
A

T
L
t
3
t
N
t
©

K

1

(
i
e
P
e
a
w
e
(
p
w
e
o
r
c
r
L
t

0
d

Journal of the European Ceramic Society 27 (2007) 3971–3976

Structure and dielectric properties of Ln3NbO7

(Ln = Nd, Gd, Dy, Er, Yb and Y)

Lu Cai, Juan C. Nino ∗
Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611, United States

Available online 29 March 2007

bstract

he structure and dielectric properties of Ln3NbO7 (Ln = Nd, Gd, Dy, Er, Yb and Y) ceramics are investigated. With decreasing ionic radius of
n3+, the stable crystal structure of the compounds shifts from orthorhombic weberite to defect fluorite. It is experimentally observed that, with

he exception of Gd3NbO7, the room temperature real part of the relative permittivity of Ln3NbO7 ceramics decreases from approximately 40 to
0 (at 1 MHz) with increasing ionic radius of Ln3+. The observed imaginary part of the relative permittivity is in order of 10−2 to 10−1 (room

emperature and 1 MHz) and it is relatively stable up to 80 ◦C, where it increases with a rise in temperature. Interesting exceptions of these trends are
d3NbO7 that crystallizes with a weberite-type structure and shows large positive temperature variation of the dielectric properties, and Gd3NbO7

hat crystallized in a weberite related structure and displays frequency and temperature dependent dielectric relaxation behavior.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Oxide pyrochlore compounds with A2B2O7 stoichiometry
where A and B are metals or transition metals) exhibit interest-
ng dielectric properties with intermediate dielectric constants
specially in niobates, tantalates and titanates (εr ∼ 30–100).1

revious theoretical and experimental investigations aimed at
xpanding the family of pyrochlore dielectrics have predicted
nd demonstrated the existence of Ln2(B′,B′′)2O7 compounds,
here B′′ include Nb and Ta.2 Of great crystallochemical inter-

st is the possibility of forming (Ln1)2(Ln2,Nb)O7 compounds
where Ln = lanthanide) with the pyrochlore crystal structure. In
articular, to date reports on the crystal structure of compounds
ithin the Ln3NbO7 series (Ln1 = Ln2) are contradictory. For

xample, Sm3NbO7 and Gd3NbO7 have been reported as
rthorhombic with a weberite-type structure, while others have
eported the compounds as pyrochlores.3–8 In other cases, a
ubic defect fluorite-type or pyrochlore-type structure has been

eported for Ln3NbO7 compounds, in which the ionic radius of
n3+ cation was equal to or less than that of Dy3+.3–6,8 In addi-

ion, based on electron diffraction investigations, it has been
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roposed that microdomains of an undermined fluorite-related
uperstructure exist within these compounds.5 From Raman
pectroscopy studies, Kovyazina et al.9 proposed Y3NbO7 as
“domain pyrochlore” structure, in which the oxygen vacan-

ies are ordered in the same way as in a pyrochlore structure but
nly at a local (domain) level. This local order was also proposed
s an explanation of the non-ideal pyrochlore X-ray diffraction
XRD) profile observed.9 Finally, an orthorhombic weberite-
ype structure with space group Cmcm has been reported for
n3NbO7 (Ln = La3+, Pr3+ and Nd3+).3–8,10

Some insight on this discrepancy regarding the crystal
tructure reported for these compounds can be obtained by con-
rasting the different crystal structures proposed. Weberites and
yrochlores, expressed as A2B2O7, can be seen as anion defi-
ient superstructure derivatives of the fluorite structure (MO2).
he reduction in the number of anions leads to a decrease in

he coordination number of B cations (VI coordination) with
espect to the A cations (VIII coordination) and introduces vari-
tion in the cation valence to keep the compound neutral.11 In the
eberite structure there are equal number of VI and VIII coor-
inated cations in an ordered BO6–AO8 layer arrangement. By

ontrast, even though the Ln3NbO7 compounds tend to crys-
allize in an arrangement of NbO6–LnO8 layers (much like
eberites), a different cation configuration between the layers

eads VII coordination (Fig. 1). As such, pyrochlores can be seen

mailto:jnino@mse.ufl.edu
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.077
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contrast, all of the peaks can be correctly indexed on the basis
of the Gd3TaO7 compound (JCPDS 38-1409), which accord-
ing to Yokogawa et al.16 is a weberite-type structure with space
group C2221. The theoretical XRD profile using Pseudo-Voigt
ig. 1. Weberite-type structure of Ln3NbO7 (based on atomic positions after
osell4). The circles show VII coordinated Ln3+. The grey polyhedron show
nO8 cubes and the white ones indicate NbO6 octahedra.

s an intermediate between fluorite and weberite structures.11

urther, since rare earth elements show a nearly linear relation-
hip between the ionic radius and polarizability,12,13 the series
f Ln3NbO7 compounds provides an interesting stage for study-
ng the structure–dielectric properties relationships, as well as
orrelations among ionic radii, ion polarizability within fluorite-
elated structures.

It is important to note, that the dielectric properties of some
ompounds within the Ln3NbO7 series were previously inves-
igated by Chinchol14 on the xSm3NbO7 + (1 − x)La3NbO7
ystem and by Astafyev et al.15 on the Ln3NbO7 (Ln = Sm–Gd)
ystem; both studies limited to 1 kHz. However, to explore the
undamental structure–dielectric properties relationships, in the
resent work, research was conducted on the dielectric proper-
ies of Ln3NbO7 (Ln = Nd, Gd, Dy, Er, Yb and Y) over a broad
ange of frequency and temperature.

. Experimental procedure

Polycrystalline specimens were prepared by conventional
olid-state processing. The starting materials were Dy2O3
Alfa, 99.99%), Er2O3 (Alfa, 99.99%), Nd2O3 (Alfa, 99.9%),

2O3 (ACROS, 99.99%), Yb2O3 (Alfa, 99.9%) and Nb2O5
Alfa, 99.9985%). Molar ratios of 3:1 Ln2O3 and Nb2O5 were
ombined with 70 ml deionized water and 2 ml ammonium poly-
crylate dispersant (Darvan 821 A). The slurry was ball-milled
or 24 h, subsequently dried in the oven at 120 ◦C for 16 h, then

round and sieved through a 212 �m mesh. The powder was then
laced in an alumina crucible and calcined at 1300–1400 ◦C
or 6–8 h. X-ray diffraction was performed to confirm phase
ormation using Cu K� radiation at room temperature.
eramic Society 27 (2007) 3971–3976

After calcination, 1–3 wt.% of PVA binder (Celvol 103)
as added to assist in pellet formation. Pellets were uniaxi-

lly pressed, at 150 MPa, into cylindrical pellets, 13 or 7 mm
n diameter and approximately 1.5 mm thick. Pellets were sin-
ered at 1650 ◦C for 4 h following a binder burn-out step added
t 450 ◦C for 2 h. The density of every pellet was above 92%
f the theoretical density. For dielectric measurements parallel
late capacitors were made by sputtering Au/Pd electrodes on
oth sides of pellets followed by a painted coat of air-dried Ag
aste.

. Results and discussion

.1. Crystal structure

The XRD profile of Nd3NbO7 is shown in Fig. 2. The exper-
mental pattern of Nd3NbO7 is in excellent agreement with the
heoretical XRD pattern based on the atomic positions after
ossell.4 While all the experimentally observed peaks are part
f the Nd3NbO7 crystal structure, only the peaks with relative
ntensities larger than 8% are indexed in Fig. 2, while the less
ntense peaks are indicated by diamond symbols.

The XRD patterns for Gd3NbO7 and Dy3NbO7 are shown
n Fig. 3. At first glance, both spectra match well a cubic fluo-
ite profile. However, the Gd3NbO7 pattern contains more minor
eaks with intensities below 5% of the relative intensity. These
inor peaks have been identified in the past as superlattice lines

ypically associated with pyrochlore structure by Abe et al.8

owever, that claim was not based on detailed XRD analysis.
ased on the Gd3NbO7 XRD profile here collected, some of

he peaks cannot be attributed to the pyrochlore structure. These
eaks are indexed as the planes with mixed odd and even of h, k,
values, and they violate the reflection condition for pyrochlore
n which h, k, l values should be either all odd or all even. By
Fig. 2. Experimental and theoretical XRD of Nd3NbO7
4.
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Table 1
Lattice parameters of Ln3NbO7 (Ln = Nd, Gd, Dy, Er, Yb, Y)

Compound a (Å) b (Å) c (Å)

Nd3NbO7 10.9185a 7.5365 7.6369
Gd3NbO7 10.6309 7.5375 7.5454
Dy3NbO7 5.2701 (5)b

Er3NbO7 5.2318 (7)
Yb3NbO7 5.1944 (10)
Y NbO 5.2534 (6)
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ig. 3. XRD of Gd3NbO7 (both experimental profile and refinement) and
y3NbO7.

eak profile function on the basis of space group C2221 is also
hown in Fig. 3 for comparison. Further proof for this crystal-
ographic assignment has been obtained in the past by Raman
pectroscopy, also pointing to Gd3NbO7 as a weberite related
tructure.9 The peaks with relative intensities larger than 1% are
ndexed and others are indicated by diamond symbols in Fig. 3.

The XRD spectra of Ln3NbO7 (Ln = Er, Yb and Y) are almost
dentical to that of Dy3NbO7. As expected, there is a shift
n 2θ values indicating changes in the lattice parameter. The
RD profiles for these four compounds are all consistent with a

ubic fluorite structure and show no reflections associated with
he pyrochlore structure. However, according to Raman spec-
roscopy analysis by Kovyazina et al.9, Y3NbO7 shows the six
haracteristic active Raman spectroscopy lines (A1g,Eg,4F2g)
or the pyrochlore structure. It is quite possible then that the
ame local ordering is occurring in other Ln3NbO7 (Ln = Dy, Er
nd Yb) compounds. While detailed Raman spectroscopy anal-
sis of these compounds is ongoing and will be matter of future

ublications, these compounds are considered to be ordered
efect fluorites for the purpose of the present investigation. The
attice parameters listed in Table 1 are calculated using refine-

ent routines in Powdercell crystallographic software for the

i
s
t
t

Fig. 4. SEM pictures of Ln3NbO7 pellets sintered at 1
3 7

a The standard limits for deviations are 0.1%.
b Numbers in parentheses are standard deviations.

rthorhombic structures as well as the Nelson–Riley function
or the cubic structures.

.2. Microstructure

The representative microstructures of the Yb3NbO7 and
d3NbO7 pellets sintered at 1650 ◦C for 4 h are presented in
ig. 4. The SEM images of the other Ln3NbO7 (Ln = Nd, Dy,
r, Yb and Y) pellets are nearly the same as Yb3NbO7. Yb3NbO7
as larger average grain size and broader grain size distribution
han that of Gd3NbO7. Limited closed porosity is also observed
t the grain boundaries. As mentioned before, the porosity of all
he synthesized compounds are below 8%.

.3. Dielectric properties

Fig. 5 shows the dielectric properties for Nd3NbO7 as a func-
ion of temperature at different frequencies from1 kHz to 1 MHz.
he real part of permittivity increases from 33 to 62 between
160 ◦C and 200 ◦C. The variation of the real part of permittiv-

ty with frequency is negligible at low temperatures. However,
t higher temperatures (approximately from 80 ◦C), frequency
ispersion in the real part of the relative permittivity occurs,
ccompanied by a sharp increase in the imaginary part of the
elative permittivity at 1 kHz (∼13.6 at 200 ◦C). This behavior

s consistent with the onset of electrical conduction within the
ample. However, before this phenomenon, the large positive
emperature coefficient of the real part of the relative permit-
ivity (1.7 × 103 ppm/◦C between −55 ◦C and 125 ◦C) may be

650 ◦C for 4 h: (a) Yb3NbO7 and (b) Gd3NbO7.
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ig. 5. Real and imaginary parts of the relative permittivity of Nd3NbO7 at
kHz, 4 kHz, 6 kHz, 10 kHz, 30 kHz, 80 kHz, 100 kHz, 300 kHz, 800 kHz and
MHz.

ndicative of a high temperature phase transformation that is
bscured by the conductivity.

The dielectric behavior of Gd3NbO7 as a function of tem-
erature at the frequencies from 1 kHz to 1 MHz is shown in
ig. 6. The real part of permittivity is between 34 and 48, and

he imaginary part of permittivity is on the order of 10−4 to 10−1

t 1 MHz from −160 ◦C to 200 ◦C. It is observed that the dielec-
ric response undergoes a frequency and temperature dependent
ielectric relaxation behavior. Compared to the Nd3NbO7 struc-
ure, the structure of Gd3NbO7 has largely distorted LnO8 cubes
nd NbO6 octahedra.4,17 Therefore, these distortions may be
esponsible for the different dielectric responses of these two
eberite-type structures. The real part of the relative permittivity
f Gd3NbO7 at different frequencies becomes more dispersive
ith rising temperature, increasing sharply from −160 ◦C to

pproximately 50 ◦C where a maximum is reached. At higher

emperatures the real part of the relative permittivity decreases
lightly with increasing temperature. The temperature, at which
he peak of the imaginary part occurs, shifts to higher tempera-
ures with increasing frequency. That being the case, it is unclear

ig. 6. Real and imaginary parts of the relative permittivity of Gd3NbO7 at
kHz, 4 kHz, 6kHz, 10 kHz, 30 kHz, 80 kHz, 100 kHz, 300 kHz, 800 kHz and
MHz.

1
T
a

F
4

ig. 7. Arrhenius plot of temperature at which the maximum loss peak occurs
n Gd3NbO7.

hy there is no clear shift in the maxima of the real part of the
elative permittivity. To better understand the phenomena, the
rrhenius function is used to model the relaxation behavior of
d3NbO7:

= v0 exp

[
− Ea

kBTm

]
(1)

here v is the measuring frequency, the pre-exponential v0
he attempt jump frequency, Ea the activation energy and
B is the Boltzmann’s constant. The resulting Arrhenius plot
s presented in Fig. 7. From the linear fit, v0 = 3.6675 ×
011 Hz, and the activation energy Ea is 0.4518 eV, which
s larger than typical values observed in dielectric glasses
nd relaxor ferroelectrics.18,19 However, other ionic and dipo-
ar compounds systems have even higher activation energies;
or example, 0.53 eV for CaF2 doped NaF and 1.02 eV for
Ba0.8Sr0.2)(Ti1−xZrx)O3.20,21 Thus, the calculated Ea is accept-
ble.
A summary of the dielectric properties between 1 kHz and
MHz from −160 ◦C to 200 ◦C for Dy3NbO7 is shown in Fig. 8.
he real part of the relative permittivity is between 34 and 39,
nd the imaginary part of the relative permittivity is on the order

ig. 8. Real and imaginary part of the relative permittivity of Dy3NbO7 at 1 kHz,
kHz, 6 kHz, 10 kHz, 30 kHz, 80 kHz, 100 kHz, 300 kHz, 800 kHz and 1 MHz.
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ig. 9. Relative permittivity (room temperature and 1 MHz) and formula volume
or Ln3NbO7.

f 10−1 at 1 MHz from −160 ◦C to 200 ◦C and slightly with
ecreasing measuring frequency. The positive temperature coef-
cient of the real part of the relative permittivity shows two
lope variations (inflection points) with associated changes in
he imaginary part with a peculiar cross-over at approximately
0 ◦C. The dielectric properties of Er3NbO7, Yb3NbO7 and
3NbO7 show the same trend as that of Dy3NbO7. The room

emperature real part of the relative permittivity is 31.4, 31.2 and
4.7 for Er3NbO7, Yb3NbO7 and Y3NbO7, respectively, and the
maginary part is on the order of 10−1 from −160 ◦C to 200 ◦C
t 1 MHz. All of the compounds have positive TCCs, which are
round 350 ppm/◦C.

When the observed dielectric constants for these com-
ounds are compared with the predicted values using the
lausius–Mosotti equation, the calculated values only account

or 50% of the experimentally observed dielectric constants. It is
mportant to note that the Clausius–Mosotti equation is derived
nder the assumption that ions of one type are symmetrically
rranged around ions of another type.22 As such, the equation
s used to estimate the dielectric constants contributed by elec-
ronic and ionic mechanism with the calculated values agreeing
ell for the majority of non-polar inorganic oxides.13 The large
eviation of ε′

cal from ε′
obs indicates that the assumption may not

old for defect fluorite structures because of unoccupied oxygen
ites and the double occupancy of the lanthanide ions in both A
nd B sites. It may also suggest that there exists a weak dipolar
ontribution contributing to the permittivity in these compounds.

A summary of the real part of the relative permittivity of
n3NbO7 at room temperature and 1 MHz is shown in Fig. 9.
hile it can be expected that the more polarizable Ln3+ ions

esult in higher permittivity, but Gd3NbO7 is an exception. It has
igher dielectric permittivity than that of Nd3NbO7, even though
he polarizability of Gd3+ is lower than that of Nd3+. Sirotinkin
t al.3 revealed an abnormally loose structure in Ln3NbO7 com-
ounds in the middle of the series (Sm, Eu and Gd). According to
he lattice parameters calculated in this work, Gd3NbO7 has the
ighest ratio of the formula volume (unit cell volume/formula
umber) to the Ln3+ ionic radius (Fig. 9). It is predicted that

he “looseness” increases the probability of polar distortions of
hese structures.15 These polar distortions may be responsible for
oth high dielectric constant and abnormal dielectric response
ompared to other Ln3NbO7.

1

eramic Society 27 (2007) 3971–3976 3975

In addition, it is worth noting the possibility of forming
n2(Ln′,Nb)O7 pyrochlores, where the ionic radius of Ln′3+ is
maller than that of Ln3+.2 It would be interesting to investi-
ate these compounds to gain better understanding on dielectric
ehavior of fluorite-related structures.

. Conclusion

The series of Ln3NbO7 (Ln = Nd, Gd, Dy, Er, Yb and Y)
ere successfully synthesized by solid-state processing. The

rystal structure with increasing ionic radius changes from a
efect cubic fluorite to orthorhombic weberite-type structures.
he dielectric properties were also investigated. The experi-
entally determined room temperature dielectric constants are

0–45 at 1 MHz. The three different structures show differ-
nt dielectric property behavior as a function of temperature.
he real part of the relative permittivity of Ln3NbO7 (Ln = Nd,
y, Er, Yb and Y) increases with increasing temperature, with
d3NbO7 doing so at a higher rate than the other compounds.
d3NbO7 demonstrates dielectric relaxation behavior. The cal-

ulated attempt frequency is 3.6675 × 1011 Hz and the activation
nergy is 0.4518 eV.
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