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Electron spin resonance investigation of impurity and intrinsic defects in
Nb-doped BaTiO 3 single crystal and ceramics
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Electron spin resonancesESRd spectra of impurity and intrinsic defects have been measured at
4.2–295 K in Nb-doped BaTiO3 single crystals and ceramics to clarify their role in the conductivity
and positive temperature coefficient of resistivitysPTCR effectd. The measurements revealed a
small amount of Fe3+, Cr3+, and Mn2+ impurities, which change their valence statesfor example,
Cr5+→Cr3+, Mn4+→Mn2+d with increased Nb concentration due to the compensation of the excess
charge of Nb5+ ions. Besides the 3d-metal impurities, several types of Ti3+ polaronic and possible
fluctuon states, where electrons can be localized near ferroelectric domain boundaries, have been
revealed as well. All of them are associated with Ti3+ lattice ions and not with Nb5+/4+ impurity,
which apparently represents rather a very shallow donor level. The data obtained strongly support
the polaronic origin of Nb-doped BaTiO3 conductivity atT,300 K. Comparative investigations of
ESR spectra in single crystals and ceramics of the same kind of BaTiO3 together with computer
simulation allowed us unambiguously to ascribe complex ESR signals observed in ceramic samples
to Cr3+, Mn2+, and Fe3+ ions and Ti3+ polarons and/or fluctuons. The role of manganese ions at grain
boundaries in the PTCR effect is discussed as well. ©2005 American Institute of Physics.
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I. INTRODUCTION

In the past decade BaTiO3 ceramics doped with Nb o
rare-earth elements, which causen-type conduction of thi
composition, became a subject of intense studies in ord
explain the nature of the positive temperature coefficien
resistivity sPTCR effectd at temperatures close to t
tetragonal-cubic phase transitionTc. This effect is useful fo
numerous technical applications, such as PTCR therm
and heaters. The phenomenological understanding o
PTCR effect has been well defined on the basis of Heyw
model1 and later modifications of this concept.2–5 However,
the microscopical mechanism underlying the PTCR phen
enon is still poorly understood. In this respect, many rep
were devoted to the role of various impurities and intrin
defects in the transport properties of PTCR ceramics. In
ticular, it was found that the PTCR effect could be enhan
by the addition of small amounts of transition-metal
ments such as Cu or Mn.6,7 The 3d-metal ions substituted fo
Ti4+ are usually acceptors and, hence, act as traps for
ers. Doping with Nb leads ton-type conductivity of BaTiO3.
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Thus, the Nb impurity acts as the source of conduction
trons. It is clear that the number of the conduction elect
depends not only on the concentration of Nb ions but als
the presence of unavoidable impurities in the lattice. T
residual defects can compensate the excess charge o5+

and, thus, decrease the number of free electrons in the
duction band. There is also an important question relat
the role of unavoidable impurities and/or special dopant
the properties of grain boundaries, which must be non
ductive in the PTCR region. Therefore the study of the
purity subsystem together with intrinsic lattice defects
which both can strongly influence the properties of the
terial, has been the key point in the physics of the sem
ductive BaTiO3, in particular on its conductivity and PTC
effect.

At low temperatures, the conductivity mechanism is
sentially different from that in the vicinity of the PTCR te
perature range. ForT,300 K, the electrons are trapped
3d metals deep levels which changes the type of condu
ity. At rather low temperatures, the temperature depend
of the conductivity can be controlled by polaronic mec
nism as has been claimed by several authors.5,8 The micro-
scopic mechanism of the electron polaron formationl:

BaTiO3 lattice was recently established from electron spin
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resonancesESRdstudies, see Refs. 9 and 10. In particula
was shown that a conduction electron has a strong tend
to be localized at Ti4+ lattice ions, creating Ti3+ small po-
larons. However, these studies were performed on und
BaTiO3 single crystals with a small concentration of
s,40–100 ppmd, which was a background impurity.

In the present study, we are interested in the ESR in
tigation of both single crystals and ceramics of BaT3
rather heavily doped with Nbs1000–4000 ppm or 0.1%
0.4% niobium in titanium sited. These compounds are us
industrial applications and, thus, knowledge about impur
and lattice defects is particularly important. First, we pre
experimental results of the investigation of a single cry
sample. Then the spectral data obtained are used to an
the ESR spectra in BaTiO3 ceramic samples. A special atte
tion was paid to Ti3+ related centers, whose ESR spe
were measured in both single crystals and ceramic sam
of BaTiO3.

II. EXPERIMENTAL DETAILS

A single crystal, with a nominal Nb concentration
0.2%, has been grown by the top seeded solution methosfor
details see Ref. 11d. In order to obtain Nb-doped crys
Nb2O5 oxide has been introduced into the melt. The sam
of a characteristic transparent blue color, was not in a s
domain state, because poling in a dc field was not pos
owing to its relative high conductivity.

BaTiO3 ceramic samples both pure and doped with
were fabricated by a conventional solid-phase reac
technique.12 Extra-pure BaCO3, TiO2, SiO2, Nb2O5 and wa-
ter solution of ammonia were used as starting reagents.
ders were ball milled in agate mortar. Samples were c
nated at 1100–1200 °C. The chromium dopant in BaT3

ceramic samples was precipitated from CrCl3 solutions
Atomic emission spectroscopy analysis of undoped and
doped BaTiO3 samples showed the impurities listed in Ta
I. The densities of ceramic samples sintered at 1340–136
in air were calculated by the Archimedes method and w
found to be 92%–94% of the theoretical value. Electroph
cal properties of samples have been investigated earlie
presented in Ref. 13.

Electron spin resonancesESRdspectra were recorded
the temperature region 4.2–295 K using a spectromete
erating at microwave frequency 9.2–9.4 GHz.

III. EXPERIMENTAL RESULTS AND THEIR
INTERPRETATION

A. ESR spectra in Nb-doped BaTiO 3 single crystal

Because of the high conductivity of Nb-doped BaT3

TABLE I. Impurity content in pure and Cr-doped BaTiO3 ceramicssmol %d.

Element BaTiO3 BasTi0.999 93Cr0.000 07dO3 BasTi0.999 86Cr0.000 14dO3

Cr 0.0012s1d 0.007 5s8d 0.014s1d
Fe 0.018s2d 0.019s2d 0.011s1d
Mn 0.000 84s8d 0.000 49s5d 0.000 23s2d
crystals, ESR spectra were recorded below 100 K where th
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conductivity becomes low. As an example, in Fig. 1
present such spectra taken at several temperatures. As
seen from the figure, a spectrum of Cr3+ impurity is domi-
nant atT<75 K. ESR spectrum of the Cr3+ ions was identi
fied by observation of the53Cr isotope hyperfine linesssee
small intensity quartet in Fig. 1dand angular dependencies
the fine-transition resonance fields, which were describe
ing well-known spectral parametersssee, for instance, Re
14d. In Fig.1, one can see also three low-intensity lines o
the six lines, which belong to Mn2+ ions. Under temperatu
lowering, both the Cr3+ and Mn2+ spectra decrease in inte
sity and their line shape become asymmetric becaus
spin-lattice relaxation time increases and saturation ef
begin to influence the line shape.

At T,30 K, new ESR spectra appear in theg-factor
region of 1.94–1.88. The feature of these resonances is
close to Ti3+ small polarons in undoped BaTiO3 described
earlier by Scharfschwerdtet al.9 and Lenjer, Schirmer, an
Hesse.10 However, there are small differences in the Ti3+ g
factors measured by us and those published in Refs. 9 a
ssee Table IId. In our opinion, these differences in
g-factor values may be due to the influence of internal s
induced by Nb impurity. As was shown in Ref. 10, Ti3+ small
polaron spectra are very sensitive to the presence of ex
stress, which not only redistributes the population of lo
ized electrons along the stress axis but also sizably shif
g-factor values and changes the symmetry of the gr
state.

Besides this spectrum a new type of ESR spectra ar
T,10 K. Their intensity drastically rises with temperat
lowering down to 3–4 K. Angular dependence of the re
nance fields shows the presence of six equivalent cent
rhombic symmetry with principal axes alongk100l cubic
axessFig. 2d. The angular dependencies, as in the ca
Ti3+ small polarons, were described by a spin Hamilto
for particles with a spinS=1/2 andfollowing g factors:gx

FIG. 1. ESR spectra in Nb-doped BaTiO3 single crystal at sever
temperatures.
e=1.888,gy=1.900,gz=1.928. Theseg factors are typical for
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Ti3+ in a crystal field of distorted oxygen octahedron a
again, they are close to values previously ascribed in Re
to Ti3+ “intermediate” polarons, i.e., polarons with interm
diate radius. It should be emphasized that the resonance
measured by us are narrow; atB i f001g the peak-to-pea
linewidth is only about 0.8 mT, while the linewidth of Ti3+

intermediate polaron presented in Ref. 10 is almost ten t
larger. Note also that both mentioned spectra differ by s
metry: the Ti3+ intermediate polaron spectrum has a tetra
nal symmetry in contrast to the rhombic one measured b
On the other hand, for such a broad lines,7 mTd of Ti3+

intermediate polaron it seems impossible to separate r
small splitting of ESR liness,2 mTd corresponding to thegx

and gy values. Another interesting fact is that thegx and gy

values measured in our study are approximately equal tg'

for Ti3+ intermediate polarons measured in Ref. 10 at p
sure P=0 and 0.26 GPa, respectivelyssee Table Id. There
fore, we cannot exclude that the spectrum revealed b
belongs to Ti3+ intermediate polaron as well. However,
our case, the Ti3+ polaron may be slightly perturbed by t
presence of Nb5+ or other defect at a distance of 1–2 latt
constants, so that it will produce a rhombic distortion of
crystal field. This is in principle supported by the fact that
Nb impurities can influence only thegx and gy values be
cause thegz component changes only due to the perturba

TABLE II. Principal g-factor values of the various

gf10

Ti3+ ssmall polarond 1.906
1.907
1.898

Ti3+ s“intermediate” polaron or fluctuond 1.888
1.890
1.897

Ti3+–Nb5+ 1.892

aData from Ref. 10.

FIG. 2. Angular dependences of resonance magnetic fields of Ti3+ centers in

Nb-doped BaTiO3 single crystal measured at 7 K.
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of the upperEg-symmetry 3d orbital states separated fro
the ground T2g triplet by a large distanc
25 000–30 000 cm−1.9

We now focus on the lack of hyperfine splitting of
93Nb sI =9/2d ESR lines. The reason could be theuxy. sym-
metry of 3d1 orbital statesin this case an electronic dens
along k100l cubic axes is zerodas well as the rather lar
distance to next Ti positionss0.4 nm or mored. On the oth
hand, we notice that the Ti3+–Nb5+ complex in BaTiO3 had
already been describedssee Table II and Ref. 10d. It diffe
slightly from our center byg factors and shows93Nb hyper-
fine structure. Therefore, at present the origin of our
served Ti3+ center is not completely clear.

It should be emphasized that in ferroelectrics ther
also another possibility for conduction electrons to be lo
ized, namely fluctuon-type localization, first introduced
Krivoglaz ssee Ref. 15 and references thereind. In particular
it was shown that the fluctuon type of carriers localizatio
ferroelectrics takes place near the domain boundaries, w
fluctuation of polarization is large. It can happen in ferroe
trics at low temperatures, where the dielectric permittivit
small and anisotropic.15 All these conditions are fulfilled i
BaTiO3 at least atTø100 K. Moreover, impurities also pr
mote the creation of fluctuons whose symmetry has t
lower than that of polaron. Therefore, keeping in mind
splitting of the ESR lines and the related three compon
of the g tensor, fluctuon-type of electron localization, rat
than polaron one, can be supposed as well. The coexis
of tetragonal and rhombic symmetry spectra atT=7 K can
result from the simultaneous polaron and fluctuon-typ
electron localization. It should be mentioned that str
electron-phonon interaction involving critical point latt
polarization fluctuations associated with the soft TO m
was evidenced also from the electron mobility measurem
in many perovskite oxidesse.g., KTaO3, SrTiO3, BaTiO3d.16

Let us also note that we did not observe, at least dow
3 K, “pure” Nb4+ centers in spite of rather high Nb dopin
This means that the main part of the conduction electro
low temperatures is localized at Ti sites as small and/o
termediate polarons or as fluctuons, in agreement with
vious studies.10,16

B. ESR spectra in Nb-doped BaTiO 3 ceramics

ESR measurements at room temperaturesRTd had shown
the presence of several paramagnetic impurities in Nb-d

3+

lated centers.

gf010g gf001g Remarks

1.906s1d 1.932s1d Visible at Tø35 K
1.907 1.936 P=0a

1.898 Aligned P=0.24 GPaa

1.900s1d 1.928s1d Visible at Tø15 K
1.890 1.928 P=0a

1.935 Aligned P=0.24 GPaa

1.892 1.932 a
Ti3+ re

0g

s1d

s1d
BaTiO3 ceramicssFig. 3d. The intense spectra belong to Cr
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and Fe3+ ions. The assignment of the measured resonanc
Fe3+ and Cr3+ impurities was made on the basis of the sim
lation of powder spectrum using spin Hamiltonian par
eters found from single crystal measurements and repo
for instance, in Refs. 14, 17, and 18. The simulated
measured spectrum of Cr3+ in the field region of the 1/2↔
−1/2 transition is presented in Fig. 4. In the simulation p
cedure we used numerical diagonalization of the spin Ha
tonians that allowed us to determine besides the reson
magnetic fields of all transitionssincluding forbidden ones
also their probabilities. However, for simplification of t
computation, the same linewidth was taken for each o
fine transitions. Therefore, the relative intensities of diffe
parts of the calculated powder spectrum do not exactly c
cide with the measured ones. As an example, the simu
spectrum of Fe3+ is shown in Fig. 3sad. It is important to no
that the intense line atB<120 mT sg<5.8d belongs to th
1/2↔−3/2 sM =2d Fe3+ forbidden transition and not
Fe3+- oxygen vacancysV0d pair center as was assumed
Ref. 19 even if itsg- factor is really close to that found f
Fe3+-V0 centers in different ABO3 lattices.20 The relative in

FIG. 3. ESR spectra in Nb-doped BaTiO3 ceramics at several concentratio
of niobium. Spectrumsad is computer simulation of Fe3+ powder spectrum
in the tetragonal phase.

FIG. 4. Measured and simulated powder spectra of Cr3+ in the tetragona

phase.
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tensity of the 1/2↔−3/2 transition line is large because
resonance field only slightly depends on crystallite orie
tion.

We should note that several models and correspon
defect configurations were already proposed for the inte
tation of the ESR signal atg=1.971–1.974 in BaTiO3 ce-
ramics. Among them we can mention the following:sid in-
trinsic Ti3+-related defectssKutty, Murugaraj and Gajbhiye21

and Er Ishida, and Takenchi22d; siid barium vacancysVBad
defect23d; siiid Cr3+ impurities.24 To further prove our assig
ment of the ESR signal atg=1.971–1.974 to Cr3+ ions we
performed measurements of BaTiO3 ceramics specially sin
tered with different content of Cr impuritys20–80 at. ppmd
The ESR spectrum observed atg=1.971–1.974 was com
pletely identical to that of Nb-doped BaTiO3 and the inten
sity of the signal increased proportionally to the chrom
content risesFig. 5d, which unambiguously proves our int
pretation. Moreover, this spectrum was observed withou
intensity decrease from 100 up to 400 K. In addition to F3+

and Cr3+ impurity ions, BaTiO3:Nb ceramics also contain
a small amount of Mn2+ impurity. Part of the Mn2+ resonanc
lines are visible in the vicinity ofg<2 sFig. 3d.

With increasing Nb concentration all spectrasFe3+, Cr3+,
and Mn2+d change their intensities that reflect ionic vale
change as the same raw materials of BaCO3, TiO2, and
Nb2O5 were used for the ceramic samples preparation.
that in undoped ceramics practically only the spectrum
Fe3+ is visible. This suggests that in undoped BaTiO3 ceram-
ics, manganese and chromium exist in the form of Mn3+ and
Cr4+ or Mn4+ and Cr5+, respectively. Thus, they are eith
ESR “silent” or not visible, at least at room temperatu
due to too short spin-lattice relaxation time. Low concen
tion Nb dopings,0.2 at. %dresults in chromium and ma
ganese valency change to the paramagnetic Cr3+ and Mn2+

states fFigs. 3sbd and 3scdg. Such decrease of impu
charge-state is expected because Nb5+ substituting for Ti4+

brings a positive charge to the lattice. This tendency is
supported by the disappearance of the Fe3+ spectrumsdue to
a process Fe3++e→Fe2+d with Nb content increase. Heav
smore than 0.4 at. %dNb-doped BaTiO3 ceramics show onl
spectra of Cr3+ and Mn2+ ions and a signalX fFig. 3sddg that

FIG. 5. Cr3+ ESR spectra in undoped and Cr-doped BaTiO3 ceramics.
is often associated with singly ionized barium vacancy
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sV Ba
• d21 or can be rather due to the presence of partly cha

titanium vacancysVTi
III defectsd.25 However, here the Mn2+

spectrum completely changed. Instead of a tetrago
symmetry spectrumfFig. 3sbdg, a typical Mn2+ spectrum o
cubic symmetry arisesfFig. 3sddg. In this new spectrum th
six-line hyperfine splitting of 81*10−4 cm−1 is the same a
that in the paraelectric phase of BaTiO3.

26 It should be note
that the cubic-symmetry Mn2+ spectrum is also visible
samples with lower Nb concentration. However, its inten
is smaller than the intensity of Mn2+ tetragonal spectrum
when Nb concentration decreases.27 Allowing for the fact
that Nb impurity at concentration larger than 0.2 at. %
creases the grain size, it is natural to assume that the
symmetry Mn2+ spectra are formed on the grain bounda
which in posistor BaTiO3 ceramics are well formed and ha
a marked volume. At the grain boundaries, the tetrag
ferroelectric distortion of the lattice must be much sma
than that inside the grains. In this connection the obse
change in the local symmetry of Mn2+ impurity is extremely
important because it indicates that manganese ions ar
uniformly distributed between the grain cores and g
boundaries. At Nb concentration larger than 0.3–0.4 a
Mn2+ ions can be preferentially located at grain bounda
because here the concentration of Nb ions may be m
bigger than in the grains25 and, therefore, grain boundar
need more Mn2+ ions to compensate the excess of pos
charge in the lattice. From ESR spectra of Fe3+ and Mn2+, it
is impossible to distinguish between cubic or rhombohe
symmetry of grain boundaries. The spectrum of Mn2+ in the
rhombohedral phasesT,190 Kd in contrast to the tetragon
and orthorhombic phases contains only one visible Mn2+ sex-
tet originating from 1/2↔−1/2 central transition slightl
perturbed by small zero-field crystal field interactions,b2

0

<s25–50d310−4 cm−1. The same phenomenon has been
3+

FIG. 6. Temperature dependence of ESR spectra in Nb-doped B3
ceramics.
served for Fe ions: only one intense line from 1/2↔
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−1/2 central transition is visible. Thus, in the rhombohe
phase the spectra of Fe3+ and Mn2+ are similar to those in th
cubic phase.

With lowering temperaturesT,280 K—orthorhombi
phase andT,190 K—rhombohedral phasedthe ESR line
shape changes in accordance with the crystal symmetry
ering from tetragonal to orthorhombic and rhombohedra
spectively sFig. 6d. It should be stressed that essential
crease of the intensity of Fe3+ and Mn2+ spectra in BaTiO3
ceramics in the tetragonal and orthorhombic phases in
parison to the intensities in other phases is not relate
possible valency charge of these ions due to the trappi
an electron from the conduction band, as was claime
Refs. 21 and 24. All the intensity changes in the field re
of the 1/2↔−1/2 transition can simply reflect a redistrib
tion of the spectral intensity from broad magnetic field in
val stetragonal and orthorhombic phases,b2

0 is largedto nar-
row magnetic field intervalscubic and rhombohedral phas
b2

0 is zero or smalld. This is well seen from Fig. 7, wh
simulated powder spectra of Fe3+ in both the cubicsad and
tetragonalsbd phases are presented. We can also notice
in single crystals there was no evidence that Fe3+ and Mn2+

spectra change their intensity when the crystal undergoe
phase transitions. However, we cannot exclude that suc
lency change, at least of Mn ions, occurs at grain bound
at the tetragonal to cubic transition because even the c
symmetry Mn2+ spectrum increases in intensity by a facto
5–6.

From ESR studies of BaTiO3 single crystals it is know
that namely the polaronic mechanism is responsible fo
capture of the conduction electrons at low temperatures9 In
Nb-doped BaTiO3 single crystal both polaronic a
fluctuonic-type of conduction electron localization were s
posedssee sec. III Ad. In Nb-doped BaTiO3 ceramic sample
we also observed ESR spectra of such electrons trapp
host lattice Ti ions. As can be seen from Fig. 6, the Ti3+ line
with g-factor 1.906 first appears and perfectly coincides
g' for Ti3+ small polaron center. When the temperatur
decreased to 5–4 K, as in the case of single crystals
spectrum of small polarons decreases in intensity and

3+

FIG. 7. Simulated powder spectra of Fe3+ in the magnetic field region of th
±1/2 central transition insad the cubic andsbd tetragonal phases, resp
tively. The spectrumsbd is magnified by a factor of 2 to be visible. The sa
linewidth was taken for both spectra.
other Ti spectrum appears in theg-factor region 1.89–1.90
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sinset to Fig. 6d. Thisg factor approximately coincides wi
the g'=1.890 of the Ti3+–Nb5+ and Ti3+ intermediate
polarons.10 Keeping in mind the discussion about the ori
of the Ti3+ spectra in single crystals in the previous sect
one can suppose that Ti3+ spectrum in ceramics atT,7 K is
related to fluctuon-type of carrier localization. The inten
of these resonances enhances with temperature loweri
dicating an increase of the number of localized electron

IV. CONCLUSIONS

Our ESR investigations have shown that, in Nb-do
BaTiO3 ceramics and single crystals, electrical conducti
at T,300 K is controlled by electron localization on T4+

ions—this localization may result in the formation of p
larons and/or fluctuons. The latter is related to the obse
tion of a new Ti3+ center with gx=1.888, gy=1.900, gz

=1.928. This conclusion is valid for single crystals and g
cores in ceramics. In addition, we have shown that
strongly discussed line atg=1.971–974 results from Cr3+

centers.
We have also established a segregation of charged

ters at grain boundaries in Nb-doped BaTiO3 ceramics. Firs
for heavy Nb substitutions, the Mn2+ and Fe3+ spectra wer
definitely modified. One tetragonal spectrum of Mn2+ was
ascribed to Mn ions lying in the grain cores because its
tensity followed the well-known behavior of bulk materia
On the other hand, a cubic symmetry spectrum appear
Nb-doped BaTiO3 which we ascribed to grain boundary
cated centers for the following reasons. In agreement
previous observations, the mean grain size is decreasi
increasing the Nb doping level. At the same time, the c
Mn2+ spectrum intensity continuously increased, thus ca
for a link between these centers and the density of g
boundaries. The localization of Mn2+ at grain boundaries wa
further confirmed because of the temperature variatio
their ESR spectrum. Indeed, the local environment of M2+

was found to be nearly cubic without any change betw
the tetragonal and cubic state of the ceramics. The symm
at grain boundaries is usually expected to be independe
the tetragonal to cubic phase transition. We thus concl
that Mn2+ sites were located at grain boundaries to com
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sate for the Nb related excess charge. The density of
segregated centers was found to increase atT.Tc. Their
contribution in the PTCR behavior of BaTiO3:Nb is thus
very significant.
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