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In the lead-free perovskite potassium sodium niobate, the thermodynamically preferred lattice sites and
charge states of vacancies and substitutional Cu atoms for different processing conditions are determined
theoretically from first principles. For that purpose, defect-formation energies of vacancies and Cu substitu-
tionals in different charge states are calculated with the density-functional theory in the local-density approxi-
mation using norm-conserving pseudopotentials and a mixed-basis supercell approach. The formation energy
of vacancies and the relative stability of Cu substitutionals on alkali and Nb sites in potassium sodium niobate
are determined for oxygen-rich and oxygen-poor processing conditions and as function of the Fermi energy,
and the densities of states are analyzed in terms of free charge carriers.
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I. INTRODUCTION

The lead-free ferroelectric ceramic potassium sodium nio-
bate �K,Na�NbO3 �KNN� is a nontoxic possible future alter-
native to the widely used lead zirconate titanate Pb�Zr,Ti�O3
�PZT� for the electroactive component in piezoelectric actua-
tors and sensors.1 KNbO3 �KNO� and NaNbO3 �NNO� can
form solid solution compounds over the whole composition
range from KNO to NNO. Near a composition of K:Na
=50:50 a morphotropic phase boundary, which is analogous
to that in PZT with Zr:Ti�50:50, leads to enhanced ferro-
electric properties, which is a major reason why KNN is
regarded as a promising lead-free substitute for PZT.

KNN ceramics are produced for instance via an alkali
carbonate and niobium oxide processing technology.2 Dopant
elements can be added by mixing their oxides with the host
constituents before calcination and sintering. Adding copper
oxide as a sintering aid was found to improve the densifica-
tion of the ceramic KNN,1,3 possibly by forming a liquid
phase, which can act as a vehicle for atom transport and
therefore facilitate grain growth.4,5 Besides this processing
aspect, Cu doping in alkali niobates also affects their elec-
tronic and ferroelectric properties. In Ref. 6 it is assumed that
Cu atoms substitute Nb atoms �on B sites in the perovskite
structure ABO3�, and oxygen vacancies are formed as a
charge compensation mechanism. In Ref. 7 Cu is suggested
to substitute both alkali and Nb atoms �on A or B sites,
respectively�. While Cu2+ on a Nb5+ site can act as an accep-
tor dopant and lead to ferroelectric hardening, it could act as
a donor on a Na+ or K+ site and cause ferroelectric softening.
In this work, in order to investigate the site preference for Cu
dopants and the prevailing vacancy type as function of the
chemical processing conditions, first-principles density-
functional-theory �DFT� calculations were carried out to de-
termine the thermodynamic stability conditions for defect
configurations and charge states of vacancies and substitu-
tional Cu impurities in KNN.

The defect-formation enthalpy, which determines the pre-
ferred lattice site for the dopant, depends on the chemical
potentials of the atomic reservoirs,8 which for gases �oxygen
in the case of KNN� correspond to the chemical conditions in

terms of partial pressures of the elemental constituents dur-
ing processing.9 In the present work the influence of the pro-
cessing conditions is investigated systematically according to
the thermodynamic first-principles formalism outlined in,
e.g., Ref. 10.

First-principles calculations have already been applied to
various ferroelectric materials by many authors, e.g., copper
and iron doping in lead titanate,11 vacancies in alkali
niobates,12,13 and iron impurities in potassium niobate14 have
been investigated. But to our knowledge no such studies of
Cu doping of alkali niobates have been reported so far and
comparable published studies of vacancies in the KNN sys-
tem have been limited to neutral vacancies.

II. THERMODYNAMIC FORMALISM

The preferred lattice site for a dopant is governed by the
defect-formation enthalpy, which for most cases of inorganic
solid state systems can be approximated by the defect-
formation energy.8 The defect-formation energy Ef for a de-
fect X in a charge state q is given by8

Ef�Xq� = Etot�Xq� − Etot�bulk� − �
i

�ini

+ q�EF + EVBM + �V� , �1�

where Etot�Xq� is the total energy of the supercell containing
a defect X with charge q and Etot�bulk� is the total energy of
a perfect cell of the same size. �i is the chemical potential of
atom species i, ni is the number of atoms of species i that is
exchanged with a reservoir in the defect formation reaction
�ni�0 for species that are added to, ni�0 for species that
are removed from the host crystal�, and EF is the Fermi en-
ergy, i.e., the chemical potential of an electron relative to the
energy of the valence-band maximum �VBM�, EVBM, and �V
is a correction term which aligns the energy zero of the ma-
terial with a defect to that of the perfect material.8 For
charged defects, −q is the number of excess electrons as-
signed to the defect. We corrected the total energies of de-
fective cells by the number of electrons in the conduction
band multiplied with the difference between local-density
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approximation �LDA� band gap and the experimental one
�see also Sec. III�. Assuming chemical equilibrium condi-
tions, the chemical potentials of the constituents can vary in
ranges that are given by requiring the perovskite phase to be
stable and the fact that the chemical potentials cannot exceed
those of the composing elements in their most stable phases
�see Table III for the relevant numerical values�.

In the following, relative chemical potentials ��i are
used:

��i = �i − �i
0, �2�

where �i
0 is the chemical potential of species i in its most

stable elemental phase. In equilibrium, the alkali niobate per-
ovskite ANbO3 is stable if

��A + ��Nb + 3��O = �Hf
0�ANbO3� , �3�

where �Hf
0�ANbO3� is the formation enthalpy of ANbO3

from its elemental constituents.
The upper boundary for the chemical potentials is

��i � 0 �4�

since otherwise the elemental phase of component i would
precipitate.

The outer triangle in Fig. 1 shows the allowed range of
the chemical potentials for the alkali �A� and Nb atoms ac-
cording to Eqs. �3� and �4�. The allowed region is further
confined by the competing oxide phases A2O, A2O2, NbO,
NbO2, and Nb2O5:

2��A + ��O � �Hf
0�A2O� ,

2��A + 2��O � �Hf
0�A2O2� ,

��Nb + ��O � �Hf
0�NbO� ,

��Nb + 2��O � �Hf
0�NbO2� ,

2��Nb + 5��O � �Hf
0�Nb2O5� . �5�

In our case of a mixed perovskite, where the A sites are
occupied partly by K and partly by Na atoms, the two A
species introduce an additional degree of freedom. However,
because metallic Na and K crystallize in the same structure,
and the formation enthalpies for the two alkali metals and
their oxides are of similar magnitude, in the calculation of
the chemical potentials we assumed ��K=��Na=��A and
set

�Hf
0�bcc A� =

1

2
��Hf

0�bcc K� + �Hf
0�bcc Na�� ,

�Hf
0�A2O� =

1

2
��Hf

0�K2O� + �Hf
0�Na2O�� ,

�Hf
0�A2O2� =

1

2
��Hf

0�K2O2� + �Hf
0�Na2O2�� . �6�

The ranges of the chemical potentials that remain after taking
into account Eqs. �5� are indicated by the gray area in Fig. 1.

Different processing conditions correspond to different
combinations of the chemical potentials. The points indicated
by the numbers 1–8 in Fig. 1 cover all extremes of the pos-
sible conditions. These extremes correspond to the equality
in two of the Eqs. �4� and �5�. For each of the points 1–8, the
ANbO3 perovskite and two reservoir materials are in thermo-
dynamical equilibrium. For instance, at point 2, ANbO3, O2,
and A2O2 are in equilibrium. Together with Eq. �3�, which
must hold for all points, three equations for each point deter-
mine the three chemical potentials of A, Nb, and O:
Point 1

2��A + ��O = �Hf
0�A2O� ,

2��A + 2��O = �Hf
0�A2O2� .

Point 2

��O = 0,

2��A + 2��O = �Hf
0�A2O2� .

Point 3

��O = 0,

2��Nb + 5��O = �Hf
0�Nb2O5� .

Point 4

2��Nb + 5��O = �Hf
0�Nb2O5� ,

��Nb + 2��O = �Hf
0�NbO2� .

Point 5

FIG. 1. Region of possible values for the relative chemical po-
tentials as defined in Eq. �2�. The area inside the outer triangle is
given by the Eqs. �3� and �4�, the shaded area remains after taking
into account the Eqs. �5�. The diagonal lines indicate the chemical
potentials of oxygen that correspond to oxygen partial pressures in
air at the standard atmospheric pressure and in air at 10−6 bar, for
the temperatures 300 and 1300 K.
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��Nb + 2��O = �Hf
0�NbO2� ,

��Nb + ��O = �Hf
0�NbO� .

Point 6

��Nb = 0,

��Nb + ��O = �Hf
0�NbO� .

Point 7

��Nb = 0,

��A = 0.

Point 8

��A = 0,

2��A + ��O = �Hf
0�A2O� .

The chemical potential of oxygen can be related to the oxy-
gen partial pressure and the temperature via the ideal gas
equation9

�O�T,p� =
1

2
GO2

�T,p�

=
1

2
�HO2

�T,p0� − TSO2
�T,p0�� +

1

2
kBT ln� p

p0
�

= �O�T,p0� +
1

2
kBT ln� p

p0
� , �7�

where p0 is a reference oxygen partial pressure �the standard
atmospheric pressure, about 1 bar�, T is the temperature, G is
the Gibbs free energy per molecule, and H and S are en-
thalpy and entropy per oxygen molecule, which can be found
in thermochemical tables and were taken from Ref. 15. For a
derivation of Eq. �7� see e.g., Ref. 9. We calculated the oxy-
gen chemical potentials �cf. Table I� that correspond to air at
the standard atmospheric pressure �pO2

�0.2 bar� and to air
at 1 �bar �pO2

�0.2 �bar�, indicated by diagonal lines in
Fig. 1, at about room temperature �300 K� and at 1300 K, the
latter being in the range of typical sintering temperatures for
KNN.2

III. COMPUTATIONAL METHOD

DFT in the LDA was employed to determine defect-
formation energies of Na, K, Nb, and O vacancies and sub-

stitutional Cu atoms in K0.5Na0.5NbO3. The defect-formation
energies were calculated for atomistic supercell models con-
taining 2�2�2 fcc unit cells �80 atoms�. Some results ob-
tained with 2�2�2 sc supercells �40 atoms� are also pre-
sented for comparison. Figure 2 shows the supercells used
here.

The cubic high-temperature structure of KNN 50:50 �the
Curie temperature is close to 400 °C� and an ordered solid
solution with the K and Na sublattices forming a rocksaltlike
structure were assumed throughout. The LDA lattice constant
of perfect KNN was used for the defective supercells.

Optimally smooth norm-conserving pseudopotentials as
proposed by Vanderbilt,16 the Ceperley-Alder17 LDA
exchange-correlation functional as parametrized by Perdew
and Zunger,18 and Chadi-Cohen19 k-point meshes that are
equivalent to an 8�8�8 k-point mesh for the simple cubic
1�1�1 unit cell with Gaussian broadening20 of 0.2 eV
were applied. The calculations were performed with the
mixed-basis pseudopotential method,21–25 employing a basis
of plane waves up to a maximum energy of 340 eV com-
bined with atom-centered basis functions for alkali s+ p
semicore states, oxygen p valence states, Nb s+ p semicore
and d valence states, and Cu d valence states. The atomic
positions were relaxed until the maximum force was smaller
than 10 meV /Å.

The total energy of the oxygen molecule was calculated in
a periodic cubic supercell with an edge length of about
30 Å. The binding energy of the oxygen molecule and the
formation enthalpies of the metals were obtained as the total-
energy differences compared to single atoms in the same
cubic supercell as the O2 molecule. For the single atoms and
the oxygen molecule, spin polarization was taken into ac-
count.

Spin polarization of the substitutional Cu impurities was
taken into account when calculating the defect-formation en-
ergies with the larger �80 atoms� supercells. In the calcula-
tions with the smaller supercells �40 atoms�, spin polariza-
tion was neglected. Test calculations including spin
polarization yielded energy differences of about 0.2 eV be-
tween the polarized and the unpolarized state, thus the spin
polarization of the Cu defects has only a small effect on the
defect-formation energies.

TABLE I. Relative chemical potential of oxygen, ��O, in eV
for oxygen partial pressures of 0.2 bar and 0.2 �bar, for the tem-
peratures 300 and 1300 K, respectively.

300 K 1300 K

0.2 bar 0.2 �bar 0.2 bar 0.2 �bar

−0.295 −0.473 −1.576 −2.350

FIG. 2. �Color online� Sc 2�2�2 �40 atoms, dashed line� and
fcc 2�2�2 �80 atoms, solid line� supercell of KNN with a rock-
saltlike ordering of K and Na. a is the cubic lattice parameter, cf.
Table II. Oxygen atoms are omitted for clarity.
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In the case of charged defects a compensating homoge-
neous background charge density was included in the calcu-
lations of electrostatic energies and potentials. The LDA
band gap of bulk KNN obtained with a band-structure calcu-
lation is about 1.7 eV whereas the experimental band gap of
KNbO3 is about 3.3 eV.26 Because this serious underestima-
tion of the band gap by LDA can affect the gap states and
thus the defect-formation energies, we corrected for the LDA
band gap by rigidly shifting the conduction-band states up-
wards by the difference between the experimental and the
LDA band gap. For details of this method, see, e.g., Ref. 27.
We chose this rather crude method, because there is no pref-
erential first-principles method to correct for LDA band gap
errors, which is computationally efficient enough to be ap-
plicable to rather large defect supercells. Two potentially ap-
plicable approaches are LDA+U �see, e.g., Refs. 28–30� or
self-interaction corrected LDA �see, e.g., Refs. 31 and 32�.
But an application to the KNN system was postponed to a
future work. In the graphs showing electronic densities of
states, the conduction-band levels were shifted by the band-
gap correction as well.

IV. RESULTS

A. Lattice parameters and cohesive energies

In order to validate the computational settings of the
mixed basis and the pseudopotentials, the equilibrium lattice
parameters and the formation enthalpies with respect to the
elements �i.e., the formation energies in the calculations� of
KNO, NNO, KNN 50:50, and the elementary and binary

reference materials were determined. The results are com-
pared to DFT and experimental data from the literature in
Table II.

The lattice constants determined by LDA are systemati-
cally underestimated with respect to experimental data in this
work as well as in the literature. The cited DFT results of
other authors were obtained with the LDA as well. Our re-
sults for the lattice constants deviate from the experimental
data by less than 3% except for metallic sodium and potas-
sium �4% and 5% deviation, cf. Ref. 37�. Some of the for-
mation energies of the metals and the oxides, such as bcc Na,
show larger deviations from experiment than the results from
literature, others are closer to experiment, such as fcc copper
or the oxygen molecule. Altogether, all these deviations from
experiment are within the typical range for LDA results and
indicate a proper computational setup for the following in-
vestigations of point defects.

B. Defect-formation energies of vacancies
and substitutional copper atoms in KNN

For the calculation of the defect-formation energies of
vacancies and substitutional Cu atoms in KNN the chemical
potentials for the points 1–8 in Fig. 1 were determined using
Eq. �1�. The chemical conditions at each point and the values
of the chemical potentials are compiled in Table III. The
points 1–3 correspond to an oxygen-rich atmosphere, the
points 4–8 to an oxygen-poor one. Since the relative stability
of the substitutional defect sites is not affected by the choice
of the chemical potential of Cu, the Cu reservoir was always
assumed to be metallic ���Cu=0�.

TABLE II. Calculated and experimental values for the lattice constants a in Å and the formation energies �Hf
0 in eV per formula unit for

KNN, its elemental and oxidic reservoirs. The structures of Nb2O5, CuO, and A2O2 were optimized with respect to volume and internal
coordinates. In the case of O2, a denotes the dimer bond length.

a calc. in this work Calc. by others Expt. �Hf
0 calc. in this work Calc. by others Expt.

KNbO3 3.943 3.954 �Ref. 33� 4.00 �Ref. 34� −14.296

NaNbO3 3.904 3.914 �Ref. 33� 3.87 �Ref. 34� −13.852 −13.600 �Ref. 35�
K0.5Na0.5NbO3 3.924 3.94 �Ref. 36� −14.067

K �bcc� 4.984 5.09 �Ref. 37� 5.225 �Ref. 38� −0.963 −1.06 �Ref. 39� −0.94 �Ref. 39�
Na �bcc� 4.049 4.05 �Ref. 37� 4.224 �Ref. 40� −1.309 −1.21 �Ref. 41� −1.113 �Ref. 42�
Nb �bcc� 3.231 3.27 �Ref. 43� 3.303 �Ref. 44� −8.551 −8.15 �Ref. 43� −7.57 �Ref. 43�
Cu �fcc� 3.538 3.56 �Ref. 45� 3.61 �Ref. 46� −4.423 −4.72 �Ref. 39� −3.49 �Ref. 42�
K2O 6.176 6.44 �Ref. 47� −3.792 −3.764 �Ref. 48�
K2O2 6.529 6.733 �Ref. 49� −5.120 −5.139 �Ref. 48�
Na2O 5.407 5.55 �Ref. 47� −4.214 −4.299 �Ref. 50�
Na2O2 6.146 6.22 �Ref. 51� −4.687 −5.319 �Ref. 48�
NbO 4.148 4.210 �Ref. 52� −4.666 −4.206 �Ref. 53�
NbO2 4.792 4.846 �Ref. 54� −8.555 −8.239 �Ref. 48�
Z-Nb2O5 5.278 5.219 �Ref. 55� −18.124 −19.687 a �Ref. 35�
B-Nb2O5 12.600 12.73 �Ref. 56� −20.805

CuO 4.631 4.684 �Ref. 57� −1.440 −1.64 �Ref. 58�
Cu2O 4.191 4.269 �Ref. 59� −1.372 −1.75 �Ref. 58�
O2 1.220 1.22 �Ref. 60� 1.21 �Ref. 60� −7.467 −7.54 �Ref. 60� −5.2 �Ref. 60�
aUnknown structure modification.
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For the points 1 and 4 in Fig. 1, the defect formation
energies of substitutional Cu atoms as function of the Fermi
energy are shown in Fig. 3. The Fermi energy is allowed to
vary within the range of the experimental band gap �indi-
cated by vertical lines� of 3.3 eV. The regions directly below
the VBM and above the conduction-band minimum �CBM�
are included in the graphs so that charge transition levels8

near the band edges are visible since the positions of the
charge transition levels may not yet be completely converged
with respect to the supercell size. The top of the LDA band
gap is also marked by a vertical line �CBM �LDA� in Figs. 3
and 5� but in the following we always refer to the experi-
mental band gap or CBM �CBM �Exp.� in Figs. 3 and 5�.

In an oxygen-rich environment �Fig. 3, top�, the Nb sites
are energetically favored for Cu substitutionals compared to
the alkali sites for Fermi energies in the entire range of the
band gap. In a reducing atmosphere �Fig. 3, bottom� the sub-
stitution on an alkali site is favorable for Fermi energies in
the largest part of the band gap, the Na site being 0.4 eV
lower in energy than the K site for equal chemical potentials
of K and Na �Eq. �6��.

For most Fermi energies in the band gap, the most stable
charge states for substitutional Cu atoms are q=0 for Cu on
an alkali site and q=−2, q=−3, or q=−4 for Cu on a Nb site,
corresponding to Cu+ on a K+ or Na+ site and to Cu3+, Cu2+,
or Cu+ on a Nb5+ site �in Kröger-Vink notation; CuA

� and
CuNb� , CuNb� , or CuNb

� , respectively�.
Whether an alkali site or an Nb site is the energetically

preferred lattice site for substitutional Cu atoms hence de-
pends on the chemical potentials and the Fermi level. Figure
4 shows, for which chemical conditions Cu preferentially
occupies which lattice site. In the oxygen-rich region �points
1–3�, Cu preferentially substitutes for Nb for Fermi energies
in the range of the entire band gap �except for point 3, where
for a Fermi level at the VBM the two sites are energetically

TABLE III. Chemical potentials in eV for the points 1–8 in the
phase stability diagram in Fig. 1.

Point ��A ��Nb ��O Equilibrium between

1 −1.551 −9.815 −0.9001 A2O2, A2O, ANbO3

2 −2.452 −11.615 0.000 O2, A2O2, ANbO3

3 −3.664 −10.402 0.000 O2, Nb2O5, ANbO3

4 −1.817 −1.165 −3.695 Nb2O5, NbO2, ANbO3

5 −1.623 −0.777 −3.889 NbO2, NbO, ANbO3

6 −0.069 0.000 −4.666 NbO, Nb, ANbO3

7 0.000 0.000 −4.689 A, Nb, ANbO3

8 0.000 −2.058 −4.003 A, A2O, ANbO3

FIG. 3. �Color online� Defect formation energies of substitu-
tional Cu atoms on K, Na, and Nb sites for oxygen-rich conditions
�point 1, top� and oxygen-poor ones �point 4, bottom�. Squares
indicate the charge transition levels. Solid lines and filled squares:
fcc 80-atoms supercells, and dashed lines and open squares: sc 40-
atoms supercells.

FIG. 4. �Color online� Defect formation energies of Cu dopants
on K, Na, and Nb sites in their most stable charge states for the
points 1–8, for an electronic chemical potential at the VBM �top�,
the center of the band gap �BGC, center� and the CBM �bottom�.
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degenerated�, in a reducing atmosphere �points 4–8�, the
substitution on an alkali site is energetically more favorable,
if the Fermi level lies in the lower half of the band gap or
slightly above the center of the band gap.

In Fig. 5, the defect-formation energies of vacancies are
shown. In an oxygen-rich atmosphere �Fig. 5, top�, oxygen
and alkali vacancies prevail for a Fermi energy close to the
VBM, whereas Nb vacancies are most favorable for a Fermi
energy close to the CBM. In a reducing atmosphere �point 4�,
oxygen vacancies are most favorable over the entire band-
gap range �Fig. 5, bottom�. The vacancies are most stable in
their nominal charge states VA

−, VO
2+, and VNb

5− �in Köger-Vink
notation; VA� , VO

••, and VNb
��, respectively�. For equal chemical

potentials of K and Na, Na vacancies are 0.5 eV lower in
energy than K vacancies.

Figure 6 shows the defect-formation energies of K, Na,
Nb, and O vacancies in their most stable charge states for a
Fermi energy at the VBM �top�, the center of the band gap
�BGC, center� and at the CBM �bottom�, respectively. In
agreement with results in Ref. 13, we found that oxygen
vacancies prevail in a reducing atmosphere �points 4–8�, for
a Fermi energy in the lower half of the band gap. But for an
oxygen-rich environment �e.g., in air at ambient pressure and
temperature� and a Fermi level in the upper half of the band
gap or slightly below the band gap center, cation vacancies,
especially VNb, are the most easily formed vacancy types.

The convergence of the defect-formation energies with
respect to the supercell size is already good for substitutional
Cu atoms on alkali sites and for alkali and oxygen vacancies
�at most about 0.24 eV energy difference between the small
and the large supercells�, and thus a 40-atoms supercell is
sufficient to model these defects. When the Nb site is in-

volved, as for substitutional Cu atoms on Nb sites and for Nb
vacancies, comparing the 40-atoms cell with the 80-atoms
cell shows that the results from the 40-atoms cell are not yet
well converged �up to about 1.35 eV energy difference be-
tween small and large supercells�.

C. Atomic displacements and electronic densities of states
in KNN with Cu substitutionals or vacancies

Table IV lists the displacements of the atoms of each spe-
cies nearest to the Cu substitutional in percent of the equi-
librium lattice constant of KNN. For each defect configura-
tion, the charge state which is stable close to the band-gap
center was chosen. For Cu on an alkali site, the nearest O and
Nb atoms, and for CuNa also the nearest K atoms, move
toward the defect. This can be explained by Cu having a
smaller ionic radius than both alkali elements. On the K site
this effect is stronger, corresponding to the larger ionic radius
of K as compared to Na. The ionic radii �K+: 1.78 Å, Na+:

FIG. 5. �Color online� The same as in Fig. 3 for K, Na, Nb, and
O vacancies.

FIG. 6. �Color online� The same as in Fig. 4 for K, Na, Nb, and
O vacancies.
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1.53 Å, CuK/Na
+ : 1.35 Å, and CuNb

2+: 0.87 Å� were taken
from Ref. 61, we extrapolated the one for 12-fold coordi-
nated CuK/Na

+ from those for lower coordination numbers.
For Cu on a Nb site, the nearest oxygen ions move away

from the defect due to the smaller electrostatic Coulomb at-
traction caused by the Cu2+ ion as compared to the Nb5+ ion.
The nearest cations move toward the negatively charged de-
fect.

For Cu on an alkali site, the atomic displacements ob-
tained in a 40-atoms supercell are already close to the results
from an 80-atoms supercell. But for Cu on an Nb site, the
displacements obtained with the two supercell sizes differ
considerably. Especially the displacements of the Nb atoms
cannot be obtained in a 40-atoms supercell, because if a Cu
atom occupies an Nb site, these are zero for symmetry rea-
sons.

Table V shows the displacements of the atoms of each
species nearest to a K, Na, Nb, or O vacancy in the 80-atoms
2�2�2 fcc supercell in the charge state with the largest
stability range in the LDA band gap. An alkali vacancy,
VK/Na

− , causes the nearest Nb5+ ions to move toward the va-
cancy, whereas the nearest O2− ion moves away from it, as
could be expected due to Coulomb attraction and repulsion,
respectively. In the case of a K vacancy, the nearest Na+ ions
move away from the VKa

− defect as well, possibly because
they are attracted by the oxygen ions or repelled by the nio-
bium ions. An Nb vacancy VNb

5− attracts the nearest cations
and repels the oxygen ions whereas an oxygen vacancy, VO

2+,
repels the nearest cations and attracts the nearest oxygen ions
due to Coulomb interaction.

Figures 7–9 show electronic densities of states �DOS� for
perfect KNN, for KNN with a Cu dopant on a K or Nb site,
and for KNN with K, Na, Nb, or O vacancies. The VBM of
the perfect and the defective crystals are set to zero. The

shaded areas beneath the curves indicate occupied energy
levels. In the DOS, the energy for which the DOS of the pure
material changes from zero to a finite number was taken as
the VBM and the CBM was set to EVBM+EG with EG being
the experimental band gap. The defective DOS was aligned
with the perfect one in such a way that certain VBM and
CBM features, which are present in the DOS of both the
perfect and the defective KNN, lie at the same energy. The
conduction band levels were shifted upward by the differ-
ence between LDA and experimental conduction band.
The Cu d levels were assigned to the valence band and were
not shifted. The VBM, the LDA �CBM �LDA�� and the ex-
perimental CBM �CBM �Exp.�� are indicated by vertical
lines. The differences in number of spin-up and spin-down
electrons �n↑↓ for each defect and charge state are listed in
Table VI.

TABLE IV. Displacements, i.e., changes in distance to the defect sites as compared to the ideal structure,
of neighbor atoms surrounding the substitutional Cu atom in the sc 40-atoms and fcc 80-atoms 2�2�2
supercells of K0.5Na0.5NbO3 �in percent of the cubic lattice constant a�. Positive values indicate displace-
ments away from the defect.

CuK, q=0 CuNa, q=0 CuNb, q=−3

40 at. 80 at. 40 at. 80 at. 40 at. 80 at.

K 0.0 0.0 0.0 −0.1 −2.1 −1.3

Na 0.0 0.0 0.0 0.0 −11.6 −9.4

Nb −0.3 −0.3 −0.1 −0.1 0.0 −1.5

O −0.6 −0.5 −0.1 −0.1 1.7 1.5

TABLE V. The same as in Table IV, for K, Na, Nb, and O
vacancies.

VK, q=−1 VNa, q=−1 VNb, q=−5 VO, q=+2

K 0.0 0.0 −3.1 1.6

Na 0.8 0.0 −18.6 2.8

Nb −0.9 −0.6 −1.3 4.2

O 0.8 1.5 3.1 −4.0

FIG. 7. Total and partial �Cu d� electronic DOS for pure KNN
and for KNN with substitutional Cu atoms on K sites in their stable
charge states. The VBM is set to zero, the VBM and the CBM are
indicated by vertical lines. For the two curves q=+1 the partial
DOS are scaled by a factor of 4 for better visibility.

FORMATION OF VACANCIES AND COPPER… PHYSICAL REVIEW B 81, 174115 �2010�

174115-7



For Cu on the two alkali sites �Fig. 7�, almost identical
densities of states are obtained, so we show only the one for
Cu on a K site. In the charge state q=+1, stable for a Fermi
energy close to the VBM, the Cu substitutional generates a
hole in the VBM �cf. Table VII�. There are no gap levels. The
Cu atom is spin polarized �cf. Table VI�. In the charge state
q=0, which is stable for Fermi energies over the most part of
the band gap, Cu on an alkali site introduces gap states ap-
proximately 0.8 eV above the VBM, which consist of Cu eg
and t2g states. These gap states are fully occupied by elec-
trons and the Cu impurity is unpolarized. If more electrons
are added, they occupy the conduction band without modi-
fying the defect levels.

For Cu on a Nb site �Fig. 8�, for all charge states that are
stable for a Fermi energy in the band gap, gap states are
present and the Cu atom is spin polarized for all Fermi levels
in the lower half of the band gap. In the charge state q=−1,
which is the most stable charge state for a Fermi energy in a
range of 0.3 eV above the VBM, the Cu substitutional gen-
erates a hole in the valence band. The Cu eg states are split
by spin polarization. Two eg levels lie inside the valence
band, the other two are unoccupied and lie about 0.6 eV
above the VBM. In the charge state q=−2, the valence band
is completely occupied by electrons, the gap states are unoc-

cupied. For q=−3, which is stable near the center of the band
gap, all the Cu eg states have shifted into the band gap. Two
levels are situated about 0.7 eV above the VBM and are
completely occupied, the other two lie about 1.3 eV above
the VBM and are half occupied. In the charge state q=−4,
which is stable in the upper part of the band gap, one of the
defect levels has moved upward and is now situated close to
the band-gap center. All defect levels are now fully occupied
by electrons and the Cu atom is unpolarized.

In the charge states that are stable over the most part of
the band gap, the K, Na �again omitted because of strong
similarity to K�, Nb, and O vacancies generate neither holes
in the valence band nor free electrons in the conduction band
�cf. Fig. 9 and Table VIII�. However, for a Fermi energy
close to the VBM, each vacancy type generates a hole in the
valence band. For charge states that are stable slightly above
the CBM, all vacancy types lead to electrons in the conduc-
tion band.

V. DISCUSSION

In Ref. 62 Zhang relates the Fermi energies, at which
p-type and n-type defects have zero formation energy, to the
minimum and maximum possible Fermi energy �pinning en-
ergies�. For example, negative defect-formation energies for

TABLE VI. Differences in numbers of spin-up and spin-down electrons �n↑↓ of Cu substitutionals on
alkali and Nb sites for different charge states q.

q

CuK/Na CuNb

+1 0 −1 −2 −1 −2 −3 −4

�n↑↓ 1 0 0 0 3 2 1 0

FIG. 8. The same as in Fig. 7 for Cu atoms on Nb sites. The
Cu d DOS is scaled by a factor of 4 for better visibility. FIG. 9. The same as in Fig. 7 for K, Nb, and O vacancies.
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VO in a reducing atmosphere and for Fermi energies in the
lower half of the band gap indicate that O2 gazes out and the
Fermi level increases until it reaches the range where the
defect-formation energies are positive. For vacancies, we ob-
tained negative formation energies of p-type defects near the
VBM and of n-type ones near the CBM so that the Fermi
energy should be pinned to a region around the center of the
band gap �BGC�. In the following discussion of defect for-
mation energies, we therefore assume that the Fermi level
lies close to the BGC. However, the boundaries of this sta-
bility region depend on the atomic chemical potentials, e.g.,
via the oxygen partial pressure.

Our results show that the temperature and the oxygen par-
tial pressure determine the preferred substitution site for Cu
in KNN. In air at ambient pressure and temperature Cu is
energetically driven to substitute on Nb sites, but for tem-
peratures around 1300 K and reduced O2 pressures ��bar or
lower�, the substitution on the alkali sites becomes more fa-
vorable. Our results indicate that an Nb substitution is rather
more favorable for typical processing conditions �in air at
temperatures up to about 1300 K�, but the alkali substitution
cannot be ruled out completely. K2O is quite volatile and
tends to gaze out to some extent, which can lead to K vacan-
cies. The vacant K sites might then be occupied by Cu,
which could explain why in Ref. 7 evidence was found for
Cu substituting on A sites for small Cu concentrations. Re-
cent experimental studies using electron paramagnetic reso-
nance �EPR� spectroscopy63 found evidence for Cu substitut-
ing for Nb. Since we found that in their most stable charge
states, the CuNb defects are spin-polarized for most Fermi
energies in the band gap, whereas the CuK/Na defects are
unpolarized, the latter may not be detected by EPR spectros-
copy. The negative defect-formation energies for some con-
ditions are due to our choice of metallic Cu as reservoir �the
absolute number of �Cu is not needed here because we are
interested in the relative stability of CuK/Na as compared to
CuNb� and do not indicate instability of the host perovskite
with respect to exchange of, e.g., Nb for Cu.

The Cu impurities mainly occur in the charge states CuA
�

and CuNb� /CuNb
� , although CuA

• and CuNb� are also stable over

a certain energy range in the lower part of the band gap. The
charge transition levels between q=−2 and q=−3 and be-
tween q=−3 and q=−4 of the CuNb defect are located
slightly below the center of the LDA band gap and slightly
above the LDA CBM �which is located about 1.7 eV above
the VBM�, respectively, analogous to the transitions between
q=−1 and q=−2 and between q=−2 and q=−3 found for
CuTi in PTO.11

In Ref. 11, Erhart et al. reported the differences in spin-up
and spin-down electrons �n↑↓ for CuTi� ��n↑↓=2� and
CuTi� ��n↑↓=1� in PTO. For the corresponding charge states
of Cu on Nb sites in KNN �CuNb� and CuNb� �, we found the
same differences in spin-up and spin-down electrons, �n↑↓
=2 for CuNb� and �n↑↓=1 for CuNb� . However, for determin-
ing defect-formation energies, the effect of the spin polariza-
tion is rather small. An unpolarized calculation is already
sufficient for obtaining the relative stability of the possible
lattice sites and the approximate positions of the charge tran-
sition levels for Cu substitutionals in KNN.

Cu on an alkali site is an uncharged impurity for most
Fermi energies inside the band gap and the atomic displace-
ments are rather small in this case �0.6% of a at most�.
Therefore neither electrostatic nor elastic interactions are
large or long-ranged so that already rather small supercells
containing 40 atoms apparently are sufficient to model these
defects. The same holds for alkali and oxygen vacancies
even though the latter defects are charged.

If Cu occupies a Nb site, the atomic displacements �up to
11.6% of a� and the defect charges are large, and a 40-atoms
supercell does not yet yield well-converged results. This is
only partly due to the symmetry of the sc 2�2�2 supercell,
which prevents displacements of the Nb ions toward or away
from the impurity in the case of CuNb. A band-structure cal-
culation �not shown� for the smaller supercell �40 atoms�
shows that the Cu eg states still show a considerable disper-
sion, which is pretty much reduced in the 80-atoms supercell,
in accordance with results from Ref. 14 for Fe impurities in
KNbO3.

The displacements of the atoms nearest to a Cu substitu-
tional or a vacancy can mostly be explained in terms of Cou-

TABLE VII. Number of holes in the valence band �nh� and of electrons in the conduction band �ne� for
substitutional Cu defects in different charge states q.

q

CuK/Na CuNb

+1 0 −1 −2 −1 −2 −3 −4

nh 1 0 0 0 1 0 0 0

ne 0 0 1 2 0 0 0 0

TABLE VIII. The same as in Table VII for vacancies.

q

VK/Na VNb VO

0 −1 −2 −4 −5 −6 +3 +2 +1 0 −1

nh 1 0 0 1 0 0 1 0 0 0 0

ne 0 0 1 0 0 0 0 0 1 2 3
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lomb interaction between ions and charged defects, i.e.,
negatively charged defects attract the nearest cations and re-
pulse the nearest anions, and vice versa for positively
charged defects. The atomic displacements near to a vacancy
are in qualitative and for the cations also in quantitative
agreement with results presented in Ref. 13 for vacancies in
KNbO3.

In a reducing atmosphere, oxygen vacancies are the pre-
vailing vacancy type, also alkali vacancies form easily. If the
oxygen partial pressure is on the order of the standard atmo-
spheric pressure, cation vacancies, especially VNb, become
energetically more favorable.

Over the most part of the band gap, the vacancies are
most stable in their nominal charge states VK,Na� , VNb

��, and VO
••,

and thus do not generate free charge carriers. In the defect
charge states of vacancies and Cu substitutionals that are
stable over the most part of the band gap, the valence band is
completely occupied, and the substitutional Cu atoms intro-
duce deep levels. Thus, in this case it is unlikely that free
charge carriers are generated and the electronic conductivity
of the material should hardly be enhanced by either the Cu
substitutionals or the vacancies. However, for a Fermi energy
in a range of about 0.3 eV above the VBM, charge transition
levels were found for all types of defects considered here, Cu
substitutionals and vacancies, and the defects generate holes
in the valence band. For the charge states which become
stable for Fermi energies slightly above the CBM, electrons
occupy the conduction band, so that Cu dopants and vacan-
cies would increase the number of free electrons in the ma-
terial.

Since we found empty or partly filled deep levels for Cu
on Nb sites for a Fermi energy over the most part of the band

gap, the CuNb defect likely acts as a trap for electrons. Trap-
ping of charge carriers at impurities is assumed to play a role
in electrical fatigue of ferroelectrics.64

VI. SUMMARY

In a strongly reducing atmosphere, the preferred lattice
site for substitional Cu is the Na or K site, and the prevailing
vacancy type is the oxygen vacancy. In an oxygen-rich envi-
ronment the Nb site is more stable for substitutional Cu at-
oms, and the most common vacancies are Nb and possibly
alkali vacancies. Cu substitutionals on Nb sites were found
to occur mainly in the charge states CuNb� , CuNb� , and CuNb

� ,
on an alkali site CuK,Na

� is most stable for a Fermi energy in
the largest part of the band gap. The vacancies are most
stable in their nominal ionic charge states VK/Na� , VNb

��, and VO
••,

respectively. Neither vacancies nor Cu dopants in their stable
charge states should lead to free charge carriers in the mate-
rial, except for a Fermi energy close to the band edges. We
found that Cu substitutionals on Nb sites are spin-polarized
for a Fermi energy close to the center of the band gap
whereas on the alkali sites they are unpolarized.
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