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Off-center impurities in a robust ferroelectric material: Case of Li in KNbO3
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The influence of Li impurities on the phase transition sequence of KNbO3 is investigated using an atomistic
model with parameters fitted to first-principles calculations. We find that the replacement of K by Li ions
increases local electric dipoles due to a large Li off-centering along [001] directions. Li doping strongly
affects the transition temperatures of KNbO3 as a result of the coupling between the off-center Li relaxation
dynamics and the macroscopic polarization of the host material. This coupling produces a decrease in the
temperatures for the rhombohedral-orthorhombic and orthorhombic-tetragonal phase transitions, while the
temperature of the cubic-tetragonal ferroelectric phase transition increases. The Li relaxation mechanism in
the different phases of KNbO3 provides a simple framework to understand the transition temperature shifts.
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I. INTRODUCTION

The effect of off-center impurities on ABO3 perovskite
compounds has become a matter of thorough investigations
during the past decades. Particular interest has been focused
onto slowly relaxing, symmetry-breaking defects, which are
coupled to the soft-mode order parameter. A paradigmatic
case is that of Li ions substituting for K in the incipient
ferroelectric KTaO3. Because of the ion-radius misfit, small
lithium ions take off-center positions along the six equivalent
[001] orientations with a displacement as large as a quarter
of the lattice constant.1–3 The off-center displacements of
lithium ions produce local electric dipole moments, which
change their directions with the thermal hopping motions
of Li. The effective moment of the Li dipoles is greatly
increased with respect to other systems, e.g., alkali halides,
owing to the large value of the dielectric susceptibility at
low temperature, polarizing an extended region of host cells
surrounding each defect.2–5 In this way, depending on the Li
content, various phases from dipole glasslike to ferroelectric
ones can be realized. Höchli and Vugmeister have reviewed
the development of research in this material up to the
early 1990s6,7 and, since then, LixK1−xTaO3 continued to
be a subject of numerous investigations. In spite of that,
Li-doping effects on the related ferroelectric material KNbO3

are practically unknown. Even more, fundamental studies
on randomly distributed dipoles with orientational degrees
of freedom embedded in a robust ferroelectric matrix are
missing.

The importance of investigating the effects of off-center
impurities on systems undergoing structural phase transitions
resurrects by recent findings of lead-free materials with very
promising piezoelectric properties.8 In fact, it was shown that
the addition of an appropriate amount of Li ions into a ferro-
electric Na0.5K0.5NbO3 (NKN) matrix produces the enhance-
ment of its piezoelectric and electromechanical properties.
Here the role of the off-center impurities seems to be crucial,
being responsible for the formation of a morphotropic phase
boundary between orthorhombic and tetragonal phases.9 Off-
center impurites are important not only in alkali niobates but
also in the ceramic system Ba(Ti0.8Zr0.2O3)-Ba0.7Ca0.3TiO3,
which displays a surprisingly high piezoelectric coefficient
near a tricritical triple point of its phase diagram.10 In this

piezoceramic, off-center displacements of the smaller Ca ions
in the Ba site11 seem also to be relevant.

The above discussions highlight the need to understand
from a fundamental point of view the role played by off-center
impurities in the structural and dynamical properties of a
robust ferroelectric material. In this paper we investigate the
influence of Li impurities in the phase transition sequence of
KNbO3 using an atomistic model with parameters fitted to first-
principles calculations. KNbO3 is a prototypical ferroelectric
perovskite that exhibits the same sequence of phase transitions
as BaTiO3, transforming from the cubic (C) paraelectric to
the tetragonal (T) phase at 708 K, from the tetragonal to the
orthorhombic (O) phase at 498 K, and from the orthorhombic
to the rhombohedral (R) phase at 263 K. The T, O, and R phases
are all ferroelectric. We find that the replacement of K by Li
ions generates local electric dipoles, which couple strongly
to the ferroelectric host, producing shifts of the transition
temperatures. These shifts can be inferred from the behavior
of the relaxation dynamics of the off-center impurities in the
different phases of KNbO3.

II. INTERATOMIC POTENTIAL APPROACH
AND COMPUTATIONAL DETAILS

While first-principles calculations have contributed greatly
to the physical understanding of ferroelectric perovskites,
these methods are restricted to studying zero-temperature
properties. Nowadays, the combination of first-principles
calculations with effective Hamiltonian12 or interatomic
potential13 techniques offers a multiscale approach to inves-
tigate the various functional properties of ferroelectric oxides
in terms of temperature, composition, and size. Both methods
are able to correctly reproduce the phase sequences of many
ABO3 perovskites, although the transition temperatures have
relatively large errors.

We consider in this work an interatomic potential approach
based on a shell model, where the electronic polarization of
the atoms is implemented via the Dick-Overhauser model,14,15

in which an atom is considered as a charged core connected
to a massless charged shell. The equilibrium distance between
the core and shell is a representation of the electronic polar-
ization of that atom. The atomic interactions are represented
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by potentials between each pair of atoms in the system.
The interactions between different atoms are controlled by
interatomic potentials whose parameters are fitted to achieve
the best possible comparison with ab initio calculations.

The model used in this work contains fourth-order core-
shell couplings (k2 k4), long-range Coulombic interactions,
and short-range interactions described by two different types
of potentials. A Born-Mayer potential V = Ae−r/ρ is used for
the K-O, Li-O, and Nb-O pairs, and a Buckingham potential
V (r) = Ae−r/ρ + C/r6 is used for O-O interactions. The
model parameters for KNbO3 were fitted in a previous work
and they are listed in Ref. 13. In the present study we
determined a new interatomic potential for the Li-O pairs by
adjusting its parameters to potential energy wells obtained
from ab initio calculations. That is, no explicit experimental
data had been used as input for the development of the model.
The ab initio calculations were performed with the LAPW
method, as implemented in the WIEN2K code.16 The input
information corresponded to GGA (Wu-Cohen)17 results of
the energy as function of off-center Li displacements in a
2 × 2 × 2 supercell of the cubic phase.

The phase transition sequence and the dynamical properties
of the material are investigated by molecular-dynamics (MD)
simulations using the DL-POLY package.18 The runs were
performed employing a Hoover constant-(σ ,T) algorithm with
external stress set to zero; all cell lengths and cell angles
were allowed to fluctuate. Periodic boundary conditions over
5000 atoms were considered. The time step was 0.4 fs, which
provided enough accuracy for the integration of the shell
coordinates. The total time of each simulation, after 5 ps of
thermalization, was 45 ps.

III. RESULTS AND DISCUSSION

The shell model for KNbO3 used in this work correctly
reproduces the temperature-driven phase transition sequence
of the bulk, the ferroelectric behavior of KTaxNb1−xO3 solid
solutions,19 and KNbO3/KTaO3 superlattices.20 However, the
transition temperatures are not well reproduced. For that reason
the results are presented here using a rescaled temperature to
match the experimental Curie temperature of the bulk material.
Figure 1 shows the rescaled polarization-temperature phase
diagram demonstrating that the nontrivial phase transition
sequence of KNbO3 is correctly reproduced. Briefly, at high
temperatures, the averaged polarizations Px , Py , and Pz are all
very close to zero. As the system is cooled down, Pz acquires
a value clearly different from zero, while Px = Py = 0, so
the system displays a transition from the paraelectric to the
ferroelectric tetragonal phase. When the temperature is further
reduced, the two lower ferroelectric phases appear: the or-
thorhombic (Py = Pz and Px = 0) and finally the rhombohedra1
phase with approximately equal values of the three polarization
components. Regarding the transition temperatures, Fig. 1
shows that if the Curie temperature is rescaled to match the
experimental value, the T-O and O-R transition temperatures
are very close to the experimental values. Furthermore, the
lattice parameters obtained from the model in the four phases
agree with experimental values to better than 1%.

From a computational point of view, a new interatomic
potential must be developed to simulate Li impurities in

FIG. 1. (Color online) Phase diagram of KNbO3 resulting from
the MD simulations: the three components of the average polarization
(each one represented with a different symbol) as a function
of temperature. The temperature has been rescaled to match the
experimental Curie temperature. The scaling factor used was 0.77.

KNbO3. This new potential must be compatible with the
KNbO3 model in that for simulating the alloy LixK1−xNbO3

the possible difference between the two A-site ions lies in
the different K-O and Li-O interactions and the different
polarizability parameters for K and Li. We showed previously
that the challenge of modeling perovskite solid-solutions
with A-site disorder can be achieved in the framework of
the shell model.21 So, for the present study we develop a
new Li-O potential by adjusting its parameters to reproduce
the energetics of Li off-center displacements in KNbO3

calculated from ab initio calculations. The fitting procedure
was performed for one Li impurity in a 2 × 2 × 2 supercell
of the cubic phase. The energy is evaluated from an ideal
A-site position, with all ions’ coordinates frozen in the
centrosymmetric positions except for Li. Figure 2 shows
LAPW total energy curves for Li displacements along the
[001], [011], and [111] directions. The ab initio calculations
clearly indicate that the impurity has a strong tendency to
off-centering in cubic KNbO3, with energy gains of 49,
23, and 20 meV for the [001], [011], and [111] directions,
respectively. The magnitude of the displacements along the
three directions are 0.80 Å, 0.56 Å, and 0.52 Å. Figure 2
shows that we were able to adjust a Li-O interatomic potential,
compatible with the shell model developed for KNbO3, which
reproduces the LAPW energetics almost quantitatively; with
off-center displacements and energy reductions that are in good
agreement with the ab initio results. The resulting parameters
for the Li-O Born-Mayer potential obtained from the fitting are
A = 3571.876 eV and ρ = 0.211417 Å, while the polarizability
parameter for Li is k2 = 500 eV/Å2.

To check further the quality of the developed Li-O potential,
a very demanding test was performed. The test consisted of
simulating LiNbO3, that is a system where all the K ions were
replaced by Li. Surprisingly, the model for LiNbO3 is able to
reproduce the complex crystal structure of this compound in
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FIG. 2. (Color online) Energy as a function of Li displacement,
along different crystallographic directions, from an ideal A-site
position in 2 × 2 × 2 supercell. All ions’ coordinates are frozen in the
centrosymmetric positions except for Li. Dotted line: LAPW. Solid
line: shell model.

very good agreement with experimental results. The resulting
low-temperature phase is indeed ferroelectric, with very high
thermal stability, and displays a transition to a paraelectric
phase at very high temperature, near the melting point. Figure 3
shows the x-ray diffraction pattern calculated for the LiNbO3

FIG. 3. (Color online) Calculated x-ray diffraction pattern for
LiNbO3 at room temperature generated using shell model MD
simulations compared with the refined experimental structure of
Ref. 22. In each case the intensities are normalized to that of the
strongest peak. The configuration used for the calculation of the
theoretical diffraction pattern (red points) corresponds to the time
average of the lattice constants and atomic position in a 10 × 10 × 10
supercell.

structure at room temperature from MD simulations. This
was compared with a pattern generated using the refined
structure obtained by Hsu et al.22 It is clear from the figure
that the diffraction pattern obtained by the MD simulations is
in excellent agreement with the experimental one: the model
for LiNbO3 gives an rhombohedral ground state (space group
R3c) with room-temperature lattice parameters a = 3.742 Å,
α = 85.26◦, while the experimental results are a = 3.764 Å,
α = 86.27◦.22 This is a very pleasant result, which indicates
that the complex R3c phase of LiNbO3 is obtained, from the
KNbO3 perovskite structure, as result of oxygen octahedra
rotations originated from the volume contraction due to the
replacement of K by Li, plus the strong tendency of Li to
off-centering.

We now examine the local structure and the dynamics of a
Li impurity in the different phases of KNbO3. The temperature
selected for each phase is near the middle of its stability range.
We considered the case of one impurity in a 10 × 10 × 10
supercell, so the defect can be considered as isolated. The
local structure is analyzed by the radial-distribution function
[g(r)] for the Li-O pairs, which are depicted in Figure 4.
As it turns out, the local structure of Li is very similar in
the different phases of KNbO3. In fact, in all the cases g(r)
displays a three-peak structure, which corresponds to the 12
nearest-neighbor Li-O pairs. The integrated radial-distribution
function n(r) for the R phase showed in Fig. 4 indicates that
each peak is originated from 4 Li-O bonds (similar graphs, not
shown here, were obtained for the other phases). This is an
indication that, regardless of the direction of the macroscopic
polarization of the host material, Li moves off-center along
[001] directions. Moreover, the peaks are centered around Li-O
distances, which are similar in the different phases, indicating
again that the ferroelectric host has little effect on the local
structure with respect to the paraelectric phase. The magnitude
of the Li off-center displacements estimated from the different

FIG. 4. (Color online) Radial-distribution function g(r) for Li-
O pairs in the different phases of KNbO3. The integrated radial-
distribution function n(r) for the rhombohedral phase is showed using
a thin solid line.
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FIG. 5. (Color online) Time evolution of Li off-center displace-
ments in the different phases of KNbO3: (a) rhombohedral phase,
(b) orthorhombic phase, (c) tetragonal phase, and (d) cubic phase.
Dotted red, dashed blue, and solid black correspond to x-, y-, and
z-displacements, respectively.

distribution functions is very similar, approximately 1.2 Å.
This value is larger than 0.80 Å obtained for the supercell with
all ions’ coordinates frozen in the centrosymmetric positions
(Fig. 2). This an indication that the magnitude of the Li
displacement is very sensitive to relaxation of the surrounding
ions, which is consistent with earlier results obtained for Li in
KTaO3.5

In spite of the local structure being similar in the different
phases of KNbO3, the impurity dynamics presents interesting
particularities. Figure 5 shows the time evolution of the
Cartesian coordinates of the Li ion from the ideal perovskite
A-site position. In the low-temperature rhombohedral phase,
the Li impurity clearly displays a relaxation dynamics between
[001] off-center positions [Fig. 5(a)]. This behavior resembles
the case of Li in KTaO3, where the low-temperature freezing of
the relaxation dynamics produces a dipole-glass phase.6 There
is, however, one important difference. While in KTaO3, the
impurity jumps between six equivalent off-center positions,
the macroscopic polarization of KNbO3 favors three of
the six possibilities. That is, if the rhombohedral phase is
polarized along the [ +1 + 1 + 1] direction, the Li ion relaxes
only between the [00 + 1], [0 + 10], and [ +100] off-center
positions, being forbidden the negative directions for off-
centering [Fig. 5(a)]. This relaxation dynamic begins to occur
well within the R phase, which is a hundred degrees below
the R-O phase transition. One would expect then that the
impurity relaxation perturbs the R-O transition, lowering the
transition temperature (we will address this point in more detail
latter). The impurity dynamics in the orthorhombic phase is
similar to the previous one in the sense that Li relaxes between
[001] off-center positions. However, as the orthorhombic phase
is polarized along the [0 + 1 + 1] direction, the relaxation

process occurs between two off-center positions, [00 + 1]
and [0 + 10] [Fig. 5(b)]. Here, again, one can speculate that
the Li ions will produce a decreasing of the O-T transition
temperature. In the tetragonal phase, on the contrary, the
dynamics does not show any signature of relaxation [Fig. 5(a)].
In this case Li is off-center along the [001] direction, but
it remains having its local dipole moment always parallel
to the macroscopic polarization without hopping to another
off-center position. As the local polarization of Li is stronger
than the one for KNbO3, the impurities reinforce the average
macroscopic polarization of the alloy compound, and an
increment of the T-C transition temperature with Li doping
can be expected. Finally, in the cubic paraelectric phase,
Li displays a relaxation dynamics between six equivalent
off-center positions [Fig. 5(d)], as in KTaO3. Then, each of
the six positions occurs with equal probability in the course of
time, resulting in vanishing local dipolar moment.

To gain more insight into the effects produced by the
macroscopic polarization of the host material on the impurity
dynamics, we performed supercell calculations to evaluate
the energetics of off-center Li displacements in the different
ferroelectric phases of KNbO3. We considered the case of
one Li impurity in a 5 × 5 × 5 supercell to kept negligible
the interaction between Li impurities situated in adjacent
supercells. Since it was not feasible to optimize the geometry
of this large supercell in term of all degrees of freedom, we
limited ourselves to calculate the energies of off-center Li con-
figurations keeping all ions’ coordinates frozen in the positions
corresponding to each ferroelectric phase. Figure 6 shows total
energy curves for Li displacements along the [001] directions
for the three ferroelectric phases of KNbO3. Figure 6(a) shows
that the macroscopic polarization of the R phase “destroy”
the double-well-type potential of the cubic phase (showed
in dashed lines), and only three energy minima along the
[001] directions are present. Similarly, Fig. 6(b) shows total
energy curves for Li displacements along the [001] directions
in the O phase. In this phase, the macroscopic polarization
also alters the double-well-type potential of the cubic phase in
such a way that only two minima are present. We note that the
two minima of the double-well-type potential along the [100]
direction showed in Fig. 6(b) are indeed saddle points. Finally,
Fig. 6(c) shows that only one energy minimun is obtained for
Li in the tetragonal phase (the four energy minima along the
[100] and [010] directions are saddle points), so a relaxational
dynamics is not expected for the impurity in this case, which
is in accordance with the MD results discussed above. In
summary, it is clear that the underlying energy surface for the
off-center displacement is strongly altered by the macroscopic
polarization of the host material producing particularities in
the local dynamics of Li in the different phases of KNbO3.

We finally characterize quantitatively the influence of the
off-center Li impurities on the phase transition sequence of
KNbO3 by comparing the temperature-driven phase diagram
of pure KNbO3 with the one obtained for a LixK1−x.NbO3 alloy
with low Li concentration. MD simulations were performed
randomly distributing 10 Li impurities in a 10 × 10 × 10 su-
percell, which simulates a Li concentration of 1%. The
resulting lattice constants as a function of temperature are
showed in Fig. 7. It is clear that the off-center impurities
appreciably influence the lattice constants (the presence of Li
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FIG. 6. Energy as a function of Li displacement, along [001]
directions for the three ferroelectric phases of KNbO3, from an
ideal A-site position in 5 × 5 × 5 supercell: (a) rhombohedral phase,
(b) orthorhombic phase, and (c) tetragonal phase. For comparison,
the “double-well-type potential” of the cubic phase is represented
by dashed lines. All ions’ coordinates are frozen in the positions
corresponding to the ferroelectric structure of the pure material except
for Li.

FIG. 7. (Color online) Phase diagrams of KNbO3 and
Li0.01K0.99NbO3 resulting from MD simulations: cell parameters as
a function of temperature. The results for KNbO3 are represented
by dashed lines, while the lattice parameters of Li0.01K0.99NbO3

are represented with different symbols. The temperature has been
rescaled to match the experimental Curie temperature of KNbO3.
The scaling factor used was 0.77.

ions at the A sites shrinks the cell volume) and the temperature
of the phase transitions. In accordance with the predictions
made previously from the relaxation dynamics of an isolated
impurity, Li doping produces a decrease in the temperatures
for the R-O and O-T phase transitions. On the contrary, the
temperature of the C-T ferroelectric phase transition increases.
These shifts, which increase with increasing Li content, are
in good agreement with dielectric measurements of Li-doped
KNbO3 single crystals.23 We note that the temperature shifts
produce an increase of the temperature range of stability of the
tetragonal phase with increasing Li content. This is consistent
with first-principles investigations of Li0.5K0.5NbO3, where
a tetragonal ferroelectric ground was predicted.24 This is
significant because it suggests the possible presence of a
morphotropic phase boundary between this composition and
KNbO3, which is rhombohedral. Even more, at a high
concentration level of Li, frustration could favor the forming
of a relaxor.24 We believe that these last two points deserve a
careful and detailed investigation, which is in progress.

IV. CONCLUSIONS

We have shown that the combination of first-principles
calculations with shell-model techniques offers a multiscale
approach to investigate finite-temperature properties of off-
center impurities in ferroelectric materials. In particular, we
studied the effects of Li impurities on KNbO3. We showed
that the developed model reveals an interesting relationship
between the off-center Li impurities in KNbO3 and the com-
plex R3c phase of LiNbO3. Regarding the temperature-driven
phase transitions, we observed that the off-center defects
couple strongly to the ferroelectric host, producing a decrease
in the temperatures for the rhombohedral-orthorhombic and
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orthorhombic-tetragonal phase transitions, while the temper-
ature of the cubic-tetragonal ferroelectric phase transition
increases. These temperature shifts, which can be inferred from
the reorientation dynamics of the off-center Li impurities in
each phase, produce an increase of the temperature range of
stability of the tetragonal phase with increasing Li content. Our
results are thus significant to better understand the microscopic
behavior of Pb-free piezoelectric materials based on alkali
niobates, like Lix(Na0.5K0.5)1−xNbO3.
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