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Abstract Neutron diffraction (ND) studies were carried

out on polycrystalline single-phase multiferroic Pb(Fe0.5-

Nb0.5)O3 (PFN) in the temperature range of 290–2 K to

understand the structural and magnetic properties as a

function of temperature. ND data were refined using the

Rietveld refinement method for both crystallographic and

magnetic structures. The structure at room temperature was

found to be monoclinic, in Cm space group. No structural

transition was observed till 2 K. At low temperatures (i.e.,

from T\TN; TN = 155 K), an additional peak appears at

scattering vector, Q = 1.35 Å-1, indicating the onset of

antiferromagnetic ordering. The magnetic structure was

found to be commensurate with the crystallographic

structure and could be refined using the propagation vector,

k = [0.125, 0.5, and 0.5]. Magnetization, ferroelectric P–

E loops, and dielectric measurements on PFN reveal a

strong anomaly at the antiferromagnetic transition tem-

perature (TN) indicating the magneto-electric coupling. The

refined temperature-dependent structural parameters such

as unit cell volume and monoclinic distortion angle (b)

reveal pronounced anomalies at the magnetic ordering

temperature (TN), which indicates strong spin–lattice cou-

pling. An anomaly in lattice volume was observed with a

small negative thermal expansion below and a large ther-

mal expansion above the TN, respectively. It shows the

occurrence of isostructural phase transition accompanying

the magnetic ordering below TN *155 K, leading to sig-

nificant change in ionic polarization, octahedral tilt angle,

and lattice strain around TN. We have used refined atomic

positional coordinates from the nuclear and magnetic

structures, to obtain ionic polarization. These detailed

studies confirm the magneto-electric and spin–lattice cou-

pling in PFN across TN.

Introduction

In recent years, single-phase multiferroic materials have

attracted much attention as they provide means to explore

and understand details about the coexistence of magnetic

and electric ordering [1]. The search for these materials is

driven by the prospect of controlling charges by applying

magnetic field and controlling spins by applying electric

field. Such inter-controllability helps in developing new

forms of multifunctional devices [1]. Among the single-

phase lead-based multiferroic materials, Pb(Fe0.5Nb0.5)O3

(PFN) exhibits high dielectric constant and diffuse ferro-

electric phase transition. PFN is an attractive candidate for

the potential applications, such as multilayer ceramic ca-

pacitors and other electronic devices [2]. PFN exhibits

ferroelectric phase transition (Curie temperature, TC) at

*380 K and antiferromagnetic ordering below its Néel

temperature (TN *143 K) [2].

Although multiferroic properties have been well char-

acterized both in single crystal [3–5] and ceramic form [6–

8], there exists controversy about the structure of PFN. In a

study using synchrotron X-ray diffraction for powder and

single crystals of PFN, Bonny et al. [5] have reported a

monoclinic ferroelectric structure at 293 K, which under-

goes a structural transition at 355 K (for single crystals) to
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another ferroelectric phase with tetragonal symmetry. At

376 K, a phase transition to a paraelectric phase with cubic

symmetry takes place. Some reports show PFN with

rhombohedral structure (space group R3m) at room tem-

perature, which undergoes a diffuse phase transition at

387 K to cubic Pm3m symmetry [9]. A recent work on

single crystals has suggested a small monoclinic distortion

away from rhombohedral symmetry at room temperatures,

along with the existence of an intermediate phase of te-

tragonal symmetry at temperatures between 355 K and the

ferroelectric Curie point of 376 K [5]. Moreover, antifer-

romagnetic G-type spin ordering has been found in powder

PFN samples at temperatures below TN = 143 K [2, 10].

However, the TN values for PFN have been reported to be

widely scattered from lowest value of 143 K [10] to the

highest value of 200 K [11]. The large scattering of TN

(143–200 K) in PFN is mainly due to the fluctuations in the

local ordering of Nb and Fe ions [11] and/or to local

clustering of Fe ions. It may also be due to the varied

synthesis methods adopted, which leads to grain growth

with lattice strain/stress in the material and these pa-

rameters affects the TN.

These results of structural complexity are consistent

with the study of Lampis et al. [12] who performed neutron

and X-ray diffraction experiments in PFN powders ob-

tained by grinding single crystals, although the authors

have shown a monoclinic distortion (‘‘pseudo-rhombohe-

dral’’ structure) in the ferroelectric phase i.e., at 80, 250,

and 363 K. On the other hand, it has been pointed out that

the structure of PFN ceramic samples corresponds to a

rhombohedral symmetry [13]. In agreement with these

results, Ivanov et al., refined the structure from neutron

diffraction measurements in rhombohedral symmetry at 10

and 300 K [14]. However, more recently, it has been re-

ported that PFN exhibits monoclinic structure with Cm

space group from 12 K up to room temperature [2].

However, the nature of magnetic and nuclear structures is

still not clearly understood, as Ivanov et al. [14] discussed

the structure only at 10 and 300 K, while Singh et al. [2]

reported only nuclear structure using synchrotron powder

XRD. The disagreements in the earlier reports are the

propelling reasons for present study.

In the light of above considerations, further investiga-

tion is required to confirm the existence of structural

symmetry in this synthesis conditions and method. We

have applied neutron diffraction technique in order to re-

solve the structural complexity of PFN. Neutron diffraction

experiments measured at different temperatures from 290

to 2 K for better understanding of the nuclear and magnetic

structures of the controversial PFN along with dielectric

and magnetic properties. Detailed understanding of the

structural properties is very important because all magnetic

and ferro-dielectric properties are structural dependent.

From the analysis of the structural refinements, it is shown

that the lattice parameters and unit cell volume show dis-

tinct anomaly at TN, with unambiguous evidence of small

negative thermal expansion and a large thermal expansion

below and above the TN, respectively. These structural

anomalies are well reflected in magnetic, ferro-dielectric

properties which indicates the presence of strong correla-

tion between the structural properties and magnetic, ferro-

dielectric properties and this is the direct evidence of spin–

lattice coupling.

Experimental

Sample preparation and characterization

The single-phase PFN samples were synthesized using the

single-step solid-state reaction method using the stoichio-

metric quantities of Pb(NO3)2, Fe2O3, and Nb2O5 (analy-

tical grade) powders [15, 16]. The powders of all the

starting materials were mixed thoroughly using agate pestle

and mortar in an ethanol medium for 2 h. The mixture was

then calcined at 973 K for 2 h. The calcined mixture was

reground and cold pelletized into 5 mm diameter and 2–3-

mm thick pellets, and then sintered at 1323 K for 1 h in a

specially designed Pb-rich environment. The Pb-rich en-

vironment was created inside a sealed crucible containing

Pb source with equal proportion of PbO and ZrO2 to

minimize the Pb evaporation. The samples were charac-

terized with the powder X-ray diffraction using Phillips

(1070 model) diffractometer with CuKa radiation

(k = 1.5406 Å) for the phase formation. The data were

recorded between 10� and 70� (2h scans) in steps of 0.02�.
Magnetization studies were carried out on a vibrating

sample magnetometer (VSM) attached to a physical prop-

erty measurement system (Quantum Design PPMS). The dc

magnetic susceptibility data were collected in the tem-

perature range 5 K\T\ 400 K with an applied magnetic

field of 500 Oe.

For the electrical characterization, the samples were

thinned to make parallel plate capacitor geometry, and

electrodes were made using Ag paint and fired at 100 �C
for 5 min. The temperature-dependent dielectric permit-

tivity was measured using an Agilent E4980A LCR meter

with a home-made sample holder integrated with the

commercial Physical Properties Measurement System

(PPMS, Quantum Design).

The ferroelectric (P–E) loop measurements were carried

out at different temperatures (100, 130, 150, 200, 250, and

300 K) by ferroelectric loop (P–E) tracer (M/s Radiant

Instruments, USA). Thin silver paste is applied on both

sides (top and bottom) of the PFN pellet as the electrodes.

For room temperature P–E measurements, the samples
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were immersed in silicone oil to prevent the electric arcing,

if any, at high applied voltages.

Neutron diffraction and refinement

The neutron diffraction (ND) experiments were carried out

using a position-sensitive detector based focusing crystal

diffractometer installed by the UGC-DAE CSR Mumbai

Centre at Dhruva reactor, Trombay India. The sintered

pellets of 5 mm diameter kept inside a vanadium can were

used for the experiment. The diffraction data were col-

lected using a wavelength of 1.48 Å in the temperature

range of 290–2 K and in the 2h range of 6�–120�. ND data

were refined by Rietveld refinement method using the

Fullprof suite programs.

Results and discussion

XRD at room temperature

Achieving a single-phase PFN has been a challenge for the

researchers due to the formation of detrimental secondary

phases, such as pyrochlores, along with the perovskite

phase. One of the reasons for the formation of pyrochlore

phases is the evaporation of Pb above 850 �C during the

sintering process. In order to avoid the formation of

pyrochlore phase, Pb evaporation has to be controlled. To

achieve this, we have used a Pb-rich closed environment

during the sintering process. PbZrO3 was used as a Pb

source inside the closed environment, which is sealed to

control the Pb partial pressure. Figure 1a shows the Ri-

etveld refined powder XRD pattern of sintered PFN at

room temperature. All the peaks of the XRD pattern could

be indexed to the PFN monoclinic perovskite structure with

Cm space group. The synthesis method described above

has resulted in achieving the single-phase PFN [16]. The

inset of Fig. 1a depicts the zoomed profiles of the pseu-

docubic (2 0 0), (2 2 0) and (2 2 2) reflections which show

the monoclinic splitting. The (2 0 0) reflection show the

clear evidence of doublet feature with the appearance of a

shoulder and it is the direct evidence for the monoclinic

structure with Cm space group. Refinement carried out with

the monoclinic structure and Cm space group shows good

fitting with low R factors and v2. The efforts of refinement

considering rhombohedral structure with R3m space group,

resulted in very high R factors and v2.

Room temperature structure using ND

As a starting model, the 290 K ND data were refined for

the nuclear structure with the monoclinic symmetry (space

group Cm). We have considered it as our starting model as

the controversy over structure in PFN, due to the various

reported models, was narrowed down to the monoclinic

symmetry [2]. During the refinements, the atoms were first

fixed at their special positions in the monoclinic (Cm)

symmetry. Figure 1b shows the Rietveld refined data (at

290 K) with the evident reasonable fitting between the

experimental and the calculated patterns. The cationic and

oxygen content was observed to be as per the expected

composition of Pb(Fe0.5Nb0.5)O3. The atomic ratio between

the Fe and Nb was close to unity and the total oxygen

content remained to be 3, confirming the formation of

stoichiometric single phase of the studied material. The

obtained lattice parameters; a = 5.6802 (5) Å, b = 5.6723

(4) Å, c = 4.0273 (4) Å, and b = 89.820�(8) are in ex-

cellent agreement with reported results [2]. The refined

structural parameters obtained after the Rietveld refinement

of ND data at 290 K are shown in Table 1.

For refinements, considering Pb with isotropic (Uiso)

thermal parameters found to be invariably high. Hence, the

refinements were done with anisotropic thermal parameters

for Pb with good improvements in the agreement factors
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Fig. 1 Rietveld refined a X-ray diffraction and b Neutron diffraction

data of PbFe0.5Nb0.5O3 with Cm space group at room temperature
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(Table 1). However, when we consider anisotropy for all

the atoms of PFN (Pb, Fe, Nb, and O), further improve-

ments were observed with reasonable R factors. In view of

this, the atomic thermal motions were refined

anisotropically while refining monoclinic structure [17,

18]. In the monoclinic phase with Cm space group, there

are four atoms in the asymmetric unit with Pb, Fe/Nb, O1

and O2, in this Pb (1a) sites at (0,0,0), Fe, Nb, and O1 in

(1b) sites at (x, y, z), and O2 in (2c) (x, 0, z) (Table 1). A

polyhedral view of the monoclinic structure of PFN at

room temperature is shown in Fig. 2.

Temperature-dependent crystallographic structure

Powder neutron diffraction study was performed on PFN at

various temperatures in order to gain microscopic under-

standing of crystallographic structural parameters, across

the Néel temperature (155 K). ND patterns of PFN were

recorded at few selected temperatures 290, 180, 140, 120,

100, 50, 10, and 2 K across the Néel temperature. With

decrease in temperature, a new magnetic peak appears at

scattering vector, Q = 1.35 Å-1 (18.36� in 2h), clearly

indicates the emergence of antiferromagnetic order in the

Table 1 Refined parameters after Rietveld refinement of PFN ND data at 290 K for nuclear structure, a = 5.6802 (5) Å, b = 5.6723 (4) Å,

c = 4.0273 (4) Å, a = c = 90.00� (0), b = 89.820� (8); Rp = 9.96, Rwp = 13.8, Rexp = 4.59, RB = 6.59 (v2 = 9.0)

Atom Wyckoff position x y z Ueqv (in Å2)

Pb 1a -0.0002 0.0000 0.0370 0.0327

Fe 1b 0.4968 0.0000 0.4832 0.0380

Nb 1b 0.4968 0.0000 0.4832 0.0380

O1 1b 0.4702 0.0000 -0.0387 0.0389

O2 2c 0.2394 0.2599 0.4536 0.0216

Fig. 2 A polyhedral view of the monoclinic perovskite structure of

Pb(Fe0.5Nb0.5)O3 at room temperature

Fig. 3 The observed (circles) and calculated (line) neutron diffrac-

tion pattern for Pb(Fe0.5Nb0.5)O3 at different temperatures. High-

lighted region shows the origin of AFM phase (TN). Lower solid line

is the difference between observed and calculated pattern. The first

row of tick marks indicates the position of chemical Bragg peaks and

second row indicate the position of magnetic Bragg peaks. Inset

shows the ND patterns of sintered PFN at few selected temperatures

and at selected 2h range showing antiferromagnetic peak at 18.36�
(Q = 1.35 Å-1)

J Mater Sci (2015) 50:4980–4993 4983

123



system below 155 K. The inset of Fig. 3 shows the emer-

gence of the magnetic peak below 155 K.

The Rietveld refinements of the temperature-dependent

ND data were carried out considering only nuclear struc-

ture for T[ 155 K (TN) and both nuclear and magnetic

structures for T\ 155 K. The refinements using

monoclinic structure showed good fitting with better

R factors indicating an isostructural phase transition across

the TN from paramagnetic to antiferromagnetic phase.

Figure 3 shows the Rietveld refinement plots of the ND

data at few selected temperatures. The results of the Ri-

etveld refinements, evolution of lattice parameters, cell

volume, reliability factors (R factors), and v2 values along

with bond distances, bond angles, and magnetic moments

obtained after the refinements are shown in Table 2. The

optimum and reasonable fitting of the diffraction data

(expressed by the minimum R values) for all the measured

temperatures was obtained for an antiferromagnetic G-type

magnetic structure (Fig. 4).

Figure 4 shows the G-type magnetic structure; here every

Fe cation is coupled anti-ferromagnetically to its nearest

neighbors through Fe3?–O–Fe3? exchange interaction. The

refined value of the magnetic moment for the Fe cations at

2 K is 2.00 lB, which is smaller than the spin-only moment

of Fe3? (leff = 2H(S(S ? 1)) = 5.9 lB). This deviation

suggests that the simple antiferromagnetic model adopted is

only an approximation. This can be understood as due to the

disorder of Fe3? and Nb5? ions at B sites, which lead to the

variation in the strengths of the exchange interactions

throughout the material. At places where the diamagnetic

Nb5? concentrations are more, it is expected that the anti-

ferromagnetic coupling weakens. Thus, the obtained mag-

netic moment is an average value with the simple

antiferromagnetic model considered. At the same time, this

value is in reasonable agreement with the magnetic moments

of Fe found previously in magnetically ordered Pb per-

ovskites [14, 19–21]. The crystal structure of PFN corre-

sponds to that of a B-site disordered perovskite, in which the

Fe and Nb cations are distributed at random in the octahedral

positions. Thus only 50 % of these sites are occupied by the

magnetic Fe3? ions. It is likely that the strength of the anti-

ferromagnetic interaction is severely reduced both by the

disordered spatial distribution of the Fe ions and by the di-

lution caused by diamagnetic Nb cations. Figure 5 shows the

variation of magnetic moment with temperature from 2 to

295 K, the large drop in the magnetic moment at around

155 K corresponds to the transition (TN1) from antiferro-

magnetic state to the paramagnetic state. The dip at 10 K

might be due to another antiferromagnetic transition with

weak ferromagnetic or spin-glass phase (TN2). Inset of Fig. 5

shows the change in magnetic peak intensity at 10 K com-

pare to 2 and 50 K data, this is well supportive for the

magnetic moment versus temperature data (Fig. 5).

Figure 6 shows the (a) unit cell volume and (b) lattice pa-

rameters of PFN as a function of temperature. All the three

lattice parameters a, b, and c show anomalies around 155 K,

which is close to the magnetic transition temperature (TN)

reported in the literature [22]. It is evident from this figure that

the monoclinic angle (b) decreases nonlinearly with increas-

ing temperature. With the increase of temperature from 2 to

10 K, b decreases abruptly, may be due to the transition to the

spin-glassy state as it is evident from the magnetic data

(Fig. 9a) which will be discussed later. Further increase of

temperature above 10 K, b shows a small variation until

around 150 K (TN), then it shows a small decrease up to 250 K

and near RT it again increases. The overall change in b is very

small and is in between 89.5� and 89.95�. The lattice pa-

rameter b becomes nearly temperature independent below

155 K, whereas lattice parameters a and c exhibit slight

negative thermal expansion below TN and shows a sudden

expansion at the TN. Similarly, the volume of the unit cell

initially show no variation up to around 155 K, and then starts

to increase above 155 K, showing a large volume thermal

expansion at TN. This kind of behavior with negative thermal

expansion below the TN (155 K) and an expansion above TN

was reported by Singh et al. [2]. The observed anomaly of

lattice parameters across TN is an indication of direct spin–

lattice coupling in PFN multiferroic.

Figure 7 shows the temperature-dependent positional

coordinates (a) x and z of Pb, (b) x and z of Fe/Nb, (c) x and

z of the O1, and (d) x, y, z of O2 atoms in the unit cell

obtained from the Rietveld refinements of neutron

diffraction data taken at different temperatures (290–2 K).

The Pb and O1 atomic positions exhibit anomalies around

TN. Keeping the Cm space group and with the propagation

vector k = [0.125, 0.5, 0.5] constant during the refinement,

the observed anomalies across the TN suggests that the

change of atomic positions occur due to an isostructural

phase transition at 155 K. In isostructural phase transition,

there is no change in the space group and Wyckoff posi-

tions across the TN. The dotted vertical line shows the

anomalies around the magnetic transition at 155 K (TN).

The observed anomaly of atomic positions across TN is an

indication of direct spin–lattice coupling. In comparison

with the earlier reports of large scattering in TN, from 143

to 200 K [2, 10, 11, 23, 24], the observed value 155 K is

within the range of reported values.

Magnetic structure refinement (at T 5 2 K)

Figure 8 Shows the Rietveld refined ND data taken at 2 K,

refinement done for both nuclear and magnetic structures

with monoclinic structure (Cm space group). In the analysis

of structural part (nuclear structure), no extra peaks or

splitting of main reflections were observed. The (1 0 0/1 1

0) magnetic peak intensity was increased at 2 K compared
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(Å

)
5

.6
7

3
2

(5
)

5
.6

6
8

8
(6

)
5

.6
6

8
8

(6
)

5
.6

6
8

7
(7

)
5

.6
6

8
3

(8
)

5
.6

8
7

0
(4

)
5

.6
8

2
5

(3
)

5
.6

8
5

9
(3

)
5

.6
8

2
1

(4
)

5
.6

8
2

6
(3

)
5

.6
8

2
4

(4
)

5
.6

8
0

2
(5

)

b
(Å
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to the data at higher temperatures. In order to determine the

magnetic structure, a propagation vector, k = [0.125, 0.5,

0.5] considering Fe as a lone magnetically active ion and a

two-phase refinement was performed. The inset of Fig. 8

shows the zoomed part of the magnetic peak region which

occurred at 2h = 18.33� showing a good fit of the data.

Table 3 shows the final refined parameters for magnetic

and nuclear structures at 2 K.

Magnetization studies

The magnetic susceptibility measurements in zero-field

cooled (ZFC) and field-cooled (FC) modes, were carried

Fig. 4 Schematic representation of the G-type magnetic structure,

indicating a monoclinic unit cell with doubled axes
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out from 5 to 400 K on PFN. The thermal evolution of the

magnetic susceptibility (v = M/H) of PFN measured in

both zero-field cooled (ZFC) and field-cooled (FC) modes

in a field of 500 Oe is shown in Fig. 9a. The ZFC curve

increases monotonically on decreasing temperature from

300 K, and exhibits a cusp around 155 K (TN1), indicating

the onset of antiferromagnetic ordering. However on fur-

ther decrease in temperature, v increases further and ex-

hibits another peak around 10 K (TN2) before falling

rapidly as T approaches to 5 K. The FC curve also show

similar features at T[ 10 K, however the feature seen in

ZFC below 10 K is not observed in FC, as the moment is

still increasing as T approaches 5 K. It must be noticed

here that there is a very clear bifurcation in ZFC and FC

curves above 155 K (i.e., TN), which indicates magnetic

anisotropy in this system which appears well above TN.

The ZFC–FC bifurcation also exhibits local clustering of

the spins [23] or anti/ferromagnetic domain growth [24].

Therefore, in the ZFC curve the peak around 10 K can be

interpreted in terms of spin-glass transition or freezing of

domain-wall motion [25]. The ZFC–FC curves merge

around 380 K. It may be recalled here that, the ferroelectric

Curie temperature (TC) is reported to be around 370–380 K

[23, 26]. The ferroelectric phase transition might influence

the magnetic susceptibility, which results in a magnetic

anomaly at 380 K. Our susceptibility measurement results

are in good agreement with the reported results [23].

FC and ZFC curves around 10 K shows distinct diver-

gence, which could be related to the origin of some kind of

freezing phenomenon giving rise to spin-glassy phase or

cluster-glass state. Similar behavior was reported by

Kleemann et al. [27] and Laguta et al. [28] mentioning that

number of different parameters is involved. Studies of

93Nb NMR spectra of PFN revealed the presence of Fe

rich, Nb poor as well as Fe poor, and Nb rich regions. The

first ones are likely to form the AFM regions while in the

latter the spin-glass (or cluster-glass)-type state is most

probable [28]. Generally, in Pb-based systems, spin cluster-

glass (CG) phase coexists with antiferromagnetic (AF)

long-range order as conjectured previously [29]. The AF

state occupies the percolating exchange-coupled Fe3?

cluster; while the CG state comprises rare isolated Fe3?

ions and unblocked super antiferromagnetic (SAF) Fe3?

clusters with uncompensated magnetic moments [30, 31].

Recently, Chillal et al. confirms the homogeneous co-ex-

istence of AF and SG ordering based on neutron and

Mossbauer spectroscopy [32]. It clearly reveals an anomaly

around 155 K characteristic of an AFM transition and be-

low 10 K spin-glassy phase or cluster-glass state. Figure 9b

shows inverse susceptibility graph, 1/v versus temperature,

exhibiting the similar anomalies at 155 and 10 K. The

paramagnetic Curie temperature (hp) and the effective Bohr

magnetron number (leff) were estimated from the fit of

Curie–Weiss law given by,

v ¼ C

T � hp

;

where C is Curie constant, hp is paramagnetic Curie tem-

perature. The obtained values of hp and leff are -149.46 K

and 3.10 lB/f.u., respectively. Figure 9c shows isothermal

magnetization-field (M-H) curves measured at different

temperatures. From these data, it is possible to observe a

very small opening of hysteresis loop at below 120 K with
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Fig. 8 Rietveld refined Neutron diffraction data at 2 K. Inset shows

the magnetic peak at 2h = 18.36� (k = 1.48 Å)

Table 3 Final refined parameters for magnetic and nuclear structures at 2 K, a = 5.6732(5) Å, b = 5.6602(5) Å, c = 4.0176(3) Å,

a = c = 90.00�, b = 89.798(1)�; Rp = 8.01, Rwp = 10.5, RB = 5.90

Atom Wyckoff position x y z Ueqv (in Å2)

Pb 1a 0.0000 0.0000 0.0000 0.0269

Fe 1b 0.5021 0.0000 0.4523 0.0106

Nb 1b 0.5021 0.0000 0.4523 0.0106

O1 1b 0.4550 0.0000 -0.0615 1.9416

O2 2c 0.2416 0.2475 0.4251 0.4398
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little coercive field (0.12 kOe). However, the hysteresis

loop measured at 5 K shows clear opening of the loop with

increase of the coercive field (0.36 kOe) and the remnant

magnetization (8.75 9 10-4 emu/gm), suggesting the

presence of a possible canting in the coupled magnetic

moments. Similar results were reported by Laguta et al.

[33], where the considerable remanent magnetization ob-

served at around 5 K decreases with increase in tem-

perature. The temperature dependence of observed remnant

magnetization (Mr), saturation magnetization (Ms), and

coercive field (Hc) are shown in Table 4.

Evidence of direct coupling between the electric and

magnetic ordering through measurements of polarization

versus electric field: ferroelectric studies.

To study the direct coupling between the electric and

magnetic ordering, measurements of polarization versus

electric field at low temperatures were carried out using

cryogenic 20 K closed cycle refrigerator system with a tem-

perature uncertainty of ±5 K. Figure 10 shows the ferro-

electric hysteresis loops measured at different temperatures

from 100, 130, 150, 200, 250, and 300 K, with maximum field

value of (Emax) 15 kV/cm. At low temperatures (100, 130, and

150 K), hysteresis loops appear to be quasi linear and tend to

show near hysteretic behavior at higher temperatures [34]. The

quasi-linear nature of the hysteresis curves is due to the slight

conducting nature of the samples. The inset (a) of Fig. 10

shows variation of saturation polarization (Ps) and remnant

polarization (PR) with temperature, which clearly show a

sudden increase after TN. The area under the hysteresis curve,

corresponds to the dissipation energy or loss, gives the indirect

information about the conductivity of the sample. The areas

under the hysteresis curves from Fig. 10 are estimated.

Figure 11 show the temperature dependence area of the

hysteresis loop versus 1000/T plot (Arrhenius plot). An

interesting anomaly, change in the slope, is observed

around 155 K (near TN). The activation energy (Eact) val-

ues obtained below and above the TN are 0.0062 and

0.074 eV, respectively. The difference between the Eact

values below and above TN, can be explained by the oc-

currence of a symmetry change depending on the degree of

ordering of Fe3? and Nb5? ions over B-site in good

agreement with the previous reports on structural studies

carried out using Rietveld refinement method on neutron

and X-ray diffraction data for powders around this low

temperature region [12, 14]. Here, change in the electrical

polarization behavior can be promoted by the transition

from an ordered and less ferroelectric monoclinic structure

at (T\ TN), where the Fe3? ions at the B-site form a an-

tiferromagnetic array to a B-site disordered and highly

ferroelectric monoclinic structure (at T[ TN), when it

becomes paramagnetic. Moreover, these slope changes are

in correspondence with the dielectric anomaly observed

from measurements of dielectric constant and dielectric

loss near 155 K, assumed as evidence of the magneto-

electric coupling by Gao et al. [35] in PFN ceramic sam-

ples and by Yang et al. [36] in PFN crystals, where

coincidence with theoretical predictions was found.

Evidence for magneto-electric coupling: dielectric

studies

The dielectric measurements were performed as a function

of temperature, from 7 to 350 K, on a sintered pellet of

PFN. The dielectric constant (e) measured as a function of
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Fig. 9 Variation of a magnetic susceptibility (ZFC and FC curves)

with temperature measured at 500 Oe, b inverse susceptibility with

temperature at 20 kOe (recorded in FC mode), c magnetization

(M) with applied magnetic field (H) hysteresis loops of PFN at various

temperatures above and below the TN (c). The inset of (c) shows the

M–H loops at 5 K
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temperature at 0.5–100 kHz are shown in Fig. 12. Tem-

perature-dependent dielectric behavior is broadly consis-

tent with the previous reports on PFN [36].

The e(T) does not show much variation till TN (155 K)

and exhibits an abrupt change above TN followed by a

frequency dispersion. The anomaly can be seen in terms of

change in the slope of the curve around TN, which is more

pronounced at lower frequencies than at higher frequen-

cies. This transition/anomaly can be seen clearly in d2e0/
dT2 plot with temperature for 0.5 kHz (inset (b) of Fig. 12).

The onset of anomaly shifts from 134 K for 0.5 kHz to

158 K at 100 kHz on increasing the measuring frequency,

with a concomitant decrease in the value of the dielectric

constant, mimicking a relaxor ferroelectric behavior. A

large increase in the dielectric loss is observed along with

frequency dispersion above TN. Also such anomaly in

e(T) around TN has been reported by others literature in

PFN material itself. Yang et al. [36] showed a jump in

dielectric constant (as like in our results) at near TN

(143 K) in PFN single crystals and correlated to the cou-

pling between ferroelectric and magnetic orders in PFN.

The de (change in dielectric constant) was correlated to M2

(square of magnetic order parameter). Correa et al. [37],

observed an anomaly in dielectric constant at around 170 K

in PFN thin films and correlated to the weak magneto-

Table 4 Remnant magnetization (Mr), saturation magnetization (Ms), and coercive field (Hc) of PFN at different temperatures

Temperature (K) Remnant magnetization

(MR) (emu/gm)

Saturation magnetization

(Mmax) (emu/gm)

Coercive field (Hc) (kOe)

5 8.75 9 10-4 0.12 0.36

30 1.99 9 10-4 0.11 0.08

60 1.70 9 10-4 0.10 0.10

120 2.05 9 10-4 0.07 0.13

180 2.24 9 10-4 0.05 0.16

300 3.05 9 10-4 0.04 0.30
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electric coupling, further showed that, the change in di-

electric constant (de) is proportional to the square of

magnetic order parameter. Similarly, Lente et al. [38]

through microwave dielectric measurements, showed a

clear dielectric anomalies (a peak in De and a local mini-

mum for fR) around 149 K (TN) and propose that the

magneto-electric coupling in PFN takes place indirectly via

ferroelastic contribution. This in fact, corroborates well

with our results shown in Fig. 6, a signature of spin–lattice

coupling. In another report, Correa et al. [39] have showed

the phonon anomalies (through Raman studies) and the

lattice parameter anomalies in the vicinity of TN, which

was correlated to spin-phonon coupling. Such correlations

have been reported in many other AFM materials, such as

TbMnO3, YMnO3, HoMnO3, and 0.9BiFeO3–0.1BaTiO3

[40–43]. Other possible reason for the observed dielectric

anomaly being Maxwell–Wagner type of relaxation or re-

laxation associated with oxygen vacancies as observed by

Raevski et al. [44, 45] in similar non-Pb-based materials.

Another interesting dielectric anomaly was observed at

around 20 K both in dielectric constant and dielectric loss

(see the inset (a) of Fig. 12), similar to the ND results

presented in Figs. 5, 6, and 7, as well as magnetic sus-

ceptibility results presented in Fig. 9a. This anomaly could

be related to another magnetic transition (TN2) such as spin-

glass transition.

Atomic level evidence for linear magneto-electric

coupling

The increasing dielectric constant at all the frequencies

above TN as discussed above and shown in Fig. 12, clearly

suggests modification of the lattice polarization in mag-

netically ordered state. As seen from Fig. 6b, a drastic

change in the lattice volume observed across the magnetic

phase transition (TN) which will alter the polarization of the

material. Figure 7 shows the temperature-dependent

atomic positional coordinates of all the atoms in the

asymmetric unit as obtained by Rietveld refinement ana-

lysis of neutron diffraction data and discussed earlier. It is

clearly evident from this figure that the atomic positions

show noticeable anomaly across TN for both the cations and

anions. Changes in atomic positions are consistent with the

earlier report [2, 45]. The changes in atomic positions are

due to an isostructural phase transition accompanying the

magnetic transition around 155 K. We calculated ionic

polarization of PFN from the refined atomic positions.

Calculated ionic polarization of PFN under point charge

approximation at different temperatures is shown in

Fig. 13. The octahedral tilt angle distortions in perovskites

first introduced by Glazer [46] and the detailed explanation

on this can be found in the original article [46].

From the obtained information about the atomic posi-

tions from 2 to 290 K with very high accuracy, we can

study how electric charge distribution, i.e., electric dipole

moments, evolve as a function of temperature. We assigned

nominal charge values for Pb2?, Fe3?, Nb5?, and O2- for

our calculations [47]. Although, we acknowledge that this

assumption of nominal charge assignment may be over-

simplified, nevertheless we believe that our calculation

captures the essential temperature variations of the charge

distribution inside the unit cell. The use of more realistic

charge values would alter our results only quantitatively.

After ensuring that we satisfied the charge neutrality inside

the unit cell, then we calculated the dipole moments based

on the aforementioned model [48]. In our calculation x, y,

and z atomic coordinates are considered zero at 2 K. When

we started refinement at different temperatures, the atomic

coordinates are changed significantly. Temperature de-

pendent x, y, and z coordinates show increase in the po-

larization around TN. When we take average polarization

(Fig. 13a) along x axis, y axis, and z axis, we observed a

large change in polarization around TN. This large change

in polarization observed around TN (at 155 K) corroborates

with the results observe in P–E loops and e(T). This ob-

servation of change in polarization around TN is may be an

indicative of a coupling between the electric and magnetic

dipole moments. The polarization values (Fig. 13a)
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shows octahedral strain (f). The doted curve shows anomaly at TN,

polarization and tilt angle
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calculated from neutron data are comparable to those of

experimentally observed values (Fig. 10) at low tem-

peratures (below TN) and above TN they differ by about one

order of magnitude. However, our results, both ex-

perimental and calculated from ND are about two orders of

magnitude lower compared to those reported in literature,

from the first principle calculation (0.55–0.60 C/m2) [49]

and observed experimentally for highly resistive ceramics

(0.25–0.30 C/m2) [50]. The difference may be due to the

conducting nature of the samples.

Its more interesting that not only ionic polarization

changes around the TN, but also the octahedral tilt angle as

shown in Fig. 13b, which confirms the isostructural phase

transition [47]. Octahedral tilt (x) and strain (f) are the

very important parameters in perovskite (ABO3)-structured

materials; slight octahedral distortions have close links to

the functional properties. The octahedral tilt angle (x) was

calculated using the expression.

x ¼ tan�1 4
ffiffiffi

3
p

e;

where ‘e’ is determined from the oxygen atomic positions

[46, 47]. The tilt angle and the monoclinic cell parameters

are coupled through an additional parameter called the

octahedral strain (f) [47, 48, 51].

Conclusions

In summary, the multiferroic PFN was synthesized by

single-step method using lower calcination and sintering

temperatures. The 100 % perovskite phase with no traces

of pyrochlore phase was obtained. The room temperature

XRD and Neutron diffraction studies showed that the

synthesized PFN is in the monoclinic phase with space

group Cm. The complex controversial structure was probed

using powerful tool of temperature-dependent powder

neutron diffraction technique. Through ND studies be-

tween 290 and 2 K, the magnetic transition (TN) was ob-

served at around 155 K with G-type antiferromagnetic

ordering and is in agreement with the earlier reports. There

was no change in crystallographic symmetry even below

155 K; monoclinic (Cm space group) structure remains in

the entire temperature range of measurement. Thermal

expansion anomaly was observed through the well-distin-

guishable changes in unit cell volume across the TN. Two

anomalies were found in temperature-dependent magneti-

zation. The first was attributed to the PM-to-AFM transi-

tion at TN1. Anomaly at around TN2 (10 K) is probably

caused by the transition to the spin-glass state, but on the

basis of the present measurements, this conclusion is not

sufficient. Further investigation is required to confirm low

temperature magnetic phase. M–H loops well supports the

ZFC and FC susceptibility patterns. We investigated the

temperature-dependent P-E loops, changes in the electrical

polarization behavior were observed during the occurrence

of a paramagnetic to weakly magnetized antiferromagnetic

transition near 155 K. Consistent to magnetic measure-

ments, two anomalies are also observed in the dielectric

permittivity around TN1 and at 20 K (TN2). This behavior is

a clear evidence of intrinsic magneto-electric coupling.

Significant change in the atomic positions was observed

above the magnetic transition (TN1). The calculated ionic

polarizations show clear evidence of atomic level magneto-

electric coupling phenomenon. Total spontaneous polar-

ization shows enhancement in polarization around TN1. The

ionic polarization and octahedral tilt angle shows the

anomaly confirming the first-order character of the

isostructural phase transition. It also reveals the presence of

magneto-electric coupling. Our present study thus provides

convincing explanation for the origin and presence of

magneto-electric coupling in PFN and classifying it as a

potential multiferroic material.
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