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Bi:SrTiO 5. A quantum ferroelectric and a relaxor
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Quantum ferroelectric and ferroelectric relaxor behavior has been found in 4(Bi,)TiO;. For x
<0.0267, the quantum ferroelectric relationsfijp o« (x—x.) Y2 holds withx,~0.0005, and obvious hysteresis
loops were observed. The polarization relaxation shows critical slowing down. At high Bi concentration, a
crossover from quantum ferroelectric to relaxor behavior occurred. The coexistence of ferroelectric and relaxor
behavior in Bi:SrTiQ was attributed to a ferroelectric domain state induced by random fields.
[S0163-182698)02314-3

Since the discovery of a family of materials, namely, their complex structure and suggested that KLT with simple
“relaxors,”® such as PtMgyaNby9O; (PMN) or  perovskite structure could be a model system for relaXbrs.
Ph(Sc»Tay5)05 (PST), which show a rounded permittivity In this paper, the authors suggested that ($-Bi,) TiO
peak and a low-frequency dispersion, the physical nature ofSBT) could be a new model system for relaxors.
the relaxors has been a challenging subject. On the other SBT exhibits a dielectric relaxation behavior, which was
hand, similar relaxor behavior is also found in quantumfirst reported by Skanawt al,'>® who attributed it to the
paraelectric KTa@doped with Li(KLT) (Refs. 4 and bor  mechanism of “hopping ion” polarization in the perovskite
SrTiO, doped with CaSCT).%7 For example, both ferroelec- lattice absent of ferroelectricity. On the contrary, on the basis
tric and dipole glass behavior was observed in KLT where af slim electric hysteresis loops for SB®/ Smolenskii
crossover from the dipole glass to a ferroelectric domairet al! classified it as a ferroelectric relaxor similar to PMN.
state occurred as the Li content increa$@d. However, further studies either on the relaxor behavior or

The two systems have been independently developed, aridrroelectric mechanisms in this system were not reported.
recently the common features were pointed out, mainly in- In this paper, we show that quantum ferroelectric behav-
cluding (1) a large permittivity,(2) a low-frequency disper- ior and the essential features of a ferroelectric relaxor were
sion of permittivity and long relaxation timég3) nonergod- found in SBT and that a crossover from ferroelectric to re-
icity of permittivity,’° (4) nanometer scale polar clustéfs, laxor behavior occurred with increasing Bi concentration.
and (5) compliance with both Vogel-Fulcher tyffeand de The ceramic samples of (Sr5Bi,)TiO3 (0=<Xx
Almeida—Thouless type relationshipslt is recognized that <0.167) were prepared by a solid-state reaction. The x-ray-
the polar clusters, dipolar interaction, and random electridiffraction results indicate that all the samples are single cu-
fields play a key role in the relaxors. However, differentbic phase, and energy dispersion analysis indicated that the
explanations were proposed for these observations. For eBi concentration is in agreement with the nominal composi-
ample, for typical relaxor PMN, a “dipolar glass” model tion, within the experimental error, and that the distribution
was suggested by Viehlared al,'? while a random-electric-  of Bi atoms is uniform. Strontium vacanci®, are created
field model was suggested also for PMN by Westphiall™®  as[Sr_; 5Bi,(Vs,) 5] TiOs, to balance the charge misfit
Further studies are needed and a search for new systemsdse to the substitution of divalent&rions by trivalent Bf*
meaningful. Toulouset al. pointed out that one of the ob- ions®!® It was also shown that the dielectric permittivity
stacles in understanding the behavior of relaxors has beemas independent of the electrodébree kinds of metals,
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FIG. 1. Temperature dependence of the permittivity of
(Sr,_ 1 5Biy) TiOz with x between 0 and 0.167 at 1 kHz, right
scale; 2—-10, left scale
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FIG. 3. (@ T,Sm as a function of Bi concentrationat 1 kHz(+);
silver, gold, and Pd-Ag allgyand the thicknesgdisks, di- the markgA) are from Ref. 17, and the solid line corresponds to the
ameter 8 mm with thickness of 1 or 0.5 mof the samples.  (X—xc)"? law for QF behavior; the inset shows an enlarged vs
The dielectric complex permittivity was measured with a So-x at the low x range with a log-log scaletb) AT* =T, o4
lartron 1260 impedance gain-phase analyzer under an acT. uuww, as @ function ok. (¢) AT=Tog (100Hy~ Te, (100Hy @S
field of 1 V/imm. The hysteresis loops were measured using a function ofx.
standard Sawyer-Tower circuit.

Figure 1 shows the temperature dependence of the permifer all the samples at 300 K and 1 kHz, and the tendency of
tivity (e) for all the samples at 1 kHz. Typical curves®fs the temperature dependence is similar to that of the permit-
a function of temperature and frequency for the samples withivity (not presented Figure 3a) shows the variation of,
x=0.002, 0.0133, and 0.08 are shown in Fig. 2. The resultgersys Bi concentration at 1 kHZ.,  increases with the
l?e?;?z[ri;Tla;riES;Tg;Ivétiyxieglégg; ug?gq'ﬂeis;— gl\; %gg;ghnabismuth content at different rates. The transition point occurs
was also observed, with the fempérature of the permittivityat bismuth content of abou_t 0'0267.' In the range oh0

. o . e . 7=<0.0267, theT, as a function of Bi concentration can be
maximum (I'Em) shifted to high temperatures with increasing “m

frequency. The dielectric loss is in the range.001-0.01 well fitted to the gquatldﬁ_ Tsm 6_70()( Xe) ", with the
quantum mechanical critical poink.=0.00050.0001,

4500 which is a typical relation for quantum ferroelectri@QF)

Curie-Weiss Law behavior. On the other hand, for>0.0267, a near linear
4000 | / increase off, with x was observed, which is similar to the
as00 | 4 behavior of ferroelectric solid solutions.

The relaxation time for the polarization derived from the
3000 | temperature dependence of the imaginary parts of the permit-

> tivity for x=0.0267 is plotted in Fig. 4. The data were fitted
g ¥ I to several equations, such as the Arrhenius relation, the
£ 000 | Vogel-Fulcher law?® and the critical slow down relatioft.
e The best fitting, with physically reasonable parameters, was
1500 obtained from the critical slow down relation.
1000 |2
I r=h/kg(T—To) ! exd U/kgT],
500 |,
o [ whereh is Planck’s constant ard; is Boltzmann’s constant,
0 0 100 150 200 250 300 with activation energyJ =0.103 eV andTy=69.9 K. With

the increase in Bi concentration, the parametdrand T,
increased.

FIG. 2. Temperature and frequency dependence of the permit- Conventional hysteresis loops have been observed in the
tivity of (Sr;_; 5Bi,) TiOz with x; 1, x=0.002; 2,x=0.0133; and  present work. Figure 5 shows the hysteresis loops for several
3,x=0.08(1, 10, and 100 kHz, from top to bottom samples with applied ac fields up te15 kV m ! at 50 Hz.
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18 explained as an indication of the existence of fluctuations of
~ 16 F the polar regions arounmem. The frequency dispersion of
w M permittivity and an obvious departure from the Curie-Weiss
T2 law observed in Fig. 2 suggest for SBT a relaxor-type behav-
< 0r ior. The diffuseness of the phase transition can be described
i by an empirical paramet& T, defined as the difference be-

tweenTog (100 Hy) [the temperature corresponding to 90%
of the permittivity maximum £,,) on the high-temperature
sidel and T, (100Hz), -6 AT=Toga (100 Hz)™ Te, (100 Hz)-
FIG. 4. Temperature dependence of the relaxation timés  Another parameteAT* adopted to quantify the degree of
=w™ !, o is an angular frequency, arli, is the temperature at relaxation behavior is defined asAT* =Te, (100kH2)
which the maximum of the imaginary part of the permittivity et _Tsm(100 H2)- The AT andAT* parameters obtained are il-

occurred of (Sr_45Bi,) TiO; with x=0.0267 (dots, the experi- A

mental gata;(the1 slc}?ixd IiXZ\e, fiiting to the critical( slowing-dowpr: rela- lustrated 'n_ Figs. ®) and 30). It can be S?en that’ for the

tion). samples with lowk, both values are small, implying close to
normal ferroelectric behavior. With an increase in Bi con-

tent, the two parameters increase quickly, implying that the

system is becoming more relaxor.

The existence for the low Bi content samples of a large
soermittivity peak, the good fitting to the critical slowing-
down relation with physically reasonable physical sense for
the equation parameters, the good fitting to the relaﬁgnlg

~(x—xo)¥? indicative of quantum ferroelectric behavior,
nd the obvious hysteresis loops observed give strong evi-
&

9 10 11 12 13 14
1000/Tm (K™)

The remnant polarization is 0.31C/cn? for x=0.0033,
0.83.C/ent for x=0.0133, and 0.32.C/cnt for x=0.0533.
These values are higher than those of $€But much
smaller than those of the normal ferroelectric, such a
BaTiOs.2! From Fig. 5, it can be seen that the low Bi com-
positions, for which the quantum ferroelectric equaﬁlQnm

~ (x—x¢)*? holds, exhibit an obvious hysteresis loop with

high polarization values; when the Bi content exceeds thi . : )
range &=0.0267), the hysteresis loop becomes slim. dence for a ferroelectric state caused by doping SgTith

The temperature dependence of the permittivily 100  Bi- For higher-Bi-content samples, the existence of a
kHz) for all the samples was fitted to the Curie-Weiss law infounded permittivity peak and of frequency dispersion be-
the high-temperature side. For the sample with0, the fit-  havior and the obvious departure from the Curie-Weiss law
ting parameter, Curie-Weiss constadt-0.81x 10°, Curie- ~ POInt o relaxor behavior.

Weiss temperaturé® =33.3 K are in reasonable agreement N SCT, Bednorz and Mler” observed the occurrence of
with the parameter€=0.8x10° and ®=35.5K, reported & permittivity peak and a crossover from th&/ quantum

by Muller and Burkhar(f_S For the doped Samp|eS, obvious ferroelectric state, with a sharp permlttIVIty peak, to one with
deviations from Curie-Weiss behavior on the high-2a “diffusive character” as the Ca content increadethey
temperature side of the permittivity peaks were observed, asuggested that the €aions occupy off-center positions at
shown in Fig. 2 where typical curves are presented. Similathe Sf* sites. The round peak of the permittivity was attrib-
deviations were observed in other relaxor systems, such aged to a random-field-induced ferroelectric domain state.
PMN (Ref. 24 and (CaSr,_,) TiO3 (SCT).22 The deviation ~Comparing SBT with SCT, several similarities can be found:
from the Curie-Weiss law on the high-temperature side wa$1) Both Ca and Bi ions substitute into the’Srsites; for Bi,
raf/rar is 0.87, and for Ca2}/r3’ is 0.85.(2) Both Ca and

Bi doping lead to the occurrence of a permittivity peak, even
[ @ [ ® / for a very small amount of the dopairi8) A similar concen-

/ E tration dependence of, was obtained in both cases; for
o]

/ i /1 low Ca or Bi content, a quantum ferroelectric relationship
holds.

It was hypothesized that a decrease in repulsive forces
and an increase in polarization forces, for an impurity ion
7 relative to the lattice ion it replaces, favor off-center

© (@ positioning® Then the Bi ion with smaller size and high po-
[ / ! | larizability may also be located in off-center positions at the
0 e SrP* sites. In addition, the appearance of strontium vacancies
[ / . Vg, to balance the charge misfit due to the substitution of
[ divalent Sf* ions by trivalent Bf* ions might lead to the
formation of the associate defects’BiV,. Such off-center
Bi ions and B¥*-Vg, centers will form dipoles and thus set
up local electric fields and/or strain fields. The SBT system
will then be a random-site electric dipole system, with the
FIG. 5. Hysteresis |00ps of (!S-rIS(BIX)TIOB at 50 Hz: (a) X off-center Bi and/or (B?]Jr'VSr) dip0|es I’andomly distributed

=0.0033 at 11 K(b) x=0.0067 at 11 K(c) x=0.0133 at 11 K, and in the highly polarizable host lattice of SrTiOand in this
(d) x=0.0533 at 80 K. way it is then similar to SCT. The appearance of ferroelectric

P, (uC/em?)

-20 0 20 -20 0 20

E (kV/em)
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and relaxor behavior can result from competition of the in-increases by increasing oxygen cont¥tEhis implies that it
teraction of dipoles and random electric and/or strain fieldswill be possible to study the relation betwe&g and the
However, some experimental facts differ from the well- vibration frequency of the crystal lattice in SB{®) In SBT,
known relaxors PMN, PST, KLT, and SCT. Comparing with for low Bi concentration, in addition to the peak discussed
the compounds PMN and PST, SBT is a solid solution withahove, there are two other peaks of permittivity below 40 K
simple perovskite structure, and since its “relaxation de-<(indicated by arrows in Figs. 1 and.ZXhey are also rounded

gree” can be adjusted by the Bi concentration, it takes ayng frequency dependent, butTs_is independent of the Bi
advantage for fundamental research. For SCT, SBT provided . m .

) ) ; concentration and oxygen content. They might be related to
a comparative system. For example, Bi doping makes

monotonic increase if; until x=0.167, while, for SCTT . ?he cgherent quZ%ntum state of Sr‘g@alow ?’37 K,_suggested
is independent of Ca concentration @5 0.016° and for by Muller et _al., or th? (_effect O.f Bi coupling with the soft
SCT, T,~298(x—0.0018}'2° for SBT, T.~670(x mode of SI’TIQ. The origin of this peak needs further st.udy.
—0.0005}"2 was obtained. This means that Bi doping makes 1 conclusion, we havél) demonstrated that SBT is a
T, increase about 2 times faster than Ca in SCT. In additionduantum ferroelectric fox<0.0267,(2) shown that a critical
Bednorz and Mler® reported that no obvious frequency dis- SloWwing-down behavior was observe@) shown that rema--
persion behavior was observed in SCT. However, in SBT, alnent polarization obtained from hysteresis loops varied with
samples showed diffuse transitions and frequency dispersiofi concentration, an4) shown that with increasing Bi con-
and these tendencies increased with increasing Bi concentr§entration, a crossover from the quantum ferroelectric to
tion. These differences probably are due to the heterovalef@rroelectric relaxor state occurred. The coexistence of quan-
substitution andh-site vacancies in SBT. The reasons shouldtum ferroelectric behavior and “relaxor” behavior can be
be further studied. attributed to a ferroelectric domain state induced by random

Another character of SBT is the existence of Sr-site vafields. Some specialties of SBT, for example, a very small
cancies in SBTE518 A-site vacancies in perovskitdBO;, X:(~0.0005), the effect of the Sr-site vacancy, the relation
making a more rounded permittivity peak appearance, werbetweenT. and the oxygen vacancy, and the dielectric
also found in the PST ferroelectric relaxor when Pb-site vaanomalies below 40 K, are also presented. SBT has a simple
cancies were presefit. The present authors suppose that theperovskite structure with the Sr-site vacancies and displays a
similarity between SBT and SCT and the differences couldsaried interesting behavior. The authors suggested that SBT
provide a model system to explore further the effect of thecould be a possible model system to further understand the
A-site vacancies and heterovalent substitution on the fel’rthysiCm nature of ferroelectric relaxors or the quantum
electric relaxor behavior. paraelectric matrix doped with dipolar impurities.

Besides, some special interesting features of SBT are that
(1) the oxygen content of SBT could be controlled by an- The authors would like to thank JNICT, Portugal for fi-
nealing in different atmospheres due to the existence ofiancial support. One of the authdfS.A.) would also thank
A-site vacancie$® It was found thafT shifts to high tem- the Zhejiang University, People’s Republic of China, for per-
perature and the vibration frequency of the crystal latticemitting his leave and work in the University of Aveiro.
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