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Abstract-A one-dimensional conductivity barrier model is 
introduced to describe the dielectric response and conductivity of 

BiFe03 (BFO) and (Bio.95Ndo.o5)Fe03 (BFO-5%Nd) ceramics as 
functions of temperature and frequency. Good qualitative fits of 
conductivity and dielectric permittivity in the intermediate­
temperature region (500-800 K) are obtained with intrinsic 

barriers of B=8700 K (for BFO) and B=8400 K (for BFO-5%Nd), 
and extrinsic barriers of ,1=2500 K (for BFO and BFO-5%Nd). 

The phase-shifted conductivity is responsible for a step-like 
dielectric relaxation in the region of 500-800 K. The 

experimental conductivity departs from the conductivity-barrier­
model fit below 650 K. This deviation is likely caused by the 
magneto-electric coupling near the antiferromagnetic­
paramagnetic transition. This work suggests that the 5% mole 

Nd-substitution can stabilize the perovskite structure in BFO 
ceramic. 

Keywords-component; BiFeO); dielectric permittivity; barrier 
model; magneto-electric coupling 

I. INTRODUCTION 

Multiferroic materials enable a coupling interaction 
between ferromagnetic (FM) and ferroelectric (FE) parameters. 
This magnetoelectric coupling can be utilized to develop 
additional functionalities that induce magnetization using 
external electric field or FE polarization using external 
magnetic field. The multiferroic BFO is perhaps the only 
material that possesses both magnetic and FE properties at and 
above room temperature. BFO has a high antiferromagnetic 
(AFM)-paramagnetic (PM) Neel temperature at TN=352-397 

°c and FE Curie temperature at Tc=810-870 °c [1, 2]. A R3c 
rhombohedral structure (aR=5.616 A and IlR=59.35°) was 
reported for bulk BFO [3], and can also be indexed based on 
the pseudo-cubic lattice (ap=3.96 A) [4]. The neutron 
diffraction suggested a FE rhombohedra -paraelectric (PE) 
orthorhombic transition at T c == 820°C in BFO [5,6]. 

It has been a challenge to synthesize single-phase BFO 
ceramics with considerable electric polarization due to current 
leakage and second phases [7,8]. To enhance FM and FE 
features, many studies have focused on BFO ceramics with 
substituted ions in the A or B sites of the perovskite structure 
[9-11]. A-site substitutions of rare-earth cations are expected 
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to suppress the spiral magnetic modulation and enhance a FM 
response [6]. 

NdFe03 is known to be orthorhombic structure with a G­
type AFM Neel temperature (TN) at 487°C [12]. From x-ray 
diffraction (XRD), orthorhombic and triclinic structures were 
proposed in Bil_xNdxFe03 ceramics for x=0.4-1.0 and x=O.2, 
respectively [12]. Triclinic and pseudo-tetragonal structures 
were proposed in Bil_xNdxFe03 for x=0.05-0.l5 and x=O.l75-
0.20, respectively [13]. An XRD result revealed a first-order 
AFE orthorhombic (Pnam) - PE orthorhombic (Pbnm) 
transition in Bil_xNdxFe03 ceramics for O.lO�0.25 [6]. 

II. EXPERIMENTAL 

The BiFe03 (BFO) and (Bio.9sNdo.os)Fe03 (BFO-5%Nd) 
ceramics were prepared by the solid state reaction method. For 
synthesis of BFO, Biz03 and Fe203 powders (purity 2 99.0%) 
were weighed in 1: 1 molar ratio and then mixed in an agate 
mortar for more than 24 hrs using alcohol as a medium. The 
mixture was dried before calcining at 800°C for 3 hrs. The 
calcined powder was mixed with polyvinyl acetate as a binder 
for granulation, and was then pressed into a 1.0 cm-diameter 
disk for sintering at 750°C for 1 hr. For BFO-5%Nd ceramic, 
Biz03, Nd203, and Fe203 powders were weighed in a 
0.95:0.05:1 ratio. The calcined powder was sintered at 860°C 
for 2 hr. The real (e') and imaginary (e") parts of dielectric 
permttivity were obtained by measuring capacitance and 
resistance with a Wayne-Kerr Analyzer PMA3260A. 

III. RESULTS AND DISCUSSION 

Figure 1 shows X=ray diffraction spectra of BFO and 
BFO-5%Nd ceramics at room temperature. BFO and BFO-
5%Nd show a similar XRD spectrum and have a rhombohedral 
structure. Very minor second phases occur in BFO and BFO-
5%Nd, and are possible Bi2sFe039 or Bi2Fe409 as indicated by 
"*,, [3]. BFO-5%Nd exhibits less second phase, suggesting 
that the Nd-substitution can stabilize the perovskite structure. 
The XRD peaks of BF0-5%Nd occur at slightly higher 29 than 
those in BFO, due to the smaller atomic radius of the Nd3+ ion 
(1.12 A) compared with the Be+ ion (1.17 A) on the perovskite 
A site. 
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XRD spectra of (a) BFO and (b) BFO-5%Nd ceramics at room 
temperature. 
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(a) &' and E" , and (b) conductivity (j' of BFO. The barrier­

model fits of (j' and &' are given in (b) and (a). The fitting 
parameters are: Ei'oo = 70, d=30 nm, 8=8700 K, tJ. =2500 K, and 

n = 6.0x 1026 / m3
. 

Figures 2 and 3 display dielectric permIttIvIty, 
conductivity, and model fits for BFO and BFO-5%Nd. The 
&' of BFO and BFO-5%Nd are respectively about 75 and 90 
at room-temperature for f=10 kHz. The low-temperature 
shoulder feature in &' at low frequency is more pronounced 
for BFO-5%Nd than for BFO. At higher temperatures a 
phase-shifted conductivity is evident, while at lower 
temperatures a permittivity feature not associated with 

conductivity dominates. The nearly Arrhenius behavior at 
higher temperature, plotted as log cr' vs. 103fT using the 
relation Ei" 

= (j' / EioW in Figs. 2(b) and 3(b), is the major effect 

of this conductivity mechanism. The phase shift of this 
conductivity also causes a step-like dielectric dispersion in 
500-800 K for f=1 0 kHz-I MHz. The & 'I &" ratio in the high 
temperature range (> 600 K) is about 0.01-0.1, and 
corresponds to a conductivity phase shift of only a few degrees. 

To understand the large conductivity and dielectric 
response in the high-temperature region, a one-dimensional 
barrier model was derived as illustrated in Fig. 4, in which B 
represents the intrinsic barriers spaced a distance a apart, 
where a is of the order of a lattice constant. B+� are extrinsic 
barriers spaced a distance d apart. The attempt frequency for 
crossing the barriers is v = k0 I h, where k, e, and h are the 
Boltzmann constant, Oebye temperature, and Planck's 
constant. We chose 0=300 K in this calculation. The 
complex ac conductivity a(OJ,T) = a'+ia" can be defined as; 

a(OJ,T) = (J +aDlat)/(E) =oJ, I(E) (1) 

J and aD I at are position-dependent conduction current 
density and displacement current density, but J, is independent 
of position as required by electrodynamics. <E> is the 
spatially averaged measured field. 
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(a) &' and E" , and (b) conductivity a' of BFO-5%Nd. The 

barrier-model fits of (j' and &' are given in (b) and (a). The 

fitting parameters are: Ei' 00 = 70, d=20 nm, 8=8400 K, tJ. =2500 K, 

and n = 1.0 x 1027 / m3 
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Fig. 4 One-dimensional barrier model with intrinsic barriers B at spacing 

From Eq. (3), the current density J at x=dl2 can be expressed 
by 

J(d 12) = lToo[E(d 12) - reap I Cix)]e-MT (7) 

The difference in carrier density across the higher barriers is 

p(d 12) - p( -d 12) = 2p(d 12), apl ax == 2p(d 12)1 a (8) 

a, and extrinsic barriers B+ll. at spacing d. Thus, 

We assume conductivity with a temperature-independent 
carrier density n and carrier charge q=2e for oxygen vacancy 
carriers, or ± e for hole or electron hopping conductivity 
carriers. The (Joo=JIE, taking into account that the number of 
carrier per unit area in a unit-cell layer on either side of a 
barrier layer is na and their attempt frequency for crossing the 
barrier is v, can be expressed by; 

[ (-kB+J.,qEa)1 kT (-kB-t.qEa)1 kT] 1 E (J'oo=qvnae -e 

== (nq2a201 hT)e-B1T 
(2) 

Using the Gauss law aD 1 ax = p and the diffusion equation 

ap I at == l5v2 p, Eq. (1) becomes 

(3) 

l5 and p are diffusion coefficient and charge density. The 
Einstein relation qD = j.JkT = (v d / E)kT, r = kT /(nq2) and 

(J'oo = nqf.1 = nq(vd / E) were used in Eq. (3). Vd is the drift 

velocity. Taking the x derivative of Eq. (3), we have 

(4) 

To eliminate J and E, the one-dimensional Gauss's law 
aE / ax = p / Goo and continuity equation 8J / ax = -ap / at 
were used in Eq. (4), then 

(5) 

This equation IS separable and we may assume 
p(x,t) = f(x)eifi1• Then Eq. (5) becomes 

The solution is f(x) = Ae= + Be-= . For a neutral 
material, p(x=O)=O at the mid-point between higher barriers is 
expected, I.e. B=-A. Then p(x,t) becomes 

p(x,t) = A'sinh(ax)eiOJ/. From here on, the time 
dependence eiW1 will be omitted in expressions for p, J, and E. 

J(±d 12) = a", {E(±d 12) - r[p( -d 12) - p(d 12)]1 a}e
-61T 

(9) 
= O'",e

-6IT {E(±d 12) + 2ra-1 A'sinh(b)} 

where b = ad 12. Using Eq. (3) and ap/Cix = A'acosh(m), 
we obtain 

E(±d 12) = rA'[2a-1e-MT sinh( b) + acosh(b)](1- e-!:J.lTrl 
(10) 

Then Eq. (9) becomes 

J(±d 12) = IT,,,L4' e-!:J./T[a cosh(b) + 2a-1 sinh(b)] 

(1- e-61Trl (11) 

From Eqs. (10) and (11), we can determine the total current, 

J{ == rA' e-61T {IT,,,[acosh(b) + 2a-1 sinh(b)] + 

iwc", [2a-1 sinh(b) + e6lTa cosh(b )]}(I- e-61Tt 
(12) 

The electric field E in the interval - d 1 2 < x < d 1 2, can be 
obtained by 

E(x) = f p(x)dx / Goo 
(13) 

= E(-d/2) + (A'/coo)Jx sinh(ax)dx 
-d/2 

Then, the average field < E > can be calculated by 

By using Eqs. (1), (12), and (13) carrying out considerable 
calculation, we obtain 

O'(w,T) = {lTooe-MT[2a-1 sinh(b) + acosh(b)] 

+ iWc",[2a-1e-MT sinh(b) + acosh(b)]} 

x {2a-1e-MT sinh(b) + acosh(b) + 
(21 drcooa2)[sinh(b) - bcosh(b)](1- e-!:J.ITW1 

(14) 



a and b are complex. The permittivity e(G),T) = e'-ie" is 

related to a by s' 
= a" / sow and e" == a' / eoG)· 

As shown by the dashed lines in Figs. 2(b) and 3(b), the 
conductivities a'(w,T) of BFO and BFO-5%Nd were fitted 
fairly well in the high-temperature region by using Eq. (14), 

from which parameters of s� , n, d, B, and 6. were obtained. 
The lattice constant of a=0.398 nm was calculated from the 
XRD (Fig. 1). The slight gap between the barrier-model fits 
and experimental a' in the high-temperature region (> 700 K) 
may be attributed to higher-barrier conductivity and/or 
electronic conductivity, which cause an upturn in s' . 

The conductivity begins to depart from the barrier-model 
fit near 650 K for.f=1 MHz. This deviation is likely caused by 
the magneto-electric coupling [1-2]. The synchrotron XRD of 
BFO revealed a minimum in rhombohedral angle aR near 670 
K, due to the changes in positions of Be+ and Fe3+ ions [14], 
and this temperature is near the range of the permittivity step. 
The n=6.0xl026/m3 for BFO and n=1.0x1027/m3 for BFO-
5%Nd are smaller than n=1.5xl027/m3 in SrTi03 [15]. 

The solid curves in Figs. 2(a) and 3(a) are fits of £' for f 
=10 kHz- 1 MHz by using Eq. (14) and parameters acquired 
from the fits of conductivities a'. The barrier model can 
qualitatively describe the step-like relaxation behavior with 
dielectric maxima in the range of 500-800 K. The slight 
discrepancy between the barrier-model fits and s' data could 
be due to having both ionic and electronic conductivities, and 
to higher barriers actually having distributions of spacings d 
and heights. 

In conclusion, the conductivity-barrier model can 
qualitatively describe the large conductivities and dielectric 
responses of BFO and BFO-5%Nd ceramics. BFO has a 
higher intrinsic barrier B than BFO-5%Nd, indicating 5%mole 
Nd-substitution can enhance conductivity. The spacing 
distances d=30 and 20 nm of extrinsic barriers were estimated 
for BFO and BFO-5%Nd ceramics, respectively. A step-like 
dielectric relaxation in the 500-800 K range in BFO and more 
strongly in BFO-5%Nd, is caused by the phase-shifted 
conductivity. The conductivities depart from the barrier­
model fits below 650 K and are likely caused by the magneto­
electric coupling. 
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