
I
C

W
a

b

a

A
R
R
A
A

K
M
T
S
I
C

1

p
n
i
M
d
b
t
o
n
[
s
w
b
f
u
v
m
o

0
d

Journal of Alloys and Compounds 508 (2010) 141–146

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

mpedance spectroscopy and conductivity mechanism of
oFe2O4–Pb(Zr0.53Ti0.47)O3 composite thick films

. Chena, W. Zhua,∗, C. Kea, Z. Yanga,b, L. Wangb, X.F. Chena, O.K. Tana

Microelectronics Center, School of Electrical and Electronic Engineering, Nanyang Technological University, No. 50 Nanyang Avenue, Singapore 639798, Singapore
Division of Physics and Applied Physics, School of Physical and Mathematical Science, Nanyang Technological University, Singapore 637371, Singapore

r t i c l e i n f o

rticle history:
eceived 5 May 2010
eceived in revised form 5 August 2010
ccepted 6 August 2010
vailable online 18 August 2010

eywords:

a b s t r a c t

In the present work, the impedance spectroscopy and conductivity mechanism of multiferroic
CoFe2O4–Pb(Zr0.53Ti0.47)O3 composite thick films have been investigated. Temperature dependent
impedance spectroscopy analysis was conducted in the temperature range of 25–275 ◦C with the fre-
quency ranging from 100 Hz to 1 MHz. Two impedance relaxation peaks were observed at high frequency
with low temperature, and low frequency with high temperature. These peaks were attributed to grain
and grain boundary effect, respectively. Electric modulus spectra clearly presented the contributions from
ultiferroic
hick films
ol–gel
mpedance
onductivity

both effects in terms of remarkably semicircle arcs. Two different grain boundary effects were reflected
in the electric modulus spectra: one caused by homogeneous PZT grain boundary and the other due to the
heterogeneous CFO and PZT grain boundary. The activation energy calculated from modulus spectra was
consistent with the estimated value from impedance spectra. Investigation on dielectric spectra revealed
a dc conductivity region and two nearly constant loss regions, corresponding to the grain effect and two
different grain boundary effects, which were also demonstrated in ac conductivity spectra. Furthermore,

t me
ion hopping and transpor

. Introduction

Multiferroic composites have drawn intensive interests in the
ast years due to the coexistence of ferroelectric and ferromag-
etic ordering as well as the magnetoelectric coupling (ME) effect

nduced by both constituted phases [1–4]. Not only does the
E effect in these materials promise them a candidate for ME

evices application [5], but these multiferroic materials could also
e potentially used in devices which demand either ferroelec-
ric or ferromagnetic properties, such as sensors, actuators and
ther devices which take advantage of ferroelectric and ferromag-
etic properties simultaneously without their coupling properties
6–8]. Currently, a number of single phase materials with intrin-
ic ME effect have been found, but this effect in them is very
eak [9,10]. In contrast, a much larger extrinsic ME effect can

e realized in two-phase composites by means of strains trans-
erring between a magnetostrictive phase and piezoelectric phase

nder their individual magnetic and electric fields [6,7]. So far,
arious methods have been developed to synthesize two-phase
ultiferroic thin films, thick films and bulk materials, especially

n CoFe2O4–Pb(Zr0.53Ti0.47)O3 (CFO–PZT) system due to the large
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chanism were unveiled through the analysis on ac conductivity spectra.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

magnetostrictive coefficient of CFO and the promising piezoelectric
coefficient of PZT [11–13]. However, a detailed dielectric study on
this material has been lacking except for the recent reports on the
multilayered CFO–PZT thin film and its bulk ceramics [13,14]. In our
previous work, CFO–PZT composite thick films have been prepared
and optimized, yielding promising ferromagnetic and ferroelectric
properties [15,16]. In order to develop a deeper understanding of
the CFO–PZT system, a detailed discussion on temperature and fre-
quency dependent impedance spectroscopy was conducted and is
the focus of this work.

CFO–PZT composite thick films were prepared on
Pt/TiO2/SiO2/Si substrate by a hybridized sol–gel processing
and spin coating technique followed by the optimization of film
compactness through PZT sol infiltration [15,16]. A high annealing
temperature of 800 ◦C was then applied to achieve a high crys-
tallinity. Subsequently, the phase structures and microstructures
of the composite thick films were characterized by X-ray diffrac-
tion and scanning electron microscope. Lastly, temperature and
frequency dependent impedance spectroscopy was carried out
allowing for a detailed discussion of the physical mechanisms.
2. Experimental

The fabrication process of the CFO–PZT multiferroic composite thick films has
been detailed elsewhere [15]. An anneal at 800 ◦C in a tube furnace under air ambi-
ent was applied to improve crystallinity of the composite thick films. The substrate
was changed to Pt/TiO2/SiO2/Si wafer from the Pt/Ti/SiO2/Si one used in the previ-

hts reserved.
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Fig. 1. X-ray diffraction pattern of the CFO–PZT composite thick film.

us work [17]. Additionally, higher densification of the composite thick films was
chieved by introducing sufficient sol infiltration in between slurry layers [16]. Phase
tructure of our composite thick films were performed on a Siemens D 5005 X-ray
iffractometer (XRD) using CuK� radiation (� = 1.5406 Å) in a detector mode. Sur-
ace morphology and cross-sectional microstructure were observed using a scanning
lectron microscope (FE-SEM 6340F). Gold top electrodes with a diameter of 0.6 mm
ere deposited onto the surface using lift-off processing and E-beam evaporation

or electrical measurement. Impedance spectroscopy from 100 Hz to 1 MHz was
easured with the temperature ranging from 25 to 275 ◦C by an Agilent 4294A

recision impedance analyzer at the ac oscillation level of 500 mV. Each measured
emperature was kept constant with an accuracy of ±1 ◦C. The ac conductivity of the
omposite thick films was estimated from the standard relation:

AC = ωε′ε0 tan ı (1)

here ε0 and ε′ are the permittivity of the free space and real part of measured
ielectric permittivity, ω is the angular frequency and tan ı is the loss tangent.

. Results and discussion

XRD pattern of the multiferroic CFO–PZT composite thick film
hows a pure PZT perovskite phase, as can be seen in Fig. 1, which
s similar to previous result [16]. The absence of CFO spinel phase
an be attributed to its deeply buried distribution in the PZT matrix.
he scanning electron microscopic pictures of the composite thick
lm are exhibited in Fig. 2. The optimized thick films densification
y sufficient sol infiltration is shown clearly in Fig. 2(a) along with
uniform surface morphology. Fig. 2(b) shows a cross-sectional

icture of the composite thick film, where the film thickness is
stimated as 5.7 �m. Compared with our initial attempts on mul-
iferroic thick films [15], the present thick film quality shows a
ignificant improvement.

Fig. 3 shows the frequency and temperature dependent real
nd imaginary part of impedance (Z′ and Z′′, respectively). Fig. 3(a)
hows that the Z′ values decrease with increasing frequency and

weak relaxation peak (marked with arrows) is observed ini-
ially at 25 ◦C. Furthermore, this relaxation peak moves to high
requency side with increasing temperature and finally disappears
eyond 125 ◦C. This corresponds to the faint relaxation behav-

or of Z′′ observed in Fig. 3(b) (marked with arrows), where the
maginary impedance decreases with increasing frequency in an
pproximately linear manner below 225 ◦C due to the high sam-
le resistance. Only once the temperature reaches 275 ◦C, do we
bserve a smoothing of the relaxation peak into the measured win-
ow from low frequency, as exhibited in Fig. 3(b). The relaxation
orresponds to another relaxation indicated in Fig. 3(a) under a
imilar frequency range. According to the Arrhenius law below [18],

′
[

Er
]

r = f1 exp −
kBT

, (2)

here f ′
1 is the relaxation frequency at an infinite temperature and

r the activation energy for the dielectric relaxation, the activation
nergy is estimated as 0.58 eV. In addition, it is noted that the Z′′
Fig. 2. Surface morphology (a) and cross-sectional picture (b) of the CFO–PZT com-
posite thick film.

values are slightly reduced with increasing temperature, indicating
a weak sensing behavior of dc conductivity to temperature. This is
similar to the situation of the multilayered PZT/CFO thin film below
500 K [14].

Nyquist (or Cole–Cole) plots of impedance data at different tem-
peratures are shown in Fig. 4. At room temperature two poorly
resolved semicircle arcs are observed: a small arc at high frequency
(inset) which is largely obscured by a larger semicircular arc at low
frequency. From 25 to 225 ◦C, both semicircular arcs exist; but when
the temperature reaches 275 ◦C, only a single broad semicircle is
observed in the low frequency region without additional contri-
bution detected in the high frequency region. This is because the
time constant at high frequency is decreased with increasing tem-
perature, leading to a loss of resolution obscuring the semicircle
in the impedance plot at high temperature [19]. Semicircles size
in impedance plots is scaled according to the magnitude of their
resistance, where two responses often have greatly differing mag-
nitudes of R (often by orders of magnitude), the larger resistive
response dominates entirely, making the resolution of the smaller
resistive response difficult. In such cases electric modulus data,
where semicircles scale inversely to capacitance, are often useful
for resolving the different relaxations [20]. The electric modulus
(M*) is calculated from the following equation:

M∗ = M′ + jM′′ = jωC0Z∗ = jωC0(Z ′ − jZ ′′) (3)

where M′ and M′′ are real and imaginary part of electric modu-
lus, C0 = ε0A/d is the vacuum capacitance of the measuring cell and
electrodes with an air gap of the sample thickness, ε0 is the permit-
tivity of free space, A and d are cross-sectional area of the electrode

deposited on the sample and film thickness, and ω is the angular
frequency.

From the values of M*, the values of M′ and M′′ were calcu-
lated using the relation M′ = ωC0Z′′ and M′′ = ωC0Z′. Furthermore,
the values of M′ and M′′ were plotted as shown in Fig. 5(a), where
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Fig. 5. Temperature and frequency dependent M′′–M′ of CFO–PZT composite thick
ig. 3. Temperature and frequency dependent real (a) and imaginary impedance
pectra (b) of CFO–PZT composite thick film.

he direction of increasing frequency was also indicated. Two very
arge semicircle arcs are observed separately below 125 ◦C and
bove 200 ◦C. A small semicircle arc is also observed over the
hole temperature range. The low temperature large semicircle
rc is induced by grain effect, while the high temperature arc can
e attributed to the grain boundary effect. It is noted that the
agnitudes of the grain boundary capacitance are comparable to

he grain capacitance. This is due to the heterogeneous compos-

ig. 4. Nyquist plots of impedance data of CFO–PZT composite thick film at selected
emperatures; inset one is the typical plot at 25 ◦C.
film (a); the typical one at 150 ◦C (b); and the inset in (b) corresponds to the equiv-
alent electric circuit.

ite structure, which is also demonstrated in thickness dependent
PZT/CFO multilayered thin films [14]. Additionally, when the tem-
perature is increased beyond 125 ◦C, the grain effect has moved
out of the frequency window; but the grain boundary effect has
not entered into this window until 200 ◦C. In this temperature
range of 125–200 ◦C, it can be seen from Fig. 5(b) that three effects
are observed at 150 ◦C. Besides the high frequency degraded grain
effect and the low frequency strengthened grain boundary effect,
there is another effect in between them, this phenomenon was not
found in PZT/CFO thin films [14]. Actually, these three effects are
consistent with an equivalent circuit comprising three parallel RC
elements, as shown in the inset in Fig. 5(b). Here, the low frequency
arc corresponds to the R3C3 response and the high frequency arc
corresponds to the R1C1 response. Both responses result from high
frequency grain effect and low frequency grain boundary effect,
respectively. R2C2 response corresponds to the effect observed at
intermediate frequency range at 150 ◦C. Furthermore, this effect
is gradually strengthened with increasing temperature, evident in
Fig. 5(a). Possible cause for this effect is due to an additional grain
boundary effect. The composite thick film samples were designed
as a sandwich structure, the central layer is CFO–PZT heterogeneous
composite layer, while its top and bottom sides are constituted
by pure PZT homogeneous composite layer. This will make the
composite thick film produce two different grain boundary effects.
Moreover, due to the low ratio of CFO–PZT layer in this composite
design, the weaker R2C2 response should be attributed to the grain

boundary effect between CFO and PZT grains. For clarity, the value
of C2 can be extracted from the semicircular arc intercepts on the
M′ axis in Fig. 5(b), C2 and fmax data are used to calculate R2 using



144 W. Chen et al. / Journal of Alloys and C

F
c

E

ω

w
r
r
e
r
m

m

ig. 6. Temperature dependent imaginary electric modulus spectral of CFO–PZT
omposite thick film from 25 to 125 ◦C (a); 150 to 175 ◦C (b); and 200 to 275 ◦C (c).

q. (4),

� = 2�fmaxRC = 1, (4)

here fmax is the frequency of maxima of semicircles and � is the
elaxation time. The calculated C1 and R1 are 142 pF and 295 k�,
espectively. At 150 ◦C, it is not possible to calculate R1 and R3

xactly in the same manner as fmax for the semicircular arc cor-
esponding to R2C2 as their maximum frequencies are beyond the
easurable frequency range.
Fig. 6 presents the frequency dependence of imaginary electric

odulus at all temperatures. It can be seen from Fig. 6(a) that a
ompounds 508 (2010) 141–146

well defined relaxation peak appears in the temperature range of
25–125 ◦C. Meanwhile, a step-like behavior is also observed at low
frequency side, which should be attributed to the CFO–PZT grain
boundary effect due to the low resistivity of the CFO phase [21],
leading to its easier to be thermal activated than insulated PZT
phase. Furthermore, the relaxation peak and this step-like behavior
are moving to the high frequency side with increasing tempera-
ture. When the temperature reaches 150 ◦C, the relaxation peak
that appeared on high frequency side has completely degraded
and only its left wing is observed at this temperature, as can be
seen in Fig. 6(b). Furthermore, the step-like behavior is gradually
forming into another peak with further increasing temperature, as
can be seen in Fig. 6(c), where this step-like behavior has totally
formed into a very broad relaxation peak. Moreover, the third
relaxation peak, which is even narrower than the first relaxation
peak observed below 125 ◦C, is moving into the frequency win-
dow from low frequency side with further increasing temperature.
From the evolving process of these relaxation behaviors, we can
see three responses in electric modulus spectra which are consis-
tent with the observations in Fig. 5. From 25 to 125 ◦C, the first two
responses coexist: one is corresponding to the relaxation peak at
high frequency side, the other is reflected by the step-like relaxation
behavior. During 150–175 ◦C, the step-like relaxation behavior is
dominant. Above 175 ◦C, another narrow low frequency relaxation
peak predominates in the frequency window along with a strength-
ened step-like behavior at high frequency side. Both relaxation
peaks mentioned (not the step-like) are actually corresponding to
the two weak relaxation behaviors in impedance spectra (Fig. 3).
This is similar to the situation of PZT/CFO multilayered thin films
[14], where a broad relaxation peak appeared at lower temper-
ature and higher frequency and another narrow relaxation peak
observed at higher temperature and lower frequency in modulus
spectra, grain effect and grain boundary effect are attributed to
them, respectively. However, the step-like behavior communicat-
ing both relaxation peaks is ignored in this literature [14], which is
consistent with the observations of Fig. 5. Heterogeneous CFO–PZT
grain boundary effect is attributed to it. From the three features
in Fig. 6, we can also calculate their activation energies in terms
of Arrhenius law. The one calculated from the peaks in Fig. 6(a) is
0.43 eV; while the calculated values from the two kinds of peaks
in Fig. 6(c) are 0.47 and 0.65 eV, which are corresponding to the
high frequency range and low frequency range, respectively. Com-
pared with the activation energy of 0.58 eV estimated from high
temperature impedance relaxation in Fig. 3, both values of 0.47 and
0.65 eV from two kinds of grain boundaries effects in modulus spec-
tra should be co-contributed to this average effect. While the other
activation energy of 0.43 eV calculated from modulus spectra, is
contributed from the grain effect, which is not expressed clearly in
impedance spectra. Both activation energy values from grain effect
and average grain boundary effect is comparable with the values of
three-layer PZT/CFO thin films, where 0.4187 and 0.5684 eV were
reported [14]. This is also confirming the present work, where the
grain boundary effect is further extended.

Real and imaginary dielectric constants (ε′ and ε′′) are plotted
against the frequency at all temperatures, as shown in Fig. 7. It
can be seen from Fig. 7(a) that real dielectric constant is increasing
with temperature but decreasing with frequency. For example, at
1 MHz, the ε′ value is increased from 215 to 455 when the temper-
ature is promoted from 25 to 275 ◦C, while at 100 Hz, the ε′ value
is increased dramatically from 385 to 1349 under the same tem-
perature range. This indicates a strong low frequency dispersion

phenomenon in the real dielectric constant. In addition, a dielec-
tric relaxation behavior is observed at high frequencies but below
150 ◦C. The plots of the imaginary part of dielectric constant versus
frequency are shown in Fig. 7(b) for temperatures from 25 to 150 ◦C
and Fig. 7(c) for temperatures from 175 to 275 ◦C. A peak is observed
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energy or available time to hop out of their sites, resulting in the
ig. 7. Temperature and frequency dependent real dielectric permittivity (ε′) of
FO–PZT composite thick film (a) and its dependent imaginary dielectric permittiv-

ty (ε′′) from 25 to 150 ◦C (b); and 175 to 275 ◦C (c).

n ε′′ versus frequency plots at and below 150 ◦C (Fig. 7(b)), which
orrespond to the relaxation behavior in ε′ curve. Above 175 ◦C, no
eak in ε′′ curve is observed in the measurable frequency range
ut several features are exhibited in Fig. 7(c). First, the slop of the
traight line of log–log plot at low frequency side equals −1, which
s the natural result of the frequency independent conduction [22].

econd, a nearly constant loss region at intermediate frequencies
ndicates an increasing conductivity with frequency due to Eq. (1).
hird, another nearly constant loss region at the high frequency
ide is indicative of another increasing conductivity region.
Fig. 8. Temperature dependent ac conductivity spectra (� ′) of CFO–PZT composite
thick film from 25 to 150 ◦C (a) and 175 to 275 ◦C (b).

Fig. 8 shows the ac conductivity curves of CFO–PZT composite
thick film as a function of frequency at different temperatures. It can
be seen from Fig. 8 that conductivity value is increasing with fre-
quency. Take the minimum and maximum measured temperature
as examples. With increasing frequency from 100 Hz to 1 MHz, the
conductivity values are increasing from 2.5 × 10−9 and 2.6 × 10−7 to
2.5 × 10−6 and 3.0 × 10−5 �−1 cm−1 at 25 and 275 ◦C, respectively.
This belongs to a normal thermal mechanism. These conductivity
values are slightly less than those of the multilayered PZT/CFO films
[14], indicating a high quality of the present composite thick films.

Fig. 8(a) shows two features at and below 125 ◦C. First, there is
a strong rise at low frequencies. This is the grain boundary block-
ing effect. Second, the conductivity does not increase rapidly at high
frequencies, but shows a temperature dependent dispersion behav-
ior. This is corresponding to the dielectric relaxation in Fig. 7, which
is ascribed to the bulk conductivity relaxation. The � in the second
feature can be described by “universal dielectric response” (UDR)
[23].

� = �dc + �0f s (5)

where �dc is the dc bulk conductivity, �0 is a constant, f is the
frequency, and exponent s is smaller than 1. Eq. (5) is a common fea-
ture for most disordered systems and amorphous semiconductors
[23]. It is typical of thermal assisted tunneling between localized
states. In our system, it may be ascribed to the polaron relaxation
[18], where ion hopping is restricted by the low temperature and
high frequency, which cannot provide the ions with enough high
ions vibrate in their own sites iteratively.
Fig. 8(b) shows three features for the conductivity spectra at and

above 150 ◦C. The first one is that low frequency conductivity curves
tend to flatten with further increasing temperature, suggesting
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he dc conductivity behavior. It is clearly seen that this frequency
ndependent conductivity becomes strengthened with increasing
emperature, which is consistent with the low frequency slop in
ielectric spectra (Fig. 7(c)). The second one is a weak conductivity
elaxation appeared at intermediate frequency range (marked as
wo arrows), which is moving to high frequency side with increas-
ng temperature. The third one is that the conductivity curves at
igh frequency side are merging together but also show a linearly

ncrease at each temperature. The whole conductivity curve is sim-
lar to that of PZT/CFO multilayered thin films below 500 K [14], but

uch attention has been paid to the conductivity behavior above
00 K in this literature. For our CFO–PZT composite thick film, the

ump relaxation model [24] can explain its conductivity charac-
eristics. The frequency independent plateau at low frequencies is
ttributed to the long-range translational motion of ions. According
o this model, the conductivity at the low frequency region is asso-
iated with successful hops to its neighborhood vacant site due to
he available long time period. It is reasonable that such successive
umps can result in a long-range translational motion of ions, finally
ontributing to dc conductivity. Above the intermediate frequency
>5 kHz), two competing relaxation processes may be visualized:
1) the jumping ion to jump back to its initial position, i.e., unsuc-
essful hopping and (2) the neighborhood ions become relaxed with
espect to the ion’s position, successful hopping. The increase in the
atio of successful to unsuccessful hopping with increasing temper-
ture leads to the relaxation behavior at intermediate frequency
ue to sufficient time for ion successful hopping. Unfortunately for
he high frequency conductivity behavior, the time is insufficient
or most of ions to hop from their own sites, its conductivity mech-
nism should be attributed to the vibrational relaxation caused by
nharmonicity [25], where unsuccessfully ions jumps should be
esponsible. When the temperature is increased from 150 to 275 ◦C,
e can see the slope of conductivity curve is gradually decreas-

ng, indicative of a thermal mechanism, from which more thermal
nergy is supplied in order that most of ions can have a successful
opping.

. Conclusions

Multiferroic CoFe2O4–Pb(Zr0.53Ti0.47)O3 composite thick films
ave been fabricated onto Pt/TiO2/SiO2/Si substrate. Film den-
ification and crystallization have been optimized by sufficient
ol infiltration and 800 ◦C annealing temperature. X-ray diffrac-

ion shows a pure PZT perovskite phase and the absence of CFO
hase is attributed to the deep distribution of CFO particles in
he central part of the composite thick film. Scanning electron

icroscope exhibits a uniform surface and sharp cross-sectional
orphology with 5.7 �m of thickness. Impedance spectroscopy and

[

[
[
[

ompounds 508 (2010) 141–146

electric modulus analysis indicate the contributions from grain and
grain boundary effect at different frequencies and temperatures,
resulting in two different grain boundary effects being observed
in modulus spectra. Activation energy calculated from two meth-
ods keep in good agreement with each other. Dielectric spectra
reveal a polaron relaxation below 150 ◦C and above this temper-
ature, dc conductivity region and two nearly constant loss regions
are indicated, which is also demonstrated in ac conductivity spec-
tra. Furthermore, ion hopping and transport are also revealed by ac
conductivity analysis, jump relaxation mode is well used to clarify
them.
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