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A B S T R A C T

This study investigates the electrical properties of lanthanide perovskites with large lanthanide ions in partially 
occupied structures (Ln1/3BO3 with Ln = La, Ce, Pr, Nd, Gd and B= Ta or Nb) and correlates these properties with 
their structural and microstructural characteristics. The first comparative analysis of these properties across both 
tantalate and niobate families. Crystal structures were examined using electron diffraction and X-ray diffraction 
to identify framework distortions in the perovskite structure and the local environment of the lanthanide ions. 
High-resolution transmission electron microscopy (HRTEM) offered further insights into the spatial distribution 
of lanthanides within the structure. Complex impedance spectroscopy measurements on sintered pellets (with 
densities up to 90 %) indicated low ionic conductivity, suggesting that rare earth cations act as mobile charge 
carriers. Additionally, this study reports the first electrostriction measurements on these materials, revealing that 
the presence of numerous and disordered vacancies significantly reduces the electromechanical responses.

1. Introduction

Perovskites are among the most extensively studied structures due to 
their wide range of possible chemical compositions (AxByX3-δ) and 
properties, particularly in oxides (X = O). The ideal structure of this 
family is cubic (Pm 3 m [1]), but numerous substructures and distortions 
have been reported [2–7]. The stability and flexibility of the octahedral 
framework enables various aliovalent and isovalent substitutions at both 
the A and B sites allowing the tuning of electrical [8–11], optical [12,13] 
and/or piezoelectric properties [14,15]. Among these formulations, the 
structural family with an incomplete cationic sublattice Ln1/3☐2/3BO3 
(where Ln = La, Ce, Pr, Nd or Gd and B = Ta or Nb) is particularly 
interesting. Although these materials were first investigated in the 
1960’s [16,17]. However, little attention has been given to the role of 
the local environment around large lanthanide cations [18] (e.g., La3+, 
Nd3+, r ≈ 1.3 Å) and its impact on their mobility within the lattice [19] 
despite the potential for the local or long-distance mobility of the lan
thanides and their possible ordering can result in interesting properties 
of piezoelectricity, electrostriction, or even ionic conduction [20–23].

From a structural perspective, Ln3+ cations have been shown to 
exhibit A-site ordering, forming layered arrangements. This ordering 
results in a doubling of the unit cell along the c-axis, leading to different 
symmetries depending on the lanthanide ion. In tantalates (B= Ta), the 
structure is tetragonal for Ln = La3+, Er3+, Tm3+ and orthorhombic for 
Ln = Ce3+, Pr3+, Nd3+ [24]. The structure of Gd1/3TaO3 remains under 
debate, having been reported as either orthorhombic (Cmmm) [25] or 
tetragonal (P4/mmm) [24]. In niobates (B= Nb), the structures are 
orthorhombic but the doubling has been reported either only along the c 
axis (resulting in a Pmmm supercell) [26] or along all three axes (leading 
to a Cmmm space group) [27,28].

Although the electrical conductivity of these ceramics has been 
studied over a broad temperature range (from ambient to 1273 K), the 
nature of the charge carriers remains a topic of debate. Various con
duction mechanisms have been reported for niobates, including ionic 
conduction (with rare-earth ions as charge carriers at room temperature 
[19,29]), electronic conduction [30], and protonic conduction [31]. In 
contrast, their electromechanical properties are more straightforward: 
piezoelectricity is forbidden by symmetry as all these perovskites 
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crystallize in centrosymmetric space groups. Therefore, these materials 
can only exhibit electrostriction.

The objective of this study is to determine the nature of the charge 
carriers in niobate and tantalate perovskite oxides with an incomplete 
lanthanide sublattice Ln1/3☐2/3BO3 (where Ln = La, Ce, Pr, Nd, or Gd 
and B = Ta or Nb) and to establish the influence of the local environment 
of lanthanide (coordination, polyhedral distortion, and tilting) or dis
tribution on their electrical properties. Following synthesis via a solid- 
state route, the crystalized phases of the powders were characterized 
by X-ray diffraction. The incomplete cationic sub-lattice was studied 
using transmission electronic microscopy in both diffraction and 
HRTEM modes. Several electrical measurements were then performed 
on sintered pellets to study the conductivity, permittivity, polarizability, 
and strain under electric field of sintered pellets were then investigated 
over the 30–800 K temperature range.

2. Experimental section

Synthesis: Polycrystalline samples of Ln1/3NbO3 and Ln0.33TaO3 
(where Ln = La, Ce, Pr, Nd and Gd) were prepared by solid-state reac
tion. Powders of Ln2O3 with Ln = La, Ce, Nd, and Gd, Pr6O11 (Alpha 
Aesar 99.99 %) were preheated at 1000 ◦C for one night. These powders 
were then ground in an agate mortar with Ta2O5 (Thermo Scientific 
99.5 %) or Nb2O5 (Thermo Scientific 99.5 %). The obtained mixture was 
placed in alumina crucibles and heated for 12h between 1100 ◦C and 
1600 ◦C depending on the composition (see Table 1). Elemental analysis 
in SEM (EDX) of the samples showed no alumina pollution from the 
crucibles. The powders were compacted into 10 mm-diameter pellets 
under a uniaxial pressure of 2500 bars and then sintered for 2h at spe
cific sintering temperatures (higher than their synthesis temperature; 
see Table 1).

X-ray powder diffraction patterns were collected on a PANalytical 
Empyrean diffractometer with a Bragg Brentano reflection montage, 
equipped with a copper anticathode and a PIXEL fast detector. The 
measurements were recorded with a 0.007◦ step and an acquisition time 
of 200s (per step) between 5◦ and 125◦ in 2θ. Phase identifications were 
conducted using the software Highscore Plus [32]. The diffraction data 
were analyzed using the Rietveld method implemented in the Jana 2020 
program [33].

The TEM experiments were realized with a TEM JEOL JEM 2100 HR 
(LaB6 filament) operating at 200 kV and equipped with a side entry ±
30◦ double tilt sample holder. The Selected Area Electron Diffraction 
(SAED) method (parallel beam) was performed with a length of camera 
fixed at 100 cm and the patterns were recorded by a camera CCD ORIUS 
200 D. An EDX JEOL SM-JED2300T-30 mm2 detector was used for 
elemental analysis. In the case of high-resolution images (HRTEM), we 
used ULTRA SCAN (USC) 1000 XP. For the preparation of the sample, 
the powder was dispersed in ethanol and one drop of this suspension was 
deposited on a copper grid (300 mesh).

The grain size was determined by scanning electron microscopy 
(SEM). Microstructural observations and elemental analysis were per
formed using a microscope JEOL JSM 6510-LV coupled to an EDX de
tector (Oxford Xmax – 20 mm2) with an accelerating voltage of 20 kV; 
the value of spot size was 35. The samples were sintered pellets, polished 
first with a silicon carbide disc (with the grain size around 18 μm) and 
then with a diamond gel (with the size of 1 μm). To reveal the grain 
boundaries, the ceramics underwent a thermal etching treatment for 2 h 
at 50 ◦C below their respective sintering temperatures.

Impedance spectroscopy measurements were performed on a custom 

impedance spectrometer [34]. The equipment operates by vector volt
meter – amperemeter method and is based on TiePie Handyscope HS3 
computer oscilloscope, which has a built-in functional generator and 
two channels for signal measurements. The temperature was measured 
by an Amprobe TMD90A digital thermometer.

The measurements were carried out in air; the temperature changed 
from 300 to 800 K while heating and cooling the sample at 2 deg/min, 
and the temperature was stabilized for at least 2 min before each mea
surement. The frequency range was from 2 MHz down to 10 Hz. The 
measurement equipment [34] allowed us to use small samples, cylin
drical, with diameters up to 3 mm and about 1 mm in thickness. Plat
inum paste (71 % Pt, MaTeck GmbH) was applied on both faces of the 
cylinder, dried for 1 h at 400 ◦C, and finally annealed at 700 ◦C for 20 
min to form the conductive electrodes. The ZView software was used for 
data analysis by fitting equivalent circuit model parameters to the 
experimental data. In addition, the 4-electrode impedance measurement 
method was employed to better assess the influence of the 
electrode-ceramic interfaces on the impedance spectra.

The polarization and longitudinal displacement for electrostriction 
measurements were carried out in the AixACCT Measurement System 
(Piezo Measurement Module) at 100 Hz and room temperature. Possible 
quadratic deformations (electrostatic displacement and Maxwell strain) 
were excluded using of standard samples: 0.9 Pb(Mg1/3Nb2/3)O3- 
0.1PbTiO3 (PMN-10PT) (positive quadratic strain under the electric 
field) and glass (no measurable response) under the same conditions. 
The precision of the interferometer (due to the ambient mechanical 
noise) is below 1 nm by averaging 10 times the measurements, corre
sponding to a 10− 6 strain for ceramics with a typical thickness of 1 mm. 
The relative permittivity and electrostrictive coefficients were extracted 
through sinusoidal fitting of the time-dependent polarization and strain 
signals measured simultaneously.

3. Results and discussion

3.1. Crystal structure

X-ray Diffraction The X-ray diffraction data for La1/3TaO3 confirm 
the P4/mmm tetragonal space group [24,25] (see Fig. 1) with the cell 
parameters a = 3.916(1) Å and c = 7.909(3) Å.

The TaO6 octahedra are regular and unrotated, corresponding to the 
Glazer notation a0 b0 c0 [35]. In this structure, the cuboctahedron in 
perovskite is almost regular with La-O distances between 2.732(2) Å and 
2.769(2) Å. The diagonals of the square/rhombus faces shared by two 
successive cuboctahedra are 3.916(2) Å and 4.100(2) Å (an example of 
these distances is shown in Fig. 2).

Inaguma et al. reported such distances around 4 Å in their in
vestigations of conducting pathways in lanthanide perovskites [36]. 
These values are crucial to the possible lanthanum mobility in such a 
structure, as they represent the bottleneck La3+ cations will have to go 
through to jump from one site to another.

All other tantalates and niobates crystallize in the orthorhombic 
space group Cmmm with a ≈ b ≈ c ≈ 2aperovskite, in agreement with 
previous reports [25,27,37,and38]], including for Gd1/3TaO3 (in 
agreement with Ref. [25] and contrary to Ref. [24]). It is common for 
lanthanum to exhibit behaviour different from that of the other lan
thanides, especially in compounds where the cation does not have a 
mixed valence state. This is indeed observed in NASICON-type com
pounds, where La1/3Ti2(PO4)3 crystallizes in the space group R-3 [39], 
which is common for this structural family, whereas La1/3Zr2(PO4)3 

Table 1 
Temperatures of perovskites’ synthesis and ceramics sintering.

La1/3TaO3 La1/3NbO3 Nd1/3TaO3 Nd1/3NbO3 Pr1/3TaO3 Pr1/3NbO3 Gd1/3TaO3 Ce1/3NbO3 Ce1/3TaO3

Tsynthesis 1400 ◦C 1200 ◦C 1350 ◦C 1250 ◦C 1400 ◦C 1250 ◦C 1450 ◦C 1200 ◦C 1400 ◦C
Tsintering 1500 ◦C 1300 ◦C 1550 ◦C 1400 ◦C 1550 ◦C 1350 ◦C 1600 ◦C 1275 ◦C 1600 ◦C
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crystallizes in the space group P-3 [40]. Moreover, it is also frequently 
observed that tantalum and niobium show different behaviour within 
the same structure type—for example, in Ruddlesden-Popper phases 
(Sr2Nb2O7 crystallizes in the orthorhombic space group Cmc21 [41], 
while Sr2Ta2O7 crystallizes in the orthorhombic space group Cmcm [2]) 
or, as in our case here, in perovskites (KNbO3 has an orthorhombic cell 
with space group Amm2, whereas KTaO3 has a cubic cell with space 
group Pm-3m [42]). Even if it is not clear in the literature, one may 
suggest that such a specific behaviour is due to the combination of 
polarizability of lanthanum ions and the non-reducibility of tantalum 
ions Ta5+ which prevents any local electronic defects that could favour a 
certain flexibility of the structural skeleton.The results from Rietveld 
refinements of the X-ray data for all compounds (structural parameters, 

R-reliability factors) are presented in Table 2 and the Rietveld plots are 
in S1 to S4.

The unit cell volume decreases with the due to the decreasing ionic 
radius of the rare earth (from 1.36 Å to 1.20 Å for La3+ and Gd3+, 
respectively) in the perovskite structure. Since B cations are of similar 
size (rTa = rNb = 0.64 Å), the cell volume of tantalates is similar to the 
ones of their niobates counterparts. The orthorhombic symmetry 
observed in these materials is somewhat unexpected when considering 
the Goldschmidt tolerance factor t (with t=(rLn + rO)/(√2(rB + rO), 
where rLn, rB and rO are the ionic radii of the rare earth, the B cation and 
the atom of oxygen, respectively) even if the evolution of this factor is 
consistent with the evolution of ionic radius of lanthanide. Indeed, even 
if we note a logical decrease of the t values with the ionic radius of the 
lanthanide (for rLa = 1.36 Å, t = 0.97 and rGd = 1.20 Å, t = 0.91) all of 
these values remain in the domain between 0.9 and 1 which should 
correspond to the undistorted cubic cell, whereas an orthorhombic 
(tetragonal) distortion are consistent with smaller (larger) t values. 
Nevertheless, X-ray diffraction refinements unambiguously show that 
these materials are not monophasic cubic samples. In the Cmmm space 
group the perovskite A site is split over two crystallographic sites 4g 
(≈0.25 0 0) and 4h (≈0.25 0 ½). Refinement of the site occupancies 
leads to one site totally empty (4h) and the 4g one occupied with a two- 
thirds occupancy. This confirms the results obtained by Kepaptsoglou 
et al. [37] for La0.33NbO3. For these perovskites, the loss of symmetry 
(from cubic to orthorhombic) results from the A-site ordering, and then 
the doubling of the a and b cell parameters is due to the antiphase tilting 
of the TaO6 or NbO6 octahedra along the c-axis, as shown in Fig. 3. This 
structural evolution is consistent with the symmetry groups relationship 
model proposed by Howard (Pm 3 m → P4/mmm → Cmmm) [43].

The rotation pattern of these octahedra is noted a− b0 c0 [35]. The 
value of these octahedra (TaO6 or NbO6) tilt angle increases when the 
atomic radius of the rare earth decreases (from ≈4◦ for La1/3NbO3 
-consistently with Ref. [38]- to ≈ 7◦ for Nd1/3NbO3 and from 0◦ for 
La0.33TaO3 to ≈ 7◦ for Gd0.33TaO3). The cuboctahedral cages are heavily 
distorted in all these perovskite structures. To evidence the distortion of 
these cuboctahedra, the lengths of the smallest and largest diagonals of 
rhombus faces are reported in Table 3 with the minimal and maximal 

Fig. 1. Refined X-ray diffraction diagram confirming the P4/mmm space group and corresponding structure projection of La0.33TaO3.

Fig. 2. Representation of the cuboctahedra with the edges around the 
lanthanum atom. The distortion of the cuboctahedra changes the energy barrier 
to be overcome for the migration of a lanthanide ion between nearest- 
neighbor sites.

Table 2 
Results of the Rietveld refinements for all the tantalates and niobates.

La1/3TaO3 La1/3NbO3 Nd1/3TaO3 Nd1/3NbO3 Pr1/3TaO3 Pr1/3NbO3 Gd1/3TaO3 Ce1/3NbO3 Ce1/3TaO3

Space group P4/m m m C m m m C m m m C m m m C m m m C m m m C m m m C m m m C m m m
Z 2 8 8 8 8 8 8 8 8
a (Å) 3.91599(1) 7.83176(4) 7.81024(3) 7.81159(5) 7.81510(4) 7.8168(5) 7.72918(5) 7.82217(4) 7.82318(3)
b (Å) 3.91599(1) 7.81265(4) 7.76268(3) 7.75966(4) 7.77704(4) 7.77002(5) 7.73533(5) 7.78352(4) 7.80166(3)
c (Å) 7.90892(3) 7.90527(4) 7.82487(3) 7.83385(5) 7.84502(4) 7.84706(6) 7.78542(4) 7.86936(5) 7.87479(3)
Volume (Å3) 121.283(5) 483.697(5) 474.410(4) 474.852(6) 476.808(5) 476.607(6) 465.473(5) 479.118(5) 480.629(4)
V/Z (Å3) 60.641(3) 60.462(3) 59.301(2) 59.356(3) 59.601(3) 59.576(3) 58.184(2) 59.890(3) 60.078(2)
RBragg(%) 2.31 4.69 2.19 5.25 3.73 5.65 4.23 4.42 2.35
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distances Ln-O.
For most of the compositions we observe highly distorted rhombus 

faces with a large difference between the small and large diagonals. 
Knowing that these rhombus faces represent the bottleneck through 
which lanthanides may jump, we can suppose that thermal agitation 
allows a flexibility of this face, arranging a pathway for cations. From 
this hypothesis, it is important to note that Gd1/3TaO3 is the only 

compound to present a rhombus face with two small diagonals that will 
prevent any atom from going through, even supposing thermal agitation 
and flexibility. From this result, we expect a lower mobility of Gd3+ in 
perovskite in comparison with other lanthanides.

Electron Microscopy. Two samples (La1/3TaO3 and La1/3NbO3) were 
characterized by the SAED method in TEM to confirm the X-ray 
diffraction results. For La1/3TaO3, a STEM-EDX and a complete micro
structural analysis were also performed with a framework reconstruc
tion in the reciprocal space. The X map are shown in Supporting 
Information (Fig. S5) and the results of the reconstruction are presented 
in Fig. 4, the indexation of each image can be found in Figs. S6–S8. The 
STEM-EDX analysis shows a homogeneous chemical composition for all 
grains and the expected stoichiometric ratios of the 2 cations (La/Ta 
(experimental) = 0.32; La/Ta(stoichiometric) = 0.33). On the recon
struction (Fig. 4) the zone axis of the main picture is [001]. For this 
compound (La1/3TaO3), all the reflections are indexed with the extinc
tion symbol P - - - which is consistent with a tetragonal cell in the space 
group P4/mmm. Furthermore, the parameters obtained in microscopy 
agree with the X-ray diffraction ones (3.93(2) Å against 3.92(1) Å and 
8.05(2) Å against 7.91(3) Å for TEM and X-ray diffraction respectively) 

Fig. 3. Refined X-ray diffraction diagram confirming the Cmmm space group and structure projection along [100] for La0.33NbO3 which confirm the Glazer notation a− b0 c0.

Table 3 
– Characteristic distances and lengths of the rhombus of cuboctahedron illus
trating the distortion of the cuboctahedra cages in Ln1/3BO3.

Formula Ln-Omin (Å) Ln-Omax (Å) Lmin(Å) Lmax(Å)

La1/3TaO3 2.732(2) 2.769(2) 3.916(2) 4.100(2)
La1/3NbO3 2.575(6) 2.980(6) 3.425(6) 4.553(6)
Pr1/3TaO3 2.490(7) 3.043(7) 3.165(7) 4.723(7)
Pr1/3NbO3 2.537(6) 2.950(7) 3.311(7) 4.458(7)
Nd1/3TaO3 2.507(6) 3.013(7) 3.150(7) 4.513(7)
Nd1/3NbO3 2.476(5) 3.047(6) 3.140(6) 4.592(6)
Gd1/3TaO3 2.42(2) 3.025(9) 2.944(1) 3.100(1)

Fig. 4. Reconstruction of the La0.33TaO3 perovskite cell around the [001] axis in the reciprocal space which is consistent with the space group P4/mmm.
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and the literature [25].
Furthermore, a high-resolution microstructural (HRTEM) study was 

undertaken on this compound to highlight the A-site vacancy distribu
tion. The results, obtained with the zone axis [1 1 0], are shown in Fig. 5. 
The Fourier transform, as well as the image, indicates well-defined and 
crystallized grains. Its indexation is consistent with the space group P4/ 
mmm (Fig. 5a). In Fig. 5a, the [110] atomic plane is clearly defined and 
aligned along the c-axis. The atomic arrangement is consistent with the 
representation of the structure projection perpendicular to the zone axis 
[1 1 0] (Fig. 5b) with tantalum atoms aligned along the c-axis. The 
variation of profile line along the chosen atom row (red color line on 
Fig. 5a) is shown in Fig. 5c. The periodicity is respected and the 
experimental distance between two atoms (dTa-Ta) is about 3.7 Å. This 
distance corresponds to the distances between two tantalum atoms 
within the structure (3.9 Å, as determined by XRD). In our case, we 
observe some non-periodic variations of the intensity maxima. This 
variation corresponds to a variation of atomic density (as only Ta atoms 
occupy this column), which can only be explained by the absence or 
presence of lanthanum near the tantalum environment. Therefore, the 
distribution of lanthanum among the 1c site of the tetragonal cell (P4/ 
mmm) is random.

The same study was performed for the La1/3NbO3 perovskite. The 
STEM EDX analysis showed a homogeneous distribution and the ex
pected stoichiometric proportions of the two cations (La/Nb(experi
mental) = 0.32; La/Nb(stoichiometric) = 0.33; the X map are presented 
in Fig. S9). The picture in Fig. 6 shows an oriented base plane. Its zone 
axis appears to be [010]. Indeed, this indexation with the software 
CrysTbox [44], using the space group Cmmm, gives a higher rating and 
minimum total angular distance for this zone axis ([010]) than with 
other base planes. All the spots are indexed, confirming the ortho
rhombic rather than tetragonal symmetry of La1/3NbO3, confirming the 
results of Ref. [37]. The cell parameters are also consistent with the ones 
obtained by X-ray diffraction (a = 7.96(2) Å against 7.83(4) Å and c =
8.04(1) Å against 7.90(3) Å).

This picture confirmed the systematic extinction symbol C — with h 
+ l = 2n for reflections h0l, h = 2n for h00, and l = 2n for 00l. These 
observations for the compound La1/3NbO3 are consistent with all the 

ones made on Nd1/3NbO3 [45], corroborating the orthorhombic super
structure and definitively discarding tetragonal superstructure [26].

The high-resolution images obtained on this phase are summarized 
in Fig. 7. In Fig. 7a, the image and the Fourier transform exhibit very 
sharp spots underlying the high crystallinity and the right orientation of 
the grain. The indexation of the Fourier transform is consistent with the 
Cmmm space group and the zone axis for this picture is [001]. The 
corresponding representation of the structure is shown in Fig. 7b. Fig. 7c 
shows the variation of the profile line along the chosen atom row (light- 

Fig. 5. High resolution TEM (HRTEM) picture for the compound La0.33TaO3 evidencing the randomly distribution of lanthanum atoms among the 1c site (a); 
representation of the crystal structure (b); FFT with the orientation of the crystal and HRTEM picture showing the intensity evolution for an atom row (defined by red 
rectangle in figure a) indicative of a random distribution of lanthanum atoms on the 1c site of the unit cell (c). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Oriented picture with zone axis [001] for the compound La1/3NbO3 
confirming the orthorhombic symmetry determined by X-ray diffraction.
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colored dotted line in Fig. 7a). The periodicity between two consecutive 
intensity maxima corresponds to the cation-cation distance of 3.8 Å (d 
Nb-Nb), consistent with the distance measured by XRD (around 3.9 Å). An 
HRTEM simulation of this compound along the [001] zone axis was 
performed (in Fig. S10). The simulated image is consistent with the 
experimental results, supporting and validating the previous observa
tions. As for La1/3TaO3, the maximum intensity values exhibit non- 
periodic variations, leading to the same conclusion as for the previ
ously discussed perovskite: the lanthanum atoms are randomly distrib
uted among the 4g site of the orthorhombic cell (Cmmm).

3.2. Microstructure

A microstructural analysis by scanning electron microscopy (SEM) 
confirmed that the ceramics are well-sintered (see Fig. 8 for examples on 
cerium/praseodymium tantalates and niobates). This is consistent with 
relative densities greater than 90 % obtained in each case. The relative 
densities have been determined by calculating density ratios, the theo
retical density was calculated using: ρtheo = Z*M/(N*V) where Z is the 
number of compound by cell, M is the molar mass (g/mol) of the com
pound, N is Avogadro’s number (mol− 1) and V is the unit cell volume 

Fig. 7. Picture in high resolution in TEM (HRTEM) for the compound La0.33NbO3 evidencing the randomly distribution of lanthanum atoms among the 4g site (a); 
representation of the structure in this crystal (b); FFT with the orientation of the crystal and the picture in HRTEM and evolution of the intensity for an atom row (in 
red in figure a) (c). This shows the randomly distribution of lanthanum atoms among the 4g site. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 8. SEM images confirming the well-sintered nature of the Ce0.33NbO3 (a), Ce0.33TaO3 (b), Pr0.33NbO3 (c) and Pr0.33TaO3 (d) ceramics.
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(cm3). The experimental density was calculated using the formula ρexp 
= m/(t*r2*π) where m is the mass of the pellet (g), t is the thickness of 
the pellet (cm) and r is the radius of the pellet (cm). Then the relative 
density (or compacity) of the pellet is: τ (%) = 100*ρexp/ρtheo.

The grain sizes are all micrometric and appear logical, considering 
the synthesis and sintering temperatures. For nearly every composition 
the grain size distribution is homogeneous, and niobates present a larger 
grain size than tantalates (for example, in Fig. 8, around 14 μm and 10 
μm for respectively Pr1/3NbO3 and Ce1/3NbO3 against 7 μm and 5 μm for 
Pr1/3TaO3 and Ce1/3TaO3). There are also differences in grain mor
phologies, indicative of a better sintering process in niobates (with 
welding and matter diffusion in grain boundaries and then grain growth) 
than in tantalates, where only good welding is present. Furthermore, an 
elemental analysis was carried out on each of these ceramics (S11 to 
S19), enabling us to verify that nominal and theoretical compositions 
match. For samples containing niobium, EDS elemental analysis shows 
slight surface inhomogeneity on the pellets, attributed to the presence of 
few rare-earth oxides. For example, the presence of Nd-rich grains 
observed in the EDS of Fig. S18 (corresponding to the Nd1/3NbO3 

compound) can be explained by residual Nd2O3 impurities, which were 
also confirmed by the Rietveld refinement of the XRD data (see Fig. S3). 
The presence of this starting oxide indicates that the compound did not 
fully react in stoichiometric proportions with niobium oxide and was 
therefore present in a slight excess.

For the samples containing tantalum all the pellets are homogeneous.

3.3. Electrical properties

Impedance Spectroscopy. The impedance spectra of La1/3NbO3 ce
ramics measured at different temperatures are presented in Fig. 9. In all 
our graphs, we present electrical parameters which are normalized to 
the sample geometry; namely, we use specific complex resistivity (ρ̃ =

ρ́ − iρʹ́ ) in [Ω•m] units and conductivity σ in [S/m] units. The imped
ance spectrum measured at 300 K exhibits mainly one semicircle, fol
lowed by an increase in the imaginary impedance part at the lowest 
frequencies. Such a spectrum can be modelled with a simple equivalent 
circuit, as shown in Fig. 9 (d). The circuit consists of a resistance Rb and a 
constant phase element CPEb in parallel, (which are associated with the 

Fig. 9. Complex plain plots of La0.33NbO3 ceramics’ impedance measured at 300 K (a), 400 K (b) and 600 K (c) evidencing ionic conductivity. Equivalent circuit (d) 
was used to fit experimental data. Note the frequency, even though not indicated, increases from the right to the left.
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charge carriers’ relaxation in the bulk of ceramics), and a constant phase 
element CPEe, which is associated with the capacitive behaviour of the 
ceramics and Pt electrode interface. The impedance of a CPE is ZCPE =

1
(iω)αQ, where ω = 2πf is the angular frequency, Q is the so-called pseu
docapacitance and α is a constant related to the phase. The Q, α, and R 
values were found from equivalent circuit fitting, and the true capaci

tances were calculated as C = R
1− α

α ⋅Q
1
α. The obtained capacitance values 

are typical for the bulk of ceramics (Cb is in the range of 10− 9 F/m) and 
solid electrolyte–metal electrode interface (Ce ≅ 10− 5 F/m). At higher 
temperatures, the diameter of the semicircle (and the values of Rb) de
creases. At the same time, the relaxation frequency shifts out of the 
measurement range, so only a small part of the semicircle is observed at 
600 K. The lower-frequency-range capacitive part dominates the spec
trum at the highest temperatures. The imaginary part of the resistivity 
increases to infinity with the decrease in frequency. Hence, the elec
trodes did not show any resistive behaviour. This observation provides 
insights about the charge carriers in these perovskites: firstly, the con
ductivity should be predominantly ionic, and if there were partial 
electronic or hole contribution to the conductivity, the imaginary part of 
impedance should become 0 at the lowest frequencies. Secondly, the 
oxygen ions are immobile as the electrode part of the impedance spec
trum shows a totally ion-blocking character. Typically, in oxygen ion 
conductors, the spectrum part associated with the electrode shows one 
or several semicircles [46,47].

Very similar impedance spectra were obtained for the investigated 
ceramics with La, Nd, and Pr. Some more examples are shown in Fig. S20
(a – Nd1/3NbO3, b – Nd1/3TaO3, c– Pr1/3NbO3, d– Pr1/3TaO3). In all 
cases, the spectra consist of one semicircle, attributed to the bulk 
relaxation of charge carriers in ceramics, and one “spike,” which rep
resents the capacitive behaviour of the ceramic-metal electrode 
interface.

The absence of the second semicircle, usually observed in the spectra 
of ceramics and associated with ion transport across grain boundaries, is 
somewhat surprising. The rather inexpressive second semicircle can be 
seen for La1/3TaO3 ceramics (Figure S21 a). The equivalent circuit fitting 
showed that this semicircle could be due to grain boundary contribution 
(C2 = 7•10− 8 F/m, Figure S21 b). However, the four-electrode mea
surement clearly shows only one relaxation (Figure S21 c). Thus, as the 
measurement by the four-electrode method neglects all the processes 
taking place in the vicinity of the electrode, the above-mentioned second 
semicircle appears because of the relaxation process at the electrode- 
ceramic interfaces. Then, the fact that grain boundaries do not play 
any role in the ion mobility results from the excellent microstructure of 
the ceramics. Hence, the ions do not encounter any resistance when 
moving from one grain to another.

Measurements were performed under dry air, with an initial heating 
step followed by cooling, to ensure that no residual humidity remained. 
Besides, the measured spectra do not change whether they were ob
tained during the heating or cooling stages. This shows that the poten
tially remaining air humidity does not affect the electrical properties of 
the ceramics. Thus, a protonic contribution to the conductivity is very 
unlikely.

The impedance spectra of the perovskites with cerium and gadolin
ium differ from those described above. The spectra of Ce1/3NbO3, Ce1/ 

3TaO3, and Gd1/3TaO3 ceramics at selected temperatures are presented 
in Fig. 10 and Fig. S22. The capacity of the second process (the one at 
lower frequency) in the sample Ce1/3NbO3 is 4 × 10− 7 F/m. The first 
obvious feature is the absence of a capacitive-type part in the lower 
frequency range, which suggests that the electronic conductivity is sig
nificant in these materials.

Therefore, an extra resistance element Re is added in parallel to the 
equivalent circuit (see Fig. 10 b) in addition to the mobile ion contri
bution. In this model, Re is the ceramics’ electronic conductivity coun
terpart. Besides, its values are very close to the total conductivity. In this 
case, the ionic conductivity contribution cannot be seen directly from 
the impedance complex plane plots, and it can only be calculated from 
fitting parameters.

The conductivity values of the ceramics were calculated from the 
equivalent circuit fitting results: σbulk,e = 1

Rb,e
.

The temperature evolution of the bulk conductivity is presented in 
Fig. 11. By keeping the same cation on the perovskite B site, among pure 
ion conductors, it is observed that the ionic radius of the rare-earth 
element influences the conductivity values of all the ceramics: the 
larger the lanthanide ionic radius, the higher the ceramic’s conductivity 
(with the exception of the cerium-containing composition, which also 
exhibits electronic conductivity). This trend can be explained by the 
distortions of the octahedra characteristic of perovskite structures. 
Indeed, as mentioned in the first part of this article, a larger rare-earth 
ionic radius leads to reduced lattice distortion, thereby facilitating the 
movement of charge carriers within the structure. This observation is 
consistent with results reported for fluorite-type CeO2 compositions 
doped with rare-earth elements, where the least distorted ceramics also 
showed the highest conductivity [48]. In our case lanthanum-containing 
perovskites are the most conductive, neodymium and praseodymium 
tantalates are almost identical in terms of conductivity, and neodymium 
niobate is much more conductive than praseodymium niobate. The 
conductivity does not strictly follow Arrhenius law (σbulk⋅T =

σ0 exp − ΔE
kBT ) over the whole temperature range. A change of slope re

quires the activation energies of bulk conductivity to be determined over 
two temperature ranges: 300–600 K and 600–800 K.

The ionic and electronic components of the conductivities of mixed 

Fig. 10. Impedance spectra of Ce0.33NbO3 measured at 300 K (a); equivalent circuit, which models both ionic and electronic conductivities (b).
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electronic-ionic conductors Ce1/3NbO3 and Ce1/3TaO3 are of compara
ble magnitudes, the ionic conductivity being slightly lower than the 
electronic one. Comparing the ionic conductivities of niobate perov
skites, La1/3NbO3 and Ce1/3NbO3 have similar values at 300 K, when 
Nd1/3NbO3 is less conductive, while at higher temperatures (>500 K) 
La1/3NbO3 and Nd1/3NbO3 are better ionic conductors than Ce1/3NbO3. 
Among the tantalates, Ce1/3TaO3 shows the highest ionic conductivity. 
The charge carriers of Gd1/3TaO3 remain uncertain because of its low 
overall conductivity, the lowest among all the investigated perovskites, 
which may explain the absence of the electrode polarization phenome
non. Furthermore, Gd1/3TaO3 exhibits a strongly distorted local envi
ronment for Gd3+ cations with a very narrow bottleneck for ions to go 
through. This will be related to a higher activation energy and lowers 
conductivity values.

The dependence of the conductivities on the B-site ion for the same 
A-cation is shown in Fig. S23. In all cases, the niobates have higher 

conductivities than tantalates. The difference is quite prominent (about 
two orders of magnitude) except for Pr-containing perovskites, but for 
the latter the conductivity values are low. This difference in conductivity 
between tantalates and niobates could be explained first by the better 
sintering process (resulting in a better microstructure) and then by the 
mixed valence of niobium. Indeed, this atom can easily be reduced by 
switching from Nb5+ to Nb4+, thus providing an electronic contribution 
to the observed conductivity values. Therefore, there could be local 
electronic exchanges within the structure.

The activation energies values presented in Table 4 show that the B- 
cation determines the barrier height for the ionic jumps. The conduc
tivity activation energies of niobates are by ~0.1 eV lower than for 
tantalates, consistently with their higher conductivities.

The activation energies decrease at elevated temperatures for all 
pure-ion-conducting perovskites (La1/3NbO3, La1/3TaO3, Nd1/3NbO3, 
Nd1/3TaO3, Pr1/3NbO3, Pr1/3TaO3 and Gd1/3TaO3). The difference is the 

Fig. 11. Arrhenius conductivity plots of pure ion conducting perovskites with Nb (a); Ta (b); and mixed electronic-ionic conductors (c) showing the different thermal 
behaviour of ionic and electronic conductivities.
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largest for the most conductive samples (lanthanum-based). This is not 
really surprising as among lanthanides, lanthanum compounds often 
provide the best conductance [22,23]. For the mixed ionic-electronic 
conductors Ce1/3NbO3 and Ce1/3TaO3, even though the ionic contribu
tion could not be extracted from the impedance spectra at higher tem
peratures (>600 K), the total conductivity activation energy does not 
exhibit significant changes.

The activation energy values suggest a hypothesis concerning the 
mobile carriers. In electrolytes, an activation energy value of around 0.5 
eV is consistent with bulk cationic mobile carriers (like the rare earth). 
So, large ions, namely La3+, Pr3+, and Nd3+, are the charge carriers in 
these very defective perovskites. This hypothesis is consistent with 
previous electrical studies on these compounds [29,31], highlighting the 
existence of cationic conduction by a voluminous mobile carrier (La3+) 
in the Ln0.33NbO3 perovskites with an activation energy (0.37 eV) close 
to the one obtained here (around 0.4 eV). Nevertheless, all the ionic 
conductivity values obtained with our niobates and tantalates are very 
low (<10− 5 S m− 1 at 300 K).

Having large mobile ions responding to an electric field while 
remaining rather insulating, these materials may exhibit interesting 
electromechanical (electrostrictive) response. In addition, the large 
portion of unoccupied crystallographic sites is akin to the oxygen va
cancies that are held as key ingredients for the electrostrictive properties 

of doped ceria [49–51].
Electrostriction properties. The maximum applied electric field for all 

pellets is 3 MV/m (except Gd1/3TaO3 where it’s 5 MV/m) and the 
thickness is around 1.5 mm for each sample. The results of polarization 
and strain measurements carried out under high electric field ampli
tudes are presented in Fig. 12 for the niobates and in Fig. 13 for the 
tantalates. The electrostrictive properties depend on the rare-earth. The 
relative permittivities extracted from these experiments are consistent 
with impedance spectroscopy (i.e., under low electric field amplitude) 
results, confirming the independence of the permittivity on the ampli
tude of the electric field and the linear dielectric nature of the samples. 
The ions occupying the B-site of the perovskite structure have a larger 
influence on the electrical behaviour than those occupying the A-site. 
Indeed, the relative permittivity (under an electric field of 3 MV/m and 
at 100 Hz) of Ln1/3TaO3 ranges from 52 to 62, whereas it ranges from 
140 to 160 for Ln1/3NbO3.

The electrostrictive coefficients of Ln1/3NbO3 samples are below the 
detection limit of the setup (M = 5 × 10− 20 m2/V2 and Q = 0.03 m4/C2 

with samples around 1 mm thick under an electric field of 3 MV/m). 
Nevertheless, when gadolinium is present in the structure, a small strain 
is detected, with field- and polarization-electrostrictive coefficients of 
M33 = 2 × 10− 19 m2/V2 and Q33 = 0.7 m4/C2 respectively. However, 
these values remain very low compared to those measured for the best 

Table 4 
Activation energies of conductivity for the investigated perovskites.

Ea1, (eV) 
300–600 K

Ea2, (eV) 
600–800 K

Ea1, (eV) 
300–600 K

Ea2, (eV) 
600–800 K

La1/3NbO3 0.41 0.34 La1/3TaO3 0.58 0.42
Nd1/3NbO3 0.51 0.46 Nd1/3TaO3 0.62 0.56
Pr1/3NbO3 0.49 0.44 Pr1/3TaO3 0.61 0.51
Ce1/3NbO3 (ionic) 0.38 – Ce1/3TaO3 (ionic) 0.44 –
Ce1/3NbO3 (electronic/total) 0.40 Ce1/3TaO3 (electronic/total) 0.42
​ ​ ​ Gd1/3TaO3 (total)< – 0.82

Fig. 12. Electrostriction measurement for the perovskites Ln0.33NbO3 (La0.33NbO3 (a); Pr0.33NbO3 (b); Ndr0.33NbO3 (c) and Ce0.33NbO3 (d).
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inorganic electrostrictive materials. For instance, M is approximately 
10− 18 m2/V2 for rare-earth doped CeO2 ceramics [52,53], and can reach 
10− 17 m2/V2 for other fluorite-type compounds such as Bi7N
b0.4Y1.6O13.9 [54]. This difference is also reflected in the strain values of 
these ceramics: in our case, the measured strain is around 0.0005 % 
under an electric field of 5 MV/m (x = M × E2 [55]), whereas the strain 
can reach up to 0.005 % for Gd-doped LAMOX compounds (a family of 
materials based on La2Mo2O9 [56]) under a similar electric field [57]. 
For the compound Gd1/3TaO3, these values are typical of “normal” 
rather than “giant” electrostrictors as the expected values are around 7×
10− 20 m2/V2 for M and around 0.1 m4/C2 for Q (these coefficients were 
calculated from Ref. [58] and ref. [55] with a Youngs’ modulus E = 179 
GPa [59]). These “normal” values highlight that an incomplete cationic 
sublattice (with a high number of vacancies) is not a structural feature 
required for the onset of “giant” electrostriction. On the contrary, if 
there is a common underlying mechanism behind this phenomenon, the 
presence of an excessive number of crystallographic vacancies — as 
found in compounds of the Ln1/3BO3 type — significantly hinders this 
electromechanical deformation mechanism. The fact that only the 
perovskite containing gadolinium presents a measurable electrostrictive 

response is intriguing. Interestingly, Gd-doped ceria also demonstrates 
the highest electrostrictive response among doped-ceria systems [51], 
and Gd-containing LAMOX compounds exhibit similar enhancements 
[57,60]. As mentioned before, the strong distortion of the cuboctahe
dron may have an important effect on Gd3+ mobility. The electro
strictive measurement confirms the hypothesis that the narrow 
squared-face bottleneck prevents Gd3+ from jumping to another site. 
The confinement of its movement within its own cage may be respon
sible for its electrostrictive properties. The generality of this hypothesis 
would require the local environment of Gd in ceria and LAMOX com
pounds to be studied in more detail.

4. Conclusion

Two families of tantalates and niobates perovskites were synthesized 
with different rare earth on the A site. The structural studies conducted 
via X-ray diffraction showed that all these perovskites crystallize in an 
orthorhombic cell (with the space group Cmmm) except for La1/3TaO3 
which crystallizes in a tetragonal cell (with the space group P4/mmm). 
The application of network reconstruction in reciprocal space using TEM 

Fig. 13. Electrostriction measurement for the perovskites Ln0.33TaO3 (La0.33TaO3 (a); Pr0.33TaO3 (b); Ndr0.33TaO3 (c); Ce0.33TaO3 (d) and Gd0.33TaO3 (e).
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resolved the discrepancy between the previously proposed space groups. 
Rietveld refinements of X-ray diagrams indicated that only half of the 
available cuboctahedron sites host rare earth cations, with only half a 
crystallographic site occupied. Furthermore, based on the formula and 
the refinement results, it was determined that only two-thirds of this site 
is occupied. HRTEM analysis showed that rare earths are randomly 
distributed on this site, with no evidence of pseudo-periodicity. The 
specific study of the lanthanide environments highlighted the unique 
characteristics of Gd1/3TaO3, which exhibits a strong distortion of the 
cuboctahedron. The first comparative study using complex impedance 
spectroscopy between tantalates and niobates revealed that niobates 
generally have conductivities two orders of magnitude higher than 
tantalates. This behaviour can be attributed to the microstructure and 
local electronic exchange on the niobium site. Additionally, the first 
electrostriction measurements conducted on these perovskites demon
strated that the presence of a high number of vacancies on the cationic 
site is not a necessary condition for the onset of giant electrostriction. 
Only the Gd-containing tantalate exhibited a measurable electrostrictive 
strain due to the confinement of the Gd ion in its cuboctahedral cage. 
The unique behaviour of Gd in our samples is reminiscent of the superior 
giant electrostriction present in Gd-doped ceria and Gd-LAMOX. Thus, 
we can confirm that the presence of gadolinium in a structure enhances 
the electromechanical properties of the ceramics. Finally, the “normal” 
electrostrictive response of Gd1/3TaO3 suggests that in such structures, 
any long-range mobility may be prevented by the local environment.
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