PHYSICAL REVIEW B

VOLUME 52, NUMBER 6

1 AUGUST 1995-11

Polaronic relaxation in perovskites

O. Bidault, M. Maglione, M. Actis, and M. Kchikech
Laboratoire de Physique, Université de Bourgogne, URA CNRS 1796, Boite Postale 138, 21004 Dijon, France

B. Salce
Commissariat a ’Energie Atomique, Département de Recherche Fondamentale sur la Matiere Condensée,
38054 Grenoble Cedex 9, France
(Received 6 February 1995)

We report a low-temperature loss anomaly in several oxidic perovskites such as KTaO,;, KTaO;:Nb,
SrTiOs, SrTiO;:Ca, PbTiO5:La, Cu, and BaTiO;:La. We show that this anomaly arises from a low-
frequency dielectric relaxation. The activation energy and the relaxation time of this process are nearly
the same for all the investigated perovskites disregarding their composition, texture, and ferroelectric
properties. We thus ascribe the loss anomaly to the localization of polarons on residual defects. Al-
though the dielectric losses in SrTiO; and SrTiO;:Ca are qualitatively similar to other perovskites, the
loss anomaly occurs at much lower temperatures: 10 instead of 40 K.

I. INTRODUCTION

Residual defects may contribute to the macroscopic
susceptibility of dielectric materials, mainly at low tem-
perature. In this respect, oxidic perovskites ( ABO;) are
very interesting for at least two reasons: they display a
large variety of lattice properties, and very good crystal
quality has been achieved.

Potassium tantalate (KTaO,;) and strontium titanate
(SrTiO;) are perovskites which have nearly the same lat-
tice properties. They remain paraelectric down to very
low temperatures.! An incipient ferroelectric state is can-
celed by the quantum fluctuations for T'< 10 K.? As a re-
sult, their dielectric susceptibility increases when T de-
creases following a modified Curie law ¢, =C/T?. At 4
K, €, is usually of the order of 5000 and no dielectric
dispersion was observed at low frequency (f <10° Hz) in
the early experiments.

Recently, a very small anomaly in KTaO; at T=40 K
(f=1 kHz) both in pure and slightly doped KTaO; was
reported.’ This dielectric relaxation was fitted using a
Cole-Cole equation. The temperature variation of the
mean relaxation time was Arrhenius like, leading to an
activation energy of about 75 meV. The relaxation
strength was about 200 times smaller than the low-
frequency dielectric susceptibility. This explains why this
relaxation escaped early dielectric investigations.* More-
over, the relaxation strength could be decreased when the
KTaO;:Fe sample was reoxidized, showing that oxygen
vacancies play some role in this relaxation. Recently a
maximum of the dielectric losses has been found below 20
K in SrTiO; (Ref. 5) and a connection was made with the
possible novel phase of SrTiO; below 40 K.

Moreover, a slight loss anomaly was observed in the vi-
cinity of 40 K in intentionally doped compounds. This
was the case of La-doped perovskites SrTiO;:La (Ref. 6)
and BaTiO;:La.” Thus a number of such anomalies has
already been reported in several perovskites of different
composition, texture, and ferroelectric properties. How-
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ever, the interpretations were up to now different from
one compound to another.

In the present study, we wish to collect a number of
data in several doped perovskites. To this aim, dielectric
measurements in SrTiO;:Ca, PbTiO;:La,Cu, and in
BaTiO;:La were performed.

It is also important to check whether the 40 K anoma-
ly is still observed in crystals with very different lattice
properties. That is why we have investigated up to ten
samples of KTa;_,Nb,O; (0=x =<5%) in order to clari-
fy the lattice dynamical contribution to the above-
mentioned relaxation. In fact, the lattice properties of
KTa;_,Nb,O; are strongly dependent on the Nb con-
tent: for xy, <0.75, KTa;_, Nb, O, remains paraelectric
while it is ferroelectric for xy, = 2% with some glasslike
properties in the intermediate range 0.75% <x;, <2%.%

We have found a dielectric anomaly below 40 K in all
the investigated samples disregarding their composition,
growth, texture, and ferroelectric properties. The
strength and activation energy of this relaxation are simi-
lar for all the compounds apart from SrTiO; and
SrTiO;:Ca, where a thermally activated Arrhenius law is
not observed. We thus propose a common model for all
these observations, namely, the relaxation of polarons re-
sulting from the occurrence of residual point defects in
all compounds.

SAMPLES AND EXPERIMENTS

We have used up to forty samples: crystals and ceram-
ics. The ceramics were all produced in our laboratory.
The BaTiO; ceramic specimens doped with La,O; and
PbTiO; doped with La,0; and CuO were prepared by the
conventional solid-state technique from the oxides as raw
materials. Their structure and homogeneity were
checked by powder x-ray measurements and electron mi-
croscopy.

From x-ray and chemical analysis on La-doped
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perovskites ( 4BO;:La), most of the La3" ions are expect-
ed to substitute only for 42" jons. Lanthanum ions car-
ry excess positive charges which, for electric neutrality,
can be compensated in two ways: on one hand, by the for-
mation of conducting electrons, and on the other hand by
A vacancies. In slightly La-doped BaTiO; ceramics, the
substitution of Ba’* by La’" releases a negative charge
carrier and reduces partially Ti**T to Ti**. Thus these
compounds correspond to the chemical formula
Ba’*,_ La’" (Ti*",_,Ti’* )O,, whereas cationic va-
cancies form at higher concentrations.” In the case of
La-doped PbTiO;, vacancies are introduced in the lattice
and the sample compositions can be expressed
as (Pb;_j3,,La,0,,)TiO; (0<y=<35%).° All the
PbTiO;:La samples have a lemon-yellow color and a
specific resistance of more than 10!! Q m at room temper-
ature.

As earlier described,!! the Copper ions are incorporat-
ed on B sites in (Pb,La)TiO;, as in the case of Mn doping.
Thus the incorporation of La®™ on A sites is partly com-
pensated by Cu?" on B sites. The density of vacancies
will decrease when increasing the Cu content
in (Pb,La)TiO;, leading to the chemical formula
(Pby 1y _3,5,La,0; 5, )NTi;_,Cu,)O;. According to x-
ray diffraction results, solid solution can be obtained for x
ranging from O to y /2. Meanwhile, the conductivity of
BaTiO;:0.2% Cu is several orders of magnitude higher
than in pure BaTiO;;!? the incorporation of Cu in
(Pb,La)TiO; does not sensibly modify the conductivity
properties of the raw samples.!! On the other hand, the
temperature-dependent resistivity measurements carried
out on reduced samples exhibit a net evolution with
copper doping. These specimens will be numbered using
a terminology such as PLTC (20,1), where the first num-
ber denotes the amount (at. %) of lanthanum and the
second the amount (at. %) of copper.

The crystals of KTa;_ Nb,O; (0<xy, <5%) used in
this study were produced by three different crystal
growers (Boatner, Rytz, and Rod) in three different la-
boratories. In this way, the defect content of the raw ma-
terials will not be the same. This is to be noted since the
unwanted impurities (mainly Fe, Sr, and Ca ions) usually
have a strong contribution to the observed dielectric
properties of KTa,_,Nb,O;. We also probed two
different single crystals of SrTiO; and a SrTiO5:Ca (0.2%)
one.

The ceramics and crystals used in the dielectric experi-
ments were cut on a rectangular shape and the sample
size ranged from 1X1X1 mm? up to 6X2X1 mm?. The
major faces were electroded using either chromium-gold
or gold vapor deposition. For the dielectric susceptibility
measurements we have used a Hewlett Packard 4192 or
4284 impedance analyzer in a frequency range from 20 up
to 10® Hz with a peak-to-peak amplitude of 1 V. The
permittivity was determined by measuring the capaci-
tance and loss tangent as functions of temperature and
frequency. The sample temperature could be monitored
between 5 and 300 K with an accuracy better than 0.1 K.
Since the dielectric anomaly is very small, we took some
care to achieve a good grounding and shielding of the
sample.
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RESULTS

The dielectric data were recorded in two ways: either
at several spot frequencies while cooling the sample down
to 5 K at a rate of —1 K/min or at fixed temperature and
sweeping the frequency. The former process gives a qual-
itative insight into the low-frequency dielectric anomaly
as reported in Fig. 1 for several KTa;_,Nb, O; samples.
The maximum of e, which evidences this anomaly is al-
ways detected at nearly the same temperature, T, for
all the samples. T, increases when the frequency in-
creases [compare Figs. 1(a) and 1(b)] and the absolute
value €, ., of €, at T,.(f) increases when the Nb con-
tent of the sample increases. We recall that the samples
KTa,_,Nb,O; (x>0.75%) undergo a ferroelectric
phase transition. This is evidenced by the step in ¢, at
about T=40 K for xy, =3%.

The frequency shift of T,,, is more clearly demon-
strated in Fig. 2 for xy, =1.5%. This gives a first insight
into the microscopic process which leads to the dielectric

anomaly. Namely, it is a thermally activated polar
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FIG. 1. Imaginary part of £* versus temperature for different
KTa,_,Nb, O; crystals at 4 kHz (a) and 200 kHz (b). Note both
anomalies occur at the same temperature for all the Nb contents
and the increasing of the anomaly with Nb content.
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motion whose activation energy may be deduced from an
Arrhenius plot of f versus T, (inset Fig. 2). This will
be discussed.

Figure 3 shows a typical result for the specimen PLTC
(20,0). The main feature is the two maxima of tand
which shift to higher temperatures as the frequency is in-
creased: a first peak appears at 35-50 K as in the
KTa,_,Nb,O; crystals and a second at 85-100 K. At

PLTC (20,0)

lower temperature a saturation effect is detected and tand
becomes nearly independent on temperature. The high-
temperature anomaly has been previously described as a
lattice perturbation due to the La’* heterovalent substi-
tution. The activation energy of this 90 K dielectric
anomaly is about 220 meV. A similar model to the one
proposed originally by Skanavi and Matveeva!3 could be
an explanation. The distortions introduced by the La3*

FIG. 3. Temperature depen-
dence of the dielectric loss

tand =g, /e, at various frequen-
cies in PLTC (20,0). Inset: Re-
laxation time versus 1/7 from
tand maximum for three ceram-
ics: (1): PLTC (20,0), (2): PLTC
(20,1), and (3) PLTC (20,3).
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ions and associated vacancies are sufficient to produce
more than one off-center equilibrium position for the
Ti*" ion. The observed relaxation is then associated with
thermally activated motion between these equivalent po-
tential minima. Dielectric relaxations were already ob-
served in SrTiO; samples doped with trivalent rare-earth
ions and especially in SrTiO5: La (Ref. 6) at about 70 K.
These relaxations were thermally activated with an ac-
tivation energy of 260 meV.%!3

In the following, we will focus on the low-temperature
anomaly.

We now turn to the PLTC (20,x) sample containing
copper. The temperature dependence of the loss at con-
stant frequency shows the two loss peaks observed in
PLTC (20,0). All these materials undergo just one phase
transition from the cubic to the tetragonal phase at about
400 K. Thus these Debye-like anomalies are not related
to a phase transition. Moreover, their amplitude may be
systematically decreased when the heterovalent substitu-
tion Cu?* /Ti*" is increased. The first maximum (30—50
K) disappears for x =10% and the second for x =8%.
At the same time, it is interesting to note that the 40 K
anomaly shifts to higher temperatures, from 45.9 (x =0)
to 53 K (x =8%). It is also interesting to note that, re-
ducing PLTC (20,8), the temperature anomaly decreases
from 53 to 30 K.

The most quantitative description of this thermally ac-
tivated process is gotten from the fixed-temperature ex-
periments, an example of which is plotted in Fig. 4. In all
the KTa;_,Nb,O; and Sr,_, Ca,TiO; samples investi-
gated, a maximum of ¢, is observed. This maximum is
monotonously shifted to low frequencies when the tem-
perature decreases. The dispersion curves were fitted us-
ing a Debye-type formula,

e*(w)=¢(w)—je,(w)
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where € is the high-frequency (f >1 MHz) limit of the
dielectric susceptibility, e€g is the low-frequency limit
(f <100 Hz), and 7 the relaxation time. The Davidson
and Cole parameter a is used to fit the relaxation
broadening. For all the samples and at all temperatures,
a is small (a<0.2), which means that the relaxation
remains monodispersive: the concentration of electric di-
poles is small enough to preclude any interaction between
them. The fittings were mainly attempted on the imagi-
nary part of the dielectric susceptibility €,(w). Since for
the lowest Nb contents the relaxation amplitude is very
small [Figs. 1(a) and 1(b)], the fitting of €,(w) was some-
times not efficient enough. Among the fitting parameters,
the most interesting is 7, the relaxation time.

In the La’"-doped ceramics, due to the relatively flat
loss in the vicinity of the temperature maximum, it is un-
fortunately difficult to fit e,(w). However, it is equally
valid to take the data as a function of frequency with
temperature as a constant parameter, or with variable
temperature at a constant frequency, provided that the
sample follows the Debye characteristics.'* Thus from
the curves g,(T) at spot frequencies, we got T,,., the loss
peak temperature. The curves of the Debye relaxation
time 7=1/2xf as a function of 1/T,, for the different
PLTC ceramics exhibit straight lines, which shift to
higher temperature as the Cu content is increased (inset
Fig. 3).

In the following, we will be mainly concerned with the
temperature variation of 7, which may be described by a
thermally activated Arrhenius law as evidenced by the in-
sets in Figs. 2—4:

T=TeeXp . (2)

kT

SrTiO; and SrTiO;:Ca samples for which the dielectric
anomaly appears at lower temperature (7=13 K) cannot
be described by such an equation (Fig. 5). The Arrhenius
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Debye-type dispersion (see text).
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FIG. 5. Debye relaxation time 7 as a function of 1/7T for a
SrTiO,:Ca crystal. Note the non-Arrhenius variation of 7 in
agreement with similar data in pure SrTiO; (Ref. 5).

fit leads to the high-temperature relaxation time 7, and to
the activation energy E,. Tables I(a), I(b), I(c), and I(d)
summarize the Arrhenius parameters. The most impor-
tant result is that the activation energy (about 75 meV or
870 K) is very close in all the investigated samples and in-
dependent of impurity substitution. Moreover, the pre-
factor 7, is always very small. For usual lattice dipole re-
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laxation 7 is of the order of 10~ 12 5, while it is of the or-
der of 107! s in KTa,_,Nb,O; and PLTC. Since the
lattice dynamics of the investigated KTa,_ Nb, O; crys-
tals is very different (from quantum paraelectric to fer-
roelectric), any purely ionic motion should be connected
to the bulk lattice properties. It is worth pointing out
that neither the relaxation time nor the relaxation ampli-
tude is critical, i.e., they do not behave as 7~ ! o< T — Tc,
but follow an Arrhenius law. This lack of criticality for
all the Nb contents in KTa;_,Nb, O; is the signature of
an anomalous dipolar relaxation.

To summarize these experimental findings, we stress
that the observed relaxation arises from unusual dipoles
in all the PLTC, KTa,;_,Nb,O;, and SrTiO;:Ca samples:
The activation energy of the thermally activated dipolar
relaxation is small and independent of the impurity con-
tent and of the lattice dynamic. The high-temperature
extrapolation of the relaxation time 7, (107 5) stays
several orders of magnitude below the usual phononic
frequencies (10712 s).

DISCUSSION

Several previously reported dielectric dispersion exper-
iments were performed in pure and doped KTaO;. In
K,_,Li,TaO; and K;_,Na,TaO,, the observed relaxa-
tions were ascribed to lattice or impurity induced di-
poles.!>1® These purely ionic dipoles lead either to mono-
dispersive or to polydispersive relaxations. In the former

TABLE 1. Activation energy (E,) and Debye relaxation time at high temperature (7,) deduced from
the Arrhenius plots. (a) PbTiO;:La,Cu results. (b): KTa;_,Nb,O; (KTN). Underlined values are
recorded at spot frequencies while cooling the sample, whereas the others are at fixed temperature
while sweeping the frequencies. (UHP means ultrahigh purity.) (c): Pure and Ca-doped SrTiO; data.
(d): BaTiO;:La-doped and reduced TiO, results. Note the agreement between our results in BaTiO;:La

and the literature (Ref. 7).

PLTC PLTC PLTC PLTC PLTC PLTC
(20;0) (20;1) (20;3) (20;8) (20;8) (30;0)
(reduced)

E_ (meV) 73,7 72,2 64,0 73,9 54,0 64,5
7o (1071 5) 1,6 5,8 139 15,5 0,75 2,6
(b)

KTaO, KTN KTN KTN KTN KTN KTN KTN
UHP x=1,5% x=2% x=2,5% x=29% x=3% x=3% x=5%
Boatner Boatner Rytz Rod Rytz Rytz Boatner  Boatner
E, (meV) 75,3 73,6 70,6 68.0 77,3 79,4 74,9 78.6 74,4 68,0
(107" s) 1.5 22 3,8 2,2 0,78 1,4 52 0,43 2,9 74
()
SrTiO, SrTi0;:0,2% Ca
E,. (meV) 5,7 8,6
7o (s) 2.1073 2.107°
d
BaTiO;: 0,03% La BaTiO;:0,5% La BaTiO;:1% La TiO,_, (Ref. 19)
(Ref. 7) at 4 K at 11 K at 15K
E,. (meV) 68,0 43,0 83,2 1 8 20
7o (S) ~107 1 ~10716 10°¢ 1077 1078
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case, !’ it is the individual motion of correlated chains (or
clusters) of off-centered Ta’" ions which was held re-
sponsible for the relaxation. In the latter, the correlation
between randomly distributed impurities strongly in-
creases the distribution of relaxation time.!” This effect
may induce a low-temperature polar phase with some
glassy features.!® The relaxation that we have reported
here cannot be classified in either of these two families.

In PLTC (20,0) we have found two dielectric anomalies
in the investigated samples. They arise from the slowing
down of Debye relaxations. The low temperatures
(T <150 K) allow us to observe in our frequency window
(10 Hz to 1 MHz) polar motion with energies less than
0.3 eV. The two separate regions of frequency depen-
dence characterize two different physical mechanisms:
the 90 K anomaly (E_ =250 meV) is closely linked with
the properties of the lattice, while the low-temperature
one (E_~75 meV, 7,<< 10712 5) may be regarded as be-
ing associated with unusual dipoles present in these ma-
terials. Indeed, the possibility that such a dielectric re-
laxation is due to ion jumping is immediately ruled out by
comparing the activation energies involved (0.07 eV com-
pared to 0.2—1 eV for ion jumping).

The sensitivity of the low-temperature dielectric
anomalies to Cu doping (inset Fig. 3) led us to the con-
clusion that heterovalent substitution may play a role in
the observed losses. In KTaO;, it is only very recently
that additional unwanted impurities such as Fe** substi-
tuted to Ta’" or oxygen vacancies were considered.
These point defects can both induce a dielectric relaxa-
tion in pure KTaO; in the temperature range of interest.>
Our observations are basically in agreement with this
description. However, due to the unusual temperature
behavior that we have observed, we propose an alterna-
tive model. In fact, several dielectric relaxations in the
30-50 K temperature range were already reported in
different oxides. In rutile TiO,, Dominik and Mac-
Crone'® found a relaxation in this temperature range only
in oxygen-deficient samples. In La*" and Gd>" BaTiO;-
doped ceramics a slight loss anomaly, again in the same
temperature and frequency range and with an activation
energy of 70 meV, was reported.!” However, in this later
case, only tand displays a steplike temperature variation
and a Debye-like dispersion was not evidenced. We can
try to find a connection between these early investigations
in TiO, and BaTiO;:La,Gd and ours. Following Dom-
inik and MacCrone and Iguchi et al.,” we may attribute
the loss anomaly to a polaroniclike relaxation. In such a
case, it is the interaction between free charges and the
lattice which induces the local dipoles.

The polaron mobility in ionic crystals is usually evi-
denced by optical absorption and conductivity. The local
relaxation of polarons can also induce a dispersion in the
dielectric susceptibility of those systems. It is well known
that charge carriers do not exclusively produce direct
current conduction but also make a contribution to the
dielectric behavior. The dielectric effects of free charge
carriers become significant at frequencies of the order of
the reciprocal collision time (f =~ 10'® Hz) and thus can-
not be observed in our frequency range. Nevertheless,
dielectric responses are to be expected from any localized
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charge carriers, especially at low temperature, where the
effects of free charge carriers are not dominant. Under
the action of an ac field, the charge may hop between the
equivalent lattice sites available, related to the crystal
symmetry. This hopping is equivalent to the reorienta-
tion of an electric dipole, which gives a frequency-
dependent complex dielectric constant exhibiting Debye-
type behavior.

Localization in a solid is connected with disorder, such
as structural or compositional defects or with the polari-
zability of the lattice. If the medium is sufficiently
strongly polarizable resulting from a local lattice distor-
tion, the carrier may occupy a bound state. Then the po-
laron may move by hopping when sufficient energy be-
comes available for their excitation out of the local poten-
tial well. The transition probability for a carrier hopping
from an occupied to an unoccupied site depends upon the
overlap of the wave functions centered on the respective
sites. Hopping over large distances is thus not favored.
Moreover, polaron hopping may occur at higher temper-
atures as the hopping distance involved is larger.

Thus, the polaron effective mass is expected to be both
higher than the free charge one and smaller than the ion-
ic one [M gjaron = 100X M gjeeiron (Refs. 20 and 21)]. This
leads to an Arrhenius prefactor 7, between the free elec-
tron time scale (107!® s) and the phononic one (10712 s).
In all the investigated perovskites, we have found
7o~ 10"!* 5. Moreover, we note that a polaronic model
gives an activation energy value in agreement with our
experiments findings.’

It is also useful to understand why the 35 K anomaly is
disconnected from the lattice properties. Oxygen vacan-
cies (or unwanted heterovalent impurities, such as
Fe3™...) are the source of free charges and the soft lattice
provides the elastic energy which is necessary for a pola-
ronic state to occur.!” The polaronic-type defects could
be oxygen vacancies whose ionization state gradually
changes for temperatures lower than 60 K:

V000+e,~—> VOD .

The direct experimental evidence for the dependence of
peak height on oxygen vacancies density has been ob-
served in KTa0;.> This can also be an explanation for
the decrease of the amplitude anomaly when Cu doping
increases. As recalled in the introduction, the cation va-
cancies concentration decreases with Cu substitution.
They may weaken the bond strength of the oxygen sub-
lattice with respect to cations.?? As a result, oxygen va-
cancies density, formed at elevated temperatures from
thermal dissociation, is all the higher as Cu doping in-
creases.

A very localized nature of the dipoles and a relatively
small activation energy are the main features of these po-
larons. The low activation energy (75 meV) and the high
mobility of the relaxation (7o~ 10~ s) show that our ob-
servations fit in this model. Moreover, a polaronic pic-
ture is useful to understand why the 30—40 K dielectric
relaxation is disconnected from the polar properties of
KTa,_,Nb,O;. At last, we recall that the very specific
dispersion of acoustic phonons in KTaO; together with a
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strong TO mode softening may be the driving source of
the polaronic state.”> Unfortunately, due to the very high
resistivity of KTa,; _, Nb,O;, it was up to now impossible
to find conductivity evidence for such polarons.
Resistivity and electron paramagnetic resonance exper-
iments are actually in progress in PbTiO4:La,Cu showing
that the localization of free charges at low temperature

4197

does happen in these compounds.?*

At last, we point out that SrTiO; and SrTiO;:Ca crys-
tals display qualitatively the same loss anomaly. It is
only the temperature range (7'<15 K) and the non-
Arrhenius behavior of the relaxation frequency which are
specific to strontium titanate.?
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