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The dielectric relaxation modes in low bismuth doped SrTiO; were studied at temperatures 1.5-300 K and
frequencies up to 1.8 GHz. We observe two modes, at 8 K (mode I) and 65 K (mode V), which also occur in
single-crystalline SrTiO;. With Bi doping, two further dielectric peaks, 18 K (mode II) and 30 K (mode III),
are induced in both real and imaginary parts of the permittivity on the quantum paraelectric background; the
large paraelectric permittivity of pure SrTiOj; is strongly reduced. This fact signals the suppression of quantum
fluctuations and concomitantly the appearance of polar clusters. The dynamics of these modes is studied and
the physical nature is discussed. Mode I, which has been previously explained in terms of the coherent
quantum state, is possibly due to an unknown defect mode. Mode V seems to be induced by the ferroelastic
domain-wall dynamics. We attribute mode III to the existence of the noninteracting polar clusters, which may
be coupled with some intrinsic mechanism of the host lattice. Mode II is tentatively explained in terms of

polaronic relaxation. [S0163-1829(99)03506-7]

I. INTRODUCTION

At low temperatures SrTiO; (STO) and KTaO; (KTO)
reveal a highly enhanced but temperature-independent per-
mittivity. It is thought that both systems are on the verge of
ferroelectricity, but the quantum fluctuations stabilize the
paraelectric phase.!> However, when doped with moderate
amounts of impurities,®’ or in external electric fields,® polar
order is induced, the character of which depends on the par-
ticular system and on the defect concentration. The low-
temperature phases in the doped compounds have been inter-
preted rather controversially: as model systems of dipolar
glasses,® as long-range, and as short-range-ordered polar
states.””

After an earlier study by Mitsui and Westphal,'? Bednorz
and Muller* reported the occurrence of an XY quantum ferro-
electric state at low Ca doping, and a crossover to a diffusive
ferroelectric state with increasing Ca concentration. The re-
laxation dynamics of the polar distortions around the impu-
rity site in Ca-doped STO near the quantum limit was stud-
ied by Kleemann ef al."® in detail. They found an enhanced
dielectric loss on the low-frequency tail of the dielectric loss
peaks and attributed it to dynamic heterogeneities due to the
thermally activated relaxation of dynamically coupled meso-
scopic domains.'® These results were explained within the
model of dynamically correlated domains.'

In this paper we continue our systematic studies of STO
doped with trivalent defects (e.g., Bi, La, etc.), which dis-
plays some different behavior from the divalent Ca
doping.’>™'7 In the present paper we extend the frequency
and the temperature range up to 1.8 GHz and down to 1.5 K,
respectively, and the lowest Bi doping is extended to 0.05
at%. We focus especially on the very low Bi concentration
regime. We report on the occurrence of five distinct relax-
ation modes showing up as peaks in the dielectric loss &”,
which in the real part ¢’ are superimposed on the paraelec-
tric background of the host lattice of STO. We study the
relaxation dynamics of these modes and try to explain their
physical origin. In the present paper the results for low Bi
concentrations are shown. In the following paper'® we
present the results for x=0.0033 with special emphasis on
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the relaxor ferroelectric properties arising at high concentra-
tions.

II. EXPERIMENTAL DETAILS

The ceramic samples of (Sr;_, 5,Bi,)TiO; with Bi con-
tent x in the range of 0=x=<0.167 were prepared by solid-
state reaction. More details for sample preparation can be
found in Ref. 15. X-ray-diffraction results at room tempera-
ture revealed that all the samples crystallize in the cubic
phase. Energy-dispersion analyses indicate a homogeneous
distribution of the Bi, which is, within experimental errors,
in agreement with the nominal composition.

For measurements of the dielectric properties in the low-
frequency region, 20 Hz< v<1 MHz, an autobalance bridge
(HP4284 LCR meter) was used. For the measurements in the
radio frequency range, 1| MHz< v<1.8 GHz, the sample was
mounted at the end of a home-built coaxial air line, connect-
ing the inner and outer conductors. The complex dielectric
permittivity was recorded using an HP4291A impedance
analyzer. In order to eliminate the influence of the coaxial
line, a calibration using three standard samples was per-
formed. For both methods the applied ac field was 1 V/mm.
We checked that the dielectric permittivity is independent of
the electrodes and of the sample’s thickness. The tempera-
ture dependence of the dielectric properties was measured in
a home-built cryostat for temperatures 1.5< 7<300 K. Cool-
ing or heating rates of 0.4 K per minute were utilized.

III. RESULTS

A. Phase diagram

As reported in previous publications,'>! several dielec-

tric loss peaks appear as Bi is incorporated into STO; all of
them display frequency dispersion. In Fig. 1 we present the
plot of &”"(T) at 100 Hz for Bi concentrations 0<x
=0.0033. Five different relaxation modes can be identified.
For nominally pure STO, only two peaks appear, close to 8
K at 100 Hz (mode I) and close to 65 K at 100 Hz (mode V).
These relaxation modes also show up at low x and their
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FIG. 1. Temperature dependence of the imaginary part of per-
mittivity for (Sr,_;5,Bi,)TiO; with 0=x=<0.0033 at 100 Hz. The
lines were calculated assuming a Cole-Cole distribution of relax-
ation times and a thermally activated relaxation time.

strength only weakly depends on the impurity concentration.
Similar polar modes have been observed previously in pure
STO.%12% However, even for very low Bi doping, at ppm
level (x=0.0005), two further peaks appear. These relax-
ation peaks indexed with II and III are well defined at low
doping concentrations. In this concentration regime they
dominate the relaxation spectra and can be observed close to
18 and 30 K at 100 Hz, respectively. The temperatires of
peak maxima are almost independent of x while the intensity
roughly scales with the bismuth concentration. Obviously
these peaks represent impurity defect modes of polar and/or
electronic origin. With increasing Bi concentration a new
broad relaxation peak evolves (ferroelectric relaxor mode
IV) that strongly depends on impurity concentration.'®

Figure 2 shows a summary of the dielectric relaxation
modes for concentrations x<0.167 in the form of a phase
diagram, which includes the high-concentration results re-
ported in the following paper.'® Modes I, 11, and III vanish at
high Bi concentrations. For x=0.0033, mode V is no longer
visible due to the occurrence of a new broad relaxation peak
(IVa) which can be identified as relaxor mode.'* A precursor
of this mode may be already seen between peaks III and V
for x=0.002 (Fig. 1). Another mode (IVb) arises for x
=0.0033 at a somewhat higher temperature (87 K at 100 Hz,
Fig. 1) and seems to merge with mode IVa for x=0.04 into
the relaxor mode. Relaxor mode IV is the only one that sur-
vives for bismuth concentration x=0.1."8

FIG. 2. Phase diagram of relaxation modes in (Sr;_; 5,Bi,) TiO4
(x=0.002-0.167). T, is the temperature of the dielectric loss peak
at 100 Hz.

In this paper we will focus primarily on the relaxation
dynamics of the relaxation modes II and III at low bismuth
concentration. As a prototype example we show the results
for STO doped with 0.2 at % bismuth. We also briefly com-
ment on the relaxation modes I and V. Mode IV will be
discussed in the following paper.'®

B. Relaxation modes for x=10.002

Figure 3 shows the temperature dependence of the real
(upper panel) and imaginary parts (lower panel) of the com-
plex dielectric permittivity for Bi-doped STO (x=0.002) at
different measuring frequencies. The relaxation modes II and
IIT are clearly detectable in both real and imaginary part.
These two processes appear in addition to the paraelectric
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FIG. 3. Temperature dependence of ¢’ and &” for various fre-
quencies in (Sr;_, 5,Bi,)TiO; (x=0.002). The inset shows &'(v)
for 1 MHz with a fit to the Barrett relation, Eq. (1).
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background of the host lattice of STO. However, the low-
temperature dielectric constant is strongly reduced as a func-
tion of Bi concentration and roughly follows a relation
gok: = €' (T—0K)e1/x, similar to the observation for Li-
doped KTO by Hochli, Weibel, and Boatner.”> This experi-
mental fact possibly signals the existence of local order in
the doped compounds, making the system less susceptible.
However, substantial paraelectric regions survive down to
the lowest temperatures even in the doped compounds.

The paraelectric background of pure and doped SrTiO;
can be described by the Barrett relation?' which is a mean-
field theory taking quantum fluctuations into account:

&' =C/[(T,/2)coth(T,/2T)— T,]. (1)

C is the Curie-Weiss constant, T is the quantum fluctuation
starting temperature, and 7, is the temperature where the
lattice instability occurs. A fit of the Barrett relation to the
experimental data neglecting the relaxation contributions is
shown in the inset in Fig. 3. As best-fit parameters, we found
T,=84K, Ty=10.4K, and C=9X 10*K for x=0.002. The
parameters C and T’ are similar to those reported for a pure
single crystal by Muller and Burkard (T;=84K, T,=38K,
and C=9X 10*K).! However, T, is strongly reduced for the
doped compound. As described by Barrett,”! the larger ratio
T,/2T, implies that the system is much further away from
the ferroelectric instability.

It is well known that the Lyddane-Sachs-Teller (LST) re-
lation is valid for pure STO.? For x=0.002, &’ is smaller
roughly by a factor of ~4 as compared with that of pure
STO. Assuming that the LST relation is also valid for Bi-
doped STO, the soft-mode frequency at 7—O0 K of the
sample with x=0.002 should be increased by a factor of 2.
The test of the validity of the LST relation in Bi-doped
SrTiO; will be an interesting subject for further investiga-
tions.

For a better understanding of the microscopic processes
underlying the observed relaxation modes we performed a
detailed analysis. Figure 4 shows the frequency dependence
of &” for different temperatures for the relaxation modes II
and III. The two-peak behavior can be clearly detected. Both
relaxation processes were analyzed assuming a symmetric
distribution of relaxation rates and utilizing the Cole-Cole
type of function:

e*=g,+(gg—€.)/[1+(iwT)! 7] ()

g 1s the static permittivity, &, is the high-frequency permit-
tivity, w is the angular frequency, 7 is the mean relaxation
time, and « is the width parameter leading to a symmetric
broadening of the Debye relaxation. The Debye case is re-
covered for «=0 while =1 indicates an infinitely broad
distribution of relaxation times. The permittivity curves for
all samples were fitted with a least-square approach, yielding
the static susceptibility Ae(=¢gy—¢.,), a, and the mean re-
laxation time 7 as fit parameters.

The temperature dependence of the inverse Ae and of the
mean relaxation rate (v=1/277) for peaks II and III for x
=(0.002 are shown in the insets of Fig. 4 for the x=0.002
sample. It is interesting to note that Ae of mode III increases
with decreasing temperature and can be well described
by a Curie-Weiss law with a Curie-Weiss temperature of
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FIG. 4. Frequency dependence of &” for the dielectric peaks I
and II for (Sr,_,s,Bi,)TiO; with x=0.002 for various tempera-
tures. The solid and dashed lines are fitting curves to the Cole-Cole
function Eq. (2) for modes IIT and II, respectively. Inset (a) shows
the temperature dependence of Ag~!. The solid line for mode III is
a fitting curve to the Curie-Weiss law. Inset (b) shows the tempera-
ture dependence of the relaxation rates. The solid lines are fitting
curves to the Arrhenius law.

14 K [inset (a) in Fig. 4]. The mean relaxation rates for the
modes II and III strictly follow an Arrhenius behavior, v
= v, exp(—E/kgT) [inset (b) in Fig. 4]. The energy barriers E
and the attempt frequency v, were found to be Ej
=400 K, vo=1.6x10"" Hz and E;;=700 K, vo=1.6
X 10'? Hz for modes II and III, respectively.

The rate dependencies for the modes I and V were only
determined from the maximum of the dielectric loss. Both of
them also follow the Arrhenius relation. The inset (b) in Fig.
4 shows the Arrhenius behavior of the relaxation process V,
with Ey=1590K and vyy=1.6X 102 Hz. For the relaxation
mode I we found E;=133 K and v,;=0.8%x10'" Hz. The
values for modes I and V are in good agreement with those
found in nominally pure single-crystal STQ.%!%2

C. Analysis for 0=x<0.0267

Also for the other concentrations investigated, the mean
relaxation rates for modes II and III follow strictly an
Arrhenius behavior in the experimentally accessible tem-
perature window. The activation energies, the inverse at-
tempt frequencies 7o(=1/2mv,), and the width parameter a
for the modes II and III are shown in Fig. 5 as a function of
the bismuth concentration x. Both 7, and £ depend only
slightly on concentration. v, is of the order of a typical pho-
non frequency for all compounds. The activation energies
increase on doping from 700 to 900 K for mode III and from
300 to 400 K for mode II. The width parameter « increases
with increasing x, signaling an increasing width of the distri-
bution of energy barriers on increasing doping.

Figure 6 shows the results for the concentration depen-
dence of the inverse Ae for mode III in the upper panel and
for mode II in the lower panel. For mode III, with increasing
x, the inverse Curie-Weiss-like susceptibility for x=0.002
becomes almost temperature independent for x =0.0067, and
finally reveals the behavior of an ordered polar system for
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FIG. 5. Fitting parameters E, 7,, and « as a function of Bi
concentration x for peaks II and III in (Sr,_, 5,Bi,) TiO; samples. «
for mode II was obtained at 22 K, and for mode III at 37 K. The
lines are guides to the eyes.

x=10.0133 and 0.0267. For mode II, the inverse Ae always
increases with decreasing temperature for all samples. These
observations indicate a fundamentally different microscopic
origin of mode II as compared with the behavior of mode III.

IV. DISCUSSION

In Ref. 15, some of the present authors attributed the di-
electric anomaly in low Bi-doped STO (x=0.002-0.0267)
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FIG. 6. Temperature dependence of the inverse susceptibilities
for modes II (lower panel) and III (upper panel). The lines are linear
fits.
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to the occurrence of the quantum ferroelectric state mainly
based on the consideration of the real part of the permittivity.
In the present paper, we pay more attention to the imaginary
part of the permittivity, which allows a more sensitive inves-
tigation of the relaxation processes. In addition we also ex-
tend the Bi concentration to a lower value, x=0.0005, and
measure the permittivity down to 1.5 K. This provides more
detailed information. The presence of the Barrett paraelectric
background can be clearly seen due to the lower measure-
ment temperatures available now. The results also show that
the dielectric peaks superimpose on the Barrett paraelectric
background for low Bi concentration (0.0005<x=<0.0067).
Based on a close inspection of both &’ and &”, we found that
a number of dielectric modes exist in Bi-doped STO, and the
peak position and activation energies of modes I, II, III, and
V are essentially concentration independent in a wide con-
centration range. In fact, peak III is the one that was previ-
ously assumed as the quantum ferroelectric peak for x
=0.002 in Ref. 15. The observed increase of the peak tem-
perature T,, for ¢’ in Ref. 15 is due to the superposition
effect of the unshifted mode III and the relaxor mode IV
whose T, clearly shifts to higher temperatures with increas-
ing Bi concentration.'® From this point of view, peak III can
be denoted as a defect mode now.

In the present paper, we also observe that the paraelectric
background of pure STO is almost monotonically reduced on
doping with bismuth already at a ppm level of doping con-
centration. This provides strong experimental evidence for
the formation of noninteracting polar clusters, which push
the system off the quantum critical point. A straightforward
explanation is that polar clusters are formed around the Bi
defects, which are highly polarizable, possibly with the po-
larizability strongly enhanced via lattice deformations.? It
seems reasonable that the dynamics of these noninteracting
clusters shows up in the relaxation mode III. This mode
shows Curie-Weiss behavior for the very low bismuth con-
centrations, but reveals decreasing Ae with decreasing tem-
perature (30<7<50 K) for higher concentrations (upper
panel of Fig. 6), while the paraclectric background still
strongly increases. This behavior signals the appearance of
local ordered regions within the long-range polar fluctuations
of pure STO. Furthermore, the unshifted 7', implies that the
clusters interact with some intrinsic mechanism of the host
lattice. There may be a connection with the mode crossing
point at around 37 K,* which gives an explanation of the
unshifted 7,,. In this picture it becomes plausible that the
amplitude of mode III increases with x, as the coupling to the
intrinsic mode becomes more effective with increasing x.

The energy barriers of mode III increase from 700 K (x
=0.002) to approximately 900 K (x=0.0267). This concen-
tration dependence of the energy barriers probably is due to
lattice distortions and due to an increasing size of the clusters
with increasing defect concentration. Concomitantly the in-
crease in the width of the loss peak (see Fig. 5) signals an
increasing distribution width of energy barriers.

As mentioned earlier, mode II behaves different compared
to mode III. We suppose that mode 1II is of electronic origin.
It is well known that in perovskite oxides, in many cases,
especially, for the heterovalent substitution case, weakly
bound electrons occur.’*?* These weakly localized electrons
could give rise to dielectric relaxation, which were found and
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described in a variety of doped perovskites.?*” The relax-
ation processes were attributed to hopping of the polarons
between lattice sites. In addition, the unshifted 7', of mode II
also implies the possible interaction between the polarons
and the intrinsic mechanism of the host lattice, such as pho-
non modes.

Mode I (8 K at 100 Hz) is also well established in nomi-
nally pure single-crystal STO.%° It has been interpreted®® in
terms of a coherent quantum state.”® However, we can detect
these dielectric anomalies up to x =0.0053 in doped samples,
in which quantum fluctuations are strongly suppressed and
necessarily the system is far away from any coherent ground
state. Hence we believe that this mode is a defect mode of
unknown origin, even in the nominally pure STO. Recently
Liu, Finlayson, and Smith, reported that the expansion of the
tetragonal ¢ axis with decreasing temperature below 105 K is
arrested below 10 K.,?° and maybe mode I is related to the
unknown defect interacting with this anomaly.

Mode V (65 K at 100 Hz) also appears in pure single-
crystal STO,!® and has been interpreted in terms of the fer-
roelastic domain-wall dynamics due to the cubic to tetrago-
nal antidistortive phase transition close to 105 K in the
undoped STO. We can detect this mode up to Bi concentra-
tions x=<0.0033 before it merges into the broad relaxation of
the relaxor phase (see Fig. 1). In the doped compounds this
relaxation peak appears roughly at the same temperature, and
its intensity changes with x, ranging between 40 and 62.
Comparing with the small value of loss, ~1, in single-
crystalline STO,'? these values indicate that the amplitude of
mode V is enhanced in polycrystals and by impurity doping.
It seems reasonable that the density of domain walls in poly-
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crystal or doped samples is higher than that in single crystals.
Obviously, the domain-wall motion flips impurity dipoles or
polar clusters which then contribute to the complex dielectric
constant on the time scale of the domain dynamics.

V. CONCLUSIONS

We have presented a detailed report on the relaxation dy-
namics of bismuth-doped STO at low doping levels. On dop-
ing, the large paraelectric susceptibility of pure STO is
strongly reduced. This fact signals the suppression of quan-
tum fluctuations and concomitantly the appearance of polar
clusters. We attribute mode III to the existence of noninter-
acting polar clusters, which seem to couple with some intrin-
sic mechanism of the host lattice. We explain mode II in
terms of polaronic relaxation which is typically for doped
perovskites. In addition we observed three further relaxation
modes, two of which have also been observed on nominally
pure single-crystal STO. Mode I which has been previously
explained in terms of the coherent quantum state possibly is
due to an impurity mode of unknown origin. Mode V seems
to be induced by the ferroelastic domain-wall dynamics of
the cubic to tetragonal phase transition. Mode IV will be
discussed in the following paper.'®

The present work shows that the dielectric response of
Bi-doped STO is quite different from other doped quantum
paraelectrics, for example, Ca-doped STO, or Li-doped
KTO. A variety of relaxation modes was revealed in the
present investigation and tentative explanations for their oc-
currence were proposed. Clearly, further work is necessary to
arrive at a thorough understanding of the very rich relaxation
behavior in this trivalent doped STO system.
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