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Activation of oxide-ion conduction in KNbO 3 by addition of Mg 2¿
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Niobate perovskite oxides of KNb12xMgxO32d were synthesized directly at high temperature and
pressure. X-ray diffraction confirmed the formation of single-phase orthorhombic structures.
High-temperature Raman spectroscopy in combination with thermal analysis showed that phase
transitions occurred from orthorhombic to tetragonal, to pseudo cubic, and finally to cubic, in
sequence. Addition of Mg21 at the Nb51 sites of perovskite KNbO3 lattice led to a dramatic
enhancement of oxide-ion conduction. This enhancement in oxide-ion conduction was through the
suppression of the contribution fromp-type holes, which shows that these high-temperature phases
can be promising candidates as conductive materials. ©2002 American Institute of Physics.
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Niobate-based perovskite oxides are of great interes
the physics community, since these materials have phys
properties that are highly dependent on structure.1 For ex-
ample, rhombohedral ferroelectric KNbO3 transforms to a
paraelectric cubic phase at high temperatures1 and by struc-
tural modification, the properties of KNbO3 can be further
tailored for specific applications. The K1-site substitutions
by elements such as Ba21 can yield semiconducting
behavior,2 while substitutions at the Nb51 site with Mg21

enhance optical properties.3 Niobate-based perovskite oxide
such as PbMg1/3Nb2/3O3 show dielectric enhancement
while their ionic conduction is poor. Research on Mg21 dop-
ing at the octahedral site shows enhanced ionic conductio
perovskite lattices.4,5 If oxide-ion conduction can be acti
vated and phase transitions can be modified by dop
KNbO3, then this could open the door to a new technolo
cal era.

Current perovskite lattices with Mg21 and Nb51 simul-
taneously at octahedral sites have to be prepared thro
two-step sintering processes that have MgNb2O6 as the key
intermediate phase. It is of great interest to develop a sin
step route to highly crystallized Mg niobate-based perovs
oxides and to determine the oxide-ion conduction enhan
ment in these lattices.

In this letter, we report on a single-step synthesis a
oxide-ion conduction of KNb12xMgxO32d that was obtained
by high-temperature and high-pressure conditions.

The synthesis of KNb12xMgxO32d was achieved with
the following procedure. KHCO3, MgO, and Nb2O5 were
used as the starting materials, and were grinded fully at
lar ratios of K : Nb: Mg51: 12x : x with x50.05– 0.30.
This mixture was placed into a high-pressure chamber
described in our previous article.6 Pressure was set to 4.
GPa and then the temperature was increased gradual

a!Present address: Department of Materials Science and Engineering,
fornia Institute of Technology, Pasadena, California 91106.

b!Author to whom correspondence should be addressed; present ad
C302 BNSN, Department of Chemistry and Biochemistry, Brigham You
University, Provo, UT 84604; electronic mail: guangshe@hotmail.com
2890003-6951/2002/81(15)/2899/3/$19.00
loaded 01 Sep 2011 to 130.34.134.250. Redistribution subject to AIP licens
to
al

in

g
-

gh

e-
e
e-

d

o-

s

to

870 °C. After maintaining these conditions for 40 min, t
specimens were quenched to room temperature under
pressure and subsequently, the pressure was released.

X-ray diffraction ~XRD! data of samples were measure
at room temperature at a scan rate of 0.3°2u/min. The lattice
parameters for the samples were calculated by least-squ
methods. Phase transitions were determined by h
temperature Raman spectroscopy. Phase transitions wer
termined by differential thermal analysis~DTA!. The ionic
conductivities for the pellet samples were measured usin
impedance spectroscopy with an alternating current at a
quency between 10 Hz and 9 MHz at an amplitude of 50 m
in the temperature range of 400– 800 °C in air. The imp
ance spectra were also measured at different oxygen pa
pressures.

XRD data~Fig. 1! of the samples KNb12xMgxO32d con-
sisted of several split diffraction peaks, indicating a low sy
metric structure. The double lines that can be observed
;23° and 47° are characteristic of the orthorhombic pero
kites. The XRD patterns were scaled forx,0.30 but this did
not result in any weak peaks arising from MgNb2O6 or
Mg4Nb2O9. These phases are, however, key intermedia
during the formation of Mg niobate-based perovsk
oxides.7 These results clearly demonstrated that hig
temperature and high-pressure conditions provided a sin
step synthesis route to orthorhombic perovskite latt
KNb12xMgxO32d.

The substitution of Mg21 at the Nb51 sites was also
evident from the diffraction peak shifts under the lattice v
ume variation. The lattice volume increased with the dop
content of Mg21 ~inset of Fig. 1! mainly due to Mg21 being
larger than Nb51 in octahedral coordination. Doping Mg21

at Nb51 sites would most likely produce a larger lattice di
tortion for lattice expansion. The large charge difference
tween Nb51 and Mg21 may produce some negative char
centers on a local scale around Mg21, since this would have
to be balanced by oxygen vacancies. Each two Mg21 ions
should yield three oxygen vacanciesVö, which would be
attracted to the nearest neighboring positions of Mg21 under
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Coulombic forces. In our samples, the concentration of o
gen vacancyVö would increase with Mg21 content. The
cationic substitutions and variations for the relative cont
of oxygen vacancyVö and defect associations$MgNb-Vö%
were, therefore, assumed to be the main factors for the
crease in lattice volume. This follows similar reasoning
that has been proposed to explain the nonlinearity for s
solutions of Ce12xRExO22x (RE5Eu,Tb).8

Figure 2 shows Raman spectra for KNb0.85Mg0.15O2.78 at
given temperatures. The Raman spectra recorded at tem
tures below 150 °C were nearly the same as those of
doped KNbO3.9 When the temperature was increased
200 °C ~Fig. 2!, the intensity for the weak sharp phono
mode at 190 cm21 was decreased, and the mode
;280 cm21 became asymmetric due to asymmet
Nb~Mg!O6 octahedra atB sites,10 indicating that the ortho-
rhombic phase was not predominant. The phonon mod
530 cm21 vanished, while the mode at;580 cm21 exhib-
ited a single mode of high symmetry. With an increase
temperature, the weak sharp phonon mode associated
the orthorhombic structure disappeared at;190 cm21 and
the phonon modes centered at;280 and 580 cm21 became
two symmetric modes, while the mode at;830 cm21 was
further weakened. A tetragonal phase was formed at a t
perature above 200 °C. The phase transition of orthorhom
to tetragonal corresponded to an endothermic process, a
dicated by the thermal peak at 203 °C in the DTA cur

FIG. 1. XRD patterns for KNb12xMgxO32d at typical compositionsx
50.15 and 0.30. Inset illustrates the variation of the lattice volume w
dopant content.
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~inset of Fig. 2!. When the temperature was increased
400 °C, the mode at;830 cm21 lost most of its intensity,
indicating the formation of a pseudo-cubic phase.11 The
phase transition of tetragonal to pseudo cubic was also
dothermic, as demonstrated by the thermal peak at 378 °
DTA ~inset of Fig. 2!. At temperatures above 500 °C, bo
phonon modes at;280 and 580 cm21 further broadened and
lost intensity, which could be associated with the transit
of pseudo cubic to cubic. Above 600 °C, both phonon mo
further weakened at;280 and 580 cm21. The mode at
;830 cm21 disappeared completely. These results are e
dence for the formation of a cubic phase.12 The thermal ef-
fect for the phase transition of pseudo cubic to cubic is
obvious. Similar phase transitions were also observed
other compositions in KNb12xMgxO32d .

The transition from tetragonal to pseudo cubic could
associated with the change from tetragonal mode to tr
degenerated cubic F1u mode. KNbO3 modified by larger
Mg21 substitution could give a large displacement for Nb51,
and the oxygen vacancies adjacent to Mg21 could produce
distorted polyhedra around Nb51. Pseudo-cubic
KNb12xMgxO32d contained a partial lattice order, where
B-site ions in the cubic phase are assumed to be distrib
disorderly at eight off-center sites along the^111& axes due to
the potential-energy minima at these sites.13 The presence of
these Raman modes confirmed some disordered arra
ments in the lattice. Similar distributions of Mg21 and Nb51

can probably be expected at one to eight off-center s
along the^111& axes in the presence of some lattice dist
tions due to the size mismatch of Mg21/Nb51. Further, oxy-
gen vacancies or oxygen vacancy clusters adjacent to M21

could give rise to an inhomogeneous distribution of the el
trical field at B sites. The different static displacements
Mg21 and Nb51 decreased the local symmetry aroundB site
ions. With increasing temperature, a rapid increase in
disorder of Nb51/Mg21 at B sites favored preservation o
the highly symmetric average cubic structure at high te
perature. Large amounts of oxygen vacanciesVö and defect
associations$MgNb-Vö% at higher dopant contents exhibite
strong interactions with the framework ions and mobile ox
gen ions. The transition of order–disorder of oxygen vac
cies was thus suppressed.

The impedance spectra clearly showed bulk and gr
boundary conduction as well as electrode polarization~not
shown!. The total conductivity data derived from the impe
ance spectra were separated into two linear regions, co
sponding to the high-temperature phases, respectively~Fig.
3!. The ionic conduction at lower temperatures showed
lower activation energy of 0.58 eV at 500 °C atx50.1, while
above the transition temperatures, there was a break in
conductivity data showing an increase in the activation
ergy to 0.83 eV at temperatures greater than 700 °C. Th
retical modeling reported in the literature14 has noted oxide-
ion or cation conduction in perovskite lattices. However,
the present samples, cation conduction associated with1,
Mg21, and Nb51 is most unlikely to occur via cation vacan
cies. This can be reasoned from the comparison of the m
sured activation energies and the theoretical values for ca
conduction. The activation energies of our samples w
relatively lower having values of around 1.0 eV, which
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characteristic for migration of oxygen vacancies. Assum
cation conduction was present in the samples, the extrem
large ionic size of 1.64 Å for K1 at A site would probably
yield an activation energy larger than 4.0 eV.14 For theB-site
ions such as Mg21 and Nb51, the migration energy along th
diagonal direction̂ 110& would be even higher and woul
have a value, most likely, around 14 eV. Therefore, cat
vacancy formation and, furthermore, cation conduction
vacancy migration between the neighboring sites should
highly unfavorable as expected for the close-packed pe
skite lattice. The conductivity data for a typical sample
KNb0.90Mg0.10O2.85 were measured at 500 °C under seve
oxygen partial pressures around that of air~Fig. 3, inset!. No
pronounced variations were observed in conductivity, wh
shows the ionic nature of primary oxide-ion conductio
Even though there was a small increase in the conductivit
higher oxygen partial pressures, the slope] logs/] log PO2

in this oxygen partial pressure region was much smaller t

FIG. 2. Raman spectra for KNb0.85Mg0.15O2.78 at the given temperatures
Inset shows a DTA curve that demonstrates the endothermic nature o
phase transitions from orthorhombic to tetragonal at 203 °C and to ps
cubic at 378 °C.
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1/4 or 1/6, which makes it likely that thep-type electronic
contribution is extremely small in this region.15 The ionic
conductivity data varied systematically with the dopant co
tent and can be associated with the relative content of o
gen vacancies and defect associations as well as the o
to-disorder transitions, and will be described elsewhe
KNb0.90Mg0.10O2.85 was determined to exhibit the most fa
vorable conduction characteristics such as a relatively h
conductivity (s700 °C51.1031023 S cm21) and low activa-
tion energy (Ea50.83 eV).
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FIG. 3. Temperature dependence of total conductivity for KNb12xMgxO32d

at x50.10 and 0.15. Inset shows the conductivity dependence on oxy
partial pressure at 500 °C forx50.10.
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