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Defect-Dipole Formation in Copper-Doped PbTiO; Ferroelectrics
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The defect structure of hard copper-modified polycrystalline PbTiO; ferroelectrics is investigated by
means of electron paramagnetic resonance and hyperfine sublevel correlation spectroscopy, as well as
density functional theory calculations. Special emphasis is put on the 2°’Pb-hyperfine couplings, which
are resolved up to the third coordination sphere. The results prove that copper is incorporated at the
octahedrally coordinated Ti site, acting as an acceptor. Because of charge compensation the formation of
Cu impurity —oxygen vacancy pairs is energetically very favorable. The corresponding (Cu/;-V§*)™ defect

dipole is found to be orientated along the [001] axis.
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Piezoelectric lead zirconate titanate Pb[Zr, Ti;_,]Os,
(PZT x/1 — x) ceramics are the materials of choice for
various applications, ranging from sensors and actuators
with superior electromechanical properties [1] to non-
volatile memory devices [2]. The piezoelectric properties
are typically tailored by means of doping with aliovalent
transition metal or rare-earth ions. In the case of acceptor
doping this usually implies an increasing concentration of
oxygen vacancies for charge compensation, which in turn
may form defect associates with the dopants. More spe-
cifically, such defect dipoles act as centers of anisotropy,
which affect the polarization of the surrounding unit cells
and potentially impede polarization reversal [3]. It has
been proposed that these dipoles can cooperatively align
along a certain crystallographic direction, giving rise to a
macroscopically detectable internal bias field [4,5]. In fact,
experiments have been reported that indicate a gradual
alignment of (Fel;-V3®)* defect dipoles in BaTiO; and
PZT [6,7]. A basic mechanism based on the realignment of
these defect dipoles has been proposed to describe the
ferroelectric aging phenomenon [8]. This model relates
the nonreversible domain switching in ferroelectrically
aged ceramics to the transformation of dipolar defects, in
which the defect symmetry follows the crystal symmetry. It
is widely accepted that oxygen vacancies and their asso-
ciates with impurities and/or dopants have an important
impact on the macroscopic ferroelectric response of a
material. Our understanding of the effect of dopants on
the microscopic structure as well as the connection to
macroscopic properties is, however, still very incomplete.

Iron-doped compounds have received particular atten-
tion because in the case of the high-spin (S =3) Fe’*
functional center, the inherent fine-structure interaction
can be exploited to probe the local crystal field. They
have been shown to form (Fey 1;-V{§*)® defect dipoles
[6,7,9—-13]. In the case of the (S = %) Cu?* center such
an analysis is hampered due to the absence of a fine-
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structure interaction. Therefore, in studies on Cu-modified
material a more indirect argumentation has been pursued
[14,15], and the observation of an isotropically distributed
electron spin density lead to the suggestion that nonasso-
ciated Cuy, 1; ions prevail.

The goal of this Letter is to develop a consistent picture
of acceptor doping in piezoelectrics, by a combination of
experimental and theoretical methods. To this end, we
employ hyperfine sublevel correlation (HYSCORE) spec-
troscopy [16] for probing weak 2°’Pb hyperfine couplings
to the Cu®* center in conjunction with density functional
theory (DFT) calculations to analyze the spin-density pat-
terns of various conceivable defect configurations.

Experimental. —Details of the sample preparation by a
standard mixed-oxide route are given elsewhere [14]. The
X-band pulse electron paramagnetic resonance (EPR) mea-
surements were performed at 9.7 GHz on a Bruker
ElexSys 680 spectrometer at a temperature of 10 K. The
field-swept free induction decay (FID) detected EPR spec-
trum was obtained as a function of a highly selective
microwave pulse of 500 ns duration. HYSCORE spectra
were recorded using a standard four-pulse sequence (7 —
T—%—t —m— 1, —F— 17— echo) and an eight-step
phase cycle [17]. Pulse lengths of ¢,/,, = ¢, = 16 ns and
a delay time of 7 = 400 ns were employed. A more de-
tailed description of the experimental setup and the applied
microwave pulse sequences can be found in [14].

Theory.—An appropriate theoretical description of the
EPR and HYSCORE spectra for an unpaired 3d° electronic
configuration with spin § = % interacting with N nuclei of

arbitrary spin / is based on the following spin Hamiltonian

N N
g-[ = BeBO '8 S - angn,iBO : Ii + ZS 'Ai : Ii'
i=1 i=1

(D

The g, ; are the corresponding nuclear g factors, while 3,
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and B, are the Bohr and nuclear magnetons, respectively.
The first and second term are the electronic and nuclear
Zeeman interaction, respectively, where B, denotes the
external field. The last term corresponds to the hyperfine
interactions due to nearby magnetic nuclei. The hyperfine
tensors A; as well as the external field B, 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.

In general, the hyperfine interactions A; may be ex-
pressed as A; = a;,;1 + A}, where a;q,; is the isotropic
hyperfine coupling constant and the traceless and symmet-
ric tensor A} describes the anisotropic dipole-dipole inter-
action between the electron spin S and the nuclear spin I;.
Since the second-rank tensors A’ are traceless and sym-
metric, there is always a coordinate system in which the

tensor is diagonal with the elements A, and A} = —24',.

By convention, Afl is taken to be the principal value with

the largest absolute magnitude. Therefore, the dipolar hy-
perfine interaction can be described in terms of the single
parameter Afl, which represents the dipolar hyperfine cou-

pling constant.

In order to transform the spin-Hamiltonian parameters
into structural information, a point-dipole approximation
can be assumed, where the dipolar hyperfine parameter Afl

scales with r~3,

_ Mo ggn:Beﬁn
M= am @

This equation provides an estimate for the distance r
between the paramagnetic center and the corresponding
magnetic nucleus.

Computational details.—DFT calculations within the
local spin-density approximation were carried out using
the projector-augmented wave method as implemented in
the Vienna ab initio simulation package (VASP) [18,19].
The 5d electrons of Pb, the 3s and 3 p electrons of Ti, and
the 4d, 3d, and 3 p of Cu were included as semicore states.
All calculations were carried out using Gaussian smearing
with a width of 0.2 eV and a 4 X 4 X 4 Monkhorst-Pack
mesh for Brillouin zone sampling [20]. In order to model
the defect configurations, supercells containing 2 X 2 X 2
to 2 X 2 X 4 unit cells equivalent to 40 to 80 atoms were
employed, and a variety of different defect configurations
and charge states was explored. Further details can be
found in [21].

Results and discussion.—The FID-detected EPR spec-
trum of Cu?*-doped PbTiO; at 10 K is shown in Fig. 1(a)
and can be described by an axially symmetric g matrix
with diagonal elements g = 2.332> g = 2.049 > ¢, =

2.0023 and A63C“-hyperfine tensor with diagonal elements

63Cu 3 Cu . . . .
A|| = 395 MHz, A, = 20 MHz [22]. This situation is

characteristic for Cu?™ centers in octahedral coordination
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FIG. 1. (a) FID-detected X-band EPR spectrum of 0.25 mol %-
doped Cu?":PbTiO; recorded at 10 K. (b) X-band
207Ph-HYSCORE spectrum recorded at 10 K and observer
position of 337.7 mT.

distorted along one of the pseudocubic axes [23-27].
Adopting a fully ionic picture, this implies that copper
dopants act as acceptor-type centers and create holes in
the valence band. Our DFT calculations of isolated Cu
centers are in full agreement with this experimental obser-
vation, showing that in acceptor-doped compounds the
most stable charge state leads to two holes in the valence
band equivalent to a Cuf state [21].

Moreover, the DFT calculations give evidence for a
reduction of the distance along [001] betvgeen the Cu?*
ion and the nearest oxygen plane to 0.20 A compared to
0.26 A (Ti-O) in the ideal structure. Figure 2(c) shows that
the spin density for this configuration is mostly localized at
the Cu?* ion, which correlates with an asymmetry in the
density of states of the Cu-3d electrons [21]. It is, further-
more, apparent that the spin-density distribution at the
copper site possesses tetragonal symmetry, in agreement
with the observed axiality of the Cu?>* g matrix and the
A”C"_hyperfine tensor.

The displacement of the Cu?*-functional center in the
unit cell can be estimated from the HYSCORE results.
This is achieved by assuming a point-dipole approximation
to analyze the dipolar 2°’Pb-hyperfine interactions of the
copper functional center with the surrounding lead nuclei.
A representative spectrum along the g, orientation is
illustrated in Fig. 1(b). The correlations in the spectrum
appear as off-diagonal cross peaks, providing the identity
of the nucleus through the nuclear Larmor frequency v; as
well as its hyperfine coupling [14]. The observed spectrum
exclusively consists of signals from the 2*/Pb isotope of
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FIG. 2 (color). Isolated copper ion in charge state g = —2
(a),(b) and copper-oxygen vacancy complex of total charge state
q = 0 (c),(d). (a),(c) Position of ions in the (100) plane contain-
ing the defect; numbers in square brackets report the equivalent
distances in the defect-free crystal; (b),(d) spin-density patterns.

22.6% natural abundance bearing a nuclear spin of I = %
_ lAyl+21A, | and |A|/|| _
3

IM| for the “strong-coupling” quadrant and |A}| =

The values determined for |a;g|

2 (2v;Av,)1/2 for the “weak-coupling” quadrant based on
the shift of the cross peaks by Ay, perpendicular to the
v = —v, antidiagonal [28] are listed in Table I for each
set of correlations. The remaining features along the di-
agonal in the experimental HY SCORE spectra are not due
to weakly coupled nuclei with v, = vg, but are rather a
result of “combination peaks‘* or of incomplete inversion
of the electron spin echo by the mixing 7 pulse. The
HYSCORE spectra exhibit features analogous to recently
reported spectra for Cu’*-modified PZT 54/46 com-
pounds [14].

If one adopts the point-dipole approximation, the dis-
tances r between the Cu?* ion and the 2*’Pb nuclei can be
determined using Eq. (2) in combination with the data for
the dipolar 2°’Pb hyperfine coupling also given in Table 1.
The measured hyperfine couplings and calculated dis-
tances for both strongly and weakly coupled lead nuclei

TABLE I.  The 2°’Pb-hyperfine couplings as obtained from the
HYSCORE spectra in Fig. 1(b) and distances between the copper
functional center and neighboring lead nuclei obtained from the
HYSCORE measurements assuming a point-dipole approxima-
tion compared to distances obtained from the DFT calculations.

2[)7Pb /2(]7Pb
Coord. lai, | 1A, PHYSCORE TDFT
sphere (MHz) (MHz) (A) (A)
1 12.85*+0.05 1.90=*=0.05 23=*=1.0 3.15
2 295+0.05 090=x0.05 29=%1.0 3.54
3 0.65*0.05 0.15*=0.05 53=*10 [6.38;6.89]

are summarized in Table 1. On the basis of these distances,
the couplings are assigned to 2°’Pb nuclei in the first,
second, and third coordination spheres. The measured
207Pb-hyperfine parameters roughly correspond to data
obtained from 2”Pb-ENDOR on Cu?" impurity centers
in a PbTiO; single crystal [29]. By taking the distance
information into account, a structural arrangement of the
Cu?" functional center emerges, in which the Cu?* ion
relaxes back into the plane of equatorial oxygens, exactly
probing the DFT-predicted quasicubic spin-density distri-
bution. By comparing the experimentally determined dis-
tances with the distances from the DFT calculations, a
systematical underestimation in the case of the experimen-
tal data should be taken into account [14]. This is due to the
fact that the isotropic component of the 2’Pb-hyperfine
interaction is much larger than the anisotropic one. This
indicates that considerable spin density is transferred from
the copper ion to the lead nuclei. As a result, anisotropic
components due to local contributions of the 6p!-type
orbitals may occur. This effect will result in an overesti-
mation of the dipolar hyperfine coupling and—depending
on the sign of the hyperfine interaction—in an underesti-
mation of the corresponding distances.

The charge and spin density obtained from the DFT
calculations at farther ions—in particular at the nearest
Pb?>" ions in the (110)-plane—have been analyzed. It is
found that at these ions both the total charge density and
the difference between the spin densities are nearly unaf-
fected by the presence of the copper functional center and
the resulting breaking of the translational symmetry.

Experimentally, the spin-density distribution at the lead
nuclei can be mapped out by exploiting the orientation
selective [30] 2°’Pb-hyperfine interactions. As a function
of orientation (not shown), no distinguishable difference
could be observed, except a shift to higher frequencies with
increasing field setting due to the dependence of the nu-
clear Zeeman interaction on the external field. Further-
more, the 2’Pb-hyperfine features and linewidths are iden-
tical for all observer field settings. In addition, for all three
sets of correlation peaks, the isotropic part of the hyperfine
splitting is considerably larger than the anisotropic part
(see Table I). Hence, no orientation dependence with re-
spect to the local coordinate system of the copper center is
observed.

Extensive calculations on a variety of (Cur;-Vg) defect
associates show that there is a very strong chemical driving
force for association of Cu impurities with oxygen vacan-
cies. For the most stable configuration the binding energy
ranges from 1.5 to 2.1 eV/defect pair depending on the
Fermi energy [21]. As shown in Fig. 2(b), in this configu-
ration the oxygen vacancy is located at the nearest O site
along the [001] axis with respect to the Cu>* ion. The most
stable charge state is (Cuf.-V3®)*. Compared to the iso-
lated Cu impurity the displacement of the Cu?>" ion with
respect to the nearest (001) plane of oxygen ions is further
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diminished and amounts to merely 0.08 A. The structural
and electronic relaxation leads to the spin-density pattern
shown in Fig. 2(d), which exhibits a pseudocubic sym-
metry. The DFT calculations hence provide evidence
that a (Cuf,-V§*)* defect dipole is formed that is oriented
along the crystallographic ¢ axis. The orientation of the
dipole is derived from both DFT results and the ex-
perimentally observed axiality of the Cu’* g matrix and
A”C_hyperfine tensor. In case of an orientation of the
dipole along the crystallographic a, b- axes, the site sym-
metry of the Cu?" center would be lower than axial, in
contradiction of the EPR results.

Combining all these results, a consistent picture of the
prevailing defect structure for Cu?* and Fe’* functional
centers in PbTiO; emerges, which provides support for the
atomistic model suggested on the basis of macroscopic
internal-field measurements for Ni’* centers in BaTiOs
[4,5]. Within this model, acceptor-type functional centers
are assumed to form a defect dipole with a charge-
compensating oxygen vacancy. Differences in the macro-
scopic piezoelectric properties of hard compounds doped
with different acceptor ions may be explained on the basis
of the corresponding electric dipole moment, considering
the overall electric charge [neutral (Cuf,-V3*)* as com-
pared to singly charged (Fel;,-V{3*)*® associates] or the
corresponding ““length‘‘ of the defect dipole.

In summary, the defect structure of the Cu?* functional
center in ferroelectric PbTiO; could be resolved by a
combination of spectroscopic measurements with quantum
mechanical calculations. The results show a strong chemi-
cal driving force for the formation of (Cu/f;-V3®)* defect
dipoles, in which the oxygen vacancy is located at the
nearest O site along the tetragonal axis with respect to
the copper functional center. The corresponding defect
dipole is hence oriented in parallel with respect to the
direction of spontaneous polarization. The present results
contribute to a better understanding of defect association in
ferroelectrics and the formation of defect dipoles, which
pertain both to ferroelectric aging and electrical fatigue in
piezoelectric materials.
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