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Dielectric relaxation modes in bismuth-doped SrTiQ;: The relaxor behavior
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The ferroelectric relaxor behavior in Bi-doped SrEi®as studied in the temperature range 1.5-300 K and
up to 400 MHz. Some interesting results are sho@hTypical ferroelectric relaxor behavior develops out of
the other impurity relaxation modes. The ferroelectric relaxor peaks occur on the quantum-paraelectric back-
ground. The polarization irreversibility effect observed after field cooling or zero-field cooling, and the data of
remanent polarizatio®, , show that the ferroelectric relaxor behavior is a nonequilibrium phenomégpn.
The coexistence of the ferroelectric relaxor peak with other impurity modes indicates that there are several
kinds of polar clusters which are responsible for different dielectric anomalies in different temperature ranges.
This confirms a multicluster state characteristic in ferroelectric relax@ysNear 400 MHz, an additional
relaxation process appears, which indicates the possible existence of two polarization processes in a ferroelec-
tric relaxor.[S0163-182609)03606-1]

. INTRODUCTION Skanavi*® and two of the present authdrsreported that the
rounded permittivity peaks also occur in Bi-doped STO
In the last two decades, the physical nature of the familysamples.
of materials called “ferroelectric relaxors:™® such as In the previous papé&twe showed that the permittivity of
Pb(Mgy/sNb,,2)03 (PMN) or PS¢ ,Ta,,)05 (PST), has at- Bi-doped STO displays a distinctly different behavior if
tracted much attention. Up to date, different explanationgompared to Ca-doped STO. We observed a variety of di-
have been proposed for the relaxor behavior. For example, @lectric anomalies with frequency dispersion. While the tem-
“dipolar glass” model was suggested by Viehlaedal,®  peratures of the dielectric loss maxima are independent of
while a domain state model was suggested by Westphame Bi concentratior, their amplitudes change strongly with
Kleemann, and GlinchukRecently, Vugmeister and Rabitz . Considering the temperature dependence of the dielectric
proposed a theory to describe the temperature dependencel®$s, with increasing Bi doping, some of these impurity
the “relaxor” behavior. They considered the dielectric re- modes are suppressed and the remaining ones merge into one
laxor behavior arising from the dynamic response of the pobroad peak which shows the characteristic features found in
lar clusters which exist in the highly polarized host lattice typical ferroelectric relaxors. It is the aim of the present pa-
and proposed that the origin of the clusters arises from ther to study the frequency and temperature dependence of
collective hopping of off-center ions in multiwell potentials. this relaxor mode in more detail. In the present paper we
By taking into account the cluster-cluster interactions and ashow results fox=0.0033. The results for smallerwhich
appropriate distribution of the local fields, they obtained theare dominated by the impurities modes are presented in the
dielectric response in good agreement with the experimentalrevious papet®
results® On the other hand, Chenegtal,” based on the
analysis of the different simulation methods to describe the Il. EXPERIMENTAL DETAILS
%empe;ature de_pendence of (tjhehdlelr(]actrlc perm|tt||(\(|t)é at ]fj'f' _ We present results on the complex dielectric permittivity
er.ent. requencies, SL_Jggeste t af[t ere are two kinds o PO frequencies 20 Hzv<1 GHz and temperatures 5
larization processes in ferroelectric relaxors. Clearly the re-

laxor phenomena are far away from being fully understoodggoo K. In addition, in order to characterize the relaxor
. . A f lectri high-fiel larizati h
Pure STIQ (STO) is an intrinsic quantum paraelectfic, erroelectric state, high-field polarization measurements have

However, it is reported that ferroelectric order can be in—been performed. For this purpose a modified Sawyer-Tower
duced in’STO b Ft)h lication of external electrical field circuit was used in which the sample was connected in series
?Cri hanical ytr € aépprc?a 0 in(t)r Z ein ae Ectitcg nel Swith a reference capacitor whose capacitance was larger at
gefecféco’lalinig thse Ie,':lst'ﬁcgoFor){che Ia(:tel:ccagestjhes ml(J)s(t) sz least by a factor of 1000 than that of the sample. The voltage
’ “acr he referen itor is a m re of th lariza-

mon examples are C@Refs. 10,11 and Bi dopingt2%3In 27935 the reference capacitor Is a measure of the polariza

Y tion P in the sample, while the voltage across the sample
Ca-doped STO, .B.e‘."”orz and Wer™ observed the occur- determines the macroscopic fiell For the preparation of
rence of a permittivity peak and a crossover from ¥\

quantum ferroeleciic sate, characterized by a sharp permijec 0 SEARIE G S b Tl (0 L AL
tivity peak, to one with a “diffusive character” as the Ca fields, see the previous papér

concentration is increased. They suggested that tRé i0as ' ’

occupy off-center positions at the %Srsites. The rounded Il RESULTS

peak of the permittivity was attributed to a random-field in- ’

duced ferroelectric domain state. For Bi-doped STO, Skanavi Figure 1 shows the temperature dependence of the dielec-
etal,’> Smolenskii etal,’* Gubkin, Kashtanova, and tric loss&” for 0.0033<x<0.167, at 100 Hz. In order to
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100 FIG. 2. Temperature dependence of' and &"” in

(St _1 5Bi,) TiO3 (x=0.04) at 0.1, 1, 10, 100 kHz, 1, 11, 104,
220, and 400 MHz(e': from top; &”: from left).
100

peaks which are indicated as dotted line and pluses in Fig.
1(e). One of these peaks can be identified with peak V al-
ready seen at lowex (Ref. 16 and located at about 65 K.
[This peak also can be seen in nominally pure SgTiRefs.

17 and 18.] The second peak, denoted as IVa in the follow-
ing, is a precursor of the relaxor peél) seen at highex.

FIG. 1. Temperature dependence of the dielectric loss i Similar subtraction procedure, now also taking into ac-
(St,_15Bi,) TiOz at 100 Hz forx=0.0033-0.167. The roman count peak Vb, was also applied for highefFigs. Xc) and
numbers denote the different relaxation mote text The solid ~ 1(d)]. At x=0.0133, peak V is no longer seen and peak IVa
lines: fitting curves for modes I, Ill, and Vb using the Cole-Cole evolves clearly. With increasing peak IVa shifts to higher
relation as reported in the previous paper; dashed lines: experimetemperatures and starts to merge with peak Vb, located at 87
tal data subtracted by the fitting curves for modes Il and IlI; dottedK. Finally, for x=0.04[Fig. 1(b)] peaks IVa and IVb have
line: remainder of peak V as obtained by subtracting data of modenerged, the resulting peak IV shifting to higher temperatures
IVa; crosses: relaxor precursor-mode IVa. with x [Fig. 1(@)].

In order to explore the behavior of the samples in the

keep the figure less complex we have chosen five concentraglaxor region in detail, we chose the sample with0.04,
tions for the plots, exhibiting all the typical features. Theto plot its temperature dependence of the real and imaginary
behavior for the intermediate concentrations fits well in be-part of the permittivity in the temperature range 1.5-300 K
tween these results. Fae=0.04, a broad peak has emergedat different frequencies, as shown in Fig. 2. For frequencies
out of a number of impurity modes which were discussed ifrom 100 Hz to 400 MHz, besides a small shoulder due to
the previous papéef In the following this peak will be iden- mode 11I,** a rounded peak occurs in the temperature depen-
tified as “relaxor” peak, typical for the relaxor ferroelectric dence of the real part of the permittivigy . At the tempera-
group of materials. In Fig. 1 it is nicely seen how the relaxorture of the peak maximuns,” reaches relatively high values
peak develops out of the impurity modes. For0.0033 of ~3000. At the point of inflection of the’(T) curves,
[Fig. 1(e)], these modes, which are also seen for the lowetocated somewhat below the peak temperature, a loss peak
concentration$® show up as a variety of relaxation peaks. [the relaxor peak IV in Fig. (b)] shows up. Botte' ande&”
They have been denoted as I, II, lIl, and V and were adexhibit dispersion and the peak temperatures obfand ¢”
dressed in detail in the previous pap&Peaks Il and Il are increase with increasing frequency. All these findings indi-
well described by the solid lines which were calculated ascate a typical ferroelectric relaxor behavior. However, it
suming a Cole-Cole distribution of relaxation times and ashould be pointed out that at high frequencies, for example,
thermally activated relaxation time Subtracting the solid at 1 GHz, no dielectric anomaly is observénot shown
lines from the experimental data, leads to the curve shown dere; this is similar to the observations in the typical ferro-
dashed line in Fig. (). Obviously, the remaining broad loss electric relaxors St ,Ba,Nb;(O3 and NaNQ. %20

peak located in the region 40—-70 K is composed of two The relaxation rate for the polarization can be estimated

T(K)
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heating rates were 1 K/min. Differences between the field
cooling (FC) and the zero-field coolingZFC) polariza-

5 tion starting at about 100 K are clearly seen. Similar
o4t behavior was, e.g., observed in the typical relaxors
8 Pb(MgysNb,,2)0s,%? La-doped PZr,Ti)0,,2% and Li-doped

| KTaOs;.2* These results show that the relaxor behavior is a
2r . ' . nonequilibrium phenomenon. All of these characteristics
6 7 8 9 10 mentioned above indicate that Bi-doped STO for high Bi
concentrations behaves like a typical ferroelectric relaxor.

6 x=0.04

1000/T (K™)

FIG. 3. Temperature dependence of the relaxation rate for
(Sr_15Bi,) TiO; with x=0.04 [circles: the experimental data; IV. DISCUSSION

solid line: fitting to the Vogel-Fulcher relation, Eqt)]. Different from the dielectric anomalies, modes Il and I,

hose temperature of peak maximdm, is Bi independent,
e “relaxor” peak shifts to higher temperatures with in-
rqreasingx. As pointed out in the previous pap€rthe exis-
tence of the relaxor peak precursor can be seen already for
x=0.002. It appears clearly for=0.0033, but its peak am-
plitude is still small(about 39, however, it increases very
v=voexp{—E/[kg(T—Typ) 1}, (1) quickly to 250 forx=0.0067. With further increasing Bi

. . . . concentration, above=0.0267, this peak becomes domi-
wherew is the relaxation ratey, is the pre-exponential term, o e the system transfers into the so-called relaxor state.
E is the hindering barriefv¢ is the Vogel-Fulcher tempera- rrom the real part of the permittivity, already in the earlier

ture andkg is the Boltzmann constant. The fitting results report!® Bi-doped STO was identified as ferroelectric re-
give Typ=73 K, E=33 meV, 1,=0.88X 10° Hz. Vogel-  |axor. The present results on the dielectric loss and the po-
Fulcher behavior is often observed in ferroelectric relaxorsjgization behavior strongly corroborate this conclusion.
see e.g., Ref. 22. .. As mentioned in the Introduction, a “dipolar glass”
The temperature dependence of the remanent polarizatiqfyyje| was suggested by Viehlaatial* which means a dis-
P, (field cooling at 1 kv/cm, and measured at zero-fieldgrgered characteristic. However, Westphal, Kleemann, and
heating; cooling and heating rates were 1 K/migsshown in - Gjinchulé attributed the relaxor behavior in PMN to the
Fig. 4@). P, decreases with increasing temperature and apresence of domain states induced by quenched random
extrapolation of the slope at the most rapid decrease givesgs|gs. They proposed that the ground state of PMN is ferro-
temperature 92 K. At higher temperatt®g(T) shows a tail-  glectric, and the random fields induced by the compositional
like decrease, smoothly approaching zero. The polarizatiofctuations lead to the occurrence of the domain state. They
irreversibility effect which is usually observed in spin g,ggested that another relaxor system, fi TaO; for x
glasses and in ferroelectric relaxors, is shown in Fi@).4 >0 026 undergoes a first-order ferroelectric transition, and it
The data have been obtained after field cooling or zero-field;n pe described by the domain state induced by random
cooling and subsequent field heating at 1 kV/cm; cooling angig|q in terms of the same id€a.Hochli and Maglionéﬁ

argued that this is not true for,K,Li,TaO; and suggested

from the temperature dependence of the imaginary part o\ﬁ
the permittivity. The result fok=0.04 is plotted in Fig. 3 in L
Arrehnius representation. The data show clear deviatio
from thermally activated behavior and can well be fitted to
the Vogel-Fulcher relatidh

4t x=0.04 that the impurity(Li) modes forx<0.04 can be described
- using spin-glass models; for=0.06 disorder features show
Ng 3r up that cannot be attributed to glass models nor to
e »L ferroelectricity?®
o . As shown in the previous paper and this paper, Xor
15 =0.0033-0.0267, the relaxor peak and the other relaxation
, , , (b) modes can be observed on a quantum paraelectric back-
2 i ground; this indicates that the relaxor behavior can be super-
imposed to a paraelectric background. From this point of
— 3F view, the ground state of the dielectric relaxor seems to be
g | paraelectric. On the other hand, some of the present authors
E ? reported’ that in Ba(Ti_,Ce)0Os, being a typical tradi-
o o4k tional ferroelectric forx=0, a relaxor state arises with in-
(@) creasing Ce concentration. Bo 0.2, the system behaves as
0 —— —_ a typical ferroelectric relaxor. This result shows that the re-

0 50 100 150 200

T laxor state can be also developed from a typical ferroelectric,

as also found in the systems(Ba,S)TiO; and

FIG. 4. (a) Temperature dependence of the remanent poIarizani\(Til—xSf‘k)03-28’29 These results suggest that for the oc-
tion; (b) temperature dependence of the polarization under fielccurrence of the relaxor behavior, it is not relevant if the
cooling (FC) and zero-field coolingZFC) for (Sr,_,5Bi,)TiO;  beginning state is paraelectric or ferroelectric, but it mainly
with x=0.04. depends on the appearance of dipoles or dipole clusters and
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4000 P pole clusters become stronger, and some clusteres contribute
| x=0.04 - 180K to the appearance of the relaxor behavior. The increase in the
Btssaca, B width parametera [see Fig. &) in the previous papéf|

3000 I . . confirms this picture. Wher=0.04, the interaction between
the polar clusters is strong enough, and the relaxor mode
dominates.

As discussed above, these results confirm the multiclus-
terlike behavior in relaxors. This multicluster behavior per-
haps could be described by the modified domain state model
or the theory proposed by Vugmeister and RabiBurther
work is needed to check the validity of the models for Bi-

0 L L L L L 4 4 doped STO.

5 Finally, we also note that the two polarization processes
model, suggested by Chergal.’ only based on a simula-
tion fitting of thee’(T) data, perhaps could be supported by
the present experimental facts in Bi-doped STO. The possi-
bility of the coexistence of two polarization processes is sup-
ported by the frequency dependence &df and £” in the
frequency range 25 Hz—400 MHz shown in Fig. 5. From Fig.
5, it can be seen that there are likely two polarization pro-
cesses, one is located at lower frequencies, the peak fre-
quency quickly increasing with increasing temperature; an-

L L L L L L L other is located at higher frequencies near 100 MHz, almost
1 2 3 4 5 6 7 8 9 temperature independefdrrows in Fig. 5. It is interesting
that the fast process deduced by Chengl’ is located at a
Iogmv (Hz) similar frequency. For very high frequencies the different
curves merge together leading to an effectively temperature-

FIG. 5. Frequency dependence of’ and &” for independent response. Such a temperature-independent be-

(Sr, 1 5Biy) TiO5 with x=0.04 for various temperatures. havior has been also found at25 GHz in the ferroelectric
relaxor Se_,Ba/Nb,;O3, and NaNQ.**?° Up to now there
the interactions between them and/or the impurity with theS N0 explanation for this unusual phenomenon. This phe-
host lattice. nomenon should be further studied; if it is true, it will be

In addition, the present work shows the coexistence of th&elpful to understand the physical nature of the ferroelectric
relaxor peaks with other dielectric anomalies, some of thesEe!axor.
modes merging into the relaxor mode. This indicates that
several kinds of dipoles or polar clusters, which are respon-
sible for different dielectric modes in different temperature
ranges, coexist in Bi-doped STO. It should be stressed that In the present paper, we report several interesting experi-
among these various dielectric modes, only the relaxor peatnental facts for ferroelectric relaxor&t) The dielectric re-
shifts to higher temperatures with increasing Bi concentrataxor anomalies could occur on the quantum paraelectric
tion, hence the corresponding polar cluster behaves diffedackground in Bi-doped STO(2) The dielectric relaxor
ently from others. As suggested in the previous papémne  peaks appeared with other dielectric modes around 8, 22, 37,
dipoles may come from the off-center Bi ions, and the inter-65, and 87 K(at 100 Hz, whoseT, are independent of the
actions between the dipoles may lead to formation of theBi concentration in a wide composition range. The coexist-
dipole clusters which contribute to the dielectric anomaliesence of the relaxor peaks with other dielectric anomalies in-
observed. It seems possible that in Bi-doped STO with indicate that several kinds of polar clusters, which are respon-
creasing Bi doping, at the beginning, Bi impurities give risesible for different dielectric anomalies in different
to almost noninteracting dipoles or small dipole clusterstemperature ranges, coexist in Bi-doped STO. This confirms
This is the case fox<0.002, where only the modes |, II, lll, a multicluster state characteristic in relaxai®. The results
and V are present, which do not shift withWith increasing  show the possible existence of two polarization processes in
Bi concentration, the interactions between the dipoles or dia relaxor, which might be those proposed by Chengl.’
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V. CONCLUSIONS
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