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Dielectric, infrared, and Raman response of undoped SrTiQ ceramics:
Evidence of polar grain boundaries
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Thorough Raman and infraredR) reflectivity investigations of nominally pure SrTiGceramics in the
10-300 K range have revealed a clear presence of the polar phase whose manifestation steeply increases on
cooling. The Raman strengths of the Raman-forbidden IR modes are proportieng);(e~ 1.6) wherewro,
is the polar soft mode frequency. No pronounced permittivity dispersion is observed below the soft mode
frequency so that, as in single crystals, the static permittivity is essentially determined by the soft mode
contribution. A theory is suggested which assumes a frozen dipole moment connected with the grain bound-
aries which induces the polar phase in the grain bulk in correlation with the bulk soft-mode frequency. This
stiffens slightly the effective soft mode response and reduces the low-temperature permittivity compared to that
of single crystals. Moreover, the polar soft mode strongly couples t&gheomponent of the structural soft
doublet showing that the polar axis is perpendicular to the tetragonal axis below the structural transition which
is shifted to 132 K in our ceramics. Whereas the Ji@tahedra tilt(primary order parametgbelow the
structural transition corresponds to that in single crystals, much snglleE splitting of the structural soft
doublet shows that the tetragonal deformatisecondary order paramekés nearly 10 times smaller, appar-
ently due to the grain volume clamping in ceramics.
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[. INTRODUCTION show that, as in single crystals, there is no appreciable di-
electric dispersion present down to low temperatyedmut
Strontium titanate SrTiQ(STO) has been one of the most 50 K) up to the 16° Hz range. However, the permittivity
popular materials since the discovery of its incipient ferro-values at liquid He temperatures are several times smaller in
electricity and first polar soft mode behavio®wing to its ~ ceramics(a few thousandsthan in good single crystals,
high dielectric permittivity, that increases on cooling, and towhere they reach about 25 Qt%l,s and the MW losses in.
its low microwave(MW) losses it is the most attractive ma- c€ramics are also appreciably higher and grain size
terial for many high-frequency and MW applications, par_dependen%: No soft mode studies on STO ceramics are
ticularly at low temperature’:® For this reason, great atten- Known to the authors, even if it is clearia Lyddane-Sachs-

tion has been paid recently to dielectric properties of S-l-oTeIIer relationg that t_he Iqwer permittivity values should im-
thin films which, however, show dramatic differences com—pIy a smaller softeninghigher frequencyof the soft mode.

pared to bulk samples. The permittivity is much smaller andThIS paper reports on our Raman, IR and submillimeter
. o . MM) reflectivity, and SMM transmission measurements
thickness dependent, its increase on cooling saturates

higher t turés’ and dinalv. th | q complemented by MW and rf dielectric measuremgnts
\gher temperatures: and, correspondingly, tn€ polar mode \,nicy confirmed this effect, and also brought clear evidence
softening levels off at much higher frequencies Several

. . . ; " for the existence of polar regions in STO ceramics. A theory
reasons aﬁe_ct!n_g this behavior were discussed: mﬂue_nce of suggested to explain the appearance of polar regions and
a low-permittivity (dead layer at the electrode-film e soft mode stiffening through the dipolésolarization

i 5,6,12-14 . . - i
interface; stress caused Dby the mismatch with frozen at the grain boundaries. Some of our data have been

the  substraté;*® nonstoichiometry, ~porosity, and priefly published recenti$f1920
granularity>*®However, so far it has not been clear which
of these effectsif any) predominates. To simplify the situa-
tion and eliminate all the effects but grain boundaiiasd
possible point defectswe decided to study a nominally pure  The STO ceramics samples were prepared by a conven-
bulk STO ceramics. tional mixed-oxide route starting from high-purity SrC®
Unlike single crystals, surprisingly little attention has (Selectipur, Merck, Darmstadt, FR@nd fine grained Ti®
been so far paid to pure STO ceramics. Earlier literaturgpowder (TM-1, Fuji, Koygo, Japan The stoichiometry of
reports on dielectric data including the MW rarfjeand  the samples was adjusted to, §Ti1 00O by mixing of the

Il. EXPERIMENTAL
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FIG. 1. SEM micrograph of the polished STO ceramics surface.
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right amounts of the precursor powders. The powders were Wave number (cm™)

mixed in a cyclohexanolic suspension for 1 h, ball milled for

3 h and subsequently calcined at 1050 °C for 18 h. The for- FIG. 3. IR reflectivity of the STO ceramics together with mea-

mation of perovskite phase was checked by XRD. ColdgSured BWO reflectivity(thick full lines), calculated reflectivity

pressed cylinders of STO were sintered at 1380 °C for 7 pfrom BWO transmissiorifull squares and multioscillator fitgdot-

The single-phase samples exhibit a density of about 5.0§dd""es_‘l"”th°é‘t theX mode, dashed lines—including th¢

glent, i.e., 98.8% of the theoretical density. The mean grainmo ¢ at selected temperatures.

size of the ceramics, of around 1+2m, was determined . )

from SEM analysis of polished samplésee Fig. 1 ticularly Cg may lead to an mzczrfase of the low-temperature
The impurity content was determined by means of inducPermittivity in single crystalé?* but does not change the

tive coupled plasma induced atomic emission spectroscopgh@se diagram appreciablparticularly it does not induce

(ICP-AES. The concentration of heterovalent impurities the ferroelectric transition The samples were mechanically

(e.g., Al, Fe, K, Na, Nbwas below 150 mol ppm, homova- polished with alumina slurry and chemically polished with

lent impurities of Ba427 mol ppm and Ca(2500 mol ppry ~ Synthon (fluoride based Sislurry). Since in the case of

originate from the precursor powder, contamination with siSTO single crystals it is now well established that the surface

(150 mol ppm, Y (110 mol ppm and Zr(2100 mol ppmis  treatment plays an important role in the dielectas well as

also pay attention to this problem in the case of ceramics.

Some of the samples were etched for abbth in boiling

i 1300 (130°C) concentrated orthophosphoric acid to remove a
0.39060 L )
— layer of a fewum in thickness from the surface®

; ] Real structure of our samples was investigated at room
0.39055 |- 1290 temperature both in symmetrical and in asymmetrical dif-

[ T fraction geometry. The symmetrical scans were performed
with a Bragg-Brentano diffractometer; the asymmetrical
scans have been done at glancing angles of incidence using
the parallel beam optics. The asymmetrical diffraction geom-
etry enabled the structure to be investigated at different
depths below the sample surface and to determine the re-
sidual stressesmacroscopic deformation of the crystal lat-

- tice). The presence of the structural phase transition was in-
0.39035 | {50 vestigated by differential thermal analysi®TA) using

i ] Perkin-Elmer DSC-7 calorimeter. However, unlike in a
0.39030 L 1o single crystal, no transition could be detected.

r . . . . . . Standard dielectric measurements in theé10F Hz
0o 1 2 3 4 5 & range (impedance analyzer Hewlett-Packard 4192¢e-
vealed the usual dispersionless permittivity values with a
monotonic increase on cooling and a saturated value of al-

FIG. 2. Stress-free lattice parameter and residual stress of th@ost 10000 at 10 K. MW measurements at 36.2 GHz were

STO ceramics as a function of the mean penetration depth of x raygerformed from 300 to 90 K using the impedance measure-
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TABLE I. Fitted IR (TO and LO and first-order Raman frequencies at selected temperatures. The numbers in parentheses indicate the
corresponding damping. All numbers are in thm

15 K 50 K 100 K 300 K
IR Raman IR Raman IR Raman IR Raman
TO, 15 (2) 15 26(6) 29 (20 46 (9) 45 (17) 93 (20) ~88 (20)
LO, 38 (17) 37018
TO, 42 (18) 40019 41(18) 38(19
Alg(SOft) 52 (13 50 (14) 36 (15
ng Big 144 (4) 145 (4) 144 (5)
(R29)
LO 169(0.3 169(0.3 169(0.3 171(1.)
To0, 17205 @ 705 2@ Q7309 1720 176 (3) 175(6)
Bag (R1) 229(7) ~230(8)
TO;, LO
(F,. silent ~263(5)
LOg
E,. (Ry) 435 (6) 435 (8)
TOR
E,. (R 436 (6) 436 (9)
(EFgf;)Blg 447 (4) 447 (4) 446 (5)
2
LO, 473(2) 478(8) 474(2) 478(9) 473(2) 472(2)
TO, 548 (7) 546 (7) 548 (7) 545 (8) 548 (7) 545 (9) 548 (11) ~546 (15)
;04(R ) 795 (26) 795 (25) 795 (26) 796 (26) 795 (26) 796 (28) 795 (35) ~797 (40)
29 1

ments of a section of shorted rectangular waveguide with thaith no detectable preferred orientation of crystallites and
sample mounted at one efitiThe IR reflectivity measure- vyielded the cubic lattice parametera=0.390597

ments (20-650 cm*, 10-300 K were carried out using +0.000003) nm in the direction normal to the sample sur-
Bruker IFS 113v Fourier transform spectrometer equippeqace. This value is close to that of ideal STO structure
with pyroelectric DTGS room-temperature detector as well(ol39050 nm and the small difference may be influenced by

as cooled1.5 K) Si bolometer. In addition, SMM reflectivity  oiqyal stresses or slight nonstoichiometry. Detailed analysis
(15-25 cm'!, 300-5 K was measured on the same etched g Y- y

| . h ¢ fmsed backward of diffraction profiles has shown that the crystallite size is
sampié using a co er?n -Sourgeased on backward wave comparable with the grain size as obtained from SEM. From
oscillators (BWOQ's)] millimeter-submillimeter

spectrometéf in a special reflectance mode. Using a similarf[h's. comparison, we can draw a par_tlcular conclusion t_hat fthe
Qdmdual grains are single crystalline. The asymmetric dif-

technique, we also succeeded to measure the SMM compl . ; .
transmission spectré8—15 cm %, 3005 K on a very thin raction enabled us to determitighe residual stress and the

(24 um thick) polished and etched plane-parallel platelet. stres_s—free Iattic_e parameters as a functi_o n_of the m?an open-
The unpolarized Raman spectra were taken using th&tration depthFig. 2). For the angles of incidence 2°, 5°,
514.5 nm line of an Af Coherent Innova 90 laser and a and 10°, the penetration depths in STO are 0.56, 1.3, and 2.4
Jobin Yvon T64000 spectrometer with CCD and photon«M, respectively. They are nearly independent of the diffrac-

counting detector in a pseudo back-scattering geometry iion angle. The same resultsoncerning the depth gradient
the 15-300 K temperature and 20—1000 ¢nfrequency Of the stress-free lattice parameter and that of the residual
range. Subtractive mounting with multichannel CCD detec-stres$ were obtained on the polished and on etched surface.
tion as well as additive mountingetter resolution and ex- The small surface gradient of the stress-free lattice parameter
tended low-frequency rangewith single-channel photon may be caused by some surface nonstoichiomety. oxy-
counting was used. The spectral resolution was about 3 andgen vacancigswhich may be limited to much thinner layer
cm™1, respectively. Basically the same features as will be(few atomic layersthan indicated in Fig. 2, due to the finite

reported hereparticularly the appearance of the forbidden penetration depth over which the values in Fig. 2 are aver-
IR modeg were confirmed also with several other STO ce-aged.

ramic samples of various origins and surface treatniygoit In Fig. 3 we show our IR reflectivity including the SMM
ishing, etching using a micro-Raman spectrometé®en-  gata. Our previously published IR spectra of STO
ishaw Ramascopeat 300-80 K. ceramic$®*®indicated features not typical for the crystalline

STO® In order to obtain true results in the present experi-

ment we took into account the possible distortion of the
The Rietveld analysis of the x-ray diffraction pattern mea-spectra caused by polishing of its surface. We have estab-

sured in the symmetrical mode confirmed the phase purityished that FIR spectra of the etched ceramics give more

Ill. RESULTS
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1000 & flectivity fits. The dashed line is the Curie—Weiss fit from Ref. 2.
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tivity fit around 20 cm'* at 10 K is enforced by good fits of
the BWO complex permittivity data, which are preferred be-
cause of the general higher accuracy of the transmission
measurements. In Fig. 4 we show the resulting calculated
real ¢’ and imaginary part” of the dielectric function for
selected temperatures. Also the SMM and MW data are
shown. In addition to 3 IR-active transverse optic modes
Wave number (cm™) TO, (soft mode, TO,, and TQ clearly seen at room tem-
perature and th&, mode activated from th& point of the
FIG. 4. Dielectric permittivity(@) and loss(b) spectra calculated  Brillouin zone below the antiferrodistortive transition tem-
from the reflectivity fits(lines) together with measured BWO trans- peratureT, due to the Brillouin zone folding, an additional

mission and MW datdfull squares and open diamonds, respec-mode (denoted byX) not appearing in single crystals arises
tively). Arrows indicate the measured low-frequency permittivity. near 40 cmil at low temperatures. In Fig. 3, together with

) the fit described abovéashed ling we plotted the fitting
reasonable results in the 25-300 chrange than those of cyrve which does not include thémode at 1550 Kdotted
the polished one. At higher frequencies the roughness of thgne) |n spite of the experimental inaccuracy, including this
etched surface leads, however, to a decrease of the reflegrode into the fit model seems to improve the fit and is rea-

tance. In this respect the spectra presented in Fig. 3 Welgynable from the viewpoint of the Raman data and their
combined from the spectra of the etched sample in the 25—

300 cm ! range and polished sample in the 300—650 ém

01 L

range. In order to avoid the problem of geometrical and op- X 10, LO,
TO,, LO,

-

tical changes of the cryostat on cooling, we performed the 0,

reference measurements of the mirror at all the temperature:
The regime was kept the same for both sample and mirrorz
relatively fast cooling down to 10 K and then measurementsg
on heating.

The IR reflectivity spectrafull line in Fig. 3) were fitted
in a standard way with a factorized form of the dielectric
functiorf® to obtain the polar phonon mode parameteese
Table ). During the fitting procedure we also took into ac-
count the reflectivity directly measured by the coherent
source technique in the 9-30 chrange and the reflectivity
calculated from the transmission data obtained by this tech
nique between 9 and 15 ¢rh. From the fit parameters the
complex dielectric function was calculated and compared
with that directly obtained from the SMM transmittance data. FIG. 6. Overall view of unpolarized Raman spectra of STO

Trial and error fitting was used to optimize the agreementeramics at selected temperatugesduced multichannel data at
between all the data and fit parameters. The imperfect refletewer resolutioi.

Reduced Raman Int
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FIG. 7. Low-frequency part qf the fit to the Raman dgta at three | TO, (EjtA,) | R'is
selected temperaturéeeduced single channel data at higher reso- L . .

200 300

Temperature (K)

lution), showing the resolved single-phonon featufksl lines). 0' ' - 1(')0 —
Dashed peaks simulate the second-order background.

assignment. The temperature dependence of the experimental FG. 8. Temperature dependences of the main observed mode
permittivity values obtained in various frequency ranges, asrequencies together with their assignment—comparison of FIR and
well as the static permittivity values from our fit and earlier Raman data.

Curie-Weiss fit to MW data of ceramitsre plotted in Fig.

5. The presence of th& mode in the fits does appreciably the A, soft mode, which emerges below130 K from the
g i)

influence the soft-mode dielectric strength, but the total IRR leiah wi 4 hard lina. The T@od
contribution to static permittivity is practically the same for ayleigh wing and hardens on cooling. [he,kiode con-

both fits. tinues to soften and can be reliably traced to about 3BiH.

Selected Raman spectra reduced by the Stokes temper_%?—- Below this temperature, it is_ no more observgble, becom-
ture factor are shown in Fig. 6. As in single cryst€>3 ing heavily damped and merging eventually with the Ray-
second-order features dominate the spectra at higher terigh wing, whose intensity has markedly increased. Its esti-
peratures. On lowering the temperature, however, IR-activéhated frequency at lowest temperatures is compatible with
modes start to emerge in addition to the foldRepoint  the IR data, but the fit requires higher damping. In addition,
modes. The reduced spectra were carefully fitted with clasa mode referred to aX starts to appear below some 50 K at
sical damped multioscillator modéhcluding a Gaussian di- ~40 cmi %, gains intensity on cooling and becomes eventu-
vided by the temperature factor to represent the Rayleigllly the dominant feature of the low-frequency spectra. The
wing). An example of a fit to the single-channel data in thesecond-order feature at80 cm ?® virtually disappears at
low-frequency region is illustrated in Fig. 7. We note thatlowest temperatures.
several broad peaks were used in the fit only to simulate the The temperature dependences of relevant mode frequen-
structure of strong background due to second-order scattecies obtained from the IR and Raman data are plotted in Fig.
ing and are not taken into consideration as one-phonon fe& together with their suggested assignment. In Table | we
tures. listed the fitted parameters from the IR and Raman data at

The behavior of the low-frequency part of the spe¢he  several temperatures. The temperature dependence of some
low ~100 cm 1) on cooling deserves a special comment:of the activatedR point and IR mode Raman strengtliste-

First, a weak TQ peak splits from a broad second-order grated intensitiesis shown in Fig. 9. The corresponding fits
feature at~90 cm ! and softens. At about 90 K, it crosses will be discussed below.
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temperatures amounts te9 cm ! only, measures the sec-

R-point modes E +B,, (x3) ondary order parameter, the tetragonal deformatidh(ne-
15x10° —'@"\0 p glecting the smalE, frequency renormalization caused by
WY v (145¢cm ) the coupling previously mentiongdAs both these quantities
A\\ "X a (448 cm'1) are proportional to the order parameter squatdtiappears
‘Q‘\A that the low-temperature spontaneous tetragonal deformation
‘\:’\ """ fits in our ceramics is an order of magnitude smaller than that in
1o T single crystals. This can be explained by volume clamping of

individual grains by the surrounding grains bel@y, which
Sy, IR-active modes strongly limits the tetragonal deformation of each grain in
N Ta the bulk. This could also explain the absence of any measur-

Raman strength (arb. units)

0.5 oY 1 o TO, able specific heat anomaly in our DTA experiment, whereas
e TO, in a single crystal a weak anomaly of 2 J mbK ™! was
fit detected®
The temperature dependences of the Raman strengths of
0.0 A e J the foldedR-point modes(see Fig. 9 obey the power law
"o 50 100 150 200 250 300 Ir<(T,—T)” with T,=132 K and y=0.72-0.01 which

Temperature (K) agrees well with that observed in single crysfdlg symme-
try y=28 (Ref. 3)]. As seen from Fig. 9, in contrast to

FIG. 9. Temperature dependences of the Raman strengths of thgngle crystals wherd, =105-110 K3 in our ceramics
selectedR-point and IR modes. The dotted lines correspond to T,=132 K. This shift could be caused by internal stress in
#(Ta=T)*" the full line tol=e™2T. our ceramics because hydrostatic pressure is known to in-

IV. DISCUSSION AND THE THEORETICAL MODEL f:reaseTaS_Itzy ;320 K/GPa® Also the unwanted Ca admixture
increased 5.

The results of the group-theoretical analysis of lattice vi- Unlike the R-point modes, the IR modes have nonzero
brations in both STO phases using published $atdare Raman strength even at room temperature and show a much
summarized in Table Il. For the analysis in the tetragonakteeper increase on coolingxponential increase propor-
phase we used the system of cubic aXeshich results in  tional toe?T see fit in Fig. 9. In view of our analysis below,
exchange oB,4 and By, for B,4 and B, representations, we tried also a power law fit to correlate these strengths with
respectively, compared to the more commonly used systenime TO, frequency. A good fit can be achieved witl
of tetragonal axes where tlzeandb axes are rotated by 45° «w§;, =1.6=0.06 as shown in Fig. 10. Also the TO
in the plane normal to the tetragonabxis. In addition the mode strength was tentatively estimated by integrating our
correlation is shown with the two most probable polar phasegeduced Raman strength from 12 to 100 ¢mOne can see
suggested below and the observed TO mode frequencies @fat except for temperatures below 35 K, where the soft
300 and 15 K together with their symmetry assignment. Inmode response merges with our unresolved central line, this
general a good agreement between IR and Raman data d&rength obeys the same law as that of, B®d TQ, modes.
seen. The appearance of forbidden polar modes in our Raman

As in single crystals, thesto, frequency, from Fig. 8, spectra demonstrates the local loss of the inversion center.
obeys the classical Cochran softening lawo,=(T—To)  Similar symmetry breaking, but only at much lower tempera-
above~60 K with the extrapolated zero frequeny~31  tures, was already observed in Ca ddfeshd G isotope
K. Below T,, the single crystal Raman data display the well-exchanged STO single crystdfsin thin films*® and even in
known softA,+E, doublet® which saturates at low tem- nominally pure STO crystatsand was assigned to ferroelec-
peratures near 49 and 15 ¢h respectively. In our ceramics tric fluctuations. The bilinear coupling of the TGoft mode
we see that the behavior of the weak, component is in  to the E; component onlynot to theA,4 one in the case of
reasonable agreement with the crystal data. Particularly, iteur ceramicsrequires by symmetry arguments a polar phase
frequency roughly follows the power law(Aq4)=(T,  with the polarization perpendicular to tetragomaixis. The
—T)# with critical index of the order parametg@~1/3 (see two possibilities suggested in Table Il with polarization
Fig. 8. However, theE, component is apparently absent in along (110 and(100) directions can be, from the symmetry
the very low-frequency range. We assign ¥imode near 40 point of view, realized by the simplest Landau-type equi-
cm ! to the missing Ey component whose pronounced translational phase transitioffs.
strengthening and partial hardening is caused by a strong Our explanation of polar phase appearance is based on an
coupling with the TQ soft mode. Unfortunately, the limited assumption that at grain boundaries a frozen polariz&ion
accuracy of our low-frequency data did not allow us to de-(dipole momentexists independent of temperature. This is a
termine the coupling parameters unambiguously. The templausible assumption since the recent careful studies of a
perature dependence of the totally symmetrjg component  STO bicrystal and ceramics have shown that the structure of
shows that the primary order parameter, the gT@@tahedra the grain boundary is well defined, insulating and sufficiently
tilt, attains the same spontaneous value as in single crystalasymmetric and nonstoichiometric to be connected with a
However, theA,,—E, splitting, which in our case at low dipole moment>~*Another origin ofP; could be in local-
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TABLE 1l. Symmetry classification of relevant vibrational modes in STO in various phésekiding the suggested polar phases
together with our observed IR TO and Raman mode frequencies at 300 and 15 K. The 300 K data for tRg s#ledR;; mode are taken
from hyper-RamaitHR) (Ref. 34 and inelastic neutrofN) (Ref. 35 experiments on single crystals, respectively. The frequencies in the last
column (observed in Ramarare compatible with the polar symmetry only. All frequencies are in‘tm

Pm?m (Oﬁ) |4/mcm(D}1ﬁ F2xyWymz (C%E) |2xmymz (ng)
Z=1 Zprim:2 Zprim=2 Zprim=2
(Ps=0, T=300 K) (Ps=0, T=15 K) (Py=Py#0, T=15K) (Py#0, T=15 K)
species activity observed  species  activity observed species activity species activity observed
3Az, 3B, 3B,
+ + ~
3F IR 93,176,548 3E, IR 15,172,548 3A,+ 3B, IR+ R 3A,+ 3B, IR+R 15,171,547
1B,, - - 1B, 1A, R
+ ~
1Fay HR 266 1E, IR - 1A, +1B; IR+R 1A;+1B; IR+ R 263
, 1A, 52 1A, 1A,
~ + +
1R5(F1q) N 40 (soft) 1E, R 0 1A,+18, IR+ R 1A,+ 1B, IR+ R 42
, 2Bq4 2A, 2B,
- - =+ =+ -
2R)5(F2g) 2, R 144,447 2A,+ 2B, IR+ R 2A,+ 2B, IR+ R
1Ry(F 1) i i 1A4, - - 1A, R 1A, R
15 1E, IR 436 1A;+1B; IR+R 1A;+1B; IR+ R
1A, - - 1B, 1B,
- - + + -
1RiAEg) 1By R 229 1B, IR+ R 1A, IR+ R
1Ry (Aqg) - - 1A, - - 1B, IR +R 1B, IR + R 795
Total 1A+ 1A +2A,,+3A,,+
+ 9 . 9 ! +4A,+8B;+ +5A,+9B,+
(T point) 3Fwt1Fa +2By g+ 2B,y + 2By, + 3E+ 3E, B4R T8+ 7B, TA1+5A+9B,+6B,
Mode activity 3IR 8IR+7R 23(IR+R) +4R 22(IR+R)+5R

ized point defects, e.g., O vacancies or Ca impurities whosethere T>T,, P; is the surface polarizatiorx is the space
concentration at grain boundaries could be much higher thasoordinate normal to the slgk=0 in the slab centgrD its
the average one. The frozen polarizat®{r) = P¢(r), where  thickness which is much larger than the correlation length
r goes through all defects and grain boundaries depends if=[a(T—T,)/x]*? of the polarization fall-off, and¢ is
general on position. The defect-free bulk we describe by thesynd to be proportional tor;d;. In our model, the average
simple Landau-Ginzburg free-energy density f“nCtiOnalpolarizationPa\,%2Pf§/Do<(T—TO)*1’2 is proportional tog,
(valid at least abovd,) but in general, assuming the interdefect distances are sub-
stantially larger thaig, one can show tha = ¢ whered is
P2+EP4+K(VP)2, 1) the dimensionality _of the polarizat_ion propagation from t_he
4 polar defect(for diluted polar point defects—e.g., grain
corners—€=3; for isolated polar linear defects—e.g., grain
whereT, is the extrapolated Curie temperatuig €31 Kin  edges—d=2; for isolated polar surface$=1). In our case
our casg. o _of finite grains one could expect the main contribution to
The inhomogeneous polarization in a small ferroelectricgstem from the grain surfaces with=1, implying that the

. 8 . . . . . . .
p?rtmlé‘ (Iposgll?ly also 'E the IV'CI'”'%%'C point, linear ﬁr experimentald should be certainly smaller than 3, or even
planar polar defeciscan be calculated by minimizing the a4 5> The Raman strength of polar modes is obviously

free energy under the appropriate boundary conditions. Thﬁroportional to the total volume of polar regiofwe assume

Eplarlzz_mon_tlas;de a tT'n slatfppromma_tm? rougr;]hly amcu- incoherent scattering of individual grajnsr averaged polar-
ic grain with two polar surfaces against each othéor ization, i.e., also tog9, and our experiment yieldd~1.6

instance, can be expressed as (Fig. 10 in reasonable agreement with our theoretical expec-

a(T—Ty)

f(r)y= 5

tation.
P(x)=P costx/§) A similar model can also be used to calculate the dielec-
(0= fcosiD/2¢) tric response function. The polarization is localized in the

grain boundary layer of the characteristic thicknésshose
eX%X_D/Z @) permittivity &g, is connected with the stiffened soft mode
3 ' response in these regions, while the grain interior permittiv-

%Pf

[{ x+D/2 N
exp —
3
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where the effective frequency and damping of the soft mode
in the grain boundary are,=(1/£) /B3 .03,(z)dz and
yéb:(llé) ) Bg, §y$1(z)dz, respectively. Then the overall ef-
fective response is still described by the damped oscillator

with the soft mode frequency . shifted up to

10

0= 0t 3E(guj— 0i)/D>wl, D>E (6)
and with the damping increased to

10 Yeff= Ysct 3§(gygb_ ¥sd/D> Ysc- (7)

The short-range forces, which appear near the grain bound-
aries as discussed in Ref. 48 in connection with the dynamics
of a small ferroelectric particle, are neglected in the above
TO, (x10-3 ) % model, but their inclusion can be show_n to yield qualitatively
it Y teng the same result. Our experiment gives the lowest low-
1 ! g temperature value abro, about 15 cm® whereas its single
o Ly domain crystal values are 7.8 and 16.5¢nfior the splitE,
10 100 and A,, components, respectivél (10.7 cm! as a
oro (em™) weighted averageThis is compatible with the reduced value
! of the low-temperature permittivity in ceramics compared

FIG. 10. Raman strengths of the IR modes as a function of thVith multidomain single crystals. .
soft mode frequencwro,. The fit to TQ, and TQ, strengths yields The question may be asked if the correlation lengtis
lcw~ 163 the fit to TQ strength(taking as integral of the reduced really much shorter than the grain siedown to the lowest
Raman intensity from 12 to 100 cm) excluding the data below 35 temperatures. As no saturation of the IR mode Raman
K (see texxyields |« w152 strengths in Fig. 9 is observed, it is likely so. The Raman
strengths of the IR modes at lowest temperatures are compa-

ity is that of the single crystat {w). One can then use the rable to those in STO single crystals doped with less than 1
brick model approach, successfully used for the discussion d#t- % of Ca, where a field induced polarization of the order of
dielectric properties in the case of BafiGeramic<®® Inthis 1 wClcn? was observed It follows that our low-
model the effective dielectric response is estimated similar téémperature averaged polarizati®y, is of the same order

a series combination of the bulk and surface laggnain ~ and that the frozen polarizatid?; should be much larger. A
boundary capacitances more quantitative estimate could be possibly done using ab

initio calculations of the ideal grain boundarf€s.
The hybridization of the TQwith the E; mode (X mode

3) due to symmetry lowering is an additional effect which in-

fluences the dielectric response. It implies tRatis perpen-
where x is the volume fraction of nonpolar grain interior, dicular to the tetragonat axis (as in Ca-doped crysté%.
(1—-x)=¢9 is the volume fraction of polar grain boundary This supports the idea that the grain boundary dipole mo-
layers, andy is a geometrical factor somewhat smaller thanment is not caused by random defects but rather by a specific
unity, which takes into account the small effect of grainatomic arrangemeri=*®Moreover it implies that the tetrag-
boundaries in parallel with the grain bulk. In fact the permit-onal phase develops in a specific fixed orientation with re-
tivity varies near the grain boundary with the distagcand  spect to the grain boundary structure, sifeexists in the
g 4p represents its effective value. Considering approximatelycubic phase prior to the structural transition. This calls for
the permittivity (dielectric function as given by the soft os- microstructural studies of the tetragonal phase in a bicrystal.
cillator only (for simplicity, with the same damping and fre- We believe that also in thin STO films the appearance of
quency of the LO mode over the whole grgithe inverse polar regions, which stiffens the T&@oft mode response and

Raman strength (arb. units)

[m]

1 x (1-x)g

£ &g €gb

permittivity inside the grain is causes coupling between the @nd structural soft modes,
is an important reason for the smaller softening of the polar
1 0l 0?+iysw soft mod&~*' and consequently lower permittivity.

S_SC: Dt ivw (4) Let us now comment on the compgrisqn of IR and Raman

L1 T responses in ceramics. As the grain size is much smaller than

Wherewsc and vscare TQ mode frequencies and dampings the polar phonon Wavelengths, the IR response is directly
of the single crystal, respectively, while the effective permit-comparable with the effective medium approximation used

tivity &4, Of the boundary is calculated as in our model even in the case _of appearance o_f polgr regions,
which may produce local optical and dielectric anisotropy.
1 16 dz 0l 0 +iygw Therefore the response is dominated by the slightly stiffened
—= =— " , (5)  transverse polar frequencies as in the case of the soft mode
egp EJoeg?)  wf-w +iyye discussed abov¥. On the other hand, the wavelengths of

184111-8
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first-order Raman active phonons are comparable to orelaxational contributions proportional to «l/were also
smaller than the grain size so that the effective medium apebserved®>® However, due to the limited frequency range
proximation is not valid. In this case, in addition to trans-the corresponding relaxation times could not be estimated.
verse polar modes the corresponding longitudinal modes anfhese losses, which point to charged point defects and/or
to a lesser extent all modes in between are also activated dgctuations in the grain-boundary polarizatiBn, have not

to the polycrystalline character of the ceramic sample withyet peen studied systematically. This would need dielectric

polar grains of stochastic orientatith.This explains the studies on well defined samples at wide frequency and tem-
much broader Raman response, particularly in the low

gerature range, which is quite a formidable task.
temperature and low-frequency range, where large TO-L

splitting of the polar soft mode causes an activation of a
broad continuum which couples with thé mode and pro-
duces Fano type interferences with the,Ti@ode.

Finally, let us briefly discuss the MW losses in STO ce- We thank A. Jouck for preparing the ceramic samples and
ramics. Our model cannot explain the enhanced losses conG. Wasse for metallography and microscopical studies. We
pared to single crystals using the soft mode response only. appreciate the support of H. Lippert and M. MichulizCH,

The model can account for the decrease in MW permittivity,FZ Juich) in performing the chemical analysis. The work
but does not yield increase in losses. Whereas in good singleas supported by the Grant Agency of the Czech Rep.
crystals the two-phonon absorption seems to explain théProject Nos. 202/01/0612 and 202/00/1183rant Agency
whole MW losses at least aboig ,>® in ceramics additional of the Acad. Sci. CRProject No. A1010918 Ministry of
losses due to grain-boundary scattering, proportional to th&ducation of the Czech RepCOST-OC 525.20/0) Deut-
one-phonon density of states, may be activated. This yieldsche Forschungsgemeinsch@®G) via GO 976/1 and Rus-
additional losses proportional to frequency, which dominatesian Foundation for Basic Researc¢®rant Nos. 99-02-

in the higher GHz rang&>* whereas at lower frequencies 16859 and 00-15-96773
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