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Abstract DC resistivity, dielectric constant, dielectric
loss and positron annihilation spectra of (Ba;_,Ho,)TiO3
ceramics have been measured as a function of holmium
concentration x. It has been found that the DC resistivity of
(Ba;_Ho,)TiO5 is strongly dependent on the Ho content: it
decreases three orders of magnitude and reaches a mini-
mum at x = 0.4%. Doping with 0.6% holmium increases
the permittivity of BaTiO; by approximately three times
(from ~1,300 to ~4,000), with only a slight increase in the
corresponding dielectric loss. The local electron density
and defect concentration estimated using positron annihi-
lation technique conforms well to the features found in the
dielectric and resistivity measurements. The results have
been discussed in terms of a mixed compensation model.

Introduction

BaTiOj; is an important ferroelectric material with many
industrial applications, such as capacitors, positive tem-
perature coefficient of resistivity (PTCR) thermistors, pie-
zoelectric devices, optoelectronic elements etc. Many
theoretical and experimental studies aimed at preparing
techniques, modeling and characterizing have been carried

F. Chang (<) - Y. Ge

College of Physics and Information Engineering, Henan Normal
University, Xinxiang 453007, P.R. China

e-mail: chfg@henannu.edu.cn

T. Li - Z. Chen
Department of Technology and Physics, Zhengzhou University
of Light Industry, Zhengzhou 450002, P.R. China

Z. Liu - X. Jing
College of Chemistry & Molecular Engineering, Peking
University, Beijing 100871, P.R. China

out [1-4]. However some of the properties of pure BaTiO3,
such as small permittivity, large dissipation factor, limit its
usefulness in certain areas. To improve the dielectric
behavior of BaTiOs, it is often doped with trivalent-ele-
ments [5—7]. It has been found that trivalent-element-doped
BaTiO; ceramics show much better dielectric properties
with a significant increase of permittivity, as well as an
interesting dielectric relaxation behavior [8]. However, the
dielectric properties and defect structure of BaTiO;
ceramics doped with trivalent element Ho, to our knowl-
edge, have not been investigated.

Positron lifetime is very sensitive to structural defects in
solids. Therefore, positron annihilation technique has been
widely used as an efficient probe of defect structure in
solids [9]. For example, it has been applied to characterize
GaAs [10], as well as the oxygen vacancies in high-tem-
perature superconducting ceramics [11]. In this paper, the
positron annihilation, as well as the X-ray diffraction
technique, is used to investigate the effects of trivalent
element Ho doping on the crystal structure and dielectric
properties of BaTiO5; ceramics.

Experimental procedure

(Ba;_,Ho,)TiO5 ceramics with x = 0, 0.2, 0.4, 0.6, 0.8, 1.0,
1.2% were prepared using raw materials of BaCOj3;, TiO,
(>99%) and Ho,03 (>99.99%). The powders were mixed
and milled with alcohol followed by calcinations at
1,150 °C for 3 h. The resulting powders were then granu-
lated by adding polyvinyl alcohol. The powders were
subsequently dried, milled and pressed with a pressure of
100 MPa into pellets of 13 mm in diameter and 1 mm in
thickness. Finally the pellets were sintered at 1,350 °C for
2.5 h. The relative density of the samples are 92.42, 92.83,
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93.41, 94.03, 94.69, 95.38, 96.11% for corresponding Ho
contents, respectively (the theoretical density of pure
BaTiO; is 6.02 g/cm3 [12]), which can be ascribed to the
substitution of heavier holmium ions for much lighter
barium ions. X-ray diffraction using CuKa radiation was
carried out to determine the crystallographic structure. The
dielectric constants and dissipation factor of the samples at
room temperature 25 °C were measured using an Agilent
4294A Precision Impedance Analyzer at frequencies of
1 kHz, 10 kHz and 1 MHz, respectively.

The positron annihilation lifetime spectra of the samples
were measured at room temperature (20 + 0.5 °C) using an
American ORTEC-100U fast—fast coincidence lifetime
spectrometer. A *?Na positron source with activity
0.37 MBq, deposited on a thin Mylar film, was sandwiched
together with two identical sample pieces. Each spectrum
contains more than 10° counts. Taking into account the
background and source contributions, the lifetime spectra
were analyzed in two positron lifetime components using
the POSTRONFIT-EXTENDED program.

Results and discussion
X-ray diffraction analysis

Figure 1 shows the X-ray diffraction patterns of three
Ho-doped BaTiO3 samples. The crystal structure of (Ba;_
+Ho,)TiO5 is similar to that of pure BaTiOs5: the overall
tetragonal lattice structure has not been affected by
Ho-doping up to x = 1.2%. Substitution of smaller Ho ions
for large Ba ions should decrease the size of some unit cells
and we would expect the diffraction peaks shift towards
high 2-theta values with increasing Ho content. However,
Fig. 1 shows just the opposite: the diffraction peaks shift
slightly to the low 2-theta end as the Holmium concen-
tration increases. The physical origin of this anomalous
shift is not clear. One possibility is that there may exist a

Fig. 1 X-ray diffraction spectra
of (Ba;_Ho,)TiO5 ceramic
samples (a:x = 0, b:x = 0.6%,
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secondary phase accompanying the holmium doping,
similar to the situation associated with Sm-doped BaTiO;
ceramics [13].

The effect of holmium doping on the DC resistivity of
BaTiO; ceramics

Figure 2 shows the DC resistivity of Ho-doped BaTiO;
samples as a function of holmium content x. The resistivity
is strongly dependent on the dopant content. It decreases
sharply with increasing dopant content for x < 0.4%,
reaching a minimum at a dopant content level of x = 0.4%,
and then increases for x > 0.4%. The difference between
the resistivity of pure BaTiO; and the minimum at
x = 0.4% is about three orders of magnitude. The U-shaped
curve found here is similar to that observed in the
Sm-doped BaTiO5 ceramics [13] and can be understand in
terms of a mixed compensation model.

During the sintering processing, trivalent element Ho
acts as a donor dopant replacing Ba in the BaTiO3 perov-
skite lattice:

2H0,05 + 4TiO, — 4Hog, + 4(Ti*"'e) + 120°~ + 0,
(1)

2Ho,0; + 6TiO, — 4Hoy, + 6Ti*" 4 180>~ 42V}
(2)

where Ho'g, is the dopant on a Ba-site and Vg,” a barium
cation vacancy in the BaTiO3 perovskite lattice.

The trivalent element Ho located at Ba sites carries
excess negative charge (electron), which for maintenance
of electric neutrality, can be compensated in two different
ways. First, when the dopant content is less than a certain
value (x = 0.4% in our case), the doping behaves as an
electron-compensator. The concentration of excess elec-
trons will then equal that of the donor ions. The excess
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Fig. 2 DC resistivity of (Ba;_Ho,)TiO; ceramic samples versus Ho
content x

electrons are weakly bonded by Ti**, forming quasi-free
electrons that will consequently increase the conductivity
of the material. Second, cation vacancy-compensation
becomes gradually dominant when the dopant content is
higher than the critical value. As a result, Ba vacancies will
be formed as indicated by Eq. 2.

Therefore, it is reasonable to assume that the DC
resistivity behavior of the samples arises mainly from the
coexistence of these two compensation processes at rela-
tively low dopant content. This accounts for why low
resistivity BaTiO3 ceramics cannot be obtained by donor
doping only [14]. When the dopant content is lower
(x £ 0.4%), the electron-compensation is predominant
and the local electron density becomes higher, the resis-
tivity decreasing accordingly. As the dopant content is
increased (x = 0.4%), the Ba vacancies become predomi-
nant. The number of structural defects in the material
increases rapidly, resulting in a sharp increase in the
resistivity. The effect of donor-introduced electrons on the
resistivity can be neglected at high doping level, compared
with that of vacancy-compensation.

The effect of holmium doping on the dielectric
properties of BaTiO5 ceramics

Figure 3 shows the relative dielectric constant ¢ and
dielectric dissipation factor tand of BaTiO; ceramics doped
with various Ho contents, measured at selected frequencies.
It can be seen that & and tand reach maximum values at
approximately x = 0.6% and x = 0.4%, respectively. Dop-
ing with 0.6% Ho increases the dielectric constant from a
value of ~1,300 to the maximum value ~4,000, approxi-
mately three times as large as that of pure BaTiOz. While
only a slight increase in the corresponding dielectric dissi-
pation factor is observed. In addition, the dielectric constant
& decreases with increasing frequency, due to a dielectric
relaxation process. The dielectric dissipation factor tand
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Fig. 3 Dielectric constant and dissipation factor of (Ba;_,Ho,)TiO3
versus Ho content x measured at 1 kHz, 10 kHz and1 MHz

however, increases with operating frequency, which is
consistent with the normal dielectric loss behavior.
According to the previous discussion on the mixed-
compensation mechanism, quasi-free electrons and vacan-
cies coexist in the doped samples. It was reported that the
barium (strontium) vacancies are initially formed at the
grain boundary and diffuse gradually into the grains of
BaTiO5(SrTiO3) [15]. The electrons and barium vacancies
are inhomogeneously distributed within the grains and at
the grain boundaries. The two types of compensation
(electron and vacancy) result in space-charge polarization,
which contributes to the dielectric constant. For Ho con-
tents of 0 < x < 0.4%, the quasi-free electron concen-
tration is proportional to x. Applying an electrical field
would drive these weakly bonded quasi-free electrons to
hop a distance from the positive dopant ions to form dipole
moments. Obviously, dielectric constant would increase
with the number of electrons introduced by holmium
doping. The higher the electron-concentration, the higher
the dissipation factor caused by electrical conduction [14].
The increase of dielectric constant and dielectric dissipa-
tion factor with doping concentration less than 0.4% may
thus be attributed to the polarization associated with the
quasi-free electrons introduced by holmium doping. The
maximum value of tand at x = 0.4%, the point at which the
local quasi-free electron density reaches the maximum,
agrees well with the minimum resistivity shown in Fig. 2.
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As the dopant content increases further above x = 0.4%,
the mechanism of vacancy-compensation begins to emerge
rapidly. The number of Ba vacancies increases relative to
the number of quasi electrons. Consequently the dielectric
dissipation factor becomes smaller with increasing doping
concentration due to a decrease in the conductivity. How-
ever, the dielectric constant continues to increase until the
dopant content reaches 0.6%, where a broad maximum is
observed (Fig. 3). This may be ascribed to the space-
charge polarization caused by the Ba-vacancies. Moreover,
the mobility of the quasi-free electrons is reduced by the
existence of defects related with the Ba-vacancies. As a
result, the conductivity and subsequently the dissipation
factor, as well as the dielectric constant decrease at high
doping contents. The dielectric properties of these ceramic
samples are mainly determined by the weakly bonded
quasi-free electron density and the effects of space-charge
polarization of Ba-vacancies is less important.

There have been a number of reports of permittivity
being raised by introducing an increase in the internal
electrical conductivity of dielectric materials [16-20].
Based on the results of computer simulation and an
experiment in which water was added to lead zirconate
titanate ceramic, Almond et al. [16, 17] demonstrated that
large networks of randomly positioned resistors and
capacitors exhibit electrical properties that are identical
with the universal anomalous characteristics of many
dielectric materials. It was shown that introducing a con-
ducting phase into a ferroelectric material would result in a
significant enhancement in permittivity with a power-law
frequency dependence. Our results on holmium doped
BaTiOj; ceramics are in excellent agreement with the work
presented in Ref. [16]. Trivalent doping increases the
conductivity of the BaTiO3 ceramic samples, leading to an
increase in the dielectric constant that decreases with
increasing frequency. This suggests that, at a microstruc-
tural level, BaTiO5 ceramics behave as a network of con-
ducting and capacitive regions and their dielectric
properties could be described by the network of randomly
positioned resistors and capacitors. It is noteworthy that the
high permittivity raised by trivalent doping as well as by
adding conductive phase to a dielectric material is an
““intrinsic’’ bulk effect, not an ‘extrinsic’’ effect associ-
ated with grain boundaries suggested for the origin of the
high permittivity in CaCu;3Ti4O;, and (Lag4Bags.
Cag,)(Mng 4Tig )O3 ceramics in Refs. [18-20].

Positron annihilation study of defect structure
In this work, the so-called two-state trapping model is
adopted. Two positron lifetime components t; and 7, have

been resolved from the lifetime spectra. Theoretically,
short lifetime 7, and long lifetime 7, correspond to the
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defect-free-annihilation lifetime 7; and the defect-annihi-
lation lifetime 14, respectively. I; and I, are the intensities
of short lifetime and long lifetime, respectively. In reality,
due to the statistical nature of the fitting method, 7; almost
always include contributions from shallow-trap annihila-
tion and have a larger value than could be expected from
the defect-free-annihilation lifetime.

The positron lifetime parameters are shown in Fig. 4.
The short lifetime 7, decreases from ~231 ps for the pure
BaTiO; to ~221 ps for a sample with Ho content of 0.4%.
The corresponding intensity /; increases slightly with Ho
doping and reaches a maximum at x = 0.4%. These
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Fig. 4 Positron lifetime parameter t;, /; (a) and 7, I, (b) as a
function of dopant content x for (Ba;_,Ho,)TiO3 samples



J Mater Sci (2007) 42:7109-7115

7113

observations agree well with the results of resistivity and
dielectric measurements given in Figs. 2 and 3. The vari-
ation of 7; and /; is a direct consequence of the change in
local electron density. As mentioned above, the local
electron density reaches a maximum at a doping level
0.4%. It is this increase in local electron density that results
in the minimum t; and maximum /; in Fig. 4a.

The long lifetime 7, decreases slightly with increasing
Ho content as x < 0.4% and increases rapidly afterwards
(Fig. 4b). The corresponding intensity /I, varies similarly.
In general, long lifetime annihilation may be caused by
structural defects such as vacancies, vacancy clusters, and
grain boundary etc. The variation of I, corresponds to the
change of vacancy density if the defect densities are not too
high and not all the positrons become trapped. Conversely,
if the defect concentration is large enough, positron trap-
ping will be saturated and the intensity /, is not any more
sensitive to the defect concentration but reflects changing
trapping fractions for different defects and changing open
volume. When dopant level is small, the number of Ba
vacancies is also small and almost independent of doping
content. As the Ho doping content exceeds 0.4%, the
number of Ba vacancies increases rapidly and some of
them may form larger vacancy clusters or even micro-
voids. This accounts for the large 7, at high doping level
(>0.4%). The rapid increase of I, at high doping level
observed in Fig. 4b is consistent with an increase in Ba
vacancy density evidenced by resistivity and dielectric
measurements and suggests that the defect concentration at
this doping level has not been saturated.

It should be noted that the long lifetime component
determined here seem to be too large to be attributed to the
annihilation at normal vacancies. Theoretical calculation
gave lifetime values of 162 ps for oxygen vacancy and
293 ps for Ba vacancy [21]. For large vacancy clusters the
saturation lifetime could be as high as 500 ps. A lifetime
close to 1 ns may be an indication of annihilation of pos-
itronium in the sample. From the discussion presented
above, it is reasonable to assume that positroniums have
been formed at Ba vacancy clusters or grain boundaries in
these samples. Furthermore, the values of 7; and 7, of
undoped BaTiOj; obtained in this work are much higher
than some of the experimental values found before [22].
One possible reason for the discrepancy may be that
polycrystalline ceramic samples with different micro-
structure were used. Depending on the size of grains,
density of pores and density of positron traps inside the
powder-particles or grains of the ceramic sample, positron
lifetime could be ~300 ps when annihilated at grain
boundaries, or even as high as ~600 ps if trapped at inner
surfaces or interfaces [23]. Therefore careful consideration
needs to be taken when compare positron annihilation data
obtained from samples prepared in different laboratories

and using different techniques. Hopefully this effect would
not matter too much in our case, as all the samples were
prepared using the same method and only relative changes
of annihilation parameters versus dopant content are our
main concern.

To estimate the local electron density and the defect
concentration in the ceramics, we need to calculate the
average positron lifetime and bulk lifetime. The bulk life-
time 1, and the average lifetime T can be found from the
lifetime and the intensity of the two components by the
following equations [24]:

1 1
Tp=7=" 3
b b 11/11+12/T2 (3)
T=Lt + b (4)

The calculated values of 1, and 7 are plotted in Fig. 5. It
is known that 7, and 7 is associated with the bulk charac-
teristics of the materials and the feature of defects,
respectively. According to Eq. 3, the bulk lifetime is
determined mainly by the short lifetime component and the
contribution from long lifetime components is relatively
small. The rapid decrease in 1, at low Ho contents results
from an increase in the electron density of materials (upper
curve in Fig. 5). The increase of 1, at high dopant content
indicates an increase in the number of Ba vacancies. The
average lifetime T behaves similarly to bulk lifetime in
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Fig. 5 Bulk and average positron annihilation lifetimes as a function
of dopant content x for (Ba,_,Ho,)TiO3 samples
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terms of dopant dependency. Again, there is a minimum in
the curve of 7 in the vicinity of x = 0.4%.

Knowing the values of positron bulk lifetime 7, and
average lifetime 7, the electron density n. and the defect
concentration C, are calculated using the following equa-
tions [25, 26].

1

e = nriTc )
C = "—2 (6)
where

kv=%<%—%+kmv> (7)
kmvzfl/fbloch—lzfl/fz—ll (8)

Tmv — T1

(ro, classical radius of electron; C, the velocity of light; k.,
kmy, positron trapping ratio of micro voids and single
vacancy, respectively; v, average velocity of positron; r,,
radius of micro void; Tyjocn and 7., the annihilation life-
time in Bloch state and single vacancies, respectively.)

Taking tpjoecn = 190 ps and 1,y = 240 ps as a rough
estimation, the local electron density and defects concen-
tration have been calculated from the positron annihilation
data. Figure 6 shows the curves of n. and C, versus Ho
content.

It is clear that there is an increase of electron density for
0 £ x £ 04%. Additionally, there is an obvious
increase of vacancy concentration for x > 0.4%, which
conform well to the compensation mechanism we have
discussed in the previous sections. It is striking to see that
three independent measurements lead to essentially the
same conclusion. Features found using electrical, dielectric
and positron annihilation techniques are all correlated to a
single mechanism.

Conclusions

In summary, we have measured the electrical resistivity
and dielectric constants of Ho-doped BaTiO5 ceramics, as
well as the positron annihilation lifetime in these materials.
The following conclusions have been reached:

(1) The tetragonal lattice structure of BaTiOz has not
been affected by Ho-doping up to 1.2%. However, a
small shift of the X-ray diffraction peaks towards the
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Fig. 6 Electron density (n.) and vacancy concentration (C,) as a
function of the dopant content x for Ho-doped BaTiO3; samples

low 2-theta end is observed with increasing holmium
content, the physical origin of which is not yet clear.

(2) The resistivity of (Ba;_,Ho,)TiO3; decreases with
increasing dopant content for small x, and reaches a
minimum at a dopant content level of x = 0.4%. The
minimum DC resistivity is three orders of magnitude
smaller than that of pure BaTiO;.

(3) Holmium doping can effectively increase the per-
mittivity to a value of 4,000 that is three times as
large as that for pure BaTiO3 ceramics, while only a
slight increase in the corresponding dielectric dissi-
pation factor is observed. The permittivity &, of
BaTiOj; ceramics decreases and the dissipation factor
tano increases with measurement frequency for all the
Ho contents.

(4) The positron annihilation spectra and the local elec-
tron density and defect concentration obtained with
the positron annihilation technique confirm the mixed
compensation model evidenced by the features found
in the dielectric and resistivity measurements.
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