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Experimental results reveal that the dielectric permittivity depends strongly on the amplitude of the ac test
signal, and the polarization varies with time in SPfD;_,'80,); single crystals. These characteristics are
attributed to the occurrence of a domain state in &0, ,'0,);. Data analysis suggests that
SrTi(*%0, _,*0,) 5 is a system with quenched random-field disorder. The origin of the random fields and the
physics in SrTit%0,_,*%0,); are discussed.

Defects such as random impurities, dislocations, vacansysten? Up to now, no ferromagnetic system containing
cies, etc., are unavoidable in any real system. The undeguenched random fields has been convincingly
standing of the effects of these defects on the phase transiti@stablished. Ferroelectric systems that contain quenched off-
is essential for any meaningful comparison of theories andenter dipoles, like KTa ,NbO;, K;_,Li,TaO;, and
experiments. By considering the energetics of domain formaSr; _,Ca TiO; seem to be promising candidates for studying
tion following the fluctuations in the random field, Imry and the influence of quenched local random fields on the physical
Ma' were able to show that for a Heisenberg otyasystem  properties of the domain statéd\evertheless, due to the
with a continuous symmetry of order parameter, an orderedoexistence of random dipolar fields and random strain
state is unstable against an arbitrarily small random fieldfields, there is always vagueness in explanations. Here, we
That is, instead of a long-range order, the system will breakeport on features of®O-isotope-exchanged SrTi@rystals;
up into domains, a state that is called a “domain state”. the dielectric permittivity depends strongly on the amplitude
Much succeeding theoretical work has been devoted to thef the ac test signal, and the polarization varies with time.
lower critical dimensionalityd; of random systems. Ifi We attribute these characteristics to the occurrence of a do-
<d;, no long-range order can occur and the system willmain state in the samples. The nearly identical atomic radius
show a domain state. Aharony has predicted that in systensf %0 and ‘80, and the simple crystallographical structure
with a continuous order-parameter symmetry or a small anmake it easier to get to the fundamental physics of the do-
isotropy,d, =42 This means that irrespective of the dimen- main states.
sion of all the real Heisenberg oty systems with a suffi- Recently, our group has successfully demonstrated that
ciently small anisotropy, the long-range order will be besides A-site dopin} the application of electric field or
destroyed. Experimentally, the physical properties of the douniaxial stress ferroelectricity can be induced in quantum
main states have been extensively studied for diluted antifeiparaelectric SrTi@ by the following means: oxygen
romagnets such as Fe.Zn,F, (Ref. 4, Fe,_,Mg,Cl, (Ref.  isotopel? A dielectric permittivity peak around 23 K was
5), Mn;_,Zn,F».6 and so on, in which, domain states evolve, detected in a 93%4°0-isotope-exchanged SrTiGSTO18
if the low-temperature state is achieved via field cooling.sample'? Below the peak temperatufe,, a hysteresis loop
Excess magnetization, stored in the antiferromagnetic don D vs E and the splitting of the Raman active mode was
main walls, signifies and provides a quantitative measureelearly observed, indicating that the permittivity peak corre-
ment of the domain states. There are a few reports on thgponds to the evolution of ferroelectricity in STO18. The
Jahn-Teller structural system DyAs, _,O,,” however, the succeeding work on partially 0-isotope-exchanged
existence of spontaneous twinning makes it a complicatedamples, SrTit°0,_,%0,);, confirms that there exists
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FIG. 1. Variation of permittivitye, with the amplitudeE, of the FIG. 3. Normalized remnant polarization versus tirheof
ac test signal for STO18-37 at 2 K, and 10 K<(10 kH2). STO18-37 and STO18 after field-cooling wih=10 kV/m atT

=T.—2 K. The solid lines are best fits to the relati¢).

a critical concentrationx,, above which ferroelec- h hi | ith h
tricity evolves® The composition dependence of tope exchange. In this way, seven samples with an exchange

SrTi(lGOl_XISOX)s can be well explained by the quantum- ratex of 0 (STO].G, 0.26 (STO18-26, 0.37 (ST018—37,
mechanical “vector model” proposed by Schneiggrall4 ~ 0-45(STO18-43, 0.57(STO18-57, 0.72(STO18-72, and

The importance of the mass on the evolution of ferroelec-93 (STO18, respectively, were obtained. The detailed de-
tricity in SrTi(1%0,_,180,), has been experimentally con- Scription for the preparation of the samples can be found in
firmed, yet the origin for the evolution is not clear and sev-our early reports?*® Gold electrodes were prepared by
eral contradictions in the experimental results attracted ouyacuum deposition onto the large faces. The dielectric per-
attention. For STO18, a heat anomaly, which was consideregnittivity was measured at a temperature range 227K
to correspond to a three-dimensional phase transition ang300 K using an HP4284A LCR meter. Variation of the
closely related to the evolution of ferroelectricity at 23 K, polarization with time was observed by using a Keithley
was not observed. Furthermore, temperatures at which th&57A electrometer.
DE loop and/or the pyroelectricity become unobservable are Figure 1 shows the variation of the dielectric permittivity
more than 10 K higher thai,. The significant discrepancy (g,) with E, for STO18—37 measured @t=2 K, 10 K and
between the temperatures that characterize the evolution @lequencyf=10 kHz. It is startling to notice that, depends
ferroelectricity clearly hints at the unusual nature of the low-strongly onE,. The enhancement af. by E, is consider-
temperature state iffO-isotope-exchanged SITJOTo un-  apje: however, it characterizes only ffie 40 K temperature
derstand the physics of the system, two measurements, thgnge a5 shown by Fig. 2, indicating that the enhancement is
relaxation of the polarization and the dependence of the digsgely related to the low-temperature polar state of the
electric permittivity on the amplitudeE) of the ac test o,y 5ies This phenomenon is found to be a common feature

signal, were performed. i 16, 18 i
Samples used in the present study were cut from a S\.,rTiOOf SITI(0;- O3 samples. In Fig. 2, the temperature

single-crystal lump, with edges parallel to pseudoc(ib@0] dﬁpendlentche tOfS" mfasured ugd;i(’:gdoé ka/TI]’thiS
directions. After polishing and etching processes, the>1OWN 1N IN€ lemperature range 2. =" < or afl the

samples were heated #0, gas to undergo the oxygen iso- SamPles. For comparisom, for STO18, measured under
Eo=3.2 kV/m, is also showifbroken ling. From the figure,

the following points are clear{l) &, is significantly en-

20 ' ' g stors hanced by a higlE, at T<40 K. For STO18-37¢, in-
@ @ STO18-26 creases from-100 000 to~150 000 with increasing, from
15[ @ ST01837 ] 0.04 kV/m to 2.5 kV/m at around 2 KFig. 1), whereas
% Solee virtually no dependence o, of ¢, is observed in the tem-
< 3 ® STO18-72 perature rangd >40 K. (2) The permittivity peak tempera-
< 101 @ sto18 ] ture T., measured under a high,, is 2~3 K lower than
© o) STO18 that measured under a lo&y. (3) In the low temperature
s side of T, the decrease of, is reduced by a higlk,. For
STO18, the value dfe,(Ty) —&,(2 K) /&, (T is ~60% in
the lowE, case(solid line) and only~17% in the highk,

0% 10 20 30 20 50 case(dashed ling Consequently, the permittivity peaks are
smeared by the highk,.
The nonlinear dielectric responsesig were observed in
FIG. 2. Temepa’[ure dependenceapffor all the Samp|es mea- ferroelectric%s_]J and the reSUltS haVe been proposed to be
sured underEy=0.04 kV/m andf=10 kHz on warming.s, for ~ related to the dynamics of various stable domainlike struc-
STO18, measured undep=3.2 kV/m, is shown in broken line for ~tures. However, it is noticed that, tli® used in Refs. 15-17
comparison. is two to three orders larger than that used in the present
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TABLE I. Best-fit parameters to relatiofl). temperature is impeded and the effects of ffi®-isotope
exchange only manifests as a higlgr On increasing to
Sample TK)  Ekvim) @ 7 (sec) ¢ abovex., the ferroelectric fluctuation becomes stronger and
STO18-37 6 10 0.0410 0.14 1.00 tends to form an ordered state at low temperature. However,
STO18 21 10 0.0216 0.50 1.03 due to, probably, the existence of random fields and random

interactions(see discussions belgwthe long-range order is
broken and the domain states evolve. Because the lattice
study; whereas the averade, /dE, is much lower than the softens continuously withx, a larger size of domains in
values in the present study. This fact signifies that the dosTO18 than that in STO18—37 is anticipated. Thus the decay
main structure for SITit%0, - *°0,)s is different from that  of p in STO18 is slowed down(Fig. 3. The sizeable

for a ferroelectric. We speculate that the low-temperaturgjomain-wall areas, together with the uniformly polarized do-
state of SITi(%0;_,%0,)3 is a domain state, a state with ains, control the response to external fieleiswhile the
mesoscopic length scaled domain and sizeable domain_'waébntributions from the domains dominate for a Idy the
area. TheEo-enhanced;, comes from the motion of domain ., hibtions from the domain walls become comparable to

vr;/]alilr?, €., iI\rotnlhthe r?frothrh bcl)f thr? :]?vgrzblr)r/] ci)rr]lentﬁg ?Cf['hthat from the domains for a high, and a considerable en-
ains against e uniavorably oriented domains under thig, \ .o nent ok, is observed. The still substantial contribu-

influence of a high enough external field. A similar phenom-tion from the domain walls at-2 K hints at a low-activation

enon has been reported for;SgCaTiO; with x=0.007 at
T<T..2 A linear birefringence and a dielectric property ob- M€Y for the system. The fact that the enhanceme; of
Ny g property E, is observed fronT >T_, rather than fronT =T, (Fig.

servations have yielded evidences of domain state achiev&%/ 0™ -
via smeared phase transitions for this santplBhe origin of 2), signifies thgt the polar clusters form fr_om temperatures
the Eg-enhanced;, is suspected to lie in the depinning of the far aboveTc, like in the case of Sr,CgTiO; (Ref. 19.
domain walls, which consist of large numbers of disorderedr N persistence of the DE lobpand the pyroelectricity to
configurations that are forced to align along an external fiel@PoveT, is a result of these “highF polar clusters.”
and responsible for the excess. For Sp_xCaTiOs, Kj_4LixTaO;, KTa;_xNb,Os, and

To have a deeper insight of the domain structure inso on, the domain states result from random dipolar and/or
SrTi(*%0,_,*%0,) 5, a variation of the polarizationR) with ~ random strain fields that are introduced by A-site
time () was investigated for two typical samples, substitutior? Obviously, because of the negligible difference
ST018-37 and STO18. After slow cooling the samples in arbetween the atomic radius ot°0 and %0 (Ref. 12,
electric fieldE=10 kV/m to T=T.—2 K, P was measured ®0-isotope exchange is not expected to create such kind of
in a zero external field for periods up te-10° s with tem-  random fields, therefore, the origin of the domain state in
perature a constant. The results are shown in Fig. 3. A IongSrTi(lfioleBoX)3 is different from that in A-site substi-
term nonexponential relaxation is observed for both samplesyted SrTiQ and KTaQ. Very probably the extrinsic oxy-
In the time interval measured® decreases by-20% and  gen vacanciéd are the dominant sources of the random
~14% for STO18-37 and STO18, respectively. fields. Besides, substitution dfO by 80 causes change in

Obviously, the field cooling of the samples creates anri_g jnteraction. Owing to experimental limit, we could not

enhanced ferroelectric intgraction, which decays in Fhe ‘T"bget a pure SITi0,. But according to our dats, we can
sence of the external field. Compared to logarithmic

stretched-exponential, or simple power laws, the data in Fiéestimate that itsT, should be around 24 K. Compared to
3 are best fitted by the generalized power 2w STO16, which has nd ., the change in property is dramatic,

signifying that the Ti-O interaction in Srf0; is distinctly
s different from that in SrTt%0;. We consider that the com-
PIPo=Aexp[—alln(t/7)]%}, t=r. (1) peting of the Ti-O interaction from Sr¥i0; to that from

The solid lines in Fig. 3 represent the best-fit results and th&rTi*?0; is also part of the causes in the evolution of the
best-fit parameters, listed in Table I. The reasonable fitting olomain states in SrT#0, _, *%0,); samples. One may sus-
the generalized power law to the data in Fig. 3 signifies thapect that the twin boundaries formed at the zone-boundary
SrTi(*%0,_,*%0,)3 is a system with quenched random-field phase transition around 105 Ref. 22 play a key role in
disorder’® A smaller « and a longer relaxation time for ~ determining the low-temperature state for the system. Our
STO18 than that for STO18-37 imply that the ferroelectricsimilar measurements performed on a twin-boundary-free
fluctuation in STO18 is stronger, probably due to a largerSrTi(*%0,_,*80,); sample ruled out this possibility.
domain size. Though at low temperature the absolute valuespfof

The above-mentioned results suggest that the lowSrTi(10,_,%0,); is affected considerably by the domain-
temperature state of SrTif0; _, 1%0,); is a domain state. In  wall dynamics(Figs. 1 and 2 compared to our previous
the image of the domain states, our previdd8and present report}® no qualitative changes are observed. The composi-
results can be understood as follows. For STO16, it is weltion dependence of . and critical exponenty express the
known that the ferroelectric fluctuation is suppressed by thesame trends as before, only with a slight difference #at
quantum fluctuation. Via replacintfO with 180, the lattice ~ =0.33 in the present studly.
is softened? thus the ferroelectric fluctuation is enhanced. In conclusion, the experimental results shown in the
When the exchange rate is low<Xx.), compared to the present paper support that the low-temperature state of
quantum fluctuation, the ferroelectric fluctuation is still SrTi(*%0,_,80,); is a domain state induced by random
weak. Consequently, the formation of an ordered state at loields. The origins of the domain states are attributed to the
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