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Abstract: Besides the two phase transitions known in ferroelectromagnets, an additional transition was observed experimentally in 
Pb(Fe1/2Nb1/2)O3 and the possible mechanism was explored. The magnetic moment shows that anomalous increases when the 
temperature goes down away from the Néel temperature of 20－30 K. The existence of the hysteresis verifies the weak ferromagnetic 
property. This additional phase transition is considered to originate from the magnetoelectric coupling between the ferroelectric and 
antiferromagnetic orders in this compound. From the Mössbauer parameter analysis, it is confirmed that the hybridization of the O 2p, 
Fe 3d and Nb 4d electron states makes the realization of magnetoelectric coupling possible. 
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I Introduction 
 

Ferroelectromagnets are relatively new class of 
compounds with ferroelectric (antiferroelectric) and 
ferromagnetic (antiferromagnetic) orderings coexist- 
ing in a certain temperature range[1, 2]. The existence 
of the two ordered subsystems can result in the 
so-called magnetoelectric effect with interesting 
device potentials, where the dielectric properties of the 
ferroelectromagnets may be altered by the onset of the 
magnetic transition or by the application of a magnetic 
field, and vice versa. 

Pb(Fe1/2Nb1/2)O3 (PFN) has the complex pero- 
vskite structure and was discovered and synthesized at 
the end of the 1950s[3]. Its ferroelectric(FE) Curie 
temperature (TC) is around 383 K and the antiferro- 
magnetic(AFM) order begins at a Néel temperature of 
TN=143 K[1, 4－14]. In order to avoid the contradi- 
cted results caused by the sample inhomogenity, PFN 
single crystals were grown with high temperature 
solution growth method and the study of the single 
crystal samples was concentrated on and powders 
obtained by grinding them. We have reported a jump 

in the dielectric constant and loss at the Néel point of 
PFN, which we assumed to be the result of 
magnetoelectric interaction[15]. We are interested in 
the accompanying phenomena and the underlying 
physics. We noticed in our experiment that besides the 
assured two phase transitions from paraelectric/ 
paramagnetic to ferroelectric-paramagnetic and then to 
ferroelectric-antiferromagnetic, an additional phase 
transition to a parasitic weak ferromagnetic when the 
temperature decrease and is away from the Néel point 
took place. This additional transition was predicted by 
previous theoretical analysis[1]. The Mössbauer 
spectra parameters of 57Fe enriched PFN sample 
explained the results from the interaction of atomic 
nucleus and orbital electrons. 
 
2 Experimental 
 

The investigated samples were single crystals 
grown from high temperature crystal growth method 
described in previous papers[15, 16]. The crystals 
yielded were very dark red in color and showed a high 
degree of luster and pseudo-cube form. The typical 
size of the crystals was 2－3 mm edge length with the  

                       
  Foundation item: Projects(50572038; 10374048) supported by the National Natural Science Foundation of China 

Corresponding author: YANG Ying; Tel: +86-25-84891937; E-mail: yingyang@nuaa.edu.cn 



YANG Ying, et al/Trans. Nonferrous Met. Soc. China 16(2006) 117-121 1
 
18 

largest ones reaching an edge dimension of 5 mm.  
The obtained powders by grinding the grown 

crystals were characterized by powder X-ray 
diffraction(XRD) measurement. The space group and 
the lattice parameters of the grown crystals are in 
agreement with the former electronic diffraction and 
neutron diffraction results. The Mössbauer spectra 
were measured with a conventional transmission 
Mössbauer spectrometer operating in the constant 
acceleration mode. Absorbers were prepared by finely 
ground 10% 57Fe enriched PFN crystals, in each case 

weighed to give optimum signal-to-noise and mixed 
with carbon to randomize the orientations of the 
microcrystals. A source of up to 25mCi of 57Co in 
Palladium matrix was used and the spectrometers were 
calibrated using α-iron at room temperature and all 
isomer shifts were quoted relative to the calibration. 
The Mössbauer parameters at 20 K were measured 
with an oxford flow cryostat. 
 
3 Results and discussion 
 

Temperature dependence of magnetic moment 
(M) of Pb(Fe1/2Nb1/2)O3 was obtained in the vicinity of 
its Néel temperature and the result is shown in Fig.1. It 
is noticed that the magnetization first shows an 
inflexion which corresponds to the reported 
antiferromagnetic phase transition point at about 143 
K and then goes up as temperature(T) continues to 
decrease at a temperature of 20－30 K below TN. 
BOKOV et al[3] found this behavior when they 
published the result of the magnetic property of PFN 
in 1962. They did not pay attention to the 
magnetoelectric coupling. They explained that the 
magnetic moments of some Fe3+ ions in the 
antiferroelectric regions are not ordered and the 
system can be considered paramagnetic in the first 
approximation. In our experiment, we assumed  
 

 
Fig.1 Temperature dependence of magnetic moment under field 
of 80 A/m 

that the increase of magnetic moment at lower 
temperature may be related to the ferroelectric 
ordering, since there exists a prediction that the 
magnetoelectric coupling induces a new transition in 
ferroelectromagnets[1]. 

We proved the assumption by measuring the 
magnetic moment under the applied magnetic field. A 
magnetic field from 558 A/m to －558 A/m at the 
temperature of 80 K was applied to the (100)-oriented 
single crystal PFN sample. Fig.2 shows the hysteresis 
under the above-mentioned magnetic field. It confirms 
the existence of weak magnetic property at this 
temperature.  
 

 
Fig.2 M-H hysteresis measured under magnetic field from   
－558 A/m to 558 A/m
 

In order to characterize this additional transition, 
we measured its specific heat from room temperature 
down to 4 K. The results are given in Fig.3 and it is 
found that within our measurement precision, no 
anomalies are found in the specific heat. There is no 
evidence showing first order phase transition in this 
temperature range.  
 

 
Fig.3 Specific heat of PFN from room temperature to 4 K 
 

As a matter of fact, the perovskite structured 
materials with transitional metal ions in different 
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oxidation states at their B positions have been found 
showing several kinds of novel functions in recent 
years. It was widely investigated both theoretically 
and experimentally. It has been noticed that the B site 
cations are of great importance to the physical 
properties of the materials. Firstly, the distribution of 
the B site cations in the lattice strongly affects the 
physical properties of perovskite compound. One B 
cation interacts with another through oxygen bonds 
and different neighbors may cause different kinds of 
interaction with different intensities, which has direct 
impact on the physical property of the material. The 
order or disorder of the B cations forms three different 
types of structure, i.e. random, rock salt and layered 
structures. Secondly, the different sizes of B cations 
produce different structure distortions, which are often 
the source of different behaviors. Furthermore, the 
subtle differences of the B site ions’ electronic and 
atomic structures bring forth the significant 
differences in materials physical properties. 
ANDERSON et al[17] obtained a relationship of B site 
ionic radii difference and their ionic charge difference 
from both calculation and experiments that if the B 
site ionic radii difference ∆R=RB－RB′ (RB and RB' are 
the B cations’ radii) is larger than 0.2 Ǻ and their ionic 
charge difference ∆Z=ZB－ZB′ (ZB and ZB' are the 
charges of the B cations) is smaller than 2, the double 
perovskite B site cations are randomly distributed. 
According to SHANNON radii data[18], Nb5+ with six 
coordinations has the ionic radius of 0.64 Ǻ; the ionic 
radius of Fe3+ high spin with six coordinations is 0.645 
Ǻ. In PFN, two B site cations are Fe3+ and Nb5+, which 

have the ionic radii difference of 0.005 Å and their 
ionic charge difference is 2. Both the ionic radii 
difference and ionic charge difference lie in the 
ANDERSON’s random-distribution range. The B site 
cations in PFN were assumed to be randomly 
distributed both from Anderson’s predication. Another 
calculation method by LIU et al[19] had a different 
formula on the ordering of double perovskite B site 
ions distribution also gave the result of random 
distribution of the B site cations. Former experimental 
data also confirmed the random distribution of the B 
site cations[15]. Random distribution of Fe and Nb 
cations can lead to local fluctuations in composition. 
Single crystal consists of large number of domains 
which might have different TC value and resulting 
broad peaks in the temperature dependent dielectric 
constant at different frequencies. Fig.4 shows the ε—T 
relations of PFN at different frequencies near its Curie 
point. We do find there exist broad peaks at each 
frequency.  

Therefore, we admit that the B site cations in 
PFN are randomly distributed and the magnetic Fe3+

 

 
 

Fig.4 ε—T relations of PFN at different frequencies near its 
Curie point 
 
ions are also randomly distributed. Now that the 
magnetic iron ions (Fe3+) are also randomly distributed, 
there will be several kinds of indirect exchange 
interaction. For one Fe3+ ion in a perovskite structure, 
it lies in the center of an octahedron. The nearest 
neighbors of any iron ion are six oxygen anions (O2－). 
The other coordinations connected with the six O2－ 
are possibly either Fe3+ or niobium ions (Nb5+). The 
O2－ ions play a role of transferring the information of 
the next neighbors. Differences caused by the different 
next neighbors affect the electric field environment at 
the nucleus of Fe3+. Thus, there will produce 
interaction between iron nucleus and the electric field 
environment, which will cause the electric gradient at 
the iron nucleus to be nonzero even though the 
octahedra does not have distinct distortion. The 
nonzero electric gradient at the nucleus of Fe3+ will no 
doubt produce the quadrupole splitting hyperfine 
interaction, which proved by the existence of the 
doublet of Mössbauer spectra[15]. 

The existence of iron ions at the B sites provides 
the opportunity to measure the hyperfine interaction 
energy by Mössbauer spectroscopy. Similar attempts 
have been made earlier[10－12]. We have obtained 
that below the Néel temperature, the Mössbauer sextet 
appears and both the intensity and the position of the 
sextet increase when temperature decreases[15], which 
confirms that the magnetic order appears below the 
Néel temperature. The obtained Mössbauer parameters 

 



YANG Ying, et al/Trans. Nonferrous Met. Soc. China 16(2006) 117-121 120 

are listed in Table 1. 
Table 1 Mössbauer parameters of Pb(Fe1/2Nb1/2)O3 at different 
temperatures 

Temperature/ 
K 

Isomer 
shift/ 

(10－3m·s－1) 

Magnetic 
field/T

Quadrupole 
splitting/ 

(10-3m·s-1) 

Line 
width/

(10-3m·s-1)

300 0.40 0 0.42 0.26 

80 0.50 31.8 0.03 0.26 

20 0.50 42.7 0.06 0.26 
Isomer shift is relative to metallic iron at room temperature; error of isomer 
shift, quadrupole splitting and line width are all at 0.02/(10－3m·s－1). 
 

In Table 1, it can be seen that there is a 
significant difference between above and below the 
Néel temperature. At 300K that is above the 
antiferromagnetic phase transition temperature of 143 
K, the quadrupole splitting is 0.42/(10－3m·s－1) and 
that of 80 K and 20 K are respectively 0.03/(10－3m·s－1) 
and 0.06/(10－3m·s－1). Pb(Fe1/2Nb1/2)O3 is confirmed 
to have the rhombohedral space group in the 
ferroelectric phase below 383 K. The distortion of 
structure from cubic is very small that the 
rhombohedral has the angel of 89.92°[3, 20]. The 
powder XRD result of crystal at different temperatures 
indicated that there is no distinct peak shift in the 
experimental temperature range[14]. Since no distinct 
structure differences below and above the Néel 
temperature are observed, the quadrupole splitting 
which comes from the interaction of nuclear moment 
with an asymmetric electronic charge distribution will 
benefit little from the structure change. 

Because there is little crystal structure change in 
Pb(Fe1/2Nb1/2)O3 between both above and below its 
Néel temperature, the significant quadrupole splitting 
change may come from the influence of magnetic 
order to the orbital hybridization. At room temperature, 
PFN is in its paramagnetic phase and so the B site 
cations are all completely magnetic disordered. 
Therefore, the electrons in the valence band are 
strongly scattered. The charge transportation ability 
along Fe-O-Nb bond is restricted. Below the Néel 
temperature, the onset of the antiferromagnetic 
ordering brings forth the polarization of the electrons 
in the valence band. The spins of five 3d electrons of 
Fe3+ have the opposite direction with the spin of four 
4d Nb5+ ions. Their hybridization through the 2p 
orbital of O2－ is strengthened. In this way, the number 
of 3d electrons of Fe3+ increases and this leads to the 
isomer shift value as shown in Table 1. Actually, From 
Table 1, it can be seen that the isomer shift value of 
Pb(Fe1/2Nb1/2)O3 at 80 K and 20 K are 0.50, which is 
larger than the typical isomer shift value of the 
trivalence high spin state iron ions. It indicates that the 

valence of Fe ion is smaller than trivalence. This 
change of valence coming from the additional 
electrons appears on the 3d orbital of Fe ions. In this 
case, there are 5+δ electrons on the 3d orbital of Fe. 
The additional δ comes from the hybridization with 
Nb ions. At the same time, the eg orbital of iron ions in 
the octahedral crystal field receives extra electrons 
from the hybridization, which decrease the quadrupole 
splitting significantly. 

The hybridization of the Nb 4d electron with O 
2p has been confirmed in many cases. For example, 
DUAN et al[21] calculated the total and partial 
densities of states of KNbO3 and found that the bottom 
of the conduction band is mostly derived from Nb 4d 
electron states, while the O 2p electrons dominate the 
top of the valence band, a mixture of Nb 4d and O 2p 
electron states in the valence band (－5 eV to 0 eV) is 
also significant. They considered that the nonlinear 
optical behavior of KNbO3 comes from the 
hybridization of the O 2p and Nb 4d electron states. 
UHM et al[22] also found the strong hybridization 
between Fe 3d and O 2p orbitals in perovskite 
R1/3Sr2/3FeO3 (R=Pr, Sm, and Nd), which also have Fe 
ions on the B site of perovskite structure. 

From the above discussions and examples, we 
considered that there exist hybridization among the Fe 
3d orbital, O 2p orbital and Nb 4d orbital in 
Pb(Fe1/2Nb1/2)O3. It is the electronic orbital 
hybridization that creates possibility for the existence 
of magnetic and ferroelectric coupling and the induced 
additional transition. If there is no hybridization, the 
electrons in both Fe3+ and Nb5+ are localized and the 
indirect exchange between Fe3+-O2--Fe3+ is also 
randomly distributed, and the exchange interaction on 
the conductive band cannot carry through. 
 
4 Conclusions 
 

An additional transition in Pb(Fe1/2Nb1/2)O3 (PFN) 
single crystals grown by high temperature solution 
method has been found. The M-T curve shows a 
transition to weak magnetic property below the Néel 
temperature. The M-H hysteresis confirms the 
existence of the weak magnetic property. This 
additional transition is considered to originate from 
the magnetoelectric interaction between the 
ferroelectric and antiferromagnetic orders in this 
compound. The hybridization of the O 2p, Fe 3d and 
Nb 4d electron states serves as the platform for the 
existence of magnetoelectric coupling and the 
additional transition to weak ferromagnetic property. 
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