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Materials with increased functionality are often based on crystalline structures with significant local disorder.
Typical examples are ferroic oxides exhibiting large spontaneous polarization that can be rotated by an
applied electric field, finding use in many important applications. Despite years of investigation, the exact
structural origin of the increased piezoelectric response of oxide ferroics is still unclear. Frequently evoked
models attribute it to emerging polar nanoregions inside a nonpolar matrix, the existence of a morphotropic
boundary separating polar phases with different crystallographic symmetry, low-symmetry bridging phases
facilitating polarization rotation, and displacive and order-disorder structural phase transitions. Here we use both
conventional and resonant high-energy x-ray diffraction coupled to atomic pair distribution function analysis and
three-dimensional computer simulations to examine the relationship between the local structure and piezoelectric
properties of exemplary sodium-potassium niobate ferroics. We show that their increased piezoelectric response
is primarily due to a geometrical frustration in the underlying perovskite lattice induced by local fluctuations
in the tilt pattern of the constituent niobium-oxygen octahedra, and not to a crystal-crystal phase transition
or distinct nanodomains. The fluctuations peak when the sodium to potassium ratio approaches 1, leading
to a softening of the perovskite lattice and easing of polarization rotation under an electric field. Based on
the experimental data and model calculations involving Goldschmidt’s tolerance factor for the stability of
perovskites, we also show that the fluctuations are driven by the mismatch between the radii of sodium and
potassium atoms, and the increased piezoelectric response of sodium-potassium niobates indeed scales with the
variance in the distribution of these radii about the average value. Thus, we settle important aspects of the debate
over the structure-piezoelectric property relationship for oxide ferroics, thereby providing a different perspective
on the ongoing effort to improve their useful properties.
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I. INTRODUCTION

Sodium-potassium niobates, Na1−xKxNbO3 (KNNs), are
a viable alternative to Pb-containing ferroelectric oxides that
dominate the actuator and high-power transducer applications
[1–3]. The parent compounds of KNNs exhibit a perovskite-
type structure, rich polymorphisms, and distinct ferroelectric
properties. In particular, KNbO3 is rhombohedral (R; S.G.
R3m) at low temperatures (< −10 °C), it is orthorhombic (O;
S.G. Amm2) at room temperature, it adopts a tetragonal struc-
ture (T; S.G. P4mm) at elevated temperature (200–400 °C),
and it becomes cubic (C; S.G. Pm-3m) when the temperature
is increased further (> 400 °C) [4–6]. Two competing models
for the nature of the phase transitions in KNbO3 have been
put forward. One of the models assumes that the C → T, T
→ O, and O → R transitions are accompanied by displace-
ment of Nb atoms along a fourfold, twofold, and threefold
symmetry axis of the aristotype cubic lattice, respectively.
The displacement, also known as Nb off-centering, renders
T, O, and R polymorphs ferroelectric. On the other hand,
the order-disorder model of the transitions assumes that Nb-O
octahedra in KNbO3 are those observed in the R polymorph,
and hence only in that polymorph are the octahedra equivalent
at any instant. In the higher-temperature polymorphs, they are

equivalent on average, while at any instant the direction of Nb
off-centering in different octahedra is different. Recent studies
have shown that in KNbO3, both scenarios are likely to occur,
and a crossover from mostly displacive to order-disorder
structural transitions takes place with increasing temperature
[4–7]. The atomic structure of NaNbO3 is even more com-
plex. It has been reported to have at least seven polymorphs,
and, furthermore, the structure of some of them is still un-
der debate. The technologically important room-temperature
polymorph of NaNbO3 is considered to be orthorhombic (S.G.
Pbcm) and antiferroelectric [8]. However, studies have also
argued that the polymorph has a lower crystallographic sym-
metry (e.g., monoclinic S.G. Pm) or even that it is a mixture
of two orthorhombic phases (centrosymmetric S.G. Pbcm and
noncentrosymmetric S.G. P21ma) [9,10]. The complexity of
the structure of NaNbO3 arises from tilting of Nb-O octahedra
induced by the relatively small size of Na atoms (ionic Na+
radius 1.39 Å) positioned in the 12-fold-coordinated cavities
between the octahedra [11,12]. The larger K cations (ionic K+
radius 1.64 Å) fit the cavities well, and tilts are not observed
with KNbO3. Octahedral tilts in perovskites may also be
associated with the so-called Goldschmidt’s tolerance factor,
t , used to evaluate their geometrical stability and distortion at
atomic level [13,14]. As numerous studies have shown, tilts
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may appear when t is below 1, and they are not observed
for t � 1 [14]. For reference, values of t for NaNbO3 and
KNbO3 are 0.96 and 1.06, respectively. Due to their common
perovskite-type structure and specific tolerance factors, the
parent compounds of Na1−xKxNbO3 ferroics form stable solid
solutions exhibiting excellent piezoelectric properties in the
vicinity of x = 0.5 [4–8]. It is often considered that the
phase diagram of KNNs is dominated by K, and hence at
room temperature, the structure of KNNs would possess the
crystallographic symmetry of the O polymorph of KNbO3

(S.G. Amm2). However, powder x-ray diffraction (XRD) ex-
periments have clearly shown that octahedral tilts exist for all
solid solutions in the Na-rich side of the KNN phase diagram.
Furthermore, the experiments have indicated that the atomic
structure of KNNs may also be described as monoclinic
(S.G. Pm) [15,16]. The apparent structural complexity of
KNNs has made it difficult to understand the increase in their
piezoelectric response in comparison to the parent compounds
[3–5]. Here we obtain the missing knowledge by performing
advanced x-ray scattering experiments and three-dimensional
(3D) structure modeling. Our findings provide a coherent
picture of the piezoelectric properties of KNNs that is likely
to be relevant to many complex ferroelectric oxides of the
perovskite family.

II. HIGH-ENERGY X-RAY DIFFRACTION AND 3D
STRUCTURE MODELING

To examine the atomic structure of KNN in detail, a
series of KNN single crystals with the chemical formula
Na1−xKxNbO3 (x = 0, 0.16, 0.42, 0.52, 0.53, 0.82, and 1)
were grown by the flux method [17]. Details are given as
Supplemental Material [18]. The crystals were grinded into
fine powders and subjected to high-energy x-ray diffrac-
tion (XRD) experiments coupled to atomic pair distribution
function (PDF) analysis. The experiments were optimized to
achieve high resolution in both reciprocal and real space (see
Figs. S1, S2, and S3 and related text in the Supplemental
Material [18]). The technique has proven useful in structure
studies of crystalline materials with local structural disorder
[19,20]. Experimental details are given in the Supplemental
Material [18]. Rietveld analysis of the synchrotron XRD pat-
terns (see Fig. S1 in the Supplemental Material [18]) showed
that the atomic arrangement in KNNs may be well described
in terms of an orthorhombic structure model (Space Group
(S.G.) Amm2). However, except for the parent compounds,
Rietveld fits of good quality were also obtained using a mon-
oclinic structure model (S.G. Pm). The ambiguous outcome
of Rietveld analysis can be attributed to the limited ability of
sharp Bragg peak-based crystallography to clearly reveal local
structural disorder. High-resolution atomic PDFs derived from
the patterns are shown in Fig. 1. In line with the results of
Rietveld analysis, crystal structure constrained fits to the PDFs
indicate that KNNs exhibit a perovskite-type structure with an
average orthorhombic symmetry (see Fig. S4 in the Supple-
mental Material [18]). Inspection of the PDFs in Figs. 1(a) and
1(b) provides more structural details. In particular, it reveals
that Nb-O octahedra forming the perovskite lattice of KNNs
are organized in approximately 2-nm-sized configurations that
evolve subtly with the Na-to-K ratio. On the other hand, fea-

tures characteristic of the average crystal structure of KNNs,
which dominate the PDF signal above 2 nm, evolve markedly
with that ratio. The observation indicates significant diver-
gence of the local structure of KNNs from the average crystal
structure. In this respect, the experimental PDFs for KNNs
resemble very much those for Ga1−xInxAs solid solutions,
where the local and average crystal structure also diverge
[21]. The difference is that the building units of Ga1−xInxAs
solid solutions are alternating Ga-As and In-As atomic pairs
forming a continuous diamond-type lattice, whereas those of
Na1−xKxNbO3 solid solutions are Nb-O octahedra forming
a continuous perovskite-type lattice whose cavities are occu-
pied by either Na or K atoms. Furthermore, data in Fig. 1(c)
show that the closer the Na-to-K ratio is to 1, the shorter is the
coherence length of the underlying perovskite-type lattice.

The presence of distinct local and average structure makes
the description of the structure-property relationship for
KNNs in terms of a single crystallographic cell less detailed.
Therefore, we explored large-size models refined against both
XRD patterns and atomic PDFs. The approach has already
proven very useful in structure studies of complex systems
[22–24]. Atomic PDFs for a multicomponent material, how-
ever, show all distinct correlations between the constituent
atoms. In the case of KNNs, those are alkali-metal–alkali-
metal, alkali-metal–Nb, Nb-Nb, Nb-O, and O-O atomic cor-
relations. The correlations appear as PDF peaks that often
overlap, rendering the interpretation of the experimental data
difficult (see Fig. S5 in the Supplemental Material [18]). As
numerous studies have shown, a major factor contributing to
the spontaneous polarization of KNNs is the Nb off-centering
[3–5]. Therefore, to obtain diffraction data with increased sen-
sitivity to atomic pair correlations involving Nb, we conducted
resonant high-energy XRD experiments at the K edge of Nb.
The technique involves collecting data sets using x rays with
energy close to and a few hundred eV below the K edge of
Nb and taking the difference between the respective sets (see
Fig. S6 in the Supplemental Material [18]). The Fourier trans-
form of the difference, the so-called Nb-differential atomic
PDF, reveals only Nb–alkali-metal, Nb-Nb, and Nb-O atomic
correlations in KNNs, i.e., the number of distinct peaks con-
tributing to its profile is reduced considerably in comparison
to the respective total PDF (see Fig. S7 in the Supplemental
Material [18]). An added advantage is that the contribution
of Nb-Nb and Nb-O correlations to Nb-differential PDFs is
∼50% and 30%, respectively, i.e., very significant. This is
important because, as discussed below, knowledge of bond
distances and angles involving Nb and oxygen atoms allows
us to determine the evolution of the local structure of KNNs
with their composition in fine detail. For reference, the con-
tribution of Nb-Nb correlations to total PDFs for KNNs is
∼ 30% only. In this respect, differential atomic PDFs appear
similar to results of extended x-ray absorption fine-structure
(EXAFS) experiments. Unlike EXAFS, which yields atomic
ordering information out to 5–6 Å, differential PDFs show
atomic correlations up to the longest interatomic distances to
which they extend [25,26]. This facilitates exploring atomic-
pair correlations of interest well-beyond the first atomic coor-
dination sphere. More details about the resonant high-energy
XRD experiments and derivation of differential atomic PDFs
are given in the Supplemental Material [18].
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FIG. 1. (a) Experimental total atomic PDFs for Na1−xKxNbO3 ferroics (x = 0, 0.16, 0.42, 0.52, 0.63, 0.82, and 1). Arrows emphasize
the subtle (red arrow) and marked (blue arrow) evolution of the local and average structure of KNNs with their compositions. (b) Low-r
region of the PDFs indicating the presence of fairly rigid Nb-O6 octahedra (PDF peak at about 1.9 Å marked with a single octahedron),
increasing positional order of alkali-metal atoms with K percentage (emerging PDF peak at about 2.8 Å marked with two octahedra and nearby
alkali-metal atoms), hardly changing distances between Nb atoms centering adjacent octahedra (PDF peak at about 4 Å marked with corner
sharing octahedra) and subtle evolution of the next-nearest-neighbor atomic correlations including octahedral tilts (PDF peak at about 6.9 Å
marked with four tilted octahedra). (c) Higher-r region of the PDFs indicating the limited range of structural coherence in KNNs in comparison
to the parent compounds (see the accelerated decay of the respective PDFs with interatomic distances outlined with a red broken line).

Three-dimensional (3D) structure models for the studied
KNNs were constructed and tested against the respective
XRD patterns, total and Nb-differential PDFs. The models
comprised about 120 000 atom configurations with a cubelike
shape and edge with a length of about 10 nm. This is also im-
portant because KNNs in which the Na-to-K ratio approaches
1 are seen to exhibit not only different local and average
atomic structure but also a limited degree of structural coher-
ence [∼8 nm; see Fig. 1(c)]. The size of the models allows us
to explore and relate these striking structural characteristics
of KNNs to their piezoelectric properties. Models with the
structure of the C, T, O, and R polymorphs of KNbO3 and the
room-temperature polymorph of NaNbO3 (S.G. Pbcm) were
tested. Models with an average monoclinic symmetry (S.G.
Pm) were also tested. The models with an average O-type
structure appeared suitable for Na1−xKxNbO3 with x = 0.42,
0.53, 0.82, and 1. The monoclinic type models appeared
suitable for Na1−xKxNbO3 with x = 0.16 and 0.42. As may be
expected, a model based on the room-temperature polymorph
of NaNbO3 appeared suitable for Na1−xKxNbO3 with x = 0,
although to a lesser extent the model also appeared suitable for
Na0.84K0.16NbO3. The models that emerged from the tests as
most plausible were refined to the maximum possible extent
using a combination of Rietveld and reverse Monte Carlo

computational techniques. More details of the 3D structure
modeling are given in the Supplemental Material [18]. Frag-
ments of the most successful structure models for KNNs are
shown in Fig. 2. Total and Nb-differential PDFs computed
from the models are compared with the experimental data in
Figs. 3 and 4, respectively.

III. ANALYSIS OF THE 3D STRUCTURE MODELS

In analyzing a series of large-size atomistic models
for a composition dependence of structural features,
sensible reference points are needed. As such, we used the
room-temperature O polymorphs of the parent compounds
of KNNs, i.e., the O polymorph of NaNbO3 (S.G. Pbcm)
and KNbO3 (S.G. Amm2). Indeed, their structure appeared
as the most successful approximation to the experimental
diffraction data for Na1−xKxNbO3 with x = 0 and 1,
respectively. Fragments of the ideal structures of the
polymorphs, revealing well their local characteristics, are
shown in Figs. 5 and 6. In the O-polymorph of KNbO3,
Nb-O octahedra are not tilted with respect to each other, and
K atoms experience a unique 12-fold oxygen coordination,
resulting in identical K-O bonding distances. Furthermore,
Nb atoms are displaced toward the midpoint of a basal
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FIG. 2. Fragments from the refined 3D models for Na1−xKxNbO3

ferroics (x = 0, 0.16, 0.42, 0.52, 0.63, 0.82, and 1) emphasizing the
corner connectivity of the constituent Nb-O octahedra (green) as
assembled in a continuous perovskite-type lattice. The models differ
in fine details discussed in Figs. 4–6.

edge of the octahedra, which is the direction of spontaneous
polarization. Hence, there are two long (∼2.22 Å) and two
short (∼1.89 Å) Nb basal oxygen (Obas) bonds, while bonds
between Nb and apical oxygens (Oap) are approximately
2.02 Å long. The Nb-Obas-Nb and Nb-Oap-Nb bond angles
are approximately 173° and 167°, respectively. The small
deviation from 180° is due to the significant Nb off-centering.
In the O polymorph of NaNbO3, Nb-O octahedra are
tilted appreciably with respect to each other, and Na atoms
experience two types of oxygen coordination, resulting in a
broad distribution of Na-O bonding distances. Furthermore,
contrary to the case of KNbO3, the basal planes of nearby

octahedra in NaNbO3 are not coplanar, rendering the
distribution of O-Nb-O bond angles rather broad. In particular,
Nb-Obas-Nb bond angles range from approximately 155° to
167° and Nb-Oap-Nb angles deviate from 180° considerably,
ranging from 146° to 161°. This observation is not a
surprise because, in general, when the A-site cation in ABO3

perovskites, i.e., Na, is relatively small, tilts would appear as
the lowest energy distortion mode to satisfy its coordination
preference and relieve the associated “positive chemical
pressure” on the perovskite network. At the same time, the
coordination sphere of the B-site cation, i.e., Nb-O octahedra,
would remain largely undisturbed, and only the usually soft
B-O-B angles, i.e., O-Nb-O angles, over the coupling of the
oxygen octahedra would bend [11,12]. Here, on average, the
off-centering of Nb atoms is asymmetric with respect to Obas,
leading to four Nb-Obas distances ranging from 1.86 to 2.11 Å.
However, bonds between Nb and Oap are of a nearly equal
length (∼1.98 Å). Thus, Nb off-centering in NaNbO3 appears
intermediate between the one-corner (〈001〉 direction) and
two-corner (〈011〉 direction) Nb off-centering in the T and O
polymorphs of KNbO3, respectively. The specific octahedral
tilt pattern and Nb off-centering in NaNbO3 render it antifer-
roelectric merely because polar displacements in successful
pairs of octahedral layers appear out-of-phase [3,8].

Studies have shown that a moderate doping of NaNbO3

with K expands the cavities of the perovskite lattice and
reverses the tilts of Nb-O octahedra. This changes the sense
of Nb off-centering, rendering it closer to that in the O
polymorph of KNbO3. As a result, KNNs in the Na-rich size
of the phase diagram exhibit diminishing octahedral tilts with
K percentage and behave as ferroelectrics [4,15,16]. Notably,
the type of Nb off-centering in KNNs does not seem to
influence significantly the overall shape of Nb-O octahedra.
In particular, both the Nb-Oap bonds and the average Nb-
O bond distance ({4 ∗ Nb-Obas + 2 ∗ Nb-Oap}/6) in KNbO3

and NaNbO3 appear rather similar. Furthermore, bond angles
involving oxygens occupying the corners of Nb-O polyhera,
i.e., Oap-Obas-Oap and Obas-Obas-Obas angles, are close to 90°.
Evidently, Nb-O octahedra in KNNs are fairly rigid, hence
changes in their tilts with K percentage cause nearby Na
atoms to reposition so as to avoid the formation of unac-
ceptably short Na-O distances. The effect of reorientation of
Nb-O octahedra and repositioning of Na atoms in KNNs with
x ∼ 0.5 on their piezoelectric properties has been discussed
in Ref. [27]. Altogether, Nb and oxygen involving bonding
distances and angles in the parent compounds appear as
appropriate reference points for evaluating the evolution of the
octahedral tilt pattern and related Nb off-centering in KNNs
with their composition.

Distribution of Nb-Obas and Nb-Oap bonding distances in
KNNs as a function of their composition, as extracted from
the respective 3D models, is shown in Fig. 7. As can be
seen in the figure, Nb-Obas distances in NaNbO3 show a
broad distribution due to the asymmetric displacement Nb
atoms with respect to the basal oxygens. The distribution
becomes less irregular with K percentage and splits into two
well-defined peaks characteristic of the Nb off-centering in
the O polymorph of KNbO3. Angles along the diagonal of
the basal plane of Nb-O octahedra (Obas-Nb-Obas) also evolve
toward acquiring their values in KNbO3. At the same time, on
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FIG. 3. Experimental (symbols) and RMC fit (red line) total atomic PDFs for Na1−xKxNbO3 ferroics (x = 0, 0.16, 0.42, 0.52, 0.63, 0.82,
and 1). The level of agreement between the experimental and computed data is on the order of 15%, i.e., very good [18,19].

average, Nb-Oap distances change little. Evidently, while its
average magnitude does not seem to change significantly with
K percentage remaining close to 0.2 Å, the direction of Nb
off-centering in KNNs, which is indicative of the direction of
spontaneous polarization, gradually lines up with that of Nb
off-centering in the O-polymorph of KNbO3. Concurrently,
on average, tilts of Nb-O octahedra diminish, as indicated by
the evolution of the average Nb-Oap-Nb and Nb-Obas-Nb bond
angles (see Fig. 7, right). However, contrary to the findings
of traditional XRD [15,16], atomic PDF analysis indicates
that the tilts do not disappear completely when the Na-to-K
ratio approaches 1 but merely cease to be correlated over
long-range distances. In particular, local configurations of
octahedra exhibiting a tilt pattern different from that exhibited
by the majority octahedra in the respective KNN model, e.g.,
a tilt pattern characteristic of NaNbO3 in K-rich models and

no tilts in Na-rich models, can be identified clearly in the
model perovskite lattices shown in Fig. 8. The configura-
tions are rather fuzzy, i.e., they do not have well-defined
boundaries, and, in this sense, they may not be considered
as distinct domains. Rather, they may be described as local
fluctuations in octahedral tilts, i.e., local structural disorder,
which break the average crystallographic symmetry in KNNs
and significantly reduce the coherence length of the underling
perovskite lattice. Notably, the local structural disorder is
seen to peak when the Na-to-K ratio in KNNs approaches
1. The disorder can be revealed by atomic PDF analysis but
averages out over long-range distances. Hence, it is diffi-
cult to be detected by traditional XRD. A similar scenario
has been suggested by Glazer et al. when considering the
“missing” morphotropic boundary in Pb(Zr1−xTix )O3 ferroics
[22,28].

FIG. 4. Experimental (symbols) and RMC fit (red line) Nb-differential PDFs for Na1−xKxNbO3 ferroics (x = 0, 0.16, 0.42, 0.52, 0.63,
0.82, and 1). The level of agreement between the experimental and computed data is on the order of 19%, i.e., very good [19,20].
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FIG. 5. Atomic structure of the room-temperature polymorphs
of KNbO3 (S.G. Amm2) and NaNbO3 (S.G. Pbcm). For simplicity,
both structures are projected on the same a, b, and c axes of an
orthorhombic lattice, where the axes are perpendicular to each other
and inequivalent in length. Both structures feature a perovskite-
type lattice of Nb-O6 octahedra (green), where K and Na atoms
occupy 12-fold-coordinated cavities between the octahedra. Also, in
both structures Nb atoms are displaced from the center of Nb-O6

octahedra. However, contrary to the case of KNbO3, the Nb-O6

octahedra in NaNbO3 are tilted with respect to each other. Hence, K
atoms in KNbO3 occupy one (orange) whereas Na atoms in NaNbO3

occupy two different Wyckoff positions (orange and light green), i.e.,
they experience two different types of oxygen environment.

IV. STRUCTURE-FUNCTION RELATIONSHIP
FOR KNN FERROICS

Experimental data for the piezoelectric constant, average
unit cell volume, bond angles sensitive to octahedral tilts,
related Nb off-centering, and length of structural coherence
in KNNs are summarized in Fig. 9 (left) as a function of
their composition. All quantities evolve nonlinearly with the
Na to K ratio. In particular, the average unit cell volume and
piezoelectric constant reach their maximum values and the
coherence length reaches its minimum value when that ratio
approaches 1. Then, the following picture for the increased
piezoelectric response of KNNs emerges. When K replaces
Na in the cavities of the perovskite lattice, the lattice would
expand because of the larger size of K in comparison to Na
atoms. The expansion would take place largely by reducing
the tilts of octahedra surrounding a “guest” K atom simply
because the octahedra in KNNs are fairly rigid. The sense,
i.e., direction, of Nb off-centering would change accordingly,
and KNNs in the Na-rich side of the phase diagram would
behave as ferroelectrics [7,8,11,12]. Cavities around a “guest”
K atom would also change in size to a certain extent so that the
local tensile strain generated by the replacement is relieved as
much as possible. In turn, tilts of octahedra surrounding those
cavities would also change to a certain extent, leading to local

FIG. 6. Fragments from the room-temperature polymorphs of
KNbO3 (a) and NaNbO3 (b). Note that the fragments are projected on
the same a, b, and c axes of an orthorhombic lattice. Nb-O6 polyhedra
in KNbO3 are not tilted with respect to each other (c). Hence, both
Nb-Obas-Nb and Nb-Oap-Nb bond angles are close to 180°. The
deviation from 180° is due to the off-centering of Nb atoms. Nb-O6

octahedra in NaNbO3 are tilted with respect to each other (e). Hence,
both Nb-Obas-Nb and Nb-Oap-Nb angles are not only considerably
different from 180° but also show a broad distribution. In KNbO3,
Nb off-centering is symmetric with respect to the basal oxygens
(d) leading to two short (∼1.89 Å) and two long Nb-Obas distances
(∼2.22 Å). In NaNbO3, Nb off-centering is asymmetric with respect
to the basal oxygens (f) leading to four different Nb-Obas distances,
ranging from 1.86 to 2.11 Å. In this respect it appears intermediate
between the one-corner 〈001〉 Nb off-centering in tetragonal KNbO3

(Nb moves toward Oap) and two-corner 〈110〉 Nb off-centering in
orthorhombic KNbO3 (Nb moves toward the midpoint of a basal edge
of Nb-O6 octahedra). However, the Nb-Oap bonds and average Nb-O
bond distance, Nb-O(average) = {4 ∗ (Nb-Obas) + 2 ∗ (Nb-Oap)}/6
in KNbO3 and NaNbO3, are similar. Furthermore, in both materials
Obas-Obas-Obas and Oap-Obas-Oap bond angles are close to 90°. Evi-
dently, the shape of Nb-O6 octahedra in KNNs is not much influenced
by the particular off-centering of Nb atoms, i.e., the octahedra are
fairly rigid. Red rectangles in (c), (d), (e), and (f) represent the (100)
plane of the orthorhombic lattice in the selected setting of lattice
vectors a, b, and c. Plots in (d) and (f) represent the base of Nb-O6

octahedra projected onto the (100) plane.

variations in the octahedral tilts pattern. Indeed, rotations of
joined octahedra and the size of nearby cavities in perovskite
lattices are intimately coupled, and changes in one of these
quantities would be accompanied by changes in the other. The
resulting local structural disorder would reach its maximum
value when the ratio of “host” Na and “guest” K atoms
in KNNs, i.e., “loose” and “tight” cavities, approaches 1,
softening the crystalline lattice and easing the polarization
rotation. Further replacement of Na for K would “stiffen” the
lattice, and the piezoelectric response would approach that of
KNbO3. The same scenario applies when K is the “host” and
Na is the “guest” atom in the perovskite lattice. This time,
however, Na would be inducing tilts in the initially “tilts-
free” perovskite lattice. This scenario does not envisage the
presence of a morphotropic boundary, low-symmetry bridging
phases, and/or distinct nanoscale domains. It explains the
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FIG. 7. Left: distribution of (a) Nb-Obas and (b) Nb-Oap distances
in Nb-O octahedra in Na1−xKxNbO3 ferroics (x = 0, 0.16, 0.42,
0.52, 0.63, 0.82, and 1). Right: distribution of (a) Nb-Oap-Nb, (b)
Nb-Obas-Nb, and (c) Obas-Nb-Obas bond angles in the perovskite
lattice of KNNs. Data are extracted from the respective 3D struc-
ture models. Note that, as discussed in the text, the rather broad
distribution of bonding distances and angles in NaNbO3 arises from
the particular Nb off-centering and the presence of pronounced
octahedral tilts illustrated in Figs. 5 and 6. Indeed, the latter is what
suppresses ferroelectricity in this material.

increased piezoelectric response of KNNs in terms of emerg-
ing local fluctuations in octahedral tilts driven by fluctuations
in atomic-level stresses. The stresses accumulate locally and
reduce the length of structural coherence in Na1−xKxNbO3

with x ∼ 0.5 to distances on the scale of 8–10 nm but
appear averaged out at longer distances, leading to a uniform
expansion of the perovskite lattice with K percentage [see
Fig. 1(c)]. Needless to say, for the mechanisms discussed

FIG. 8. Octahedral framework (green) of mixed Na1−xKxNbO3

oxide ferroics (x = 0.16, 0.42, 0.52, 0.63, and 0.82). Configurations
of Nb-O6 octahedra tilted differently from the majority of octahedra
in the respective model structure are given in brown. Tilts are
determined using relevant bond angles and distances between nearby
Nb and O atoms as explained in the text.

here for increased piezoelectric response to be optimized for
practical applications, the distribution of distinct A-atoms (Na
and K) in the perovskite lattice ought to be kept as uniform as
possible.

V. CONCLUDING REMARKS

It has been shown that variations in the geometrical stabil-
ity of pseudobinary ABO3 perovskites induced by gradually
substituting one A-atom for another, such as NaxK1−xNbO3

ferroics, can be explained in terms of variations in Gold-
schmidt’s tolerance factor related to variations in two impor-
tant structural parameters. The first is the variation in the av-
erage A-atom radius, 〈rA(x)〉 = xrk + (1 − x)rNa, with the K
percentage x, where rNa and rK are the ionic radii of Na and K,
respectively. The second is the emergence of local structural
disorder due to the size mismatch between the two different
types of A-ions (Na and K). To a good approximation, the dis-
order can be described in terms of the statistical variance, σ 2,
in the local distribution of rA(x) radii about 〈rA(x)〉, defined as
σ 2 = 〈rA(x)2〉 − 〈rA(x)〉2 [28–30]. More details are given in
the Supplemental Material [18]. As illustrated in Fig. S9 in the
Supplemental Material [18], rA(x) and σ 2 appear as a strictly
linear and quadratic function of x, respectively. Thus, it may
be expected that the properties of KNNs largely sensitive
to changes in the former would evolve linearly with the K
percentage, whereas those largely sensitive to the latter would
appear as a quadratic function of that percentage. Properties
depending on both rA(x) and σ 2 may appear as an asymmetric,
second-degree polynomial function of K percentage of the
type shown in Fig. S9(a) in the Supplemental Material [18].
As data in Fig. 9 (right) indicate, the gradual increase in
〈rA(x)〉 with K percentage results in a gradual diminishing
of the tilts of Nb-O octahedra, as represented by the near-
linear evolution of the respective average Nb-oxygen bonding
distances and angles, thus stabilizing the ferroelectricity in
KNNs. On the other hand, local structural instabilities, such
as local fluctuations in the size of the cavities and octahedral
tilts, as represented by the nonlinear evolution of the unit
cell volume and the respective length of structural coher-
ence, enable the rotation of polarization to occur more easily,
thereby increasing the piezoelectric response (constant) of
KNNs. Among many others, the well-known (Ba, Ca)TiO3,
Bi(Na, K)TiO3, and (Sr, Ba)MnO3 ferroics can also be con-
sidered to exhibit enhanced piezoelectric response thanks to
local structural instabilities of the type described here [32].
Recent theoretical studies have also pointed out the important
role of A-atom size, displacement, and related octahedral
tilts in both (de)stabilizing the ferroelectricity and enhancing
the piezoelectric response in perovskites [14,33]. Thus, local
structural disorder and the resulting geometrical frustration in
the underlying perovskite lattice appear as important struc-
tural characteristics of oxide ferroics that may be rationally
utilized in the ongoing effort to improve their functionality.

From a more general point of view, the effect of local
disorder in ferroelectrics on their piezoelectric properties may
be considered in terms of free-energy instabilities [34–36].
In particular, it is well known that the larger the difference
between the size, i.e., volume, of solute and solvent atoms in
pseudobinary solid solutions, the greater the tendency away
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FIG. 9. Left: (a) Experimental data for the piezoelectric constant, d33, of Na1−xKxNbO3 ferroics (x = 0.16, 0.42, 0.52, 0.63, and 0.82). Data
from literature sources [39–41] are given as green circles, blue triangles, and magenta squares. Our experimental data are given as red triangles.
(b) Experimental data for the volume of the unit cell of Na1−xKxNbO3 ferroics. Data from literature sources [42,43] are given as blue circles
and green triangles. Our data, extracted from fits to experimental PDFs, are given as red triangles. The solid black line connects literature data
for the unit cell volume of NaNbO3 and KNbO3. (c) Average bond angles in Na1−xKxNbO3 ferroics extracted from their 3D structure models.
(d) Length of structural coherence in Na1−xKxNbO3 ferroics obtained from the experimental PDFs in Fig. 1(c). Broken lines in (a), (b), (c), and
(d) are a guide to the eye. Right: Our experimental data from the respective plots on the left (symbols) as fit with a second-degree polynomial
function of the type 〈rA(x)〉 + x(x + 1)(rK − rNa )2 (broken black line) [29–31]. Correlation coefficients for the fits to the data are on the order
of 0.94(2).

from ideal solution behavior, giving rise, to excess volume
of mixing. PDF data for the composition dependence of
the volume of the unit cell of KNNs obtained here confirm
this assumption. Generally, an increase in volume causes an
increase in entropy, thereby a random-type octahedral tilt
pattern would appear energetically favorable for KNNs due to
its propensity to fluctuate and thus accommodate fluctuations
in local stresses arising from the different size of Na and K
atoms. Thus, the usual coupling between the polarization di-
rection and high-symmetry axes of the underlying perovskite
lattice would be reduced and the piezoelectric response in-
creased. This implies that the search for ferroelectrics with
increased functionality need not necessarily concentrate on
systems exhibiting transitions between phases with different
crystallographic symmetry, low-symmetry bridging phases,
and/or distinct polar nanodomains [37]. Inducing local struc-

tural disorder in a controlled manner, including engineering
local fluctuations in atomic-level stresses through measured
cation substitution, may become worthwhile. Engineering of
domains with a special configuration, i.e., extrinsic contribu-
tions, may increase the pursued functionality further [3–5,38].
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