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Electronic structure of PbFey,Ta;,05: Crystallographic ordering and magnetic properties
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We report electronic structure calculations for the multiferroic ferromagnetoelectric perovskite
PbFe;,Ta,,,05, within density functional theory in the local spin density approximatlddDA) and within the
LSD+U 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 Neel 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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[. INTRODUCTION of ferroelectricity, one of the hot topics in the field during the
past several year$.
The term multiferroism was introduckdo describe the The problem of B species ordering in complex Pb-based

phenomenon in which at least two of the three propertieperovskites is well know>*® Depending upon the electro-
ferroelectricity, ferromagnetism, and ferroelasticity occur instatic interaction between’Band B, different degrees of
the same phase. In particular, multiferroics in which fer-jong-range order are realizé®'” For random distributions
ro(antiferrgelectricity coexists with ferr@ntiferromagnetic  of B’ and B, the cubic prototype, which is the parent struc-
order are called ferromagnetoelectrfca term coined in the e from which all the derived ferroelectric or antiferroelec-

thermodynamic classification of ferroitw indicate materi- e phases can be obtained by small distortions, has symme-
als in which the domain states differ in magnetoelectric co- Pmam and a unit cell with a lattice parametey of about

efficients. Ferromagnetoelectrics, therefore, represent matefiy

als in which magnetization can be induced by an electrict A. Alarge difference in the valence states df &nd B

field and electrical polarization by a magnetic field, which favors structural variants that are octahedrally ordered. In
are precisely the diretand inverse magnetoelectric effects. MOSt cases an alternance of Bnd B’ along all the three
Aside from its fundamental importance, the mutual controlCartesian directions occurs, leading to a face-centered-cubic
of electric and magnetic properties is of significant interestcell with double lattice parametéthe Fm3n elpasolite-type

for applications in magnetic storage media, and opens up astructure, which will be indicated as tB¢111) variant in the
additional degree of freedom in devices construction, for exfollowing). Complete long-rangg(111) octahedral order is
ample enablllng the creation of electronic components whosgpserved in double perovskites JB2*B"T0g like
characteristics may be engineered to respond to applied mag, Mgwo, and PhCoWO;, 39 that, consequently, do not

netic fields. _ _ show relaxor properties. In contrast, partigl111) long-
The search for ferromagnetoelectrics among perovskite

range order i ible in PR’ 3T B"5* h in which
type ferroelectrics AB@ began in Russia in the 1950s with tsegceh;rg: di;g:;ig if’BaErz B is sn?aﬁllgr.a'?ﬁzdegreecof
the replacement of some of the diamagnet€)(B cations order in real samples depends mainly on synthesis
by transition metal ¢") species:™® One of the first com- conditions?°~22Well ordered samples display normal ferro-
pounds synthesized in ceramic form was Phfa;,0; '

T e g (-5 e o S8 Bhasechanges, e, b s oo, e
netic T&" (5d° S=0) share the B site of the perovskite ’

structure. Only from the early 1990s have quantitative invesproa.d Cyrleh ranges gnd strong low-frequency dielectric dis-
tigations of systems displaying simultaneous electric and€rsion in the tran?gtiron”gimge. o
magnetic order attracted the attention of density functional AMONg the PBB’*"B™" Qg compounds, PFT is unique,
theory studies, whereas first principles calculations are, ver{pgether with the isostructural Pbizlb, ;.05 (PFN),™ in
sparse 3 the sense that it can only be obtained in the completely long-
PFT belongs to the wide family of complex Pb-based ox-fange disordered form. Single crystals of PFT undergo two
ides with general formula PHBBY,05. The physics of such Successive ferroelectric phase transitions that take place at
. . . 7,28 H H H
materials is known to be strongly influenced by the underly-2bout 270 and 220 R’?®each one occurring in a quite nar--
ing chemical distribution of B cations on the octahedral subJ/OW temperature range. The sequence of the ferroelastic/
lattice of the perovskite structure. In particular, the existencdermoelectric symmetry changes, defined by high-resolution
of small B-site ordered regior(polar nanodomainembed- ~ X-"ay diffraction and observations of oriented crystal sections
ded in an otherwise B disordered matrix is the necessar{d Polarized light microscop§/, was defined as cubic
ingredient for determining the glasslike or relaxor propertiesPm3m) — tetragonal (P4mm)— monoclinic (Cm), with
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Fe and Ta randomly distributed over the octahedral sites iRjiferent superstructures of the disordered_mmﬁhase. We

all the three phases. . take into consideration the elpasolite-typé111) and the

~ Evenifno sign of F&" and T&" order hasngeen observed 1(100) ordered variants, which are obtained by adding a
in the neutron and x-ray diffraction patte?h? the_ pos_5|ble_ B’:B" layer sequence perpendicular to thell].,, and
presence of_ nanoscale_ short_-range Ofdered regions is still Up100],,, directions, respectively. This choice is suggested by
der discussion. The dielectric behavior shows, in fact, Prothe work of Guiet al.*! who studied the relative stability of
nounced relaxor properties, with the two maxima of the di-gifferent ordered variants  in complex  perovskites
electric constant, corresponding to the two structural

” <placed ds hiah for | AB,B7_,0; by the eight-point cluster variation method
transitions, disp ace 31tov_var s higher temperatures for In(CVM).At the composition x 3, corresponding to PFT, the
creasing frequencie$:>! Signs of the possible existence of

£(111) and 3(100) variants were found to be the most

B-site ordered regions in PFT are also revealed in its magétable

fnet|c prope;.tuii. The maglneuct Susctept|b|lltytshowsha}nhar!tl- The paper is organized as follows: in Sec. Il we give the
?rromlagne |c|| % anocrina%/ ad a (Trtnpfg; ulrgow 'g 18IOS mputational details. In Sec. Ill we discuss the choice of
strongly sample dependent, anc equalto ' »an oulomb and exchange interaction parameters used in the

M . —-34 .
accord;_ng (;O tdif(f)elzefnt authof§. Thed ngfrf]e“‘t:. strgc;[ure SD+U calculation. In Sec. IV we discuss the magnetic
was refined a rom neutron powder difiraction data an roperties of the chosen ordered models of PFT. In Sec. V

s G-type antiferromagnetic, with the lattice parameterwe present the electronic properties and some considerations

doubled with respect to the crystallographic Am8ne, dis-  on ferroelectric distortions. Finally, conclusions are drawn in
regarding the weak ferroelectric pseudo—rhombohedragec. v,

distortion® The occurrence of G-type order is a feature
common to PFT and to the isostructural PENn the undis-
torted antiferromagnetic G-type structure, each magnetic
1Fe* ion, which shares with Ta®" the octahedral site, in- First principles density functional theopFT) calcula-
teracts with its six nearest neighbors via oxygen-mediatetions were performed using both the all-electron full-
180° antiferromagnetic superexchange. As happens in PFNotential linearized augmented plane waJyELAPW)
also in PFT at 9 K there is experimental evidence of a seconthethod? and the Viennaab-initio simulation package
magnetic transition indicated by an anomaly in the magneti¢VASP) (Ref. 43 within the projector augmented wave
field induced polarizatiod’>’ Given the weakness of the (PAW) method* as implemented by Kresse and Joul2rt,
magnetoelectric signal reported below 9 K, the hypothesisvithin the local spin density approximatidhSDA) to the
has been formulatédhat it involves only that tiny volume DFT in the Perdew-Zunger parametrization of the results of
fraction of B-site ordered clusters not revealed by those ex€eperly and Aldef®
perimental techniquedike x-ray and neutron Bragg diffrac- It is a well known fact that the conventional DFT-LSDA
tion) which only probe average structural properties. Theturns out to be inadequate in treating the electronic structure
value d 9 K of the transition temperatur@ne order of mag- of materials with ions having partially filled or f valence
nitude smaller than the ¢ point of the G-type phage states. In particular, it has been shown that for many transi-
makes a strong case for the existence, in such clusters, tibn metal oxides the DFT-LSDA predicts a metallic ground
long superexchange paths of the kind Fe-O-Ta-O-Fe, witlstates instead of the experimentally observed insulating ones.
iron atoms abou8 A apart, i.e., about twice the distance It is therefore necessary to use more sophisticated
between iron moments in the G-type phase: transition temapproaché¥ which include a better treatment of the on-site
peratures of about 10 K characterize, in fact, the magnetiCoulomb repulsion. In this work we will use the LS
phases of ordered doubled perovskited8M"Og with one  (Ref. 48 approach, implemented following the Shick
magnetic and one nonmagnetic B-type cafidhThe ques- formalisnf® in the FLAPW method and the scheme of
tion of which kind of B-site ordering scheme might be re- Dudarev® in the VASP calculations. The consistency of the
sponsible for the low temperature magnetic behatdsrwell  two implementations has been checked in the simple case of
as that of the relaxorlike featunesf PFT, can be clarified by MnO, for which LSD+U FLAPW results are already
detailed theoretical studies of the properties of hypotheticallyavailable>!
ordered samples. The effects of B-site long range order on In the case of PFT, as better explained in Sec. IV, big
the structural and dielectric properties of Pb-based perovssupercells are necessary to study the magnetic properties as-
kites have been studied theoretically in the past y&ar¥In sociated to different cationic orderings. Due to its high effi-
this context, first-principle density-functional theory calcula- ciency, VASP allows one to treat big cells within a reason-
tions have been used to understand the basic principles uable computing time, in contrast to a pure all-electron full-
derlying ferroelectricity in these systems which, however, argotential method that requires a much larger effort. We first
not magnetic. checked the accuracy of VASP calculations by comparing the
In this paper we investigate by first principle density func-structural, magnetic, and electronic properties obtained by
tional calculations, using the local spin densibySD) and  VASP and FLAPW methods within the LSD and LS
(because of electron correlatiohSD+U approximations, approximations on the smallest cell among those described
the influence of B-site ordering on the structural, electronidn Sec. IV. In order to minimize the computational time we
and magnetic properties of Pbl=&a,,,05. Several distribu- then proceeded in our investigations of bigger cells using
tions of B' and B’ over octahedral sites exist, giving rise to only the PAW-VASP scheme.

Il. COMPUTATIONAL DETAILS
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In FLAPW calculations well converged results were ob- 22F ]
tained using plane waves in the interstitial region with a o[ , ]
wave vector up tKa=3.5 a.u.. We used the muffin-tin 5 18F L ]
(MT) sphere radii Rp=1.5a.u.,, Rge=2.2 a.u.,, Ry, gLefp s e -:;:,,.,..::IZ -------- ortiinnn s .
=2.1 a.u.,, andRp,=2.3 a.u.. The LAPW wave functions 14F ,’ ]
within the MTs were expanded in spherical harmonics with 12 -7 ]

angular momentum up th,,,=8. The nonspherical contri-
bution to the charge density and the potential within the MTs
were expanded in lattice harmonics including all terms with
Imax=8. The core electrons were treated fully relativistically
and the valence electrons semirelativistically, i.e., neglecting
only the spin-orbit term in the Hamiltonian. The Brillouin 3gL 1
zone integration was performed using & 4X 4 Monkhorst-
Pack type mesh, that turned out to be sufficiently accurate for
the present purposes. The accuracy of this mesh was checkedFIG. 1. Calculated Fe magnetic moment and energy gap vs
by comparison with results obtained withx@x 8 inequiva-  Hubbard-like interaction parametet for the 3(100) C-type(full
lent k points used to compute the densities of stalzd9). line) and2(111) G-type(dashed lingstructures of PFT. For eath

For the VASP calculations an energy cutoff of about 280value the four displayed points corresponds to the exchange param-
eV and the samk-point meshes described above were usedeterJ equal to 0.2, 0.4, 0.6, and 0.8 eV from bottom to top. For the
To improve thek-point sampling convergence, a Gaussian3(111) variant we only display the results obtained far
smearing with an electronic temperature of 0.2 eV was used 0.8 eV.
and the DOS was computed using the tetrahedron method.
We used valence electron configurationsd’&s!, LaFeQ,%® all 3d electrons are unscreened and feel a large
5d%%s?p?, 5p®s?5d3, and &%p* for the Fe, Pb, Ta, and O Coulomb interaction.

magnetic moment [uB]
'
'S
T

Hubbard constant U [eV]

pseudopotentials, respectively. To make a reasonable choice bf and J, we made a
preliminary investigation of their influence on some of the
IIl. PARAMETERS OF COULOMB AND EXCHANGE calculated electronic and magnetic properties. More in de-
INTERACTION tails, we calculated, both in the variahnt100) (in the C-type

magnetic order; see Sec. IV for details about magnetic struc-

Before discussing our results, a few comments on the valures, and in the variank (111) (type-I magnetic order, also
ues adopted for the on-site Coulomb interactidrand the  described in details in the next sectipnhe Fe magnetic
Hund’s rule exchange parametgfor Fe ions are needed. It momentug and the band gap jHor the Hubbard-like pa-
is still difficult to find a correct procedure to evaludteand  rameterU between 3.0 and 9.0 eV and fdbetween 0.2 and
J for compounds? and the parameters used in literature mayg g eV. The results are reported in Fig. 1.
be very different. There is no agreement even in the simple For a fixed value of U, both quantities have only a minor
case of FeO, for which the various valueslbestimated by  dependence od. An insulating ground state is predicted for
different approaches range from 3Ref. 53 and 7.0 eV2**® || U values. The behavior of the gap is different for the two

As a general ruldJ decreases with decreasing transition crystallographic variants. In thi(100) case the energy gap
metal atomic number, due to the increase in the spatial extemrémains almost unchanged for all thevalues considered. In
of the d orbitals® This is true, for instance, for transition the %(111) case, on the other hand, we have a linear depen_
metal perovskites of the seri&MO; (R=rare earth or Y  dence ofE, onU. This difference will be clarified later on by
andM =M =Ti-Cu), for which U ranges from 6.5Ti) and  the analysis of the densities of states. As expected, the mag-
8.5 (Cu), and from 8.0(Ti) and 10.0(Cu) for a divalent  netic moment of Fe increases monotonically with increasing
(M?*) and trivalent 1°*) configuration of the transition U for both variants, reaching the experimental valueUat
metal ions respectivef.*°Also for double transition metal =90 ev. The moment is slightly larger in tH&111) vari-
perovskites of the serieB,MM’'Og (A=Ba, Sr, Ca,M  ant for small values ofJ and the slope is correspondingly
=Ti-Co and M’=Mo, W and Re¢ U values range from smaller. It should be remarked that in the present case the
medium/strong correlationd=3.0) to strong U=5.0) 3d  comparison with experiment cannot conclusively dictate a
electron-electron interactioti®* particular value ofU, due to the disorder present in the ex-

The origin of the efficient screening of one extt®lec-  perimental case. However, the dependence of the Fe mag-
tron in perovskites has been widely discussed under the asetic moment on the ordering is not dramafiwithin
sumption of an itinerant character of teg electrons, which  0.1u4g). On the other hand) values smaller than 9 eV lead
are therefore allowed to participate in screening the localizegp magnetic moments significantly smaller than the experi-
electronic states dh, symmetry:® For PFT, the Fe magnetic mental one, and in the absence of a better criterion we de-
moment obtained by magnetic susceptibility measurementgided to use in all calculations the valueldfvhich gives the
is 4.7ug ,* which, in the spin-only approximation, is in quite magnetic moment in better agreement with the experimental
good agreement with a localized picture of bojh ande;  value. The value of was fixed at 0.8 eV, which is typical of
electrons of the ironggeé electronic configuration. There- the transition metal oxides, where it varies between 0.78 and
fore, a situation can be envisaged in which, as it happens i0.98 e\*?
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about two[cf. Fig. 2b)]. Short and long 180° superexchange
paths like Fe-O-Fe and Fe-O-Ta-O-Fe connect, respectively,
a Fe atom to four in-plane and two interplane nearest neigh-
bors with exchange integrals indicated in the followinglas
andJ5, where superscript means superexchange. Each Fe
atom also interacts with four in-plane second nearest neigh-
bors trought a diagonal direct exchange interactioa.:
without intervening anionwhich we indicate ady.

To model the exchange interactions of the system 8f Fe
magnetic moments, we start from the Heisenberg spin
Hamiltonian

Hex=—i2j Ji S-S, 1)

in which J>0 for ferromagnetic exchange adek0 for the
antiferromagnetic case. The values of the exchange param-
eters can be obtained by total energy differences of different
magnetic configurations, with the number of necessary mag-
netic states determinated by the number of exchange con-
stants in Eq(1).

At first we restrict ourselves to the casejfandJ3+0
andJy=0, i.e., we describe the antiferromagnetic behavior
of PFT in terms of exchange interactions mediated by anions.
Among possible magnetic cells we take into consideration
the case of in-plane antiferromagnetid;€0) and inter-
plane ferromagneticJg>0) couplings and the case of both
exchange interactions antiferromagnetid; (J5<0). For
analogy with the simple cubic lattice, the two structures will
be indicated as antiferromagnetic C and G types, respec-
tively. The magnetic cells used in calculations are shown in
Fig. 3. Both correspond to space group P4/mmm and are
rotated by 45° with respect to the crystallographic ¢efl
(b) Fig. 2(b)]. The C-type cel[Fig. 3a)] has dimensiona=b

FIG. 2. Crystallographic ordered structures chosen for aL\/E andc=2a., wherea, is the cubic parameter of the

PbFe,,Ta,,05. Fe octahedra are dark gray, Ta octahedra are lighPm3m disordered structure. In the G-type délig. 3(b)] the
gray, O atoms are white spheresl and Pb atoms are the gra)(a)nes_ antiparallel interplanar spin coupling pl’OdUCGS a doubling of
1(111) variant.(b) 2(100) variant. the c tetragonal parameter.

Neglecting quantum fluctuations we can write the follow-
ing expressions for the total ferromagnetie-) and antifer-
romagnetic Epg) energies:

The two ordered structure considered for PFT are shown
in Fig. 2. As mentioned above, in thg(111) variant[Fig. E.—E. —4J52—23532 ®)
2(a)] the alternance along the three cubic directions produces P ! =
a doubling of the cell parameters with respect to the
paraelectric Pm@& prototype. In the following we name the
planar oxygen sited in they-Fe/Ta planes O1 and the apical
oxygen, coplanar with Pb atoms, O2. The resulting symme- E/C;FzEner 43357+ 2355%, (4)
try is cubic Fm3n. In the 3(100) model[Fig. 2(b)], sheets
of Fe and Ta octahedra alternate along zrexis, doubling  whereE,, is the non magnetic part of the total energy and
the cell only in one direction. As a consequence there are twehe superscript€ and G refer to the C- and G-type struc-
kinds of planar oxygens, Ola and Olb, the former sited inures. Energies are calculated piew. containing one Fe
the Fe planes, the latter in the Ta planes. The symmetry istom.

tetragonal P4/mmm. From Eqgs.(2)—(4) we get, for the exchange integrals,

IV. CRYSTALLOGRAPHIC ORDERING
AND MAGNETIC PROPERTIES

ESr=Enmt+4J582— 23557, 3

A. Antiferromagnetism in the %(100) variant

In the 3(100) structural variant, Fe magnetic moments are JSZL(EC —Ep) (5)
/ . . . 1 o \EArT EF)
located on a simple-tetragonal lattice with axial rati@ of S
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1
J§=E<EEF—E§F>. ()

From the knowledge o83 and J5, the Neel transition
temperatures can be evaluated from the molecular field for-

mulas:
2S5(S+1
Tﬁglpe:M(—MiJrZJS), (7)
3kg
o 25(S+1)
S

In a second step the effect of the in-plane diagonal inter-
actionJq has been considered. To this end a further in-plane
nonfrustated magnetic configurations was taken into account,
consisting of Fe rows along tfi®10] cubic direction with an
antiferromagnetic inter-row alignment and with ferromag-
netic in-row and inter-plane coupling. With the direct in-
plane interaction taken into account, the terJ,S? has to
be added to the total energies in E@—(4), while the total
energy of the new modefin the following named Row
mode) is written as

EROV=E,n— 2155+ 4345 9)

From the new equations it is possible to evaluate the three
exchange parameted$, J5, andJy. In particulard$ andJ3
remain unchanged and the diagonal exchange parathgiter
given by

Jd=i(2ER°W— Er—ESp). (10)
1682 AF

The changes in the transition temperatures dué jtare
straightforward: in Eqs(7) and(8) the contribution+ 4J, of
the in-plane second neighbors has to be added in parenthesis.
Before proceeding in our analysis, in order to check the
reliability of the above formalism and the accuracy of our
calculations we have calculatéd and T5.YP® for LaFeQ,
for which both experiment&i®*and theoretical resufdare
available in literature. We fin€S-— Egy, =161 meV, very
close to the experimental value of 147 mf@\Our result
leads toJ;=2.15 meV, in good agreement with the experi-
mental finding of 2.27 meV. For the Wetemperature we
obtain the value of 873 K, to be compared with the experi-
mental result of 740 K.

B. Antiferromagnetism in the %(11]) variant

In the crystallographic variang(111), the B sublattice
can be recognized to form a rocksaltlike structure, in which
each kind of cation F¢ and T&" lies on its own face-

FIG. 3. Magnetick(100) structures. Fe and O atoms are repre-Centered-cubic lattice. Antiferromagnetism in three-
sented by dark and white spheres, respectively. Ta octahedra agémensional fcc systems is discusSeih terms of the rela-
shown for better visualizing the long superexchange paths F-O-Talive number of ferromagnetic and antiferromagnetic
O-Fe along the direction. Pb atoms are not showa) C-type cell.  interactions involving nearesinn) and next-nearestnnn)

(b) G-type cell. magnetic neighbors, with exchange coupling constajts
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. ; FIG. 5. Type-ll %(111) antiferromagnetic structure. Black and
‘_, _ _' white circles indicate spin up and spin down Fe atoms, respectively.
4 : Ta atoms are gray. Small spheres are O atoms. Pb is not shown.

for |35]<2|35/.%8%%1In the limit casel}— 0, the system goes
6 over to the simplest of all the three-dimensional antiferro-
magnetsthe G-type simple-cubic structure with a singlg

FIG. 4. Tvpe-l L(111) antif e structure. Fe and O antiferromagnetic exchange paramgtewhile for |J3]
- 4. Type-13(111) antiferromagnetic structure. Fe an =2|J3| long range order sets in only at 0 K, i.e., there is no
atoms are represented by dark and white spheres, respectively. Non-

magnetic Ta octahedra are shown. Pb atoms are not shown. phase tranSItIO.n at any finite tempe.rature.
The evaluation of the exchange integrals from total ener-

and JS, respectively. The type-l structure is formed by gies in fcc ma_\gnetic Iattice_s has al_ready t_)een treated lin the
atomic moments coupled ferromagnetically in (100) planest@Se Of transition-metal simple oxides NiO and MO’

with antiferromagnetic interplanar coupling. The type-Il ar- From the Heisenberg Hamiltonia) the following expres-
rangement consists of atomic moments coupled ferromagsiOns €xchange integrals were obtained:

netically in (111) planes, with adjacent planes still having

antiparallel_ spins. In_ the type-l arrangement, two—thirds of Ji:L(EkF_ 5, (11
nearest-neighbor pairs of magnetic moments are aligned an- 1657

tiferromagnetically, while the remaining nearest neighbors

and all the next-nearest neighbors are coupled ferromagneti-

cally. In the type-ll structure, there are equal numbers of J3=—2(4ERF—3ELF— Er). (12
ferromagnetically and antiferromagnetically aligned nearest 485
neighbors, while all next-nearest neighbors are aligned anti-
ferromagnetically. The superexchange between next-nearegf
neighbors F&" takes place via 180° Fe-O-Ta-O-Fe paths
along(100.,,, while nearest neighbors are coupled via 90°
superexchange. Other spin ordering schemes, possible for the

Here again energies are calculated per Fe atom and super-
ripts| and |l refer to types-I and -ll. The N& tempera-
tures, evaluated from the molecular field formulas, are

25(S+1)

fcc lattice with onlyJS and J$ interactions, e.g., those de- TL£$IZ3—I<B(_4‘H+6J§% (13

scribed by Hinet al.®’ will not be taken into consideration

in the present work. The type-l and -II antiferromagnetic tvper 2S(S+1) .

structures are displayed in Figs. 4 and 5. The type-|(€&d). TN?;, :T( —6J3). (14
B

4) is constructed on the same crystallographic axes used for
the C-type3(100) spin arrangement. The type-ll magnetic
structure(Fig. 5 has rhombohedral symmetry with the three- C. Results
fold axis along th¢ 111] cubic direction. The rhombohedral s starting point for all calculations, the five magnetically
lattice parameters are related to the B-site disordered cubigrdered structures of PET were constructed with atomic po-
one asa, =2a,\2 anda,=60°. The magnetic cell has twice sitions derived from the ideally cubic perovskite and lattice
the volume of the crystallographic elpasolite cgdf. Fig.  parameters fixed at the experimental vadye= 4.0097 A of
2(a)]. cubic PFT at 350 K8 As a first step, total energies were
The relative stability of the type-l and -Il structures is minimized against lattice constants, both in LSD and
determinate by the ratio betwe¢d;| and|J3|. The type-ll  |SD+U approximations for the two ordered crystallographic
ground state would be destabilized by increasing the magnivariants in the C-type and type-l antiferromagnetic struc-
tude of thenn ferromagnetic couplingcharacterized by a tures. With respect to the experimental volume, the calcu-
positive J3) and stabilized by increasing the magnitude oflated structures were found to be slightly contracted as re-
antiferromagnetiainn coupling (characterized by a negative ported in Table I. The smaller values found within LSD are
J3). The type-Il order is stable, for the classic&-¢«) case not surprising. The LSDAU approach still gives a value
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TABLE |. Compilation of calculated lattice constants of PFT for ~ TABLE 1ll. LSD +U calculated exchange parameters for the
both the%(lOO) and%(lll) structural variants within the LSD and magnetic structures of ordered PhgEs,,,0;. Energies are given
LSD+U approximations. The experimental values for the octahein eV.
drally disordered phase are taken from Ref. 28. All values are in A;

3(100) 3(111)
LSD LSD+U EXp. : :
%(100) %(100) %(111) Ji (meV) —1.80 Ji (meV) —0.04
J5 (meV) -0.12 J5 (meV) -0.12
5.536 5.603 5.575 5671  Jy(meV) ~0.02
C 7.737 7.847 7.838 8.019

ear Fe-O-Ta-O-Fe exchange path. On the other hBni$

smaller than experiment, but the agreement within 2% ismuch stronger for the short 180° superexchange paths of the
improved. Clearly, a detailed quantitative comparison with(100) variant and is decisive for its higher valuesTgf.
experiment should take into account the disorder present iVe note that the value obtained fa§ (1.18 meV for the
the real samples. However, the difference between thge-O-Fe path is comparable with the meastiéd and
3(100) and 3(111) lattice constants is negligible calculate8® exchange integrals for LaFgD2.27 meV and
(=~0.6%). With the lattice constants so obtained, the ener1.96 meV(2.15 meV in our calculation respectively.
gies of the five magnetic structures were minimized against |n the 3(111) variant, with the lower N& temperature,
atomic positions, which were varied under centro-symmetrighe calculated ratial§/J5 (cf. Table 1V) indicates that the
(i.e., nonferroelectricconstraints. stable antiferromagnetic structure for an hypothetically

The LSD+U total energies of the C-type, G-type, row- g|pasolite-type PFT is type Il. The relatively high value of
type, type-l and type-Il magnetic structures for orderedihe calculated Nel temperature of this pha$és K; cf. Table
PbFe/;Ta;,03, are given in Table Il. The exchange param-|v) compared to the experimental value of 9 K, can be as-
eters evaluated from Eq¢5), (6), (10), (11), and(12) are  ¢riped to the use of molecular field formulékl)—(14), in
reported in Table Ill. The direct exchange paramekgiis  which fluctuations of the order parameter are neglected. Fur-
found to be one and two orders of magnitude smaller thamhermore, the total energy differences between the magnetic
the superexchange parameters in $@00) variant and its  structures for thel(111) variant are very small, which
contribution to the calculated e temperatures is very makes a reliable quantitative estimationTqf quite difficult.
small (6 K). The Neel temperatures, estimated from EGB.  Also the possible influence of a size effect on the measured
and (8) (including the contribution due tdy) and Eqs(13)  critical temperature should be considered, because of the
and(14) are reported in Table IV. We notice that the calcu- small dimensions of the ordered domains in real samples. We
lated Neel temperatures for the type-l and row models turnalso note that any elpasolite-type domain in real sample is
out to be negative, implying that they are not stable antiferexpected to be ferroelectrically polarized, while our calcula-
romagnetic phases. tions are performed in cubic symmetry. We will discuss this

In the fOIIOWing we shall discuss how the obtained ,resultSpoint in Sec. VA. In our Opinion’ the previous results sup-
allow us to explain the presence of the two differenteNe port the hypothesis that orderéd111) domains exist in the
temperatures measured in PFT. First of all, we note that thgtherwise octahedrally disordered samples of PFT. As a mat-
7(100) and;(111) variants are characterized byeléem-  ter of fact, a recent x-ray structural analysis clafths con-
peratures differing by one order of magnitude. This immedi+rast to all the previous studies, the observation of weak su-
ately suggests to relate them to the hid60 K) and to the  perstructural reflections tentatively ascribed to pagdl11)
low (9 K) experimental Nel points found in PFT. The pres- ordering of Fe and Téwith an order parameter not exceed-
ence of short superexchange paths in2t&00) case and its ing 0.2.
absence in thé’(lll) structure shows the correlation exist- We notice that, among the two magnetic mechanisms ac-
ing between the Nel temperature and local cationic order- tive in a double perovskite, double exchange and superex-
ing. Accordingly, the calculated next nearest neighbors suchange, it is the latter that determines the magnetic behavior
perexchange parametéi has the same value in the two of insulating(111) PFT. This is in contrast with the prop-
ordered variants, as expected, since it refers to the same lierties of other double perovskites in which magnetic interac-

TABLE Il. Total energies of PbRgTa,,04 calculated using the TABLE IV. Néel temperaturesTy), calculated in LSDA-U
LSD+U approximation, for the antiferromagnetic and ferromag- according to Eqs(7) and(8) (including the contribution of; see
netic structures taken into consideration. Energies are given in ethe texj and Eqs(13) and(14), and Fe magnetic momentg), for

per Fe atom. the magnetic structures of ordered Phf&@, 0.
3(100) 3(111) 3(100) 3(111)
C-type G-type Row model  Type-I Type-ll C-type G-type Type-I Type-ll
Eag —80.24818—-80.25120—80.204477—80.16892—80.17758  Ty\(K) 466 498 —38 48
Er —80.15842 —80.16560 w (ug) 4.6 4.6 4.7 4.6
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tions are dominated by double exchange, as for instance in 20
the half-metallic  ferrimagnetic ~ SFeMoQ, and 15} total ]
Sr,FeReQ.®%72|n this case the exchange integrals, propor-
tional to the bandwidth of itinerant states, are found to be /\ J o,

ow3
>
I

[\

one and two orders of magnitude bigger than those found in
our work for PFT. Correspondingly, the critical temperature
for the half-metallic ferrimagnetic&@bout 401 K are much
bigger than the Neel point of the isostructusgll11) PFT
(experimentally 9 K, calculated 48)K

As for the 3(100) variant, the stable antiferromagnetic
structure appears to be G type. However, an inspection of
Table IV shows that in thé (100) magnetic structures the
important exchange interactions are the short in-plane ones,
while the next-nearest-neighbor interplane long exchanges,
whether ferromagnetic or antiferromagnetic, have only a mi-
nor influence on the total energy and on theeNempera-
ture. The calculated high N points of the C- and G-type
structures(466 and 498 K reflect the presence of the four
over six Fe-O-Fe bonds and can be compared to thel Ne
point of about 750 K expected if all the six first neighbors of
a given Fe are Fe too. This scenario reminds the case of
KNiF; and K,NiF,, for which the ratio of the Nel tempera-
tures is almost exactly the same as the ratio of nearest-
neighbor numbersi.e., 6/4, as it might be expected if the
short path Ni-F-Ni superexchange was responsible for the
antiferromagnetic order in both casés.

PDOS (States/eV atom)

In disordered samples of PFT, in whithoctahedral sites )
are statistically occupied bi/2 Fe andN/2 Ta, the most g Fe-d, exp. lattice constants
likely local coordination will be a central Fe surrounded by i o P s\ N /“\ il ) ]
three Fe and three Ta, and therefore theelNemperature £o e T
should be further reduced with respect to those ofstff00) 2 ol \ kv | ]
ordered variant in which each Fe is surrounded by four in- & . . . ' .
plane Fe and two out-of-plane Ta. However, the evaluation £ oL
of how the actual distribution of Fe and Ta on B sites might o5 P AR ” 1
influence on the transition temperatures of real samples of 0 VT AN =
PFT is obviously beyond the aim of our study. 05 02-p AMin 5
' AL i ) o |\ = e P D]
V. ELECTRONIC PROPERTIES "3 6 -4 2 0 2 4
(b) Energy (eV)

In order to discuss the electronic properties of
PbFg,Ta; 1,03, in Fig. 6 we plot the corresponding partial
densities of statePDOS9, as calculated within LSDA and
LSD+U using the3(111) cation ordering in the type-I anti-
ferromagnetic structure. The inability of LSDA to describe
the eleciranic structure of strongly Cor_related syst(_ems Is we he superimposition of LSD LDOS calculated using theoref(ftal
"”‘?W”- In fa_Ct the, LSDA CaICU|E,it'OnS incorrectly give a,me' line) and experimentdldashedllattice constants is given, both plot-
tallic behavior, with the Fe spin down ban_ds prOdUC'”Q 3ted by taking the center of mass of the ®btates as energy refer-
narrow peak arounét . Furthermore the spin up and Spin gnces. The LDOS of Pb and Ta are not drawn. The Fermi level for
down Fe peaks are separated by onl§.8 eV, related to the  poth theoreticalfull) and experimentaldotted case is drawn. For
exchange interaction strength. We note that this value is Un=e the majority and minorityl states are plotted in two separate
derestimated with respect to the one of about 2—3 eV usuallganels.
obtained with similar calculatiorfS:"2We have verified that
this is a consequence of the values of the lattice parametegd/) as shown in Fig. @), we have found that the LSD
and relaxed internal geometry calculated within LSDA andinternal optimized geometry differs substantially from the
used in the LSD calculations. As already pointed out in Secone obtained by doing a fullgb initio calculation in which
IV C the LSD theoretical lattice constants are smaller byrelaxed lattice constants were used. In particular, the Fe-O1
about 3% than the experimental ones. We notice that by peand Fe-O2 bond lengths decrease 9.1 A and become
forming LSD calculations using the experimental lattice pa-shorter than the Ta-O bond length.
rameters, that correctly evaluate the spin splitfiagout 2.4 The introduction of the Coulomb interaction term, within

FIG. 6. Total(TDOS) and atom resolvettdecomposed density
of stategLDOS) of type-I %(111) within (a) LSD+U and(b) LSD
approximations. In the LSBU LDOS plots (a) full, dot-dashed,
and dotted lines represedt p, ands states, respectively. For Fe

oth majority(full) and minority(dashegld states are plotted. I¢b)
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20 ot TABLElV. Ferroelectric distortiondi.e., vertical buckling of
10t \ g, ] the type-15(111) structure. The ferroelectric phase is by 13 meV
A f A 0 X s (per formula unit more stable than the corresponding paraelectric
2_ N E ] phase. Distances are given in(f brackets the values are written
ol M}\ e-d T il in internal units.
ol W A et ,
_ 2t Fe-d l . f'j ] Atoms Theory(LSD+U) Expt (Ref. 28
§ M ] bipbo2] 0.197(0.025 0.148(0.019
S o0glTad amo blrerra o1 0.090(0.011) 0.100(0.013
2 o4t ; WA
2} 05k Pb ] method. The cation ordering does not bring about major
8 Lo 1 b R changes, with a few notable differences. The most important
g 0 , difference is found in the Td-band-width, which is larger in
osfOtap Roaa A 7 the 3(100) case. In particular, the presence of a square planar
Y PSR SRt nd al HA L e Ta-O1b arrangement allows for a bonding optimization and,
05L Otb-p M ] therefore, a larger Ta bandwidth. Also, the d@and is not
' affected by the Hubbartd being the Ta-O1b plane far from
O——— — et the Fe-Ola plane where the Coulomb correlation takes place.
0.51 9P . s g As a consequence, in tHg100) structure the energy gap is
ol Lo AT Lo between the oxygen valence band maximum and the Ta con-
0 8 6 4 -2 0 2 4 6 duction band minimum and, as shown in Fig. 1, remains
Energy (eV) unchanged wheb increases from 3 to 9 eV. In thi(111)

gase, on the other hand, the presence of mixed Fe-Ta planes
allows the Fe-Ta bonding formation. This feature is con-
firmed by the analysis of angular momentum decomposition
of the charge: ing(111) going fromU=3 to 9 eV we find a
transfer of 0.12 electron from Ta and O1 to Fe, while in
1(100) this transfer is absent.

FIG. 7. Comparison between total and partial density of state
between type-k(111) (dashed linesand C-types (100) (full lines)
models calculated within the LSBU approximation. Pb states re-
main unchanged therefore on$y(dotted ling and p (dot-dashed
line) densities for the C-typé(lOO) structure are plotted.

the LSD+U method, opens up a large separation between the
spin up and spin down peaks, leading to a gap of about 2.2
eV, between the valence band maxim@mith a O1 2o char- We finally investigated the existence of a ferroelectric
acte) and the conduction band bottofwith a dominant Fe phase in our computational models of Phk&y,,05. Our
character, 50%, hybridized with Thstates, 30% The lower aim here is to investigate if the two cationic arrangements
Fe Hubbard band is found at aboutl0 to —9 eV below the considered have ferroelectric distortions. Therefore we dis-
O 2p valence band top. Our results identify this system as a&uss only ferroelectric tetragonal distortions in the C-type
charge transfer insulator, according to Zaanen, Sawatzky, arg(100) and type-13(111) structuregthe smallest cell of
Allen.”* The inclusion of correlation also decreases the Feeach variant to be compared with the first structural sym-
d-band-width. Interestingly, as already pointed out, withinmetry breaking experimentally observed in PFT.
LSD+U the Fe spin down component is located at the same To this end we have used the same lattice constants em-
energy of the Tal bands, with a non-negligible interaction, ployed in the paraelectric calculations, even if a fully satis-
crucial in understanding the differences between the twdactory analysis should take into account the elongation of
structural variants as will be discussed soon. The hybridizathe ¢ parameter due to the ferroelectric distortions, as
tion between Fe 8 and O 2 bands is weak within LSBU claimed by experiments. In order to allow for ferroelectric
and, obviously, larger within the local density approximation.distortions we have broken the crystallographic inversion
The Pb & band is empty, while the $states are fully oc- symmetry by imposing small shifts of Pb and O atoms along
cupied and interact, weakly, with the O states near the vathe z axis with respect to the fixed framework of the octahe-
lence band maximum. It would be interesting to compare oudra, with the origin kept on the Fe atom at (0,0,0). Then, we
results with photoemission experiments, which are unforturelaxed the atomic positions. As a consequence the point
nately not available for this compound. The electronic propsymmetry of both structures changes to 4 mm.
erties of the two magnetic structures show only minor differ- In the 3(100) variant we do not find any ferroelectric
ences. In particular, in the type-ll phase, that is found to belistortion, while in the3(111) structure a polar phase is
the most stable as reported in Table Il, the gap isdty1 eV  found to be more stable than the paraelectric one by 26 meV,
larger than in the type-I phase. with ferroelectric distortions in good agreement with experi-
In order to investigate the influence of Fe-Ta ordering onmental values as reported in Table V. In our calculations the
the electronic structure, we plot in Fig. 7 the PDOS for thexy planar coordinates are not affected by the ferroelectric
1(111) and;(100) structures, in the type-1 and C-type mag- distortions that involve only the direction and, therefore,
netic structures, respectively, as obtained within the 88D  any possible tilting of the octahedra has been neglected. This

A. Ferroelectricity
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is justified for the hypothetically elpasolite-type perovskite 20

Ph,FeTaQ because the tolerandefactor® defined asR, T ; S ﬂ\Aj\L:
+Ro=t\2(Rg+Ro) whereR,, Rg and R, are the ionic ' sy AN
radii in ABOg, is very close to 1 for both Fe and Ta. This Fe T

favors phase transitions without rotation of the B&rtahe-
dra.

With respect to the paraelectric phase, we find an upward
displacement of 0.09 A for O1 from the Fe-O1-Ta plane at

' —_
[\ < 3] SnO
T

1
1
!
1

z=0. A very similar situation is found for the O1 atom at e
z=0.5 where to an upward displacement of 0.085 A for O1, g [T I_JL\‘M N’JX\ .
follows a downward displacement of 0.004 A for Fe and Ta. § Y L S
As a result, a net buckling of 0.09 A between O1 and the 2 Pb
metal species is found, as that calculated¢a0, and both g 051 ]V\\ M
are in good agreement with the experimental findif@400 2 O AN - :
A). The atomic species experiencing the largest shifts are the R o5l Ot o b ]
Pb atomgsited atz=0.25 and 0.7b This is consistent with A o P I/' ~t Y\ .
the widely discussed idea that a large portion of the ferro- 5
electric polarization in Pb-based complex perovskites, 0.5F J A .
whether ordered or disordered, is provided by Pb displace- ol LA iRl L™
0 -8 6 -4 2 0 2 4 6

ments to accommodate the lone-paB?Glectrons. In our
calculations Pb atoms move towards the Fe-O1-Ta plane by
0.162 A, while the coplanar apical oxygens O2 undergo a FiG. 8. Comparison between total and partial densities of states
displacement by 0.035 A in the opposite direction, with apetween the nonferroelectric and ferroelectric phases of type-|
buckling of 0.197 A, larger than the measured value byl(111). Dashed, dot-dashed, and dotted lines represqntands
~0.05 A. states of the paraelectric phase, respectively, while full lines are the
We now discuss the changes induced by the ferroelectricorresponding superimposed ferroelectric states.
displacements on the etemperature for the type-1 and -II

1(111) structure. We notice that the total energies of the .
2(111) g —4.8 eV involve thed,. states of Fe and Ta and tpe states

ferroelectric type-l and ferromagnetic structures are smaller . T )
by 26 and 20 meV than those of the corresponding paraele@f @pical O2, whose stronger hybridization gives more sta-
tric phases listed in Table II. A fully satisfactory analysis bility to the structure in the ferroelectric phase. The shift of

would require the study of ferroelectricity in the type-ll ~0-1 eV of the O1 peak highlights the different bonding
1(111) structure, to be simulated by a unit cell containing 8oPetween O1 and Fe/Ta due to the buckling between the metal
atoms with very low symmetry. Given the computational ef-Species and the planar oxygen O1 occurring after the phase
fort involved, however, we did not perform this calculation. transition. The changes involves tpg and p, states of the
Given these limitations, we cannot quantify the influence ofplanar oxygen that more than the others are affected by the
ferroelectricity onTy . Our calculations show, however, that modifications of the electrostatic surrounding due to the dis-
for the ferromagnetic and type-l antiferromagnetic structureplacements.

the corrections differ by~=6 meV, which is of the same

order of magnitude of total energy differences between dif-

Energy (eV)

ferent magnetic orderings. This suggests that the effect VI. SUMMARY
should actually be taken into account, in order to estimate _ _
such a smallly (9 K). In conclusion, we report electronic structure calculations

In order to investigate further the differences between thdor the —multiferroic  ferromagnetoelectric  perovskite
paraelectric and the ferroelectric phase of the typ¢d11)  PbFa,;Ta;;;03, within the LSD and the LSB'U approxima-
structure, in Fig. 8 we show a superimposition of the corretions. The relationships between crystallographic B-site or-
sponding total and partial densities of states. Even if the totalering and magnetic properties have been studied in detail
densities of states of the two phases almost coingltegap for two crystallographic superstructures of the B-site disor-
remains unchangggdthere are a few differences that directly dered Pm& phase. Our analysis, in particular, explains the
follow from the geometrical changes due to the ferroelectricexperimental reports of two very different magnetic ordering
distortions. In particular, the peaks at aroundt.8 eV for  temperatures. The values of &ldemperature, computed for
Ta, Fe, O1, and O2 are enhanced in the ferroelectric PDO&rtificially ordered structures, underline the link between
and, only for O1, slightly shifted towards lower energies;short range cation coordination and magnetic properties.
also we have a larger hybridization between Pb and Fe at We have found a stable antiferromagnetic phase for an
around —7.5 eV. This is a consequence of the differentelpasolite-type PFT which sustain ferroelectric tetragonal
bonding picture in the polarized phase, in which Fe/Tadistortions with large shifts of Pb atoms, in agreement with
and O1 atoms are no more coplanar and where the vertic#the fact that a large portion of the ferroelectric polarization in
distances between the different atoms change significantly. IRb-based complex perovskites is provided by Pb displace-
fact, the changes in the ferroelectric phase found aments.

064412-10



ELECTRONIC STRUCTURE OF PbkgTa;Os: . . . PHYSICAL REVIEW B 69, 064412 (2004

ACKNOWLEDGMENTS at Cineca(Bologna, Italy through the lIstituto Nazionale
di Fisica della Materia (INFM). We also thank the
We thank A. Filippetti for helpful discussions. This Technical University of Vienna for the use of computer
work was partially supported by a supercomputing grantime.

1H. schmid, Ferroelectric$62, 317 (1994. Bogatina, and L.A. Shilkina, Crystallogr. Ref7, 1007 (2002.
2M. Fiebig, Th. Lottermoser, D. Fhdic, A.V. Goldzev, and R.V. 82| |. Shvorneva and Yu.N. Venevtsev, Zﬁkﬁ). Teor. Fiz.49,
Pisarev, NaturéLondon 419 818 (2002. 1038(1965 [Sov. Phys. JETR2, 722(1965].
3R.E. Newnham and L.E. Cross, Ferroelectres 43 (1976. 333, Nomura, H. Takabayashi, and T. Nakagawa, Jpn. J. Appl. Phys.
4D.N. Astrov, Zh. 'Eksp. Teor. Fiz.49, 1019 (1965 [Sov. Phys. 7, 600(1968.
JETP11, 708(1966)]. 34N, Lampis, Ph.D. thesis, Cagliari Universititaly), 2001.
5G.T. Rado and V.J. Folen, J. Appl. Ph@SS 1126(1962. 3535 A. Ivanov, S. Eriksson, N.W. Thomas, R. Tellgren, and H.
6G.A. Smolenskii, A.l. Agranovskaia, S.N. Popov, and V.A. Rundlof, J. Phys.: Condens. Matt&8, 25 (2001).
Isupov, Sov. Phys. Tech. Phya. 1981(1958. %65 A. Ivanov, R. Tellgren, H. Rundlof, N.W. Thomas, and S.

"G.A. Smolenskii, V.A. Isupov, and A.l. Agranovskaya, Fiz. Trend  Ananta, J. Phys.: Condens. Matte2, 2393(2000.
Tela (Leningrad 1, 170 (1959 [Sov. Phys. Solid Staté, 150  37W. Brixel, J.-P. Rivera, A. Steiner, and H. Schmid, Ferroelectrics

(1959]. 79, 201(1988.
8G.A. Smolenskii, A.l. Agranovskaia, and V.A. Isupov, Fiz. Trend. 38g Sayhi-Szabo R.E. Cohen, and H. Krakauer, Phys. Re\5®
Tela (Leningrad 1, 990 (1959 [Sov. Phys. Solid Stat&, 907 12 771(1999.
. (1959]. 39B P. Burton and E. Cockayne, Phys. Rev6@ R12 542(1999.
R.E. Cohen, Naturé_ondon 358 136 (1992. “OR. Hemphill, L. Bellaiche, A. Garcia, and D. Vanderbilt, Appl.
1ONL.A. Hill and K.M. Rabe, Phys. Rev. B9, 8759(1999. Phys. Lett.77, 3642(2000
11 . . . y .
N.A. Hill, J. Phys. Chem. BLO4, 6694(2000. “1H. Gui, X. Zhang, and B. Gu, J. Phys.: Condens. Maet491

2. Filippetti and N.A. Hill, Phys. Rev. B55, 195120(2002.

M. Fiebig, T. Lottermoser, D. Fidich, A.V. Goltsev, and V. 4 : i
Pisarev, NaturéLondon 419, 818 (2002. M(.l\é\gaamert, E. Wimmer, and A.J. Freeman, Phys. Re26B4571

1G.A. Samara, Solid State Physs, 240 (2007).

43 .
15p, Woodward, R.D. Hoffmann, and A.W. Sleight, J. Mater. Fes. G. Kresse and J. Furthriter, Phys. Rev. B54, 11 169(1996.

4p E. Bicchl, Phys. Rev. B0, 17 953(1994.

2118(1994.
16F.S. GalassoPerovskite and High I Superconductor$Gordon jZG' Kresse and D. Joubert, Phys. Rev5& 1758(1999.
and Breach, New York, 1990 J.P. Perdew and A. Zunger, Phys. Rev2B 5048(1981.
17A.A. Bokov, N.P. Protsenko, and Z.-G. Ye, J. Phys. Chem. Solids M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. PhyZ0, 1039
61, 1519(2000. (1998.
18G, Baldinozzi, Ph. Sciau, and J. Lapasset, Phys. Status Solidi A’V.l. Anisimov, J. Zaanen, and O.K. Andersen, Phys. Rev43
133 17 (1992. 943 (199).
19G. Baldinozzi, Ph. Sciau, and P.-A. Buffat, Solid State Commun.**A.B. Shick, A.l. Liechtenstein, and W.E. Pickett, Phys. Re%®
86, 541 (1993. 10 763(1999.
20C.A. Randall, S.A. Markgraf, A.S. Bhalla, and K.Z. Baba-Kishi, 505 L. Dudarev, G.A. Botton, S.Y. Savrasov, C.J. Humphreys, and
Phys. Rev. BA0, 413(1989. A.P. Sutton, Phys. Rev. B7, 1505(1998.
2IA. Kania and M. Pawelczyk, Ferroelectrit@4, 261 (1991). 5IM. Posternak, A. Baldereschi, S. Massidda, and N. Marzari, Phys.
22K .Z. Baba-Kishi, G. Cressey, and R.J. Cernik, J. Appl. Crystal- Rev. B65, 184422(2002.
logr. 25, 477(1992. S2W.E. Pickett, S.C. Erwin, and E.C. Ethridge, Phys. Re\5®
23C. Malibert, B. Dkhil, J.M. Kiat, D. Durand, J.F. Bar, and A. 1201(1998.
Spasojevic-de Birel. Phys.: Condens. Mattér 7485(1997). 533. zaanen and G.A. Sawatsky, J. Solid State Ct&8n8 (1990.
24N. Setter and L.E. Cross, J. Appl. Phys, 4356(1980. 54A.E. Bocquetet al, Phys. Rev. B46, 3771(1992.
25.E. Cross, Ferroelectrics51, 305 (1994. 55T, saitoh, A.E. Bocquet, T. Mizokawa, and A. Fujimori, Phys.
26N, Lampis, Ph. Sciau, and A. Geddo Lehmann, J. Phys.: Condens. Rev. B52, 7934(1995.
Matter 11, 3489(1999. %8|, Solovyev, N. Hamada, and K. Terakura, Phys. Re&387158
27, Geddo Lehmann and Ph. Sciau, J. Phys.: Condens. MHitter (1996.
1235(1999. 577. Yang, Z. Huang, L. Ye, and X. Xie, Phys. Rev.6®, 15 674
28N. Lampis, Ph. Sciau, and A. Geddo Lehmann, J. Phys.: Condens. (1999.
Matter 12, 2367 (2000). 58T, Mizokawa and A. Fujimori, Phys. Rev. B4, 5368(1996.
29A. Geddo Lehmann, F. Kubel, and H. Schmid, J. Phys.: Condens’®H. Wu, Phys. Rev. B34, 125126(2007).
Matter 9, 8201(1997). 607 Fang, K. Terakura, and J. Kanamori, Phys. Rev.68
30w, Brixel, Ph.D. thesis, Gene University(Suisse, 1987. 180407R) (2001.

31p. Raevski, V.V. Eremkin, V.G. Smotrakov, M.A. Malitskaya, S.A. 81K. Miura and K. Terakura, Phys. Rev. &, 104402(2001).

064412-11



NATHASCIA LAMPIS et al. PHYSICAL REVIEW B 69, 064412 (2004

62V/I. Anisimoyv, 1.S. Elfimov, N. Hamada, and K. Terakura, Phys. 8Encyclopedia of Physics, edited by S. Flugge and H.P.J. Wijn

Rev. B54, 4387(1996. (Springer-Verlag, Berlin, 1966Vol. XVIII/2 (Magnetisn).

633.S. Smart, Phys. Chem. Solitls, 97 (1959. °D. Kodderitzsch, W. Hergert, W.M. Temmerman, Z. Szotek, A.

64G.H. Jonker, PhysicéAmsterdam 22, 707 (1956. Ernst, and H. Winter, Phys. Rev. &, 064434(2002.

85D.D. Sarma, N. Shanthi, S.R. Barman, N. Hamada, H. Sawadd*J.E. Pask, D.J. Singh, I.Il. Mazin, C.S. Hellberg, and J. Kortus,
and K. Terakura, Phys. Rev. Le#5, 1126(1995. Phys. Rev. B64, 024403(200D.

56p.w. Anderson, Phys. Re¥9, 705 (1950. 2| V. Solovyev, Phys. Rev. B5, 144446(2002).

57R.I. Hines, N.L. Allan, G.S. Bell, and W.C. MacKrodt, J. Phys.: "°E. Legrand and R. Plumier, Phys. Status SafdB17 (1962.
Condens. Matte8, 7105(1997. 743. zaanen, G.A. Sawatzky, and J.W. Allen, Phys. Rev. I58t.

58M.E. Lines, Phys. Rev. A39 A1304(1965. 418(1985.

064412-12



