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Abstract 

The quest for new multiferroic materials is on the rise due to their potential applications in 
spintronics and futuristic multiple state memory devices. Here we report the microwave 
synthesis of iron/ gadolinium codoped PbTiO3 nanorods which displays multiferroic behavior. 
Both the undoped and doped PbTiO3 samples have been characterized using powder X-Ray 
diffraction, energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy 
(XPS) techniques. The morphology of the samples have been studied using transmission electron 
microscopy (TEM) and high resolution transmission electron microscopy (HRTEM) which 
confirmed the formation of nanorods. The substitution of Fe ions for Ti and Gd ions for Pb 
enhances the ferromagnetic and ferroelectric properties of this system. The reasons for this 
observation have been explored in detail. The ferroelectric, magnetic and magneto-capacitive 
measurements at room temperature substantiate the multiferroic nature of the codoped samples 
with significant magnetoelectric coupling observed in case of nano 
PbTiO3:Gd3+(0.5%):Fe3+(5%).  
 

Introduction 
 
Research on multiferroics has gained a lot of prominence in the last two decades.1-4 Generally, 

this class of materials exhibit coexistence of a number of order parameters (ferroelectric and 

magnetic) and their mutual coupling can lead to the development of futuristic multifunctional 

devices.5,6 Multiferroic materials have immense potential applications in multiple state memory, 

spintronics, transducers and electronic field controlled ferromagnetic resonance devices.7-9 The 

natural occurrence of such materials is a rarity since cation off-centering in ferroelectrics 

requires formally empty d-orbitals whereas partially filled d-orbitals are needed for the presence 

of magnetism. The simultaneous existence of these two contra-indicating factors in a single 

material is possible if the off-centred atom is different from that responsible for the magnetic 

moment. Multiferroicity has been reported in BiFeO3 and BiMnO3 where ferroelectricity is due 

to the non-centrosymmetric Bi3+ ion whereas Mn3+ and Fe3+ ions account for the magnetism.10-13 

However, these materials report low coupling between the ferroelectric and magnetic orders and 
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generally a large magnetoelectric effect at room temperature is required for various device 

applications such as spintronics, data-storage media, and multiple-state memories.14,15 Hence, 

there is a continuous quest for new materials that can exhibit multiferroicity along with 

promising magnetoelectric/ magnetodielectric /magnetocapacitance effects in which the electric 

field/ dielectric permittivity /capacitance can be controlled by an applied magnetic field and vice 

versa. 

 

A lot of interest has been generated in recent times on the realization of ferromagnetism in 

classic perovskite ferroelectric materials like BaTiO3 via appropriate doping.16,17 PbTiO3 has 

been considered to be one of the most important members of the perovskite family due to its high 

Curie temperature, pyroelectric coefficient, spontaneous polarization and low dielectric 

constant.18 The Ti4+ ions which have a d0 configuration, distorts away from their ideal position in 

cubic symmetry and this results in the observed spontaneous polarization in PbTiO3. Substituting 

a part of these Ti4+ ions with transition metal ions having partially filled d orbitals can lead to the 

development of ferromagnetism in the material. Recent reports on ferromagnetism observed in 

Fe doped PbTiO3 is a testimony to this fact.19 However, the ferromagnetism exhibited by these 

materials at room temperature is quite low and further improvement is needed for its ultimate 

application in magnetoelectric devices. An enhancement in the ferromagnetic properties of such 

oxide materials on downsizing them to the nanoscale has been theoretically predicted.20,21 This 

has been attributed to the presence of oxygen vacancies on the surface of these nanoparticles. 

Consequently, multiferroicity has been reported in undoped PbTiO3 nanoparticles synthesized 

via polymer precursor method.22 Also Fe doped PbTiO3 nanoparticles synthesized via surfactant 

assisted hydrothermal and sol gel techniques exhibited a slight improvement in ferromagnetism 

compared to the undoped nano PbTiO3.
23,24 

 

Here we report the microwave assisted synthesis of undoped and Fe/Gd doped PbTiO3 nanorods. 

In this synthesis technique, electric dipoles present in the solvent medium respond to the electric 

field resulting in the constant reorientation of the reactant molecules which leads to generation of 

heat due to friction.25 The microwave assisted method is thus faster and energy efficient 

compared to conventional techniques for synthesis of nanomaterials.26 The higher aspect ratios 

obtained for PbTiO3 nanorod morphology compared to nanoparticles, can lead to its better 
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practical applications in memory devices and photonics.27 Hence it was of interest to study the 

effect of nanorod morphology on the multiferroicity of PbTiO3 doped with Fe3+ and Gd3+ ions. 

The choice of dopants was based on the fact that they are both magnetically active and the 

interactions between them can impart ferromagnetism in the ferroelectric PbTiO3, rendering it a 

multiferroic nature.28 The nanorods have been characterized using powder X-ray diffraction 

(XRD), energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy 

(XPS) techniques and their morphology have been studied using transmission electron 

microscopy (TEM) and high resolution transmission electron microscopy (HRTEM). The 

magnetic and ferroelectric properties of the above samples have been investigated from their M-

H and P-E curves. Magneto-dielectric coupling experiments have been done to establish the 

multiferroic nature of these doped PbTiO3 samples. 

 

Results and Discussion 

The powder XRD pattern recorded for the as prepared samples synthesized via microwave 

assisted technique indicated that they were amorphous in nature. On furnace heating at 500°C for 

3h, highly crystalline PbTiO3 samples were formed which could be verified from XRD. The 

XRD patterns of the thermally treated undoped as well as Fe doped PbTiO3 samples are shown in 

Figure 1(a-d). The diffraction profile of all the samples could be indexed to tetragonal PbTiO3 

with space group P4mm (PCPDF file 772002). With increase in Fe doping, a decrease in the 

tetragonal distortion is observed as inferred by the gradually decreasing resolution of the doublet 

at 2θ between 32 to 34°. The position of the (100) peak shifts gradually to lower angle which 

indicates an increase in the lattice parameters. This can be attributed to the doping of Fe3+ ions in 

the Ti4+ ion sites in the PbTiO3 lattice since the former has a larger radius (0.64Å) and different 

electron density compared to the latter (0.60Å) in octahedral coordination number.23 Phase pure 

PbTiO3 samples with upto 5mol% Fe doping have been obtained using our microwave assisted 

technique which is in contrast to that reported in case of surfactant assisted as well as 

coprecipitation synthesis which always yielded Pb2Ti2O6 as an impurity phase.24,29 On doping 

PbTiO3 with Gd3+ ions, interesting observations were noted from the powder XRD pattern 

(Figure 2a-d) of the thermally treated samples. For 0.5mol% Gd3+ doping, the diffraction peaks 

suggested the formation of phase pure tetragonal PbTiO3 having space group P4mm (PCPDF file 

772002) which is similar to that observed in case of Fe doping. The slight shifting of the 
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diffraction peaks to higher angles and consequent lattice contraction can be explained on the 

basis of smaller ionic radius of Gd3+ (0.94Å)  compared to Pb2+ (1.19Å) and also on presence of 

Pb vacancies. In case of PbTiO3:Gd3+(2%) sample, the powder XRD pattern indicated formation 

of minute amount of PbTi3O7 as an additional phase. Further increase in Gd3+ doping to 5mol% 

resulted in the formation of predominantly monoclinic PbTi3O7 with space group P21 (PCPDF 

file 701016) and a minor fraction of tetragonal PbTiO3. The increase in the Pb deficient PbTi3O7 

phase with increase in Gd3+ doping is an indication of its lower dopant solubility. Similar 

observations have been reported in case of Er3+ doped PbTiO3.
30 PbTiO3 belongs to the 

perovskite family which ideally has a cubic closed packed anion sub-lattice structure. This lattice 

is unable to accommodate the large excess of oxygen which is inevitable with donor doping like 

Gd3+ ions. Hence, with increase in Gd3+ ions in the reaction mixture, a titanium rich phase 

PbTi3O7 is predominantly obtained as the major product, which is due to an anion-excess 

induced phase separation of the perovskite lattice. The powder XRD patterns of the Fe/Gd 

codoped PbTiO3:Gd3+(0.5%):Fe3+(2%), PbTiO3:Gd3+(0.5%):Fe3+(5%) and 

PbTiO3:Gd3+(2%):Fe3+(2%) samples are shown in Figure 3a-c. The diffraction peaks for 

PbTiO3:Gd3+(0.5%):Fe3+(2%) and PbTiO3:Gd3+(0.5%):Fe3+(5%) could be indexed to tetragonal 

PbTiO3 with lattice constants a = 3.89Å, c = 4.12Å and a = 3.88Å, c = 4.09Å, respectively. It can 

be clearly seen that with increase in Gd3+ doping to 2mol% in the Fe/Gd codoped sample, 

monoclinic phase of PbTi3O7 is obtained as the sole product (PCPDF 701016). 

The compositions of the undoped and single as well as codoped PbTiO3 samples have been 

further analysed using XPS spectra. The representative XPS survey spectra for a few samples 

have been shown in Figure 4. The C1s peak seen in all the spectra is due to the deposition of the 

samples on carbon tape. The XPS spectrum of undoped PbTiO3 (Figure 4a) shows the presence 

of only Pb, Ti and O in the sample. The Pb4f7/2 and Pb4f5/2 binding energy peaks at 137.23 and 

142.3eV, respectively, are separated by ~ 5.07eV which is similar to that reported in case of 

PbTiO3 nanostrips.31  For the Ti 2p core levels, the 2p3/2 (458.46eV) and 2p1/2 (464.13eV) 

doublet exhibits an energy gap of 5.67eV which is comparable to that reported for ceramic 

PbTiO3 [32]. The O1s peak at 530.9eV corresponds to the Ti-O lattice oxygen in our undoped 

PbTiO3 sample. For PbTiO3:Fe3+(5%), the XPS survey spectrum (Figure 4b) confirmed the 

presence of Fe3+ ions with the binding energies of Fe3+ 2p3/2 and 2p1/2 spin orbit doublets at 711.2 

and 724.5eV, respectively. These values are slightly more than that reported for Fe2O3 which is 
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710.7 eV for 2p3/2 and 724.3 eV for 2p1/2.
32 The Ti2p3/2 and Ti2p1/2 peaks are seen at lower 

binding energy (457.7eV and 463.7eV, respectively) compared to undoped PbTiO3. This 

suggests the substitution of Ti4+ in PbTiO3 lattice with Fe3+ ions and can be attributed to the large 

concentration of oxygen vacancies.33 The transfer of electrons from Fe3+ to Ti4+ is also 

manifested in the broadness of the Ti2p3/2 and Ti2p1/peaks in the Fe doped samples, which is due 

to the presence of the Ti ions in various oxidation states. The XPS survey spectrum of 

PbTiO3:Gd3+(0.5%) (Figure 4c) shows the presence of Gd 4d core level binding energy peak at 

146.18eV. The codoped PbTiO3:Gd3+(0.5%):Fe3+(5%) sample exhibited binding energy peaks 

corresponding to all the constituent elements i.e. Pb, Ti, Fe, Gd and O (Figure 4d). 

The core level O 1s XPS spectra for the undoped as well as single and Fe/Gd codoped PbTiO3 is 

shown in Figure 4e.  All the doped samples exhibited two peaks with the major peak at a lower 

binding energy of ~530.7 − 531.5eV which corresponds to the lattice oxygen of PbTiO3. The 

minor peak at ~ 533.5eV is due to hydroxyl group or adsorbed oxygen on the surface of the 

samples.34 The minor peak is more pronounced in case of the Fe/Gd doped nano PbTiO3 which 

suggests that there is an increase in the concentration of oxygen vacancies in these samples [33]. 

Compared to undoped PbTiO3, the O1s peak shifts to lower binding energy in PbTiO3:Fe3+(5%) 

sample which can be explained on the basis of the partial substitution of Ti4+ with Fe3+ ions. The 

O1s binding energy in Ti-O(1s) bond is higher than that in Fe-O(1s) bond and hence a slight 

decrease in binding energy is observed in case of the Fe doped sample.35 

  

The size, morphology and composition of the undoped and Fe/Gd doped PbTiO3 samples have 

been also determined using TEM, HRTEM and EDS techniques. An idea about the dimensions 

of the undoped PbTiO3 and PbTiO3:Fe(5%) nanorods has been obtained from the TEM images 

(Figure 5a and 5f). For the undoped PbTiO3 samples, the length of the nanorods range between 

100-200nm, whereas for the Fe doped sample, it is between 80-120nm. The diameter of the 

nanorods increases slightly from ~ 15 − 20nm in case of undoped PbTiO3 to ~ 25 − 30nm for the 

PbTiO3:Fe(5%) sample. In soft chemical synthesis of nanomaterials, the morphology of the 

product obtained depends on various parameters like growth conditions, precursor type and 

concentration, etc.36 In our experiment, the introduction of the dopant Fe ion in the PbTiO3 

matrix, leads to an alteration in the dimension of the nanorods. From the XRD patterns of the 

undoped and Fe doped samples (Figure 1), it can be seen that there is a preferential orientation of 
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the nanorods along the [101] direction and the tetragonality of the structure decreases with 

increase in Fe doping. The lattice constants obtained for our undoped PbTiO3 are a = 3.897Å and 

c = 4.151Å, which is similar to that reported for PbTiO3 nanostrips.31 With increase in Fe 

doping, a decrease in c parameter and slight increase in a parameter is observed. For the 

PbTiO3:Fe(5%) sample, the lattice constants were found to be a = 3.926Å and c = 4.068Å, which 

decreases the tetragonal ratio (c/a) from 1.065 in undoped to 1.036 in 5% Fe doped PbTiO3. This 

indicates that with the doping of Fe in PbTiO3, the growth along the c axis is mostly affected.  As 

Fe3+ ions replace Ti4+ ion sites in the lattice, there might be an alteration in the positive charge 

concentration along the c direction and there is probability of defects being introduced in the 

crystal structure. These factors reduce the surface energy which ultimately hinders growth along 

one direction and reduces the length of the nanorods.37 The EDS spectra (Figure 5b and 5d) 

confirms the presence of Pb, Ti, O in both samples and also Fe in PbTiO3:Fe(5%). In undoped 

PbTiO3, the atomic ratio of Pb to Ti to O is found to be 1.025 : 1.000 : 2.975. Spectra taken at a 

number of selected positions of the sample confirm the presence of the same constituents. The 

HRTEM images of undoped and 5% Fe doped PbTiO3 nanorods are shown in Figures 5e and 5f, 

respectively. The micrograph of both samples shows clear crystal domain with uniform 

interplanar spacing of ~0.284 nm, corresponding to the (1 0 1) plane. The corresponding SAED 

patterns (shown as inset of Figures 5e and 5f)  are regular, and can be indexed as the incident 

electron beam parallel along the [101] direction. 

The magnetic properties of the undoped and Fe/Gd doped nano PbTiO3 samples have been 

investigated by studying the magnetization variation as a function of applied field at room 

temperature (300K). The M-H curves obtained for all the samples after diamagnetism correction 

is shown in Figure 6 and corresponding saturation magnetization (Ms) and coercivity (Hc) values 

have been given in Table 1. For all the samples we can observe sizable hysteresis with a finite 

value of the coercive field. Bulk pure PbTiO3 is an intrinsic diamagnetic compound. However, 

very mild room temperature ferromagnetism has been reported for PbTiO3 nanoparticles which 

has been attributed to the size effect and presence of oxygen vacancies.23,38 The PbTiO3 nanorods 

synthesized by us using microwave assisted technique shows a S-type hysteresis curve with a Ms 

value of 0.013 emu/g which is approximately three times higher than that observed for PbTiO3 

nanoparticles synthesized using sol gel technique (0.0041 emu/g).38 This is due to the fact that 

specific surface area which is a critical factor for the observation of different properties in 
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nanomaterials, is higher in case of nanorods compared to nanospheres, for a given volume.39 

Hence the extent of surface defect concentration, which is the prime driving force for the 

observed ferromagnetism in nano PbTiO3, will be higher in case of nanorod morphology. An 

increase in the Ms values is observed in case of Fe doped PbTiO3 samples (Table 1). This has 

been attributed to the F-center exchange mechanism where electrons trapped in oxygen 

vacancies (F center) created by Fe3+ doping in Ti4+ sites in PbTiO3 plays a major role.23 It has 

been theoretically proved that, in PbTiO3, the electron occupies an orbital which overlaps with 

the adjacent iron d orbitals forming Fe3+–VO
2−–Fe3+ groups.40 The F center act as bound magnetic 

polaron and its exchange interaction with iron leads to the observed ferromagnetic coupling. The 

Ms values for our PbTiO3:Fe(5%) sample (0.453emu/g) is higher than that reported for 

hydrothermally synthesized PbTiO3:Fe(4%) nanoparticles (0.008 emu/g) and PbTiO3:Fe(1%) 

nanocrystals (0.075 emu/g) having self-assembled disk-like superstructures.23,41 This may be due 

to the formation of larger number of oxygen vacancies in our Fe doped PbTiO3 samples 

synthesized using the microwave assisted technique. Similar observations have been reported for 

microwave-synthesized homogeneous Ce0.5Zr0.5O2 solid solution where more zirconia was 

incorporated into the ceria lattice and higher surface defective sites were formed in the sample 

compared to that prepared using coprecipitation method.42 

Room temperature ferromagnetism has also been observed in case of the PbTiO3:Gd(0.5%) 

sample, which exhibits a Ms value of 0.020 emu/g (Table 1). From our powder XRD results, it is 

clear that the rare earth Gd3+ ion substitutes Pb2+ ions of PbTiO3 at the A site. Hence, it acts as a 

donor where lead vacancies created in distant coordination spheres of PbTiO3 takes care of the 

charge compensation.43 Compared to PbTiO3:Fe(0.5%), the PbTiO3:Gd(0.5%) sample is thus 

expected to have lesser number of oxygen vacancies but higher number of lead vacancies.43 The 

observed ferromagnetism in this PbTiO3:Gd(0.5%) sample is induced by the oxygen vacancies 

and mainly originates from the spin-polarized dzx and dx2-y2 states of the two nearest Ti atoms.44 

The M-H curves obtained for Fe/Gd codoped PbTiO3 samples shows interesting results. The Ms 

as well as Hc values for the PbTiO3:Gd(0.5%)Fe(2%) and PbTiO3:Gd(0.5%)Fe(5%) samples are 

less than that observed in case of single doped PbTiO3:Fe(2%) and PbTiO3:Fe(5%) samples, 

respectively  (Table1). It has been well established that Fe3+ acceptor doping in Ti4+ sites in 

PbTiO3 leads to the formation of oxygen vacancies which promote ferromagnetism by the 

exchange interaction between two irons via F center.23 In case of the PbTiO3:Gd(0.5%)Fe(5%) 

Page 7 of 27 Dalton Transactions



sample, the Gd3+ donor doping in Pb2+ site leads to formation of lead vacancies in distant 

coordination spheres.43 Hence, there is a possibility of net reduction in oxygen vacancies which 

plays a major role in the observed ferromagnetic behavior of these samples. For PbTiO3:Fe(2%), 

PbTiO3:Fe(5%), PbTiO3:Gd(0.5%)Fe(2%)  and PbTiO3:Gd(0.5%)Fe(5%) samples, a slight 

linearization of the M-H curve is observed which indicates the presence of paramagnetic 

component in the system. Both Fe3+ and Gd3+ are paramagnetic ions and can give rise to 

Fe3+
−O−Fe3+ / Gd3+

−O−Gd3+ superexchange interaction with oxygen ions which are 

antiferromagnetic in nature.  Hence, the appearance of the linear variation in the M-H curves for 

all the PbTiO3 samples with ≥ 2mol% doping of Fe/Gd ions can be attributed to the contributions 

from these paramagnetic/antiferromagnetic components.23  

From Table 1, it is evident that the highest Ms values at room temperature has been observed in 

case of the PbTiO3:Fe(5%), PbTiO3:Gd(0.5%)Fe(5%) and PbTiO3:Fe(2%) samples.  The 

temperature dependence of magnetization studies at an applied field of 500Oe has been done on 

these samples to determine the nature of magnetic ordering and the resulting plots are shown in 

Figure 7a-c. Between ~150 to 300K, constant magnetization values of 0.14 emu/g, 0.12 emu/g, 

and 0.04 emu/g have been obtained for the PbTiO3:Fe(5%), PbTiO3:Gd(0.5%)Fe(5%) and 

PbTiO3:Fe(2%) samples, respectively. The results suggest the retention of long range magnetic 

ordering in the samples at room temperature.23 At temperatures lower than 150K, the rapid 

increase in the magnetization values indicates the presence of frozen isolated Fe3+ ions in the host 

PbTiO3 matrix that contribute to the paramagnetic component. The M vs H plots at two 

different temperatures (50K and 300K) for these three samples are shown as inset in Figure 7a-c. 

In case of the low temperature M-H curves recorded at 50K, the linear component increases 

indicating that paramagnetic contribution is quite dominant in the low temperature range. From 

the M vs H curves obtained at 50K and 300K we have plotted M/Ms (Ms is the saturation 

magnetization) vs H/T for our PbTiO3:Fe(5%), PbTiO3:Gd(0.5%)Fe(5%) and PbTiO3:Fe(2%) 

samples (supplementary Figure S1). It is observed that the curves remain distinct which rules out 

the possibility of presence of superparamagnetism, since it is well known that the curves merge 

into a single one for superparamagnetic systems. 45 

The room temperature electric polarization versus electric field (P-E) measurements has been 

recorded for the undoped and Gd/Fe doped PbTiO3 samples at a frequency of 1kHz. Bulk 

PbTiO3 is a well studied displacive type ferroelectric material and the P-E curves of all our nano 
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PbTiO3 samples exhibit the distinctive hysteresis loop as is evident from Figure 8a. It is evident 

that these materials are somewhat lossy, which is a common observation for polycrystalline 

materials. The coercive field (Ec), remnant polarization (Pr) and spontaneous polarization (Ps) 

values estimated from the room temperature P–E hysteresis loops of all the samples are listed in 

Table 2. The ferroelectric distortion in PbTiO3 is stabilized via Ti(3d)–O(2p) hybridization 

which results in the displacement of the Ti4+ ions with respect to the oxygen octahedral cage.46 

As mentioned before, subtituting Ti4+ ions with Fe3+ in our sonochemically synthesized PbTiO3 

samples, the tetragonal distortion (c/a) reduces from 1.065 in undoped PbTiO3 to 1.036 in 5% Fe 

doped PbTiO3. Inspite of the decrease, the extent of distortion is still high enough to sustain 

ferroelectric behavior in Fe doped PbTiO3. This is reflected in the Ps, Pr and coercivity (Ec) 

values obtained for our PbTiO3:Fe(0.5%), PbTiO3:Fe(2%) and PbTiO3:Fe(5%) samples (Table 

2). Generally, acceptor doping in perovskites as well as reduced tetragonality, leads to lower 

electric polarization values and higher cooercivity.47 However in our case, compared to undoped 

PbTiO3, an increase in the Ps, Pr and Ec values have been observed in all the Fe doped PbTiO3 

samples. This increase in the Ps and Pr values should be extrinsic in nature and may arise due to 

the space charge effect. Similar observations have been reported for Cu doped K0.5Na0.5NbO3 

ceramics.48 With increase in Fe doping from 2 to 5 mol%, a slight decrease in the Ps and Pr 

values have been observed. This can be explained on the basis of presence of larger number of 

oxygen vacancies in the latter. This leads to a stronger pinning effect with lower ferroelectric 

domain switching under an electric field which results in a decrease in the Pr value.49  

In case of PbTiO3:Gd(0.5%), a slight increase in the Ps and Pr values have been observed 

compared to undoped PbTiO3. As Gd3+ gets substituted in the Pb2+ sites of PbTiO3, it can be 

regarded as a donor dopant and hence results in the formation of cation vacancies by the 

following reaction 

Gd3+   Gd•Pb + xV″Pb + yV″″Ti  (2x +4y = 1)  (1) 

These cation vacancies generated by donor doping makes domain motion easier and enhance the 

ferroelectric properties resulting in enhanced Ps and Pr values.50 For the Fe/Gd codoped PbTiO3: 

Gd3+(0.5%)Fe3+(2%) and PbTiO3: Gd3+(0.5%)Fe3+(5%) samples, the Ps and Pr values obtained 

are less than that of the corresponding single doped PbTiO3:Fe(2%) and PbTiO3:Fe(5%)  (Table 

2). In case of double doping, Gd3+ acts as donor dopant whereas Fe3+ act as acceptor dopant at 

the Pb2+ and Ti4+ sites of PbTiO3, respectively. Substitution of Fe3+ on Ti4+ sites is compensated 
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by the creation of oxygen vacancies and/or the annihilation of cation vacancies, as shown by the 

following reactions51 

Fe2O3   2Fe′Ti + 3Oo + V••
o     (2) 

Fe3+
 + xV″Pb + yV″″Ti    Fe′Ti   (2x +4y = 1)  (3) 

Hence, compared to the Fe single doped samples, there will be less concentration of oxygen 

vacancies in the Fe/Gd double doped samples which reduces the pinning effect on the domain 

walls, leading to enhanced remnant polarization and lower coercive field. Hence, by careful 

optimization of the dopant concentrations, it is possible to have PbTiO3 nanomaterials that can 

exhibit multifunctionality through extrinsic manipulations. 

In order to understand the effects of the oxygen and Pb ion vacancies, the leakage currents for all 

the samples have been measured, and the results obtained have been shown in Figure 8b. Higher 

values of leakage current compared to undoped PbTiO3 have been observed for our Fe doped 

PbTiO3 samples synthesized via microwave assisted technique and the magnitude of leakage 

current increases with increased amount of Fe doping. Fe3+ has a lower valence than Ti4+ and 

hence plays the role of an acceptor which leads to formation of oxygen vacancies. The 

neutralized oxygen vacancies releases one or two electrons under the application of an electric 

field and gets ionized. The weak bond between these conduction electrons with oxygen 

vacancies has been reported to act as shallow electron traps.52 This provides a comparatively 

lower energy path for conduction by facilitating localized electron transport between neighboring 

transition metals via hopping through oxygen vacancies which increases the leakage current.53 

Hence, leakage current densities of 0.65µA/cm2, 1.50µA/cm2 and 2.12µA/cm2 have been 

obtained for our PbTiO3:Fe(0.5%), PbTiO3:Fe(2%) and PbTiO3:Fe(5%) samples, respectively, 

under an applied electric field of ~7kV/cm. A marked decrease in the leakage current density 

compared to single doped PbTiO3:Fe(2%) and PbTiO3:Fe(5%) has been observed for the Fe/Gd 

double doped PbTiO3:Gd(0.5%)Fe(2%)  and PbTiO3:Gd(0.5%)Fe(5%) samples. This is due to 

the reduced concentration of oxygen vacancies in the Fe/Gd double doped PbTiO3 which leads to 

the less leaky P-E hysteresis loops exhibited by them compared to the corresponding Fe single 

doped PbTiO3 samples. 

The PbTiO3:Fe(2%), PbTiO3:Fe(5%), PbTiO3:Gd(0.5%)Fe(2%)  and PbTiO3:Gd(0.5%)Fe(5%) 

samples exhibit ferromagnetism as well as ferroelectricity at room temperature. The best results 

have been obtained for PbTiO3:Gd(0.5%)Fe(5%) which shows Ms 0.385emu/g, Ps 0.464µC/cm2 
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and Pr 0.195µC/cm2 with less leaky features compared to the single doped PbTiO3:Fe(5%) 

sample. Hence there is a probability of observing magnetocapacitive coupling in these samples 

which is a true indicator of the extent of multiferroicity present in them and their possible 

application in multistate data storage devices and magnetically tunable high frequency electronic 

devices. The induction of magnetization with the application of an electric field or the induction 

of a polarization with the application of a magnetic field signifies magnetoelectric coupling in 

the sample.54 The magnetic field dependence of capacitance for our PbTiO3:Fe(5%) and 

PbTiO3:Gd(0.5%)Fe(5%) samples have been measured and the corresponding room temperature 

magnetocapacitance measured at 30kHz is shown in Figure 9a and 9b, respectively. The 

magnetic field induced magnetocapacitive shift is ∼0.046% and 0.021% in an applied field of 

10kOe for the PbTiO3:Gd(0.5%)Fe(5%) and PbTiO3:Fe(5%) samples, respectively. The 

magnetocapacitive effect originates from scalar P2M2 terms present in the Ginzburg–Landau free 

energy expansion equation.11 Such quadratic dependence of dielectric constant and 

magnetization has been reported for EuTiO3, BiMnO3, etc.55 This second order dependence is 

amply reflected in the magnetocapacitance coupling exhibited by both the samples. A partial 

shift towards linear dependence is observed in the magnetocapacitance coupling in case of the 

double doped PbTiO3:Gd(0.5%)Fe(5%) sample (Figure 9a). This might be due to an additional 

term proportional to P2M in the free energy, or could also result from a linear magnetoelectric 

coupling producing a modification in the bi-quadratic P2M2 free energy term. 

 

Conclusion 

In summary, undoped as well as Fe/Gd single and double doped PbTiO3 nanorods have been 

synthesized successfully using a facile microwave assisted technique. From powder XRD 

patterns it was established that phase pure PbTiO3 samples with upto 5mol% Fe doping and 0.5% 

Gd doping could be obtained via this method of synthesis. A decrease in the tetragonal distortion 

of PbTiO3 was observed with increase in Fe doping. The compositions of the samples have been 

confirmed using XPS and EDS. From TEM micrographs a decrease in the length of the PbTiO3 

nanorods was observed with increased doping of Fe/Gd ions. The PbTiO3 nanorods exhibit mild 

room temperature ferromagnetism in contrast to that that observed in case of bulk PbTiO3 which 

is diamagnetic. The addition of Fe/Gd dopants in varying amounts alters the magnetic as well as 

the ferroelectric properties of the PbTiO3 samples. This has been attributed to the presence of 
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oxygen and Pb vacancies. The best results have been obtained for the PbTiO3:Gd(0.5%)Fe(5%) 

sample which exhibits a Ms value of 0.385 emu/g and Ps of 0.464µC/cm2 with considerably less 

leaky characteristics compared to the single doped PbTiO3:Fe(5%). Magnetoelectric coupling in 

these PbTiO3:Gd(0.5%)Fe(5%) nanorods have also been established by magnetocapacitance 

measurements which suggest possible tunability of the dielectric constant with external magnetic 

field. 

 

Experimental Section 

Each experiment was carried out under ambient conditions at room temperature (27°C). AR 

grade lead nitrate [Pb(NO3)2], titanium isopropoxide [Ti(OPri)4], ferric nitrate [Fe(NO3)3.9H2O] 

and gadolinium nitrate [Gd(NO3)3.6H2O] were procured from commercial sources.  

 

Synthesis of undoped PbTiO3 

To an aqueous suspension of Ti(OPri)4 (2.196g, 7.73mmol) in deionized water, an aqueous 

solution of Pb(NO3)2 (2.561g, 7.73mmol) was added. The pH of the solution was adjusted to ~ 

11 by adding ammonia solution. The resultant mixture was transferred to a 250ml round bottom 

flask fitted with a condenser attachment and exposed to microwave irradiation (MicroSYNTH, 

500W, 2.45 GHz frequency multimode source) for 15min.  The milky white colloidal suspension 

was centrifuged at 500rpm for 3min. The precipitate was washed with distilled water and ethanol 

and dried in air. The dried product was furnace heated at 500°C for 3h.  

 

Synthesis of Fe/Gd doped PbTiO3 

The method reported above was followed but with the addition of stoichiometric amounts of the 

salts of the metal ions to be doped in the PbTiO3 sample. Thus single doped PbTiO3:M(x%) (M= 

Fe3+, Gd3+; x = 0.5, 2 and 5) and Fe/Gd codoped PbTiO3 samples have been synthesized using 

this method. 

 

Characterization 

The powder XRD patterns of the samples were recorded on a PANalytical X-Pert Pro powder x-

ray diffractometer in the 2θ range 10°–80° using CuKα (k = 1.5406 and 1.5444Å) radiation. The 
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samples were mixed with collodion binder and smeared on glass plates. EDX analyses were done 

using an Inca Energy 250 instrument. Conventional TEM micrographs were recorded on a Libra 

120 KeV Electron Microscope (Carl Zeiss). The samples were dispersed in ethanol and deposited 

on carbon coated copper grids. X-ray photoelectron spectra (XPS) were recorded on VG 

Microtech FISON instrument using Mg-Kα radiation (1253.6eV). The field dependent magnetic 

measurements at room temperature were carried out using Quantum Design Physical Properties 

Measurement System (PPMS). Magnetic field-dependent dielectric measurements were 

performed using Agilent 4284A LCR meter while the magnetic field was controlled by the above 

mentioned PPMS instrument. For the magnetocapacitive measurements, both the sides of the 

pellets were coated with silver epoxy and Au wires were attached to make a parallel plate 

capacitor. The magnetocapacitance data was obtained after performing the background 

correction. For P-E measurements, the samples were pelletized and coated with Pt paste and the 

ferroelectric studies were done on aixACCT TF Analyzer 2000 FE at 1 to 20 kHz ac frequency. 

The leakage currents on these samples were also measured on the same instrument.  
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Table 1: Magnetic Parameters at room temperature for the undoped and Gd/Fe doped nano 
PbTiO3  
 

 

 

Table 2: Electrical parameters at room temperature for the undoped and Gd/Fe doped nano 
PbTiO3  
 

 

  

Sample Coercive field 

(Oe) 

 

Saturation 

magnetization  (emu/g) 

PbTiO3 257 0.013 
PbTiO3:Fe3+(0.5%) 273 0.035 
PbTiO3:Gd3+(0.5%) 265 0.020 
PbTiO3:Fe3+(2%) 377 0.129 
PbTiO3: Gd3+(0.5%)Fe3+(2%) 346 0.074 
PbTiO3:Fe3+(5%) 110 0.453 
PbTiO3: Gd3+(0.5%)Fe3+(5%) 105 0.385 

Sample Coercive field 

(kV/cm) 
Ps  (µµµµC/cm

2
) Pr  (µµµµC/cm

2
) 

PbTiO3 2.71 0.208 0.016 
PbTiO3:Fe3+(0.5%) 5.06 0.334 0.063 
PbTiO3:Gd3+(0.5%) 16.44 0.210 0.128 
PbTiO3:Fe3+(2%) 16.56 0.572 0.413 
PbTiO3: Gd3+(0.5%)Fe3+(2%) 11.05 0.392 0.169 
PbTiO3:Fe3+(5%) 16.26 0.513 0.353 
PbTiO3: Gd3+(0.5%)Fe3+(5%) 10.49 0.464 0.195 
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Figure Captions 

Figure 1: Powder XRD pattern of (a) PbTiO3, (b) PbTiO3:Fe(0.5%), (c) PbTiO3:Fe(2%) and (d) 

PbTiO3:Fe(5%). 

Figure 2: Powder XRD pattern of (a) PbTiO3, (b) PbTiO3:Gd(0.5%), (c) PbTiO3:Gd(2%) and (d) 

PbTiO3:Gd(5%). * indicates diffraction peaks corresponding to monoclinic PbTi3O7. 

Figure 3: Powder XRD pattern of lead titanate samples doped with (a) Gd3+(0.5%):Fe3+(2%), (b) 

Gd3+(0.5%):Fe3+(5%) and (c) Gd3+(2%):Fe3+(2%). 

Figure 4: XPS survey spectrum of (a) PbTiO3, (b) PbTiO3:Fe(5%), (c) PbTiO3:Gd(0.5%), (d) 

PbTiO3:Fe(5%)Gd(0.5%) and (e) comparative high resolution O1s core level XPS of all the 

above samples. 

Figure 5: TEM image of a) PbTiO3, c) PbTiO3:Fe(5%), corresponding EDX of b) PbTiO3, d) 

PbTiO3:Fe(5%) and HRTEM image of e) PbTiO3 and f) PbTiO3:Fe(5%) samples with inset 

showing corresponding SAED pattern.  

Figure 6: Magnetization vs. Field (M-H) curves for undoped and Fe/Gd doped PbTiO3 samples 

Figure 7: Magnetization vs. temperature (M-T) curves for PbTiO3:Fe(2%), PbTiO3:Fe(5%) and 

PbTiO3:Fe(5%):Gd(0.5%) samples at magnetic field strength of 500Oe. The insets show M-H 

curves at 50 and 300K for the three samples. 

Figure 8: (a) Polarization-electric field hysteresis loops and (b) Leakage current as a function of 

applied electric field for undoped and Gd/Fe doped PbTiO3  nanoparticles. 

Figure 9: Magnetic field dependence of the capacitive response for (a) 

PbTiO3:Fe(5%):Gd(0.5%) and (b) PbTiO3:Fe(5%) samples. 
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Figure 1: Powder XRD pattern of (a) PbTiO3, (b) PbTiO3:Fe(0.5%), (c) PbTiO3:Fe(2%) and (d) 

PbTiO3:Fe(5%). 
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Figure 2: Powder XRD pattern of (a) PbTiO3, (b) PbTiO3:Gd(0.5%), (c) PbTiO3:Gd(2%) and (d) 

PbTiO3:Gd(5%). * indicates diffraction peaks corresponding to monoclinic PbTi3O7. 
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Figure 3: Powder XRD pattern of lead titanate samples doped with (a) Gd

3+
(0.5%):Fe

3+
(2%), (b) 

Gd
3+
(0.5%):Fe

3+
(5%) and (c) Gd
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(2%).  
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Figure 4: XPS survey spectrum of (a) PbTiO3, (b) PbTiO3:Fe(5%), (c) PbTiO3:Gd(0.5%), (d) 

PbTiO3:Fe(5%)Gd(0.5%) and (e) comparative high resolution O1s core level XPS of all the 

above samples. 
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Figure 5: TEM image of a) PbTiO3, c) PbTiO3:Fe(5%), corresponding EDX of b) PbTiO3, d) 

PbTiO3:Fe(5%) and HRTEM image of e) PbTiO3 and f) PbTiO3:Fe(5%) samples with inset 

showing corresponding SAED pattern.  
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Figure 6: Magnetization vs. Field (M-H) curves for undoped and Fe/Gd doped PbTiO3 samples 

at room temperature (300K) 
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Figure 7: Magnetization vs. temperature (M-T) curves for PbTiO3:Fe(2%), PbTiO3:Fe(5%) and 

PbTiO3:Fe(5%):Gd(0.5%) samples at magnetic field strength of 500Oe. The insets show M-H 

curves at 50 and 300K for the three samples. 
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Figure 8: (a) Polarization-electric field hysteresis loops and (b) Leakage current as a function of 

applied electric field for undoped and Gd/Fe doped PbTiO3  nanoparticles. 
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Figure 9: Magnetic field dependence of the capacitive response for (a) 

PbTiO3:Fe(5%):Gd(0.5%) and (b) PbTiO3:Fe(5%) samples. 
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