of ferroelectricity has been gained by den
functional theory studies of the perovskite ferroelectr
~e.g., BaTiO3 ,SrTiO3, and KNbO3).1,2 These studies hav
benefited from important theoretical advances such as lin
response density functional theory3 and the Berry phase
approach,4,5 which allowed the formulation of the so-calle
modern theory of polarization in crystals. In addition, t
ability to calculate dielectric permittivity, piezoelectricity
Born effective charge~BEC!, pyroelectricity, and spontane
ous electrical polarization (P) from first principles has led to
important insights.

In parallel with ~but apparently without intersecting! the
current of studies on ferroelectric perovskites, a large co
munity, driven by the discovery of colossal magnetoresis
ity in Ca-doped LaMnO3,6 has started to investigate the va
class of magnetic~especially manganese! perovskites. Many
magnetic perovskite oxides are antiferromagnetic insulat
but the possible magnetic phases~i.e., the ordering of mag-
netic moments! are diverse and dependent on the spec
compound.

The lack of overlap between researchers studying m
netic perovskites and those studying ferroelectric perovsk
is due to the fact that the cubic~or orthorhombically dis-
torted! magnetic perovskites are generally not ferroelect
whereas ferroelectricity is a common characteristic of
cubic perovskites having cations with zerod occupations
0163-1829/2002/65~19!/195120~11!/$20.00 65 1951
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~e.g., Ti41,Nb51).7 However, the ‘‘d0-ness’’ criterion for fer-
roelectricity does not rule out completely the simultaneo
presence of magnetic and ferroelectric ordering. Indeed,
less widely studied class ofhexagonalperovskites~to which
YMnO3 belongs! has been known for a long time to displa
both these properties. Understanding how the chemical e
ronment affects the coexistence of magnetism and ferroe
tricity is the main goal of this paper.

The primary focus of our investigation is the distributio
of the electron charge within thed orbitals of both magnetic
and ferroelectric perovskites. Indeed, many properties
these materials are crucially dependent on thed-orbital oc-
cupation numbers. They may display unusual features s
as charge and orbital ordering, which, in turn, determine
magnetic ordering. Even the structural properties can
closely related to thed-state occupations. For example, th
ions Mn31 and Cr21 belong to the class of Jahn-Teller com
pounds, in which the fractional occupation of the degener
eg orbitals drives the structure to an orthorhombic distortio
whereas the Mn41 and Cr31 ions, with their sphericalt2g

3

configuration, are chronically octahedral.
Also, thed-orbital occupation is a fundamental parame

in understanding the presence or absence of ferroelectri
Past works have clearly shown that hybridization of cationd
and anionp states is necessary to have a ferroelectric gro
state,1,2 whereas a ferroelectric state is never stable in prim
rily ionic compounds. Furthermore, previous work on ferr
electric perovskites8–12has clearly shown that the BEC tend
to be anomalously large, i.e., far larger than the nomi
ionic charges, in ferroelectric materials. The anomaly is
lieved to be a necessary condition for a crystal to sus
spontaneousP, since it indicates thatP is very sensitive to
~or may be driven by! small changes of atomic positions.

However, neither strongp-d hybridization nor anomalous
BEC can be considered sufficient conditions for ferroel
tricity. Indeed, hybridization is present in many nonferroele
tric systems as well;13 thus, it is not a very selective require
ment, and the BEC are found to be anomalous even
nonferroelectric compounds.14–16We will show in this paper
©2002 The American Physical Society20-1
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that the driving force towards the ferroelectric state is in f
the sensitivity of the charge hybridization to ferroelect
displacements.8 In this picture, the off-center displacemen
are energetically favored only if they are accompanied b
substantial rearrangement of the charge producing a ch
imbalance between cation-anion bonds. This imbalance le
naturally to a destabilization of the centrosymmetric config
ration.

In order to quantify this effect, a comparative study of t
BEC, orbital occupations, ionic charges, and charge hyb
izations in ferroelectric and nonferroelectric perovskites
required. We expect to see important differences of hyb
ization changes for ferroelectric and nonferroelectric mat
als. It will be shown that such differences do exist and
perhaps better indicators of the onset of ferroelectricity th
an anomalous BEC alone.

Specifically, we present first-principles results for cub
BaTiO3, cubic CaMnO3, and hexagonal YMnO3. BaTiO3 is
a well-studied ferroelectric~and nonmagnetic! perovskite.
Our calculations for this compound are not aimed at elu
dating new physics, but rather provide a reference point w
which to compare the two other systems. In particu
CaMnO3 shares the same nominal ionic configuration
BaTiO3, although CaMnO3 is magnetic and not ferroelectric
Finally, hexagonal YMnO3 is probably the best known ma
terial in which both ferroelectric and magnetic orders co
ist, and thus is the main focus of this work. The importan
of d-state occupations is particularly evident here. Inde
YMnO3 can be grown in both cubic and hexagonal pha
~although the latter is the most stable! but, despite the pres
ence of the same Mn31 ion, only the hexagonal structure
ferroelectric. This indicates that the possibility of coexisten
does not depend just on the total amount ofd charge, but,
crucially, on the specific charge distribution within thed or-
bitals and their hybridizations with the surrounding enviro
ment.

The remainder of this paper is organized as follows:
Sec. II we describe our methodology and review the ba
relationships betweenP, BEC, and orbital occupation num
bers. In Secs. III A, III B, and III C we describe our resu
for BaTiO3 ,CaMnO3, and YMnO3, respectively. Our conclu
sions are summarized in Sec. IV.

II. DEFINITIONS AND TECHNICAL DETAILS

In this work we use a plane-wave pseudopoten
implementation17 of density functional theory within the lo
cal spin density approximation18 ~LSDA!. We use efficient
ultrasoft19 pseudopotentials which allow us to obtain acc
rate results at very feasible cutoff energies~30 Ry for
BaTiO3 and CaMnO3, 35 Ry for YMnO3). For Y, Ba, and Ti
the semicores andp electrons are treated as valence char
In order to have highly transferable pseudopotentials,
projectors per angular channel are included in all the ato
For total energy calculations we use up to 83838 grids of
special k points.20 Structural relaxations are performed b
minimization of the Hellman-Feynman forces within a co
vergency threshold of 1023 Ry/bohr.

Since many of the conclusions in this paper are reac
19512
t

a
ge
ds
-

-
s
-
i-
e
n

i-
h
r,
s

-
e
,
s

e

-

ic

l

-

.
o
s.

d

from a density of states~DOS! analysis, we take care to
calculate the DOS very accurately: the energies of a la
~order 100! k-point set are interpolated using the linear te
rahedron method through the irreducible Brillouin zone.
order to calculate the DOS contributions coming from in
vidual orbitals, we calculate the orbital occupation numb
qj ,lms as the projections of Bloch statescnks onto atomic
wave functionsf j ,lm :

qj ,lms5(
nk
occ

^cnksuf j ,lm& ^f j ,lmucnks&, ~1!

where j runs over the atoms, andlm and s are orbital and
spin quantum numbers, respectively.

Much of the literature on first-principles studies of ferr
electrics focuses on the BEC as an indicator of the tende
to undergo ferroelectric distortion. The BEC (Zj ,ab* ) is the
atomic position derivative ofP ~at zero macroscopic electri
field!:

Zj ,ab* 5
dPa

dRj ,b
, ~2!

wherea andb are Cartesian indices. Alternatively, the BE
can be defined as the linear-order coefficient betw
the electric fieldE and the forceFj which the field exerts
on ion j:

Zj ,ab* 5
dF j ,a

dEb
, ~3!

where the derivative is calculated at zero atomic displa
ment. A large BEC indicates that the force acting on a giv
ion due to the electric field generated by the atomic displa
ments is large even if the field is small, thus favoring t
tendency towards a polarized ground state.

A number of different approaches for calculating the BE
have been presented in the literature based, in rough chr
logical order, on empirical methods,21 supercell
calculations,22 linear-response density functional theory,3 and
Berry phase formulation.4,5,23 Here we adopt a supercell ap
proach based on the definition ofZj* given in Eq.~3! that has
been shown to give accurate results.22 Using the Hellmann-
Feynman theorem, the force due to an external~i.e., bare!
electric fieldE ex ~at zero displacement! is

F j ,a52Zj uE a
exu1(

nk
K cnkU ]Vpp

]Rj
UcnkL . ~4!

The first term on the right-hand side of Eq.~4! is the force
acting on the ion-core chargeZj . The second term is the
force due to theresponseof the electron density to the ex
ternal perturbation. (Vpp is the ionic pseudopotential, an
cnk are the Bloch eigenfunctions of the perturbed syste!.
From Eq. ~4! the electric field derivative ofF j ,a can be
evaluated by finite differences.

The disadvantage of this approach is the necessity of
ing supercells: the bare electric fieldE ex is simulated by a
sawlike potential, and in order to make the atoms insensi
to this artifact, long supercells in the direction of the appli
0-2
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COEXISTENCE OF MAGNETISM AND . . . PHYSICAL REVIEW B65 195120
field are needed~see Ref. 22 for details!. On the other hand
its appeal resides in the fact that it does not require c
implementations beyond ordinary total energy and for
calculations. For our cubic perovskites we use slabs with
axis parallel toP, respectively 4 times longer than those
the corresponding primitive cells~giving 20 atom slabs!.

Within this method the optical dielectric tensoregb
` can be

extracted as the ratio between the external and the total e
tric field into the slab. The longitudinal effective charg
~LEC! Zj ,ab

L can be calculated as well. Like the BEC, th
LEC’s are defined through Eqs.~2! and ~3!, but with E re-
placed byE ex:

Zj ,ab
L 5

dF j ,a

dE b
ex

5(
g

Zj ,ag*
1

egb
` . ~5!

III. RESULTS

A. BaTiO3

The purpose of this section is to provide benchmark c
culations for this prototypical perovskite ferroelectric wi
which to compare our later calculations on magnetic fer
electric and nonferroelectric perovskites. BaTiO3 has been
studied intensively in the past since the discovery of
ferroelectricity.24 It shows a very rich phase diagram: in th
high-temperature paraelectric phase it is a cubic insul
but, as the temperature is lowered, it undergoes three
secutive ferroelectric distortions along directions@001# ~te-
tragonal!, @110# ~orthorhombic!, and@111# ~rhombohedral! at
T;400 K, 280 K, and 185 K, respectively.~A hexagonal
ferroelectric phase has been observed25 as well.! Many first-
principles studies have been carried out,1,2,26–29 and the
structural and electronic properties, BEC’s, spontaneouP,
interatomic force constants, and phonon frequencies h
been calculated.

Here we are specifically interested in studying the DO
orbital hybridization, and occupation numbers. Although
number of DOS calculations for BaTiO3 have already been
carried out~see, for instance, Ref. 2!, our revisitation is nec-
essary since we want to evaluate the individual contribut
to the total DOS of anionp, and cationd eg , andt2g orbitals.
This orbital resolution~to our knowledge never reported s
far! is crucial for our later comparison with the DOS of th
magnetic perovskites.

In Fig. 1 ~upper panel! our DOS calculation for the cubic
phase of BaTiO3 is shown. The DOS is resolved into Op and
Ti d contributions. The latter is further resolved into pa
coming from thet2g triplet and theeg doublet of orbitals.
The DOS is that of a charge-transfer insulator, with t
valence-band top almost purely Op type and the conduction
band bottom completely Tid type.

BaTiO3 is usually described as a rather ionic material w
a nominal Ba21Ti41O3

22 configuration, but a certain
amount of hybridization between Tid and Op charge causes
a fraction of Tid states to be occupied. This feature can
observed in Fig. 1: botheg andt2g states are hybridized with
the O p-type manifold. By integrating the partial DOS, w
can calculate orbital occupation numbers and static io
19512
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charges. The occupation numbers ofeg and t2g orbitals are
1.16 and 1.15 electrons, respectively, and the resulting io
configuration is Ba1.981Ti1.711O3

1.242 .
Previous works2,8,9 have pointed out that thisp-d hybrid-

ization drives the ferroelectric instability in BaTiO3. To
verify the sensitivity of the hybridization to atomic displac
ment we recalculate the orbital-resolved DOS of BaTiO3,
again within the cubic cell, with Ti and O atoms displac
along @001# in the fashion of a ferroelectric tetragon
distortion30 ~Fig. 1, lower panel!. To emphasize the distortion
effect, the displacement amplitudes have been taken to
twice as large as those of the ferroelectric tetragonal st
ture ~i.e., ;2% of the theoretical lattice constant,a0
53.93 Å).

The changes of DOS upon distortion are striking. T
breaking of cubic symmetry splits thet2g orbitals into one
singlet (dxy) and one doublet (dxz and dyz), and theeg or-
bitals into two singlets. Among the Tid orbitals dxy is the
least affected by the distortion since it lies on the plane
thogonal to the distortion and, moreover, is not oriented
wards the ligands. Therefore it is quite insensitive to hybr
ization changes. In contrast,dz2, dxz , and dyz show
remarkable changes. Furthermore, we see a large spli
between thep states of the oxygens in plane with Ti (OP)
and p states of the oxygens on top of Ti (OT). The OT p
states become localized in a;2 eV wide energy region lo-
cated;5 eV below the valence-band top and are stron
hybridized with the Tid states. Analysis of the orbital cha
acters reveals that two kinds of hybridizations between OT p
and Ti d states dominate in this range of energies: apds
hybridization, mixingpz anddz2 orbitals, and apdp hybrid-
ization involvingpx ,py ,dxz , anddyz .

After the distortion, the total occupation ofdz2 increases
from ;0.6to;0.8 electrons and that ofdxz ~and dyz) from
;0.4 to ;0.5, at the expense of thedxy and OT p occupa-
tions. These values suggest thatP may be induced by inter-

FIG. 1. Orbital-resolved density of Tid and Op states in cubic
BaTiO3. The upper panel refers to the structure with atoms pla
in the centrosymmetric positions, the lower panel to the struct
with Ti and O atoms ferroelectrically displaced along@001# ~see
text!.
0-3
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ALESSIO FILIPPETTI AND NICOLA A. HILL PHYSICAL REVIEW B 65 195120
atomic charge transfer. In addition, the energy localization
the OT pz states is consistent with an on-site charge polar
tion. Eventually, both these mechanisms contribute to
polarization process.

The calculated BEC and the cubic dielectric constant
shown in Table I. Our results are in good agreement w
other first-principles calculations.8 For Ti and OT the BEC’s
are highly anomalous, with magnitudes much greater t
the nominal values14 and22, respectively.

In summary, our results are completely consistent with
picture of BaTiO3 resulting from previous works: a stron
change ofp-d hybridization accompanies the ferroelectr
displacements. But it also suggests an aspect that has
been emphasized so far: not the whole Op and Ti d mani-
fold, but only those states derived from orbitals oriented
the direction of the ferroelectric displacement really contr
ute to the hybridization changes and have an active rol
the polarization mechanism. In other words, an orbital
more sensitive to structural distortions if it is oriented alo
the displacement. In the case of BaTiO3 the charge is sensi
tive to displacements along every direction, since all the Td
orbitals are~formally! empty. This is consistent with the ob
servation that in BaTiO3 three ferroelectric phases polarize
along the three high-symmetry directions are more sta
than the cubic phase. But we will show that for other co
pounds with nonzerod occupations~e.g., YMnO3) the ori-
entation of the polarization is constrained to a specific dir
tion by the details of the orbital occupations.

B. CaMnO3

As a next step in understanding the interplay betwe
electric and magnetic ordering, we now investigate a non
roelectric magnetic perovskite whose valence environmen
close to that of BaTiO3. For this purpose, CaMnO3 is the
optimal subject: it has the same ionic configuration
BaTiO3 (Ca21Mn41O3

22) and is also insulating. Further
more, there is a large amount of experimental and theore
information available for CaMnO3.6 The nominal configura-
tion favors a cubic antiferromagnetic~AFM! insulating
ground state, since Mn41 has threed electrons placed in the
triply degenerate spin-splitt2g

↑ bands.31 This fully occupied,
spherically symmetric shell behaves as a core cha
strongly localized in space and very stable in energy.

The magnetic ordering isG-type AFM; i.e., the magnetic
moment on each Mn is antiparallel to those of the
nearest-neighbor Mn ions. The unit cell has fcc symme
and ten atoms. Since the two Mn ions in the unit cell a

TABLE I. Born effective chargesZ* and dielectric constante`

of ABO3 perovskites: cubic, nonmagnetic BaTiO3 and cubic anti-
ferromagnetic CaMnO3 . Z* is the component along thec axis ~i.e.,
Zzz* ); OT andOP label oxygens on-top and in-plane with Ti~or Mn!,
respectively.

ZA* ZB* ZOT
* ZOP

* e`

BaTiO3 2.77 6.89 25.38 22.10 6.66
CaMnO3 2.55 6.99 25.47 22.14 11.25
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connected by AFM symmetry, their magnetic moments
exactly equal in magnitude and opposite in sign, while m
netic moments on O and Ca are constrained to be zero
symmetry. Our lattice constant calculated for theG-type
AFM phase equals the experimental valuea057.05 Å.32

To reinforce our intuition that the Mn41 ion with three
electrons in thet2g

↑ shell is strongly resistant to off-cente
displacement, we calculated the energy difference betw
the observed centrosymmetric structure and a hypothe
tetragonal ferroelectric phase, where the atomic displa
ments for the latter were taken equal to those of the co
sponding phase of BaTiO3. The centrosymmetric configura
tion is lower in energy by 0.16 eV per formula unit~a huge
value, compared to the small differences obtained betw
the various phases in BaTiO3). For a volume increase o
;2%, this energy difference decreases to 0.12 eV per
mula unit. Thus, as in the case of BaTiO3, the competition
between structural phases is affected by the volume, bu
CaMnO3 the equilibrium structure is so far from being ferro
electric that volume effects are not an issue.

In Figs. 2 and 3 we report our DOS calculations for t
AFM-ordered phase. The technical features are the sam
those already discussed for BaTiO3: the DOS is orbital re-
solved and is calculated twice, with atoms in cubic symme
and with Mn and O displaced along@001# ~the distortion
amplitude is the same as that used for BaTiO3). Due to AFM
symmetry, the DOS of the two Mn are equal by exchange
up and down components; thus, we show just one of the

From the Mn DOS in the undistorted cubic structure~Fig.
2, upper panel! we see that thet2g bands are more localize
in energy than theeg . The on-site exchange splitting pro
duces a; 2 eV gap between filledt2g

↑ and emptyt2g
↓ states.

The calculated fundamental gap is;0.4 eV. The top of the
valence band has relevant contributions from both Op and
Mn t2g states, whereas the conduction-band bottom is ma
Mn eg in character. As in the case of BaTiO3, we see that the
nominal ionic configuration is not reflected by the calcu
tions, with a notable amount ofeg states indeed being occu
pied. Also, the spin polarization due tot2g states is reduced
by the presence of a non-negligible amount oft2g

↓ charge. As
a result, the calculated occupation numbers are 2.94 and
for t2g

↑ and t2g
↓ orbitals, and 0.90 and 0.68 foreg

↑ and eg
↓

orbitals, respectively. The resulting Mn magnetic momen
2.41mB , due almost entirely to the polarization of thet2g
states. The total Mnd charge~5.27 electrons! is far larger
than the nominal charge, and the resulting ionic configu
tion Ca1.931Mn1.731O3

1.222 is very close to that calculate
for BaTiO3.

But the similarity of CaMnO3 and BaTiO3 is not main-
tained in the DOS of the distorted structure: in CaMnO3, the
Mn and O DOS are almost insensitive to the distortion. T
tetragonal field splitting of thet2g manifold intodxy and the
doubletdxz and dyz is barely distinguishable. Likewise, th
splittings ofdz2 anddx22y2 states~not shown in the figure!
and of OT p and OP p states are very small. The charg
transfer induced by the distortion is negligible~theeg charge
increases by 0.04 electrons, at the expense of the OT p
charge!, and the only visible effect on the occupation num
0-4
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COEXISTENCE OF MAGNETISM AND . . . PHYSICAL REVIEW B65 195120
bers is the rise of a magnetic moment on OT as a result of the
symmetry breaking. Thus, although significantp-d hybrid-
ization is present in the cubic ground state~revealed by the
big difference of nominal and calculatedstaticcharges!, this
hybridization does not cause the occurrence of charge tr
fer to accompany the atomic displacements. The lack of D
rearrangement upon ferroelectric displacements in CaM3
is an important indication of the close relation between
bridization changes andP, and confirms the idea that
changeof charge hybridization on distortion is a necessa
condition for the presence of ferroelectricity.

Although BEC, static charge transfer, and hybridizati
changes are independent quantities for periodic syste

FIG. 2. Orbital-resolved DOS of a single spin-polarized Mn
AFM G-type CaMnO3. The upper panel is for the structure wit
atoms placed in the centrosymmetric configuration, the lower pa
for the structure with Mn and O displaced according to the fer
electric @001# phase of BaTiO3. The displacement splits thet2g

orbitals into one singletdxy and one doublet (dxz anddyz), and the
eg orbitals into two singlets.

FIG. 3. Orbital-resolved DOS of a single O in AFM G-typ
CaMnO3. Upper panel refers to OT , i.e., the oxygen placed on to
of Mn, lower panel to OP , that is, O in-plane with Mn. Each DOS
is calculated for the structure with atoms in cubic positions~cub!
and for atoms displaced according to the ferroelectric@001# phase
of BaTiO3 ~dis!. Within cubic symmetry, OT and OP are equivalent
and nonmagnetic. After the tetragonal displacement OT becomes
slightly magnetic, whereas OP is still nonmagnetic by symmetry.
19512
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there is a common misconception that they are related. If
were true, we would expect the BEC for CaMnO3 to be close
to the static charges. Instead, our calculations in Tabl
clearly show that the BEC in CaMnO3 are as anomalous a
those in BaTiO3. The importance of this result, we believ
deserves to be emphasized, since it shows that a hi
anomalous BEC can occur even without strong hybridizat
changes and even in materials far from being ferroelect
This result also raises some general questions: In wh
cases are the BEC highly anomalous? If the BEC anoma
a driving force towards ferroelectricity and if BaTiO3 and
CaMnO3 have rather similar BEC’s, how can we expla
their different ferroelectric properties?

The origin of the anomaly must be related to the stro
p-d hybridization presents in CaMnO3, as well as in most
other perovskite oxides. The charge current flowing~i.e., per-
colating! through the bonds upon atomic displacement
suppressed in the limit of purely ionic interactions; thus, t
BEC anomaly may be regarded as a sensitive measur
bond covalency. This argument is not in contradiction w
the results for MnO,33,34where only a small anomaly~2.5 for
the BEC of Mn! has been found, since in MnO the hybrid
ization involves both filled Op and Mnd eg states; thus, no
net charge current can flow through the bonds@the same can
be argued for ZnO~Ref. 13!#.

The existence of ferroelectricity in BaTiO3, and its ab-
sence in CaMnO3, can be understood from two standpoin
The nonanalytical dipole-dipole term present in the dyna
cal matrix @responsible for the longitudinal and transver
optical phonon mode splitting atG ~Refs. 11,35, and 36!# is

Dab
i , j 5

4p

V

S (
g

Zj ,ag* qgD S (
g

Zj ,bg* qgD
(
gd

qg egd
` qd

. ~6!

This expression shows that highly anomalous BEC sho
favor ferroelectricity. On the other hand, this quantity al
depends on the optical dielectric constant. In Table I we a
report the calculated optical dielectric constant (e`) for
CaMnO3 and cubic BaTiO3. In CaMnO3,e` is almost double
that in BaTiO3 and also considerably larger than that of t
other ferroelectric perovskites@ranging from 5 to 8~Ref.
27!#. This reflects the different degree of dispersion of t
valence bands: CaMnO3 is markedly more covalent tha
BaTiO3. Such a large screening field present in CaMn3
must act as a depolarizing force counteracting the spont
ous polarization. This information is incorporated in th
LEC: for BaTiO3 we obtainZOT

L 50.81 andZTi
L 51.03, and

for CaMnO3ZOT

L 50.49 and ZMn
L 50.62. Thus, the LEC

brings out a marked difference in the behavior of these t
compounds and, more generally, of nonferroelectric a
ferroelectric perovskites.

Another fundamental distinction between CaMnO3 and
BaTiO3 resides in the almost completely filledt2g

↑ shell of
the former. This means that, unlike Tid, Mn d orbitals cannot
participate in any charge transfer or hybridization chan

el
-
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with O p orbitals. Thus, thet2g
↑ shell, acting like a spherica

core charge, always favors the centrosymmetric configu
tion. Since the contribution to the cohesive energy furnish
by the t2g orbitals is dominant with respect to that of theeg

orbitals, the presence of a filledt2g
↑ shell represents a majo

force acting against any off-center distortion. Experime
tally, the absence of off-center distortion in perovskites w
t2g
3 transition-metal ions~such as Mn41 or Cr31) is well

established.
From our analysis of CaMnO3, we cannot directly relate

the absence of ferroelectric distortions to the presence of
magnetic ordering, but rather to the unfavorable chem
environment due to the specific distribution of the orbi
occupations. What makes the coexistence of ferroelectri
and magnetism unlikely in magnetic materials seems to
both the inability of transition metal ions with larged occu-
pations to accept a transfer of charge from neighboring o
gens and also the strong resistance of filledd shells with
spherical symmetry to move off center. However, this ar
ment does not rule out the possibility that, in some chem
environments, the conditions of coexistence may be reali
This would require a transition-metal cation with strong
directional distribution of thed orbital occupations, in such
way that some of these orbitals along a specific direct
would be unoccupied~and thus available for changes of h
bridization with oxygens!. In the next section we show tha
this is not just a theoretical hypothesis, but an occurre
verified at least in one series of compounds, i.e., the hexa
nal manganese perovskites, known to be both magnetic
ferroelectric.

C. YMnO 3

The family of manganese perovskites crystallizes in t
structural phases. The most common is the cubic or or
rhombic, found in CaMnO3,LaMnO3, and the manganites o
the larger rare earths, from CeMnO3 to DYMnO3. The other
phase is the hexagonalP63cm,37,38and includes YMnO3 and
the rare-earth manganites ranging from HoMnO3 to
LuMnO3. In the rare-earth perovskites the large cation
generally completely ionized and chemically inert; thus,
occurrence of the hexagonal or cubic structure is determ
only by the size of the cation, which is smaller in the class
hexagonal perovskites. These hexagonal perovskites
found to be ferroelectric along thec axis ~i.e., @0001#!,38,39

with a spontaneousP;5.5mC/cm2, and are magnetically or
dered. Among them, YMnO3 is the best known experimen
tally and also the most feasible for our methodology sin
the f states~troublesome to treat within the pseudopotent
method! are empty. Also, LDA1U calculations40 of elec-
tronic and optical properties of the hexagonal YMnO3 have
been recently published.41,42

Both ~0001!-oriented films43,44 and single crystals37,39,45

of hexagonal YMnO3 have been recently grown, and ferr
electric properties and phonon modes39,46 have been mea
sured. YMnO3 presents some technological advantage w
respect to the most common ferroelectric perovskites,
low dielectric constant (; 20 at room temperature! and
nonvolatile constituent elements. But particular excitemen
19512
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due to the occurrence of ferroelectric and magnetic orde
in the same compound. The coupling between these two
derings may be eventually exploited in a device where
dielectric properties can be altered by the application o
magnetic field and the magnetic properties by that of an e
tric field. Although the big difference between the critic
temperature of magnetic and electric orderings (TN580 K
andTc5900 K, respectively! may suggest that no couplin
is present, some evidence of coupling has actually been
served in terms of anomalies in the dielectric constant
loss tangent at the Ne´el temperature.47,48Also, analysis of the
second-harmonic optical spectra49 of the Mn31 ion shows
the presence of a new kind of nonlinear optical polarizat
depending on two order parameters. These indications jus
the effort of investigating from a theoretical point of vie
whether magnetic and ferroelectric ordering are reciproc
affected. Since we know the basic ingredients that favor
roelectricity and magnetism separately, it is important to
how these elements are combined in hexagonal YMn3.
Note that YMnO3 is also grown in the orthorhombic phase,50

but this phase is not ferroelectric and indeed has similar c
acteristics to LaMnO3. Evidently, although the two phase
share the same Mn31 ion, the different crystal field produce
drastic differences in both structural and electronic prop
ties.

In Fig. 4 a picture is shown of the ferroelectric 30-ato
hexagonal unit cell inP63 cm symmetry. The Mn ions, sited
on close-packed hexagonal positions, are surrounded
corner-sharing bipyramidal cages of oxygens. The stack
along thec axis consists of a (MnO)3 layer, followed by
threeA33A3 layers containing in sequence O3,Y3, and O3
~in total there are eight layers per cell!. In addition the MnO5
bipyramids are slightly rotated around the axis pass
through the Mn and parallel to one of the triangular ba
sides. Discarding these small, barely visible tiltings, t
atomic positions are those of the paraelectric (P63 /mmc)
phase, stable atT.Tc . Within the paraelectric symmetry th

FIG. 4. Structure of the hexagonal ferroelectric YMnO3. The
arrows on Mn indicate the spin orientation of theA-type AFM or-
dering. The electric polarizationP is directed along thec axis. A
small tilting of the bipyramidal oxygen cages around Mn is n
glected in figure.
0-6
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unit cell has ten atoms distributed on eight 131 hexagonal
layers. Since the electric polarization occurs along thec axis
and the bipyramidal tilting does not alter significantly t
features of this compound, the untilted structure is suffici
for the purpose of studying the changes of hybridization
the direction of the ferroelectric displacement. Thus, our c
culations will be for the~ten atoms! 131 slab.

Regarding the magnetic ordering, hexagonal YMnO3 is
found to beA-type AFM ~Refs. 51,52! below TN . The spins
on Mn are noncollinear and oriented in triangular fashio
For our calculation we assume theA-type AFM collinear
ordering shown in Fig. 4, what we find to be slightly lower
energy than the FM ordering. However, for our purposes
is not an essential feature, since the properties that we w
to investigate are determined by the local~i.e., internal to the
oxygen cage! spin polarization rather than by the long-ran
ordering between magnetic moments.

The hexagonal paraelectric structure has three inde
dent lattice parameters, i.e., the usuala andc parameters plus
an internalu that gives the distance~in units of c! between
O3 and Y3 layers, and is not fixed by the symmetry. B
energy minimization we obtain the theoretical valuesa
53.518 Å, c511.29 Å, andu50.084, in very good agree
ment with the experimental valuesa53.539 Å,c
511.3(4) Å, andu50.084. This also suggests that the ox
gen tilting has only a small effect on the structural properti
The distances between Mn and O areDMn-OT

51.875 Å and

DMn-OP
52.03 Å. As a point of comparison, we also calc

lated the structure of YMnO3 within FM cubic symmetry,
and founda53.765 Å andDMn-O51.878 Å. It is notable
that the volume enclosed in the bipyramidal cage of the h
agonal structure is much smaller than the octahedral volu
of the cubic structure. In other words, in the hexagonal sy
metry the Mn charge is enclosed in a smaller and m
packed surrounding.

In Fig. 5 a scheme of the majorityd-state splitting of
Mn31 ion due to the hexagonal crystal field is drawn,
comparison with the splitting due to the orthorhombic fie
In the hexagonal field thed states are no longer split intot2g
andeg states, but are ordered in two doublets and one sin
~the Cartesian axes are drawn in Fig. 4!.

To determine the effect of the spin polarization we calc
lated the orbital-resolved DOS for the hexagonal phase w
both nonmagnetic and AFM ordering. The nonmagne
phase~Fig. 6! shows a large DOS at the Fermi energy,EF ,

FIG. 5. Schematic orbital splitting for the majorityd states of
Mn31 ion within orthorhombic and hexagonal crystal field.
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mostly due to the Mnd states located in a narrow regio
aroundEF . The degeneratedxy anddx22y2 orbitals~of which
only one is reported in the figure! lie on the~0001! plane and
point towards OP , thus contributing to the covalent bondin
The dxz anddyz orbital DOS overlap with those ofdxy and
dx22y2, but are localized in a narrower energy region, sin
they do not point towards oxygens and are more localize
space. Finally,dz2 is the highest in energy and the least o
cupied, but a certain amount ofdz2 charge is hybridized with
the OT pz states located;5 eV belowEF .

From this energy ordering of the orbitals it follows th
each of the four lowest-lyingd orbitals is roughly half-
occupied and contributes to a large DOS atEF . According to
the Stoner exchange argument, this large DOS represen
strong driving force towards a spin-polarized stable pha
Indeed, we find that the transition from nonmagnetic to AF
ordering results in a large energy gain (; 1.6 eV per for-
mula unit!.

In Fig. 7 we report the orbital-resolved DOS of individu
spin-polarized Mn and O atoms. As in the case of CaMnO3,
the AFM symmetry enforces the DOS of the two Mn atom
within the unit cell to be equal under exchange of up a
down components. The energies of the Mnd manifold are
spin split by; 2.5 eV, and the two doublets of Mnd states
become almost completely spin polarized. Their total up a
down charges are 3.93 and 0.47 electrons, respectively, w
the occupation numbers ofdz2

↑ anddz2
↓ orbitals are 0.53 and

0.30 electrons. The resulting magnetic moment on
(3.7mB) is consistent with the high-spin stateS52, although
smaller than 4mB due to the partial hybridization ofdz2 with
OT pz states, and ofdxy anddx22y2 with OP px andpy states.
A non-negligible magnetic momentM50.15mB is also
present on OP , driven by double exchange with thedxy and
dx22y2 orbitals, whereas the magnetization of OT is almost
vanishing, due to the AFM symmetry~for u50 it would be
exactly zero!. However, the spin splitting is not large enoug
to open a gap within the LSDA. Indeed there is a tiny DO

FIG. 6. Orbital-resolved density of Mnd and OT p states for the
paraelectric, nonmagnetic phase of YMnO3. Since the two couples
of Mn d orbitals (dxy ,dx22y2) and (dxz ,dyz) are nearly degenerate
only one curve for each couple is shown.
0-7
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at EF , to whichdxy anddx22y2 orbitals from Mn andpx and
py orbitals from OP contribute. Notice that these orbitals a
lie in the hexagonal plane.

The mainly planar distribution of the charge density
also evident from the band energies shown in Fig. 8. T
bands are calculated within the (kx ,ky,0) plane of the Bril-
louin zone~left panel!, and alongk5@0,0,kz# ~right panel!.
~Note that up and down bands are degenerate in the A
phase.! Only one band crossesEF at kz50, and its orbital
character is a mix ofdxy

↑ anddx22y2
↑ states from Mn andpx

↑

andpy
↑ states from OP . The band energies are extremely fl

along @0001#, as is typical for strongly layered compounds

FIG. 7. Orbital-resolved DOS of single Mn~top panel!, OP

~middle!, and OT ~bottom! in the paraelectric AFM phase o
YMnO3. Due to the exact AFM symmetry, each of the atoms
ported in the figure has a corresponding atom in the cell with a
aligned spin, i.e., with up and down components of DOS
changed.

FIG. 8. Band energies of the paraelectric AFM YMnO3. The left
panel shows results for theK z50 hexagonal plane@i.e., Q
5p/a(0,2/31/2,0),P5p/a(1,1/31/2,0)5G]; the right panel shows
the band energies calculated along@0,0,kz#.
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Since the experimental findings suggest that this syste
an insulator, the presence of some DOS atEF must be attrib-
uted to the usual inadequacy of the LSDA to describe
magnetic perovskites as insulators. The source of error fa
ing a metallic ground state is primarily the insufficient sp
splitting of the Mnd-state manifold and also a slight overe
timation of the hybridization betweendxy anddx22y2 orbitals
and OP px andpy orbitals.~Indeed in Ref. 41 it is shown tha
the introduction of an Hubbard correctionU58 eV onto the
Mn d bands opens a gap; 1.5 eV and decreases the in
plane Op–Mn d hybridization.! In terms of calculating the
ferroelectric properties, the metallic character found in
LSDA calculations is obviously annoying, since the metall
ity destroys the possibility of sustaining a spontaneous e
tric polarization. For this reason we cannot report here
study of structural stability of the ferroelectric phase. Ho
ever, we emphasize that, even if the energy gap is not p
erly described, the LSDA is generally accurate in calculat
magnetic moments, orbital occupation numbers, and ato
charges of magnetic perovskites so that our arguments b
on these quantities are still valid.

A useful perspective of the charge distribution is al
given by the isosurfaces of the charge and spin density
Fig. 9 the top view onto the~0001! layer of a charge isosur
face is shown. To better distinguish the orbital shapes,
isosurfaces are not extracted from the total charge but o
from the charge of the states whose energy is within;2 eV
from EF . A triangular shape of charge around Mn is visib
with the OT charge superimposed, surrounded by the alm
spherical charge of the three OP neighbors. Since the Mn
DOS is completely spin polarized in the region just belo
EF , the charge isosurface surrounding Mn is also a mag
tization isosurface. In Fig. 10 a three-dimensional view o
magnetization isosurface~due to states within;2 eV from
EF) is shown. Light and dark sections distinguish spin-
and spin-down densities~i.e., isosurfaces with opposit
signs!. We can clearly see the oxygen cage surrounding M
whereas no charge is visible for Y. The magnetization is d

-
i-
-

FIG. 9. Top view of the charge isosurface of paraelectric AF
YMnO3. Only the charge of states lying within a small energy i
terval below EF has been considered. The triangularly-shap
charges are centered on Mn and represent planard orbitals. On top
of each Mn, the charge of OT p states appears to be spherica
whereas a slight triangular shape is visible in the charge of the t
in-plane oxygens surrounding Mn.
0-8
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COEXISTENCE OF MAGNETISM AND . . . PHYSICAL REVIEW B65 195120
tributed more in plane than orthogonally, and a strong as
metry between OP and OT is also visible. The former has
rather spherical charge distribution, whereas the latter sh
a prevalence ofpx andpy orbitals.

Analogous to our calculations for BaTiO3 and CaMnO3,
we now look at the sensitivity of the charge distribution
atomic displacements by moving Mn and O against e
other along direction@0001#. To make a consistent compar
son with the results found for the other perovskites, the a
plitude of the atomic displacements are taken equal to th
of the other cases. The corresponding DOS is shown in
11. For clarity, onlydxz anddz2 ~i.e., the orbitals not lying in
the hexagonal plane! are shown, since they are the most a
fected by the displacements. For these orbitals the chang
DOS upon distortion is very evident and is similar to th
observed in BaTiO3. The d states are shifted downward i
energy by;2 eV and strongly hybridized with the OT p
states that are localized in a;1-eV-wide energy region. The
dominant hybridizations are the same as those found
BaTiO3: the displacements enhance thepds hybridization
involving dz2 and OT pz orbitals and the pdp hybridization
betweendxz ,dyz , and OT px andpy orbitals.

We do not find substantial changes in the occupation n
bers ofd andp orbitals upon distortion. This might sugge
that there is not an interatomic charge transfer, but this c
clusion may be debated. Indeed, the OT DOS in the cen-
trosymmetric structure is quite broadened into a larg
(;6 eV) energy range, indicating that the correspond
charge density is largely scattered into the interstitial regio
Upon distortion, instead, it becomes much more localized~in
energy and space!, and thus it can be more properly reco
nized as charge sited on OT .

FIG. 10. Three-dimensional view of the magnetization isos
faces. Light and dark surfaces represent magnetizations with
same magnitude but opposite sign, i.e., up and down spin dens
Only the charge of states lying within a small energy interval bel
EF has been considered.
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From the DOS analysis, we see that the peculiar beha
of hexagonal YMnO3 can be understood on the basis of o
bital arrangement and crystal field splitting. Unlike the cub
phase, where the partial occupation of theeg states causes
Jahn-Teller distortion, in the hexagonal phase fourd orbitals
are filled and one is~nominally! empty. Thus, the latter (dz2)
can be actively involved in strong changes of hybridizati
with the OT pz orbitals, realizing the same kind of chemic
behavior that drives the ferroelectricity in BaTiO3.

However, in contrast to BaTiO3 where all thed states are
formally empty and able to contribute to hybridizatio
changes, in hexagonal YMnO3 we expect that the ferroelec
tric displacement will only be energetically favored alon
@0001#. This observation leads us to suggest a generali
criterion of directional ‘‘ d0-ness’’: in order for a chemica
environment to be favorable to ferroelectric distortions, thd
orbitals in the direction of the electric polarizationmust be
empty.

We emphasize that this chemical environment favora
to the electric polarization along thec axis is only realized in
the spin-polarized phase, and not in the nonmagnetic hex
nal phase. In other words, in hexagonal YMnO3 the spin
polarization not only does not prevent, but is actually nec
sary to enable the ferroelectricity. Also, notice that the tra
sition from the AFM to the paramagnetic phase aboveTN
580 K ~i.e., well below the critical temperature of the ferro
electric phase! does not invalidate our argument, since it
the local spin-polarization of Mn31 that matters, indepen
dently of the actual presence~or absence! of long-range spin
ordering.

At this stage of the investigation we cannot affirm that t
chemical activity of Mndz2 and OT pz orbitals alone is suf-
ficient to explain the spontaneous polarization.53 To confirm
this, a study of the properties of the ferroelectric pha
~which is inaccessible in the LSDA! will be necessary.54 It
will be particularly important to evaluate the BEC. We a
not aware of any existing experimental or theoretical de

-
he
es.

FIG. 11. Orbital-resolved DOS for single Mn and O in hexag
nal AFM YMnO3. The upper panel is for the paraelectric structu
the lower for the structure with Mn and O displaced along thec
axis, in the fashion of a ferroelectric distortion.
0-9
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ALESSIO FILIPPETTI AND NICOLA A. HILL PHYSICAL REVIEW B 65 195120
mination. However, we might expect anomalous values
Mn and OT in the direction of the proposed ferroelectr
distortion.

IV. CONCLUSIONS

In this paper we have investigated three perovskite oxi
in order to understand under which conditions the rare co
istence of magnetic and ferroelectric orderings can t
place.

The comparison of BaTiO3 and CaMnO3 showed relevant
differences in DOS and sensitivity of orbital hybridization
ferroelectric displacements. In BaTiO3 a ferroelectric distor-
tion causes a strong enhancement ofpds and pdp hybrid-
izations involving those Tid orbitals having a componen
along the direction of the polarization axis. In CaMnO3,
however, the DOS and orbital occupation numbers
mostly unaffected by the same displacements, in spite of
fact that thep-d hybridization is stronger in CaMnO3 than in
BaTiO3. Thus, our results indicate that ferroelectric disto
tions are likely driven by strongchangesof hybridization
upon atomic displacement, whereas a strong hybridizatio
in itself, not a sufficient condition to expect ferroelectricit

On the other hand, perhaps unexpectedly, the BEC’s
CaMnO3 are found to be as anomalous as those in BaTi3.
To our knowledge, this is the first report of a highly anom
lous BEC for a magnetic perovskite. This result stresses
effective charges and static charges provide quite indep
dent information, and indicates that the BEC anomaly m
be a common feature of the whole perovskite family, rat
than just of the ferroelectric compounds.

In addition, the optical dielectric constant is much larg
in CaMnO3 than in BaTiO3. A larger electron screening give
a smaller tendency towards spontaneous electric polariz
ity, and also affects the splitting of longitudinal and tran
verse phonon modes atG. Since the longitudinal charge
contain the screening information, they may be better in
cators of ferroelectric instability than the BEC.

Our comparative study of BaTiO3 and CaMnO3 suggests
a simple reason for the lack of coexistence of magnetic
electric polarization: the cationd orbitals need to be empty in
order to be available for hybridization changes with Op
states. At first sight this requirement rules out the simu
neous presence of magnetism and ferroelectricity. A coun
example to this argument is furnished by the hexago
YMnO3, which is ferroelectric and antiferromagnetic. O
investigation gives an argument to solve this apparent c
tradiction and suggests a generalization of the previous
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ture: in the hexagonal perovskites the crystal field of
spin-polarized phase causes an ordering that leaves the
energydz2 orbital mostly unoccupied and available for h
bridization changes withpz orbital of the on-top oxygen.
Thus, a single, empty,d orbital in a favorable energy rang
for hybridization with oxygen may be sufficient to induce
strong tendency towards ferroelectric distortion polarized
the direction of this orbital~directional ‘‘d0-ness’’!.

Note that, despite the presence of the same Mn31 ion, the
physics of orthorhombic and hexagonal YMnO3 is very dif-
ferent, due to the different crystal field. In the former stru
ture the Mn31 ion has partially occupiedeg states. This cre-
ates an instability relieved by Jahn-Teller distortion and
ordering of Mn orbitals on the~001! plane. Both Jahn-Teller
and orbital ordering are unlikely to allow any ferroelectr
distortion, since they favor structural configurations th
keep Mn and O aligned on the same plane.

Finally, the role of the filledd orbitals can be very impor-
tant. It is intuitive that in CaMnO3 the filled, corelike Mnd
t2g
↑ orbitals furnish a robust counteraction to off-center d

tortions, since they do not participate in hybridizatio
changes with oxygens. In other words, they cannot be de
bilized since their electron charge tends to remain c
trosymmetrically distributed upon distortion. In contrast,
hexagonal YMnO3, the opposition of the four filledd orbitals
~mainly laying in thex-y plane! to ferroelectric distortions
along thec axis is arguably weaker, since YMnO3 is less stiff
along thec axis than in thex-y plane.

Of course, much work still needs to be done in order
reach a complete understanding of ferroelectric and magn
coexistence. A fundamental aspect is related to a meth
ological advancement. It is indeed necessary to set feas
schemes capable of correcting the major deficiencies of
LSDA and accessing in a reliable way the full range of bo
ferroelectric properties~including spontaneous polarization
BEC, and piezoelectric tensor! and magnetic properties~in-
cluding noncollinearity and spin-orbit interaction!.
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