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Impurities in a nominally undopedc-domain PbTiO3 single crystal have been studied by ESR in a wide
temperature interval~4.2–700! K before and after light illumination. Several 3d-metal paramagnetic impurities
substituting for Ti41 ~Mn41, Fe31, and Ni31), as well as light-induced centers~Pt31, Ti 31-VO-A @Pb# and
Ti31-A @Pb#! were revealed in the crystal. A comparison of the observed temperature dependence of the axial
crystal field constant with a calculation based on a Newman model allows one to show that Mn41 occupies an
off-center position in the oxygen cage similarly to Ti41, while Fe31 remains centered at any temperature, its
excess charge being compensated in the distant spheres. The temperature dependence of Ti41 ion displace-
ments obtained on the basis of ESR data analysis is in good agreement with neutron diffraction measurements
and does not confirm recent x-ray-absorption fine-structure data on the Ti41 off-center position atT.Tc . The
Ni 31 center and the light-induced titanium centers have not been considered previously. The Ti31-V O-A @Pb#
center models can be imaged as an electron on a titanium ion nearest to the oxygen vacancy and a defect on
a neighboring Pb site~FA-center model!. It has been shown that Pt

31 and Ti31-V O-A @Pb# are shallow donors
based on an analysis of the temperature dependence of their ESR intensities.@S0163-1829~96!00741-2#

I. INTRODUCTION

Lead titanate is a model crystal of the perovskite family
which has been considered as a displacive-type ferroelectric.
At Tc5 763 K PbTiO3 goes through a weak first-order tran-
sition from the paraelectric cubic to the ferroelectric tetrag-
onal phase. It was shown1 that both Pb and Ti atoms are
displaced from their respective oxygen planes by 0.047 and
0.03 nm atT5300 K, the ratio of lattice constants being
c/a51.06. Contrary to BaTiO3 the oxygen octahedron is not
distorted during this phase transition. A schematic represen-
tation of ferroelectric phase symmetry is shown in Fig. 1. In
spite of the simplicity of the PbTiO3 structure its investiga-
tion has been continued up to now, e.g., some indication of
local distortions atT.Tc supporting an order-disorder
mechanism for the phase transition was obtained by x-ray-
absorption-fine structure~XAFS!.2 Difficulties in growing
high quality PbTiO3 single crystals and the extensive appli-
cation of PbTiO3 ceramic material, resulted in a preference
for ceramic samples in many works. This makes it cumber-
some to clear up problems concerning PbTiO3 structure and
properties including the strong influence of impurities and
lattice defects. Many impurities, e.g., Fe, Ni, and Mn are
present even in nominally pure high quality single crystals of
KTaO3 ~Ref. 3! and BaTiO3 ~Ref. 4!. On the other hand,
several metastable lattice defects, such as vacancies, trapped
electrons or holes, etc., may be the consequence of technol-
ogy or material treatment. Up to now, however, the number
of publications on the impurities and defects in PbTiO3 is
still small. The iron impurities are most frequently studied by
ESR.5–7Two Fe31 ESR spectra of axial symmetry with axial
crystalline field parametersb2

051.187 cm21 and 1.150
cm21 at T577 K were observed in a PbTiO3 single crystal

doped with iron.6 ESR lines were very broad with a width of
about 10 mT and 30 mT for the first and the second spec-
trum, respectively. Since Fe31 substitutes for Ti41 it was
assumed that the spectrum with largerb2

0 was due to a
Fe31(Ti41)-VO center (VO denoting an oxygen vacancy in
the nearest neighbor position required for excess charge
compensation! while the axial character of the second spec-
trum was attributed to ferroelectric distortion. Two axial
Fe31 ESR spectra were also observed at room temperature in
nominally pure PbTiO3 crystals, their crystal field constants
beingb2

050.503 cm21 and 0.9 cm21 ~see Ref. 7!. The ob-
served linewidths were as broad as those mentioned above.
This gives evidence of the low quality of the investigated
single crystals. The observation of Mn41, Mn21, Cr31, and
Cr51 paramagnetic centers in PbTiO3 ceramic samples
doped with MnO~Ref. 8! and Cr2O3 ~Ref. 9! should also be
noted. The ESR parameters of all these ions (g factors and
b2
0) were measured in the temperature region~4.2–800! K.

FIG. 1. Schematic representation of ionic displacements in
PbTiO3 ferroelectric phase.
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The study of Mn41 ESR spectra in PbTiO3:Mn single crys-
tals at room temperature was performed in Ref. 10. The ESR
spectrum of Pt31 which appeared in PbTiO3 after light illu-
mination has been recorded recently in Ref. 11.

It is seen that the available information about impurities
in PbTiO3 is very poor and contradictory because it has been
obtained on low quality single crystals and ceramic samples.
Besides, the proposed impurity center models are not based
on any quantitative consideration and have to be rechecked.

In this work we carried out the study of ESR spectra of a
nominally pure PbTiO3 single crystal of high quality. As a
result all the observed ESR lines are very narrow~less than
several G! and hyperfine as well as superhyperfine structures
were perfectly resolved. We discovered and identified
Fe31, Mn41, Ni 31, Pt31, Ti 31-V O-A @Pb# and Ti31-A @Pb#
as paramagnetic centers, the last four of these centers were
induced by light. The measurements were carried out in a
wide temperature interval~4.2–700! K which made it pos-
sible to find out the structure of paramagnetic centers by a
comparison of observed and calculated crystal field constants
within the framework of the Newman model. It was shown
that Pt31 and Ti31-V O-A @Pb# are shallow donors in the
crystal band gap.

II. THE SAMPLES AND EXPERIMENTAL DETAILS

The samples were grown by cooling the B2O3–PbO melt
containing stoichiometric amounts of PbCO3 and TiO2. The
crystals were made single domain, using the effect of unaxial
mechanical compression. The domain structure was checked
by a polarizing microscope.

The ESR spectra were recorded in theX-wave region at
4.2,T,700 K. The Oxford Instruments ESR-9 cryosystem
was used. High temperatures (T.300 K! were obtained by
passing a current of warm nitrogen gas over the sample.

An arc lamp~200 W! equipped with a set of optical filters
~wavelengths 365, 405, 436, 546, and 577 nm! was applied
for optical irradiation of the samples in a resonator. The du-
ration of illumination was about 2 min. The temperature re-
gion of the paramagnetic center’s stability was obtained by
heating up the sample to a definiteT with subsequent record-
ing of the ESR spectrum at low temperature.

III. EXPERIMENTAL RESULTS
AND THEIR DESCRIPTION

We have investigated PbTiO3 single crystals withc do-
mains only, the portion of other domain types was negligibly

small. Therefore, all ESR spectra of the paramagnetic centers
had at least axial symmetry with the axis along thec direc-
tion.

The desirable information about the position, charge state,
local symmetry, etc. of impurities is usually obtained by the
use of a spin Hamiltonian. The spectra are generally de-
scribed by the spin Hamiltonian of type

Ĥ5bŜ–g–B1
1

3
~b2

0O2
01b2

2O2
2!1

1

60
~b4

0O4
01b4

4O4
4!

1Ŝ•A• Î1(
k
Ŝ–Ak

–Î k, ~1!

allowing for the Zeeman, axial, and cubic crystal fields, hy-
perfine and superhyperfine interactions. HereŜ, Î are the
electron and nuclear spins of the paramagnetic center, re-
spectively, Î k is the nuclear spin of thekth lattice ion and
Ol
m are conventional electron spin polynomials. The param-

eters of the spin Hamiltonian can be found by fitting the
angular dependence of the observed line positions with those
calculated with the help of Eq.~1!.

The obtained parameters of the spin Hamiltonian for all
paramagnetic centers in nominally undoped PbTiO3 single
crystal observed in this work are listed in Tables I and II.

Let us proceed to a detailed analysis of the observed spec-
tra and their description on the basis of spin Hamiltonian~1!.

A. Mn 41
„3d3, S53/2…

The ESR spectrum of manganese ions can be readily
identified because six hyperfine lines are characteristic of
nuclear spinI55/2, the value of hyperfine splitting being
close to that in other materials with perovskite structure.12,13

The observed angular dependence of Mn41 ESR line posi-
tions ~Fig. 2! was described by spin Hamiltonian~1! with the
following parameters taken atT5290 K: b2

05315731024

cm21, gi 51.997, andg' 51.985. Only two transitions
(1/2↔21/2) and (3/2↔1/2) were observed in theX region
because theb2

0 value appeared to be rather large. For
u590° (B'c), whereu is the polar angle of the constant
magnetic field B, the ESR lines of the transition~1/2
↔21/2) are very narrow,DB1/2,21/25 0.2 mT~see the inset
in Fig. 2!. When the magnetic field is deflected from this
direction the linewidths increase and atu,20° the lines al-
most disappear. The lines of the~1/2↔21/2) transition be-

TABLE I. ESR spectral parameters ofd transition-metal impurities in PbTiO3 .

Ion T ~K! g bl
m ~cm21) A ~1024 cm21) APb ~1024cm21)

Mn41 290 gi : 1.997~2! b2
0: 0.3157~5! Ai : 78~1! A' : 7.4~1!

g' : 1.985~1! A' : 70.4~2!

Fe31 290 gi : 2.009~5! b2
0: 0.905~4! Ai : 1.2~1!

g' : 2.010~5! b4
0: -0.0035~40!
b4
4: 0.1400~70!

Ni 31 77 gi : 2.0128~2! Ai : 9.3~2!

g' : 2.4819~2! A' : 8.1~2!

Pt31 a 35 gi : 1.9316~4! Ai : 166~2! Ai : 2.3~2!

g' : 2.4752~6! A' : 324~1! A' : 4.0~2!

aAnnealed at 100 K.
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come observable again only nearu50°. Such a strong an-
gular dependence of linewidths of the transition
(1/2↔21/2) may result from the crystal mosaic structure. In
this case the ESR linewidth has to be proportional to
dBr /du, whereBr is the resonance field at the line center.

The dependence of the linewidthDB1/2,21/2 anddBr /du on
the magnetic field orientation is depicted in Fig. 3. The cor-
relation between these values is obvious. However, the ab-
sence of a similar broadening for other paramagnetic centers,
including axial Fe31 contradicts the assumption of the crys-
tal mosaic structure. It seems that Mn41 impurities are dis-
tributed nonrandomly and prefer the regions with fluctua-
tions of thec-axis orientation. These regions may be nearby
crystal structure imperfections as well as nearby domain
boundaries. With temperature increasing up toT5 500 K the
lines broaden, but the common view of the spectrum is con-
served.

Due to the same charge states of Mn41 and Ti41 and the
similarity of their ionic radii one can reasonably assume that
Mn41 substitutes for Ti41. The well-resolved superhyperfine
structure of Mn41 atT,77 K ~Fig. 2! and the magnitude of
superhyperfine splitting of 0.8 mT speak in favor of this
supposition. Indeed, the x-ray measurements gave evidence
of the fact that in the tetragonal phase of PbTiO3 in any unit
cell the distance between a titanium ion and four nearest and
more distant lead ions equals to 0.334 nm and 0.356 nm,
respectively. Keeping in mind exponential decreasing with
distance of isotropic superhyperfine interaction one can as-
sume that only four equivalent nearest lead ions give a re-
solved superhyperfine structure. Taking into consideration
that the natural abundance of207Pb (I51/2) is 22.6%, we
have calculated that the ratio of superhyperfine line intensi-
ties has to be 100:48:9, which is in a very good agreement
with the observed ratio of 100:48:10. The details of Mn41

behavior ~whether Mn41 is displaced in the same way as
Ti41 or stays in the oxygen cage center! may manifest itself
in the observed temperature dependence ofb2

0 ~see Fig. 4!.
Thus, the consideration of Mn41 displacement at different
temperatures may be relevant for the Ti41 displacement and,
hence, for the phase transition investigation itself. This prob-
lem will be discussed in more detail below in Sec. V.

B. Fe31
„3d5, S55/2…

In a wide temperature region we have observed another
two-line spectrum which is more intense than that of

FIG. 3. The angular dependence of Mn41 ESR linewidthDB
~squares! anddBr /du ~solid line! in PbTiO3 .

FIG. 2. The angular dependence of Mn41 resonance fields in
PbTiO3 ~solid lines, theory; points, experiments!. The superhyper-
fine splitting of the ESR line is also shown.

FIG. 4. The temperature dependence ofb2
0 for Mn41. Squares,

our experimental data; circles, data after Ref. 8; solid line, theory.

54 12 355IMPURITY CENTERS IN PbTiO3 SINGLE . . .



Mn41. The angular dependence of its resonance field shows
the axial symmetry with the axis along thec axis of the
crystal ~see Fig. 5!. The line positions were perfectly de-
scribed by spin Hamiltonian~1! for a paramagnetic center
with S5 5/2 and the following parameters atT5290 K:
gi 52.009(5), g' 5 2.010~5!, b2

05 0.905~4! cm21,

b4
0520.0035(40) cm21, andb4

45 0.1400~70! cm21. At low
temperatures ranging from 4.2 to 77 K a superhyperfine
structure is observed on the line of the transition
(1/2↔21/2) ~see inset in Fig. 5! which resembles that in the
Mn41 spectrum. The lines are very narrow,DB50.05 mT at
T510 K. We assume that the observed spectrum belongs to
Fe31 substituted for Ti41 on the basis of the following rea-
sons:~i! it is well known that all titanium containing oxides
always have the admixture of iron ions;~ii ! the number of
paramagnetic ions withS55/2 and I50 is strongly re-
stricted (Fe31 or Cr1 the latter having an isotope with
I53/2, its natural abundance being 9%!; ~iii ! the observed
superhyperfine structure shows that the paramagnetic ion has
to substitute for Ti41. The ionic radii of Ti41 and Fe31 ions
are close to one another (RTi4150.068 nm,RFe3150.064
nm! while RCr150.081 nm, i.e., RCr12RTi41

@RTi412RFe31 . The charge state of Fe31 is also closer to
that of Ti41 than in the Cr1 case.

The comparison of our parameters with those of Fe31

measured earlier5–7 seems to be cumbersome because of
their broader lines and parameter scattering which may be
the consequence of low quality PbTiO3 ~see the Introduc-

tion!. On the other hand, in the crystals doped with iron
various paramagnetic centers may have appeared:
Fe31(Ti41)-VO, Fe31(Pb21)-VPb, Fe31(Ti41)-Fe31(Pb21)
pairs, etc. The number of these centers must have depended
on the technology of crystal preparation and also on their
subsequent treatment. Note that six different paramagnetic
iron centers were discovered in KTaO3 ~see Refs. 14 and
15!.

The extremely narrow lines of the Fe31 ESR spectrum
(DB.0.05 mT atT510 K! observed in this work made it
possible to avoid any ambiguity in the spectrum interpreta-
tion in a wide temperature range. The analysis~see Sec. V!
of the observed temperature dependence ofb2

0 ~Fig. 6! shows
that Fe31 ~Ti 41) remains centered in its surrounding oxygen
cage and that the Fe31 excess charge compensation takes
place in spheres distant from the paramagnetic center.
b2
0(T) data were derived under the assumption that other spin
Hamiltonian parameters have no temperature dependence,
because we did not observe their change at 4.2<T<300 K,
where detailed data on the angular dependence of ESR line
positions were measured. On the other hand, the magnitudes
of b4

0 andb4
4 are much smaller than the observed change of

b2
0 with temperature; thus, their variations atT.300 K ~if
any! can be neglected.

Note that a conclusion about a more centered position of
Fe31 in the oxygen cage in comparison with that of Mn41

follows from a comparison of their linewidths:
DBFe!DBMn due to a more distant second set of Pb ions in
the case of iron~see Fig. 1!, because the superhyperfine in-
teraction with the second set of207Pb nuclei contributes to
the linewidth.

C. Ni 31
„3d7, S51/2…

At 4.2<T<150 K we have observed a one line ESR
spectrum with a superhyperfine structure~Fig. 7!. It was de-
scribed by spin Hamiltonian~1! for a paramagnetic center
with S51/2 and the following parameters (T5 77 K!:
gi 52.0128(2), g' 52.4819(2). At T.150 K the linewidth
strongly increases and at room temperature the line becomes

FIG. 5. The angular dependence of Fe31 resonance fields in
PbTiO3 ~solid lines, theory; points, experiment!. The superhyper-
fine splitting of the ESR line is also shown.

FIG. 6. The temperature dependence ofb2
0 for Fe31 ~squares,

experiment; solid line, theory!.
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invisible. The observed superhyperfine structure of the line
looked like Mn41 ~Ti 41) and Fe31 ~Ti 41) which gave evi-
dence of the fact that the paramagnetic center substituted for
Ti 41. We assume that this center is an Ni31 ion on the basis
of the following reasons. The values ofg factors, namely,
gi , g' .ge (ge is g factor of free electron!, speak in favor
of the fact that more than 1/2 of the electron shell has to be
filled. Sincegi 'ge , g' .ge the ground orbital state has to
be thed state,dz2 being the lowest one. Indeed, in this case

16

gi 5ge , g' 5ge2
6l

D
, ~2!

wherel is the value of spin-orbit coupling,D is the energy
gap between the ground and the nearest excited state. Note
that expressions~2! are valid for the case of the stretched
oxygen octahedron corresponding to PbTiO3 tetragonal
phase structure. We did not observe any hyperfine structure,
thus, the nuclear spin of the paramagnetic ion has to be zero
~or its natural abundance has to be small!. The paramagnetic
centers which satisfy all of the aforementioned conditions
are Ni1 (3d9, S51/2), Fe1 (3d7, S51/2), and Ni31 (3d7,
S51/2), the last two havingS51/2 in the low-spin state.
Keeping in mind that Ni31 is closer to Ti41 both in the
charge state and in the ionic radius value we prefer the
Ni31 ion. In the next section we shall continue the consider-
ation of the peculiarities of the Ni31 ESR spectrum because
the spectrum appeared sensitive to light illumination.

IV. LIGHT-INDUCED PARAMAGNETIC CENTERS

After the illumination of the PbTiO3 crystal by a light
beam withl,436 nm atT'10 K four new ESR spectra
appear. The Ni31 ESR spectrum intensity strongly increases,
the Fe31 and Mn41 spectra remain unchanged. The new
ESR spectra are represented in Figs. 7 and 8. One of the
spectra exhibits axial symmetry, the angular dependence of
its line positions is described by spin Hamiltonian~1! for
S51/2. This spectrum was identified as that of Pt31 ~5d7) in
strong crystalline field (S51/2). The characteristic feature of
this spectrum is hyperfine splitting due to the isotope of
195Pt (I51/2) with a natural abundance of 33.8%. We have

observed also a superhyperfine structure due to interaction
with four nearest207Pb nuclei, which undoubtedly shows
that Pt31 substitutes for Ti41. The spin Hamiltonian param-
eters of the light-induced Pt31 center in PbTiO3 reported
earlier11 are slightly different from ours~see Table I!. The
differences are evidently due to the temperature dependence
of theg factor, because those measurements have been per-
formed atT577 K. Additionally, Table I includes a super-
hyperfine splitting constant which was not resolved in Ref.
11. The light-induced Pt31 center appears to be stable up to
T5~70–100! K. At higher temperatures the Pt31 ESR spec-
trum strongly decreases down to its almost total disappear-
ance due to thermal ionization of Pt31 into Pt41.

Three other light-induced centers are more thermally
stable. Their ESR spectra have been observed at low tem-
peratures and could be destroyed by annealing at 150 K.
Strong spin-lattice relaxation, being the characteristic feature
of these centers, leads to a broadening of the ESR lines be-
ginning fromT57–10 K, and finally to their complete dis-
appearance atT.25–30 K. In our opinion, these paramag-
netic centers are connected with the Ti31 ion. We have
denoted them as Ti31~I!, Ti 31~II !, and Ti31~III !. The assign-
ment is made on the basis of theg tensors of the centers,
having g shifts typical of Ti31 and a hyperfine structure
which is resolved at one of the centers@see Fig. 8, Ti~II !#.
From our analysis of hyperfine structure follows that it be-
longs to two titanium ion isotopes:47Ti ( I55/2) and 49Ti
(I57/2), having natural abundance of 7.3% and 5.5%, re-
spectively. The values of their magnetic momenta are close
to each other.

For Ti31~I! centers the angular dependences of ESR line
positions indicate a very low local symmetry~Fig. 9!. The
line positions were described by theg-factor values:
g151.965,g251.919, andg351.848 withg-tensor axes ori-
ented as shown in Fig. 9. Altogether there are eight such
equivalent centers, which are resolvable in the ESR spectra.
They differ by thez2 axis orientations in the~001! plane~the
angle a560°, 150°, 240°, and 330°) and by thez1 axis
polar angle (b560° or 120°). Such a low symmetry of the
Ti 31 ~I! center, with none of theg-tensor axes along the

FIG. 7. ESR spectra of light-induced centers in PbTiO3 after
illumination. FIG. 8. ESR spectra of Ti31~I! and Ti31~II ! ~both assumed to be

Ti 31-V O-A @Pb# centers! in PbTiO3 after illumination.
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crystal ones, may be ascribed to the presence of some pair-
type defect near to the Ti ion. The latter should include the
oxygen vacancy VO(I) in the ~001! plane, because the axes
z2 of the center lie within the plane containing four oxygen
ions, near the Ti-O direction. Note that the number of oxy-
gen vacancies in PbTiO3 is known to be rather high as re-
quired for the charge compensation of lead vacancies in the
material. On the other hand, deviation of thez2 axis from the
Ti-O direction and the orientations ofz1 and z3 axes evi-
dence the position of another pair constituent at the Pb site.
This may be either a substitution ion on the Pb site or a Pb
vacancy~V Pb).

The angular dependence of ESR lines of the Ti31~II ! cen-
ter exhibits an orthorhombic symmetry, the positions of the
lines were described byg-factor values:g[001]1b 51.840,
g[110]51.855, andg[11̄0]1b 51.892, where the angleb52°
means the rotation of theg-tensor axes around the@110#
direction. Totally four equivalent centers of this type account
for the spectrum, they differ by the orientation of two
g-tensor axes in the~001! plane, the third axis is always
directed along@001# 1 b. This local symmetry of the Ti31

ion may be due to the appearance of a defect on a neighbor-
ing Pb site, the latter may be an ion substituted for Pb (A
@Pb#!.

Using the above considerations for Ti31~I! , one can as-
sociate the Ti31~II ! center with the oxygen vacancy along
the c̄ axis of the crystal~V O(II) ). Indeed, the oxygen vacancy
changes only the value of the tetragonal crystalline field in

this case, but orthorhombicg-tensor symmetry is connected
solely with the Pb site defect.

The light-induced center model is anFA-center one, i.e., a
photoelectron is trapped by the oxygen vacancy, its wave
function being smeared on the neighbor ions; it is expected
to be localized at one of the two Ti ions next to the oxygen
vacancy. Note similar Ti31 centers have been observed in
BaTiO3,

17 where the Ba site defect was identified as K1 or
Na1 ion.

The local electronic levels of these centers used to be
shallow donors close to the conduction band edge. The dis-
appearance of the ESR spectrum atT>150 K may be con-
nected with the thermal ionization of these centers, i.e., their
transformation into Ti41-V O(i )-A @Pb# ( i5I,II). On the con-
trary, the light beam produces photoelectrons in the conduc-
tion band which can be trapped by Ti41-V O(i )-A @Pb# cen-
ters, transforming them into Ti31-V O(i )-A @Pb# with a long
enough lifetime at low temperature (T<100 K!.

The Ti31~III ! center has an orthorhombic symmetry like
Ti 31~II !: g[001]1b 51.954, g[110]51.963, and g[11̄0]1b
51.905. It can be connected with an unknown defect in the
Pb site as well. This center is characterized by a strong
g-tensor anisotropy within the~001! plane, a narrow line-
width (DB50.1 mT! and a weaker temperature dependence
of the spin lattice relaxation time compared to that for
Ti31-V O( i )-A @Pb# centers. Evidently, it is a linear
Ti 31-A @Pb# defect. This is not anFA center, its localized
states are deeper than those of theFA center. Indeed, in some
PbTiO3 samples we have observed the weak ESR spectrum
from the Ti31~III ! centers after heat treatment atT5800 K
without light illumination. After light illumination of these
samples, a sharp increase in the intensity of the Ti31~III !
ESR spectrum is observed. The Ti31-A @Pb# defect evidently
arises from the electron transfer to Ti41, thus, leading to the
compensation of the excess charge in the crystal. A similar
center was observed in PZT ceramic withg-factor values
close to those of Ti31~III !.18 Note that hyperfine structure
was not resolved in the Ti31~I! and Ti31~III ! spectra due to
their smaller intensities and more complex shapes.

It is worth to note that in PbTiO3, as in BaTiO3,
17 we

have not identified any linear Ti31-V O defects. This is evi-
dently connected with the fact that localized electronic levels
of the low symmetry centers Ti41-V O-A @Pb# are deeper
than the corresponding levels of the Ti41-VO centers and
therefore they are the traps for photoelectrons; hence, the
Ti31-VO centers are not observed .

It was noted earlier that the Ni31 center is sensitive to
light illumination. The crystal illumination atT510 K in-
creases the Ni31 ESR line intensity by a factor of about 4.
The heating of the crystal up toT5300 K leads to line de-
crease by six to eight times. It can be assumed that the
Ni31 local electronic level is also a donor level which is
slightly deeper than the Ti31-V O-A @Pb# donor level.

V. DISCUSSION AND CONCLUSION

In this section we would like to pay attention to peculiari-
ties of the PbTiO3 structure on the basis of the ESR data. It
is obvious that we have to begin with looking for a paramag-
netic impurity which occupies the same position in the
oxygen cage as the Ti41 ion at any temperature. In BaTiO3

FIG. 9. The angular dependence of resonance fields for the
Ti31-V O(I)-A @Pb# center, called also Ti31~I! in the paper~points,
experiment; solid lines, theory; the numbers in the brackets numer-
ate the lines of eight equivalent centers!. The sketch shows a center
model; z1 , z2 , andz3 are theg-tensor principal axes of center 1;
a andb are the Euler angles. The ion’s designations are the same
as in Fig. 1, open and solid squares being an oxygen vacancy and a
defect on the Pb site, respectively.

12 358 54V. V. LAGUTA et al.



Mn41 ions were shown to be such a type of impurities mean-
while Cr31 and Fe31 remain centered in the oxygen
octahedron.12 This centered position may be the consequence
of the excess negative charge of these ions in the lattice
which repulses negatively charged oxygen.

The desirable information about the paramagnetic center
position at any temperature can be obtained on the basis of
the analysis ofb2

0(T). To obtain the quantitative data for
both Mn41 and Fe31 let us use a superposition Newman
model19 in its truncated form.20 In accordance with this ap-
proach the axial constantb2

0 can be represented in the form

b2
05b̄2~R!

3

2(i S RRi
D t2S cos2Q i2

1

3D . ~3!

Here,R is the reference point,Ri is the distance between the
ith ligand and the paramagnetic ion,u i is the angle between
Ri and the main ESR axis~symmetry axis of paramagnetic
center!. The axial model functionb̄2(R) has been derived
from unaxial stress experiments for Cr31 in MgO and
SrTiO3.

21

~1! It was found12,22 that theb̄2(R) function of Mn41 is
almost the same as that of Cr31 substituting for Ti41 in
SrTiO3 and BaTiO3. This function is given by12

b̄2~R!52ASR0

R D n1BSR0

R Dm, ~4!

whereA5211.1 cm21, B528.48 cm21, R050.1905 nm,
n510, andm513.

Using this function, we have calculated the axial param-
eterb2

0 of Mn41 for its centered and off-center positions in
the oxygen cage. Expression~3! is used withR50.207 nm,
b̄2(R)52.2 cm21, parametert250.36, which is close to that
of Cr31 in BaTiO3.

22 In the centered Mn41 position this
givesb2

050.1 cm21 which is a factor 3 too small compared
to the observed value ofb2

0. On the contrary, allowing for
Mn41 an off-center displacementd, we have obtained
b2
050.31 cm21 at T5290 K for d50.032 nm taken from
x-ray measurements for Ti41 position in PbTiO3.

1 But the
most interesting for clearing up both the paramagnetic center
model and the lattice structure peculiarities is the analysis of
the observed temperature dependence ofb2

0 on the basis of
expressions~3! and ~4! with the same parameterst2 , R0 ,
n, etc., which have to be temperature independent. We car-
ried out a calculation ofb2

0(T) at 77<T<700 K, taking into

account the temperature dependence of the lattice constants
a andc of PbTiO3 measured in Refs. 23 and 24. The results
of the calculations are depicted in Fig. 4 by the solid line
which corresponds to the best fit of the measured data. This
procedure allows to obtain the temperature dependence of
the off-center Mn41 position, which is shown in Fig. 10 by
the solid line. In the same figure we also depictedd(T) ob-
tained for Ti41 by different methods: x-ray diffraction,25

neutron diffraction,26 and XAFS method.2 It may be readily
seen that ESR data are in rather good agreement with those
of neutron diffraction measurements, namely, the Ti41 posi-
tion changes little up toT5700 K, the value ofd strongly
decreasing only nearT5Tc where Ti41 becomes centered.
Thus, the ESR data do not confirm recent XAFS results2 of
the relatively off-center Ti41 position in the oxygen cage
even atT.Tc ~see Fig. 10!. Perhaps this discrepancy is con-
nected with an extremely short effective measuring time of
the XAFS method~of the order of 10216 sec!.

~2! We carried out the calculation ofb2
0(T) for the Fe31

FIG. 10. The temperature dependence of titanium ion displace-
ment in PbTiO3 : triangles, crosses, and squares correspond to the
data of x-ray diffraction~Ref. 25!, neutron diffraction~Ref. 26!, and
XAFS ~Ref. 2!, respectively. Solid line and circles depict the tem-
perature dependence of the displacement of Mn41, which occupies
an off-center position in the oxygen cage just as Ti41.

TABLE II. Ti 31 Centers in PbTiO3 and their ESR spectral parameters.

Ion T ~K! g A ~10-4 cm21) Remarks

Ti 31~I! 5 g1: 1.965~1! Euler angles ofg-tensor prin-
~Ti 31-V O(I)-A @Pb#! g2: 1.919~1! cipal axes:a560°, b 560°;

g3: 1.848~1! Annealed at 150 K
Ti 31~II ! 5 g[001]1b : 1.840~1! Ai :10~1! b52°
~Ti 31-V O(II )-A @Pb#! g[110] : 1.855~1! ~rotation around@110#!

g[1 1̄0]1b : 1.892~1! Annealed at 150 K
Ti 31~III ! 10 g[001]1b : 1.954~1! b52°
~Ti 31-A @Pb#! g[110] : 1.963~1! ~rotation around@110#!

g[1 1̄0]1b : 1.905~1!
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ion using relationship~3! with parametersb̄2(T)520.69
cm21 andt258 which are close to those obtained for this ion
in the tetragonal phase of SrTiO3 @see Table I of Ref. 20
with b̄2520.57(38) cm21, t258(1)#. Performing indicated
calculations, we have considered several Fe31 paramagnetic
center models, namely, with and without oxygen vacancy in
the ion’s nearest neighbor position~the excess charge of
Fe31 has to be compensated! as well as the off-center or the
centered position of Fe31 in the oxygen cage. An agreement
with experimental data~corresponding to the solid curve in
Fig. 6! was obtained only in the model with Fe31 in the
center of the oxygen octahedron without an oxygen vacancy
in the nearest neighbor. Note that the temperature depen-
dence ofb2

0 is almost determined by the temperature depen-
dence of the lattice constantsa(T) andc(T).

~3! From the observation and the analysis of the ESR
spectra of nominally pure single crystal PbTiO3 of high
quality ~before and after light illumination! several paramag-
netic centers: Mn41, Fe31, Ni 31, Pt31, Ti 31-V O(i )-A @Pb#,
Ti 31-A @Pb# — the last four centers being induced by light
— may be identified. Mn41 is shown to be a good paramag-
netic probe for the investigation of lattice distortions in a
relatively wide temperature range up toT'800 K including
the phase transition region. However, the Mn41 ESR spec-
trum in BaTiO3 is observed only in the low-temperature
rhombohedral phase because of dynamic peculiarities of this

material~existence of the relaxation mode12!. Thus, PbTiO3
dynamics seems to be different from that of BaTiO3. The
off-center displacements of Ti41 ions atT.Tc shown re-
cently by the XAFS method are not confirmed by the ESR
data. As the magnetic Mn41 ions follow the cooperative mo-
tion of Ti 41 ions which contribute strongly to the material
ferroelectric properties, a high degree of magnetoelectric
coupling can be assumed in the mixed perovskite
PbTi12xMnxO3 crystal. This material may be of considerable
interest due to a possible coexistence of magnetic and elec-
tric ordering at the same temperature.

The series of light-sensitive centers discovered in
PbTiO3 ~Ni 31, Ti 31-V O(i )-A @Pb# and Ti31-A @Pb#! can be
of great importance for the analysis of any photoinduced
phenomena, such as photocurrent, photoluminescence, etc.
The observation of these phenomena in the PbTiO3 single
crystal illuminated by light is extremely desirable. Note that
in our opinion, the light-induced Ti31 centers should also be
present in the photorefractive PLZT ceramic. As the
Ti31-V O(i )-A @Pb# complexes areFA centers, their role in the
light-induced charge transport may be essential. A recently
observed light-induced Ti31 center in PLZT ~Ref. 27!
might be such anFA center. To identify Ti

31 centers in both
PbTiO3 and PLZT in more detail, complex measurements of
ESR, optical absorption and other photoinduced phenomena
should be performed.
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