
Experimental evidence of the crucial role of nonmagnetic Pb cations in the enhancement
of the Néel temperature in perovskite Pb1−xBaxFe1Õ2Nb1Õ2O3

I. P. Raevski, S. P. Kubrin, S. I. Raevskaya, V. V. Titov, D. A. Sarychev, M. A. Malitskaya,
I. N. Zakharchenko, and S. A. Prosandeev*

Department of Physics, Institute of Physics, Southern Federal University, Rostov on Don 344090, Russia
�Received 4 June 2009; revised manuscript received 14 June 2009; published 10 July 2009�

Our experimental study of Pb1−xBaxFe1/2Nb1/2O3 shows that, the Néel temperature in this solid solution
drops down at x�0.15 /0.20, and, at the same threshold, the polarization also looses its long-range order. Thus,
the multifunctional solid solution studied demonstrates a possibility of simultaneous controlling the magnetic
and ferroelectric properties by changing the concentration of only lead, which is a nonmagnetic ion.
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I. INTRODUCTION

Multiferroics are currently in the focus of the material
science1,2 and the list of the multiferroics is constantly up-
dated. One of the promising examples Pb�Fe1/2Nb1/2�O3
�PFN�3 has a perovskite ABO3 structure with a quite random
occupation of the B site by Fe and Nb. The rhombohedral
and monoclinic structures belonging to the R3m and Cm
space groups, respectively, have been reported for the room-
temperature phase of PFN in several independent studies
�see, e.g., Refs. 4 and 5, and references therein�. The ferro-
electric phase transition in PFN happens at about 380 K. As
in other similar lead-free A2+Fe1/2B1/2

5+ O3 perovskites �A2+

=Ba,Sr,Ca, B5+=Nb,Ta�,6,7 the ground magnetic state of
PFN appears to be spin glass,5 below �20 K. However, in
contrast to its lead-free counterparts, PFN exhibits also a
long-range G-type antiferromagnetic �AFM� order with a
much higher Néel temperature,1–5 TN�150 K. The AFM
phase transition in PFN is manifested by anomalies in the
temperature dependence of the dielectric permittivity8 and
lattice parameters.4 The nature of the strong enhancement of
TN in PFN is not clear, and, in this paper, we state the ques-
tion how one could control this temperature in other way
than trivial changing in the Fe content. We suggest diluting
PFN with Ba�Fe1/2Nb1/2�O3, which does not possess Pb, and
we experimentally show that TN �as well as the ferroelectric
phase-transition temperature� are very sensitive to the substi-
tutions in the Pb sublattice. Possible nature of this sensitivity
is also discussed.

The structure of the paper is as follows. At the beginning,
we describe the experimental methods in use and character-
ization of the samples obtained. Then we report on our find-
ings for the Néel temperature dependence on the composi-
tion. Theoretical description and discussion of the results
obtained follows the description of the experiment. We con-
tinue with analyzing the ferroelectric properties in the same
samples and finally we come to our conclusions.

II. EXPERIMENTAL

Ceramic samples of Pb1−xBaxFe1/2Nb1/2O3 �PBFN� with
0�x�0.30 have been obtained by the solid-state reaction
route using high-purity Fe2O3, Nb2O5, PbO, and BaCO3.
These ingredients were batched in stoichiometric proportions
and 1 wt % Li2CO3 was added to the batch. This addition

promotes the formation of the perovskite modification of
PFN and reduces its conductivity significantly.9 For the
sake of comparison, we synthesized also the
Pb1/2Ca1/2�Fe1/2Nb1/2�O3 composition and some PBFN com-
positions without Li2CO3 additions. After thorough mixing
of the powders in an agate mortar with ethyl alcohol and
subsequent drying, green samples were pressed at 100 MPa
in the form of disks of 10 mm in diameter and of 2–4 mm in
height using polyvinyl alcohol as a binder. Sintering was
performed at 1050–1100 °C for 2 h in a closed alumina
crucible. The density of the obtained ceramics was about
90–95% of theoretical one. The electrodes for measurements
were deposited to the grinded disks of 9 mm in diameter and
0.9 mm in height by firing on silver past. The preparation of
A2+Fe1/2B1/2

5+ O3 ceramic samples �A2+=Ba,Sr,Ca, B5+

=Nb,Sb� as well as the details of the dielectric and Möss-
bauer studies have been described elsewhere.10,11 To charac-
terize the samples, we performed x-ray diffraction studies by
using DRON-7 diffractometer with Co K� radiation.

III. RESULTS

All of the investigated compositions were single phase
and had a structure of the perovskite type. PFN had rhombo-
hedral symmetry at room temperature while the PBFN com-
positions with 0.05�x�1.0 were cubic. We found that the
concentration dependence of the pseudocubic lattice param-
eter ã=V1/3 is pretty linear, that is, a sign of the formation of
solid solutions in the whole concentration range �Fig. 1�a��.

Figure 2 shows the temperature dependence of the dielec-
tric permittivity � for some PBFN compositions studied. On
the basis of these data we found that the ferroelectric phase-
transition temperature decreases approximately linearly with
x in the interval of the concentrations between 0 and 0.2 �Fig.
1�a��. Above this concentration, the permittivity becomes
rather dispersive and the inherent to relaxor ferroelectrics
Vogel-Fulcher law12 fits well the experimental frequency de-
pendence of the ��T� maximum temperature Tm. PBFN with
x=1 �BFN� exhibits a steplike ��T� dependence and very
high �about 20 000� values of permittivity. Both these fea-
tures as well as a Debye-type dispersion are the fingerprints
of the Maxwell-Wagner relaxation as was discussed in detail
elsewhere.10

At room temperature, the Mössbauer 57Fe spectra of all
studied compositions are doublets with the quadrupole split-
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ting of �0.4 mm /s and isomer shift of 0.4 mm/s �relative to
metallic iron�. Incomplete ordering of the Fe3+ and Nb5+ ions
in the lattice of PBFN is believed to be the main cause of this
quadrupole splitting.6,13 In contrast to this, in the fully �long-
range� 1:1 �NaCl-type� ordered structure, one can expect the
presence of only one peak in the Mössbauer spectra. Such a
situation takes place in A�Fe1/2Sb1/2�O3�A=Ca,Sr,Pb� per-
ovskites, where a high degree of ordering is confirmed by the
appearance of the superstructural reflections on x-ray
diffractogramms.6,13

When decreasing temperature below TN, the Mössbauer
spectrum transforms from doublet to sextet.6,7,9,13 This trans-
formation is accompanied by a strong decrease in the mag-
nitude � of the � absorption normalized to its value at 300 K
�see the inset in Fig. 2�. The abrupt drop in the temperature
dependence of � allows one to determine TN from the Möss-
bauer experiment.11 We used this possibility and experimen-
tally found TN in PBFN �Fig. 1�b�� and some A2+Fe1/2B1/2

5+ O3
perovskites �A2+=Ba,Sr,Ca, B5+=Nb,Sb�. The results for
the latter compounds agree well with the data obtained from
the magnetic-susceptibility measurements.6,7 No valuable ef-
fect of Li2CO3 addition on the magnetic or ferroelectric
phase-transition temperatures has been observed for the sin-
tering conditions used. One can see that, in PBFN, at small
Ba concentrations �below x�0.2�, TN linearly decreases but

keeps having large values of about 100–150 K. At x�0.2, TN
abruptly falls down to smaller values of �50 K. Close to
this drop down, additional ��T� anomalies inherent to phase
coexistence were observed �inset in Fig. 2�. The correspond-
ing values of TN are shown in Fig. 1�b� with dashed lines.
Pure BFN has TN�25 K, in good agreement with the
magnetic-susceptibility measurements.6,7 Thus, all data ob-
tained for TN is split into two different sets. One is at 100–
150 K. The other is at 30–50 K. We assign these two sets to
two different magnetic order parameters. It is interesting that,
at x�0.2, these two temperature sets coexist which can im-
ply the coexistence of the two order parameters �via meta-
stable states�. Below, we will discuss possible nature of these
two parameters.

IV. DISCUSSION AND CONCLUSION

The AFM order in iron oxides is usually attributed14 to the
oxygen-related superexchange Fe3+-O-Fe3+. The same
mechanism is supposed to work in perovskites.1,15 However,
the number of the Fe3+-O-Fe3+ pairs determining TN does not
change in PBFN when varying x but the experimentally ob-
tained values of TN change a lot. In principle, there can be
some indirect changes in the oxygen-related superexchange
via the change in the excitation energy between the oxygen
and iron electron energy levels, as well as because of pos-
sible change in the hopping integral between these states via
�i� possible change in the degree of the Fe and Nb order, �ii�
the change in the lattice parameter, or �iii� a dramatic �to
nanolevel� decrease in the grain size. However, �i� our Möss-
bauer, dielectric, and x-ray studies do not show any evidence
of the change in the degree of the Fe and Nb cations ordering
in PBFN. In the case of the long-range ordering one would
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FIG. 1. �Color online� Concentration dependence of �a� the
dielectric-permittivity maximum temperature Tm, pseudocubic lat-
tice parameter ã=V1/3, frequency shift �Tm=Tm�106 Hz�
−Tm�102 Hz� and �b� Néel temperature TN for PBFN solid solu-
tions. Circles and crosses in Fig. 1�b� correspond to TN values de-
termined from the main and additional anomalies of ��T� depen-
dences shown in the inset of Fig. 2.
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FIG. 2. Temperature dependence of permittivity � for some
PBFN ceramic compositions measured at different frequencies: 102,
103, 104, 105, and 106 Hz �from top to bottom�. The inset shows the
temperature dependence of the �-maximal value of the absorption
in the Mössbauer spectrum related to its value at 300 K, for some
PBFN compositions. �1� x=0; �2� x=0.15; �3� x=0.30; and �4� x
=1.0.
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see a singlet component in the Mössbauer spectra or super-
structural lines in the x-ray diffraction pattern or strong de-
crease in the frequency dispersion of the permittivity maxi-
mum. None of these features has been observed. This implies
that the change in the degree of ordering is not behind the
observed change in TN in PBFN. �ii� We measured TN in
Pb1/2Ca1/2�Fe1/2Nb1/2�O3�ã=3.948 Å� and found that TN in
this solid solution is close to the values obtained for the
corresponding PBFN compositions, in spite of a big differ-
ence in the lattice constant. Thus, the change in the lattice
constant cannot be responsible for the strong change in TN in
PBFN. �iii� Our studies of the grain structure of the ceramics
revealed that the mean grain size of PBFN ceramics does not
change substantially with x and is about 3–10 �m. We con-
clude that the change in the size of the grains with x does not
control the observed change in TN in PBFN. Thus, the weird
enhancement of TN in PFN does not have a simple explana-
tion. Below, we discuss this challenge from the point of view
of possible leading role of Pb in the both magnetic and ferro-
electric couplings. The ferroelectric coupling in the Pb-
containing perovskites is usually enhanced owing to the
strong ferroelectric activity of Pb.16 The magnetic coupling
can be enhanced either because of the involvement of the Pb
ions into the superexchange or because of the influence of
the Pb-related polarization onto the magnetic properties.

We start here from the discussion of the first alternative,
the possible involvement of the Pb ions into the superex-
change. In the framework of this assumption, at low x, the
magnetic interactions in PBFN can percolate via the Pb sub-
lattice and can organize a long-range AFM order. The linear
decrease in TN with x seen in Fig. 1�b�, at low x, can be
explained within this framework by the decreasing number
of the Fe3+-Pb-Fe3+ pairs. The abrupt drop in TN can be ex-
plained now as the result of the loss of the percolation of the
AFM order in the Fe sublattice. Notice that the compara-
tively low value of the percolation threshold can be a result
of the contribution to the superexchange from the second-
and third-neighbor’s interactions.17

Let us briefly discuss possible models for such unusual
superexchange. We start from the possibility that the Pb 6p	
orbitals can connect the nearest neighbors of Fe’s in the �111�
direction �Fig. 3�. These pairs are so-called third neighbors
�the first neighbors are in the �001� directions and are
coupled via oxygen and the second neighbors are in the �110�

direction�. The effective Pb-related superexchange can be ex-
pressed now by using the fourth-order quantum perturbation
theory, over the hopping integral between the Pb and Fe sites
tA, the energy difference between the states on Fe and Pb �A,
and the Coulomb integral on the Fe �Pb� site U�UA� �see
Appendix�,

JA =
2tA

4

�A
2 � 1

U
+

2

2�A + UA
� . �1�

Theoretical estimation of the magnitude of this coupling is
not known at present. However, the real coupling might be
more complicated and involve the jumps via oxygens. In-
deed, the tPbO Pb-O	 hopping integral was found to have a
large value of 0.9 eV.18 Additionally, experimental results on
conductivity and photoconductivity19 revealed the fact that
lead-containing perovskites have band gaps strongly smaller
compared with the gap in the corresponding lead-free per-
ovskites, and this gap is due to the electron excitation be-
tween O 2p and Pb 6p states. One should also take into ac-
count the fact that each oxygen ion has four nearest Pb ions.
Then the probability of the hopping of an electron between
oxygen ions via lead can get a value sufficient for coupling
nearest broken iron bonds �cf. Ref. 20�. For instance, if one
takes the O 2p to Pb 6p excitation energy 2.5 eV, then the
maximal Pb-related magnetic energy can be estimated as
4�4�0.9 /2.5�4�=0.26 of the energy of the superexchange via
oxygen. If we take for reference TN=640 K in BiFeO3 then
the magnetic energy related to Pb will be 640
0.26
=166 K. This value is in line with the known TN value of
PFN. Thus, lead can serve as a mediator between the local
AFM clusters.

It is surprising that the TN of 150 K assigned to the su-
perexchange via Pb is several times larger than TN of 25 K,
which in lead-free perovskites can be assigned to oxygen
only. We relate this fact to the glass behavior in the lead-free
perovskites such as BFN. Correspondingly, in these perovs-
kites, there are only small and dynamical AFM clusters,
which do not percolate magnetic interactions, due to broken
bonds and random fields.21 It has been believed that only
those Fe ions contribute to the antiferromagnetic interac-
tions, which have more than one bridge.14 So, many iron ions
are at the surface of the magnetic clusters and do not take a
part in the magnetism of the lead-free perovskites. At short
distances, the Fe and Nb ions can have a rather strong �NaCl-
type 1:1� order preventing the superexchange via oxygen.
This can happen owing to the Coulomb interactions between
Fe3+ and Nb5+, when growing the crystals or sintering ceram-
ics. The occupation of the third neighbors by Fe and Nb can
be less correlated �compared to the first neighbors� and, con-
sequently, the probability to find a pair of Fe’s coupled by Pb
is larger than the probability to find two Fe’s coupled by
oxygen because Pb couples third neighbors. In contrast to
this, if the �FeNb� sublattice is well ordered,13 like in
Pb�Fe1/2Sb1/2�O3, then even Pb cannot increase TN, and TN is
of about 25 K. Thus, Pb can merge the magnetic moments of
the small random and dynamical magnetic clusters in PFN,
which are not well ordered, and this can result in the perco-
lation of the AFM interactions through the lattice. Notice that

Fe3+

Fe3+

Pb

OFe3+ Fe3+

FIG. 3. Schematic plot of the superexchange via Pb and
oxygen.

EXPERIMENTAL EVIDENCE OF THE CRUCIAL ROLE OF… PHYSICAL REVIEW B 80, 024108 �2009�

024108-3



even in pure PFN there remains a lot of uncoupled dynami-
cal magnetic clusters leading to the spin glass formation be-
low �20 K.5 This point is in line with our experiment and
theory predicting the coexistence of the two magnetic order
parameters at low temperatures, the first-order parameter is
related to the superexchange via Pb while the second order
parameter has the origin in the O-related superexchange.

Let us now turn to the dielectric properties of PFN. Notice
that the importance of Pb for the lattice dynamics �and con-
sequently for ferroelectricity� in PFN follows from our re-
sults of first-principles computations, which revealed the
presence of the soft ferroelectric mode consisting of a polar
displacement of the Pb ions opposite to the shift in the other
ions �mostly oxygen ions�.22 Hence, one can expect that the
dilution of the Pb sublattice should result in diminishing the
ferroelectric properties inherent to pure PFN. Indeed, as one
can see from Figs. 1�a� and 2, the dielectric properties sub-
stantially change at the threshold concentration x�0.15
−0.2, which is close to the threshold obtained by studying
the magnetic properties. Below this concentration, the
dielectric-permittivity maximum is large and the frequency
dispersion is small that can mean that the Pb-related network
mostly defining the ferroelectric properties is homogeneous
and macroscopic �percolative�, and the lattice dynamics is
soft-mode related. Above this concentration, there appears a
strong dispersion inherent to relaxors, the source of which is
usually associated with finite-size Pb-related polar regions.
The start of the strong frequency dispersion, thus, manifests
the prevalence of the relaxation dielectric response in the
inhomogeneous ferroelectric over the mean-field, homoge-
neous soft-mode-related response. This evidence is in excel-
lent agreement with recent experimental observation of the
coexistence of the magnetic and ferroelectric glass states2 in
�Sr,Mn�TiO3. Indeed, our data show that, above x=0.2, in
PBFN, ferroelectric relaxor behavior coexists with the mag-
netic glass state inherent to lead-free double perovskites.6,7

We should emphasize, at the same time, that our studies
show the relaxor and magnetic glass behavior because of
diluting a ferroelectrically active ion Pb, while Ref. 2 reports
about doping SrTiO3 with magnetically active cation Mn.

The proximity of the ferroelectric and long-range AFM
thresholds can be not occasional, but rather this can manifest
whether a strong influence of the ferroelectric polar distor-
tions on TN via the oxygen-related superexchange or/and be a
result of the existence of the straight Pb-related superex-
change described in the present paper. Both factors lead to
the same conclusion, a possibility to control both the ferro-
electric and AFM properties of PFN by diluting the Pb sub-
lattice.
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APPENDIX

1. The fourth-order contribution to the energy

The idea of the derivation is to use the quantum theory of
perturbations in order to calculate the energy of the ferro-

magnetically and AFM-ordered spins. The contributions to
the first, second, and third order are the same for these two
types of ordering and we omit consideration of these terms.
Thus, we start from the contribution, which is distinct for the
ferromagnetic and antiferromagnetic orders. The general for-
mula for this contribution reads,

E�4� = − 	 
0�H�i�
i�H�j�
j�H�k�
k�H�0�
�Ei − E0��Ej − E0��Ek − E0�

. �A1�

2. Two-electron-three-site model

Consider a Pb ion sandwiched between two metal sites
�Fig. 4�. Each metal site has one orbital and it can accept one
or two electrons with opposite spins. The 6p Pb orbital is
empty in the ground state �it is directed toward the metals�
and can accept up to two electrons with opposite spins. The
Ms each have an orbital directed toward Pb. The hopping
integral between the nearest sites is tA. The splitting of the
levels on M is U. The splitting of the levels on Pb is Up. The
ground state includes one electron on the left M and one
electron on the right M. The spins of the electrons are to be
determined on the basis of energy minimization.

3. Hamiltonian matrix including the excitations from M to Pb

We want to find the energy of the ground state with taking
into account the covalency-mediated electron excitations
�Fig. 5�. The first virtual excitation from M to Pb has energy
�A. The followed virtual excitation of the other electron from
the second M to Pb gives the energy 2�A+Up, where Up is
the Coulomb interaction energy of two electrons on the Pb
site �Table I�.

In the case of ferromagnetic ground state, the virtual ex-
citation of two electrons on Pb is not possible because of the
Pauli principle. For the AFM ground state, the numerator in
formula �A1� will have the product of all the finite nondiago-
nal elements in the matrix. The denominator will include the
product of �A �two times because we pass this state two
times in the virtual excitation and in the de-excitation� and
2�A+Up. We add to this formula factor 4 because there are
four ways how to excite two electrons from two metals to Pb

ttAtA

U

Up

MM Pb

FIG. 4. �Color online� Two-electron-three-site model.
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and how to come back �one has the choice to excite whether
the left or right M, first. Then, when two electrons are on Pb,
one has a choice whether to return an electron to the left or
right M, first�.

E↑↑ = 0, �A2�

E↑↓ = −
4tA

4

�A
2

1

2�A + Up
. �A3�

4. Hamiltonian matrix including excitations from one M to the
other via Pb

The first virtual excitation from a metal to Pb has energy
�A. The virtual excitation of the same electron from Pb to the
other M has energy U, where U is the Coulomb interaction
energy of two electrons on the M site �Fig. 6�.

In the case of ferromagnetic ground state, the virtual ex-
citation of an electron from one M to the other, via Pb, is
forbidden by the Pauli principle. For the AFM ground state,
the numerator in formula �A1� will have the product of all
finite nondiagonal elements in the matrix. The denominator
will include the product of �A �two times, because we pass
this state two times, in the virtual excitation and in the de-
excitation� and U. We add to this formula factor 2 because
there are two ways how to excite an electron from one metal
to the other via Pb �one has the choice to excite whether the
left or right M, first� �Table II�.

E↑↑ = 0, �A4�

E↑↓ = −
2tA

4

�A
2U

. �A5�

5. Final formula

The difference between the energy of the AFM and ferro-
magnetic states gives the value of the indirect interaction
energy between the spins �notice that another definition will
result in a factor in our expression�

JA = −
4tA

4

�A
2

1

2�A + Up
−

2tA
4

�A
2U

= −
2tA

4

�A
2 � 1

U
+

2

2�A + Up
� .

�A6�

Formally, this result coincides with the formula known for
the superexchange energy in the M-O-M fragment, where O
is oxygen. This formula can be obtained in a four-electrons-
three-sites model.23–30 This coincidence is not accidental. In-
deed, the four-electron model gives the same results as a
two-hole model and the two-hole model has formally the
same energy spectrum in the considered case as two-electron
model. Indeed, in the electron representation, d5 shell trans-
forms again to a d5 shell but in the hole representation. Thus,
there is isomorphism between the Anderson four-electron-
three-site model and considered above two-electron-three-
site model. However, one should remember about very dif-
ferent meaning of the parameters in our model compared to
the Anderson model.

TABLE I. Hamiltonian matrix including the excitations from M
to Pb.

2�A+Up tA 0

tA �A tA

0 tA 0

TABLE II. Hamiltonian matrix including excitations from one
M to the other via Pb.

U tA 0

tA �A tA

0 tA 0

U

Up

MM Pb

FIG. 5. �Color online� Superexchange via Pb 6p empty state—
excitation of both electrons on lead.

U

Up

MM Pb

FIG. 6. �Color online� Superexchange via Pb 6p empty state—
excitation of an electron from one metal ion to the other one.
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