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Abstract

The magnetic, dielectric and thermal properties of the complex perovskite Pb(Fe2/3W1/3)O3

[PFW] have been studied on single crystals by means of a SQUID magnetometer, dielectric

measurements and thermal analysis. Anomalies in the temperature dependence of the

magnetization have revealed magnetic phase transitions at T N I = 3 5 0 K and Tjsf2=20 K. These

two steps of antiferromagnetic ordering are attributed to the microstructural feature of the

complex perovskite, characterized by ordered and disordered arrangements on the B-site,

giving rise to a strong superexchange interaction of - Fe3+ - O - Fe3+ - type with a higher

ordering temperature, and to a weak superexchange interaction of the B-site ordered elpasolite

type - Fe3+ - O - W - O - Fe3+ - with a lower Neel temperature. The low temperature

antiferromagnetic phase exhibits a weak ferromagnetism. The dielectric properties of PFW

show a relaxor ferroelectric behaviour with a dispersive maximum of permittivity at Tm (170 -

190 K). The magnetic phase transition at T^2=20 K results in anomalies both of the real part of

permittivity and the dissipation factor, suggesting a magneto-electric coupling via magneto-

structural interactions.

Keywords: Complex perovskite Pb(Fe2/3W1/3)O3, magnetic properties, dielectric properties,

superexchange interaction, order/disorder.
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1. INTRODUCTION

Lead iron-tungstate Pb(Fe2/3Wy3)O3 [PFW] crystallizes in a complex perovskite

structure. Historically PFW was first synthesized in ceramic form as a result of the search for

ferromagnetic ferroelectrics (see Ref. 1 for a review), started in the late nineteen fifties in

Russia by trying to replace partially diamagnetic ions by paramagnetic ones on the B-site of

oxyoctahedral perovskites [2, 3]. For the ferroelectricity and the magnetic ordering to occur

simultaneously in crystals of perovskite-type structure, it was postulated to be necessary to

have a sufficient concentration of transition elements with uncompensated spins in the B

sublattice for obtaining magnetic order, and to have a high electron and ion polarizability for the

A- and B-site ion in the crystalline lattice [4], The complex perovskite structure of

Pb(Fe2/3W1/3)O3 seemed to meet these requirements. The Pb2+ ion in the A sublattice has

unshared 6s electrons which are apparently stereochfenically active [5] and one of the B-site

ions W6+ has a shell of rare gas s2p6 in the ground state. These two ions are essentially

favourable for the polarization of the crystal. The remaining octahedral positions of B-sublattice

are occupied by 66.7% of the magnetic Fe3+ (3d5) ion, which may result in a magnetic ordering

of the crystal.

As most of the Pb-containing complex perovskites, PFW was initially postulated to be

"ferroelectric" according to a wide-spread maximum of the dielectric permittivity around 178

K, which was considered as a "diffuse" phase transition [6, 7]. Further studies showed that the

dielectric properties of PFW are strongly frequency-dependent and can rather be described by a

relaxational model [8, 9]. Recent single crystal investigations of the optical and dielectric

properties revealed that PFW behaves as a relaxor ferroelectric in which a polar phase can only

be induced by means of an electric field, leading to dielectric hysteresis of ferroelectric nature

[10]. Such an induced ferroelectricity was also evidenced in other complex perovskite relaxors

such as Pb(Mg1/3Nb2/3)O3 [11].

An antiferromagnetic order was in fact measured below the Neel temperature TN=363 K,

at which the magnetic susceptibility v shows an inflexion point. In the paramagnetic region far

above TN, the Curie-Weiss law is satisfied [7]. A neutron diffraction investigation showed that



the magnetic superstructure reflexions disappear above Tjsf and no reflexions, which would

attest an order of the B-site Fe3+ and W^+ ions, are present on the diffraction pattern [12]. As

initially expected, the appearance of the antiferromagnetic ordering at a relatively high

temperature may be ascribed to the high concentration of the paramagnetic Fe3+ ion on the

octahedral B-site. Moreover, the angles in the B cation - oxygen - B cation chains are close to

180X, representing the optimum condition for the appearance of magnetic order on the B

sublattice owing to superexchange, since 180X-superexchange usually leads to

antiferromagnetic coupling [13]. The presence of the magnetic order in PFW gives a peculiarity

to this material with respect to some other non-magnetic relaxor ferroelectrics, like

Pb(Mg1/3Nb2/3)O3 or Pb(Sn1/2Ta1/2)O3.

So far there has been a great paucity of single crystal data of PFW. The aim of this work

is therefore to study the magnetic and the dielectric properties of the PFW crystals recently

grown, with a view to characterizing the magnetic phase transitions and discussing the origin of

the magnetic interaction and the magneto-electric coupling.

2. EXPERIMENT

Single crystals of Pb(Fe2/3W1/3)O3 were successfully grown from a high temperature

solution technique using (PbO + B2O3) flux [14]. The as-grown crystals exhibited a pseudo-

cube morphology, black and semi-metallic luster and a good optical isotropy, without

inclusions of ferromagnetic trace phase or internal stress. For the dielectric characterization,

platelets were cut parallel to (100)cub, (110)cub or ( l l l ) c u b planes with a thickness of 30 to 50

//m, finely polished with 0.25 fim diamond paste and electroded by deposition of semi-

transparent Au-Cr layers permitting to realize the simultaneous visual control and to minimize

the mechanically induced stress at low temperatures due to surface contacts. Gold wires ( 0 =40

fi m) were fixed by silver/epoxy at the center of the platelets. The electroded crystal samples

were mounted on a rotating rod of a special optical He-flow cryostat (Oxford Instr.) in

conjunction with a polarized light microscope. The temperature was measured with the help of

a calibrated Carbon-Glass Resistor fixed close to the sample. The dielectric permittivity was



measured at frequencies ranging from 100 Hz to 1 MHz by means of an HP4192A Impedance

Analyzer. The oscillation level was fixed to 1 Vrms.

The magnetic measurements were carried out on an as-grown PFW crystal of 7.5 mg by

means of a SQUID magnetometer (type MPMS, Quantum Design). The sample temperature

could be varied from 5 K to 400 K and the maximum external magnetic field was 55 kOe. The

sample was supported by a holder made of tri-fluorine ethylene that was fixed to a stripe (5x200

mm2) of polyimide film with a thickness of 50 fi m, in order to reduce the back ground signal.

The diamagnetic back ground was linear to the external magnetic field and almost constant in

the temperature range between 5 K and 300 K. The magnitude of the back ground was about -

3xlO~9 emu/Oe, which represents 1/100 to 1/200 of the signal. The temperature dependence of

the magnetization was measured in detail at a constant field of #=10 kOe, applied along

<100>cub-directions. The measurements were preceded either by a zero field cooling (ZFC) or

by a field cooling (FC) in a magnetic field of #=10 kOe.

Thermal analyses were carried out by means of a DSC-220C calorimeter on single crystal

PFW samples of 200 mg contained in a platinum holder under N2-50 atmosphere. The heating

and cooling rate was 10 deg./minute.

3. RESULTS

3,1 Magnetic Properties

The variation of the magnetization (M) and the magnetic susceptibility ( X ) as a function

of temperature between 4 and 400 K is shown in Figure 1. Two anomalies, one at Tjs^=350 K

and the other at T N I = 2 0 K, are marked on the curves with changes of slope. Figure 2a gives the

detail of the reciprocal susceptibility between 200 and 400 K, where the anomaly at TN1=350 K

would correspond to the magnetic phase transition with an antiferromagnetic ordering below

TN1, as reported previously [7, 12]. The reciprocal susceptibility 1/ X behaves complexly as a

function of temperature in the paramagnetic region above T^i and the measurement up to 400

K do not allow to find a linear variation of 1/X(T). According to the measurement on
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polycrystalline samples, such a linearity was reached only above 550 K [7]. Note that in that

previous work, the magnetic anomaly was reported to occur at 363 K.

Figure 2b gives the detail of the reciprocal magnetic susceptibility between 4 and 200 K,

where a second anomaly was clearly revealed at TN2=20 K. This magnetic anomaly represents a

completely new phonomenon, suggesting a novel antiferromagnetic phase transition in the

crystals of PFW. Above TN 2 and in the temperature range between 40 and 200 K, the variation

of the reciprocal susceptibility can well be fitted to the Curie-Weiss law, X =C/(T-6), giving

rise to a Curie temperature 6 = -58 K, and a gram Curie constant Cg=7.9xlO~3 K.cm3/g. The

effective magnetic moment of the Fe3+ ion has been calculated from the following expression:

v-effr

where kg is the Boltzman constant, fig the Bohr magneton, NA Avogadro's number and CM

the molar Curie constant, C^=C^-molar weight. The calculated effective magnetic moment of

Fe3+ ion is pLe^=A.l # B , which is higher than the value found above T^i (#eJ^=4.2 # B

from the magnetic measurement [7] and 3.54 #Bfrom the intensity of the magnetic <111>

reflections by neutron diffraction [12]), but smaller than the theoretical value corresponding to

the spin-only model fi e^ =2 y]S(S +1) =5.92

At room temperature, the variation of the magnetization as a function of the magnetic

field is linear for the field range between -30 and 30 kOe, while it becomes slightly non-linear at

higher magnetic fields (up to ±50 kOe, applied along <100>cu{,, Figure 3). No magnetic

hysteresis can be observed. At 5 K, however, a hysteresis loop was revealed, after field cooling,

with a very weak remanent magnetization of about 0.03 emu/g (Figure 4), indicating the

presence of a weak ferromagnetism in the low temperature antiferromagnetic phase. In the case

of zero field cooling (Figure 5), the hysteresis was narrowed with a weaker remanent

magnetization. Therefore the weak ferromagnetic moment is sensitive to the magnetic field

"poling". The non-linear variation of M(T) at low temperature suggests a spin glass behaviour,

as reported in Ref. 15.



Figure 6 gives the detailed temperature dependence of the magnetization between 150

and 200 K. Within the limit of measuring accuracy, no significant variation of the magnetization

curve can be noticed in the temperature interval of the dielectric relaxational regime between

170 and 190 K [10].

3.2 Dielectric Permittivity

Figure 7 gives the temperature dependences of the real part of the dielectric permittivity

£ r ' (a) and the dissipation factor tan 6 (b) of a ( l l l ) c u b PFW platelet measured upon heating

after zero (electric) field cooling. The dielectric properties depend strongly on the measuring

frequency. The temperature of the £ r ' maximum increases with increasing frequency around

180 K, indicating a typical ferroelectric relaxor behaviour. At low temperatures, a slight change

of slope was detected at about 20 K. Figure 8 shows the details of the variation of £ r ' (a) and

tan<5 (b) between 10 and 60 K. In both cases, the anomaly near 20 K can be revealed at

various frequencies. Taking into account the low temperature magnetic behaviour, it can be

seen that that the dielectric anomaly coincides with the magnetic one, thus indicating a mutual

dielectric/magnetic coupling at TN2=20 K and below.

3.3 Thermal Analysis

High resolution thermal analysis by DSC between 80 and 400 K shows that both the

magnetic phase transition at TN1=350 K and the dielectric relaxation near Tm=178 K take place

without measurable anomaly.

4. DISCUSSION

The magnetic properties of the PFW crystals indicate two steps of magnetic ordering at

T N I = 3 5 0 K and T^2=20 K, respectively, the origin of which may be understood on the basis

of the possible magnetic interaction pathways related to the structural features of the complex

perovskite on nanoscale. In the composition of Pb(Fe2/3Wy3)O3, Fe3+ is the only paramagnetic

ion present in a framework of diamagnetic ions. From the crystal structural point of view, PFW

behaves, to long coherence length probing radiation like X-rays or neutrons, as a B-site



disordered perovskite lattice in which Fe3+ and W6+ ions are distributed at random in the

octahedral positions with 6-fold oxygen coordination. Recent studies of the relaxor ferroelectric

complex perovskites with disordered structure indicate that their structures on the nanoscale

are usually much more complicated than a simple B-site disorder [16], and the presence of a

partial short-range ordering between the two ions on B-site seems to be the necessary condition

for the relaxor ferroelectricity to take place. In the case of the typical relaxor ferroelectric

Pb(Mg1/3Nb2/3)O3 [PMN], e.g., the ordered regions with Mg:Nb=l:l and a size of about 20

nm large was actually revealed by high resolution transmission electron microscopy (HRTEM).

These ordered nanodomains with composition Pb(Mgy2Nbi/2)^3 forrn a n array of clusters

spread inside a disordered matrix rich in Nb5"1" (see Ref. 17 for a review). The relaxor

ferroelectric behaviours of PFW [10] suggest the presence of partially ordered nano-regions of

Fe3+ and W6+ ions.

Two major types of magnetic interaction may subsquently take place according to the

structural features of PFW. One of them would result from a strong superexchange interaction

through 180° and 90° - Fe3+ - O - Fe3+ - pathways, which become possible in the disordered

structure shown in Figure 9a. In this case, according to a cluster-variation treatment [18, 19],

the probability of finding the - Fe3+ - O - Fe3+ - arrangement on a pair or neighbouring sites is

given by nBB=nB
2=0.44, with nB=2/3 representing the probability of finding the magnetic Fe3+

ion on the octahedral site in the perovskite structure. The value of nB may be increased by the

formation of the Fe:W=l:l ordered nanodomains, implying, for charge equilibrium and nominal

composition, a higher ratio of Fe in the disordered regions, as in the case of PMN. This type of

superexchange interaction is usually strong, leading to the first antiferromagnetic ordering with

a relatively high Neel temperature TN1=350 K. The second magnetic interaction would arise

from a weak superexchange interaction of the type - Fe3+ - O - W - O - Fe3+ -, which may

occur in the regions of ordered Fe/W structure with distance Fe3+ - Fe3+ about 8 A and angles

of 90° and 180° (Figure 9b). The probability of finding such an interaction pathway is

ngg=2(nB-l/2)=0.33. This type of magnetic interaction is much weaker than the previous one

and is considered to be reponsible for the second antiferromagnetic ordering at TN2=20 K.
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Since the Neel temperature is linearly related to the exchange constant [20] of the 180° - Fe3+ -

O - W - O - Fe3+ - and - Fe3+ - O - Fe3+ - interactions, it can be seen from the these results that

the first superexchange in PFW is much stronger than the second interaction, because TN 1 is

about 17 times higher than TJNJ2.

Unlike a normal antiferromagnet the magnetic susceptibility of which decreases below T^

with decreasing temperature, the susceptibility of PFW increases below TN1=350 K. This

suggests a paramagnetic contribution arising from the remaining ordered regions with a lower

ordering temperature, indicating a partial antiferromagnetic ordering at T^j . The increase of

the magnetic susceptibilty below T N 2 = 2 0 K, however, would result from the weak

ferromagnetic contribution. This observation is consistent with the two-step magnetic ordering

process deduced from the structural order/disorder.

Similar magnetic ordering behaviour was also found in other complex perovskites

containing Fe3+ ions but with a higher magnetic dilution, like in Pb(Fe1/2Nb1/2)O3 (PFN) [21-

23] and Pb(Fe1/2Tay2)O3 (PFT) [12, 19, 24], which exhibit an antiferromagnetic ordering

temperature T N I = 1 6 1 K and 143 K, respectively. Both materials show a second magnetic

ordering at TN2=9 K with the presence of a weak ferromagnetism as in the case of PFW.

Therefore the strong and weak superexchange pathways suggested above may also be used to

explain the two magnetic orderings in PFN and PFT. It is worthwhile noting that in a previous

analysis the higher ordering temperature TN 1 of PFW, PFN and PFT was placed between the

theoretical curves of the Neel temperature as a function of the concentration of Fe3+ ion for the

disordered (upper-limit) and the ordered (lower-limit) states (see Ref. 19, Fig. 5), which were

calculated by the cluster-variation method [18]. Such a representation suggests the existence of

partial ordering of Fe3+ and B' ions on B-site. However, the lower ordering temperature was

not taken into account and the calculated curves are at variance with the experimental data.

The weak - paramagnetic cation' - anion - diamagnetic cation" - anion - paramagnetic

cation' - superexchange interaction usually results in antiferromagnetic order with a very weak

magnetic interaction constant and thereby low ordering temperatures. It was reported to

actually take place in the cubic ordered perovskites A2(BB')O6 (e.g. A=Sr2+, B=W6+ and



B'=Mn2+, Fe2+, Co2+ or Ni2+; B=Sb5+, B'=Cr3+, Mn3+, Fe3+ or Co3+) with TN=9 - 54 K [20].

The Pb-containing elpasolite type (B, B) site ordered compounds Pb(Co1/2Wy2)O3 (PCW)

[24] and P ^ M n ^ N b ^ ) ^ (PMnN) [25] show a reduced interaction magnitude and a low spin

ordering temperature of the order of 8 K.

The coincidence of the magnetic anomaly at TN2=20 K (Figs. 1 and 2b) with the

anomalies of dielectric permittivity £ r ' and dissipation factor tan 5 (Figs. 7a, b and 8a, b)

suggest some magneto-structural coupling. According to the different models proposed up to

now to explain the relaxor ferroelectric behaviours, it has been commonly admitted that the

dielectric relaxation would arise from the response of the polar micro-regions present, but with

the degree of correlation increasing upon cooling down to Tm, but the dipolar dynamics notably

slowing down below Tm. As can be seen from Figure 6, the static magnetic susceptibility is

insensitive to the dielectric relaxation phenomena around Tm. No significant polar displacement

of the ions takes place, since the superexchange interaction, which depends on the excited state

of the oxygen ion and the spin moment of the iron ion is not affected. The absence of the

anomalies of the static susceptibility around Tm is also consistent with the fact that the

maximum of the dielectric constant at Tm does not indicate a ferroelectric phase transition with

symmetry breaking, as corroborated by the absence of a thermal anomaly down to 100 K.

5. CONCLUSIONS

The magnetic measurements on PFW show antiferromagnetic ordering temperatures at

TN1=350 K and TN2=20 K. The origin of these magnetic transitions is suggested to be

associated with the nano-structural properties of the complex perovskite, with essentially two

types of juxtaposed clusters, undergoing successive ordering. Whereas the higher ordering

temperature is undoubtedly due to dominating B-site disordered clusters with strong classical

180° and 90° superexchanges via - Fe3+ - O - Fe3+ - interaction pathways, the lower ordering

temperature is expected to be due to B-site ordered clusters with a very weak superexchange

interaction via pathways of the type - Fe3+ - O - W - O - Fe3+ -. A weak ferromagnetism is

present in the low temperature phase. The magnetic properties of the complex perovskite with
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dilute magnetic ion are shown to depend on the degree of chemical ordering of the local

structures. Investigations by means of HRTEM are underway with a view to characterizing the

order / disorder nature of PFW on nanoscale [26].

The dielectric properties of PFW crystals indicate a relaxor ferroelectric behaviour with a

dispersive maximum of the dielectric permittivity around Tm=178 K. The magnetic phase

transition at T N 2 = 2 0 K results in anomalies both in the real part of the dielectric constant and in

the dissipation factor, suggesting a magneto-structural interaction below T^* the nature of

which has still to be clarified, while the dielectric relaxation near Tm has no effect on the static

magnetic properties. The magnetic phase transition at T^i and the dielectric relaxation around

Tm are not accompanied by a measurable thermal anomaly.

Futher X-ray and neutron diffraction studies, assisted by polarized light microscopy, will

be necessary for elucidating the structural and magnetic states below TN 1 and T^* while taking

into account the nano structural properties. Since the electric field-induced ferroelectric phase

remains stable at low temperatures and since weak ferromagnetism has been revealed below

T N 2 ~ 2 0 JQ o n e c a n expect that the phase ordering below 20 K will belong to one of the 13

Shubnikov point groups permitting both a spontaneous magnetization and polarization, hence

also a linear magnetoelectric effect.
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FIGURE CAPTIONS:

Figure 1. Temperature dependence of the magnetization (M) and the magnetic

susceptibility ( X) measured by SQUID at H=10 kOe (//<100>cub) on a PFW single

crystal of 7.5 mg, after field cooling from 300 K to 5 K under 10 kOe, showing

magnetic orderings at TN1=350 K and TN2=20 K.

Figure 2. Temperature dependence of the reciprocal susceptibility (1/ X) of PFW between 200

and 400 K (a) and between 4 and 200 K (b).

Figure 3. Magnetization (M) as a function of magnetic field (H) of PFW at 300 K, showing a

linear variation of M at low field and a slightly non-linear behaviour at higher field

strength.

Figure 4. Magnetization (M) as a function of magnetic field (H) of PFW at 5 K after field-

cooling, revealing a non-linear variation with a slight hysteresis loop due to weak

ferromagnetism.

Figure 5. Magnetization (M) as a function of magnetic field (H) of PFW at 5 K after zero-

field-cooling.

Figure 6. Details of the magnetization as a function of temperature between 150 and 200 K.

Figure 7. Temperature dependence of the dielectric permittivity of a ( l l l ) c u b platelet

(thickness=40 fim, electroded with semi-transparent Au/Cr layers) of PFW with

strong frequency dispersion both for the dielectric constant £ r ' (a) and the dissipation

factor tan 6 (b).

Figure 8. Details of the temperature dependences of. the dielectric constant e r ' (a) and the

dissipation factor tan d (b) between 10 and 50 K, revealing the anomalies due to the

magnetic phase transition at TN2=20 K.

Figure 9. Schematic presentations of (a) the completely disordered structure of the complex

perovskite Pb(Fe2/3Wy3)O3, and (b) the structure of B-site ordered regions with a

non-stoichiometric composition [Pb(Fe1/2Wi/2)O3]+l/^ and a superlattice ( a~8 A).
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