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bstract

he ferroelectric and dielectric properties of cerium (Ce) substituted La2Ti2O7 (LTO) have been investigated. Single phase, dense La2−xCexTi2O7

x  = 0.15, 0.25, 0.35) ceramics were prepared by spark plasma sintering. The solubility limit of Ce in La2−xCexTi2O7 was found to be between 0.35

nd 0.5. The a-, b- and c-axes of the unit cell decrease with increasing Ce substitution. The Curie point (Tc) of La2−xCexTi2O7 (x  = 0, 0.15, 0.25,
.35) decreases and dielectric constant and loss increase with increasing Ce substitution. Cerium can increase the d33 of La2Ti2O7. The highest d33

as 3.9 ±  0.1 pC/N for La1.85Ce0.15Ti2O7 textured ceramic.
 2012 Elsevier Ltd. All rights reserved.

c
l
h
e
(
(

t
p
1
c
l
9
p

A

eywords: Ferroelectric; PLS ceramic; Curie point; SPS

.  Introduction

High-temperature piezoelectric sensing technology is of
ajor importance for the chemical and material processing as
ell as automotive, aerospace, and power generating industries.1

he commercial materials used for high temperature applica-
ions such as tourmaline (d33 ∼  1.8 pC/N) have relatively low d33
ompared to lead zirconate titanate (PZT; d33 > 200 pC/N).2–4

erroelectrics are materials characterized by a Curie point (Tc)
nd polar structure that can be switched. The Tc corresponds
o the ferroelectric–paraelectric transition. Therefore, all ferro-
lectric materials are limited to operate as piezoelectrics below
heir Curie point.

Ferroelectrics with perovskite-like layered structure (PLS)
re the good candidates for high temperature applications
ecause of their high Curie points (>1200 ◦C). The PLS family

as the general formula of AnBnO3n+2, with a structure charac-
erized by corner-shared BO6 octahedra and 12-coordinated A
ations within the perovskite-like layers, which are linked by A
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ations at their boundaries, where n  is the number of octahedral
ayers in the perovskite layers.5,6 When n = 4, the compounds
ave the formula A2B2O7, and have been confirmed as ferro-
lectric materials with super high Curie points, such as La2Ti2O7
LTO, 1461 ◦C)7,8; Pr2Ti2O7 (PTO, 1750 ◦C)9 and Nd2Ti2O7
NTO, 1482 ◦C).8,10

Of these PLS ceramics, LTO is the most promising for high
emperature piezoelectric applications because of its high Curie
oint (1461 ◦C)8 and useful piezoelectric activity.7,8,11 In the
970s, the ferroelectric properties of LTO single crystal were
haracterized.7,11 It is monoclinic with space group P21, and its
attice constants are (a, b, c, β) = (13.015 Å, 7.817 Å, 5.5456 Å,
8.64◦), and the spontaneous polarization is along the c-axis. Its
iezoelectric constant d33 was measured as 16 pC/N.7,11

Cerium has similar properties to lanthanum. In BaTiO3 and
urivillius phase CaBi4Ti4O15, Ce doping has been reported

o increase their high temperature resistivity and piezoelectric
onstant d33.12 In some other Aurivillius materials,13,14 such as
a0.25K0.25Bi2.5Nb2O9, cerium increases their Curie points.14

lso, for Na0.5Bi0.5TiO3–BaTiO3, Ce doping increased the
ielectric constant at room temperature and the depolarization
emperature (T ).15 However, there is no reported research on
d
e substituted PLS ferroelectric materials. Perovskite-like lay-
red structure (PLS) ceramics can be produced with preferred
rain orientation using a two-step hot-forging method.16,17 In the
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urrent work, single phase, dense and textured La2−xCexTi2O7
x  = 0.15, 0.25, 0.35) ceramics were prepared and their properties
ere characterized.

. Experimental  details

.1.  Sample  preparation

The La2−xCexTi2O7 (x  = 0.15, 0.25, 0.35, 0.5) compositions
LCTO15, LCTO25, LCTO35, LCTO50) were obtained by the
ixed oxide route. La2O3 (99.99%), CeO2 (99.9%) and TiO2

99.9%) were used as the starting materials. The powders were
illed by ZrO2 balls with ethanol as the milling medium. Then

he powders were calcinated in a normal chamber furnace in air
or 4 h at 1300 ◦C. The powders were re-milled for 4 h to break
ny agglomerates and reduce the particle size. The ball milling
peed was always 350 rpm.

The synthesized powders were sintered in a SPS furnace
HPD 25/1, FCT, Rauenstein, Germany). A heating rate of
00 ◦C/min was used in all cases. The untextured ceramics used
or dielectric tests and Tc measurement were sintered at 1400 ◦C
nder a pressure 80 MPa for 5 min.

The textured ceramic samples used for piezoelectric con-
tant measurement (d33) were textured using a two-step sintering
ethod. First, the LCTO15, LCTO25, LCTO35 powders were

ressed in a 20-mm-diameter graphite die and sintered at
200 ◦C under a pressure of 80 MPa for 3 min. After this
tage, all these samples had relatively high density (>95%),
ut the grain size was only slightly larger than that of the
tarting powder. In the second step, the samples were placed
n a larger die of 30 mm diameter and sintered at 1400 ◦C
nder a pressure of 80 MPa for 5 min. The sintered disks
ere then heat treated in air at 1400 ◦C for 20 h to anneal

nd increase grain growth. For the textured ceramics, the ori-
ntation of the surface with a normal line perpendicular to
he SPS pressing direction is defined as perpendicular sam-
le (⊥) and parallel to SPS pressing direction as parallel (//)
Fig. 1).

.2. Sample  characterization

X-ray diffraction (XRD) patterns for the ceramics were
btained with an X-ray diffractometer (Siemens D5000, Karl-
ruhe, Germany) using Cu K�  radiation. The microstructures
f the ceramic samples were observed using a scanning elec-
ron microscope (SEM) (FEI, Inspect F, Hillsboro, OR). The
amples for SEM were polished, and then heated to a temper-
ture 110 ◦C below their sintering temperatures for 30 min in
ir to etch and reveal their grain structures. The valence state of
he elements was determined by the X-ray photoelectron spec-
roscopy (XPS; ESCALAB MK II, VG Scientific). Carbon was
sed as the reference material.

Fired-on platinum paste (Gwent Electronic Materials Ltd.,

2011004D5, Pontypool, UK) was used to produce the elec-

rodes for the electrical property measurements. The frequency
ependence of the dielectric constants and losses were mea-
ured using a Precision Impedance Analyzer (Agilent, 4294A,
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h
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ig. 1. Diagrammatic sketch of SPS (//) and SPS (⊥) from a bulk ceramic.

yogo, Japan). The temperature dependence of the dielectric
onstants and losses were measured at different frequencies
sing a LCR meter (Agilent, 4284A, Hyogo, Japan) connected
o a high-temperature furnace. The piezoelectric constant d33
as measured using a quasi-static d33 meter (CAS, ZJ-3B,

nstitute of Acoustics Chinese Academy of Sciences, Beijing,
hina). The accuracy of the d33 meter was checked using
-cut quartz (d33 = 2.3 ±  0.1 pC/N).18 The DC resistivity was
easured as a function of temperature using an electrometer

Keithley, Model 6517A, Cleveland, OH, USA) with con-
acts to the samples in a high-temperature furnace. All the
esistivity data were recorded after a 15 min holding time
t high temperature with a voltage of 10 V (sample thick-
ess ∼  1 mm).

. Results  and  discussion

Fig. 1 shows the XRD patterns of the LCTO15, LCTO25,
CTO35 and LCTO50 powders. The diffraction peaks of
CTO15, LCTO25 and LCTO35 match the indexed peaks for

he LTO (XRD PDF card: 028-0517) structure parameters, which
eans that the materials are single phase within the sensi-

ivity of the technique. For LCTO50 there are several XRD
eaks that do not match the indexed peaks for LTO, which
ndicates the solid solution limit for Ce in La2−xCexTi2O7
s below x  = 0.5. The impurity is a mixture of Ce2O3 and
a2TiO5.

Fig. 2 shows the change of lattice parameters with increasing
e substitution determined using the XRD data. The a-, b- and
- dimensions decrease with increasing Ce content. This indi-

ates the Ce substituted into the lattice. All of the compounds
ave the same structure as LTO, which is monoclinic with space
roup P21 at room temperature, and changes into a paraelectric,
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Fig. 2. X-ray diffraction patterns of LCTO15, LCTO25, LCTO35 and LCTO50
powders matching indexed peaks for LTO (XRD PDF card: 00-028-0517). The
peaks of Ce2O3 (XRD PDF card: 00-078-0484) and La2TiO5 (XRD PDF card:
0
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the literature, component A is the O2− in the PLS structure and
B with higher BE corresponds to the oxygen connecting Ce3+

T

0-0150335) are marked by “�” and “*” respectively.

8,19
entro-symmetric structure (Cmcm) at the Curie point. The
pontaneous polarization is along the c-axis.19 o

Fig. 3. The lattice parameters of La2−xCe

he data for LTO (x = 0) is from Ref. [11].
eramic Society 33 (2013) 1001–1008 1003

Fig. 3(a)–(d) shows the XPS peaks for the La 3d, Ce 3d,
i 2p, and O 1s electron binding energies (BE) of the powder
amples. The La 3d5/2 and La 3d3/2 components show a clear
oublet structure for the LCTO15, LCTO25 and LCTO35 sam-
les (Fig. 3(a)). The BE splitting between the components of
oth La 3d5/2 and La 3d3/2 lines is about 4.1 eV. This effect
ight be due to the interaction between bonding and antibond-

ng states.20 Comparing these peak positions with the literature
ata, the La3+ state is stable in these materials.20 The peaks
f Ce 3d were compared to reference data for Ce3+ and Ce4+

ompounds (Fig. 3b).21,22 The 3d5/2 and 3d3/2 of Ce3+ are split
hich is also due to the interaction between bonding and anti-
onding states. Some Ce4+ exists in these materials indicated by
he peak at 916.5 eV (*). For LCTO15, Ce4+ is hardly observed,
owever, with increasing Ce content, Ce4+ peak increases for
CTO25 and LCTO35. The Ti 2p peaks are shown in Fig. 3(c).
ompared with the literatures, the Ti4+ state is stable and does
ot change with increasing Ce content.21,23 Fig. 3(d) shows the
eaks for the O 1s state. Two components, A and B, could be
dentified from the O 1s spectra deconvolution. Component A
s about 529.7 eV and component B is at 531.7 eV. Compared to
r point defects.23,24

xTi2O7 was function of Ce content.
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Fig. 4. The X-ray photoelectrons spectroscopy (XPS) peaks of LCTO powder samples for: (a) La 3d; (b) Ce 3d; (c) Ti 2p; and (d) O 1s.
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carriers. Compared to this, the activation energies of LCTO15,
ig. 5. XRD patterns of textured LCTO ceramics parallel to the pressing direc-
ion (//).

Fig. 4 shows the XRD patterns of textured LCTO15,
CTO25, LCTO35 ceramics. The XRD patterns from a plane
ith its normal direction parallel to the SPS pressing direc-

ion exhibit intense (h  0 0) reflections, which indicates that
he ceramics are textured. The Lotgering orientation factor, f,
as used to estimate the degree of grain orientation.25 For
CTO, f = (P  − P0)/(1 − P0) where P  = �I(h  0 0)/�I(h  k l) and
0 = �I0(h  0 0)/�I0(h  k l). �I(h  0 0) and �I(h  k  l) are the sum
f the XRD peak intensities of all the (h  0 0) and (h  k l) peaks,
espectively, for textured LCTO samples over 5–65◦ of 2θ  val-
es. �I0(h  0 0) and �I0(h  k l) are the sum of the XRD intensities
f all the (k  0 0) and (h  k l) peaks, respectively, for the powder.
he Lotgering factor f of LCTO15, LCTO25, LCTO35 were
alculated as 0.71, 0.71, 0.74 for the parallel direction [//].

Fig. 5 shows the SEM micrographs of the polished surfaces of
he textured LCTO15, LCTO25 and LCTO35 ceramics viewed
erpendicular [⊥] to the SPS pressing direction. The grains
refer to grow along directions perpendicular to the pressing
irection. Compared to pure LTO ceramic,8 the grains become
ess plate-like due to Ce substitution which explains the low Lot-
ering orientation factor comparing to LTO (0.80).8 On average,
he plate-like grains are about 1.5 �m in thickness and 5 �m in
he other two dimensions for all of the ceramics.

Fig. 6(a)–(c) shows the temperature dependence of the dielec-
ric permittivity (ε) and loss (D) of LCTO15, LCTO25, LCTO35
ntextured samples, respectively, measured at two different fre-

uencies, 500 kHz and 1000 kHz. From these figures, the Tc of
CTO15, LCTO25 and LCTO35, are 1440 ±  5 ◦C, 1435 ±  5 ◦C,
nd 1387 ±  5 ◦C, respectively. The Tc of LTO has previously

L
t
d

Fig. 6. SEM images of the polished surface viewed perpendicular to the pressing
eramic Society 33 (2013) 1001–1008 1005

een reported as 1461 ±  5 ◦C.8 With increasing Ce substitu-
ion, the Tc decreases gradually. This might be explained by
he substituted Ce, which has a smaller ionic size and higher
lectronegativity compared to La. The inset figs show the tem-
erature dependent loss measured at 100 kHz, 10 kHz and 1 kHz.
here are frequency dependence broad peaks could be observed
t the temperature range 400–800 ◦C suggesting that there are
oint defect in the materials. There are loss peaks just below the
urie point, which are attributed to domain wall movement.26,27

Fig. 7 shows the frequency dependence of relative dielectric
ermittivity and loss of LCTO15, LCTO25 and LCTO35 untex-
ured ceramics measured at room temperature compared with the
ata for LTO. The loss decreases with increasing frequency. In
he lower frequency range (103–105 Hz), the loss increases with
ncreasing Ce substitution, from LTO to LCTO35. In the higher
requency range (105–107 Hz) they are similar and low. This
ehavior may have been produced by the presence of the defect
ipoles.28 This result is consistent with the temperature depend-
nt loss result. The defect dipoles can switch, contributing the
oss value in the low frequency range. However, at high fre-
uency the defect dipole cannot follow the electric field change,
o the loss decreases to a small value. This behavior is also
pparent in the permittivity change, which shows increasing
pparent permittivity with decreasing frequency. In comparison,
he permittivity of LTO is constant in the whole frequency range.
ermittivity increases with increasing amount of Ce substitution.
his might be explained by the Ce in the lattice changing the

ntrinsic dielectric properties.
The DC resistivity of the LTO,8 LTCO15, LTCO25, LTCO35

ntextured ceramics are shown in Fig. 8. Compare to the LTO
eramic, the resistivities of these compounds decrease with
ncreasing Ce content. The inset in Fig. 8 shows the Arrhe-
ius relation between resistivity and temperature which is p =

 exp(−Ea/kT  ).29 In the equation, Ea is the activation energy of
he current carrier, A is a constant, ρ  is the resistivity and k  is the
oltzmann constant. For LTO, LCTO15, LTCO25 and LTCO35
eramics, the activation energies are 1.34, 0.56, 0.53 and 0.52 eV.
he band gap of La2Ti2O7 is reported as 2.8–3.2 eV.30 The acti-
ation energy for LTO is about half of the band gap, which
ndicates the DC conductivity is dominated by intrinsic charge
CTO25 and LCTO35 are much lower. This suggests that
he DC conductivities of LCTO15, LCTO25 and LCTO35 are
ominated by extrinsic semiconductor charge carriers (n-type)

 direction (⊥) of the (a) LCTO15; (b) LCTO25; and (c) LCTO35 ceramics.
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Fig. 7. Temperature dependence of the dielectric constant and loss of LCTO untextured ceramics at different frequencies of 1 MHz and 500 kHz. The inset figs are
the data for temperature dependence loss measured at 100 kHz, 10 kHz and 1 kHz.

Fig. 8. Frequency dependence of dielectric constant and loss of untextured ceramics of LTO,8 LCTO15, LCTO25, and LCTO35.
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Fig. 9. Direct-current electric resistivity of LTO,8 LCTO15, LCTO25 and
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CTO35 ceramics. The inset is the Arrhenius relation between resistivity and
emperature.

roduced by the donor dopant,31,32 which is consistent with the
esults of XPS. For piezoelectric sensor application, the resisti-
ity should be high, but the Ce lower the resistivity of LCTO15
ompare to LTO at 100 ◦C. However, the resistivity of LCTO15
s still high and similar to LTO at about 800 ◦C.

The piezoelectric constant d33 was measured in a direction
erpendicular to pressing direction (Fig. 9). The textured sam-
les were poled in silicone oil at 120 ◦C under various DC
lectric fields. The highest electric fields that could be achieved
uring poling were 19 kV/mm, 19 kV/mm and 16 kV/mm for
CTO15, LCTO25 and LCTO35 respectively. The addition of
 = 0.15 Ce increased the d33 (LCTO15, 3.9 ±  0.1 pC/N) com-
ared to LTO (2.6 ±  0.1 pC/N) poled at 20 kV, 220 ◦C, which has
ven higher density (>98%) and Lotgering orientation factor

ig. 10. Piezoelectric constant (d33) of the textured ceramics measured perpen-
icular to the pressing direction (⊥).
he data for LTO is from Ref. [8].

1

1

1

1

1

eramic Society 33 (2013) 1001–1008 1007

f  = 0.80).8 With further increasing Ce substitution, the d33
ecreased from LCTO15 to LCTO35. This is because the defect
oncentration increases and resistivity decreases with increasing
e substitution, leading to a reduction in the maximum poling
eld that could be applied (Fig. 10).

.  Conclusion

Single phase, dense La2−xCexTi2O7 (x  = 0, 0.15, 0.25, 0.35)
eramics were prepared by spark plasma sintering. The limit
f Ce substitution in La2−xCexTi2O7 was found to be between
.35 and 0.50. The a-, b- and c-axes of the unit cell decrease with
ncreasing Ce content, which indicates that Ce substitutes into
he lattice. The Curie points (Tc) of La2−xCexTi2O7 (x  = 0, 0.15,
.25, 0.35) decrease and dielectric constant and loss increase
ith increasing Ce substitution. Electrical resistivity decreases
ue to the extrinsic charge carriers produced by Ce substitution.
he highest d33 was 3.9 ±  0.1 pC/N for La1.85Ce0.15Ti2O7.
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