
PHYSICAL REVIEW B 69, 064412 ~2004!
Electronic structure of PbFe1Õ2Ta1Õ2O3: Crystallographic ordering and magnetic properties
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We report electronic structure calculations for the multiferroic ferromagnetoelectric perovskite
PbFe1/2Ta1/2O3, within density functional theory in the local spin density approximation~LSDA! and within the
LSD1U approach. Our results, corresponding to several possible crystallographic and magnetic orderings,
show the link between short range cation coordination and magnetic properties. In particular, the existence of
two different Néel ordering temperatures, experimentally evidenced, is explained in terms of different super-
exchange paths introduced by crystallographic orderings certainly present, locally, in the real samples. The
introduction of ferroelectric displacements, which are found to be in good agreement with experiment, do not
bring about large changes in the electronic structure of this system.
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I. INTRODUCTION

The term multiferroism was introduced1 to describe the
phenomenon in which at least two of the three proper
ferroelectricity, ferromagnetism, and ferroelasticity occur
the same phase. In particular, multiferroics in which f
ro~antiferro!electricity coexists with ferro~antiferro!magnetic
order are called ferromagnetoelectrics,2 a term coined in the
thermodynamic classification of ferroics3 to indicate materi-
als in which the domain states differ in magnetoelectric
efficients. Ferromagnetoelectrics, therefore, represent ma
als in which magnetization can be induced by an elec
field and electrical polarization by a magnetic field, whi
are precisely the direct4 and inverse5 magnetoelectric effects
Aside from its fundamental importance, the mutual cont
of electric and magnetic properties is of significant inter
for applications in magnetic storage media, and opens u
additional degree of freedom in devices construction, for
ample enabling the creation of electronic components wh
characteristics may be engineered to respond to applied m
netic fields.

The search for ferromagnetoelectrics among perovsk
type ferroelectrics ABO3 began in Russia in the 1950s wit
the replacement of some of the diamagnetic (d0) B cations
by transition metal (dn) species.6–8 One of the first com-
pounds synthesized in ceramic form was PbFe1/2Ta1/2O3
~PFT!,8 in which magnetic Fe31 (3d5, S5 5

2 ) and nonmag-
netic Ta51 (5d0, S50) share the B site of the perovski
structure. Only from the early 1990s have quantitative inv
tigations of systems displaying simultaneous electric a
magnetic order attracted the attention of density functio
theory studies, whereas first principles calculations are, v
sparse.9–13

PFT belongs to the wide family of complex Pb-based o
ides with general formula PbB1/28 B1/29 O3. The physics of such
materials is known to be strongly influenced by the unde
ing chemical distribution of B cations on the octahedral s
lattice of the perovskite structure. In particular, the existe
of small B-site ordered regions~polar nanodomains! embed-
ded in an otherwise B disordered matrix is the necess
ingredient for determining the glasslike or relaxor propert
0163-1829/2004/69~6!/064412~12!/$22.50 69 0644
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of ferroelectricity, one of the hot topics in the field during th
past several years.14

The problem of B species ordering in complex Pb-bas
perovskites is well known.15,16 Depending upon the electro
static interaction between B8 and B9, different degrees of
long-range order are realized.16,17 For random distributions
of B8 and B9, the cubic prototype, which is the parent stru
ture from which all the derived ferroelectric or antiferroele
tric phases can be obtained by small distortions, has sym

try Pm3̄m and a unit cell with a lattice parameterac of about
4 Å. A large difference in the valence states of B8 and B9
favors structural variants that are octahedrally ordered
most cases an alternance of B8 and B9 along all the three
Cartesian directions occurs, leading to a face-centered-c

cell with double lattice parameter~the Fm3̄m elpasolite-type
structure, which will be indicated as the1

2 (111) variant in the
following!. Complete long-range12 (111) octahedral order is
observed in double perovskites Pb2B821B961O6 like
Pb2MgWO6 and Pb2CoWO6,18,19 that, consequently, do no
show relaxor properties. In contrast, partial1

2 (111) long-
range order is possible in Pb2B831B951O6 phases, in which
the charge difference of B8 and B9 is smaller. The degree o
order in real samples depends mainly on synthe
conditions.20–22 Well ordered samples display normal ferr
electric phase changes, while, with increasing disorder,
transitions show the classical features of relaxors,23–25 with
broad Curie ranges and strong low-frequency dielectric d
persion in the transition range.

Among the Pb2B831B951O6 compounds, PFT is unique
together with the isostructural PbFe1/2Nb1/2O3 ~PFN!,26 in
the sense that it can only be obtained in the completely lo
range disordered form. Single crystals of PFT undergo t
successive ferroelectric phase transitions that take plac
about 270 and 220 K,27,28 each one occurring in a quite na
row temperature range. The sequence of the ferroela
ferroelectric symmetry changes, defined by high-resolut
x-ray diffraction and observations of oriented crystal sectio
in polarized light microscopy,29 was defined as cubic
(Pm3̄m) → tetragonal (P4mm)→ monoclinic ~Cm!, with
©2004 The American Physical Society12-1
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Fe and Ta randomly distributed over the octahedral site
all the three phases.

Even if no sign of Fe31 and Ta51 order has been observe
in the neutron and x-ray diffraction pattern,28,29 the possible
presence of nanoscale short-range ordered regions is stil
der discussion. The dielectric behavior shows, in fact, p
nounced relaxor properties, with the two maxima of the
electric constant, corresponding to the two structu
transitions, displaced towards higher temperatures for
creasing frequencies.30,31 Signs of the possible existence
B-site ordered regions in PFT are also revealed in its m
netic properties. The magnetic susceptibility shows an a
ferromagneticlike anomaly at a temperature which
strongly sample dependent, and equal to 133, 160, and 1
according to different authors.32–34 The magnetic structure
was refined at 10 K from neutron powder diffraction data a
is G-type antiferromagnetic, with the lattice parame
doubled with respect to the crystallographic Pm3m̄ one, dis-
regarding the weak ferroelectric pseudo–rhombohe
distortion.35 The occurrence of G-type order is a featu
common to PFT and to the isostructural PFN.36 In the undis-
torted antiferromagnetic G-type structure, each magn
1
2 Fe31 ion, which shares with1

2 Ta51 the octahedral site, in
teracts with its six nearest neighbors via oxygen-media
180° antiferromagnetic superexchange. As happens in P
also in PFT at 9 K there is experimental evidence of a sec
magnetic transition indicated by an anomaly in the magn
field induced polarization.30,37 Given the weakness of th
magnetoelectric signal reported below 9 K, the hypothe
has been formulated1 that it involves only that tiny volume
fraction of B-site ordered clusters not revealed by those
perimental techniques~like x-ray and neutron Bragg diffrac
tion! which only probe average structural properties. T
value of 9 K of the transition temperature~one order of mag-
nitude smaller than the Ne´el point of the G-type phase!
makes a strong case for the existence, in such cluster
long superexchange paths of the kind Fe-O-Ta-O-Fe, w
iron atoms about 8 Å apart, i.e., about twice the distanc
between iron moments in the G-type phase: transition t
peratures of about 10 K characterize, in fact, the magn
phases of ordered doubled perovskites A2B8B9O6 with one
magnetic and one nonmagnetic B-type cation.1,16 The ques-
tion of which kind of B-site ordering scheme might be r
sponsible for the low temperature magnetic behavior~as well
as that of the relaxorlike features! of PFT, can be clarified by
detailed theoretical studies of the properties of hypothetic
ordered samples. The effects of B-site long range order
the structural and dielectric properties of Pb-based pero
kites have been studied theoretically in the past years.38–40In
this context, first-principle density-functional theory calcu
tions have been used to understand the basic principles
derlying ferroelectricity in these systems which, however,
not magnetic.

In this paper we investigate by first principle density fun
tional calculations, using the local spin density~LSD! and
~because of electron correlation! LSD1U approximations,
the influence of B-site ordering on the structural, electro
and magnetic properties of PbFe1/2Ta1/2O3. Several distribu-
tions of B8 and B9 over octahedral sites exist, giving rise
06441
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different superstructures of the disordered Pm3m̄ phase. We
take into consideration the elpasolite-type1

2 (111) and the
1
2 (100) ordered variants, which are obtained by adding
B8:B9 layer sequence perpendicular to the@111#cub and
@100#cub directions, respectively. This choice is suggested
the work of Guiet al.,41 who studied the relative stability o
different ordered variants in complex perovskit
ABx8B12x9 O3 by the eight-point cluster variation metho
~CVM!. At the composition x5 1

2 , corresponding to PFT, the
1
2 (111) and 1

2 (100) variants were found to be the mo
stable.

The paper is organized as follows: in Sec. II we give t
computational details. In Sec. III we discuss the choice
Coulomb and exchange interaction parameters used in
LSD1U calculation. In Sec. IV we discuss the magne
properties of the chosen ordered models of PFT. In Sec
we present the electronic properties and some considera
on ferroelectric distortions. Finally, conclusions are drawn
Sec. VI.

II. COMPUTATIONAL DETAILS

First principles density functional theory~DFT! calcula-
tions were performed using both the all-electron fu
potential linearized augmented plane wave~FLAPW!
method42 and the Viennaab-initio simulation package
~VASP! ~Ref. 43! within the projector augmented wav
~PAW! method44 as implemented by Kresse and Jouber45

within the local spin density approximation~LSDA! to the
DFT in the Perdew-Zunger parametrization of the results
Ceperly and Alder.46

It is a well known fact that the conventional DFT-LSD
turns out to be inadequate in treating the electronic struc
of materials with ions having partially filledd or f valence
states. In particular, it has been shown that for many tra
tion metal oxides the DFT-LSDA predicts a metallic grou
states instead of the experimentally observed insulating o
It is therefore necessary to use more sophistica
approaches47 which include a better treatment of the on-s
Coulomb repulsion. In this work we will use the LSD1U
~Ref. 48! approach, implemented following the Shic
formalism49 in the FLAPW method and the scheme
Dudarev50 in the VASP calculations. The consistency of th
two implementations has been checked in the simple cas
MnO, for which LSD1U FLAPW results are already
available.51

In the case of PFT, as better explained in Sec. IV,
supercells are necessary to study the magnetic propertie
sociated to different cationic orderings. Due to its high e
ciency, VASP allows one to treat big cells within a reaso
able computing time, in contrast to a pure all-electron fu
potential method that requires a much larger effort. We fi
checked the accuracy of VASP calculations by comparing
structural, magnetic, and electronic properties obtained
VASP and FLAPW methods within the LSD and LSD1U
approximations on the smallest cell among those descr
in Sec. IV. In order to minimize the computational time w
then proceeded in our investigations of bigger cells us
only the PAW-VASP scheme.
2-2
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ELECTRONIC STRUCTURE OF PbFe1/2Ta1/2O3: . . . PHYSICAL REVIEW B69, 064412 ~2004!
In FLAPW calculations well converged results were o
tained using plane waves in the interstitial region with
wave vector up tokmax53.5 a.u.. We used the muffin-ti
~MT! sphere radii RO51.5 a.u., RFe52.2 a.u., RTa
52.1 a.u., andRPb52.3 a.u.. The LAPW wave function
within the MTs were expanded in spherical harmonics w
angular momentum up tol max58. The nonspherical contri
bution to the charge density and the potential within the M
were expanded in lattice harmonics including all terms w
l max<8. The core electrons were treated fully relativistica
and the valence electrons semirelativistically, i.e., neglec
only the spin-orbit term in the Hamiltonian. The Brilloui
zone integration was performed using a 43434 Monkhorst-
Pack type mesh, that turned out to be sufficiently accurate
the present purposes. The accuracy of this mesh was che
by comparison with results obtained with 83838 inequiva-
lent k points used to compute the densities of states~DOS!.

For the VASP calculations an energy cutoff of about 2
eV and the samek-point meshes described above were us
To improve thek-point sampling convergence, a Gaussi
smearing with an electronic temperature of 0.2 eV was u
and the DOS was computed using the tetrahedron met
We used valence electron configurations 3d74s1,
5d106s2p2, 5p6s25d3, and 2s2p4 for the Fe, Pb, Ta, and O
pseudopotentials, respectively.

III. PARAMETERS OF COULOMB AND EXCHANGE
INTERACTION

Before discussing our results, a few comments on the
ues adopted for the on-site Coulomb interactionU and the
Hund’s rule exchange parameterJ for Fe ions are needed. I
is still difficult to find a correct procedure to evaluateU and
J for compounds,52 and the parameters used in literature m
be very different. There is no agreement even in the sim
case of FeO, for which the various values ofU estimated by
different approaches range from 3.9~Ref. 53! and 7.0 eV.54,55

As a general ruleU decreases with decreasing transiti
metal atomic number, due to the increase in the spatial ex
of the d orbitals.55 This is true, for instance, for transitio
metal perovskites of the seriesRMO3 (R5rare earth or Y
and M5M5Ti-Cu), for which U ranges from 6.5~Ti! and
8.5 ~Cu!, and from 8.0~Ti! and 10.0~Cu! for a divalent
(M21) and trivalent (M31) configuration of the transition
metal ions respectively.55–58Also for double transition meta
perovskites of the seriesA2MM 8O6 (A5Ba, Sr, Ca,M
5Ti-Co and M 85Mo, W and Re! U values range from
medium/strong correlation (U53.0) to strong (U55.0) 3d
electron-electron interaction.59–61

The origin of the efficient screening of one extrad elec-
tron in perovskites has been widely discussed under the
sumption of an itinerant character of theeg electrons, which
are therefore allowed to participate in screening the locali
electronic states oft2g symmetry.56 For PFT, the Fe magneti
moment obtained by magnetic susceptibility measurem
is 4.7mB ,34 which, in the spin-only approximation, is in quit
good agreement with a localized picture of botht2g and eg

electrons of the iront2g
3 eg

2 electronic configuration. There
fore, a situation can be envisaged in which, as it happen
06441
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LaFeO3,56 all 3d electrons are unscreened and feel a la
Coulomb interaction.

To make a reasonable choice ofU and J, we made a
preliminary investigation of their influence on some of t
calculated electronic and magnetic properties. More in
tails, we calculated, both in the variant1

2 (100) ~in the C-type
magnetic order; see Sec. IV for details about magnetic st
tures!, and in the variant12 (111) ~type-I magnetic order, also
described in details in the next section!, the Fe magnetic
momentmB and the band gap Eg for the Hubbard-like pa-
rameterU between 3.0 and 9.0 eV and forJ between 0.2 and
0.8 eV. The results are reported in Fig. 1.

For a fixed value of U, both quantities have only a min
dependence onJ. An insulating ground state is predicted fo
all U values. The behavior of the gap is different for the tw
crystallographic variants. In the12 (100) case the energy ga
remains almost unchanged for all theU values considered. In
the 1

2 (111) case, on the other hand, we have a linear dep
dence ofEg on U. This difference will be clarified later on by
the analysis of the densities of states. As expected, the m
netic moment of Fe increases monotonically with increas
U for both variants, reaching the experimental value atU
59.0 eV. The moment is slightly larger in the12 (111) vari-
ant for small values ofU and the slope is corresponding
smaller. It should be remarked that in the present case
comparison with experiment cannot conclusively dictate
particular value ofU, due to the disorder present in the e
perimental case. However, the dependence of the Fe m
netic moment on the ordering is not dramatic~within
0.1mB). On the other hand,U values smaller than 9 eV lea
to magnetic moments significantly smaller than the exp
mental one, and in the absence of a better criterion we
cided to use in all calculations the value ofU which gives the
magnetic moment in better agreement with the experime
value. The value ofJ was fixed at 0.8 eV, which is typical o
the transition metal oxides, where it varies between 0.78
0.98 eV.62

FIG. 1. Calculated Fe magnetic moment and energy gap
Hubbard-like interaction parameterU for the 1

2 (100) C-type~full
line! and 1

2 (111) G-type~dashed line! structures of PFT. For eachU
value the four displayed points corresponds to the exchange pa
eterJ equal to 0.2, 0.4, 0.6, and 0.8 eV from bottom to top. For
1
2 (111) variant we only display the results obtained forJ
50.8 eV.
2-3
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IV. CRYSTALLOGRAPHIC ORDERING
AND MAGNETIC PROPERTIES

The two ordered structure considered for PFT are sho
in Fig. 2. As mentioned above, in the12 (111) variant@Fig.
2~a!# the alternance along the three cubic directions produ
a doubling of the cell parameters with respect to
paraelectric Pm3̄m prototype. In the following we name th
planar oxygen sited in thexy-Fe/Ta planes O1 and the apic
oxygen, coplanar with Pb atoms, O2. The resulting symm
try is cubic Fm3̄m. In the 1

2 (100) model@Fig. 2~b!#, sheets
of Fe and Ta octahedra alternate along thez axis, doubling
the cell only in one direction. As a consequence there are
kinds of planar oxygens, O1a and O1b, the former sited
the Fe planes, the latter in the Ta planes. The symmetr
tetragonal P4/mmm.

A. Antiferromagnetism in the 1
2 „100… variant

In the 1
2 (100) structural variant, Fe magnetic moments

located on a simple-tetragonal lattice with axial ratioc/a of

FIG. 2. Crystallographic ordered structures chosen
PbFe1/2Ta1/2O3. Fe octahedra are dark gray, Ta octahedra are l
gray, O atoms are white spheres, and Pb atoms are the gray one~a!
1
2 (111) variant.~b! 1

2 (100) variant.
06441
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about two@cf. Fig. 2~b!#. Short and long 180° superexchang
paths like Fe-O-Fe and Fe-O-Ta-O-Fe connect, respectiv
a Fe atom to four in-plane and two interplane nearest ne
bors with exchange integrals indicated in the following asJ1

s

andJ2
s , where superscripts means superexchange. Each

atom also interacts with four in-plane second nearest ne
bors trought a diagonal direct exchange interaction~i.e.:
without intervening anion! which we indicate asJd .

To model the exchange interactions of the system of F31

magnetic moments, we start from the Heisenberg s
Hamiltonian

Hex52(
i , j

Ji , jSi"Sj, ~1!

in which J.0 for ferromagnetic exchange andJ,0 for the
antiferromagnetic case. The values of the exchange par
eters can be obtained by total energy differences of differ
magnetic configurations, with the number of necessary m
netic states determinated by the number of exchange
stants in Eq.~1!.

At first we restrict ourselves to the case ofJ1
s andJ2

sÞ0
and Jd50, i.e., we describe the antiferromagnetic behav
of PFT in terms of exchange interactions mediated by anio
Among possible magnetic cells we take into considerat
the case of in-plane antiferromagnetic (J1

s,0) and inter-
plane ferromagnetic (J2

s.0) couplings and the case of bot
exchange interactions antiferromagnetic (J1

s , J2
s,0). For

analogy with the simple cubic lattice, the two structures w
be indicated as antiferromagnetic C and G types, resp
tively. The magnetic cells used in calculations are shown
Fig. 3. Both correspond to space group P4/mmm and
rotated by 45° with respect to the crystallographic cell@cf.
Fig. 2~b!#. The C-type cell@Fig. 3~a!# has dimensionsa5b
5acA2 andc52ac , whereac is the cubic parameter of th
Pm3̄m disordered structure. In the G-type cell@Fig. 3~b!# the
antiparallel interplanar spin coupling produces a doubling
the c tetragonal parameter.

Neglecting quantum fluctuations we can write the follo
ing expressions for the total ferromagnetic (EF) and antifer-
romagnetic (EAF) energies:

EF5Enm24J1
sS222J2

sS2, ~2!

EAF
C 5Enm14J1

sS222J2
sS2, ~3!

EAF
G 5Enm14J1

sS212J2
sS2, ~4!

whereEnm is the non magnetic part of the total energy a
the superscriptsC and G refer to the C- and G-type struc
tures. Energies are calculated perf.u. containing one Fe
atom.

From Eqs.~2!–~4! we get, for the exchange integrals,

J1
s5

1

8S2
~EAF

C 2EF!, ~5!

r
t

.

2-4
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FIG. 3. Magnetic1
2 (100) structures. Fe and O atoms are rep

sented by dark and white spheres, respectively. Ta octahedra
shown for better visualizing the long superexchange paths F-O
O-Fe along thez direction. Pb atoms are not shown.~a! C-type cell.
~b! G-type cell.
06441
J2
s5

1

4S2
~EAF

G 2EAF
C !. ~6!

From the knowledge ofJ1
s and J2

s , the Néel transition
temperatures can be evaluated from the molecular field
mulas:

TNéel
C-type5

2S~S11!

3kB
~24J1

s12J2
s!, ~7!

TNéel
G-type5

2S~S11!

3kB
~24J1

s22J2
s!. ~8!

In a second step the effect of the in-plane diagonal in
actionJd has been considered. To this end a further in-pla
nonfrustated magnetic configurations was taken into acco
consisting of Fe rows along the@010# cubic direction with an
antiferromagnetic inter-row alignment and with ferroma
netic in-row and inter-plane coupling. With the direct in
plane interaction taken into account, the term24JdS2 has to
be added to the total energies in Eqs.~2!–~4!, while the total
energy of the new model~in the following named Row
model! is written as

ERow5Enm22J2
sS214JdS2. ~9!

From the new equations it is possible to evaluate the th
exchange parametersJ1

s , J2
s , andJd . In particularJ1

s andJ2
s

remain unchanged and the diagonal exchange parameterJd is
given by

Jd5
1

16S2
~2ERow2EF2EAF

C !. ~10!

The changes in the transition temperatures due toJd are
straightforward: in Eqs.~7! and~8! the contribution14Jd of
the in-plane second neighbors has to be added in parenth

Before proceeding in our analysis, in order to check
reliability of the above formalism and the accuracy of o
calculations we have calculatedJ1

s andTNéel
G-type for LaFeO3,

for which both experimental63,64 and theoretical results65 are
available in literature. We findEAF

G 2EFM5161 meV, very
close to the experimental value of 147 meV.65 Our result
leads toJ1

s52.15 meV, in good agreement with the expe
mental finding of 2.27 meV. For the Ne´el temperature we
obtain the value of 873 K, to be compared with the expe
mental result of 740 K.

B. Antiferromagnetism in the 1
2 „111… variant

In the crystallographic variant12 (111), the B sublattice
can be recognized to form a rocksaltlike structure, in wh
each kind of cation Fe31 and Ta51 lies on its own face-
centered-cubic lattice. Antiferromagnetism in thre
dimensional fcc systems is discussed66 in terms of the rela-
tive number of ferromagnetic and antiferromagne
interactions involving nearest~nn! and next-nearest~nnn!
magnetic neighbors, with exchange coupling constantsJ1

s

-
are
a-
2-5
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NATHASCIA LAMPIS et al. PHYSICAL REVIEW B 69, 064412 ~2004!
and J2
s , respectively. The type-I structure is formed b

atomic moments coupled ferromagnetically in (100) plan
with antiferromagnetic interplanar coupling. The type-II a
rangement consists of atomic moments coupled ferrom
netically in (111) planes, with adjacent planes still havi
antiparallel spins. In the type-I arrangement, two-thirds
nearest-neighbor pairs of magnetic moments are aligned
tiferromagnetically, while the remaining nearest neighb
and all the next-nearest neighbors are coupled ferromag
cally. In the type-II structure, there are equal numbers
ferromagnetically and antiferromagnetically aligned near
neighbors, while all next-nearest neighbors are aligned a
ferromagnetically. The superexchange between next-nea
neighbors Fe31 takes place via 180° Fe-O-Ta-O-Fe pat
along^100&cub , while nearest neighbors are coupled via 9
superexchange. Other spin ordering schemes, possible fo
fcc lattice with onlyJ1

s and J2
s interactions, e.g., those de

scribed by Hineset al.,67 will not be taken into consideration
in the present work. The type-I and -II antiferromagne
structures are displayed in Figs. 4 and 5. The type-I cell~Fig.
4! is constructed on the same crystallographic axes used
the C-type 1

2 (100) spin arrangement. The type-II magne
structure~Fig. 5! has rhombohedral symmetry with the thre
fold axis along the@111# cubic direction. The rhombohedra
lattice parameters are related to the B-site disordered c
one asar52acA2 anda r560°. The magnetic cell has twic
the volume of the crystallographic elpasolite cell@cf. Fig.
2~a!#.

The relative stability of the type-I and -II structures
determinate by the ratio betweenuJ1

su and uJ2
su. The type-II

ground state would be destabilized by increasing the ma
tude of thenn ferromagnetic coupling~characterized by a
positive J1

s) and stabilized by increasing the magnitude
antiferromagneticnnn coupling ~characterized by a negativ
J2

s). The type-II order is stable, for the classical (S→`) case

FIG. 4. Type-I 1
2 (111) antiferromagnetic structure. Fe and

atoms are represented by dark and white spheres, respectively.
magnetic Ta octahedra are shown. Pb atoms are not shown.
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for uJ1
su,2uJ2

su.68,69 In the limit caseJ1
s→0, the system goes

over to the simplest of all the three-dimensional antifer
magnets~the G-type simple-cubic structure with a singleJ2

s

antiferromagnetic exchange parameter!, while for uJ1
su

52uJ2
su long range order sets in only at 0 K, i.e., there is

phase transition at any finite temperature.
The evaluation of the exchange integrals from total en

gies in fcc magnetic lattices has already been treated in
case of transition-metal simple oxides NiO and MnO.70,71

From the Heisenberg Hamiltonian~1! the following expres-
sions exchange integrals were obtained:

J1
s5

1

16S2
~EAF

I 2EF!, ~11!

J2
s5

1

48S2
~4EAF

II 23EAF
I 2EF!. ~12!

Here again energies are calculated per Fe atom and su
scripts I and II refer to types-I and -II. The Ne´el tempera-
tures, evaluated from the molecular field formulas, are

TNéel
Type-I5

2S~S11!

3kB
~24J1

s16J2
s!, ~13!

TNéel
Type-II 5

2S~S11!

3kB
~26J2

s!. ~14!

C. Results

As starting point for all calculations, the five magnetica
ordered structures of PFT were constructed with atomic
sitions derived from the ideally cubic perovskite and latti
parameters fixed at the experimental valueac54.0097 Å of
cubic PFT at 350 K.28 As a first step, total energies wer
minimized against lattice constants, both in LSD a
LSD1U approximations for the two ordered crystallograph
variants in the C-type and type-I antiferromagnetic stru
tures. With respect to the experimental volume, the cal
lated structures were found to be slightly contracted as
ported in Table I. The smaller values found within LSD a
not surprising. The LSDA1U approach still gives a value

on-

FIG. 5. Type-II 1
2 (111) antiferromagnetic structure. Black an

white circles indicate spin up and spin down Fe atoms, respectiv
Ta atoms are gray. Small spheres are O atoms. Pb is not show
2-6
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ELECTRONIC STRUCTURE OF PbFe1/2Ta1/2O3: . . . PHYSICAL REVIEW B69, 064412 ~2004!
smaller than experiment, but the agreement within 2%
improved. Clearly, a detailed quantitative comparison w
experiment should take into account the disorder presen
the real samples. However, the difference between
1
2 (100) and 1

2 (111) lattice constants is negligibl
('0.6%). With the lattice constants so obtained, the en
gies of the five magnetic structures were minimized aga
atomic positions, which were varied under centro-symme
~i.e., nonferroelectric! constraints.

The LSD1U total energies of the C-type, G-type, row
type, type-I and type-II magnetic structures for order
PbFe1/2Ta1/2O3, are given in Table II. The exchange param
eters evaluated from Eqs.~5!, ~6!, ~10!, ~11!, and ~12! are
reported in Table III. The direct exchange parameterJd is
found to be one and two orders of magnitude smaller t
the superexchange parameters in the1

2 (100) variant and its
contribution to the calculated Ne´el temperatures is very
small ~6 K!. The Néel temperatures, estimated from Eqs.~7!
and ~8! ~including the contribution due toJd) and Eqs.~13!
and ~14! are reported in Table IV. We notice that the calc
lated Néel temperatures for the type-I and row models tu
out to be negative, implying that they are not stable anti
romagnetic phases.

In the following we shall discuss how the obtained resu
allow us to explain the presence of the two different N´el
temperatures measured in PFT. First of all, we note that
1
2 (100) and1

2 (111) variants are characterized by Ne´el tem-
peratures differing by one order of magnitude. This imme
ately suggests to relate them to the high~160 K! and to the
low ~9 K! experimental Ne´el points found in PFT. The pres
ence of short superexchange paths in the1

2 (100) case and its
absence in the12 (111) structure shows the correlation exis
ing between the Ne´el temperature and local cationic orde
ing. Accordingly, the calculated next nearest neighbors
perexchange parameterJ2

s has the same value in the tw
ordered variants, as expected, since it refers to the same

TABLE I. Compilation of calculated lattice constants of PFT f
both the1

2 (100) and1
2 (111) structural variants within the LSD an

LSD1U approximations. The experimental values for the octa
drally disordered phase are taken from Ref. 28. All values are in

LSD LSD1U Exp.
1
2 (100) 1

2 (100) 1
2 (111)

a 5.536 5.603 5.575 5.671
c 7.737 7.847 7.838 8.019

TABLE II. Total energies of PbFe1/2Ta1/2O3 calculated using the
LSD1U approximation, for the antiferromagnetic and ferroma
netic structures taken into consideration. Energies are given in
per Fe atom.

1
2 (100) 1

2 (111)
C-type G-type Row model Type-I Type-II

EAF 280.24818280.25120280.204477280.16892280.17758
EF 280.15842 280.16560
06441
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ear Fe-O-Ta-O-Fe exchange path. On the other handJ1
s is

much stronger for the short 180° superexchange paths o
1
2 (100) variant and is decisive for its higher values ofTN .
We note that the value obtained forJ1

s ~1.18 meV! for the
Fe-O-Fe path is comparable with the measured63,64 and
calculated65 exchange integrals for LaFeO3, 2.27 meV and
1.96 meV~2.15 meV in our calculation!, respectively.

In the 1
2 (111) variant, with the lower Ne´el temperature,

the calculated ratioJ1
s/J2

s ~cf. Table IV! indicates that the
stable antiferromagnetic structure for an hypothetica
elpasolite-type PFT is type II. The relatively high value
the calculated Ne´el temperature of this phase~48 K; cf. Table
IV ! compared to the experimental value of 9 K, can be
cribed to the use of molecular field formulas~11!–~14!, in
which fluctuations of the order parameter are neglected. F
thermore, the total energy differences between the magn
structures for the1

2 (111) variant are very small, which
makes a reliable quantitative estimation ofTN quite difficult.
Also the possible influence of a size effect on the measu
critical temperature should be considered, because of
small dimensions of the ordered domains in real samples.
also note that any elpasolite-type domain in real sample
expected to be ferroelectrically polarized, while our calcu
tions are performed in cubic symmetry. We will discuss th
point in Sec. V A. In our opinion, the previous results su
port the hypothesis that ordered1

2 (111) domains exist in the
otherwise octahedrally disordered samples of PFT. As a m
ter of fact, a recent x-ray structural analysis claims,31 in con-
trast to all the previous studies, the observation of weak
perstructural reflections tentatively ascribed to partial1

2 (111)
ordering of Fe and Ta~with an order parameter not excee
ing 0.2!.

We notice that, among the two magnetic mechanisms
tive in a double perovskite, double exchange and supe
change, it is the latter that determines the magnetic beha
of insulating 1

2 (111) PFT. This is in contrast with the prop
erties of other double perovskites in which magnetic inter

TABLE III. LSD 1U calculated exchange parameters for t
magnetic structures of ordered PbFe1/2Ta1/2O3. Energies are given
in eV.

1
2 (100) 1

2 (111)

J1
s (meV) 21.80 J1

s (meV) 20.04
J2

s (meV) 20.12 J2
s (meV) 20.12

Jd(meV) 20.02

TABLE IV. Néel temperatures (TN), calculated in LSDA1U
according to Eqs.~7! and~8! ~including the contribution ofJd ; see
the text! and Eqs.~13! and~14!, and Fe magnetic moments (m), for
the magnetic structures of ordered PbFe1/2Ta1/2O3.

1
2 (100) 1

2 (111)
C-type G-type Type-I Type-II

TN(K) 466 498 238 48
m (mB) 4.6 4.6 4.7 4.6

-
.

-
V
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NATHASCIA LAMPIS et al. PHYSICAL REVIEW B 69, 064412 ~2004!
tions are dominated by double exchange, as for instanc
the half-metallic ferrimagnetic Sr2FeMoO6 and
Sr2FeReO6.60,72 In this case the exchange integrals, prop
tional to the bandwidth of itinerant states, are found to
one and two orders of magnitude bigger than those foun
our work for PFT. Correspondingly, the critical temperatu
for the half-metallic ferrimagnetics~about 401 K! are much
bigger than the Neel point of the isostructural1

2 (111) PFT
~experimentally 9 K, calculated 48 K!.

As for the 1
2 (100) variant, the stable antiferromagne

structure appears to be G type. However, an inspection
Table IV shows that in the12 (100) magnetic structures th
important exchange interactions are the short in-plane o
while the next-nearest-neighbor interplane long exchan
whether ferromagnetic or antiferromagnetic, have only a
nor influence on the total energy and on the Ne´el tempera-
ture. The calculated high Ne´el points of the C- and G-type
structures~466 and 498 K! reflect the presence of the fou
over six Fe-O-Fe bonds and can be compared to the N´el
point of about 750 K expected if all the six first neighbors
a given Fe are Fe too. This scenario reminds the cas
KNiF3 and K2NiF4, for which the ratio of the Ne´el tempera-
tures is almost exactly the same as the ratio of near
neighbor numbers~i.e., 6/4!, as it might be expected if the
short path Ni-F-Ni superexchange was responsible for
antiferromagnetic order in both cases.73

In disordered samples of PFT, in whichN octahedral sites
are statistically occupied byN/2 Fe andN/2 Ta, the most
likely local coordination will be a central Fe surrounded
three Fe and three Ta, and therefore the Ne´el temperature
should be further reduced with respect to those of the1

2 (100)
ordered variant in which each Fe is surrounded by four
plane Fe and two out-of-plane Ta. However, the evalua
of how the actual distribution of Fe and Ta on B sites mig
influence on the transition temperatures of real sample
PFT is obviously beyond the aim of our study.

V. ELECTRONIC PROPERTIES

In order to discuss the electronic properties
PbFe1/2Ta1/2O3, in Fig. 6 we plot the corresponding parti
densities of states~PDOS!, as calculated within LSDA and
LSD1U using the1

2 (111) cation ordering in the type-I ant
ferromagnetic structure. The inability of LSDA to describ
the electronic structure of strongly correlated systems is w
known. In fact the LSDA calculations incorrectly give a m
tallic behavior, with the Fe spin down bands producing
narrow peak aroundEF . Furthermore the spin up and sp
down Fe peaks are separated by only'0.8 eV, related to the
exchange interaction strength. We note that this value is
derestimated with respect to the one of about 2–3 eV usu
obtained with similar calculations.60,72 We have verified that
this is a consequence of the values of the lattice parame
and relaxed internal geometry calculated within LSDA a
used in the LSD calculations. As already pointed out in S
IV C the LSD theoretical lattice constants are smaller
about 3% than the experimental ones. We notice that by
forming LSD calculations using the experimental lattice p
rameters, that correctly evaluate the spin splitting~about 2.4
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eV! as shown in Fig. 6~b!, we have found that the LSD
internal optimized geometry differs substantially from t
one obtained by doing a fullyab initio calculation in which
relaxed lattice constants were used. In particular, the Fe
and Fe-O2 bond lengths decrease by'0.1 Å and become
shorter than the Ta-O bond length.

The introduction of the Coulomb interaction term, with

FIG. 6. Total~TDOS! and atom resolvedl-decomposed density
of states~LDOS! of type-I 1

2 (111) within ~a! LSD1U and~b! LSD
approximations. In the LSD1U LDOS plots ~a! full, dot-dashed,
and dotted lines representd, p, and s states, respectively. For F
both majority~full ! and minority~dashed! d states are plotted. In~b!
the superimposition of LSD LDOS calculated using theoretical~full
line! and experimental~dashed! lattice constants is given, both plot
ted by taking the center of mass of the Pbs states as energy refer
ences. The LDOS of Pb and Ta are not drawn. The Fermi level
both theoretical~full ! and experimental~dotted! case is drawn. For
Fe the majority and minorityd states are plotted in two separa
panels.
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ELECTRONIC STRUCTURE OF PbFe1/2Ta1/2O3: . . . PHYSICAL REVIEW B69, 064412 ~2004!
the LSD1U method, opens up a large separation between
spin up and spin down peaks, leading to a gap of about
eV, between the valence band maximum~with a O1 2p char-
acter! and the conduction band bottom~with a dominant Fe
character, 50%, hybridized with Tad states, 30%!. The lower
Fe Hubbard band is found at about210 to29 eV below the
O 2p valence band top. Our results identify this system a
charge transfer insulator, according to Zaanen, Sawatzky,
Allen.74 The inclusion of correlation also decreases the
d-band-width. Interestingly, as already pointed out, with
LSD1U the Fe spin down component is located at the sa
energy of the Tad bands, with a non-negligible interaction
crucial in understanding the differences between the
structural variants as will be discussed soon. The hybrid
tion between Fe 3d and O 2p bands is weak within LSD1U
and, obviously, larger within the local density approximatio
The Pb 6p band is empty, while the 6s states are fully oc-
cupied and interact, weakly, with the O states near the
lence band maximum. It would be interesting to compare
results with photoemission experiments, which are unfo
nately not available for this compound. The electronic pro
erties of the two magnetic structures show only minor diff
ences. In particular, in the type-II phase, that is found to
the most stable as reported in Table II, the gap is by'0.1 eV
larger than in the type-I phase.

In order to investigate the influence of Fe-Ta ordering
the electronic structure, we plot in Fig. 7 the PDOS for t
1
2 (111) and1

2 (100) structures, in the type-I and C-type ma
netic structures, respectively, as obtained within the LSD1U

FIG. 7. Comparison between total and partial density of sta
between type-I12 (111) ~dashed lines! and C-type1

2 (100) ~full lines!
models calculated within the LSD1U approximation. Pb states re
main unchanged therefore onlys ~dotted line! and p ~dot-dashed
line! densities for the C-type12 (100) structure are plotted.
06441
e
.2

a
nd
e

e

o
a-

.

a-
r
-
-
-
e

n

-

method. The cation ordering does not bring about ma
changes, with a few notable differences. The most impor
difference is found in the Tad-band-width, which is larger in
the 1

2 (100) case. In particular, the presence of a square pla
Ta-O1b arrangement allows for a bonding optimization a
therefore, a larger Ta bandwidth. Also, the Tad band is not
affected by the HubbardU being the Ta-O1b plane far from
the Fe-O1a plane where the Coulomb correlation takes pl
As a consequence, in the12 (100) structure the energy gap
between the oxygen valence band maximum and the Ta
duction band minimum and, as shown in Fig. 1, rema
unchanged whenU increases from 3 to 9 eV. In the12 (111)
case, on the other hand, the presence of mixed Fe-Ta pl
allows the Fe-Ta bonding formation. This feature is co
firmed by the analysis of angular momentum decomposit
of the charge: in1

2 (111) going fromU53 to 9 eV we find a
transfer of 0.12 electron from Ta and O1 to Fe, while
1
2 (100) this transfer is absent.

A. Ferroelectricity

We finally investigated the existence of a ferroelect
phase in our computational models of PbFe1/2Ta1/2O3. Our
aim here is to investigate if the two cationic arrangeme
considered have ferroelectric distortions. Therefore we d
cuss only ferroelectric tetragonal distortions in the C-ty
1
2 (100) and type-I1

2 (111) structures~the smallest cell of
each variant!, to be compared with the first structural sym
metry breaking experimentally observed in PFT.

To this end we have used the same lattice constants
ployed in the paraelectric calculations, even if a fully sat
factory analysis should take into account the elongation
the c parameter due to the ferroelectric distortions,
claimed by experiments. In order to allow for ferroelectr
distortions we have broken the crystallographic invers
symmetry by imposing small shifts of Pb and O atoms alo
the z axis with respect to the fixed framework of the octah
dra, with the origin kept on the Fe atom at (0,0,0). Then,
relaxed the atomic positions. As a consequence the p
symmetry of both structures changes to 4 mm.

In the 1
2 (100) variant we do not find any ferroelectr

distortion, while in the 1
2 (111) structure a polar phase

found to be more stable than the paraelectric one by 26 m
with ferroelectric distortions in good agreement with expe
mental values as reported in Table V. In our calculations
xy planar coordinates are not affected by the ferroelec
distortions that involve only thez direction and, therefore
any possible tilting of the octahedra has been neglected.

s

TABLE V. Ferroelectric distortions~i.e., vertical buckling! of
the type-I 1

2 (111) structure. The ferroelectric phase is by 13 m
~per formula unit! more stable than the corresponding paraelec
phase. Distances are given in Å~in brackets the values are writte
in internal units!.

Atoms Theory~LSD1U! Expt ~Ref. 28!

b[ Pb2O2] 0.197~0.025! 0.148~0.019!
b[Fe/Ta2O1] 0.090~0.011! 0.100~0.013!
2-9
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NATHASCIA LAMPIS et al. PHYSICAL REVIEW B 69, 064412 ~2004!
is justified for the hypothetically elpasolite-type perovsk
Pb2FeTaO6 because the tolerancet factor,16 defined asRA

1RO5tA2(RB1RO) whereRA , RB and RO are the ionic
radii in ABO3, is very close to 1 for both Fe and Ta. Th
favors phase transitions without rotation of the BO6 octahe-
dra.

With respect to the paraelectric phase, we find an upw
displacement of 0.09 Å for O1 from the Fe-O1-Ta plane
z50. A very similar situation is found for the O1 atom
z50.5 where to an upward displacement of 0.085 Å for O
follows a downward displacement of 0.004 Å for Fe and T
As a result, a net buckling of 0.09 Å between O1 and
metal species is found, as that calculated atz50, and both
are in good agreement with the experimental findings~0.100
Å!. The atomic species experiencing the largest shifts are
Pb atoms~sited atz50.25 and 0.75!. This is consistent with
the widely discussed idea that a large portion of the fer
electric polarization in Pb-based complex perovskit
whether ordered or disordered, is provided by Pb displa
ments to accommodate the lone-pair 6s2 electrons. In our
calculations Pb atoms move towards the Fe-O1-Ta plane
0.162 Å, while the coplanar apical oxygens O2 underg
displacement by 0.035 Å in the opposite direction, with
buckling of 0.197 Å, larger than the measured value
'0.05 Å.

We now discuss the changes induced by the ferroelec
displacements on the Ne´el temperature for the type-I and -
1
2 (111) structure. We notice that the total energies of
ferroelectric type-I and ferromagnetic structures are sma
by 26 and 20 meV than those of the corresponding parae
tric phases listed in Table II. A fully satisfactory analys
would require the study of ferroelectricity in the type-
1
2 (111) structure, to be simulated by a unit cell containing
atoms with very low symmetry. Given the computational
fort involved, however, we did not perform this calculatio
Given these limitations, we cannot quantify the influence
ferroelectricity onTN . Our calculations show, however, th
for the ferromagnetic and type-I antiferromagnetic struct
the corrections differ by'6 meV, which is of the same
order of magnitude of total energy differences between
ferent magnetic orderings. This suggests that the ef
should actually be taken into account, in order to estim
such a smallTN ~9 K!.

In order to investigate further the differences between
paraelectric and the ferroelectric phase of the type-I1

2 (111)
structure, in Fig. 8 we show a superimposition of the cor
sponding total and partial densities of states. Even if the t
densities of states of the two phases almost coincide~the gap
remains unchanged!, there are a few differences that direct
follow from the geometrical changes due to the ferroelec
distortions. In particular, the peaks at around24.8 eV for
Ta, Fe, O1, and O2 are enhanced in the ferroelectric PD
and, only for O1, slightly shifted towards lower energie
also we have a larger hybridization between Pb and F
around 27.5 eV. This is a consequence of the differe
bonding picture in the polarized phase, in which Fe
and O1 atoms are no more coplanar and where the ver
distances between the different atoms change significantl
fact, the changes in the ferroelectric phase found
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24.8 eV involve thedz2 states of Fe and Ta and thepz states
of apical O2, whose stronger hybridization gives more s
bility to the structure in the ferroelectric phase. The shift
'0.1 eV of the O1 peak highlights the different bondin
between O1 and Fe/Ta due to the buckling between the m
species and the planar oxygen O1 occurring after the ph
transition. The changes involves thepx and py states of the
planar oxygen that more than the others are affected by
modifications of the electrostatic surrounding due to the d
placements.

VI. SUMMARY

In conclusion, we report electronic structure calculatio
for the multiferroic ferromagnetoelectric perovski
PbFe1/2Ta1/2O3, within the LSD and the LSD1U approxima-
tions. The relationships between crystallographic B-site
dering and magnetic properties have been studied in d
for two crystallographic superstructures of the B-site dis
dered Pm3̄m phase. Our analysis, in particular, explains t
experimental reports of two very different magnetic orderi
temperatures. The values of Ne´el temperature, computed fo
artificially ordered structures, underline the link betwe
short range cation coordination and magnetic properties.

We have found a stable antiferromagnetic phase for
elpasolite-type PFT which sustain ferroelectric tetrago
distortions with large shifts of Pb atoms, in agreement w
the fact that a large portion of the ferroelectric polarization
Pb-based complex perovskites is provided by Pb displa
ments.

FIG. 8. Comparison between total and partial densities of st
between the nonferroelectric and ferroelectric phases of ty
1
2 (111). Dashed, dot-dashed, and dotted lines representd, p, ands
states of the paraelectric phase, respectively, while full lines are
corresponding superimposed ferroelectric states.
2-10
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