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Cu2+-doped Pb[Zr0.54Ti0.46]O3 (PZT) and Cu2+-doped [K0.5Na0.5]NbO3 (KNN) ferroelectrics with a

dopant concentration of 0.25 mol% were investigated by means of multi-frequency and multi-pulse

electron paramagnetic resonance (EPR) spectroscopy. Through the use of high magnetic fields and pulsed

microwave fields an enhanced resolution was achieved yielding valuable information about the structural

distortion at the dopant site. The results obtained suggest that Cu2+ substitutes for both systems as an

acceptor centre for the perovskite B-site. For reasons of local charge compensation, different kinds of defect

associates invoking one and two oxygen vacancies are formed. These two kinds of extended defects differ in

their electric and elastic properties. The results obtained are analyzed in order to characterize differences of

the local structure in the Cu2+-defect center for morphotropic phase boundary compositions between the

two systems. In particular, it is found that Cu2+-doping in KNN creates 50% more oxygen vacancies than

the same amount of copper in PZT. Furthermore, local differences in covalent and ionic bonding are

monitored.

Introduction

Functional ceramics based on lead zirconate titanate solid

solutions (Pb[ZrxTi1�x]O3, PZT) provide a basis for a wide

range of applications.1–4 Principally there are two strategies

for tailoring material properties for specific applications. On

the one-hand, the Zr/Ti-ratio may be varied, where compositions

at the so-termed morphotropic phase boundary (MPB) typically

show optimum values. On the other hand, material properties

may be tailored by adding several transition-metal or rare-earth

elements on a percentage level. This allows control of the

defect structure,5–7 which is typically achieved by means

of aliovalent doping, rendering ‘soft’ or ‘hard’ piezoelectric

materials.8 Even though PZT is the material-of-choice for the

majority of ferro- and piezoelectric devices, there is a strong

interest in developing lead-free alternatives to PZT owing

to environmental concerns. As suggested by the knowledge

obtained from PZT, the candidate material should be a

solid-solution system having an MPB. One of the most

promising candidates are potassium sodium niobates

([KyNa1�y]NbO3, KNN).9–11

The pseudo-binary PZT solid-solution system as a function

of temperature is divided into a cubic paraelectric (Pc) and a

ferroelectric phase (cf. Fig. 1(a)). As a function of composition,

the region of ferroelectric phase is divided by a MPB into two

parts: a tetragonal phase region on the Ti-rich side (Ft) and a

rhombohedral phase region on the Zr-rich side (Fr1,2). On

the other hand, the KNN phase digram consists of several

low-temperature ferroelectric phases ranging from tetragonal

Fig. 1 Phase digrams for the Pb[ZrxTi1�x]O3 (a) and [KyNa1�y]NbO3

(b) solid solution systems indicating the regions of the morphotropic

phase boundary.
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(Ft1,2) over orthorhombic (Fo1,2) to rhombohedral (Fr) and

monoclinic (Fm), as illustrated in Fig. 1(b). Even though for

both PZT and KNN the MPB occurs for x E 0.5 (cf. Fig. 1),

there is a fundamental different structure of the MPB. For

PZT the MPB connects the rhombohedral phase, in which

the electric polarization is along the [111] direction, to the

tetragonal structure, in which the polarization lies along

the [001] direction, necessitating a ‘rotation of polarization’.

On the other hand, for KNN there is no such necessity as the

MPB connects regions of collinear directions of spontaneous

polarization. Because for PZT it is suggested that the extra-

ordinarily large piezoelectric response in the MPB region

is driven by the electric-field induced rotation of the

electric polarization,12–14 the exact role of the MPB for

KNN materials is currently controversial.11,15,16

On a microscopic level, two main questions for piezoelectric

compounds are of concern: a closer understanding of the

nature of the MPB and the interplay between structural

features of the MPB with the defect structure. In this paper

we thus aim to compare two specific structural features

between PZT and KNN; the formation of defect associates

through doping with aliovalent copper ions and the role of the

corresponding defect-dipole polarization at the MPB.

Concerning the defect structure it has to be distinguished

between so-called ‘hard’ materials with relatively low dielectric

constants or high coercive fields, and ‘soft’ compounds that

show an increased dielectric constant, high dielectric loss or

low coercive field. For PZT it is well established that acceptor-type

dopants form defect dipoles with charge-compensating

oxygen vacancies, such as (Cu00Ti � V��O )�,17 (Ni00Ti � V��O )�,18,19

(Fe0Zr;Ti � V��O )�20–26 or (Mn00Ti � V��O )�.27 The KNN defect

structure is more complex. Recently, beyond the existence of

(Cu000Nb � V��O )0 defect dipoles, the formation of a second type of

defect associate (V��O � Cu000Nb � V��O )� with predominant elastic

properties has been found.28 On the other hand, donor-type

functional centers for PZT rather occur as ‘isolated’ centers

(Gd�Pb) and the corresponding lead vacancies (V 00Pb) generated

for charge compensation are located in distant coordination

spheres.29

The method-of-choice to characterize paramagnetic dopants

is provided by electron paramagnetic resonance (EPR)

spectroscopy.5,6 Because it is a local-probe technique, it is

particularly well suited for an investigation of the MPB.

Recent methododical advances concerning the use of high

frequencies30–33 and pulsed microwave fields17,34,35 have

allowed for an accurate determination of spin-Hamiltonian

parameters. These in turn are able to be transferred into

structural information through the use of semi-empirical

methods,20,21,25,26,36 where density-functional theoretic

(DFT) calculations have proved to be very helpful.17,25,37

Theory

The spin Hamiltonian for an unpaired 3d9 electron with spin

S = 1
2 interacting with N magnetic active nuclei of arbitrary

spin I can be written as38

H ¼ beB0 � g � S� bn
XN
i¼1

gn;iB0 � Ii þ
XN
i¼1

S � Ai � Ii ð1Þ

where gn,i are the corresponding nuclear g-factors and be, bn
are the Bohr and nuclear magnetons, respectively. The first

and second terms are the electronic and nuclear Zeeman

interactions, respectively, where B0 denotes the external

magnetic field. The last term corresponds to the hyperfine

interactions with nearby magnetic nuclei, such as the copper

hyperfine interaction with ICu = 3
2
for both copper isotopes

with natural abundances 63Cu: 69.09% and 65Cu: 30.91% and

100% abundant 23Na (I= 3
2
) or 22.1% abundant 207Pb (I= 1

2
)

nuclei.39 The hyperfine tensors Ai as well as the external field

B0 are given in the principal axes system of the g-matrix, and

the index i refers to a particular nucleus. The copper nuclear

quadrupole interaction was not resolved in the spectra and

thus has been neglected.

The hyperfine interactions Ai may then be expressed as

Ai ¼ aiso;i1þ A0i ð2Þ

where aiso,i is the isotropic hyperfine coupling constant and the

traceless and symmetric tensor A0i describes the anisotropic

dipole–dipole interaction between the electron spin S and the

nuclear spin Ii. Because the second-rank tensor A0i is traceless

and symmetric, there is always a coordinate system in which

the tensor is diagonal with the elements A0? and A0k ¼ �2A0?.
By convention, A0k is taken to be the principal value with the

largest absolute magnitude. Therefore, the dipolar hyperfine

interaction can be described in terms of this single parameter.

For an S = 1
2
, I = 1

2
spin system with isotropic g-value and

an axial hyperfine tensor, the nuclear transition frequencies in

the two mS manifolds are given by

na;b ¼
A

2
� nI

� �2

þ B

2

� �2
" #1

2

ð3Þ

with the nuclear Zeeman frequency nI ¼ �gnbnB0

h
and

A ¼ Ak cos
2 yþ A? sin

2 y

¼ aiso þ A0kð3 cos2 y� 1Þ
ð4Þ

B ¼ ðAk � A?Þ sin y cos y

¼ 3A0k sin y cos y
ð5Þ

where y is the angle between the vector r joining the electron

spin and the nucleus, and the A principal axes. Assuming a

point-dipole approximation, the dipolar hyperfine parameter

A0k scales as r
�3

A0k ¼
m0
4p

ggnbebn
r3h

ð6Þ

and hence provides an estimate for the distance between the

paramagnetic center and the corresponding magnetic nucleus.

This approximation is applicable only if hyperfine interaction

with nuclei are considered, which are sufficiently remote from

the localized electron spin. A vanishing trace of A indicates the

validity of this assumption.
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Experimental

X-Band (9.4 GHz) continuous-wave and pulsed EPR

measurements were performed on a Bruker ElexSys

680 spectrometer, using a cylindrical TE011 dielectric ring

resonator (Bruker). The exact magnetic field values were

calibrated by a standard field marker (polycrystalline DPPH

with g = 2.0036). All spectra were recorded at a temperature

of 10 K, using a helium-flow cryostat (Oxford).

Field-modulated continuous wave EPR experiments

at high-frequencies (240 GHz) were performed at the high

magnetic field facility at the NHMFL, using a quartz

synthesizer for the microwave (mw) radiation and a setup

without resonator.40

HYSCORE41 spectra were recorded using a standard

four-pulse sequence (p
2
� t� p

2
� t1 � p� t2 � p

2
� t� echo)

and an eight-step phase cycle in order to remove unwanted

echoes.42 Pulse lengths of tp = tp/2 = 16 ns and a delay time of

t = 150 ns were employed. The echo is recorded in two

dimensions as a function of t1 and t2, which were incremented

independently from each other in steps of 8 ns, starting with

initial values of 100 ns. Typically 512 data points were

collected in both dimensions. The recorded time-domain data

were then processed as follows: the background echo decay in

both t1 and t2 dimension was removed by least-squares fitting

to a third-order polynomial and subsequent subtraction. Both

dimensions of the data were then zero filled to 1024 data

points, convoluted with a Hamming window function and

two-dimensional Fourier transformed, giving the frequency-

domain HYSCORE spectrum. The spectra presented in

this paper are contour plots with logarithmic scaling after

magnitude calculation. These appear in two quadrants,

referred to as the positive (+,+) and negative (+,�)-quadrants.
The chemical composition of the materials is

expected to be Pb[Zr0.5387Ti0.4588Cu0.0025]O2.9975 and

[K0.5Na0.5][Nb0.9975Cu0.0025]O2.99625, respectively.

Results

Multi-frequency EPR

Starting with the Cu2+-functional center in PZT, the corres-

ponding X-band (9.4 GHz) EPR spectrum is shown in

Fig. 2(a). Although it is characteristic for a Cu2+ charge state,

the spectral resolution is not sufficient to reliably extract a full

set of spin-Hamiltonian parameters (cf. eqn (1)). In particular,

the situation is complicated by the expected existence of

several overlapping structures. On basis of the observed

X-band spectrum it is even not possible to determine the

number or site symmetry of such overlapping Cu2+-species.

In order to enhance spectral resolution, an EPR spectrum at

higher Larmor frequency (240 GHz) was taken (cf. Fig. 3).33

At higher external fields, the Zeeman interaction becomes the

dominant term in the spin Hamiltonian (1), thus simplifying

the spectrum and facilitating the determination of the full

g-matrices for the different Cu2+-species. The corresponding

spectrum exhibits the spectral shape expected for axial

and rhombic g-matrices. Through numerical spectrum

simulation43 and subsequent least-squares fitting, one center

of axial site symmetry (g(1)> = 2.082) and two different centers

of rhombic symmetry (g(2)xx = 2.050, g(3)xx = 2.029) with

identical g(2,3)yy = 2.082 are obtained. The corresponding set

of (simulated) spectra is superimposed to the experimental

Fig. 2 X-Band (9.4 GHz) EPR-spectra at 10 K. (a) �0.25 mol%

doped Cu : PZT 54/46. (b) �0.25 mol% doped Cu :KNN 50/50.28

Stick spectra for the two different copper centers are indicated.

Fig. 3 High-field 240 GHz EPR-spectrum of 0.25 mol%-doped

Cu : PZT 54/46 at 4 K.33 The inset displays the low-field region

recorded with increased signal-to-noise. Least-squares fit of the

experimental 240 GHz EPR spectrum invoking three simulated copper

spectra, one of axial and two of rhombic symmetry.
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spectrum in Fig. 3. At the low-field edge of the spectrum at

least two spectral features could be resolved (inset in Fig. 3).

Because no a priori assignment of these features to particular

axial and rhombic g-matrix components is possible, the

relationship g(t)J o g(r)zz is assumed. This assignment is

supported by the fact that the gJ- and gzz-values generally

are sensitive to a change in covalency of the Cu2+–O2�

in-plane p-bonding,36,37 which in turn is due to the Zr4+–O2�

bonding being more polar (ionic) than the Ti4+–O2� bonding

because of electro-negativity differences. Consequently,

g(t)J = 2.342 and gzz
(r1) = gzz

(r2) = 2.402. The two

remaining resonances marked by an asterisk are assigned to

Fe3+-impurity centers.33 The copper hyperfine interaction was

not resolved in the spectra and at high fields primarily leads to

line broadening, constraining any further analysis.

Compared to PZT, the Cu2+-center in KNN X-band EPR

is already sufficient to resolve different spectral features,

because the EPR line width is drastically reduced

(cf. Fig. 2(b)). In particular the low-field region of the

spectrum, being characteristic for the gzz-orientation, is well

resolved. Clearly, two different quartet patterns due to the

hyperfine interaction with the copper nuclear spin I = 3
2
giving

(2I + 1), i.e. four hyperfine components ACu
ii are observed.

The corresponding gzz-value is taken as the center of mass

between the second and third hyperfine feature. The two

different Cu2+-centers are marked by two stick-spectra. The

high-field part of the spectrum is governed by overlapping

transitions of different orientations originating from strong

copper hyperfine splittings and are further complicated

by extra absorption peaks.44 In this region, the hyperfine

structure is buried under the EPR line width, and the

corresponding g-values may be only roughly estimated.

Multi-pulse EPR

Whereas the high-field EPR analysis to first order delivers

information on the first coordination sphere about the copper

functional center, HYSCORE may be employed to considerably

enhance the spectral resolution by resolving hyperfine inter-

actions that are buried under the anisotropically-broadened

EPR line width. These typically correspond to remote

coordination spheres, provided magnetically active nuclei

are present. In case of PZT, this mainly holds for the
207Pb-isotope.17,34

The HYSCORE spectrum for Cu2+-doped PZT 54/46 is

shown in Fig. 4(a).34 It exclusively consists of signals from
207Pb. The (+,+)-quadrant is dominated by a ridge centered

at 2.69 MHz, with a width of 3.6 MHz perpendicular to the

diagonal. The center position corresponds to the 207Pb-Larmor

frequency, giving the identity of the nucleus. The maximum

frequency shift Dns = 90 kHz along the diagonal is determined

by the dipolar component A0k (cf. eqn (6)), while the extent

of the ridge perpendicular to the diagonal is determined

by the distribution of isotropic hyperfine coupling constants

aiso. From the observed value of Dns the dipolar

hyperfine coupling constant A0k can be estimated45 as

A0k ¼ 4
3
ð2nIDnsÞ

1
2 ¼ 0:9 MHz. Additionally, there is a

superimposed broad diagonal peak at the spectral region of

the 207Pb-Larmor frequency due to contributions from weakly

coupled distant 207Pb-nuclei.

In the (+,�)-quadrant, signals extend from (�1.0,6.3) MHz

to (�3.3,8.6) MHz and from (�6.3,1.0) MHz to (�8.6,3.3) MHz.

In this case, the dipolar hyperfine interaction spreads

the cross-peak ridges parallel to the �n1 = n2 diagonal axis,

giving |APb
J | = 11.9 MHz and |APb

> | = 7.3 MHz. The trace of

these values amounts to 4.6 MHz, defining the isotropic

hyperfine component of these local nuclei to |aPbiso| =
1
3
(|APb

J | + 2|APb
> |) = 8.8 MHz and for the dipolar hyperfine

component |A0PbJ | = 1
3
8APb

J | � |APb
>8 = 1.5 MHz. The

remaining features along the diagonal in the experimental

HYSCORE spectra are a result of incomplete inversion of

the electron spin echo by the mixing p-pulse.
In Fig. 4(b), the HYSCORE spectrum for Cu2+-doped

KNN is shown. Obviously, the situation is much different

from PZT as a correlation pattern is only observed for the

(+,+)-quadrant. The diagonal peak at 3.95 MHz corresponds

to the 23Na-Larmor frequency. The maximum frequency shift

Dns is determined to 100 kHz and the isotropic 23Na-hyperfine

splitting to 1.4 MHz. Concerning the width of the correlation

peaks, a similar trend as in the c.w. EPR spectra is observed;

for Cu2+ :KNN the spectral resolution is considerably

enhanced owing to reduced peak width.

Discussion

The accurately determined spin-Hamiltonian parameters will

now be transferred into structural information, focusing on

two main features at the MPB—local variations in polariza-

tion and covalent bonding as induced by the Cu2+-functional

center.

For both compounds, Cu2+ : PZT 54/46 and Cu2+ :KNN

50/50, the ordering of the observed g-values (gJ,gzz 4 g>,gxx,gyy)

is characteristic for octahedrally coordinated Cu2+centers,

where the octahedron is elongated by a tetragonal distortion

Fig. 4 X-Band HYSCORE spectra recorded at 10 K.

(a) 207Pb-HYSCORE of 0.25 mol%-doped Cu : PZT 54/46.34

(b) 23Na-HYSCORE of 0.25 mol%-doped Cu :KNN 50/50.
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along the z-axis.38 It can be explained in terms of a five-fold

orbital degeneracy of the 3d9 ion that is split in the presence of

an octahedral crystal field into a triplet (t2g) and a doublet (eg),

with the latter lying lowest. A tetragonal distortion, caused by

the crystal field and the Jahn–Teller effect, splits the eg levels

further, resulting in an orbital-singlet dx2�y2 ground state.

Apparently, copper is incorporated at the octahedrally

coordinated [Zr,Ti] and Nb-sites, thus acting as an acceptor.

The similarity of effective ionic radii between rTi4þ = 68 pm,

rZr4þ = 81 pm, rNb5þ = 64 pm and rCu2þ = 72 pm as compared

to rPb2þ = 124 pm, rKþ = 164 pm and rNaþ = 139 pm

supports this assignment.

Furthermore, with respect to the local copper environment

the results obtained for Cu2+ : PZT give evidence of an

intrinsically heterogeneous compound, considering the

determined site symmetries for the three different copper

centers (cf. Fig. 3). This is analogous to the situation in

Fe3+-doped PZT, where a defect dipole in the tetragonal

phase manifests in EPR signals of two different symmetries

as a function of defect-dipole orientation with respect to the

orientation of the spontaneous polarization.46 The situation

for Cu2+-doped PZT is schematically illustrated in Fig. 5(a,b).

The third center is due to a defect dipole in the rhombohedral

phase (cf. Fig. 5(c)). On the other hand, the situation for

Cu2+ :KNN so far shows only two centers of similar site

symmetry but different defect association in terms of one or

two associated oxygen vacancies. Consequently, in contrast to

Cu2+ : PZT 54/46 a rather homogeneous Cu2+ :KNN 50/50

material is obtained. High-field EPR will be employed to test

this assignment.

With respect to the formation of defect dipoles and their

interplay with the direction of spontaneous polarization, a

schematic representation is illustrated in Fig. 5. The one kind

of defect dipole, (Cu00Zr;Ti � V��O )� or (Cu000Nb� V��O )0, is (partially)

charge compensated by one oxygen vacancy. Consequently,

this defect associate contains an electric dipole moment

pD = q�l with q = +2e at the oxygen vacancy site and

q = �2e (q = �3e) at the Cu2+site, both having a distance

of about half a lattice constant.19,47 The other defect complex

that is only present in Cu2+ :KNN,28 (V��O � Cu000Nb � V��O )�,

is electrically overcompensated with two oxygen vacancies.

Tentatively, we expect the two oxygen vacancies coordinated

at the two apical sites of the oxygen octahedron. Analogous

to the situation reported for acceptor centers in other

ferroelectric materials the Cu2+-ion should relax back into

the plane spanned by the four equatorial oxygens.17,25,48 As a

consequence, the distance to the two oxygen vacancies are

approximately equal, and the electric dipole moment for that

defect associate almost vanishes. On the other hand, both the

two V��O and to somewhat less extent the Cu2+ will deform the

lattice, which may be described in terms of an elastic dipole

moment.49

Considering the interplay between the present defect

associates and structural features of the MPB, the current

understanding of the enhanced electro-mechanical response at

the MPB is due to an improved ability to ‘rotate’ the direction

of spontaneous polarization. This enhanced poling efficiency

was first suggested being due to the coexistence of tetragonal

and rhombohedral or monoclinic phases.51–54 In particular,

the availability of fourteen possible domain configurations

(six for the tetragonal and eight for the rhombohedral phase)

in a phase-coexistence model improves the alignment of polar

direction in poled ceramic compounds.55 An alternative

scenario is proposed by the formation of a nano-scale domain

structure,56,57 after which an improved poling efficiency is

owing to a miniaturization of the average domain structure.

Generally, defect dipoles of the form illustrated in Fig. 5(a–e)

tend to increase the overall polarization as to the spontaneous

polarization a defect polarization is added.27 On the other

hand, for Cu2+ :KNN a considerable part of the defect

dipoles have a vanishing defect polarization (cf. Fig. 5(e))

and thus do not participate to this mechanism. Contrary,

the elastic dipoles rather impact the mechanical materials

properties explaining the reported enhanced mechanical

quality factors for CuO-doped KNN compounds58–60 on an

atomic scale.

With respect to the observed, relatively broad EPR line

widths for Cu2+ : PZT, a considerable distribution of

spin-Hamiltonian parameters (strain) has to be assumed.61

Strain is generally due to variations of the local field around

the Cu2+-ion and may be particularly pronounced if the ion is

preferentially located at grain boundaries, or if there

are random electric fields or charge distributions in the

ferroelectric material itself. Taking into account the results

from 207Pb-HYSCORE, the location at grain boundaries can

be excluded. Fast spin relaxation is ruled out as a source of line

broadening, since otherwise pulsed EPR experiments would

not have been possible. On the other hand, local charge

distributions owing to a varying ionicity of the Cu2+[Zr,Ti]–O
2�

bonds in the octahedron, depending on Zr4+or Ti4+being

the next nearest neighbor ions,62–66 are a source of g- and

ACu-strain. Concerning the microscopic structure of the MPB

for PZT, in the model of mesoscopic phase coexistence a

Fig. 5 Schematic representation of defect structure for the

pseudo-cubic unit cells for Cu2+-doped PZT (a–c) and Cu2+-doped

KNN (d–e), illustrating the interplay between spontaneous

polarization and defect dipole. The directions of spontaneous

polarization (PS) along the [001]-orientation for tetragonal phase

and along [111] for the rhombohedral (PZT 54/46) and [101] for the

orthorhombic (KNN 50/50) phases are indicated. The polarizations

for (Cu00Zr;Ti � V��O )� in PZT (a–c) and (Cu000Nb � V��O )0 in KNN (d) are

given by PD. The polarization owing to the electric dipole character for

(V��O � Cu000Nb � V��O )0 in KNN is assumed to vanish.
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distinct set of axial and rhombic (monoclinic) EPR spectra

would be expected. In this model, there is no reason for a

broad distribution of crystal structures and resulting g-values.

Comparing the observed distribution of g-values in relation

to the margin set by the distinct g-values of the pure

compounds,50 additionally nanoscale composition changes

have to be present. Thus, on top of the phase coexistence

model, features occurring on a considerably reduced scale

have to be taken into account.

The markedly reduced strain for Cu2+ :KNN points to a

less pronounced variation of covalent and ionic bonding over

the MPB for KNN. Furthermore, as for purely Cu2+-doped

KNN there is no need of any rotation of polarization over the

MPB, the distribution in possible orientations of defect

polarization with respect to spontaneous polarization is

considerably confined. However, by lowering the tetragonal-

to-orthorhombic phase transition to ambient temperature

enhanced dielectric and piezoelectric properties may be

achieved.10,11,67,68

The EPR results indicate that the Cu2+ primarily, and

probably exclusively, occupies the B-site normally occupied

by a mixture of Ti4+ and Zr4+ in PZT, and by Nb5+ in KNN.

Thus, the dopant oxide, CuO, brings less oxygen per cation

into the structure than the binary constituent oxide it replaces,

(Zr,Ti)O2 in PZT and Nb2O5 in KNN. It is thus an acceptor

dopant that is charge-compensated by oxygen vacancies

in the stoichiometric solid solutions that are made up of

combinations of stoichiometric binary oxides, as in

Pb[Zr,Ti]1�zCuzO3�z, or [K,Na]Nb1�zCuzO3�3/2z.
69

The incorporation of CuO into PZT can be written as

CuO�!
ðZr;TiÞO2

Cu00Zr;Ti þO�O þ V��O ð7Þ

where it is understood that the dopant oxide on the left side is

substituted for the host oxide shown above the arrow. This

represents the case where no defect complexes form at the high

temperatures used for processing or equilibration. There

is always the possibility that, because of the presence of

unoccupied oxygen sites, that the system will pick up oxygen

from the ambient atmosphere with the formation of the charge

equivalent of holes.

V��O + 1
2
O2 2 O�O + 2h� (8)

In fact, PZT is a p-type conductor at high temperatures when

measured in high oxygen activities.70 However, it has been

shown that the extent of oxidation according to eqn (8) does

not significantly reduce the concentration of extrinsic oxygen

vacancies that result from the acceptor doping.70 This to be

expected in oxides that contain no oxidizable cations, since a

hole is the chemical equivalent of an oxidized cation.

It is well-known that Pb-containing perovskites tolerate

Pb-deficiencies up to several percent.71 This can be viewed as

the loss of PbO during processing at high temperatures

Pb�Pb þO�O ! PbOðgÞ þ V 00Pb þ V��O : ð9Þ

Thus there will be an oxygen vacancy for each Pb vacancy,

plus one oxygen vacancy for each doubly charged Cu00Zr;Ti.

This combination defines the approximation to bulk charge

neutrality

½V��O � 	 ½V 00Pb� þ ½Cu00Zr;Ti�: ð10Þ

Thus, regardless of the amount of Pb-deficiency, there will be

enough oxygen vacancies to form the proposed defect complex

at lower temperatures. The V 00Pb centers are ‘‘EPR-silent’’, so

the EPR results give information only on the environment

around the Cu2+ ions. The EPR evidence shows extensive

formation of the dimer complex (Cu00Zr;Ti � V��O )� at low

temperatures. The ultimate result of the acceptor doping then

is better described as

CuO�!
ðZr;TiÞO2 ðCu00Zr;Ti � V��O Þ

� þO�O: ð11Þ

The complex, being electrically neutral, does not appear in the

approximation to bulk charge neutrality, eqn (10).

In contrast to PZT, there is no evidence for extensive A-site

occupational deficiency in KNN, so the major charged defects

should be the Cu2+ centers and their charge-compensating

lattice defects. EPR shows that Cu2+ primarily occupies the

B-sites that are normally occupied by Nb5+. The incorporation

reaction can then be given as

2CuO�!Nb2O5
2Cu000Nb þ 2O�O þ 3V��O : ð12Þ

In this case there are 3/2 oxygen vacancies per Cu center,

rather than the 1 : 1 ratio in PZT. If there is no formation of

defect complexes, the approximate expression for bulk charge

neutrality would then be

2½V��O � 	 3½Cu000Nb�: ð13Þ

If the defects combine mostly into the complex dimer

(Cu000Nb � V��O )0, the ultimate result of the Cu doping can be

given by

2CuO�!Nb2O5
2ðCu000Nb � V��O Þ

0 þ V��O þ 2O�O ð14Þ

and charge neutrality will be established by

2½V��O � 	 ½ðCu000Nb � V��O Þ
0�: ð15Þ

In this case, there will be free V��O left over even after all Cu

centers have been incorporated into the dimeric complex.

If the Cu is almost all in the form of the dimeric and trimeric

complexes, the net result of doping with CuO can be written as

2CuO�!Nb2O5 ðV��O � Cu000Nb � V��O Þ
�

þ ðCu000Nb � V��O Þ
0 þ 2O�O:

ð16Þ

This would ultimately lead to equal concentrations of dimers

and trimers. Charge neutrality can be expressed as

½ðV��O � Cu000Nb � V��O Þ
�� 	 ½ðCu000Nb � V��O Þ

0�: ð17Þ

The real situation is most likely a mixture of eqn (14),(15) and

(16),(17).

Concerning the obtained HYSCORE data, in a first attempt

the isotropic and orientation-independent nature of the
207Pb-hyperfine interaction has been attributed to the existence
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of rather ‘isolated’ Cu00Zr;Ti-centers with the charge-compensating

V��O being located in distant coordination spheres.34 However,

recent DFT calculations for Cu2+-doped PbTiO3 have shown

that the association of the Cu2+-functional center to an

V��O facilitates the observed isotropic situation as the copper

relaxes back into the pseudo-cubic position.17 When analyzing

the determined isotropic 207Pb and 23Na-hyperfine couplings

in terms of transferred spin density, a means for sensitively

probing the degree of covalent chemical bonding is provided.

In this respect, PZT and KNN have in common the general

isotropic nature of hyperfine couplings. However, the

observed peak widths strongly differ. In case of PZT, this

may be explained by a strong variation in nature of chemical

bonding. Whereas in PbTiO3 strong covalent bonding is

observed,62–65 PbZrO3 has more ionic bonding.65,66 To the

contrary, no such variation has been reported for KNN, where

covalent bonding is formed on the Nb5+–O2� bond whereas

the Na+ and K+ are ionic in the entire composition range.72

When comparing the extent of transferred spin density to the

A-site ions in PZT and KNN, taking into account the

magnetic moments m207Pb= 1.00906 and m23Na= 2.8629811,

a considerably reduced covalent bonding to the A-site ion is

observed in case of Cu2+ :KNN.

Conclusion

In summary, structural differences in the copper functional

center site in 0.25 mol% Cu2+-doped Pb[Zr0.54Ti0.46]O3 (PZT)

and [K0.5Na0.5]NbO3 (KNN) ferroelectrics have been

characterized by means of multi-frequency and multi-pulse

EPR spectroscopy. The results obtained suggest that

Cu2+substitutes for both systems as an acceptor centre for

the perovskite B-site. For reasons of local charge compensation

different kinds of defect complexes involving one and two

oxygen vacancies are formed. These differ in their electric and

elastic properties. The results obtained are analyzed in order to

characterize differences in the nature of the morphotropic

phase boundary between the two systems. In particular, it is

found that Cu2+-doping in KNN creates more oxygen

vacancies than the same amount of copper in PZT.

Furthermore, local differences in the nature of chemical

bonding are monitored.
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