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Phase evolution in the 共Ag1−xKx兲NbO3 共AKN兲 solid solution was investigated by x-ray diffraction,
dielectric, and ferroelectric measurements. At room temperature, there are three phase boundaries at
xc1 ⬇ 0.07, xc2 ⬇ 0.20, and xc3 ⬇ 0.8. When xc1 ⬍ x, AKN transforms from the AgNbO3-type
orthorhombic phase with a weak ferroelectricity into a new orthorhombic phase with a strong
ferroelectricity. This ferroelectric phase is stable for xc1 ⬍ x ⬍ xc2, and shows a nearly
composition-independent Curie point of 525 K and a very large polarization 共Pr = 20.5 C / cm2 for
a ceramics sample of x = 0.1兲. When xc2 ⬍ x ⬍ xc3, single-phase AKN was not available. When xc3
⬍ x, AKN adopts the KNbO3-type orthorhombic structure and shows similar successive phase
transitions to pure KNbO3. Its Curie point increases linearly with x from 633 K for x = 0.80 to 696
K for x = 1.00. We obtained a strain level of ⬇0.05% and a d33 value of 46–64 pC/N for the AKN
ceramics samples. The relationship between the structural change and ferroelectric phase evolution
is also discussed briefly. © 2009 American Institute of Physics. 关doi:10.1063/1.3259410兴
I. INTRODUCTION

In the course of seeking lead-free piezoelectric materials,1–7 we found a very large polarization 共⬇52 C / cm2兲 in
AgNbO3 polycrystals under the application of an electric
field of 220 kV/cm.3 Such large polarization is suggested to
be due to the large local displacement of Ag ions in the
perovskite structure.4,8,9 Despite the exact structure of
AgNbO3 is still unresolved, both first-principles calculations8,9 and structural analysis10 indicate that Ag ions are
ordering in an antiferroelectric 共AFE兲 manner at room temperature in AgNbO3. Experimentally, at a weak electric field,
only an extremely small remanent polarization 共Pr
⬃ 0.041 C / cm2兲11,12 was observed in AgNbO3, which was
believed to be derived from the very small displacement of
Nb ions in the structure.3,8 In order to induce a strong ferroelectric 共FE兲 state in AgNbO3, in addition to the application
of a strong electric field, the chemical modification may be
useful. In fact, very large spontaneous polarization was realized in Ag1−xLixNbO3 solid solution 共Ps = 40 C / cm2 for
6.2 mol % Li兲4,13 by using substitution of Li that generally
has a strong off-centering nature in the perovskite
structure.13,14
Because of a low tolerance factor 共t ⬍ 1兲 due to the small
ionic radius of Ag+ 共1.28 Å兲,15 AgNbO3 adopts a deformed
perovskite structure with a large tilting of oxygen octahedrons along the three axes of a pseudocubic structure at room
temperature 共see Fig. 1兲.10 Such octahedral tilting facilitates
the AFE ordering, but hinders the FE ordering.8,9 Similar to
a兲
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the case of alloying AFE-PbZrO3 with FE-PbTiO3 to form a
solid solution with good piezoelectric and FE
performances,16 alloying AgNbO3 with other FE materials
may also lead to the discovery of new materials with good
piezoelectric and FE properties. Among the FE niobate perovskites, KNbO3 has a high Curie point 共Tc = 696 K兲 and a
large Ps 共=41 C / cm2 at room temperature兲;17,18 therefore,
it is promising to form a AgNbO3 – KNbO3 solid solution

FIG. 1. 共Color online兲 Schematic structure of the AgNbO3 perovskite at
room temperature 共Ref. 10兲. Oxygen octahedrons tilt strongly along the
three axes of the cubic structure because of the low tolerance factor due to
the small ionic radius of Ag+.
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with interesting physical properties. Despite the possibility
of good ferroelectricity in this system, the reports on
AgNbO3 – KNbO3 solid solution are very limited.19–21 Early
report suggested that there may be an occurrence of a critical
point in Ag1−xKxNbO3 共AKN兲 at x = 0.05– 0.06 on the basis
of the dielectric measurements.19 However, it was also reported that K substitution has no effect on the dielectric behaviors of AKN for x ⱕ 0.04.21 On the other hand, for a
K-rich region, it was reported that merely 6 mol % Ag can
enter the K site of the KNbO3 structure.20 Apparently, there
is a lack of systematical understanding of the phase evolution
and the physical properties of this system, which is therefore
the focus of the present study. In Secs. II and III, we will
show the synthesis, and the structural, dielectric, FE, and
piezoelectric properties of the AKN solid solutions. We will
also make a brief discussion on the ferroelectricity and structure change in this system.
II. EXPERIMENTAL

The AKN polycrystals were prepared by a solid state
reaction method. Appropriate amounts of high purity Ag2O,
Nb2O5, and K2CO3 were mixed homogeneously with ethanol. Calcination was then performed at 1173 K for 6 h in O2
atmosphere with a slow heating rate of 1 K/min. The calcined powder was milled again, pressed in a 6 mm steel die
with a pressure of 10 MPa to form the pellets, which were
then preheated at 773 K for 2 h, followed by a sintering at
temperature of 1253–1323 K 共1323 K for x = 0 – 0.1 and 1.00,
1273 K for x = 0.15 and 0.90, and 1253 K for x = 0.17 and
0.80, respectively兲 for 3 h in O2 atmosphere. The atmosphere
and heating rate are found to have great influences on the
phase stability of the AKN solid solution.
X-ray diffraction technique was used to determine the
structure and lattice parameters of the AKN solid solution.
To measure the electrical properties, the sintered pellet was
polished and fired with Au paint at 823 K in O2 for 1 h.
Dielectric measurements were performed at a weak field of 1
V/mm using a Hewlett-Packard Precision LCR meter
共HP4284A兲 in the temperature range 2.5–850 K. D-E and
strain electric-field 共S-E兲 hysteresis loops were measured at
room temperature with a FE measurement system of an aixACCT TF Analyzer 2000 equipped with a Canon DS-80 interferometer and a high voltage source. Piezoelectric coefficients d33 were evaluated at room temperature by a piezo-d33
meter 共Institute of Acoustics, Chinese Academy of Science,
ZJ-3B兲. The samples poled by an electric field of 20 kV/cm
at T ⬇ 410 K for about 30 min were used for d33 and
unipolar-field strain measurements.
III. RESULTS AND DISCUSSIONS
A. X-ray diffraction patterns

Figure 2 shows the x-ray diffraction patterns of the obtained samples, from which we can clearly see the phase
evolution with composition at room temperature in the
AgNbO3 – KNbO3 system. There are four regions separated
by three phase boundaries located at xc1 ⬇ 0.07, xc2 ⬇ 0.20,
and xc3 ⬇ 0.80, respectively. When x ⬍ xc1, AKN solid solution maintains the orthorhombic phase of pure AgNbO3.

FIG. 2. 共Color online兲 Powder x-ray diffraction patterns of Ag1−xKxNbO3
solid solutions at room temperature. The inset shows the variation of the
main diffraction peak from the 共110兲 plane of the pseudocubic structure.
There are three phase boundaries for the phase evolution at xc1 ⬇ 0.07, xc2
⬇ 0.20, and xc3 ⬇ 0.80, respectively. For xc2 ⬍ x ⬍ xc3, single-phase AKN was
not obtained.

When x ⬎ xc1, however, a different orthorhombic phase is
formed and stable in the composition range of xc1 ⬍ x ⬍ xc2.
For a wide composition range of xc2 ⬍ x ⬍ xc3, it is difficult to prepare single-phase AKN by the present process. As
shown in the diffraction patterns of x = 0.50 in Fig. 2, in
addition to the AKN phase, K5.75Nb10.85O30-type phase and
metal silver phase were always observed in the compounds.
It seems that the formation of a K5.75Nb10.85O30-type phase is
very likely due to the easy precipitation of metal silver for
this composition range. The inset of Fig. 2 shows a gradual
shift of the main diffraction peak from the 共110兲 plane of a
pseudocubic structure to a lower angle with the increase in x.
This suggests that a pure AKN solid solution may be available for these compositions by a proper process, such as high
pressure synthesis. Apparently, the difficulties in getting a
single phase for these compositions are related to the large
difference of ionic radius between Ag+ 共1.28 Å兲 and K+ 共1.69
Å兲,15 and to the easy decomposition of silver oxide into
metal silver at high temperature.
In the K-rich region x ⬎ xc3, AKN has the FE orthorhombic structure of pure KNbO3. It is known that KNbO3 ceramics, which are slightly of stoichiometry, swell and disintegrate in air within a short time.16 However, such
phenomenon has not been observed in the AKN solid solution. In comparison with the low solid-solution limit 共about 6
mol % of Ag in the K site兲 reported by Weirauch,20 we found
that this limit was expanded greatly by the present process
共about 20 mol % of Ag in the K site兲. Apparently, this solidsolution limit is dependent on the process. We used a low
heating rate 共1 K/min兲 and an oxygen atmosphere, which
facilitate to stabilize the phase of the AKN solid solution; in
contrast, Weirauch et al.20 synthesized their samples in an air
atmosphere.
B. Dielectric behaviors

In order to understand the phase evolution with temperature, we examined the dielectric behaviors in a wide tem-
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FIG. 3. 共Color online兲 Temperature dependence of dielectric constant and
loss.

perature range 2.5–850 K. The results are given in Fig. 3.
For pure AgNbO3, there are detectable dielectric anomalies
UN
AFE
at temperatures of TFE
c ⬇ 340 K, Tc ⬇ 454 K, and Tc
3
⬇ 624 K, respectively. Despite these observed dielectric
anomalies, a recent structural analysis using synchronistic
x-ray and neutron diffractions does not detect any change in
10
the space group in the temperature range of T ⬍ TAFE
c .
FE
Phase transition at Tc is considered to be driven by a weak
FE ordering on the basis of remanent polarization
measurements.12 The nature of dielectric anomaly at TUN
is
c
still unclear.3 AFE phase transition was proposed to occur at
TAFE
on the basis of the pressure dependence of this transic
tion temperature.22 As shown in Fig. 3, AKN with x ⬍ xc1 has
a great similarity of dielectric behaviors to pure AgNbO3.
This indicates that AKN with x ⬍ xc1 has the same phase
evolution of pure AgNbO3. The observed difference between
them is that there is a large decrease in TAFE
and a large
c
change in dielectric constant for this transition with the increase in x.
When x ⱖ xc1 = 0.07, AKN shows a completely different
temperature dependence of dielectric constant. The very
sharp peak of dielectric constant is similar to that of
paraelectric 共PE兲 phase transition in the normal FE materials
such as KNbO3, indicating that the AFE state has changed
into a normal FE state for x ⬎ xc1. This result is in good
agreement with the observations of x-ray diffractions and
with the early report of Łukaszewski19 who suggested a
structural transformation at x = 0.05– 0.06. Within the composition range of xc1 ⬍ x ⬍ xc2, the dielectric behaviors exhibit
several notable features: 共1兲 The magnitude of dielectric constant at the Curie point is greatly larger than the maximum of
AgNbO3 and a high value of ⬃104 was observed for a ceramics sample of x = 0.10. 共2兲 In addition to the Curie point at
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FIG. 4. 共Color online兲 D-E and S-E hysteresis loops obtained with the
ceramics samples at room temperature. The inset shows the AFE loop of
pure AgNbO3 共Ref. 3兲.

T ⬃ 525 K, there is another FE phase transition at T
⬃ 420 K, below which no dielectric anomaly was detected
down to the lowest temperature 共2 K兲 of our measurement
system. This indicates that the FE orthorhombic phase in
AKN with xc1 ⬍ x ⬍ xc2 is extremely stable. Such case is rare
in FE perovskite oxides of titanate or niobate. 共3兲 More surprisingly, these two transition temperatures are nearly insensitive to the concentration of K substitution, supporting the
early result of Łukaszewski.19 These anomalous characteristics indicate that AKN with xc1 ⬍ x ⬍ xc2 may have an interesting mechanism of FE ordering.
When x ⬎ xc3, AKN shows dielectric behaviors similar to
that of pure KNbO3. There are three successive phase transitions corresponding to cubic-tetragonal 共C-T兲, tetragonalorthorhombic 共T-O兲, and orthorhombic-rhombohedral 共O-R兲
transitions at TCC-T, TCT-O, and TCO-R, respectively.17 All these
transition temperatures increase gradually with the increase
in x. In addition, all these phase transitions have a thermal
hysteresis, and are first order in nature.
C. Ferroelectricity and piezoelectricity

The dielectric behaviors of AKN with xc1 ⬍ x ⬍ xc2 and
x ⬎ xc3 indicate that a FE state with a large Ps should have
been established in these solid solutions at room temperature.
Since there is no report on the FE and piezoelectric behaviors for the AKN solid solutions, we thus performed D-E and
S-E loop measurements to examine their ferroelectricity and
piezoelectricity. Some typical results are given in Fig. 4.
Similar to pure AgNbO3,3 merely a small Pr was observed in
AKN samples with x ⬍ xc1. In sharp contrast, when x ⬎ xc1, a
normal square D-E loop was observed. A large value of Pr
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TABLE I. Strains measured with a unipolar electric field of 50 kV/cm and
d33 values for poled AKN ceramics. The Pr values obtained from the D-E
loops are also given.
x 共mole兲
Strain 共10−4兲
d33 共pC/N兲
Pr 共C / cm2兲

0.05
0.16
1.8
0.14

0.07
4.8
46
12.0

0.10
4.5
55
20.5

0.90
4.5
64
9.6

1.00
4.2
27
19.0

mizing the preparation process, it may be possible to improve the piezoelectric performance of the AKN solid solution, which remains to be resolved in future works.
D. A proposed phase diagram and its relationship with
the structural changes

FIG. 5. 共Color online兲 Strain obtained with a unipolar electric field at room
temperature for poled ceramics samples.

= 20.5 C / cm2 was obtained for a ceramics sample with x
= 0.10. Such high value is nearly comparable to the Ps value
of BaTiO3 single crystal 共Ps = 26 C / cm2兲.18 These results
clearly show that a strong ferroelectricity is indeed realized
in AKN through a chemical modification of AgNbO3 structure with K substitution. For a K-rich region x ⬎ xc3, normal
D-E loops were also obtained. Due to the polycrystal nature
of ceramics sample, we cannot make a conclusion on the
exact composition dependence of Ps, which remains to be
clarified in the future works on single crystals.
Along with the change in FE state with K substitution,
the piezoelectricity of AKN also shows a corresponding
variation. This can be seen from the S-E hysteresis loop
given in the right panels of Fig. 4. Again, when x ⬍ xc1 in
which AKN has a weak ferroelectricity, we only observed an
extremely low level of strain 共⬃10−5 at E = 50 kV/ cm兲 because of the weak coupling between an electric field and a
small spontaneous polarization. In contrast, when xc1 ⱕ x
ⱕ xc2 or x ⬎ xc3 where the structure of AKN is transformed
into a FE state with a large spontaneous polarization, a very
high level of electric-field-induced strain 共⬃8 ⫻ 10−4 at E
= 50 kV/ cm兲 was obtained.
The rather high level of strain and high Curie point of
AKN with xc1 ⱕ x ⱕ xc2 or x ⬎ xc3 may be interesting for the
development of lead-free piezoelectric materials. Essentially,
the butterfly S-E loops shown in Fig. 4 resulted from a superimposition of the linear piezoelectric effects into the domain reorientation effects. For engineering application, the
strain response under a unipolar electric field or the piezoelectric coefficient d33 at zero field are more important. We
then performed these measurements by using poled ceramics
samples. The results are summarized in Fig. 5 and Table I. A
strain level of ⬃0.05% was observed for ceramics samples
with xc1 ⱕ x ⱕ xc2 or x ⬎ xc3 at a unipolar electric field of 50
kV/cm. Similarly, a rather large value of d33 共=46–
64 pC/ N兲 was obtained for these samples. Through opti-

On the basis of the results obtained from x-ray diffraction, dielectric, and FE measurements, a phase diagram is
then proposed in Fig. 6共a兲, in which PE, FE, and AFE represent the paraelectric, ferroelectric, and antiferroelectric
phases, respectively. In the figure, symmetries are also indicated on the basis of previous studies on the end numbers
AgNbO3 and KNbO3. To identify the symmetry of hightemperature phase of xc1 ⬍ x ⬍ xc2, high-temperature structure analysis is necessary in the future works.
In order to understand this phase diagram, the changes in
structural parameters including lattice constants, perovskite
cell volume, and orthorhombic distortion angle ␤ with composition are given in Figs. 6共b兲–6共d兲. Initially, incorporating
of K into the lattice of AgNbO3 gradually reduces the PEAFE phase transition. At the phase boundary x = xc1, such
PE-AFE transition changes to PE-FE transition. Associating
with this change, lattice parameters at room temperate also
change suddenly due to the transformation from the
AgNbO3-type orthorhombic structure with weak ferroelectricity into a new orthorhombic structure with strong ferroelectricity. We can see the disappearance of the fourfold
simple perovskite cell of the c-axis in the AgNbO3-type
orthorhombic structure10 when x ⬎ xc1. This can be attributed
to the elimination of the oxygen octahedra tilting in the perovskite structure when incorporating rather larger K into the
Ag site. As shown in Fig. 6共c兲, the substitution of K with a
larger ionic radius leads to a linear increase in volume of the
perovskite cell. It can be inferred that the elimination of such
oxygen octahedra tilting effectively unlocks the A-site-driven
strong ferroelectricity of AgNbO3 itself in the composition
range of xc1 ⬍ x ⬍ xc2.3
This ferroelectricity driven mainly by the A-site atom
displacement may give a reasonable explanation for the
stable orthorhombic phase in these solid solutions. A wellknown fact is that, in a B-site-driven FE such as BaTiO3 and
KNbO3, the structure is stable when B-site atom shifts off
centeringly along the local rhombohedral direction of BO6
octahedron at the ground state, because the available space
for atom displacement along this direction is the largest. In
contrast, in an A-site-driven FE, the ground state may not be
a rhombohedral phase; for example, in PbTiO3, the FE tetragonal phase is stable down to absolute 0 K.
On the other hand, when increasing the amount of K to
x ⬎ xc3, the FE ordering in AKN changes to a B-site-driven
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Actually, these behaviors were observed for the K-rich AKN.
As shown in Fig. 6共c兲, the cell volume is suppressed with the
increase in Ag amount in the K-rich AKN. Associating with
this suppression of perovskite cell, all FE phase transition
temperatures decrease simultaneously. Therefore, in the
K-rich region, Ag may be considered to take a role of a
chemical pressure to suppress the unit cell.
Finally, we show an interesting relationship between the
Curie point and the orthorhombic distortion angle ␤ in AKN
关Fig. 6共d兲兴. For x ⬍ xc1, the large orthorhombic distortion is
due to the oxygen octahedral tilting and therefore has no
direct relation to the ferroelectricity. However, for xc1 ⬍ x
⬍ xc2 or x ⬎ xc3 in which strong ferroelectricity was observed, the orthorhombic distortion is essentially derived
from the FE displacements 关see also inset of Fig. 6共d兲兴, and
hence the orthorhombic distortion angle ␤ may be considered as a measure of the ferroelectricity. Interestingly, similar
to the compositional independence of Curie point for xc1
⬍ x ⬍ xc2, the orthorhombic distortion angle ␤ is also independent of the composition. For x ⬎ xc3, the FE orthorhombic
distortion enhances significantly with increase in x. At the
same time, Curie point increases linearly with x.

IV. SUMMARY

In summary, we investigated the FE phase evolution in
the AgNbO3 – KNbO3 system. In the Ag-rich region, a strong
FE state with a high Curie point of ⬃525 K was realized by
a chemical modification of Ag site with K substitution. The
Curie point is nearly independent of the composition for
xc1 ⬍ x ⬍ xc2. On the other hand, in the K-rich region, AKN
has the structure of pure KNbO3 and shows the same sequence of phase transitions during cooling: cubic, tetragonal,
orthorhombic, and rhombohedral. The ferroelectricity and piezoelectricity of these AKN solid solutions were also examined using the ceramics samples. Further understanding of
their intrinsic physical properties requires the development
of single crystals.
FIG. 6. 共Color online兲 共a兲 A phase diagram proposed for Ag1−xKxNbO3 solid
solution. Phase boundaries are indicated by the lines. C, T, O, and R indicate
the cubic, tetragonal, orthorhombic, and rhombohedral symmetries, respectively. PE, AFE, and FE represent paraelectric, ferroelectric, and antiferroelectric phases, respectively. 共b兲 Lattice constants vs x. 共c兲 Cell volume of a
simple perovskite structure. 共d兲 Orthorhombic distortion angle 共␤兲. The inset
shows the orthorhombic distortion due to FE displacements along the 具110典c
direction of the pseudocubic structure. Noted that the large orthorhombic
distortion for x ⬍ xc1 is due to the tilting of oxygen octahedrons, but not due
to the FE distortion 共Ref. 10兲.

mechanism. This can be evidenced from the facts that AKN
adopts the same structure of pure KNbO3 and shows the
same sequence of FE phase transitions in the K-rich region
共x ⬎ xc3兲. Because KNbO3 is a FE with a B-site-driven
mechanism, the ferroelectricity in this region is then considered to be derived mainly from the Nb displacement in the
oxygen octahedron. For this case, suppression of perovskite
cell will reduce the available space for Nb atom displacement within the oxygen octahedron, leading to the weakening of ferroelectricity such as the decrease in Curie point.
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