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The Fé* center in ferroelectric PbTiptogether with an oxygen vacancy forms a charged defect associate,
oriented along the crystallograph@caxis. Its microscopic structure has been analyzed in detail comparing
results from a semiempiricdlewman superposition modahalysis based on fine-structure data and from
calculations using density functional theory. Both methods give evidence for a substitutioff éoF&i** as
an acceptor center. The position of the iron ion in the ferroelectric phase is found to be similaBtsithen
the paraelectric phase. Partial charge compensation is locally provided by a directly coordinated oxygen
vacancy. Using high-resolution synchrotron powder diffraction, it was verified that lead titanate remains te-
tragonal down to 12 K, exhibiting e/a ratio of 1.0721.
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I. INTRODUCTION on modeling the magnitude of the FS parameter, and there-
fore its accurate determination is an important issue. Because
Piezoelectric lead titanate oxi§BbTiO; (PT)] is of con-  most samples are provided in polycrystalline form, it was
siderable scientific and technical interest because of its eXmportant to demonstrate that FS parameters can reliably be
traordinary electromechanical properties leading to the dedetermined even for polycrystalline compounds by invoking
velopment of novel devices, such as nonvolatile memorieshigh-frequency EPR.
detectors, sensors, or actuatbrsA variety of ferroelectric Structure modeling can be performed using different lev-
properties can be controlled by replacing the lead or titaniungls of sophistication. For instance, the FS parameter can be
cations with rare-earth or transition-metal ions. In generalanalyzed in terms of the semiempiriddewman superposi-
the effect of aliovalent dopants on PbEiCsuch as F&,  tion model (NSM).8 Within this model, values for local
leads to the creation of oxygen vacanci¥s,) (the Kroger-  distortion—i.e., atomic displacements from the ideal crystal
Vink notation is used to designate the charge state of thetructure in the vicinity of the Fé center—are derived by
defect with respect to the neutral latider charge compen- comparing calculated and observed FS parameters. A de-
sation, which are expected to have a major impact on proptailed study was performed already 25 years ago by Siegel
erties and performance of ferroelectric compounds. Howand Muller?1? in which the distortion of the cubic high-
ever, it is still not certain at which coordination sphere thetemperature unit cell in the ferroelectric phase was taken as
charge compensation takes place, and because the oxyge#cisive parameter controlling the FS splitting at the iron
vacancies are known to be the dominant charge carriers isite. Over the past decades, the NSM parametrization has
this class of compounds, this is an issue of technological andeen refined by applying the method to many examples of
scientific importancé.Beside charge compensation provided paramagnetic centers in perovskite-type crystals. Examples
by Vg, intrinsic doubly negatively chargedy, centers have include iron-doped PbTi§) SrTiO;, and BaTiQ (Refs. 9
been proposed as additional charge compensatingnd 10, LiTaO; (Ref. 11), and chromium-modified PbTiO
mechanisn?, these vacancies, however, being rather immo-{Ref. 12 and manganese in BaTiQRef. 13.
bile and almost of no importance for charge transport. Second, an alternate approach offering additional micro-
When dealing with dopants on a subpercentage level, gcopic information is provided by calculating the equilibrium
sensitive test of the local environment around the functionattructure using density-functional theofpFT). In recent
center can only be provided by electron paramagnetic resgrears numerous calculations have been performed on ferro-
nance(EPR. In the case of paramagnetic¥ealopants, the electric materials in order to explain the microscopic mecha-
sextet spin ground state is most influenced by the ligand fielthisms of spontaneous polarizatité#® and phase dia-
originating from the nearest-neighbo?Qons. The resulting  gramd517 or to determine the full piezoelectric stress tensor
fine-structure(FS) interaction is a measure of the local sym- and dynamical chargé8.In particular, the role of defects
metry. Various structure models have been proposed such asid defect dipoles has been highlighted. Oxygen vacancies
Fej-Vo defect associates and not-coordinated “free’; Fe were shown to pin at 180°-domain walls, confirming the ten-
centers, as well as off-center shifted iron centers. Previoudency of these defects to migrate to the wallit was also
EPR studies of crystalline samples reported FS parametedgrived that lead vacancies have stable charges ranging from
spanning a large randgeStructural information about the -2 to —4, thus being an effective acceptor in lead titaRate.
dopant site in PbTi@and related compounds can be basedThe dipole momenV j-V§, of divacancies was calculated,
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demonstrating that the increased value may be an important 0 1

source of local polarization and electric fieffsAnother de- H = BeisBo - S+ Y| § - §S(S+ 1. 2

fect dipole originates from interstitial hydrogen impurities in

lead titanate, which were found to bind to oxygen and to act The Newman superposition mo@elllows for an analysis

as shallow donor impurities. The H-O dipole increases thef positions of neighboring iongligands around the F&

polarization and the barrier for reversing the defect dipolecenter, given that the single-ligand Contributid;kﬁR,-) are

which can give rise to an imprirt. known. The essential assumption of the NSM is that the
In this work, we exploit the recently accurately deter- spin-Hamiltonian parameters for a paramagnetic ion can be

mined FS parametéas basis for structure modeling by per- constructed by a superposition from individual contributions

forming an NSM analysis. Second, we compare the resultgf separate neighboring ligands. The contribution of next-

obtained from this semiempirical approach with results fromnearest-neighbor ions as well as interaction between the

DFT calculations, thus providing a sound basis for the postigands is ignored. The NSM expression for the zero-field

tulated structural relaxation at the impurity site. As a resultgplitting parameters can be formulated as follows:

we present a refined structural model of the iron functional

center in lead titanate. bd=> Ek(Ri)KE(Gi, b). (3)

Il. THEORETICAL METHODS _
Here,i denotes every ligandy, is the contribution from
each single ligandR; is the distance between thh ligand
With its five unpaired electrons, the free¥Fdon pos-  and the paramagnetic io, and ¢ are the polar and axial
sesses a half-filleddshell and can be described as orbital angles betweeR and the symmetry axis of the paramag-
singlet. Its ground-state configuration9s,, (S= g) and the netic center, an&(¢;, ¢;) are spherical harmonic functions
sixfold spin degeneracy can be lifted by the FS interactiorof rankk of the polar angles, listed in Ref(f§. For the axial
and an external magnetic field. Neglecting hyperfine interacsecond-rank parameter one has
tions, because the magnetic active isotoffee is present in 1
only 2.2% natural abundance, an approximate spin Hamil- o_* _
tonian for this high-spin system can be written as K2=53 cos 6-1). @

A. Newman superposition model

H=PBeBo-g-S+ > BIOXS,S,.S). (1) For the short-range distance dependence of the single-
kg ligand contribution, the following empirical power law was
established:

Here, B. denotes the Bohr magnetoBy is the external
magnetic fieldg the electrorg matrix, By are the FS Hamil- — — Ro |
tonian coefficients, an®{ are the extended Stevens spin b(R) = b(Ro) R/ 5
operatorg>26 The first term represents the electronic Zee-
man interaction, and the second term is the effective FS The critical exponent parametgris specific to a particu-
Hamiltonian, describing interaction of the crystal field with lar ion-ligand system. For a given ligand, tirinsic pa-
the paramagnetic ion. The rakkn the Hamiltonian must be rameters R(R) are determined by the nature of the ligand
even, and is restricted byk<=2S andg=k, allowing terms  and the covalency of the bond, which is assumed to depend

_ _5
up tok=4 f‘ir S=3. However, parametetts! only up to sec-  eyclusively on the bond lengthR. Becauseb(R) in this
ond rank(k=2) will be used, because terms of fourth rank ,54e| depends only on the ligand and its distance, and not
were shown to be at least two orders of magnitude smallegy, gther properties of the host crystal, this parameter can be

than those of second rafi-%* Parameters{ are related t0  gptained from data of the same ion-ligand complex measured
the standard FS paramet@&by means of the scaling factor i other host crystals.

_ - , _1 - . o .
asBy=fby. Fork=2 one findsf,=3. The coefficientsy are If the molecular coordinate system coincides with the
related to (;[he coonvent|on;al spectroscopic FS paramélers principal axis system of the FS tensor, all off-diagonal ele-
andE by b;=3B;=D andb;=3B5=3E. ments vanish. For the B&ion at a position of tetragonal site

The FS term in Eq(1) lifts the degeneracy of eigenstates symmetry (4mm), the NSM can be used in its truncated
even in the absence of an external magnetic field. There igm®

always a choice of spin-operator coordinate system with re-
spect to the crystal axes for which the ratig/b3 lies in the 0. — . .3< [Ro\2 1
interval [0, 1], analogous to the conditioB/D<1/3. b; = bZ(RO)EE R cos 6, - 3/ (6)

In case the symmetry of the paramagnetic site is axial, the '
FS coefficients in its eigenframe reducebfp 0, b5=0. Fur- The strategy followed is to calculate the FS parameter by
thermore, they matrix for S-state ions usually has very small using the NSM for different conceivable structural arrange-
anisotropy and can be treated as isotropic. The resulting scasents and to compare the calculated values with the experi-
lar g value is expected to be close to that of the free electromental data. The experimental value tnﬁhas been deter-
g.. For F€* we therefore set),=2.002 and then the spin mined reliably! and thus the interception points between the
Hamiltonian used for numerical spectrum simulation of thecalculated curve and the experimental value is used for a
experimental data reduces to prediction of an actually realized local structure. Previously,
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the extremum of the calculatehig dependence was used to sumed to transform into a further tetragonal phase around
obtain an approximate ion position, although a correlatior113 K237 which does not fit into the picture of having an
between the ZFS extremum and the ion equilibrium positiororthorhombic phase present at this temperature range. How-
cannot be derived from first principl@s? ever, neither in neutron powder profitsior in x-ray dilato-
metric and optical measurements using PT single crystals
was additional evidence seen for a structural transition at low
temperatured® First-principle studie®® show that the ther-
modynamically stable phase at low temperatures is the te-
tragonal one, as all the unit-cell-preserving distortions at low
temperature have positive elastic constants and as there are
no other mechanical instabilities present that could cause a
transition to a lower-symmetry group.
9 To identify the low-temperature structure and to obtain
reference values for the interpretation of EPR data recorded
at low temperatures, a high-resolution synchrotron powder

density approximationLDA) exchange potentid?, and a diffraction experiment was carried out in reflection geometry
4x 4x 4k mesh. Second, the electron density distribution2t B2, Hasylab in Hamburg, Germafig. 1). The measure-

p(r) has been computed by the NFRew full potentia) pro- ment was performed at 12 K using a He closed-cycle cry-
gram packag@-33which is a variant of the linear muffin-tin ostat, equilibrating the temperature in a low-pressure helium

orbital (LMTO)34 procedure using a minimal basis set. atmosphere. The powdered sample was glued ontd 213
low-background wafer and measured using an incident beam

of wavelength 0.069 998 8 nm in combination with an ana-

B. Density functional theory modeling

The electronic structure of Fe:PbTj@Was calculated us-
ing two different DFT methods. First, the local relaxation of
the structure around the defectsifFandV is studied by
the Viennaab initio simulation packagévasp),?’ as applied
recently to study Pb-O vacancies in PbT#3 However, in-
stead of using ultrasoft pseudopotentials, projector au
mented wave$PAW'’s) have been appliet?:?° The identical
basis set has been used—namely, (58b6s,6p),
Ti(3s,3p, 3d,4s,4p), and Q2s,2p)—as well as the local

IIl. RESULTS lyzing crystal and a scintillation counté. _
For Rietveld refinement, the general structure analysis
A. Low-temperature x-ray data system? (GSAS was used. As the peak profiles of the ferro-

The low-temperature crystal structure of lead titanate haslectric material are quite complex, the profiles were fitted
been the subject of some controversy over the past 50 yearssing the incorporated generalized model for anisotropic
Several x-ray and optical studies as well as dielectric meapeak broadeniné? The structural model could be refined
surements of PT samples indicated small anomalies in theith the symmetry ofP4mm keeping the lead positions
temperature regions around 173 K and 123 K. These anomdixed at the origin. No superlattice reflections were detected.
lies were detected as changes in the negative volume expaihe c/a ratio is 1.0721 at this temperature. Lattice param-
sion coefficient in combination with superlattice reflectionseters and atom coordinates obtained are given in Table I.
in powder sample8 below 173 K and as changes in lattice ~ The detected low-temperatuR&mmsymmetry is consis-
parameters and birefringence in single crystals aroundent with the interpretation of the EPR spectra, for which a
183 K. They were interpreted as a possible second-orddfS tensor of axial symmetry was used, thus indicating that
phase transition to a different tetragonal, later corrected intmo orthorhombic phase is preséritherefore it can be con-
an antiferroelectric orthorhombic pha¥eMoreover, this cluded that PbTi@remains tetragonal down to 12 K, as al-
earlier claimed low-temperature tetragonal phase was aseady assumed earli&t.
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TABLE |I.

Lattice

parameters [a,b=389.067811) pm,
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€c=416.755830) pm], cell

volume

[0.06308565) nnv*], and relative atom coordinatgapper rows for PbTiO; at 12 K, obtained from high-
resolution synchrotron powder diffractiob; is the mean square of atomic displacement. Also listed are the
predicted values from DFT calculations with lattice parameterd=386.4 pm andc=404.2 pm(lower
rows). Pb was kept fixed at the origin for both Rietveld refinement and DFT calculations.

Atom X Y z yx100 Site symmetry
Pb Expt. 0.000000 0.000000 0.000000 0.@20 4AMM(00D)
DFT 0.000000 0.000000 0.000000
Ti Expt. 0.500000 0.500000 0.541%) 0.66(10) 4AMM(00D)
DFT 0.500000 0.500000 0.5346
o1 Expt. 0.500000 0.500000 0.1239) 0.3819) 4AMM(00D)
DFT 0.500000 0.500000 0.0904
0(2)/0(3) Expt. 0.000000 0.500000 0.6283) 0.3819) MM2(001)
DFT 0.000000 0.500000 0.6032

B. Superposition-model analysis

of the oxygen vacancy along tleeandb axes, the FS tensor

o — would be of only orthorhombic symmetry. For a final model,
The intrinsic NSM parametetts andb,(Ro) have not yet  ihe effect of a )I/ikely relaxation )(/)f oxygﬁn ion positions in
been determined for iron centers in lead titanate. Howevelggse of a directly coordinated oxygen vacancy has been
they may be adopted from similar single crystals havingtaken into account. The relaxed ionic positions were obtained

equivalent F&-0?" bonds in octahedral coordination. For from the DET calculationgcf. Sec. 11l O.
Fe** in MgO at the central site with octahedral oxygen co-  The position of the oxygen octaeder is defined using the
ordination, the following set of NSM parameters was re-crystal coordinate system given in Table I. Here, the oxygen
ported:gz=—12.3514 GHzt,=8, andR,=210.1 pm® The vacancy is located either #0.5000 0.5000 0.1239%r at
ionic positions of the nearest oxygens were taken from thé0-5000 0.5000 1.1239n fractional coordinates, and the ref-
x-ray data at 12 Kcf. Sec. Il A). Because the site symmetry €rence position of iron is at the titanium position in the un-
defines the direction of FS-tensor axes, the principal FS axigoped system &0.5000 0.5000 0.5415For the calculation
of the Fé* center was chosen alofig 0 1]. of by, the position of F& was varied alond0 0 1, the

The common reference structure for undistorted cubid®@rameted defining the shift of the ion. A positive sign df
PbTiO; is the perovskite structure, in which “Tiions are ~ defines a shift towards the (@) oxygen—i.e., d=z
octahedrally coordinated by oxygen ions and are positionee 416.8 pm.
at the center of the unit cell. The Phons are 12 fold coor- The results are presented in Fig. 3, depicting the depen-
dinated by oxygens and are located at the corners of théence of calculated axial FS paramets}n d for the dif-
cube, whereas the?Dions are centered on each face of theferent structural models. In this figure, the experimentally
unit cell. In the ferroelectric tetragonal phase, the oxygerPbtained value foi is represented by a solid horizontal
octahedron is elongated aloff 0 1] and also shifted by line. As reference, the positions of the corresponding oxygen
54 pm with respect to the Pb position, the titanium ion vacanciesVg ), V the position of the equatorial plane
being displaced from the center of cell alop@ 0 1] by
17 pm, respectively. As a result, the titanium ion occupies an
off-centerposition within the shifted oxygen octahedr(uf.
Table |, Figs. 2 and ¥

Iron is believed to substitute 4% as Fé* at theB site in
the ABO; perovskite structure. In order to verify this hypoth-
esis, in the calculation we also considered the possibility that
it substitutes at the\ site for PB*. Furthermore, to decide
whether the oxygen vacancy is situated in the first coordina-
tion sphere or if it is located more distantly, two more struc-
ture models were investigated, with and without an oxygen
vacancy in nearest-neighbor positions. The model of a di-
rectly coordinated oxygen vacancy can be realized in two
different arrangements, in which the vacancy may substitute
either for the apical @) or O(1’) position (cf. Fig. 2. A
vacancy coordination at the equatoriaf2pand Q3) posi- FIG. 2. Schematic representation of the tetragonal unit cell of
tions can be excluded as the orientation of thg-&; defect  ppTio, with designation of the different oxygen sites. The experi-
dipole has to be along theaxis, due to the EPR results that mental atomic distances for the Ti site to the surrounding oxygen
indicate axial symmetry at the iron cenfefor orientations  octaeder are given in pm.

o'y

[o]

T or’
b a
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FIG. 3. Comparison of the experimentally obtained axial FS parantn@te35.28 GHz(solid horizontal ling for the Fé* center in
PbTiO; (Ref. 7) with calculated values fdng obtained from the NSM analysis in dependence on the displacairfenn the TP position.
The positions of the oxygen vacancies and of the center of the oxygen octahedra as well as of the DFT-calculated shift" ébthar&e
indexed by arrows as referenda) Substitution of the F¥ ion at theA site. (b), (c) Substitution of the F¥ ion at theB site with oxygen
vacancies either at(@) or O(1’). The model for “free iron"—i.e., without an oxygen vacancy in the nearest neighbor shell—is represented
in all models by a dashed line and the model for the iron-oxygen vacancy associate by a dash-dotted line in the case of the static oxygen
position and by a solid line for the model using relaxed oxygen positions.

of oxygens through @) and Q3), as well as the positions calculation is needed. The final preferred structiwide in-
for the iron as obtained by the DFT calculatiofe. Sec. fra) of the Fé -V defect associate from the NSM calcula-

[l C) are indicated by arrows. tions is presented in Fig. 4.
Four conclusions immediately emerge from the NSM cal-

culations: as compared to earlier studies for the iron center in
lead titanaté;1° in which static oxygen positions were used,

the inclusion of relaxed positions for the equatorial oxygens 1. DFT investigations of undopedbTiO;
towards the vacancy yields substantially refined and quite
different curves fob). Furthermore, the extremum of thg

C. DFT calculations

First, the iron-free host lattice of PbTiOvas studied.
Using the vasp code, lattice parameterd=386.6 pm and

dependence is na priori viable position for the iron dis- c=403.9 pm were obtained, which is in agreement with ear-
placement as has earlier been exploited as first gidbe ier calculations'* These values are smaller than the experi-

intersection points with the experimental value, not nec:essa||l;nentaI values as expected from LDA calculations. The ber-
ily coinciding with the extremum, should be used instead. P : P

Finally, agreement with the experimental valwan be ob- centage differences between the experimental and calculated

tained only with a model, in which B&is substituted at the values are different for tha andc directions, resulting in a

B site with a directly c'oordinated oxygen vacancy thuscalculatedc/a ratio of 1.04 compared to the experimental

forming an Fé-V;, defect associate ' value of 1.07. The calculated Ti-O bonds are given in Fig.
i"Vo .

In the pure, unsubstituted ferroelectric phasé; 1§ dis- 4(CI)\iext one oxvaen vacancy was inserted in the 2x 2
placed considerably from the center of the oxygen octahe- ’” ith Y9 g yh o h
dron (cf. Table ). There are two predicted positions for the superce’ without prOV|d|r]g charge compensation;, 1.e., the
F&* ion with an adiacent ox f h of th electronic structure of RigO,3 was calculated for a deter-

i ] ygen vacancy for each of the

two models: for the EeV:. .. associate the iron ion is either mination of the local relaxation of the ions around the va-
' Vo cancy. As shown in Fig. (), one finds that the nearest-

displaced by 14+5 pm from the Tiposition away from the neighbor Ti ions move away from the vacancy site, which
vacancy towards the center of the truncated octahedron, or {55 a1so predicted in a previous LDA calculati$nif the

is shifted considerably by 23+5 pm towards the vacancyyacancy is located at the(Q site (cf. Fig. 2, the Ti moves
For the alternative ReV,,, associate, the Bgion both  towards @1') and the Ti-@1’) distance decreases in the
times is shifted towards the vacancy, where one position i£DA simulation from 224.5 pm(in the perfect lattice to
close to the plane of equatorial oxygens at 13+5 pm and th@93.2 pm. The Ti ion closest to the vacancy in posittve
other position is at 76+5 pm. In order to distinguish betweerdirection moves from its original position by=+25.4 pm
these positions, further information as provided by the DFTwhile the nearest Ti ion on the opposite side of the vacancy
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is displaced byd=-3.9 pm. If the vacancy is located at the
O(2) site, Ti moves towards the (@) site and the Ti-
O(2’) bond distance decreases from 195.3 pm to 187.6 pm.

2. DFT investigations of iron-dopedPbTiO5

The theoretical studies of the system’ FebTiO; have
been performed using anx22 X 2 supercell, in which now P!
Ti is partly replaced by Fe. We have studied different possi-(a)
bilities of ion arrangements for the defect structures. In a
model series A, we have replaced two Ti by Fee);, and for = v
charge compensation we have created one O vac¥igy °
that is, the supercell has the compositiorgRgFe,0,5. In goz'
two other model series, we have replaced only one Ti by Fe e _?E’?
In the model series B, we consider the neutral defect @ F|e3+
[Pk;Ti;FeOy], and in the model series C, the charged defect
[PyTi;-FeO,3]*, charge compensation being obtained by as-
suming a homogeneously charged background. 2

The ion arrangement in the three model series A—C is as(d) gse = 0.13ev  (©) uE=0.34ev () AE=0.38 eV
follows. In model Al, the two Fg are next-nearest neigh-
bors and thé/ is located between these twoFéorming a FIG. 4. Comparison between the different structure models for
clustered defect oriented in tleedirection. Model A2 differs Fe:PbTiQ deduced from the theoretical and experimental investi-
from model A1 only by the assumption that one of th¢,f/e  gations. The given numbers indicate atomic distarigepm) cal-
an isolated point defect, whereas for model A3, we havé:u!ated by DFT(cf. Sec. I C 2 or obt_alned from the NSM_caIcu-
assumed that all point defects are isolated. Models Ad—Adations. _The energy offsets, as optalned from DFT_, relative to the
vary from model Al to A3 by the position of the oxygen energetically lowest model are given below the flgq@.Un-
vacancy, which is located in the (or b) direction[i.e., at doped reference struc_ture o_btamed from DFT c’alcql_atlo,ns and from
0(2) or O(3) in Fig. 2] rather than in the direction[O(1) in  Synchrotron powder diffractiofcf. Table ). (b) Fer-Vo-Fer; com-

Fig. 2]. For the systems of model serieg B, Ti;FeO,3] and ﬁle,x\'/r.]. F(;Q‘]:F'GFGZOZ?' (_)nen_teg ?illlpr;g thee axis (mgdell AD. rgC)
C [PkyTi;FeOy5]* with only one Fg, in the 2x2X 2 super- &V defect associate ifPsTi;FeCy]” oriented along thes

} . ) ; axis where the @) oxygen is missingshorter bond, model Q1
cell we have again studied the arrangementM§-Fef;  The values in brackets correspond to the NSM results. This model

neighbored in the or ¢ direction(models B4 or B1, B2 and s the energetically most favored mode) Fe}; andV, as isolated
C4, or C1, C2as well as the arrangement with bothiFend  gefects in[PhyTi;FeOys]* (model C3. (e) Fel-V;; defect associate
Vg as isolated point defecténodels B3 and CB For the  in[Ph;Ti;FeOy3]* oriented along the axis where the oxygen@')
defect associat®/ 5-Fef; neighbored in thec direction we s missing(longer bond, model O2(f) Fej;-V;, defect associate in
distinguished between the case where the vacancy site is fth;Ti;Fe,0,4]" oriented along tha axis where the oxygen @) is
O(1) (models B1 and Cjlor at O1’) (models B2 and C2as  missing (model C4. Models B1-B4 that consider defects in
the distances of the @) and Q'1') to Fe; are not the same. charged PTi;Fe,0,3 are in the same energetical sequence.

For all these models we have performed a structure opti-
mization varying the atomic positions but taking the latticeby Eg,—Eg;=0.45 eV andE.,—E¢;=0.38 eV. The associ-
constantsa andc fixed to the values obtained from the DFT ated defect Fg-V, is favored compared to the isolated de-
results for the pure host lattice given in Table I. Consideringfects byEg;—Eg;=0.27 eV andEc;—E¢;=0.13 eV. Apply-
the total energy of the optimized structures it is concludedng the spin-polarized version of the LDA method changes
for all three model series A-C that the oxygen vacancy in the energy by less than 0.02 eV pex2x 2 supercell and
direction is always favored in energy, as compared to amherefore has not been pursued any further.
orientation alonga. For models A1-A6 the clustered defect  Next, the movement of the ions around the vacancy shall
Fe-V o-Fe;; along thec direction(model A gives the low-  be described. Qualitatively, we find the same trends for all
est energyE,; followed by model A2(Fej;-V placed along  models considered here; namely, the cation nearest to the
the ¢ direction with energyE,,, whereE,—EA;=0.59 eV vacancy moves away from the vacancy site, which results in
per supercell. a shortening of the metal oxygen bond opposite to the va-

Also for the model series with only one Fealefect the cancy.
direction of the Fg-V{ associate along (models B1 and Comparing the undoped structureig. 4(a)] and the de-
C1) is preferred over the direction. More precisely, the fect structuredFigs. 4b)—4(d) and 4f)] one sees that the
most stable arrangement is the arrangement in whidh ®  metal ion above the vacancy moves upwards above the plane
missing and not @’). The models B1 and C1 are lower in of the four oxygen ions which has already been found for
energy than B2 and C2—namelig,—Eg;=0.35eV and Tiy in a previous calculation by Park and Ch&#The dis-
Eco—Ec1=0.34 eV. The arrangements B4 and C4 with anplacement of the Fe ion from the original Ti position in the
orientation of the Fg-V{ dipole along thea axis are less undoped host lattice represented by the distahiseequal to
stable than the favored arrangement within the model series46.6 pm and —11.6 pm for the two Freén model Al. For
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structures with only one Eewe get the following values for which the density of statg®OS) and the partial DOS based
d: dap=+32.9 pm,dg;=+31.2 pm, andl;;=+33.5. on the Mulliken population analysis are plotted for PbJiO
Considering the atomic arrangement and relaxation w¢Fig. 5@)]. The lowest states in Fig.(& are the &-like
finally point out that even for the pure host the weak O-Tistates of Pb. Above these states we find the oxygehk2
bond of 243 pm compared to the other O-Ti bonds of 174states mixing with the € and 6-like states of Pb and the
and 198 pm is not described quite satisfactorily by the LDA4s/4p-like states of Ti. This indicates that the bonding has a
results; see Fig. 4. This also holds for generalized gradiendistinct covalent character as found also in previous
approximation(GGA) calculations which we have addition- calculations:>*845The lowest states of the conduction bands
ally performed using the potential of Perdew and W&hg. are predominantly &like states of Ti for pure PbTi§Q For
Therefore, we have repeated all calculations under the corPlyTigFe, 0,5 in Fig. 5(b), additional & and 2 basis func-
straint of leaving the strain constant,a=(c/a).,=1.0721, tions centered at the vacancy site have been used. No new
by both the LDA and GGA. From these additional calcula-states are found in the band gap, which otherwise would
tions we get the same main conclusions described above-indicate the existence of color centers at the oxygen vacancy.
namely, that the associate & in the c direction has the Compared to Fig. @) we get additional Fe-like states and
lowest energy and compared to the original Ti and O posione can see that the highest occupied states are now the
tions the F& is moving away from the vacancyy. 3d-like states of Fe. The oxygen, for which the partial DOS
The resulting electron states are presented in Fig. 5, iare displayed in Fig.(®), is neighbored to Fe in thedirec-
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tion and labeled as B€). Its 2p,-like states show a com- has a position near the center of the truncated oxygen
mon peak with the &like states of Fe in an energy range of octahedron—i.e., at th¢0.5000 0.5000 0.6288position,
from =7 to -6 eV, indicating an Fe-O bond. whereas the second position in accordance with NSM pre-
diction can be discarded because of DFT-based results.
As mentioned above, for all DFT calculations ax2
X 2 unit cell was used. This size of the unit cell seems to be
The most striking prediction from the NSM calculations is too small to avoid interactions of the defects, and the relax-
that the F&" functional center in lead titanate forms a ation at the defect site could be smaller if larger unit cells are
charged Fk-V defect associate with an oxygen vacancy inused. However, for computation time reasons we could not
the local oxygen octahedron, the iron being substituted at thexpand our unit cell. Nevertheless, it is most encouraging to
B site of the perovskité\BO, lattice. The similarity of ionic  find that the local structures with respect to*Fgositioning,
radii between Ti" at 68 pm and F¥ at 64 pm as compared predicted by DFT calculations and by the semiempirical
to PE¥* with a radius of 124 pm supports this assignment. Inmodel, are quite similar. The agreement is surprisingly good
fully or partly ionic compounds, vacancies are charge baland might be fortuitous, considering the rather small super-
anced by other defects forming an overall neutral system. I€ell accomplished by an effective 12.5% iron doping.
can be assumed that partial charge compensation takes placeThe quantum mechanical simulations show that the asso-
at a nearest-neighbor oxygen site in the octahedron, becaus@tion of the defects is preferred over the arrangement as
the resulting Coulomb interaction is the most important driv-isolated point defects. Additionally, the arrangements for an
ing force for association. This assignment is in accordance@rientation of the defect associate along thaxis are more
with first-principles calculations that predict the binding of stable than the ones along theandb axes, confirming the
oxygen vacancies to acceptor-type impurifigas well as to ~ conclusion drawn from the axial symmetry of the FS tersor.
our DFT investigations that favor defect associates. Experilhe off-center position of the Fe ion in the oxygen octahe-
mental findings indicate, however, that for other acceptoglron leads to two FgV distances in the direction and
centers in similar compounds, like chromium-doped PRTiO therefore to two different positions of the oxygen vacancy.
(Ref. 12 and copper-modified BBrg s,Tig 46]05 (Ref. 47, According to the DFT investigations the vacancy at tH&)O
no such association is present. Alternatively, like in iron-position in Fig. 2 is energetically favored, in which the long
doped SrTiQ, an equilibrium between “free” Eecenters O(1')-Fey; distance decreases significantly.
and Fé,-V¢ defect associates can be pres€mith respect Finally, because the observed EPR spéctan almost
to the ionic mobility of free oxygen vacancies, the iron- exclusively be interpreted in terms of &/ 5 associates, one
oxygen vacancy defect dipole complex will be rather immo-can conclude that no “free” Besignals—i.e., iron ions with-
bile in the ceramic. Hence, charge transport will be considout associated/ 5 and hence with considerably smaller FS
erably hindered. Furthermore, the charged defecvalues—are present. Considering the condition for overall
agglomerate may influence the poling properties by providChal’ge compensation there is a charge mismatch, because the
ing pinning centers for domain walt8.Moreover, dipolar Fe** ions substituting for the Tt ions are singly negative
defect complexes have been demonstrated to be able to alsbarged(Fef;), whereas the associated oxygen vacancy is
pin the polarization of the surrounding crystdliin particu-  doubly positive charge@V ) with respect to the neutral lat-
lar, oxygen-vacancy-related defect dipoles have been showtite. Hence, additional mechanisms for charge compensation
to be involved in voltage offsets, leading to imprint failife, have to be discussed. Candidates for charge compensation
and are suggested to play a crucial role in electricabre either free electron®’) trapped in the lattice, lead va-
fatiguel®5152 cancies(Vp,), and the formation of positively charged cat-
With respect to the reliability of the predictions obtained jons, such as PH— Pb', Ti*"— Ti%*, or Fé*— Fe**. How-
by the semiempirical NSM approach, the following pointsever, there is no evidence for color centers in the DFT
should be mentioned. First, crystal distortions near the subealculations and the variable valency ions PGis* are para-
stituted ion and contributions from ions or vacancies moremagnetic withg values at abouj~ 2.0—1.9, which were not
distant than neighboring ligands are neglected. Second, thsbserved in the EPR spectra and thus can be excluded. Since
main assumption of the NSM is that the spin-Hamiltonianintrinsic double negatively charged lead vacanaiég have
parameters result from individual crystal field contributionspeen suggested as additional charge compensatiwnover-
of every nearest-neighbor ion. Finally, the model is basedll electroneutrality condition for iron-modified lead titanate
upon the calculation of single-electron-derived charge densithus is proposed to be given by
ties, whereas the FS interaction is related to two-electron
expectation values. Apparently, the NSM has proved to yield
reliable results for determining the second- and fourth-rank 1
fine-structure parameters @&state ions, probably because [Vé]:[Fe,l'i]+5[V,|?,> : (7)
the intrinsic parameters have been refined over several de-
cades using a large set of experimental data. If iron Bt a  This model is supported by the inherent loss of PbO dur-
site of the perovskité\BOj lattice can be considered as part ing processing, for which reason a natural intringig-Vp,
of this set, the structural data can be considered as reliablelivacancy pair was proposétlits existence, however, being
Within these limits, the results can be interpreted as fol-currently controversially discussed on the basis of DFT
lows: the Fé* ion with the nearby oxygen vacancy probably calculations223

IV. DISCUSSION
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In principle, charge compensation could also be obtaineghthase that are considerably displaced, but similar to the
by the creation of Fg-V i-Fe}; defect associates without the B-site positions in the paraelectric phase.
need for lead vacancies at all. The existence of such a defect The orientation of the Be-V defect dipole is found to be
structure is also supported by the DFT results, predicting thislong the crystallographic axis. This can be concluded
arrangement as of lowest energy. In this structure, the DFTfrom EPR results which indicate axial symmetry at the iron
calculations predict two different iron sites, for which reasoncenter. Any other orientation of the defect dipole would re-
two Fe* EPR spectra with different FS parameters are exsult in an FS tensor of lower than axial symmetry. Further-
pected. Using the calculated displacementslof+46.6 pm  more, the DFT calculations confirm this assignment by
and -11.6 pm, the corresponding NSM estimates e showing that the total energy of the arrangement along the
=9.6 GHz andbg:—34.7 GHz, respectively. These values axis is more stable than the ones along #hand b axes.
differ considerably from the experimentally obtained one,Using high-resolution synchrotron powder diffraction, a
and for this reason this model can be discarded. Furthermoreguite largec/a ratio of 1.0721 was measured, again pointing
for samples with low iron doping, this prediction of an to the uniqueness of structural relaxation alang
Fe-Vo-Fe); defect associate might not be upheld. Finally, The impact of iron-doping in lead titanate on the macro-
from the present EPR experiment there is no further evidencgcopic piezoelectric properties can now be rationalized from
for this hypothesis, because no indication for strongly dipolam microscopic point of view, because the iron-oxygen va-
coupled iron centers is detected in the EPR spectra. cancy defect dipole complex will be rather immobile in the
ceramic as compared to the ionic mobility of free oxygen
vacancies. Thus, charge transport will be considerably hin-
dered and the charged defect agglomerate may furthermore

In summary, a charged &£eV defect associate in lead influence domain-wall motion and poling properties by pro-
titanate has been identified and its microscopic structure hagding pinning domain wall$*-2
been determined based on a comparison of FS data with
results of semiempirical NSM and DFT calculations. The
refined structure comprises information about the structural This investigation has been financially supported by the
relaxation around the iron functional center in lead titanateDFG priority program 1051, “High-Field EPR in Biology,
In the model presented, Feis substituted as an acceptor Chemistry and Physics,” and center of excellence 595,
center at the perovskitB site with a directly coordinated “Electrical Fatigue in Functional Materials.” We thank Dr. D.
oxygen vacancy. The position of the iron ion in the ferroelec-J. Keeble for sending us a paper before publication about his
tric phase is found to be almost centered in the unit cellX-band EPR study of Fé& centers in lead titanate single
different from the bulkB-site T#** ions in the ferroelectric crystals.

V. CONCLUSION
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