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Dielectric response and electrical conduction properties of 0.94PbsFe1/2Nb1/2dO3–0.06PbTiO3 single
crystals grown by the Bridgman method were studied. It was found that the single crystals did not
show any sign of the presence of Curie temperature between room temperature and 300 °C.
However, they exhibited very high dielectric constant at a frequency lower than 100 kHz, in the
order of 105. Relaxation occurred at higher frequencies with a large decrease in dielectric constant,
to about 1500. The thermal activation energy for relaxation was found to be,0.17 eV, which is
quite close to that for ac conductivity. It followed that the relaxation was attributed to the carriers
hopping conduction, which is related to the possible jump motion of additional 3d electron between
the equivalent positions of Fe ions. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1901818g

Lead iron niobate PbsFe1/2Nb1/2dO3 sPENd is a lead
based complex perovskite which is of great interest for
multilayer capacitors owing to its high dielectric constant.1

Recently, excellent dielectric and piezoelectric properties
were found in the lead based relaxor ferroelectrics
PbsMg1/3Nb2/3d–PbTiO3 sPMN-PTd,2 and PbsZn1/3Nb2/3d–
PbTiO3 sPZN-PTd.3 PFN, like PMN and PZN, having a
rhombohedral structure, and a Curie temperature of 114 °C,
therefore becomes a possible candidate for making new re-
laxor ferroelectrics exhibiting attractive piezoelectric proper-
ties. It was previously reported that PFN-PT single crystals
can be grown by the Bridgman method and their dielectric
properties were reported.4 It was found that the dielectric
constant was very high, about 30 000 at room temperature,
but the loss tangent was about 0.4. No detail analysis was
made concerning the mechanisms of that very high dielectric
constant and loss tangent. In this report, we describe a de-
tailed characterization on dielectric and electrical conduction
properties of 0.94PFN-0.06PT single crystals grown by
Bridgman method.

The detail of the single crystal growth was described
elsewhere.4 For electrical measurement, 001-oriented crys-
tals were cut into 53531 mm in size and silver paste was
applied on the two large faces and fired at 600 °C for 15 min.
The dielectric constant and loss tangent of the PFN-PT single
crystal were measured with an impedance analyzer
HP4192A under various temperatures. The samples were
placed in a computer controlled oven and the measurement
was carried out during the slow heating of the ovens0.5 °C/
mind. Figure 1 shows the temperature dependencies of di-
electric constant«r and loss tand for the as-grown 0.94PFN-
0.06PT single crystal measured at frequencies of 100 Hz, 1
kHz, and 10 kHz, respectively. The temperature range was
between room temperature and 350 °C. We see that the di-

electric constant increases monotonously with the increasing
of temperature. There is no evidence of Curie transition tem-
perature within the measurement range. The dielectric con-
stant was found to be very high, in the order of 105. On the
other hand, the loss factors were high as well. The lowest
value was found at a frequency of 10 kHz, where the loss
tangent varied between 0.1 and 0.5. Comparing with the pre-
vious report4 on the dielectric properties of 0.52PFN-0.48PT,
the dielectric constant of 0.94PFN-0.06PT single crystals are
higher. In both cases, they showed high dielectric loss fac-
tors. An earlier investigation on dielectric behaviors of PFN-
PbsCo1/3Nb2/3dO3 also revealed the feature of high dielectric
loss.5

We also carried out measurement on the frequency de-
pendence of the real and imaginary part of dielectric con-
stant,«8 and«9, in the temperature range of 10–110 °C. The
results are shown in Fig. 2. From the real part and imaginary
part of the dielectric constant, we observed two relaxations,
one is located below 100 Hz, the other in the range of
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FIG. 1. Dielectric constant and loss tangent measurement of the PFN-PT
single crystal.
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104–106 Hz. For the second relaxation the«9 curves show
peaks of maximum«9 at relaxation frequencyvp, indicating
a Debye-like relaxation. It is well known that in dielectric
materials several polarization mechanisms may be respon-
sible for the relaxation phenomena, namely: space charge,
interfacial, and dipolar polarizations. Generally speaking the
dielectric relaxation due to space charge or interfacial polar-
ization occurs at low frequency. While dipolar relaxation ap-
pears usually in the radio frequency or microwave frequency
ranges. Waseret al.6 showed that the doubly charged oxygen
vacancy and related defects play an important role in the low
frequency relaxation in oxide ferroelectric materials. We be-
lieve that the relaxation observed in the lower frequency
spectrum in Fig. 2 should belong to this kind of process.
Presumably the space charges conduction may be due to the
oxygen vacancy. For the relaxation we observed in Fig. 2 at
around several hundred kHz, it is seen that the relaxation
frequencyvp increases with increasing temperature. A ther-
mally activated process relating relaxation frequencyvp to
the temperature can be described as:

vp = v0 exps− Erelax/kTd, s1d

wherev0 is a characteristic frequency andk the Boltzmann’s
constant andErelax is the activation energy for the relaxation.
Using Eq.s1d, Erelax was calculated to be 0.17 eV. This value
is far less than the value of previously reported activation
energy for the migration of oxygen vacancy in perovskite
oxide materialss0.91 eVd7 and that obtained through conduc-
tivity measurements1 eVd,6 so the relaxation we observed in
Fig. 2 at around several hundred kHz should not be attributed
to this kind of space charge conduction.

Figure 3 shows the temperature dependence of ac con-
ductivity for the PFN-PT single crystal measured at frequen-
cies of 100 Hz–10 MHz. The complex conductivitys* of a
dielectric material can be presented in term of complex di-
electric constant«* by the relation8 s* = iv«0«* = iv«0«8
+v«0«9, where«8, «9 andv are the real and imaginary part
of the dielectric constant and angular frequency, respectively.
The ac conductivity was calculated by the formulas8
=v«0«9. It was found that the ac conductivity was tempera-
ture dependent for 100 Hz, 1 MHz, and 10 MHz. While for
1, 10, and 100 kHz, the ac conductivity was almost indepen-
dent of the temperature. The linearity between logs and 1/T
was obtained for 100 Hz, 1 MHz, and 10 MHz at the mea-

surement temperature range. For these frequencies, the con-
duction can be described by a thermally activated process
with the relation:

s8 = s0 expS−
Econd

kBT
D , s2d

where s0 is a constant,kB the Boltzmann’s constant, and
Econd is the activation energy for conduction. The fitting re-
sults according to Eq.s2d givesEcond values of 0.17 eV for
100 Hz and 0.155 eV for 1 and 10 MHz. These activation
energy values are quite close toErelax obtained from the re-
laxation measurement. It is well known that in this case the
relaxation is controlled by the ac conduction due to hopping
sjump motiond of carriers. Jump motion controlled relaxation
was previously reported in ferrites.9

As for the origin of hopping, it is well known that the
coexistence of Fe

+2 and Fe
+3 ions on the equivalent crystallo-

graphic sites can frequently give rise to conduction due to
the jump of addition 3d electron between adjacent Fe

+2 and
Fe

+3 ions.10 The existence of Fe
+2 ions may be due to oxygen

deficiency taking into account that the crystal growth was
made at high temperature and in a sealed Pt crucible.

Previous work on CuPc8 showed that when the conduc-
tivity is due to hopping, the ac conductivity varies ass8
,vs in specific temperature and frequency range. Figure 4
shows the frequency dependence ofsac8 at several tempera-
tures. It is seen that in the middle of the frequency range, a
linear relation is observed between logsac8 and logf. This
indicates clearly that the conduction is due to carrier hop-
ping.

It is also worth discussing the origin of giant dielectric
constant observed in the PFN-PT single crystals. It was re-
cently reported that giant dielectric constant in CaCu3Ti4O12

FIG. 2. Frequency dependence of real and imaginary part of dielectric con-
stant of PFN-PT single crystal measured at various temperatures. The inset
shows the linear relationship between Lnv and 1/T.

FIG. 3. Logarithmic plot of ac conductivity against inverse of the tempera-
ture in Kelvin scale for the PFN-PT single crystal.

FIG. 4. Logarithmic plot of ac conductivity vs frequency for PFN-PT single
crystal measured at various temperatures.
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sCCTOd ceramics and single crystals.11,12 The similarity be-
tween PFN-PT and CCTO is that they all exhibited a relax-
ation frequency which increases with increasing temperature.
The relaxation was attributed to a dynamical slow down of
relaxor-like nanosized polar regions. It is proposed that the
giant dielectric constant in PFN-PT has the same origin in
that, below the relaxation frequency, the additional 3d elec-
trons of Fe

+2 ions are localized and may induce local polar-
ization of the lattice, or polarons, which, owing to its dynam-
ics, contributes to the dielectric response.

Although it was assumed that the giant dielectric con-
stant is due to its nanostructure, we may also speculate that
the high dielectric constant is enhanced by its microstructure.
Figure 5 shows the complex plane plot of room temperature
complex dielectric constantssCole–Cole plotd.

For a Debye-like relaxation the Cole–Cole plot can be
described as:9

«* = «` +
«s − «`

1 + sivtda − i
s

«0v
, s3d

where«s and«` are the static and high-frequency«8, t is the
relaxation time,a a constant, ands is the dc conductivity.

A tail at the low frequency range of the semicircle char-
acterizes the Cole–Cole plot in Fig. 5. This is a typical two
parallel capacitor configuration.9 Using Eq.s3d, the experi-

mental datasdotsd were fitted, as shown by the solid lines.
The fitting yields the following results:«s1=188 000,«`1
=1500, a1=0.86, t1=0.02 ms, and «s2=1 500 000, «`2
=134 000,a2=0.19,t2=2000 s,s=4e-5 S, so we get a di-
electric constant of 1500 after the relaxation. This value is in
the same order for a ferroelectric oxide. It can also be seen
that the single crystal seems to be composed of two kinds of
microstructures in parallel, one is capacitive having short
relaxation time; another is a leaky capacitor with long relax-
ation time. Such a microstructure can give rises to high di-
electric constant due to barrier layer mechanism.13 Indeed
our recent investigation14 on the microstructure of 0.96 PFN-
0.04 Pt single crystals by TEM has shown that, in PFN-PT
single crystals various domains patterns exists which would
give rise to different electrical properties in each domain.

In summary, giant dielectric constant was observed in
PFN-PT single crystal. The relaxation behavior and ac con-
ductivity were analyzed. It was concluded that the relaxation
was primarily due to carrier hopping controlled ac conduc-
tion.
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FIG. 5. Room temperature Cole–Cole plots of measured complex dielectric
constantsclosed squared and fitted dataslined.

152907-3 Wang et al. Appl. Phys. Lett. 86, 152907 ~2005!




