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Phase transitions and glasslike behavior in Sr_,Ba, TiO4

V. V. Lemanov, E. P. Smirnova, P. P. Syrnikov, and E. A. Tarakanov
A. F. loffe Physico-Technical Institute, 194021 St. Petersburg, Russia
(Received 16 October 1995; revised manuscript received 23 January 1996

A dielectric and ultrasonic study of phase transitions in_$Ba,TiO3 with x ranging from 0.0 to 1.0, is
reported. Both ceramic samples and single crystals were studied. The full phase diagram is derived from
dielectric measurements for ferroelectric phase transitions and from ultrasonic measurements for structural
phase transition. The cubic-tetragonal ferroelectric phase transition which is of the first order in purg BaTiO
(x=1.0 transforms to the second order phase transitior @bse to 0.2. The transition temperaturgis a
linear function ofx at x values from 0.2 to 1.0. Fox<0.2 the transition temperature is proportional to
(X—X¢) Y2 wherex.=0.035. Forx<x, a glasslike behavior is observed. The structural phase transition tem-
peratureT, goes down as compared to pure SrJi@hen x increases and levels off nea=0.05.[S0163-
182996)08626-2

I. INTRODUCTION all the results is given in Sec. V. The summarized results and
the conclusions are presented in Sec. VI.
Ferroelectric solid solutions with perovskite structure
have been a subject of extensive study since the early 1950s. Il. EXPERIMENTAL PROCEDURES

In particular, many papers were devoted t0 BaFEdTIO; For the preparation of $r,BaTiO; ceramic samples a

solid solutions(see Refs. 1-3 and references thexeéfow- ., entional ceramic technology was udegtarting chemi-
ever, the solid solutions with relatively high Ba'lg@oncen- cal materials were BaCQTiO,, and SrCQ (99.9% purity.
trationx and at temperatures above 100 K were mainly stud- Sr,_,BaTiO; single crystals were grown by a flux
ied. Sp_,BaTiO; samples with low x and at 10w method. KF-LiF mixture was chosen as a flux which we
temperatures were measured by HegenaNfiyra et al,>  consider to be the best one for this system. The obtained
and Bednorf, but their works do not give a full picture of Sing|e Crysta|s had dimensions up tX2X2 mnﬁ For di-
phase transitions in this system. In the present paper we rejectric measurements thin plates with thickness about 0.5
port the detailed study of $r,BaTiO5 solid solutions, us- mm were used. The normal to the plates was along1h6)
ing both ceramic samples and single crystals in the wholeype pseudocubic direction.
range ofx from x=0.0 to 1.0. Some preliminary results on  The dielectric constant was measured at the frequencies
dielectric study of ceramic samples of this system have beeh®, 10°, 10, and 16 Hz using automatic capacitance
published elsewhere. bridges. The amplitude of an ac electric field in dielectric
The dielectric and ultrasonic measurements were used ieasurements was about 10 V/cm. As electrodes we used
the present paper to study ferroelectric and structural phagglver paste which was burnt into the samples at 500 °C.
transitions and to derive the full phase diagram of the For ultrasonic study an echo-pulse method was used. The
SITiOy-BaTiO, system. Main attention was focused on solid pulse du_ratlon was about 10 s. Longitudinal gltrasonlc
solutions with smalk, that is on the SrTi@side. It is well ~ Waves with the frequency of 10 MHz were excited and de-
known that SrTiQ is an incipient ferroelectric in which tected Wlth.LINbQ thin-plate transducers. The uItraso_mc
ferroelectric phase transition is suppressed by quantuﬁ‘}""we velocityv was measured by the pulse superposition

fluctuations® A small amount of impurities can, in principle, Vrcifrt]h%d Vé'f:} a: ?Cncurat;:y ?;Zl::g?n%%crerar?'ziszmvaﬁs
induce such transitions with an intermediate glasslike stat c ensions abou ere studie

S . : the ultrasonic technique.
similar to _KTaQ with 2 small concentratl_on of KNbO All the measurements were carried out in the temperature
(KTN) or LiTaO; (KTL) T.hus thg general aim of our study region from 4.2 up to 420 K. In the low-temperature mea-
was to find pequhanugs, if any, in .the phasc_a transition pic- .o ments a He-flow cryostat was used.
ture for the SrTiQ-BaTiO; system with a special attention to
the relatively I(_)W BaT@ concentration. IIl. EXPERIMENTAL RESULTS

The paper is organized as follows. The sample prepara-

tion and the experimental techniques are described in Sec. Il. An x-ray-diffraction study showed that all the samples
The experimental results are presented in Sec. lll. Section IWere single-phase perovskite solid solutions. The lattice pa-
is devoted to the phase diagram of the_ §Ba TiO; system  rameters of the ceramic samples were measured at room tem-
as deduced from the dielectric and ultrasonic measurementgerature as a function of for x from 0.0 to 1.0. At room
Three different ranges of are considered her¢A) 0.15<x  temperature the samples are cubic %er0.7 and tetragonal
<1.0,(B) 0.035<x<0.2, and(C) 0<x<0.035(glasslike be- (a=b#c) for x>0.7. The lattice parameter increases with
haviop. In Sec. IV D the structural phase transition studiedincreasingk practically by a linear Vegard lawnka=0.1x (A)
with an ultrasonic technique is considered. The discussion aihereAa is the increment of the SrTiJattice parameter in
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FIG. 1. Temperature dependence of dielectric constant at fre)-(_%ho up:1t0 25(1& _at X_.O'Z' BaTi K be of

guency of 1 kHz in ceramic&) and single crystaléh). (The num- 1€ phase trans_ltlons in pure Batigre hown to be o

bers near the curves refer to BaTi€oncentrationx.) f[hg first order, that is a temperature hysteresis is a character-
istic feature of these transitions. It turned out that for the
high-temperaturen3m-4mm phase transition the hysteresis,

a sample with BaTi@ concentratiorx [for x>0.7 the aver-  determined adT=T/—T_, whereT} andT_ are theg,,

age lattice parameter=(a’c)™* is taker. temperatures for heating and cooling runs, respectively, de-

The concentratiox in the single crystals was determined creases withx decreasing and vanisheAT=0) at x=0.2—
by measuring the lattice parameterand using the experi- 0.25 (Fig. 3). We estimate an error in the determination of
mental dependence @f versusx for the ceramic samples. the hysteresis as about 0.5 K. This result is in general agree-
We estimate an absolute accuracy of this determination of ment with available dafathough our value ofx where
as about 1%. AT=0 is somewhat smaller.

Some results of the dielectric measurements are shown in It was interesting, as always for solid solutions, to find out
Fig. 1. The temperature dependence of the dielectric constamthether there is a frequency dispersion of the dielectric con-
e at the frequency of 1 kHz is presented here for ceramicstant. The measurements showed that the frequency disper-
[Fig. 1(a)] and single crystalfFig. 1(b)]. sion of & does exist but only for small values &f(Fig. 4).

Forx=0.3, one can observe three maxima of the dielectridor example, ax=0.02 the difference betwedh, at 10 and
constant which correspond to three phase transitions: a large
maximum for the high-temperatura3m-4mm phase tran-
sition, and two small maxima for the low-temperatura -
mm2 and mm2-3m phase transitions. The two low-
temperature maxima are very distinctxat1.0 and disappear
gradually wherx decreases. As seen from Fidajll atx=0.2
along with the main maximum there is only a small “shoul-
der” on the low-temperature side efversusT dependence.

The temperature dependence of the dielectric constant for
the single crystal§Fig. 1(b)] within the experimental errors
gives the same temperature positions of the dielectric con-
stant maxima as for the ceramic samples.

The maximum value of the dielectric constany for the

Temperature (K)

[oo]
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Temperature hysteresis AT (K)

single crystals is generally either equal or about a factor 1.5 x (BaTiO, concentration)
smaller than for the ceramic samples. The only exception is
the single crystal witx=0.07. For this sample,, is two FIG. 3. Temperature hysteresisT=T}—T_ for the m3m-

times larger than for the ceramic samples with the same 4mm phase transition versus BaTj@oncentratiorx.
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FIG. 6. Hysteresis loopB(E) for ceramic samples witk=0.05

Temperature (K (a) andx=0.02 (b) at frequency of 50 Hz.

FIG. 4. Temperature dependence of dielectric constant at differ-l-
a

A . =105 K. To study this phase transition we used the ultra-
ent frequencies in single crystal wi¥0.02.

sonic method since a steplike anomaly of the ultrasonic ve-

. locity at T, is known to be a good probe of the structural
107 Hz reaches 13 K for single crystals and becomes zero fo B g
x in the region of 0.15-0.2GFig. 5. For the ceramic ;Bhase transition in SrTiQ Figure 8 shows the temperature

I dependence of the velocity of longitudinal waves in the ce-
samples this difference appears to be about one-half of th?&r?wic samples with differe)r/n valuegs &f From the position
for the single crystals. The decrease of the dispersion

) ) At the velocity steplike anomaly one can determine the phase
x<0.015 seems to be due_ to th? approgchlng pure STIO 4o hsition temperatur&, as a function ok.
which has no frequency dispersion of dielectric constant in
this frequency range.

Ferroelectric hysteresis loops were measured using a con-

ventional Sawyer-Tower circuit at temperatufes T, and Using the dielectric and ultrasonic data presented in the
T<Ty, whereT,, is the temperature of the dielectric con- preceding section we can construct the full phase diagram of
stant maximum. Fok>0.03 the typical ferroelectric hyster- the SrTiQ-BaTiO, system. This phase diagram is shown in
esis loops were observed @t<T,, [Fig. 6@], while for  Figs. 9 and 10. The temperature of the dielectric constant
x<0.03 no hysteresis loops were obseryEd. &b)]. maximumT,, was taken as the ferroelectric phase transition
Having in mind the possibility of a long-term dielectric temperatureT,. All the points in Figs. 9 and 10 refer to the
relaxation for samples with a large frequency dispersio, of cooling runs.
we measured the relaxation effects in the samples with |t ijs more convenient to discuss separately three different

x=0.02. The results of this experiment are shown in Fig. 7 parts of this diagram fox in the ranges 1.0-0.15, 0.2—0.035,
The samples were field cooled down to 10 K in a dc electricand 0.035-0.0.

field of 1 kV/cm, then at time=0 the electric field was

IV. PHASE DIAGRAM

switched off, and the: versust dependence was measured. A. 0.15¢x<1.0
Indeed, the long-term relaxation was observed, witbe- . ) o
creasing by about 10% in the time interval about 40 This part of the phase diagram of the BafifrTiO,

In pure SrTiQ the well-known structural phase transition solid solution, which is a textbook example of ferroelectric
(improper ferroelastic transitiom3m-4/mmmn) occurs at
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FIG. 7. Dielectric constant as a function of time in ceramics and
x (BaTiO5 concentration) single crystal withix=0.02,T=10 K, field cooling inEy.=1 kV/cm.
At t=0 Eg. is switched off.Ae(t)/Aema=le(t) — €]/ (gg—€x),
FIG. 5. Frequency dispersion of dielectric constant as a functiowheree, ande,, are the values of the dielectric constant-ad and
of BaTiO; concentratiorx. o, respectively.



3154 LEMANOV, SMIRNOVA, SYRNIKOV, AND TARAKANOV 54

0.01 . . . ' . .

120
a) .00 s efee . <
L é ° v"‘v"‘wv a g 100
-0.01 | A® v E = I
[ . x=0.01 Dx-O [ 80
o 0.02F  y=004 ¢X=0.03 v B T é I
2 I o v g 1 S 60
S 003 A - g L
<1 r [ v o £
004 Lot v o . g 407
L o V o 1 5
0.05 [ty oo 0 0 ° . 5 2
| oot o i =4
-0.06 . ' . . . ' 2 o0 ‘
0 50 100 150 0.00 0.05 0.10 0.15 0.20
0.01 [ T T T T T T ] x (BaTiO, concentration)
b) a.00 - éﬁgfﬁéA voAAA a5 am "
001 L X=0‘04AE|D S 4 FIG. 10. Phase diagram of the;SyBaTiO; system for low
002 L 7002 0,08 o x=0-1 ] values of x. Solid line for T, is the fitting of equation
003 b A f 1 Te=A(x—x.)*?, whereA=300 K andx,=0.035 to the experimen-
2‘:’ 0'04 - B . S 1 tal points. PE, FE, FEL, and GS denote the paraelectric, the ferro-
z i DD o electric, and the ferroelastic phases, and the glasslike state, respec-
005 I- o = 1 tively.
-0.06 lﬁgq‘%sf; o = . y
r oaces) L] .. 1 . .
007 1 valid for 0.15<x<1.0. The difference between, and the
-0.08 ; L . ' : 'O Curie-Weiss temperaturg, is large forx=1.0 (about 13 K
0 50 100 15

and falls to zero ak<<0.4.

The next important point is a picture of the phase transi-
tions in the vicinity ofx=0.15. Though a final conclusion on

FIG. 8. Temperature dependence of the velocity of longitudinakpig picture can be made only after precise x-ray measure-
ultrasonic waves with frequency 10 MHz in ceramic samplése  ments, we suppose that the most probable situation here is
numbers near the curves refer to BaJi€ncentratiorx.) the following.

Three lines of the phase transitions in Fig. 9 converge in
the region ofx near 0.15, and at this point four phases are at

Temperature (K)

perovskite solid solutions, is well known, the most studied

region of x being 0.3—1.0:2 Our results in general agree I ; '
with the results published in the literature, so we highIightrer?grwgiréurr:ﬁ]tzheacnu dblg1ne3rrr;;c}rr:%$t$?2t? ?gl omngg, t:?ri 01r_t2ic;

here pnly some points which have been paid little or NCconfluence does not contradict to the Gibbs phase rule,
attention before.

As follows from Fig. 3 the temperature hysteresis for thewhlch says that when the number of parameters describing a

m3m-4mmtransition reduces to zero wherecreases from system is equal to 3, as in our casemperature, pressure,
1.0 down to 0.2—0.25. This means that whegoes down concentratiojy up to four phases can exist in the equilibrium.

from x=1.0 the line of the first order phase transition in
(T..x) plane transforms into the line of the second order B. 0.085x<0.2
phase transitions, witk near 0.2 being the tricritical point. This part of the phase diagram is shown in Fig. 10. The
In this range ofx a critical exponenty in the relation solid line in Fig. 10 obeys the relatioff,=A(x—x.)?
e=C(T—Ty) Yis equal to 1; that is, the Curie-Weiss law is where A=300 K andx.=0.035. As one can see there is a
good fit of the experimental points to this relation.
The critical exponeny atx near 0.2 is equal to 1 and then
grows to about 1.5 whexdecreaseéig. 11). In this part of
the diagram, as well as in the previous one, i.e.,xfdrom
0.035 up to 1.0, one observes typical ferroelectric hysteresis

400

- 300 loops at temperatures beldly,= T, [Fig. 6(@)]. The sponta-
< neous polarizatiorP for the ceramic sample witli=0.05
= determined from the loop in Fig.(8 is P,=0.06 C/nf.

200 The peaks of the dielectric constant as a function of tem-

perature are rather narrow far-0.1 and are very broad for
x<0.1. At the same time a frequency dispersion of the di-
electric constant is launched atnear 0.15 and increases
whenx decreasesFig. 5).

100

%0 0z 04 06 08 10 C. 0<x<0.035
x (BaTiO, concentration) Figure 10 distinctly shows that the experimental points for
T., which correspond to the temperaturg of the dielectric
FIG. 9. Phase diagram of the,SrBaTiO; system. The struc- constant maximum, form a specific branch in the phase dia-
tural phase transition is not showsee Fig. 1D gram. From Fig. 1 it follows that for sma¥ the maxima of
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It is now interesting to compare our results for this range

20 T T T T
of x (0<x<0.035 with those of Bednor2.Bednorz studied
18} . dielectric properties of $r,BaTiO; single crystals withx
. . value from O up to 0.016. For such loxwve measured only
g6 ] ceramic samples, so we compare our results on ceramics
S N with Bednorz data on single crystals. The dependenck,of
=T / 1 onx at lowx in Fig. 10 is qualitatively similar to the results
12| \ | of Bednorz but our value of,, is about 10 K lower. The
E= reason of this discrepancy is not clear; in particular, it can be
© ot . . - due to some uncontrolled impurities in raw materials. On the
A other hand, Bednorz, using only dielectric constant measure-
08 > oo T o o ments at a single frequency, made a conclusion that at

x>0.005 there is a ferroelectric phase transition whereas we
believe that this system is in a glasslike state at 0s005
<0.035.

x (BaTiO, concentration)

FIG. 11. Critical exponeny in the temperature dependence of
the dielectric constante=CT—T,) 7, as a function of BaTi@

concentratiorx. .
D. Structural phase transition

the dielectric constant become very smooth and round and The structural phase transition in SrEi®ingle crystals

disappear completely at=0.005. ‘has been extensively studied using ultrasonic metfbtfs.
Since no ferroelectric hysteresis loops were observed ifyr ultrasonic results on pure SrTj@eramic samples for
samples withx<0.03 at temperatures beloW, [Fig. 6@],  |ongitudinal waves are in agreement with the results on

one may conclude that in this rangeothe temperaturd,, single crystald!13In Fig. 8 one can see that the velocity

does_ not gorrespond to a ferroeleptric phase transition. Disijp at the phase transition poilif amounts to 5%, which
cussing this branch of the phase diagram, one should keep 18 more or less typical value for single crystals. The attenu-

mind that the temperature of the maxima of the dlelectrlcation of the longitudinal waves at frequency of 10 MHz at

constant depends strongly on frequency. This frequency di% . - .
e L . . emperatures below 100 K is about *0dB/cm. This small
ﬁ]eir:sig)nsls shown in Fig. 4 foc=0.02 and as a function of value shows that the scattering on ceramic grain boundaries
L . is unimportant, and, moreover, the structural domains do not
The critical exponent in the temperature dependence of contribt?te to the attenuatidi.Both these features can be

the dielectric constant as a functionyis shown in Fig. 11. : AR .
We estimate the accuracy of the determination of the criticaﬁéﬂallgggb%ﬁtngf?% itsh?rgutchhesg\rz;lr:arstﬁaen 'S];Zirggg?{i?c
exponent better than 10%. One can see that there is a noh- b

monotonous behavior of the critical exponent, which for\évgr\g;ggitr? tﬁgﬂgﬁ?&:?ﬁgﬁg the formation of structural
smallx grows up to 1.7. Now we cannot explain this behav- 9 :

) . . From the ultrasonic results in Fig. 8 one can obtain the
ior, though one can say that it reflects in some way the tran o :
sitions between different regions of the phase diagram. dependence of, on x. The transition temperaturg, is de-

As was shown in Sec. Ill, in field cooled samples with termined as a crossing point of a straight line extrapolation

x=0.02 the long-term dielectric relaxation was observed an the \{elocny temperature dependence a'g high temperatures
and a line of a steepest slope of the steplike anomaly. From

ic(:)rilge(g Il:g)y R}-eTrf:aSgrﬁ)endence shown in Fig. 7 can be de'Fig. 8 it follows that wherx increases fronx=0 the steplike
change of the velocity moves first towards lower tempera-
1) tures [Fig. 8@)] but a reverse movement begins above
x=0.05[Fig. 8b)]. We think that this reverse movement is
wheree, g3, ande,, are the values of the dielectric constant most likely due to the interference with the ferroelectric
at timest, t=0, andt=c, respectively. The dc electric field is phase transition. In this region afthe structural and ferro-
switched off at the momentt=0 after the field cooling run electric instabilities are almost at the same temperatures and
down to 10 K. It appears that the time dependence & it is difficult to determine the transition temperatures from
governed by two relaxation times: a fast relaxation withFig. 8(b). Therefore we used only the experimental data from
7,=60 s and a slow relaxation with,=300 s. Such long Fig. 8@ and obtained the structural phase transition line
relaxation times are typical ones for glasslike systéMs. given in Fig. 10. Foix<0.02 there is a linear dependence of
Thus, in the Sr_,BaTiO; system withx<0.03 one ob- T, onx with the sloped T,/dx=—25 K/mol %. This value is
serves the following features in the dielectric properties: theabout 40% larger tham T,/dx obtained in Ref. 5 where
absence of any ferroelectric hysteresis loops below the tensingle crystals withx equal to 0.006, 0.012, and 0.014 were
perature of the dielectric constant maximufy, a broad measured at low frequencies.
temperature dependence of the dielectric anomaly and its At x>0.02 theT,(x) dependence slows down and »at
strong frequency dispersion, and the dependence of the ditear 0.06, the structural phase transition line converges prob-
electric constant on time after field cooling. All these experi-ably the ferroelectric phase transition line. Thus, in this range
mental facts tell in favor of a glasslike behavior in the of x we have an interesting case when structural and ferro-
SrBaTiQ; system at low temperatures and for small concene€lectric instabilities are very close to each other and can even
tration of BaTiG,. converge at a definite value ®f

e—e,=(gg—&.)eXp —t/7),
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TABLE |. Critical parameter, andr . and relative change of An alternative to dipole moments of the off-center impu-

ion sizes in KTa@ and SrTiQ with different impurities. rity ions could be quadrupole moments due to elastic strains
induced by ion size mismatch. This mechanism is likely to
AR/R % re (A) be dominant at least for SIT{Ba, as well as, probably, for
KTaOu Li KTaO;:Nb.1®
Og:Li +0.5 0.02 15 . . N
KTaO.- The next interesting point is to compare our results on the
a0;:Na +0.3 0.12 8 . .
) dependence of; and T, on x with hydrostatic pressure ex-
KTaO;:Nb 0.0 0.008 20 . . ; T
L periments in BaTi@ (Ref. 1) and SrTiQ.
SrTio;:Ca 0l 0.0018 32 In the Si_,Ba,TiO; system the ferroelectric phase tran-
SITiO,:Ba -0.2 0.035 12 i-x58 1 SY b

sition temperature3, decreases whex decreases, and the

structural phase transition temperatdigdecreases whex

increases. To compare the effect of a “chemical pressure” in

the Si_,BaTiO; solid solution with the experimental re-
The SrTiGQ-BaTiO; system appears to be very similar to sults on the hydrostatic pressure effect on the phase transi-

the other systems based on the incipient ferroelectrics KTaCtion temperatures, we can write the following relation:

and SrTiQ.1%5This similarity is especially strong in the

case of KTa@-KNbO; (KTN). The most common features AT /dx=(dTo/IX)y+ (T IV) (VI IX). )

of all these systems are the normal ferroelectric phase in-

duced by an impurity with a large concentratiarthe ferro- . . .

electric phase with a transition temperature which varies as The second term in the right-hand side of E2). can be

T.=A(x—x.) 2 at medium concentratior, and the glass- 'cWten as

like state at<x,. The relatiorT .= A(x—x.) ?is typical of

quantum ferroelectricsT,=0 at x=x. being the quantum (9Tl V) (aVIax)==B(dT1dp), IN(aVIdx), (3)

limit. 2145 1t would be interesting to determine whether

there is any correlation between the critical concentration whereB is the bulk modulus. For BaTik¥ T /dp is —6, —3,

V. DISCUSSION

and the size of the ion4. and 2.1 in 10® K/Pa for the phase transitiom3m-
The experimental values of the critical concentratign  4mm, 4mm-mn2, andmm2-3m, respectively.
for KTaOy-LiTaO; (KTL),'® KTaO;-NaTaQ, (KTNa)’ Our x-ray-diffraction data yieldAa/a=2.5x10 ?x or

KTaOy;-KNbO; (KTN),Y” SrTiO;-CaTaQ (STCa,'® and  (1N)(dV/9x)=7.5x10 2. Using B=1.7x10" Pa for pure

SrTiO;-BaTiO; (SBT) (the present papgare given in Table BaTiO; and Egs(2) and(3) we can now calculate a volume

l. We define the critical radiug, asr.=a/(x.)* whereais  contribution tod T./dx. The results are presented in Table I.

the lattice constant. The values pfare also given in Table In the first column of Table Il the experimental values of

l. dT./dx are given. The second column in the volume contri-
The critical concentration, and the critical radius, can  bution calculated from Ed3) and the third one isdT ./ dX)y

be compared with the relative change of the ionic sizewhich describes the pure effect of the solid solution compo-

AR=(R—R))/R, whereR is the radius of the host io(K™  sition for V=const(a volume-independent contributipThe

or SF') andR is that of the impurity ion. From Table | it value of (JT./dx)y is obtained as a difference between the

follows that there is no distinct correlation betweenand  values given in the first and the second columns.

AR/R. The same procedure can be used for the structural phase
A widely accepted viewpoint now is that the behavior of transition. It is known that the hydrostatic pressure increases

the incipient ferroelectrics KTaQand SrTiQ with impuri-  the transition temperaturd,, with dT,/dp=1.7X10"8

ties is determined by the off-center position of impurity ionsK/Pal® Since the lattice volume of $r,Ba,TiO; increases

(Li*, Na*, Nb>* in KTaO; and C&" in SrTiO;). The dipole  whenx increases, the volume contributiondd,/dx should

moment of the off-center ions and their reorientation rate ardve negative which agrees with the sign of the experimental

considered to be very important for the properties of thevalue of dT,/dx. The volume-dependent and volume-

system in question. But this is not the case for SEIB2?",  independent contributions tadT,/dx calculated using

since the radius of B4 ions (1.35 A) is significantly larger B=1.8x10" Pa for pure SrTiQ and Egs.(2) and (3) are

than that of St* (1.13 A). Thus the following question given in Table Il.

arises: is it really important to have off-center impurity ions  The results presented in Table 1l show that the role of the

for glasslike behavior in these systems? volume-dependent effects and of the more complicated

TABLE Il. Experimental values ofi T.,/dx and volume-dependent and volume-independent contribu-
tions calculated from Eq$2) and(3).

Phase dTC(a)/dX (&Tc(a)/(9V) X( IVIx) (aTc(a)/(;X)V
transition (K) (K) (K)
m3m-4mm 3.6x107 7.6x107 —4.0x107
Amm-mm2 2X10° 3.8xX10° —1.8x10°
mm2-3m 0.8x10? —2.6X10° 3.4x10°

m3m-4/mmm —2.5x10° —2.3x107 —2.3x10°
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volume-independent effects is determined by the specifix=0.15. A multicritical point is possible here where three
phase transition and can differ significantly for different phase transition lines converge, and four phases are in equi-

phase transitions. librium at one point in theT,x) plane. Near to this point the
structural phase transition line is also likely to converge with
VI. CONCLUSIONS the ferroelectric transition line.

] . Our conjecture on a glasslike state »t0.035 is sup-
The full phase diagram of the Sr,BaTiO3 system has  ported by a number of experimental observations: the ab-
been derived from the dielectric and ultrasonic measuresence of ferroelectric hysteresis loops, a frequency dispersion
ments. This system appears to behave similar to the othgjt the dielectric constant, and a time dependence of the di-
systems based on the incipient ferroelectrics KJa&@d  glectric constant after field cooling. In contrast to other simi-

SrTi0;. A small addition of Ba in SrTiQ(smallx) induces a |1 systems, B& cannot be an off-center ion, since Bas
glasslike state, then at>x;=0.035 a ferroelectric phase is |arger than the S host ion.

induced with a transition temperaturé,=A(x—x.)?,

whereA=300 K, and a further increase »f(>0.2) leads to

the normal ferroelectric phase transitions. ¥&0.2-0.25 a ACKNOWLEDGMENTS
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