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We perform a combination of diffraction and diffusion of neutron and high-resolution x-ray experiments on
the Si_,BaTiO3 system as well as dielectric susceptibility and polarization measurements. We show the
SrTiOs-type antiferrodistortive phase up to a concentration of bariym0.094: the progressive substitution
of Sr by Ba leads to a monotonic decrease and to a vanishing of the oxygen octahedra tilting. The critical
concentratiorx, separates the phase diagram in two regions, one with a sole antiferrodistortive phase transition
(x<x.) and one with a succession of three BaFi@pe ferroelectric phase transitions>*x.). Inside the
nonferroelectric antiferrodistortive phase a local polarization is observed, with a magnitude which is compa-
rable to the values of the spontaneous polarization observed in the ferroelectric phases of the rich in barium-
compounds. In these compounds a relative shift of Ti and Ba from the oxygen skeleton is measured and the
spontaneoudong-range polarization calculated from structural refinements. Its concentration and temperature
evolution is in qualitative agreement with the values deduced from our dielectric susceptibility study.
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I. INTRODUCTION 0.8, because of a strong value of the dielectric susceptibility
at room temperature inside a paraelectric phase, which
The influence of impurities in incipient ferroelectrics, in avoids aging due to ferroelectric domain pinning. This strong
which ferroelectricity is suppressed by quantum fluctuationsyalue at room temperature is due to the decrease of the
has been extensively studied. In particular niobium, lithiumtetragonal-cubic Curie temperature when Bafi® doped
or sodium (etc)-doped potassium tantalate KTaOor  with Sr one deals with a technological property directly con-
calcium-doped strontium titanate SrE( display a dipole nected to the knowledge of the structural evolution.
glass state for small doping rate and a ferroelectric state This induced a renewal of interest for these materials and
above a critical concentration. In these compounds the dipol# this context Lemano\et al. proposed a phase diagram
moment of the off-center ions and the corresponding reorideduced from ultrasonic and dielectric measurenfeats
entation dynamic are considered to have a drastic influendéght refraction'® Recently an extensive study of the rich in
upon the properties of these systems. On the other hand, subarium region of the phase diagram (€X<1), using a
properties have also been observed when barium is insert@@mbination of x-ray high-resolution diffraction with dielec-
in the structure of SrTig,? although the difference in ionic tric measurements has been publiskieee Ref. 11 In par-
size between Ba and Sr cannot lead to such off-center dipolécular the authors of Ref. 11 showed that the diffusivity of
moments. Therefore, the Sr,Ba,TiO; system appears to be the phase transitions was intrinsic and does not arise from

important for the understanding of dipole glasses. compositional inhomogeneousities, though they could en-
The study of the Sr ,BaTiO; phase diagram started a hance the smearing. _
long time ago: in 1945 Jackson and Reddiséported the The purpose of our paper is to report a structural evolu-

unusual dielectric properties of this system. A huge numbetion study which combines both neutrgoowder diffraction
of papers were reported afterward: for instance, a roomand single crystal inelastic scatterjngnd high-resolution
temperature lattice parameter versus concentration study w@owder x-ray experiments of the whole phase diagram and to
reported from x-ray experiments by several authides well ~ compare it with the papers mentioned above, in order to give
as the temperature/concentration dependence of the dielectffigrther insights on this system. In particular, a comparison of
properties’ Many data were gathered by Barb the authorsthe diffraction results with polarization measurements allows
of Ref. 8, who proposed a tentative phase diagram in 1982us to discuss local versus long range polar ordering.

More recently the Sr ,Ba, TiO5; system has received lot
of attention due_to _its ve_ry_promising dielectric properties Il EXPERIMENT
when used as thin filMThis interest was also motivated by
the general wish of replacing lead based perovskites by The conventional dry route of mixing BaGQO SrCG;,
“cleaner” materials. In this framework the weakening of the and TiO, in adequate proportions was used for preparation of
dielectric properties when downsizing from ceramics to thinpowders and ceramics. Single crystal grown by a flux
films is less important in $r,BaTiO5 than in other lead- method was kindly supplied by Dr. M. Magliong.cmcb,
free material. In particular, many of studies have been deBordeaux, Frange The neutron experiments were performed
voted to compounds with concentration in barium close toat Laboratoire Len Brillouin using the Orphereactor facili-
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ties (Saclay, France Powder diffraction patterns were col- thermal parameters which could be an indication of some
lected on a high-resolution two-axis diffractometer23 (A possible disordefas observed for instance in lead based re-
=1.226 A), using steps of 0.05° between 6° and 120° 2 laxor compound$) were evidenced. The high-resolution
Inelastic measurements were carried out on tR4 4riple-  x-ray experiments revealed no additional splittings or widen-
axis spectrometefk_i=1.55A"1 with a bent pyrolytic ings which could have indicated supplementary distortions
graphite (PG) monochromator, a bent PG analyzer, and a(€.g., BaTiQ-like).
polycrystalline beryllium nitrogen-cooled filter X-ray- Clearly, the low-temperature structure of these com-
diffraction studies were performed using a two-axis diffrac-Pounds is tetragonal with a ferroelastic nonferroelectric
tometer with Bragg-Brentano geometry with iCy mono- 14/mcm space group. From _the structural refinement we
chromatic radiation from an 18 kW Rigaku rotating anode;have extracted the angleof tilting of the oxygen octahedra
patterns were scanned through steps of 0.0@6» with a  (Fig. 2. A monotonic diminution is observed when doping
typical counting time of 15 s up to 120 s. In each case for thévith Ba up to a critical concentration extrapolated according
low-temperature experiments a He cryostat or closed-cycléo a power law ak.~0.094.
cryogenerator with thermal stability of 0.1 K and precision  In order to obtain further insights into the structural evo-
within 1 K was used. Structural Rietveld refinements werdution of the low concentrationx<x.) compounds, in the
carried out with thexnp (Ref. 12 program. Sro.08B@.021103 compound we have measured the tempera-
The dielectric susceptibility and polarization measure-ture dependence of the angle (from neutron powder dif-
ments have been performed using a Hewlett Packard 4192fsaction) and of the intensity of thé3 3 3) superstructure
LF impedance analyzef5 Hz-13 MH2, a Keithley 617 peak(from a single crystal with a neutron triple-axis spec-
electrometer, and a He cryostat. trometej (Fig. 3. The critical tetragonal-cubic transition
temperature was observed to Bgz%z 105(2) K. The criti-

cal exponentsB could be extracted from these evolutions,

and were found to be equal to 0(33 the same value which

A. Influence of weak substitution of Ba on the structural is observed in pure SrTD' Following the work of Refs.
evolution of SrTiO5 16, 17, etc., an inelastic study of the,&Bag o,T105 single

We have recorded full neutron Rietveld patterns at 3oocrystal has been pe?‘;\rfmed. The _crystal s_ample was a
and 2 K for samples with concentrations of Ba between 00£°/011ess cube of 0.5 chwith an effective mosaic spread of
and 10%. At room temperature all the structures were ob0-4° and was glued in a (D) plane. Energy scans at
served to be cubic, with classidalthermal parameters. At 2 Q=(3, 3, 2) have shown a central peak and a soft mode
K, as we previously reportédlin pure SrTiQ we have ob-  (Fig. 4) with temperature evolutions very similar to the one
served the superstructure peaks associated to the rotation @ihserved in pure strontium titanatRefs. 16 and 1)7 and
oxygen octahedra, the intensity of which is decreasing agherefore are not detailed here.
concentration of Ba increasébig. 1). For samples with 0 This set of experiments has revealed no change in the
=x=0.09, these patterns could be refined using as a startingechanism of the cubic-tetragonal phase transition when
model the tetragonal ferroelastic structuiel/mcm space adding a few percent of barium. Experiments at higher con-
group of pure SrTiQ. The refinements converged rapidly to centrations, i.e., close tq. should be highly interesting but
good values oR,,, andRg (typically 5.5% and 1.3%with a  probably very difficult due to the weakening of the super-
typical Rey,, of 2.3%. No anomalously high values of tBe  structure peaks intensitiégig. 2).

IIl. EXPERIMENTAL RESULTS
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B. Structural evolution of Sr,_,Ba,TiO5 for a high cate a progressive decrease of all critical temperatures as
concentration of Ba (x>x) well as a decrease of the different distortions associated to

gw_e different ferroelectric phases.

Inside each ferroelectric phase we have performed a neu-
S . . tron powder data collection for several concentrations. We
comblnatlo_n of neutron an_d x-ray d|ffracyon on powders Wehave refined the data using as starting models those of the
have studied samples with concentrationsX. up t0 X hree ferroelectric phases of pure BaJiftom Ref. 18, with
=0.5. In Fig. 5 we plot the temperature evolution of the full 3, (thombohedral Amn2 (orthorhombig, and P4mm
width at half maximum(FWHM) for (h00) Bragg peaks for (tetragonal space groups. The Rieltveld refinements also
three concentrations. For all samples=0.10) changes of converged rapidly to good values Bf,, andRg. From the
the FWHM associated with the cubic-tetragonal-structural refinements we could calculate the magnitude of
orthorhombic-rhombohedral phase transitions could be dehe polarization using the apparent charges from Héwat.
tected. Indeed thehQ0) peaks widen due to the resulting The resultsFig. 6) indicate a monotonic decrease and con-
orthorhombic and tetragonal distortions, whereas (titd)  vergence of the different polarizations with decreasing con-
peaks widen only inside the rhombohedral phase. When Sr ignt of barium, down to the critical concentratigg, where
substituted into the structure of BaTyOthese results indi- all the values collapse to zero.

The experiments described above have shown a ferroela
tic nonferroelectric phase up tq.~0.094. Using the same
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Dielectric properties and polarization measurements of
Sr_,Ba, TiO5 have been reported and discussed many times.
In particular the diffuse character of the temperature depen/Nere the quantum temperature scafe=Tscoth(Ts/T) re-

dence of thee dielectric susceptibility has been pointed places the real temperatur€, is _the Curie co_nstamB IS
out571In the present study we want to compare these prop|_ndependent of the temperatuiig; is the saturation tempera-

erties when the concentration of Ba is increased from théure related to the ground state energy of the quantum oscil-

nonferroelectric compounds€x.) to the ferroelectric com-  1210F, T3 is the quantum critical temperature, ands the

pounds &>Xx.). _exp_o.nen-t of the susceptibility. Th!s formuterhich h_as been
Regarding quantum, glassy, and conventional paraeledustified in Ref. 21 reduces for high temperaturése., T¢

trics and ferroelectrics, an accurate description of the suscepz Ts) to the classical law for “dirty” ferroelectrics,

tibility data has been achieved by Dec and Kleerffam-

deed these authors have shown that one should use a

— Y
generalization of the classical Barrett formula by changing ! = M 1

()
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with T, the temperature of the maximum of the dielectric  In the second part of this study we are interested in com-
susceptibility ,,,, y=1 for classical ferroelectrics and 1 paring the magnitude of the locahort-rangefpolarization
<=2 for dirty or diffuse ferroelectrics. In the case of pure detected in thénonferroelectrig ferroelastic phase with the
SITiO;, it is well known thaty=2; on the other hand, the spontaneougiong-ranged polarization of the true ferroelec-
authors of Ref. 11 showed that=1.10 in pure BaTiQ (x  tric phases. For the polarization measurements we have first
=1), and increases linearly up to 1.8 for=0.80, but this  used the conventional method based on the integration of the
result is in contradiction with the result by Lemanewal.? pyroelectric current{Fig. 8. However, this method is sup-
who reportedy values equal to 1 for the whole range posed to apply in ceramics to relatively high electric fields
=0.12. Therefore, we have performed a fitting of our ceram{up to 5 kV/cm. In the case of SrTiQthere are contradic-

ics high temperature susceptibility data with form(d the  tory reports regarding the effect of an electric field: on the
usual procedure consists in extractipgrom the linear part one hand, Hembergeet al?? reported an electric-field-

of the plot In(1£ — 1/e,,) = f[In(T—T,)]. The resultgFig. 7)  induced phase on the basis of dielectric measurement; on the
have confirmed ay=2 value (within the precision of mea- other hand, Worlock and Fletfreported, in Raman experi-
surement in the whole range of concentration studied (0 ments, the hardening under electric field of the TO-phonon
<x=0.5) in agreement with Ref. 11. mode which should soften at zero field in absence of quan-
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tum fluctuations. We have recently clarified this problem by 1 T-T, )
combining x-ray experiments and second-harmonic genera- s T+g*<PIoc for T>T,
tion microscopy under electric field which showed the ab-
sence of long-range polar ordém SrTiO; under an electric
field. However, as the effects of electric fields have not been E: 2(T-To) +g*(P?) for T<T
studied in Ba-doped SrTiQ) we have also extracted the po- € C g s ¢

larization from our set of ceramics dielectric susceptibility

measurements, because this kind of experiments is ped which Cis the Curie constanl, the Curie temperature,

formed at very low field; in this way we ensure any high T, is the critical temperature of the ferroelectric phase tran-

electric field effect on the $r,BaTiO5 system. sitions (T,=0 for x<x), g* is the coupling constartre-
Following the common procedure initiated in lated to the quadratic electro-optic tensor; see Refwtiich

PbMgy/sNb,405 by Burns and DacofS in the measurement is unknown in the case of §r,BaTiO;, and P, and Pg

of refractive index, by Darlingtd in the lattice parameter are the localnonzero belowrly) and spontaneous polariza-

expansion of Ph ,La,(Zr;_yTi,);_x4Os (PLZT), and by tions.

Kirsch, Schmitt and Mser’ in the measurement of the di- The Curie constants and temperatures are classically de-

electric susceptibilitys of PLZT the deviation from simple termined by a linear fitting and extrapolation of the high-

Curie laws below & 4 temperature is supposed to arise heretemperature data for whiclP,. is zero. The quantity

from the existence of local dipoléthe limits of this model- Jg* (P?) is plotted vs temperature and concentration in Fig.

ing was discussed by Viehlaret al®). Therefore, from the 9.

measurement of the dielectric susceptibilitywe have ex- The measurements of polarization via the pyroelectric
tracted the temperature dependence of the polarization frocurrent(Fig. 8) and via the dielectric constafiig. 9 give
the laws gualitatively the same results. In pure Sri@ weak but
01, . -
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nonzero P polarization, already reported by several tiferrodistortive phase transition and the other with a succes-

authors? is evidenced at low temperature and continuouslysion of three ferroelectric phase transitions, is in good agree-
increases with decreasing temperature up t8,@, value  ment with the value proposed in Ref. 8 and also in Ref. 7
(Fig. 8. When substituting Ba for Sr the polarizati®h,,, ~ (X.~0.1), but is much stronger than that.&0.035) pro-
increases: at a concentration closextqQ Py i about 7.5 posed by Lemanoet al? We believe that in the latter study
times the value observed in pure SrjiOFor compounds this value has been underestimated as it results from combi-
with higher concentrations of Ba, i.&>X;, a local polar- nation of indirect methods, i.e., dielectric and ultrasonic
ization is still observed, which transforms at lower tempera-measurements. In pure Sr@ was obvious for a long time
ture (T<T,) into the spontaneous polarizatiéy associated that dielectric anomalies are not obligatorily associated to
with the onset of the ferroelectricity. The spontaneous polarenset of ferroelectric phase transitions: the authors of Ref.
ization P, is still increasing with the concentration of Ba, 11, and this present work have demonstrated this fact for the
but its magnitude remains comparable to that of the locabr;_,Ba,TiO3 system. Moreover elastic constants measure-
polarization observed in the concentration ramgex.. In-  ments on pure SrTiQ by Scott and Ledbett&have shown
deed, the polarizatioR ., Show no discontinuity at., but ~ some anomalies at temperatures below 105 K, which are not
saturate foix>x, (inset of Fig. 8. All these results are also indicative of a true structural ferroelectric phase transition
observed in the measurements of polarization via a dielectribut rather interpreted in terms of dynamics. In our opinion,
constant, i.e., a local polarization in the concentration rangéliffraction is more relevant than macroscopic measurements
x<X. (Fig. 9 with no discontinuity in the concentration evo- to detect structural changes.
lution when the polarization becomes spontaneous X;) Inside the nonferroelectric antiferrodistortive phase and
(inset of Fig. 9. These data are in qualitative agreement withbelow aT, temperature a local polarization is observed with
those from Refs. 10 and 29, whose authors extracted th@ magnitude comparable to the values of spontaneous polar-
polarization from temperature dependence of the index ofzation observed in the ferroelectric phases of the rich in
refraction; however, our conclusions are slightly differentbarium compounds, i.e. witk>x.. In these compounds we
(see below, in Sec I\ In addition, the spontaneous polariza- have observed BaTiGtype atomic displacements i.e., rela-
tions calculated from the Rietveld analy<Big. 6) are in tive shifts of Ti and Ba from the oxygen skeleton which lead
qualitative agreement with the evolution observedXorx,  to the spontaneougong range polarization. We have calcu-
via dielectric and pyroelectric measurements. However, théted these polarizations from our structural results. The con-
latter values are weaker as they are obtained on ceramfgntration and temperature evolution is in qualitative agree-
samples whereas the values deduced from Rietveld should ieent with our measurements deduced from the pyroelectric
equivalent to whose measured in a perfectly monodomaigurrent and dielectric susceptibility study: the lower the tem-
single crystal. perature, the higher the polarization, and the higher the con-
centration of Ba, the higher the polarization. In the
Sr_,BaTiO; system, these ferroelectric shifts are incom-
patible with the rotation of the oxygen octahedra, at least on
Thanks to the neutron diffraction, we have evidenced the long-range order: we never observed compounds which
SrTiOs-type antiferrodistortive phase up to a concentrationdisplayed both types of displacements, which can be ob-
of bariumx,~0.094: the progressive substitution of Sr by served, for instance, in the Sr,CaTiO; systent:
Ba leads to a decrease and vanishing of the oxygen octahedra However at low temperature a loc@hort rangegfipolar-
tiltings. The critical concentratiorx, which separates the ization is observed fork<x.; furthermore Lemanoet al?
phase diagram in two regiorigig. 10, one with a sole an- reported a glassy state in this part of the phase diagram. It is

IV. SUMMARY AND DISCUSSION
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thus possible that disordered shifts with short correlatiorstrong local polarization. From this point of view the situa-
lengths exist in addition to the octahedra rotations, but wdion has some similarities with the one encountered in
could not evidenced them from the structural refinements: iPbMg;sNby3/PbTiIO;  (Ref. 32 (PMN/PT)  and
particular no strond® parameter valuéwhich could be as- PbSg,Nb;;,0; (Ref. 14 (PSN relaxors: indeed in these
sociated to disordered atoms shiftthd, nor diffuse scat- Systems(above a critical concentration of PT in the case of
tering intensity, as classically observed in the study of rePMN/PT) one deals with compounds which manifest a long-

laxor compound¥ could be evidenced. ranged polarization component associated to a ferroelectric
phase but which also display a disorderesthort-rangegd
V. CONCLUSION component along the plane perpendicular to this polarization.

However as pointed out in Ref. 11 an important difference is

In their study of the Sr_,Ba, TiO5 system(with x=0.70, the fact that in Sr_,Ba,TiO5 there is a frequency dispersion
the authors of Ref. 11 proposed a picture in which the proof the dielectric properties which is much weaker than in
gressive introduction of Sr inside BaTjinduces a progres- relaxors and which is essentially Debye-like. Clearly further
sive breaking of the ferroelectric state toward mesoscopievorks are needed to understand the structural nature of the
random-field domains and eventually to a glassy state witlpolar order or disorder in the Sr,Ba,TiO5 system. Prob-
dipolar clusters. The existence of a glassy state was alsably an important step should be to perform studies of the
proposed by Lemanoet al? in a weak in a Ba range of temperature dependence of the nonlinear dielectric suscepti-
concentrationX<0.035). We believe that our diffraction ex- bility, as performed in the $r,CaTiO; systent>
periments have allowed us to specify to some extent the limit Finally, we want to stress the interest of the study of such
of existence between the short- and long-range polarizationga system in the whole range of substitution. Indeed, on the
From a crystallographic point of view we have shown onlyone hand, when one introduces a small amount of Sr in the
two concentrations ranges: a low Ba concentration ramge (structure of BaTiQ one has the physical picture, similar to
<0.094) with a phase characterized by SrFie tilting of lithium or sodium inside the structure of KTaQof local
oxygen octahedra and a high concentration range witllipole moments induced by off-center positions. On the
BaTiO,-like shifts. Forx<x. the Sy _,BaTiO; compounds other hand, introduction of a small concentration of Ba in the
may be called “incipient” ferroelectric and become a “true” structure of SrTiQ cannot directly induce dipole moments,
ferroelectric compounds for higher Ba concentrations. Thesas Ba is a larger ion than Sr; one has to put forward the
results give the limit for the existence of the macroscopic orexistence of quadrupole moments which are supposed to
mesoscopic spontaneous polarization which is associated tyise from elastic strains induced by ion size mismatch.
the “true” ferroelectric phases. Therefore, a complete picture of the whole diagram is still

However, many different signatures of local polar order orlacking. We believe that regarding structural data, a further
disorder have been evidenced by several authors and ostep could be achieved through an anharmonic study, as we
dielectric polarization results are coherent with this large sehave performed in lead perovskit&showever, this requires
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