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CuO-doped NaNbO3 antiferroelectrics: Impact of aliovalent doping and nonstoichiometry on the
defect structure and formation of secondary phases
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The interplay between aliovalent CuO doping and nonstoichiometry on the development of defect structures and
the formation of secondary phases of antiferroelectric NaNbO3 ceramics has been investigated by means of x-ray
diffraction (XRD), first-principles calculations using density functional theory (DFT), and electron paramagnetic
resonance spectroscopy. The results indicate that, for stoichiometric 0.25 mol% CuO-doped NaNbO3, as well
as for 2.0 mol% Nb-excess sodium niobate, the Cu2+ functional centers are incorporated at the Nb site (Cu′′′

Nb).
For reasons of charge compensation, two kinds of mutually compensating defect complexes (Cu′′′

Nb − V ••
O )′ and

(V ••
O − Cu′′′

Nb − V ••
O )• are formed where, for the niobium-excess compound, additionally, V ′

Na contribute to the
mechanism of charge compensation. In contrast, for 2.0 mol% Na-excess sodium niobate, a Na3NbO4 secondary
phase has been detected by XRD, and only part of the Cu2+ forms these types of defect complexes. The major part
of the Cu2+ is incorporated in a fundamentally different way by forming Cu2+-Cu2+ dimeric defect complexes.
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I. INTRODUCTION

Sodium niobate (NaNbO3) is an antiferroelectric nonpolar
material that transforms into a ferroelectric polar state when
subjected to an external field of suitable strength.1,2 Upon
variation of temperature, NaNbO3 exhibits an unusually large
number of phase transitions, owing to tilted oxygen octahedra
and off-centered Nb ions, rendering it one of the most compli-
cated perovskite materials from a structural point of view.1–3

Materials from the [K1−yNay]NbO3 (KNN) solid-solution
system and their modifications currently receive extensive
interest for the development of lead-free ferroelectrics.4–7

Modification of these materials by CuO or Cu-containing
sintering additives is one line of development to improve
these groups of materials.8–13 Accordingly, two effects from
aliovalent Cu doping may influence the materials properties:
(i) changes in the defect structure by formation of lattice
vacancies and defect complexes14–17 and (ii) the presence
of secondary phases forming during sintering, which may
be favored in cases when nonstoichiometry of the alkaline
niobate composition promotes their formation or when the
solubility limit for the dopant is exceeded.17,18 Here, we
report on an analysis of the interplay of nonstoichiometry and
aliovalent doping on the development of defect structure and
the formation of secondary phase in CuO-doped NaNbO3, one
of the end members of the KNN system, by using electron
paramagnetic resonance (EPR) spectroscopy19 and density
functional theory (DFT) calculations.14,20

II. EXPERIMENT

A. Materials

Sodium niobate powders doped with 0.25 mol%
Cu were prepared by a solid-state route from high-
purity Na2CO3, Nb2O5, and CuO raw materials.18 Batch
compositions with three different stoichiometries were
prepared: Na1.02(Nb0.9975Cu0.0025)O3, Na(Nb0.9975Cu0.0025)O3,

and Na0.98(Nb0.9975Cu0.0025)O3, corresponding to 2 mol% A-
site excess, stoichiometric, and 2 mol% B-site excess materials
in case of B-site substitution of Cu.

The materials were sintered at 1105 ◦C for 2 h in air.
X-ray diffraction (XRD) patterns recorded in a Siemens
D500 Diffractometer with Cu-Kα (λ = 1.5406 Å) radiation
confirmed the formation of sodium niobate corresponding
to JCPDS powder diffraction file 33-1270. While no
reflections apart from those attributed to sodium niobate were
identified in the diffraction patterns of the stoichiometric
and the B-site excess sodium niobate materials, in the
Na1.02(Nb0.9975Cu0.0025)O3 composition, additional small
peaks with intensities two orders of magnitude lower than
for the sodium niobate reflections were detected, indicating
the presence of a secondary phase in the ceramics with A-site
excess.

Depending on stoichiometry of the NaNbO3-Cu ceramics,
different types of microstructure develop. In the A-site excess
composition, Na1.02(Nb0.9975Cu0.0025)O3 grains grow to ap-
proximately 10 to 40 μm with cuboid forms and plane surfaces
[cf. Fig. 1(a)]. The stoichiometric Na(Nb0.9975Cu0.0025)O3

ceramic consists of very large, 100 to 500 μm sized,
nonpolyhedral-shaped grains with considerable intragranular
porosity [cf. Fig. 1(b)]. In the ceramics with B-site excess,
the microstructure is fine grained with grain size between
5 and 10 μm [cf. Fig. 1(c)]. These microstructural features
correspond to the stoichiometry-dependent characteristics
reported for undoped A-site excess, stoichiometric, and B-site
excess sodium-potassium niobate.18

B. EPR spectroscopy

To characterize the defect structure, EPR experiments
were performed on an X-band (9.5-GHz) EPR spectrometer
(Bruker, EMX) in a temperature interval ranging between 10
and 300 K, using a helium-flow cryostat (Oxford). For the
exact calibration of the magnetic field, a NMR gaussmeter
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FIG. 1. Microstructure of 0.25 mol% NaNbO3 ceramics of
varying Na/Nb stoichiometries, sintered at 1105 ◦C for 2 h and
chemically etched after polishing. (a) 2.0 mol% Na-excess
Na1.02[Nb0.9975Cu0.0025]O3.(b)Stoichiometric Na[Nb0.9975Cu0.0025]O3.
(c) 2.0 mol% Nb-excess Na0.98[Nb0.9975Cu0.0025]O3.

(ER 035M, Bruker) and a standard field marker polycrystalline
DPPH with g = 2.0036 were used.

III. THEORY

A. Density functional theory calculations

First-principles calculations using density functional theory
(DFT) in the local-density approximation (LDA) were per-
formed to determine the thermodynamically most stable lattice
site for isolated Cu substitutionals in NaNbO3 by comparing
defect formation enthalpies for the substitution on Na and Nb
sites:

Ef [Xq] = Etot[X
q] − Etot[bulk] −

∑

i

μini + q · EF ,

where Ef [Xq] is the total energy of a defect X with defect
charge q, Etot[bulk] is the energy of a perfect reference cell, ni

is the number of atoms of species i exchanged with a reservoir,

μi is its chemical potential, and EF is the chemical potential
of the electrons (the Fermi energy).

The chemical potentials are approximated by total energies
per atom in the crystalline solids; for the oxygen gas, a
temperature and pressure correction based on the ideal gas
equation is made. This approach is described in detail in
a review article of Van de Walle and Neugebauer21 and in
Ref. 22. It was applied to the KNN system in Refs. 23 and 14.
The chemical potential of the electrons is treated as a variable
that is allowed to vary over the band gap of NaNbO3. The
theoretical band-gap energy of 1.80 eV obtained with the
LDA is used. Although the LDA underestimates the band
gap severely, in a similar study of KNN, we found that the
predicted substitution site of Cu dopants is the same, whether
a band-gap correction is applied or not.

The total energies of perfect and defect structures were
calculated with the mixed-basis pseudopotential (MBPP)
code24–28 using a basis of plane waves up to 340 eV combined
with atom-centered functions for Na s + p semicore states, O
p valence states, Nb s + p semicore and d valence states, and
Cu d valence states. The atoms were represented by optimally
smooth norm-conserving pseudopotentials as proposed in
Ref. 29.

The LDA exchange-correlation functional as parametrized
by Perdew and Zunger30 was used. Simple cubic 2 × 2 × 2
supercells and k meshes that correspond to an 8 × 8 × 8
Monkhorst-Pack mesh in the single perovskite unit cell and
Gaussian broadening by 0.2 eV were employed. The atomic
positions were relaxed until the forces were smaller than
10 meV/Å.

B. EPR spin Hamiltonian

The spin Hamiltonian for a magnetically dilute Cu2+ center
(3d9) with electron spin S = 1

2 (monomeric Cu2+) can be
written as31

HS= 1
2

= βeB0 · g · S − βngnB0 · I + S · A · I, (1)

where gn is the corresponding nuclear g factor and βe and βn

are the Bohr and nuclear magnetons, respectively. The first
and second terms represent the electronic and nuclear Zeeman
interactions, respectively, where B0 denotes the external field,
given in the principal axes system of the g matrix. The third
term is due to the copper hyperfine interaction with ICu = 3

2
for both copper isotopes with natural abundances 63Cu:69.09%
and 65Cu:30.91%.

On the other hand, the spin-pair Hamiltonian describing the
interaction between two Cu2+ centers with local electron spin
S1 = S2 = 1

2 and total electron triplet state S = 1 (dimeric
Cu2+) has to consider additional terms, such that the corre-
sponding spin Hamiltonian is written as32,33

HS=1 = βe

2∑

i=1

B0 · g · Si − βngnB0 · I +
2∑

i=1

S · A · Ii

− JS1 · S2 + S1 · D · S2. (2)

The last two terms describe the isotropic Heisenberg and
the anisotropic dipolar spin-exchange interactions, respec-
tively. In that notation, J is the isotropic exchange con-
stant and D is the fine-structure tensor that combines
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contributions from anisotropic exchange interaction (Dex)
and magnetic dipole-dipole interactions (Ddd). The fine-
structure interaction is commonly parametrized in terms of the
sum

∑−q�k�q

k=2,...,2S B
q

k O
q

k (Sx,Sy,Sz), with B
q

k the fine-structure
Hamiltonian coefficients and O

q

k the extended Stevens spin
operators.31 The order k in the spin operators for two
magnetically coupled centers of S = 1 allows terms up to
k = 2. S1,2 and I1,2 are the spin operators of the individual
components of the dimer.

Adopting a point-dipole approximation, Ddd allows us
to estimate the distance r12 between the two Cu2+ centers
according to

Ddd = 3

4

g2
‖β

2(1 − 3 cos2 θ )

r3
12

, (3)

where θ is the angle between the direction of r12 and the
external magnetic field.

IV. RESULTS AND DISCUSSION

The X-band (9.5-GHz) EPR spectra of 0.25 mol%
CuO-modified NaNbO3 for varying Na/Nb stoichiometries
are shown in Fig. 2. The compounds with 2.0 mol%
Nb-excess (Na0.98[Nb0.9975Cu0.0025]O3) and stoichiometric
Na[Nb0.9975Cu0.0025]O3 show characteristic spectral features
for an S = 1

2 system with quartet hyperfine coupling to a

nucleus of I = 3
2 . This is indicative for the Cu2+-oxidation

state with 3d9.31,32 Particularly at low temperature (20 K),
two different sets of quartet hyperfine resonances (Azz) can
be distinguished in the low-field region, centered at slightly
different g values (gzz). The origin for such differences in
hyperfine patterns can be explained by Cu2+ centers with
varying oxygen coordination, i.e., defect complexation with
charge-compensating oxygen vacancies.34

With respect to the temperature dependence, sodium nio-
bate is known to exhibit a phase transition at 193 K from the
antiferroelectric, monoclinic phase at ambient temperature to
a ferroelectric, rhombohedral phase. This phase transition can
also be monitored by the corresponding EPR spectra measured
at ambient temperature [cf. Fig. 2(a)] as compared to those at
20 K [Fig. 2(b)] and tentatively can be traced back to the
expected tilting of oxygen octahedra and off-centering of the
B-site ions as a function of temperature.1–3

The spectra for the 2.0 mol% Na-excess compound
(Na1.02[Nb0.9975Cu0.0025]O3), however, substantially differ
from those typically obtained if the Cu2+ ions reside at
the octahedrally coordinated sites in a magnetically dilute
state.15,16,35–41 Instead, the spectra are characteristic for a triplet
(S = 1) state that may be explained by a Cu2+-Cu2+ dimeric
center owing to the here observed septet hyperfine pattern as
compared to the quartet hyperfine pattern present for the other
compounds.
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FIG. 2. X-band (9.5 GHz) EPR spectra of a 0.25 mol% CuO-doped NaNbO3 ceramics measured at (a) ambient temperature and
(b) at 20 K. 2.0 mol% Nb-excess (Na0.98[Nb0.9975Cu0.0025]O3, top), stoichiometric (Na[Nb0.9975Cu0.0025]O3, center), and 2.0 mol% Na-excess
(Na1.02[Nb0.9975Cu0.0025]O3, bottom) CuO-doped sodium niobate.
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A. Stoichiometric Cu2+:NaNbO3

Principally, Cu2+ in alkali niobates is discussed being
incorporated at both cation sites, where the Cu2+ either
acts as an acceptor or a donor and charge compensation is
performed by cation or anion vacancies.42 Considering first the
stoichiometric CuO-doped NaNbO3, DFT calculations predict
an incorporation of Cu on the Nb site under air atmosphere.
The results are illustrated in the phase-stability diagram for
Cu-doped NaNbO3 in Fig. 3. The perovskite phase is stable
for chemical potentials in the gray region, whereas outside that
region, it becomes unstable with respect to competing oxide
phases, such as Na2O or Nb2O5. The substitution of Cu at
the Na site is thermodynamically favorable for a low chemical
potential of oxygen or partial pressures (light gray area marked
as CuNa in Fig. 3), whereas for a high chemical potential of
oxygen, corresponding to processing under air atmosphere at
atmospheric pressure, the substitution of Cu at the Nb site is
thermodynamically more stable, at least at room temperature
(dark gray area marked as CuNb in Fig. 3). In the intermediate
gray-shaded area, the preferred substitution site depends on
the position of the Fermi level in the band gap.

The prediction by DFT is supported by the EPR experi-
ments, as the obtained spectra are characteristic for a situation
for which gzz > gyy,gxx . Accordingly, the Cu2+ site has to be
octahedrally coordinated, which corresponds to the perovskite
B site. The sizes of ionic radii, with rNb5+ = 64 pm and
rCu2+ = 73 pm, as compared to rNa+ = 139 pm, support this
assignment.

For an analysis of defect structures, the overlapping Cu2+
EPR spectra were first unraveled by employing numerical
spectrum simulation.43 Correspondingly, the obtained spec-
trum for the stoichiometric Na[Nb0.9975Cu0.0025]O3 compound
is shown to consist of two subspectra as depicted in Fig. 4(a).

FIG. 3. Phase-stability diagram as obtained with DFT. The
perovskite structure is stable for chemical potentials in the gray
region. The oxygen chemical potentials corresponding to the standard
atmospheric pressure and to 10−6 bar at temperatures of 300 K (room
temperature) and at 1300 K (close to typical sintering temperatures),
respectively, are indicated by black lines.

The refined spin-Hamiltonian parameters for the two Cu2+
centers are summarized in Table I.

In order to transfer the determined spin-Hamiltonian
parameters into structural information, sets of g-value and
63Cu-hyperfine coupling (gzz,

63CuAzz) are analyzed owing to
a recently developed semiempirical scheme.34 The different
defects are designated by using the Kröger-Vink notation,44

according to which the subscript indicates the lattice site
that a defect occupies and the superscript corresponds to
the electronic charge of the defect relative to the site that
it occupies. To indicate isovalent substitution charge, × is
used, • indicates a single positive charge, and ′ signifies
negative charge. By exploiting refined spin-Hamiltonian pairs
(gzz,

CuAzz) for the two centers observed, the formation of
two different kinds of charged defect complexes is confirmed:
(V ••

O − Cu′′′
Nb − V ••

O )• and (Cu′′′
Nb − V ••

O )′. In the first complex
(V ••

O − Cu′′′
Nb − V ••

O )•, Cu2+ is electrically overcompensated
with two oxygen vacancies. Owing to the Jahn-Teller effect, we
tentatively assign the two oxygen vacancies being coordinated
at the two apical sites of the oxygen octahedron, such that
the defect complex approximately is inversion symmetric
(although the host compound is noninversion symmetric).
This assignment is supported by the observed almost axial
symmetry of the spin-Hamiltonian g matrix (gxx ≈ gyy)
and is in analogy to results recently found for similar
compounds.14–16 In a linearly aligned defect complex, we
expect that the Cu2+ ion relaxes into the plane spanned by the
four equatorial oxygens in analogy to the situation reported
for acceptor centers in other ferroelectric materials.14,45–49

As a consequence, the distance to the oxygen vacancies is
approximately equal, for which reason this defect complex
contains a vanishing electric dipole moment. On the other
hand, the two V ••

O , as well as the Cu2+, will deform the lattice,
leading to an elastic dipole moment.50

The second complex (Cu′′′
Nb − V ••

O )′ is electrically under-
compensated by only one oxygen vacancy. Consequently, this
defect complex contains an electric dipole moment pD = q · l

with q = +2e at the oxygen vacancy site and q = −3e at
the Cu2+ site, both having a distance of about half a lattice
constant.51,52

Concerning the overall charge compensation of the com-
pound, the two kinds of defect complexes are singly charged,
but with opposite signs. Hence, they can mutually compen-

TABLE I. Determined spin-Hamiltonian parameters for different
Cu2+ functional centers in NaNbO3 at a temperature of 20 K,
as refined after numerical spectrum simulation. Within spectral
resolution, gxx ≈ gyy and ACu

xx ≈ ACu
yy . Diverging spin-Hamiltonian

values for the Nb-excess compound are given in parentheses.

(V ••
O − Cu′′′

Nb − V ••
O )• (Cu′′′

Nb − V ••
O )′ Cu2+-Cu2+

gzz 2.235 2.450 2.235
(2.170)

gxx 2.057 2.092 2.105
(2.092)

63CuAzz 480 MHz 205 MHz 230 MHz
(520 MHz)

63CuAxx 40 MHz 40 MHz 50 MHz

B0
2 430 MHz
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 (mT)  (mT)

FIG. 4. Deconvolution of overlapping Cu2+ species for stoichiometric (a) and 2.0 mol% Nb-excess CuO-doped NaNbO3 (b). Experimental
X-band (9.5-GHz) EPR spectra (center) measured at 20 K compared to numerical spectrum simulations (top, center) invoking the spin-
Hamiltonian parameters given in Table I for the (Cu′′′

Nb − V ••
O )′ and (V ••

O − Cu′′′
Nb − V ••

O )• defect complexes. The numerically simulated sum
spectrum is a superposition of both subspectra.

sate according to the following approximation for charge
neutrality:

[(Cu′′′
Nb − V ••

O )′] ≈ [(V ••
O − Cu′′′

Nb − V ••
O )•]. (4)

This is in line with the observation that both defect centers
are approximately equally abundant for the stoichiometric
0.25 mol% Cu-doped sodium niobate compound. The amount
of intrinsically present lattice defects V ′

Na and V ••
O is thus not

affected by the aliovalent Cu2+ doping.
The incorporation reaction of Cu2+ into the NaNbO3 lattice

is analogous to the situation for CuO-doped KNN 50/50
(Ref. 15) and KNbO3 (Ref. 16):

2CuO
Nb2O5−→ 2Cu′′′

Nb + 2O×
O + 3V ••

O , (5)

which involves that each copper functional center in average
is charge compensated by 3

2V ••
O . At the high-temperature

limit valid for calcination and sintering, these V ••
O will be

remote from the Cu2+ defect and, thus, are mobile ionic
charge carriers. However, at the low-temperature limit valid
well below the Curie temperature, the additionally introduced
V ••

O to the NaNbO3 lattice are trapped by the Cu2+ functional
centers and form defect complexes according to

2Cu′′′
Nb + 3V ••

O −→ (Cu′′′
Nb − V ••

O )′ + (V ••
O − Cu′′′

Nb − V ••
O )•.

(6)

As compared to the situation for CuO-doped PZT materials,
where only the fully charge-compensated (Cu′′

Zr,Ti − V ••
O )×

defect dipole is present,40,49 the defect structure present here is
considerably more complicated. The reason is the pentavalent
B site in NaNbO3 as compared to the tetravalent one in PZT,
such that a single V ••

O is not sufficient to compensate a Cu′′′
Nb

functional center.

B. Nb-excess Cu2+:NaNbO3

Generally, when considering the defect chemistry of ABO3

materials with two different kinds of cations, both types of
cation vacancies (V ′

Na, V ′′′′′
Nb ), in principle, have to be accounted

for. For the undoped NaNbO3 compound, these cation va-
cancies are charge compensated by the corresponding anion
vacancies (V ••

O ) according to the following approximation of
charge neutrality:17

[V ′
Na] + 5[V ′′′′′

Nb ] ≈ 2[V ••
O ]. (7)

Assuming that nonstoichiometry of a compound mainly
impacts the concentration of cation vacancies, for Nb-excess
NaNbO3, the amount of V ′′′′′

Nb is expected to be decreased,
whereas for Na-excess NaNbO3, the concentration of V ′

Na is
reduced. Vice versa, assuming the amount of unbound [V ••

O ] to
remain constant, because the additionally introduced oxygen
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vacancies are complexed to the copper according to Eq. (6),
Eq. (7) predicts that, with decreasing [V ′′′′′

Nb ], [V ′
Na] should be

increased.
The results obtained for the stoichiometric compound

can be essentially transferred to the 2.0 mol% Nb-excess
compound, as there were only minor differences in the refined
spin-Hamiltonain parameters (cf. Table I). The main difference
is the modified ratio of the amounts of the two defect
centers because [(Cu′′′

Nb − V ••
O )′] is decreased as compared to

[(V ••
O − Cu′′′

Nb − V ••
O )•]. This can be explained by an increased

amount of [V ′
Na] present in the Nb-excess compound, which is

in accordance to the prediction of Eq. (7) made for Nb-excess
NaNbO3. Correspondingly, the approximation for charge
neutrality for the Nb-excess compound has to be modified
as compared to the stoichiometric compound given in Eq. (4)
according to

[V ′
Na] + [(Cu′′′

Nb − V ••
O )′] ≈ [(V ••

O − Cu′′′
Nb − V ••

O )•]. (8)

Tentatively, the small variance in spin-Hamiltonian pa-
rameters for the (V ••

O − Cu′′′
Nb − V ••

O )• defect complex in
the stoichiometric compound as compared to Nb-excess
Cu2+:NaNbO3 can be rationalized by V ′

Na in close vicinity
to the defect complex.

Secondary phases were not observed, neither in the XRD
nor in the EPR spectra (cf. Fig. 2), which is in line with a recent
study of undoped sodium niobate, where it was reported that
the material can tolerate niobium excess up to 4 mol% before
secondary phases are formed.53

C. Na-excess Cu2+:NaNbO3

Considering Eq. (7) for a Na-excess NaNbO3 compound,
a reduced amount of V ′

Na and simultaneously an increased
concentration of V ′′′′′

Nb are expected. However, pentavalent
V ′′′′′

Nb are generally regarded as quite improbable to exist
owing to their high effective charge, which corresponds to
a major disruption of the chemical bonding in the lattice.
This is in line with recent DFT calculations that reported the
energy of formation for sodium and oxygen vacancies being
considerably lower as compared to the energy for a niobium
vacancy.54 Correspondingly, in analogy to considerations for
nonstoichiometric BaTiO3,55 the contribution of V ′′′′′

Nb to the
defect equilibria is neglected and the formation of a NaO-rich
secondary phase is expected until a stoichiometric NaNbO3

compound is achieved.17 In the case of Na-excess Cu2+-doped
NaNbO3, the secondary phase likely contains copper as well.

As compared to the 2.0 mol% Nb-excess and stoichio-
metric CuO-doped NaNbO3 compounds, the spectrum for the
2.0 mol% Na-excess compound (Na1.02[Nb0.9975Cu0.0025]O3)
exhibits an additional spectral feature, which is characteristic
for a triplet state with electron spin S = 1, as can be shown by
numerical spectrum simulation (cf. Fig. 5).

The most striking difference to the spectra obtained for
the above-discussed Nb-excess and stoichiometric sodium
niobates is the well-resolved septet hyperfine splitting in
the magnetic field range between 220 and 280 mT. As
compared to the equally intense quartet hyperfine patterns
characteristic for the other compositions (cf. Fig. 4), the septet
hyperfine pattern can be explained by a hyperfine interaction
to two magnetically equivalent copper nuclei, resulting in a

120 140 160 180 200

(a)

sim.

exp.

B
0
 (mT)  (mT)

200 250 300 350

(b)

sim.

exp.
∗

B
0

FIG. 5. Experimental X-band (9.5-GHz) EPR spectrum (top)
of 2.0 mol% Na-excess CuO-doped NaNbO3 measured at 20 K
compared to a numerical spectrum simulation (bottom) invoking
a triplet (S = 1) Cu2+-Cu2+ dimeric center. The corresponding
spin-Hamiltonian parameters are given in Table I. Forbidden half-field
transitions with �mS = ±2 (a) and scaled intensity as compared
to the allowed transitions with �mS = ±1 (b). The underlying
resonance owing to the formation of defect complexes is indicated by
an asterisk.

characteristic variation in intensity as 1 : 2 : 3 : 4 : 3 : 2 : 1.
This situation is schematically illustrated in Fig. 6.

The resolved septet hyperfine interaction, however, is
only resolved for the atomic z orientation; in the x and y

orientations, the copper hyperfine interaction is too small
to be resolved. The characteristic doublet resonance pattern
observed in a field range between 290 and 350 mT is
characteristic for the triplet (S = 1) electron spin state and

FIG. 6. Schematic illustration for the septet hyperfine splitting
observed for the Cu2+-Cu2+ dimeric center. The septet hyperfine
pattern originates from a hyperfine interaction of two magnetically
equivalent Cu2+ nuclei resulting in a characteristic variation in
intensity as 1 : 2 : 3 : 4 : 3 : 2 : 1.
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a situation for which |J | � hνmw holds. Consequently, the
observed center has to involve a Cu2+-Cu2+ dimer with
dipolar spin-spin interaction, and transitions can only be
induced within the spin-triplet state. By invoking the set
of spin-Hamiltonian parameters summarized in Table I, this
part of the experimental spectrum can be well reproduced
numerically (cf. Fig. 5).

The resonance at 320 mT (g = 2.108) is not reproduced by
the numerical spectrum simulation using the above-mentioned
spin-Hamiltonian parameters of the Cu2+-dimeric functional
center. Owing to its g value, it can be assigned to the gxx,yy

region of (Cu′′′
Nb − V ••

O )′ and (V ••
O − Cu′′′

Nb − V ••
O )• defect

complexes.
A consequence of high-spin (S = 1) paramagnetic centers

is that often resonances with considerably smaller intensity
occur in a field range exactly at half the resonance field of
the allowed transitions. These transitions at 140–180 mT are
thus named as half-field transitions. Such resonances occur
owing to so-termed forbidden transitions with selection rule
�mS = ±2. Correspondingly, these transitions only occur for
high-spin systems with electron spin (S > 1

2 ). Because the
half-field resonances additionally have a markedly smaller
orientation dependence as compared to the allowed transitions
with �mS = ±1, the corresponding resonances are typically
better resolved and, thus, helpful signals for numerical spec-
trum simulation. The corresponding orientation dependence
of allowed and forbidden transitions is depicted in Fig. 7.

By exploiting the calculated orientation dependence, it can
be demonstrated that only the low-field septet hyperfine pattern
for the gzz orientation is observed in the EPR spectrum. This is
owing to the g anisotropy, for which reason the high-field septet
hyperfine resonances for the gzz orientation are buried under
the dipolar electron-spin doublet for the gxx,yy orientation.

For the observed Cu2+-Cu2+ dimeric center, the distance
between the two magnetically active copper sites can be
estimated with two alternative methods. First, the determined
fine-structure coupling B0

2 can be analyzed according to
the point-dipole approximation given in Eq. (3). Due to
the similarity of the here obtained spectra with data from
literature,56–59 it can be assumed that Ddd � Dex. Accordingly,
Dex is neglected and Ddd is taken as the dominant contribution

to the fine-structure interaction, such that the numerically
refined value of B0

2 = 430 MHz can be used for the estimation
of distance between the Cu2+ centers according to Eq. (3).
Because, furthermore, the exact value for θ can only be ob-
tained from single-crystal data, we tentatively set θ = 0 as the
Cu2+-Cu2+ dimer most probably determines the orientation of
the molecular frame with the main axis along the direction of
r12. Thus, with the determined value of B0

2 = 430 MHz and
taking θ = 0, an interspin distance of r12 = (3.3 ± 0.5) Å is
estimated. This value, however, is afflicted with a systematic
error as the g values for the corresponding electron spins are
assumed being isotropic and are approximated to g = 2.0,
which differs to the here present g anisotropy (cf. Table I).

Second, the intensity of the forbidden half-field transition
IHF can be compared with the intensity of the allowed transition
I , which obeys an r−6 law60

IHF

I
= (19.5 ± 0.5)(9.1)2

r6
12ν

2
mw

. (9)

Here, νmw is the corresponding microwave frequency in GHz.
Exploiting Eq. (9), the corresponding interspin distance can
be estimated to r12 = (2.9 ± 0.5) Å. A major error occurs
owing to the resonance at 320 mT (g = 2.108) that does not
belong to the Cu2+-Cu2+ dimer, but contributes to I . The
hence determined value for r12 systematically overestimates
the interspin distance.

As a mean value for the further considerations, we thus
consider an interspin distance of (3.1 ± 0.5) Å between the two
Cu2+ centers to discuss different conceivable defect-structure
models. In that respect, three scenarios will be discussed: (i) an
incorporation of the Cu2+-Cu2+ dimer into the NaNbO3 lattice,
(ii) a magnetically dilute Cu2+-Cu2+ dimer as impurity in a
NaxNbyOz secondary phase, and (iii) strongly magnetically
interacting Cu2+ centers as part of a NaxCuyOz secondary
phase.

First, different processes of self-complexation are con-
sidered in which the two Cu2+ ions are assumed being
incorporated in linear arrangements in neighboring unit cells
of the NaNbO3 structure, as schematically illustrated in
Figs. 8(a)–8(c). In that respect, a substitution for the Na site

FIG. 7. Numerically simulated orientation dependence of allowed (�mS = ±1) and forbidden (�mS = ±2) transitions for the Cu2+-Cu2+

dimeric center invoking the spin-Hamiltonian parameters given in Table I. The half-field resonances show a markedly reduced orientation
dependence as compared to the allowed transitions.
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(a) (b)

(d) (e)

(c)

FIG. 8. Schematic illustration of conceivable arrangements for
the Cu2+-Cu2+ dimeric center in a pseudocubic NaNbO3 unit
cell. (a) (Cu′′′

Nb − V ••
O − Cu′′′

Nb)′′′′. (b) (V ••
O − Cu′′′

Nb − V ••
O − Cu′′′

Nb −
V ••

O )×. (c) (Cu•
Na − Cu•

Na)
••. (d) (Cu•

Na − Cu′′′
Nb)′′. (e) (Cu•

Na − V ••
O −

Cu′′′
Nb)×. Open circle: oxygen; open square: oxygen vacancy; gray

circle: niobium; and black circle: copper.

would result in the formation of a double-positive charged
(Cu•

Na − Cu•
Na)•• defect complex [cf. Fig. 8(c)]. This situation

with an incorporation of Cu2+ at the perovskite A site,
however, is rather unlikely to be accomplished for a compound
being synthesized with 2.0 mol% sodium excess.

An alternative scenario would be the incorporation of
Cu2+ at the Nb site, which would then form a fourfold-
negative charged (Cu′′′

Nb − V ••
O − Cu′′′

Nb)′′′′ defect complex [cf.
Fig. 8(a)]. Because of the large charge mismatch of this
defect complex, it seems rather unfavorable for the lattice
to tolerate such defects. This problem can be circumvented if
two oxygen vacancies are additionally associated, such that
an electrically neutral (V ••

O − Cu′′′
Nb − V ••

O − Cu′′′
Nb − V ••

O )×
defect complex is generated [cf. Fig. 8(b)]. Owing to the
experimentally observed axial symmetry of the center, the
Cu′′′

Nb and V ••
O are arranged along one orientation. However,

all three defect-structure models considered so far involve
an interspin distance between the two Cu2+ centers equal to
the NaNbO3 lattice constant r12 ≈ 4 Å, which surpasses the
experimentally determined value.

A model that results in a smaller interspin distance is
provided by the amphoteric incorporation of the two ad-
jacent Cu2+ centers at both cation sites, thus leading to a
double-negative charged (Cu•

Na − Cu′′′
Nb)′′ defect complex [cf.

Fig. 8(d)]. By taking into account the NaNbO3 lattice constant
(≈4 Å) and neglecting any distortion from cubic symmetry, the
corresponding interspin distance amounts to r12 ≈ 2

√
3 Å =

3.46 Å, which fits to the spectroscopically determined value
within the experimental error. Possibly, this defect complex
could also involve an oxygen vacancy (Cu•

Na − V ••
O − Cu′′′

Nb)×,

thus being charge neutral [cf. Fig. 8(e)]. Because this defect
has lower than axial site symmetry at the Cu2+ site, there is
a discrepancy with the experimentally determined axial site
symmetry.

More generally, when discussing all hitherto considered
dimeric models illustrated in Fig. 8 at first view, it seems
unlikely that an incorporation of the Cu2+ simultaneously on
A and B sites always occurs in nearest-neighbor unit cells
with a well-defined Cu2+-Cu2+ interspin distance instead of
a broad distribution of distances between the Cu2+ centers.
However, recently, an analogous defect structure has been
proposed for Mn-doped BaTiO3 ceramics, involving the
formation of a (Mn′

Ti − V ••
O − Mn′

Ti)
× defect complex.61 More

specific, the existence of ferromagnetically coupled Cu2+-
Cu2+ centers has recently been reported in a copper-doped
KTaO3 single crystal.62 In this work, the Cu2+-Cu2+ dimeric
centers were suggested being arranged in a linear complex
with three oxygen vacancies. Moreover, a reduced Cu2+-Cu2+
interspin distance as compared to the lattice constant of KTaO3

has been explained by spin ordering. The here discussed
formation of dimeric Cu2+-Cu2+ defect centers incorporated
into the NaNbO3 lattice in terms of a linear (V ••

O − Cu′′′
Nb −

V ••
O − Cu′′′

Nb − V ••
O )× defect complex thus provides a possible

scenario.
As a further scenario, the formation of secondary phases

containing the Cu2+-Cu2+ dimeric center will be discussed. In
that respect, the driving force for the formation of secondary
phases can be rationalized as being due to the Na excess lying
above the solubility limit.17 The Cu2+-dopant concentration
of 0.25 mol%, however, is expected to be below the solubility
limit, which, for most other perovskite compounds, is below
about 1.0 mol%.63–65

With respect to the formation of secondary phases, first
the Na3NbO4 secondary phase66,67 is considered that has been
identified in the XRD patterns for the 2.0 mol% sodium-excess
compound. The Nb-Nb distance in the corresponding crystal
structure has been determined to 3.38 Å.66 Assuming that
the Cu2+ replace the Nb5+ ions, this distance is within the
experimentally determined interval for the Cu2+-Cu2+ dimer.
Similar to the above-discussed situation for sodium niobate,
charge compensation in the Na3NbO4 secondary phase is
expected to be accomplished by the formation of oxygen
vacancies.

In order to test this hypothesis, a set of 0.25 mol%
Cu2+-doped NaNbO3 ceramics with 2.0 mol% sodium excess
has been prepared at varying sintering temperatures Tsint

between 937 ◦C and 1150 ◦C. Obviously, the amount of
secondary phase formed strongly depends on Tsint as illustrated
in Fig. 9(a); with decreasing sintering temperature, the amount
of Na3NbO4 markedly increases. The corresponding EPR
spectra are shown in Fig. 9(b). Here, the intensity of the
Cu2+-Cu2+ dimeric center remains invariant on variation of
Tsint, but, on the other hand, pronounced variations in the
region at 320–325 mT can be observed (marked with an
asterisk). The correlation of x-ray and EPR results necessitates
a quantitative comparison of the amounts of secondary phase
and Cu2+-Cu2+ dimer formed. If the amount of Cu2+-Cu2+
dimers incorporated into the Na3NbO4 would increase with
larger fraction of secondary phase, a higher intensity of the
EPR signal would be expected for the ceramics sintered at
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(a) (b)

FIG. 9. Impact of sintering temperature Tsint on the development of Na3NbO4 secondary phase for 2.0 mol% Na-excess CuO-doped
NaNbO3. (a) section of XRD patterns relevant for the Na3NbO4 secondary phase. (b) X-band EPR spectra. The sintering temperatures are
given above the spectra. The diffraction peaks and the EPR resonances owing to the secondary phase are marked by asterisks. The diffraction
intensities of the x-ray patterns are normalized to the background.

lower temperature. However, if the amount of Na3NbO4 in
the ceramics sintered at higher temperature is large enough to
accommodate almost all available Cu2+ in the form of dimers,
an increase in the Na3NbO4 phase content in the ceramics
sintered at lower temperature will not show an increased EPR
signal intensity of the Cu2+-Cu2+ dimeric center because no
additional Cu2+ is available. Accordingly, the observed results
are not conclusive to distinguish between the Cu2+-Cu2+
dimeric center being either incorporated into the NaNbO3

lattice or into the Na3NbO4 secondary phase.
The spectral part that strongly depends on the sintering

temperature and, hence, is assigned to Cu2+ defects in the
Na3NbO4 secondary phase can also be numerically simulated
(not shown) by involving an S = 1 state. This can either be due
to trivalent copper (Cu3+, 3d8) or another Cu2+-Cu2+ dimeric
center with considerably smaller fine structure and, thus, larger
interspin distance. However, owing to extensive g and A strain,
the spectral resolution is not sufficient to analyze this center in
more detail.

Alternatively, the Cu2+-Cu2+ dimeric center could be part
of a NaxCuyOz secondary phase that intrinsically contains
copper68 with a concentration below the detection limit for
XRD, but certainly above the one for EPR, which can be
estimated between 100–10−9 mol%. Various NaxCuyOz phases
have recently been studied.69 However, in these compounds,
strong magnetic interactions between the copper centers are
present, which typically are orders of magnitude larger than

the hyperfine interaction observed here. Correspondingly, EPR
spectra of these compounds will be characteristic of broad
and featureless resonances at X-band frequency, which differs
from the here observed spectra exhibiting a well-resolved
hyperfine septet pattern (cf. Fig. 2).

V. SUMMARY

In summary, the interplay between aliovalent CuO doping
and nonstoichiometry on the defect structure and formation
of secondary phases of antiferroelectric NaNbO3 ceramics
has been investigated by EPR and DFT. The results obtained
show for stoichiometric 0.25 mol% CuO-doped NaNbO3,
as well as for 2.0 mol% Nb-excess sodium niobate, the
incorporation of the Cu2+ functional centers at the Nb site
(Cu′′′

Nb). In the stoichiometric compound Cu2+:NaNbO3, two
kinds of mutually compensating defect complexes (Cu′′′

Nb −
V ••

O )′ and (V ••
O − Cu′′′

Nb − V ••
O )• are formed. With 2.0 mol%

Nb excess, the amount of the dimeric (Cu′′′
Nb − V ••

O )′ is
decreasing as compared to the trimeric (V ••

O − Cu′′′
Nb − V ••

O )•
defect complex. Owing to the high structural tolerance
of the material to nonstoichiometry, in this case, charge
compensation is accomplished by the formation of sodium
vacancies.

In contrast, for 2.0 mol% Na-excess sodium niobate
compounds, a secondary phase (Na3NbO4) has been detected
by XRD, and only part of the Cu2+ forms defect complexes in
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analogy to the situation for the stoichiometric and Nb-excess
NaNbO3 compounds. Under the influence of sodium excess
and the Na3NbO4 secondary phase, the major part of the Cu2+
tends to be present in a fundamentally different fashion by
forming Cu2+-Cu2+ dimeric centers. A definite assignment
of this new center was not possible so far. If the dimeric
center is incorporated to the Na3NbO4 secondary phase,
the lack of variation in EPR intensity of this center with
changes in the amount of Na3NbO4 secondary phase in the
ceramic has to be further analyzed. If the dimeric centers are
formed by Cu2+ substitution within the NaNbO3 lattice, the
challenges for future work are to investigate the reasons for

nonaxial-symmetric arrangements in the case of neighboring
amphoteric substitution and for reduced interspin distances
between the Cu2+ ions in the case of the linear arrangement
including oxygen vacancies.
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Sanchez, and B. Meyer, Phys. Rev. B 65, 132104 (2002).

28B. Meyer, F. Lechermann, C. Elsässer, and M. Fähnle
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44F. A. Kröger and H. J. Vink, in Solid State Physics, Vol. 3, edited by
F. Seitz and D. Turnbull, (Academic Press, New York and London,
1956), pp. 307–435.

45K. A. Müller, W. Berlinger, and J. Albers, Phys. Rev. B 32, 5837
(1985).

184113-10

http://dx.doi.org/10.1103/PhysRev.96.581
http://dx.doi.org/10.1103/PhysRev.96.581
http://dx.doi.org/10.1107/S0567739473001245
http://dx.doi.org/10.1107/S0567739473001245
http://dx.doi.org/10.1063/1.3512980
http://dx.doi.org/10.1063/1.3512980
http://dx.doi.org/10.1007/s10832-004-5130-y
http://dx.doi.org/10.1007/s10832-004-5130-y
http://dx.doi.org/10.1007/s10832-007-9047-0
http://dx.doi.org/10.1111/j.1551-2916.2009.03061.x
http://dx.doi.org/10.1142/S179360471000097X
http://dx.doi.org/10.1143/JJAP.43.7159
http://dx.doi.org/10.1088/0022-3727/41/4/045401
http://dx.doi.org/10.1088/0022-3727/41/4/045401
http://dx.doi.org/10.1080/07315170802353058
http://dx.doi.org/10.1016/j.matlet.2008.02.079
http://dx.doi.org/10.1016/j.jeurceramsoc.2010.10.033
http://dx.doi.org/10.1103/PhysRevB.81.174115
http://dx.doi.org/10.1103/PhysRevB.81.174115
http://dx.doi.org/10.1039/b905642d
http://dx.doi.org/10.1039/b905642d
http://dx.doi.org/10.1142/S1793604710000932
http://dx.doi.org/10.1039/b918782k
http://dx.doi.org/10.1103/PhysRevB.84.014109
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1063/1.1682673
http://dx.doi.org/10.1103/PhysRevB.65.035406
http://dx.doi.org/10.1143/JJAP.43.6793
http://dx.doi.org/10.1088/0953-8984/2/19/006
http://dx.doi.org/10.1088/0953-8984/4/22/017
http://dx.doi.org/10.1088/0953-8984/4/22/017
http://dx.doi.org/10.1088/0953-8984/7/48/010
http://dx.doi.org/10.1088/0953-8984/7/48/010
http://dx.doi.org/10.1103/PhysRevB.65.132104
http://dx.doi.org/10.1103/PhysRevB.32.8412
http://dx.doi.org/10.1103/PhysRevB.23.5048
http://dx.doi.org/10.1080/00268970903084920
http://dx.doi.org/10.1080/00268970903084920
http://dx.doi.org/10.1016/0038-1098(95)00399-1
http://dx.doi.org/10.1016/0038-1098(95)00399-1
http://dx.doi.org/10.1016/0022-3697(96)00021-2
http://dx.doi.org/10.1016/0022-3697(96)00021-2
http://dx.doi.org/10.1111/j.1151-2916.1997.tb02884.x
http://dx.doi.org/10.1007/s003390050712
http://dx.doi.org/10.1007/s003390050712
http://dx.doi.org/10.1016/S1293-2558(03)00087-6
http://dx.doi.org/10.1016/S1293-2558(03)00087-6
http://dx.doi.org/10.1063/1.1728310
http://dx.doi.org/10.1063/1.1728310
http://dx.doi.org/10.1007/s00339-004-3013-3
http://dx.doi.org/10.1007/s00339-004-3013-3
http://dx.doi.org/10.1016/j.jeurceramsoc.2009.01.003
http://dx.doi.org/10.1016/j.jeurceramsoc.2009.01.003
http://dx.doi.org/10.1016/j.jmr.2005.08.013
http://dx.doi.org/10.1016/j.jmr.2005.08.013
http://dx.doi.org/10.1103/PhysRevB.32.5837
http://dx.doi.org/10.1103/PhysRevB.32.5837


CuO-DOPED NaNbO3 ANTIFERROELECTRICS: . . . PHYSICAL REVIEW B 84, 184113 (2011)
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