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(BFO) nanotubes (NTs) (�50 nm wall thickness) have been synthesized using simple wet chemical liquid

phase deposition template assisted technique. Spontaneous enhancement in the ferroelectricity,

magnetoelectricity, and ferromagnetic ordering are evidenced in the Pr and Cr co-doped BFO NTs

I. INTRODUCTION

Recently, multiferroic materials have drawn intense

research attention because of the strong coupling among their

electric, magnetic, and structural order parameters leading to

unique and simultaneous ferromagnetism, ferroelectricity, and

ferroelasticity in the same compound.1–5 The rare coexistence

of ferromagnetic (FM) and ferroelectric ordering in the single

material and their coupling interaction, known as magneto-

electric (ME) effect provides wide opportunity for the mutual

control and detection of magnetization and electrical polariza-

tion in ferroelectromagnets.6,7 Hence, multiferroic compounds

are promising candidates for designing emerging electronic

devices like multiple-state memories, magnetic data-storage

media, actuators, transducers, sensors, and spintronic devices

for different technological applications.8–12 However, among

the very limited members of the multiferroic family, rhombo-

hedrally distorted perovskite BiFeO3 (BFO) has become one

of the most exciting and functional materials13 because of its

multiferroic properties at room temperature (RT), having high

ferroelectric Curie point (TC¼ 1103 K) and the G-type antifer-

romagnetic Néel temperature (TN¼ 647 K).8,14 Still the per-

formance of bulk BFO for the technological applications is

disappointing compared to other standard multiferroic materi-

als due to its low saturation magnetization, very poor ferro-

electric characteristics, and linear ME effect at RT.15,16

Therefore, several attempts have been made by the researchers

in last few years to improve the multiferroic performance of

BFO for its successful applications in designing novel elec-

tronic devices. It has been reported that the single crystalline

and nanostructure BFO exhibits enhanced size dependent

magnetic and ferroelectric properties.5,15,17–21 The single crys-

talline single-phase BFO is likely to provide better ferroelec-

tric properties by overcoming the issues like low resistivity,

non-stoichiometry, and structural defects.22 As the magnetic

and ferroelectric properties of BFO are dependent on structure

and size, the nanostructured BFO could be ideal choice to tai-

lor the magnetic ordering and electrical properties.15,17–19 The

incorporation of suitable dopant ions in both the A (by 3 d
transition metal) and B (by lanthanide ion or alkali earth

metal) sites in BFO thin films has been known to improve

their magnetic, electric, and ME properties.23–29 The enhance-

ment of the multiferroic properties in BFO thin films doped

with Pr and La have been reported, where the improvement of

the ferromagnetic and ferroelectric properties are attributed to

the structural deformations or modifications induced by

the high valance Pr/La ion substitution and reduction of the

oxygen vacancies with the Pr ion substitution for Bi,

respectively.23–26 The transition metal ions such as Cr3þ and

Mn3þ doped BFO thin films and nanostructures provide better

ferroelectric properties due to the enhancement of the resist-

ance caused by the better electrical stability of the dopant

ions.15,27,28 Lower leakage current along with the enhanced

saturation magnetization is also reported in Cr doped BFO

thin films and nanostructures.15,27–29

In this regard, considering the continuous search for the

multiferroic materials for their multifunctional applications

and interesting physics, in the present work, we report the fab-

rication of the arrays of Pr and Cr doped and Pr-Cr co-doped

BFO nanotubes (NTs) via an easy wet chemical liquid phase

deposition (LPD) template assisted route and the study of their

structural, ferroelectric, magnetoelectric, and magnetic proper-

ties. There are limited reports on the studies of the doped BFO

nanostructures. The effect of the Pr and Cr doping and Pr-Cr

co-doping on the multiferroic properties of BFO NTs has not

been reported yet to the best of our knowledge. The high as-

pect ratio NTs having large surface to volume ratios are mor-

phologically more advantageous than other nanostructures in

order to obtain long range magnetic ordering. The co-doped

BFO NTs has been found to exhibit enhanced ferroelectric

property and magnetic ordering at RT due to the reduction of
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Significant increase in the ferroelectric characteristics in co-doped BFO NTs suggests the lower leakagecurrentdue tothe

reduction of the oxygen vacancies in the structure. Strong magnetoelectric coupling isobserved inco-doped BFONTs, where 
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oxygen vacancies and for the broken spiral spins structure. Sig-

nificant improvement in the magnetoelectric response in the

co-doped BFO NTs is also observed.

II. EXPERIMENTAL DETAILS

Self-ordered nanoporous anodic aluminium oxide

(AAO) template is fabricated by two-stage electrochemical

anodization of high purity (99.99%) aluminium foil by crit-

ically controlling the anodization parameters, as reported

elsewhere.30,31 In brief, after the electropolishing of alumin-

ium foil requires for its surface smoothing, anodization is

carried out in 3 wt. % phosphoric acid solution at 10 �C
maintaining a current density of 300 A m�2 by varying the

dc anodization voltage between 65 and 70 V for 3 h in order

to fabricate the AAO template of large pore diameter. The

oxide layer grown on the aluminium surface after the first

stage of anodization for 20 min has been removed through

chemical etching.31 After anodization is over, the remaining

aluminium part attached with the AAO is dissolved in HgCl2
solution. AAO is dipped inside the 10% H3PO4 solution for

40 min for pore opening and rounding and then it has been

cleaned several times in double-distilled water to prepare the

template ready for the BFO NTs growth.

To prepare the arrays of BFO NTs within the nanopores

AAO, a BFO sol has been prepared by dissolving equimolar

high purity bismuth nitrate [Bi(NO3)3 � 5H2O] and ferric nitrate

[Fe(NO3)3 � 9H2O] in 2-methoxyethanol (C3H8O2) followed by

constant stirring of the mixture for about 30 min at RT. The con-

centration of the final solution has been adjusted to 0.3 M and

the pH of the solution is of 1–2. The AAO is immersed inside

the sol for 3 days to help the sol to reach inside the pores of the

template. Afterwards, the template is removed from the solution

and its surface has been washed carefully to remove the sol

from the template surface and it has been dried under IR lamp.

Finally, the arrays of BFO NTs are fabricated through annealing

of the sol filled AAO template at 500 �C for 2 h in air. For syn-

thesizing the doped BFO NTs, the method is similar to that

reported for undoped BFO but here an appropriate stoichiomet-

ric amount of chromium nitrate [Cr(NO3)3�9H2O], praseodym-

ium nitrate [Pr(NO3)3�6H2O] and their mixture is added to the

solution to fabricate the Cr-doped BFO NTs (BiFe0.9Cr0.1O3

(Cr0.1BFO)), Pr-doped BFO NTs (Bi0.9Pr0.1FeO3 (Pr0.1BFO)),

and the Cr-Pr co-doped BFO NTs (Bi0.9Pr0.1Fe0.9Cr0.1O3

(Pr0.1Cr0.1BFO)), respectively.

The crystallinity and morphology of the pure and doped

BFO NTs have been investigated by x-ray diffraction (XRD,

X’Pert Pro, Panalytical) with Cu-Ka radiation (k¼ 1.5406 Å),

scanning electron microscope (SEM) (FEI Quanta 200 MK II),

and high-resolution transmission electron microscope

(HRTEM) (FEI Tecnai TF20 ST). Chemical composition of the

NTs is examined by energy dispersive x-ray (EDAX) attached

with the SEM. The dielectric and magnetoelectric properties of

the NTs has been examined using a precision impedance ana-

lyzer (Agilent 4294 A) and an electromagnet. Ferroelectric

(P–E) hysteresis loops of the template embedded aligned NTs

array were measured by the modified Sawyer–Tower circuit

(Marine India) at a 50 Hz ac frequency with silver paste as top

and bottom electrode. The piezoelectric force microscopy

(PFM) measurements of the NTs were carried out using an

atomic force microscopy (AFM) based setup (Veeco di-CPII

SPM system) equipped with Co/Cr coated cantilevers to

provide more reliable proof of ferroelectricity. A superconduct-

ing quantum interference device (SQUID) magnetometer has

been employed to study the RT (300 K) magnetic properties

of the aligned arrays of template embedded undoped and doped

BFO NTs.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the SEM micrograph of the Pr and Cr

co-doped BFO NTs (Pr0.1Cr0.1BFO) released from the pores

of AAO by dissolving the template in 2 M NaOH solution. It

is evident from the figure that the outer surface walls of the

NTs are very smooth. It was found that all the NTs have very

similar average length (�4–5 lm) and uniform outer diame-

ter (�250 nm) and tube wall thickness of about 50 nm. The

aspect ratios of the NTs are in the range 16–20. EDAX spec-

tra analysis of the co-doped BFO NTs (Fig. 1(b)) conducted

to study their chemical composition clearly confirms the

presence of Bi, Fe, Pr, Cr, and O in the NTs, where the

atomic ratio of Bi:Fe and Pr:Cr are close to 1:1, for spectrum

taken from different positions of the NTs.

For a better understanding of the microstructure and to-

pography, HRTEM analysis of the NTs released from the

AAO template has been conducted. Figure 1(c) shows the rep-

resentative TEM image of the Pr0.1Cr0.1BFO NTs of �250 nm

outer diameter. The inset of Fig. 1(c) shows the selected area

electron diffraction (SAED) pattern of the NTs, which clearly

indicates the polycrystalline nature of the NTs. Three major

bright diffraction rings in the SAED pattern corresponds to

the (021), (113), and (024) crystallographic planes of the co-

doped BFO NTs.

The XRD patterns of the undoped and doped BFO NTs

are shown in Fig. 1(d). The rhombohedral structure of the

pure and doped BFO NTs with R-3 m space group is evident

from the XRD pattern. The XRD pattern of the pure BFO

NTs shows no considerable impurity peaks, which confirms

the formation of single phase pure BFO phase.

The nature of the inherent electrical polarization of the

pure and doped BFO NTs is investigated by the P-E hysteresis

loop measurements. Figure 2(a) shows the RT P-E hysteresis

loops of the single doped and co-doped BFO NTs at the fre-

quency of 50 Hz and a maximum field of 680 kV cm�1. In

general, pure BFO ceramics exhibits weak ferroelectric prop-

erties due to its leakage current problem,5,32 although in our

experiment, pure BFO NTs exhibits no P-E hysteresis loop

hence, no ferroelectric characteristics. However, it is expected

that with suitable doping better ferroelectric properties could

be achieved in BFO. In this work, the P-E hysteresis loops for

all the doped BFO NTs are not saturated under the application

of the voltage as high as 680 kV, which indicates that much

higher electric field is required for saturation. The application

of higher field is not possible in our experiment due to the li-

mitation of the instrument. Here, all doped BFO NT samples

exhibit a kind of leaky paraelectric type unsaturated P-E hys-

teresis loop within our measurement limit. Hence, it is diffi-

cult to confirm the ferroelectric character of the doped



BFO NTs from the P-E hysteresis loop measurements only

because of their leakage property. Obtaining P-E hysteresis

loops for nanostructures is challenging because of their leak-

age and low voltage range of dielectric breakdown. The

Cr0.1BFO NTs show a roundish lossy type P-E loop indicating

the existence of leakage current in a high electric field region,

whereas the Pr0.1Cr0.1BFO and Pr0.1BFO NT samples show

improved electrical properties with comparatively low leakage

current. The co-doped BFO NTs exhibits maximum polariza-

tion and lowest electric coercivity among the doped BFO

NTs. The values of the remnant polarization (Pr) and the coer-

cive electric field (Ec) of the Pr0.1Cr0.1BFO NTs are 0.55lC/

cm2 and 6 kV/cm, respectively. The maximum polarization

and Ec values of for all the doped BFO NTs are summarized

in Table I. However, the reduced leakage conduction in

Pr0.1Cr0.1BFO NTs permits the application of a high electric

field to the NTs, hence achieving large Pr. It is worth noticed

that the value of the Ec is less in case of the Pr0.1Cr0.1BFO

NTs. This indicates that the oxygen vacancies in the co-doped

BFO NTs are expected to reduce considerably as the coercive

field in BFO is related to the pinning effects of space charge

originated due to the presence of the oxygen vacancies.33

Therefore, with the reduction of the oxygen vacancies, the

coercive field will decrease in ferroelectrics. The decrease of ox-

ygen vacancies in the Pr0.1BFO NTs is also evident from Fig. 2.

The leakage current in BFO appears due to the presence

of oxygen vacancies and Fe2þ ions which are the reason

behind the weak electric ordering in this material. Volatility

of Bi plays a big role in appearance of oxygen vacancy in

pure BFO. Therefore, Prþ3 doping in place of Biþ3 reduces

oxygen vacancies in the BFO structure.24 Furthermore,

atomic radius of Prþ3 (1.828 Å) is larger than Biþ3 (1.55 Å),

which causes more distortion in oxygen octahedral by rela-

tive displacement of the equatorial and apical oxygens in the

doped sample. On the other hand, Cr doping in BFO NTs

causes less distortion in FeO6 as the atomic radius of Crþ3

(1.249 Å) is comparable with Feþ3 (1.24 Å) and therefore Cr

doped BFO NTs provide less polarization value compared to

Prþ3 doping in BFO at higher field.34 The high value of

polarization in the co-doped NT samples can occur due to

the charge carrier accumulation in the interface of the grain

and grain boundaries.35

To confirm the ferroelectric character of the doped BFO

NTs, the NTs were investigated by PFM in several randomly

chosen surface areas of different dimensions. Figure 2(b)

shows the PFM hysteresis loops of the doped BFO NTs

FIG. 1. (a) SEM image of the Pr0.1Cr0.1BFO NTs. Inset of (a) shows the high magnification SEM image of the same NTs. (b) EDAX spectra and (c) TEM

micrograph of the of the Pr0.1Cr0.1BFO NTs. Inset of (c) shows the SAED pattern of the same NTs. (d) XRD pattern of the pure and doped BFO NTs.



measured on 1 lm2 surface area using a conductive AFM tip.

The observed piezoelectric hysteresis loops confirm the pres-

ence of the ferroelectric polarization and hence the ferroelec-

tric character of all the doped BFO NTs.36,37 It is evident

from Fig. 2(b) that the co-doped BFO NTs exhibit signifi-

cantly enhanced PFM hysteresis loop, hence better ferroelec-

tric response, whereas the ferroelectric signal from the

Cr0.1BFO NTs is weakest amongst the NTs. Recently, it has

been reported that the BFO nanostructures show ferroelec-

tricity even when the dielectric leakage is present.38 In our

study also, the PFM investigations clearly reveal the ferro-

electric behaviour of the doped BFO NTs although, the P-E
hysteresis loop measurement of the doped BFO NTs signifies

the existence of leakage.

Figure 3 shows the dielectric constant (e) of the arrays

of pure and doped BFO NTs as a function of frequency from

40 Hz to 110 MHz at RT. Figure 3 indicates strong fre-

quency dependence in low frequency range, while relaxation

of the dipoles is observed in the 100 kHz to 90 MHz fre-

quency range. Inset of Fig. 3 shows the change of e at low

frequency region. All curves obey the Debye relaxation

expression. It is found that the Pr0.1BFO NTs exhibits high-

est value of dielectric constant. The value of e was found to

be almost 3 times higher in Pr0.1BFO NTs than that of the

pure BFO NTs at a frequency of 621 Hz.

Since in multiferroics, magnetic and electric domains

are coupled with each other, electric order parameter of the

material can be manipulated by the application of magnetic

field and vice versa. The variation of the dielectric constant

(e) with the applied magnetic field is a popular way to check

the magnetoelectric coupling of the multiferroics. A material

gets strained with the application of a magnetic field. This

strain induces stress inside the material and generates an

electric field on the ferroelectric domain. Hence, the dielec-

tric behaviour of the material is modified. Figure 4 shows the

RT magnetic field dependence of the magnetodielectric

(MD) effect, expressed by [er(H) � er(0)]/er(0) at the fre-

quency (f) of 1 kHz for the pure and doped BFO NTs array.

It is clear from Fig. 4 that the pure BFO NTs does not show

any variation in the MD effect up to the maximum applied

field 6 kOe. For Cr0.1BFO NTs, there is a change in MD

around 5.5 kOe. The Pr0.1BFO and co-doped BFO NTs show

noticeable increase in MD effect at a lower field (1–2 kOe).

FIG. 2. (a) Ferroelectric hysteresis loop of the doped BFO NTs measured at

RT. (b) the PFM hysteresis loops of the doped BFO NTs.

TABLE I. Ferroelectric and magnetic parameters of the pure and doped BFO NTs at RT.

Sample

Maximum

polarization (lC/cm2) EC (kV/cm)

Remanant magnetization

(memu/g)

Coercive

field (Oe)

Maximum magnetization

(at 3 kOe) (memu/g)

BFO … … 0.37 93 25.1

Cr0.1BFO 1.33 33 0.54 23 29.3

Pr0.1BFO 2.32 15 2.64 207 38.4

Pr0.1Cr0.1BFO 3.19 11 12.58 103 48.7

FIG. 3. Frequency dependence of the dielectric constant (e) of the pure and

doped BFO NTs at RT. Inset shows the same plot at low frequency region.



It is evident that the co-doped BFO NTs exhibit maximum

enhancement in the dielectric constant (e) with the applied

magnetic field. Though the value of the dielectric constant of

co-doped BFO NTs is lower than single doped BFO NTs, it

shows maximum positive MD effect, which is comparable

with the MD value reported in case of Ba doped BFO thin

film and other multiferroic materials.32,39,40

The RT magnetic ordering of the arrays of template em-

bedded pure and doped BFO NTs is investigated by conduct-

ing the magnetic measurements. The RT magnetic hysteresis

(M-H) loops of the NTs are shown in Fig. 5, after subtracting

the diamagnetic contribution of the AAO template. Still

looking at the M-H plot for the co-doped BFO NTs, it seems

that the weak FM signal is embedded in a diamagnetic back-

ground. Most probably, this diamagnetic response is coming

from the diamagnetic sample holder used for SQUID mea-

surement or even from the AAO template itself as a back-

ground diamagnetic noise as the effective mass of the NT

samples is very small compared with that of the template.

However, it is evident that the pure BFO NTs show very

weak FM ordering in RT, whereas the Cr and Pr-doped BFO

NTs also exhibit weak but little enhanced magnetization

than the pure BFO NTs. It is well known that the bulk pure

BFO ceramics show an antiferromagnetic nature at RT

because of its complicated cycloidal spin structure with a

wavelength of about 62 nm along the [110]h axis.41 How-

ever, the weak FM has been reported for BFO thin films,

nanoparticles, nanowires, and nanorods.15,18 In our experi-

ment, the wall thickness of the BFO NTs is �50 nm, which

is less than the wavelength of the corresponding spiral spin

structure in BFO. Therefore, the collapse of the spiral spin

structure is believed to be the origin of the weak FM signal

in the pure BFO NTs.18 It is clear from the inset of Fig. 5

that the NTs show a shift in the magnetization curve. This

phenomenon mainly occurs due to the exchange bias effect

between the FM and antiferromagnetic phase in the samples.

It is evident from the magnetization curve that the

Pr0.1BFO NTs shows little enhanced magnetization than the

Cr0.1BFO NTs (Table I). Only the Pr0.1Cr0.1BFO NTs exhibit

enhanced FM ordering with saturation near 1 kOe. Highest

magnetic properties are also observed in the Pr0.1Cr0.1BFO NTs

with the saturation magnetization (MS), remanant magnetiza-

tion (MR), and coercive field (HC) values of 0.049 emu/g,

0.012 emu/g, and 103.3 Oe, respectively. The values of the dif-

ferent magnetic parameters for different NTs are summarized

in Table I. The increase in magnetic response in bulk Cr-doped

BFO and Pr-doped BFO ceramics has been reported earlier.24,42

It is believed that the suppression of spiral spin structure

induced by the substitution of the Pr atom in A site in Pr-doped

BFO24 as well as the strong superexchange coupling interaction

between the Fe3þ and Cr3þ in the Cr-doped BFO (Ref. 42) are

playing the key role behind the enhancement of the magnetiza-

tion in doped BFO ceramics. Herein, the huge increase in the

magnetization of the arrays of co-doped BFO NTs is attributed

to the change in canting angle43 or the spiral spin intonation in

the BFO structure along with coupling interaction between the

Fe3þ and Cr3þ ions in BFO due to the co-doping both at the A
and B sites.

IV. CONCLUSIONS

In summary, pure, Pr and Cr doped, and Pr-Cr co-doped

BFO NTs are successfully fabricated within the pores of the

AAO template by a facile wet chemical liquid phase deposi-

tion template assisted route. High aspect ratio NTs having

very smooth wall surface with uniform outer diameter of

�250 nm and wall thickness of �50 nm have been synthe-

sized. The XRD study confirms the formation of single phase

polycrystalline NTs with a perovskite type structure. The

PFM studies confirm the ferroelectric behaviour of all the

doped BFO NTs. Substantial improvement of the ferroelec-

tric property is observed in the Pr0.1Cr0.1BFO NTs with high

electrical polarization and low coercive electric field, which

might be attributed to the reduction of the concentration of

oxygen vacancies. In the co-doped BFO NTs, polarization

could be easily tuned by the application of magnetic field. It

is found that the dielectric properties are enhanced by Pr sub-

stitution in BFO NTs, where the e is increased by three orders

FIG. 4. Magnetic field-induced change in the dielectric constant (e) of the

pure and doped BFO NTs measured at frequency (f) of 1 kHz at RT.

FIG. 5. Field dependence of magnetization over 63 kOe at RT (300 K) for

the pure and doped BFO NTs.



of magnitude than that of the pure BFO NTs at 621 Hz. Signifi-

cant enhancement in the magnetodielectric behavior of the

Pr0.1Cr0.1BFO NTs is also observed, which signifies the magne-

toelectric coupling. The Pr0.1Cr0.1BFO NTs also exhibits the

substantial increase in the ferromagnetic properties, which is

attributed to the structural distortion of the spiral spin induced

by the large size Pr ion substitution in A site and the strong cou-

pling interaction between the Fe3þ and Cr3þ ions. The study

reveals that the co-doped BFO NTs exhibit enhanced ferroelec-

tric, magnetoelectric, and ferromagnetic properties, which

makes it more suitable for device applications.
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