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Dielectric, infrared, and Raman response of undoped SrTiO3 ceramics:
Evidence of polar grain boundaries
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Thorough Raman and infrared~IR! reflectivity investigations of nominally pure SrTiO3 ceramics 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 proportional tovTO1

2a (a'1.6) wherevTO1

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 to theEg component 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 TiO6 octahedra tilt~primary order parameter! below the
structural transition corresponds to that in single crystals, much smallerA1g-Eg splitting of the structural soft
doublet shows that the tetragonal deformation~secondary order parameter! is nearly 10 times smaller, appar-
ently due to the grain volume clamping in ceramics.

DOI: 10.1103/PhysRevB.64.184111 PACS number~s!: 63.20.2e, 68.35.Rh, 78.30.2j, 77.22.2d
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I. INTRODUCTION

Strontium titanate SrTiO3 ~STO! has been one of the mos
popular materials since the discovery of its incipient fer
electricity and first polar soft mode behavior.1 Owing to its
high dielectric permittivity, that increases on cooling, and
its low microwave~MW! losses it is the most attractive ma
terial for many high-frequency and MW applications, pa
ticularly at low temperatures.2–4 For this reason, great atten
tion has been paid recently to dielectric properties of S
thin films which, however, show dramatic differences co
pared to bulk samples. The permittivity is much smaller a
thickness dependent, its increase on cooling saturate
higher temperatures5–7 and, correspondingly, the polar mod
softening levels off at much higher frequencies.8–11 Several
reasons affecting this behavior were discussed: influenc
a low-permittivity ~dead! layer at the electrode-film
interface,5,6,12–14 stress caused by the mismatch w
the substrate,14,15 nonstoichiometry, porosity, an
granularity.12,14,16However, so far it has not been clear whic
of these effects~if any! predominates. To simplify the situa
tion and eliminate all the effects but grain boundaries~and
possible point defects!, we decided to study a nominally pur
bulk STO ceramics.

Unlike single crystals, surprisingly little attention ha
been so far paid to pure STO ceramics. Earlier literat
reports on dielectric data including the MW range,2,3 and
0163-1829/2001/64~18!/184111~10!/$20.00 64 1841
-

-

-
d
at

of

e

show that, as in single crystals, there is no appreciable
electric dispersion present down to low temperatures~about
50 K! up to the 1010 Hz range. However, the permittivity
values at liquid He temperatures are several times smalle
ceramics~a few thousands! than in good single crystals
where they reach about 25 000,17,18 and the MW losses in
ceramics are also appreciably higher and grain s
dependent.2,3 No soft mode studies on STO ceramics a
known to the authors, even if it is clear~via Lyddane-Sachs-
Teller relations! that the lower permittivity values should im
ply a smaller softening~higher frequency! of the soft mode.
This paper reports on our Raman, IR and submillime
~SMM! reflectivity, and SMM transmission measuremen
~complemented by MW and rf dielectric measuremen!,
which confirmed this effect, and also brought clear eviden
for the existence of polar regions in STO ceramics. A the
is suggested to explain the appearance of polar regions
the soft mode stiffening through the dipoles~polarization!
frozen at the grain boundaries. Some of our data have b
briefly published recently.10,19,20

II. EXPERIMENTAL

The STO ceramics samples were prepared by a con
tional mixed-oxide route21 starting from high-purity SrCO3
~Selectipur, Merck, Darmstadt, FRG! and fine grained TiO2
powder ~TM-1, Fuji, Koygo, Japan!. The stoichiometry of
the samples was adjusted to Sr1.000Ti1.001O3 by mixing of the
©2001 The American Physical Society11-1
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right amounts of the precursor powders. The powders w
mixed in a cyclohexanolic suspension for 1 h, ball milled f
3 h and subsequently calcined at 1050 °C for 18 h. The
mation of perovskite phase was checked by XRD. Co
pressed cylinders of STO were sintered at 1380 °C for
The single-phase samples exhibit a density of about 5
g/cm3, i.e., 98.8% of the theoretical density. The mean gr
size of the ceramics, of around 1–2mm, was determined
from SEM analysis of polished samples~see Fig. 1!.

The impurity content was determined by means of ind
tive coupled plasma induced atomic emission spectrosc
~ICP-AES!. The concentration of heterovalent impuritie
~e.g., Al, Fe, K, Na, Nb! was below 150 mol ppm, homova
lent impurities of Ba~427 mol ppm! and Ca~2500 mol ppm!
originate from the precursor powder, contamination with
~150 mol ppm!, Y ~110 mol ppm! and Zr~2100 mol ppm! is
caused by the milling process. Such an impurity level~par-

FIG. 1. SEM micrograph of the polished STO ceramics surfac

FIG. 2. Stress-free lattice parameter and residual stress o
STO ceramics as a function of the mean penetration depth of x r
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ticularly Ca! may lead to an increase of the low-temperatu
permittivity in single crystals,22,23 but does not change th
phase diagram appreciably~particularly it does not induce
the ferroelectric transition!. The samples were mechanical
polished with alumina slurry and chemically polished wi
Synthon~fluoride based SiO2 slurry!. Since in the case o
STO single crystals it is now well established that the surf
treatment plays an important role in the dielectric5 as well as
x-ray and neutron scattering experiments,24,25 we decided to
also pay attention to this problem in the case of ceram
Some of the samples were etched for about 1 h in boiling
(130 °C) concentrated orthophosphoric acid to remove
layer of a fewmm in thickness from the surface.5,18

Real structure of our samples was investigated at ro
temperature both in symmetrical and in asymmetrical d
fraction geometry. The symmetrical scans were perform
with a Bragg-Brentano diffractometer; the asymmetric
scans have been done at glancing angles of incidence u
the parallel beam optics. The asymmetrical diffraction geo
etry enabled the structure to be investigated at differ
depths below the sample surface and to determine the
sidual stresses~macroscopic deformation of the crystal la
tice!. The presence of the structural phase transition was
vestigated by differential thermal analysis~DTA! using
Perkin-Elmer DSC-7 calorimeter. However, unlike in
single crystal, no transition could be detected.

Standard dielectric measurements in the 102– 106 Hz
range ~impedance analyzer Hewlett-Packard 4192A! re-
vealed the usual dispersionless permittivity values with
monotonic increase on cooling and a saturated value of
most 10 000 at 10 K. MW measurements at 36.2 GHz w
performed from 300 to 90 K using the impedance measu

.

he
s.

FIG. 3. IR reflectivity of the STO ceramics together with me
sured BWO reflectivity~thick full lines!, calculated reflectivity
from BWO transmission~full squares! and multioscillator fits~dot-
ted lines—without theX mode, dashed lines—including theX
mode! at selected temperatures.
1-2
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TABLE I. Fitted IR ~TO and LO! and first-order Raman frequencies at selected temperatures. The numbers in parentheses ind
corresponding damping. All numbers are in cm21.

15 K 50 K 100 K 300 K
IR Raman IR Raman IR Raman IR Raman

TO1 15 ~2! 15 26 ~6! 29 ~20! 46 ~9! 45 ~17! 93 ~20! ;88 ~20!

LOx

TOx

38 ~17!
42 ~18!

40 ~18!
37 ~18!
41 ~18!

;38 ~19!

A1g~soft! 52 ~13! 50 ~14! 36 ~15!

Eg1B1g

(R258 )
144 ~4! 145 ~4! 144 ~5!

LO1

TO2

169 ~0.3!
172 ~0.5!

171 ~4!
169 ~0.3!
172 ~0.5!

172 ~4!
169 ~0.3!
173 ~0.6!

172 ~5!
171 ~1.1!
176 ~3!

175 ~6!

B2g (R12) 229 ~7! ;230 ~8!

TO3 , LO3

(F2u silent!
;263 ~5!

LOR

Eu , (R15)
435 ~6! 435 ~8!

TOR

Eu , (R15)
436 ~6! 436 ~9!

Eg1B1g

(R258 )
447 ~4! 447 ~4! 446 ~5!

LO2 473 ~2! 478 ~8! 474 ~2! 478 ~9! 473 ~2! 472 ~2!

TO4 548 ~7! 546 ~7! 548 ~7! 545 ~8! 548 ~7! 545 ~9! 548 ~11! ;546 ~15!

LO4

A2g (R1)
795 ~26! 795 ~25! 795 ~26! 796 ~26! 795 ~26! 796 ~28! 795 ~35! ;797 ~40!
th
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ments of a section of shorted rectangular waveguide with
sample mounted at one end.19 The IR reflectivity measure
ments ~20–650 cm21, 10–300 K! were carried out using
Bruker IFS 113v Fourier transform spectrometer equipp
with pyroelectric DTGS room-temperature detector as w
as cooled~1.5 K! Si bolometer. In addition, SMM reflectivity
~15–25 cm21, 300–5 K! was measured on the same etch
sample using a coherent-source@based on backward wav
oscillators ~BWO’s!# millimeter-submillimeter
spectrometer26 in a special reflectance mode. Using a simi
technique, we also succeeded to measure the SMM com
transmission spectra~8–15 cm21, 300–5 K! on a very thin
~24 mm thick! polished and etched plane-parallel platelet

The unpolarized Raman spectra were taken using
514.5 nm line of an Ar1 Coherent Innova 90 laser and
Jobin Yvon T64000 spectrometer with CCD and phot
counting detector in a pseudo back-scattering geometr
the 15–300 K temperature and 20–1000 cm21 frequency
range. Subtractive mounting with multichannel CCD det
tion as well as additive mounting~better resolution and ex
tended low-frequency range! with single-channel photon
counting was used. The spectral resolution was about 3 a
cm21, respectively. Basically the same features as will
reported here~particularly the appearance of the forbidd
IR modes! were confirmed also with several other STO c
ramic samples of various origins and surface treatment~pol-
ishing, etching! using a micro-Raman spectrometer~Ren-
ishaw Ramascope! at 300–80 K.

III. RESULTS

The Rietveld analysis of the x-ray diffraction pattern me
sured in the symmetrical mode confirmed the phase pu
18411
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with no detectable preferred orientation of crystallites a
yielded the cubic lattice parametera50.390597
60.000003) nm in the direction normal to the sample s
face. This value is close to that of ideal STO structu
~0.39050 nm! and the small difference may be influenced
residual stresses or slight nonstoichiometry. Detailed anal
of diffraction profiles has shown that the crystallite size
comparable with the grain size as obtained from SEM. Fr
this comparison, we can draw a particular conclusion that
individual grains are single crystalline. The asymmetric d
fraction enabled us to determine27 the residual stress and th
stress-free lattice parameters as a function of the mean
etration depth~Fig. 2!. For the angles of incidence 2°, 5°
and 10°, the penetration depths in STO are 0.56, 1.3, and
mm, respectively. They are nearly independent of the diffr
tion angle. The same results~concerning the depth gradien
of the stress-free lattice parameter and that of the resid
stress! were obtained on the polished and on etched surfa
The small surface gradient of the stress-free lattice param
may be caused by some surface nonstoichiometry~e.g. oxy-
gen vacancies! which may be limited to much thinner laye
~few atomic layers! than indicated in Fig. 2, due to the finit
penetration depth over which the values in Fig. 2 are av
aged.

In Fig. 3 we show our IR reflectivity including the SMM
data. Our previously published IR spectra of ST
ceramics10,19 indicated features not typical for the crystallin
STO.1,8 In order to obtain true results in the present expe
ment we took into account the possible distortion of t
spectra caused by polishing of its surface. We have es
lished that FIR spectra of the etched ceramics give m
1-3
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reasonable results in the 25–300 cm21 range than those o
the polished one. At higher frequencies the roughness of
etched surface leads, however, to a decrease of the re
tance. In this respect the spectra presented in Fig. 3 w
combined from the spectra of the etched sample in the
300 cm21 range and polished sample in the 300–650 cm21

range. In order to avoid the problem of geometrical and
tical changes of the cryostat on cooling, we performed
reference measurements of the mirror at all the temperatu
The regime was kept the same for both sample and mir
relatively fast cooling down to 10 K and then measureme
on heating.

The IR reflectivity spectra~full line in Fig. 3! were fitted
in a standard way with a factorized form of the dielect
function28 to obtain the polar phonon mode parameters~see
Table I!. During the fitting procedure we also took into a
count the reflectivity directly measured by the coher
source technique in the 9–30 cm21 range and the reflectivity
calculated from the transmission data obtained by this te
nique between 9 and 15 cm21. From the fit parameters th
complex dielectric function was calculated and compa
with that directly obtained from the SMM transmittance da
Trial and error fitting was used to optimize the agreem
between all the data and fit parameters. The imperfect re

FIG. 4. Dielectric permittivity~a! and loss~b! spectra calculated
from the reflectivity fits~lines! together with measured BWO trans
mission and MW data~full squares and open diamonds, respe
tively!. Arrows indicate the measured low-frequency permittivity
18411
he
ec-
re
–

-
e
es.
r:
ts

t

h-

d
.
t
c-

tivity fit around 20 cm21 at 10 K is enforced by good fits o
the BWO complex permittivity data, which are preferred b
cause of the general higher accuracy of the transmis
measurements. In Fig. 4 we show the resulting calcula
real «8 and imaginary part«9 of the dielectric function for
selected temperatures. Also the SMM and MW data
shown. In addition to 3 IR-active transverse optic mod
TO1 ~soft mode!, TO2, and TO4 clearly seen at room tem
perature and theEu mode activated from theR point of the
Brillouin zone below the antiferrodistortive transition tem
peratureTa due to the Brillouin zone folding, an additiona
mode~denoted byX) not appearing in single crystals arise
near 40 cm21 at low temperatures. In Fig. 3, together wi
the fit described above~dashed line!, we plotted the fitting
curve which does not include theX mode at 15–50 K~dotted
line!. In spite of the experimental inaccuracy, including th
mode into the fit model seems to improve the fit and is r
sonable from the viewpoint of the Raman data and th

-

FIG. 5. Temperature dependence of the permittivity at differ
frequencies compared with the static permittivity data from IR
flectivity fits. The dashed line is the Curie–Weiss fit from Ref. 2

FIG. 6. Overall view of unpolarized Raman spectra of ST
ceramics at selected temperatures~reduced multichannel data a
lower resolution!.
1-4
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DIELECTRIC, INFRARED, AND RAMAN RESPONSE OF . . . PHYSICAL REVIEW B 64 184111
assignment. The temperature dependence of the experim
permittivity values obtained in various frequency ranges,
well as the static permittivity values from our fit and earli
Curie-Weiss fit to MW data of ceramics2 are plotted in Fig.
5. The presence of theX mode in the fits does appreciab
influence the soft-mode dielectric strength, but the total
contribution to static permittivity is practically the same f
both fits.

Selected Raman spectra reduced by the Stokes tem
ture factor are shown in Fig. 6. As in single crystals,23,29,30

second-order features dominate the spectra at higher
peratures. On lowering the temperature, however, IR-ac
modes start to emerge in addition to the foldedR-point
modes. The reduced spectra were carefully fitted with c
sical damped multioscillator model~including a Gaussian di
vided by the temperature factor to represent the Rayle
wing!. An example of a fit to the single-channel data in t
low-frequency region is illustrated in Fig. 7. We note th
several broad peaks were used in the fit only to simulate
structure of strong background due to second-order sca
ing and are not taken into consideration as one-phonon
tures.

The behavior of the low-frequency part of the spectra~be-
low ;100 cm21) on cooling deserves a special comme
First, a weak TO1 peak splits from a broad second-ord
feature at;90 cm21 and softens. At about 90 K, it crosse

FIG. 7. Low-frequency part of the fit to the Raman data at th
selected temperatures~reduced single channel data at higher re
lution!, showing the resolved single-phonon features~full lines!.
Dashed peaks simulate the second-order background.
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the A1g soft mode, which emerges below;130 K from the
Rayleigh wing and hardens on cooling. The TO1 mode con-
tinues to soften and can be reliably traced to about 30 K~Fig.
7!. Below this temperature, it is no more observable, beco
ing heavily damped and merging eventually with the Ra
leigh wing, whose intensity has markedly increased. Its e
mated frequency at lowest temperatures is compatible w
the IR data, but the fit requires higher damping. In additio
a mode referred to asX starts to appear below some 50 K
;40 cm21, gains intensity on cooling and becomes even
ally the dominant feature of the low-frequency spectra. T
second-order feature at;80 cm21 virtually disappears at
lowest temperatures.

The temperature dependences of relevant mode freq
cies obtained from the IR and Raman data are plotted in
8 together with their suggested assignment. In Table I
listed the fitted parameters from the IR and Raman dat
several temperatures. The temperature dependence of
of the activatedR point and IR mode Raman strengths~inte-
grated intensities! is shown in Fig. 9. The corresponding fi
will be discussed below.

e
-

FIG. 8. Temperature dependences of the main observed m
frequencies together with their assignment—comparison of FIR
Raman data.
1-5
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IV. DISCUSSION AND THE THEORETICAL MODEL

The results of the group-theoretical analysis of lattice
brations in both STO phases using published data30–33 are
summarized in Table II. For the analysis in the tetrago
phase we used the system of cubic axes,31 which results in
exchange ofB1g and B1u for B2g and B2u representations
respectively, compared to the more commonly used sys
of tetragonal axes where thea andb axes are rotated by 45
in the plane normal to the tetragonalc axis. In addition the
correlation is shown with the two most probable polar pha
suggested below and the observed TO mode frequencie
300 and 15 K together with their symmetry assignment.
general a good agreement between IR and Raman da
seen.

As in single crystals, thevTO1 frequency, from Fig. 8,
obeys the classical Cochran softening lawvTO1

2 }(T2T0)
above;60 K with the extrapolated zero frequencyT0'31
K. Below Ta , the single crystal Raman data display the we
known softA1g1Eg doublet30 which saturates at low tem
peratures near 49 and 15 cm21, respectively. In our ceramic
we see that the behavior of the weakA1g component is in
reasonable agreement with the crystal data. Particularly
frequency roughly follows the power lawv(A1g)}(Ta
2T)b with critical index of the order parameterb'1/3 ~see
Fig. 8!. However, theEg component is apparently absent
the very low-frequency range. We assign theX mode near 40
cm21 to the missingEg component whose pronounce
strengthening and partial hardening is caused by a str
coupling with the TO1 soft mode. Unfortunately, the limited
accuracy of our low-frequency data did not allow us to d
termine the coupling parameters unambiguously. The t
perature dependence of the totally symmetricA1g component
shows that the primary order parameter, the TiO6 octahedra
tilt, attains the same spontaneous value as in single crys
However, theA1g2Eg splitting, which in our case at low

FIG. 9. Temperature dependences of the Raman strengths o
selectedR-point and IR modes. The dotted lines correspond tI
}(Ta2T)0.72, the full line to I}e2aT.
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temperatures amounts to;9 cm21 only, measures the sec
ondary order parameter, the tetragonal deformation31,33 ~ne-
glecting the smallEg frequency renormalization caused b
the coupling previously mentioned!. As both these quantities
are proportional to the order parameter squared,31 it appears
that the low-temperature spontaneous tetragonal deforma
in our ceramics is an order of magnitude smaller than tha
single crystals. This can be explained by volume clamping
individual grains by the surrounding grains belowTa , which
strongly limits the tetragonal deformation of each grain
the bulk. This could also explain the absence of any mea
able specific heat anomaly in our DTA experiment, where
in a single crystal a weak anomaly of 2 J mol21 K21 was
detected.36

The temperature dependences of the Raman strength
the foldedR-point modes~see Fig. 9! obey the power law
I R}(Ta2T)g with Ta5132 K and g50.7260.01 which
agrees well with that observed in single crystals@by symme-
try g52b ~Ref. 31!#. As seen from Fig. 9, in contrast t
single crystals whereTa >105–110 K,37 in our ceramics
Ta5132 K. This shift could be caused by internal stress
our ceramics because hydrostatic pressure is known to
creaseTa by ;20 K/GPa.38 Also the unwanted Ca admixtur
increasesTa .23

Unlike the R-point modes, the IR modes have nonze
Raman strength even at room temperature and show a m
steeper increase on cooling~exponential increase propor
tional toeaT see fit in Fig. 9!. In view of our analysis below,
we tried also a power law fit to correlate these strengths w
the TO1 frequency. A good fit can be achieved withI R

}vTO1
2a , a51.660.06 as shown in Fig. 10. Also the TO1

mode strength was tentatively estimated by integrating
reduced Raman strength from 12 to 100 cm21. One can see
that except for temperatures below 35 K, where the s
mode response merges with our unresolved central line,
strength obeys the same law as that of TO2 and TO4 modes.
The appearance of forbidden polar modes in our Ram
spectra demonstrates the local loss of the inversion ce
Similar symmetry breaking, but only at much lower tempe
tures, was already observed in Ca doped23 and O18 isotope
exchanged STO single crystals,39 in thin films40 and even in
nominally pure STO crystals41 and was assigned to ferroele
tric fluctuations. The bilinear coupling of the TO1 soft mode
to theEg component only~not to theA1g one in the case of
our ceramics! requires by symmetry arguments a polar pha
with the polarization perpendicular to tetragonalc axis. The
two possibilities suggested in Table II with polarizatio
along ~110! and ~100! directions can be, from the symmetr
point of view, realized by the simplest Landau-type eq
translational phase transitions.42

Our explanation of polar phase appearance is based o
assumption that at grain boundaries a frozen polarizationPf
~dipole moment! exists independent of temperature. This is
plausible assumption since the recent careful studies o
STO bicrystal and ceramics have shown that the structur
the grain boundary is well defined, insulating and sufficien
asymmetric and nonstoichiometric to be connected with
dipole moment.43–47Another origin ofPf could be in local-

the
1-6
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TABLE II. Symmetry classification of relevant vibrational modes in STO in various phases~including the suggested polar phase!,
together with our observed IR TO and Raman mode frequencies at 300 and 15 K. The 300 K data for the silentF2u andR158 mode are taken
from hyper-Raman~HR! ~Ref. 34! and inelastic neutron~N! ~Ref. 35! experiments on single crystals, respectively. The frequencies in the
column ~observed in Raman! are compatible with the polar symmetry only. All frequencies are in cm21.

Pm3̄m (Oh
1) I4/mcm (D4h

18) F2xymx̄ymz (C2v
18) I2xmymz (C2v

22)

Z 5 1 Zprim52 Zprim52 Zprim52
(PS50, T5300 K! (PS50, T515 K! (Px5PyÞ0, T515 K! (PxÞ0, T515 K!

species activity observed species activity observed species activity species activity obse

3F1u IR 93,176,548
3A2u IR 15,172,548

3B2 IR 1 R
3B2 IR1R ;15,171,547

3Eu 3A113B1 3A113B1

1F2u HR 266
1B2u - - 1B2 IR 1 R

1A2 R
;263

1Eu IR - 1A111B1 1A111B1 IR 1 R

1R158 (F1g) N ;40 ~soft!
1A1g R

52 1A1 IR 1 R
1A1 IR 1 R 42

1Eg 40 1A211B2 1A211B2

2R258 (F2g) - -
2B1g R 144,447

2A1 IR 1 R
2B1 IR 1 R -

2Eg 2A212B2 2A212B2

1R15(F1u) - -
1A1u - - 1A2 R 1A2 R

-
1Eu IR 436 1A111B1 IR 1 R 1A111B1 IR 1 R

1R12(Eg) - -
1A2g - - 1B1 IR 1 R

1B1 IR 1 R -
1B2g R 229 1B1 1A1

1R1(A1g) - - 1A2g - - 1B1 IR 1 R 1B1 IR 1 R 795

Total
3F1u11F2u

1A1g11A1u12A2g13A2u1
8A114A218B117B2 7A115A219B116B2(G point! 12B1g12B2g12B2u13Eg13Eu

Mode activity 3 IR 8IR17R 23(IR1R)14R 22(IR1R)15R
os
ha

s
th

na

tri
r
e
Th
-

gth

sub-

he
n
in

to

n
sly

ec-

ec-
he

e
tiv-
ized point defects, e.g., O vacancies or Ca impurities wh
concentration at grain boundaries could be much higher t
the average one. The frozen polarizationP(r )5Pf(r ), where
r goes through all defects and grain boundaries depend
general on position. The defect-free bulk we describe by
simple Landau-Ginzburg free-energy density functio
~valid at least aboveTa)

f ~r !5
a~T2T0!

2
P21

b

4
P41k~¹P!2, ~1!

whereT0 is the extrapolated Curie temperature (T0531 K in
our case!.

The inhomogeneous polarization in a small ferroelec
particle48 ~possibly also in the vicinity of point, linear o
planar polar defects! can be calculated by minimizing th
free energy under the appropriate boundary conditions.
polarization inside a thin slab~approximating roughly a cu
bic grain with two polar surfaces against each other!, for
instance, can be expressed as

P~x!5Pf

cosh~x/j!

cosh~D/2j!

'PfFexpS 2
x1D/2

j D1 expS x2D/2

j D G , ~2!
18411
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whereT.T0 , Pf is the surface polarization,x is the space
coordinate normal to the slab~x50 in the slab center!, D its
thickness which is much larger than the correlation len
j5@a(T2T0)/k#1/2 of the polarization fall-off, andj is
found to be proportional tovTO1

21 . In our model, the average
polarizationPav'2Pfj/D}(T2T0)21/2 is proportional toj,
but in general, assuming the interdefect distances are
stantially larger thanj, one can show thatPav}jd whered is
the dimensionality of the polarization propagation from t
polar defect ~for diluted polar point defects—e.g., grai
corners—d53; for isolated polar linear defects—e.g., gra
edges—d52; for isolated polar surfacesd51). In our case
of finite grains one could expect the main contribution
stem from the grain surfaces withd51, implying that the
experimentald should be certainly smaller than 3, or eve
than 2. The Raman strength of polar modes is obviou
proportional to the total volume of polar regions~we assume
incoherent scattering of individual grains! or averaged polar-
ization, i.e., also tojd, and our experiment yieldsd'1.6
~Fig. 10! in reasonable agreement with our theoretical exp
tation.

A similar model can also be used to calculate the diel
tric response function. The polarization is localized in t
grain boundary layer of the characteristic thicknessj whose
permittivity «gb is connected with the stiffened soft mod
response in these regions, while the grain interior permit
1-7
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ity is that of the single crystal«sc(v). One can then use th
brick model approach, successfully used for the discussio
dielectric properties in the case of BaTiO3 ceramics.49 In this
model the effective dielectric response is estimated simila
a series combination of the bulk and surface layer~grain
boundary! capacitances

1

«
5

x

«sc
1

~12x!g

«gb
, ~3!

where x is the volume fraction of nonpolar grain interio
(12x)}jd is the volume fraction of polar grain bounda
layers, andg is a geometrical factor somewhat smaller th
unity, which takes into account the small effect of gra
boundaries in parallel with the grain bulk. In fact the perm
tivity varies near the grain boundary with the distancej and
«gb represents its effective value. Considering approxima
the permittivity ~dielectric function! as given by the soft os
cillator only ~for simplicity, with the same damping and fre
quency of the LO mode over the whole grain!, the inverse
permittivity inside the grain is

1

«sc
5

vsc
2 2v21 igscv

vL1
2 2v21 igL1v

, ~4!

wherevsc andgsc are TO1 mode frequencies and damping
of the single crystal, respectively, while the effective perm
tivity «gb of the boundary is calculated as

1

«gb
5

1

jE0

j dz

«gb~z!
5

vgb
2 2v21 iggbv

vL1
2 2v21 igL1v

, ~5!

FIG. 10. Raman strengths of the IR modes as a function of
soft mode frequencyvTO1. The fit to TO2 and TO4 strengths yields
I}v21.63, the fit to TO1 strength~taking as integral of the reduce
Raman intensity from 12 to 100 cm21) excluding the data below 35
K ~see text! yields I}v21.59.
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where the effective frequency and damping of the soft mo
in the grain boundary arevgb

2 5(1/j)*D/22j
D/2 vT1

2 (z)dz and
ggb

2 5(1/j)*D/22j
D/2 gT1

2 (z)dz, respectively. Then the overall ef
fective response is still described by the damped oscilla
with the soft mode frequencyveff shifted up to

veff
2 5vsc

2 13j~gvgb
2 2vsc

2 !/D.vsc
2 , D@j ~6!

and with the damping increased to

geff5gsc13j~gggb2gsc!/D.gsc. ~7!

The short-range forces, which appear near the grain bou
aries as discussed in Ref. 48 in connection with the dynam
of a small ferroelectric particle, are neglected in the abo
model, but their inclusion can be shown to yield qualitative
the same result. Our experiment gives the lowest lo
temperature value ofvTO1 about 15 cm21 whereas its single
domain crystal values are 7.8 and 16.5 cm21 for the splitEu
and A2u components, respectively50 ~10.7 cm21 as a
weighted average!. This is compatible with the reduced valu
of the low-temperature permittivity in ceramics compar
with multidomain single crystals.

The question may be asked if the correlation lengthj is
really much shorter than the grain sizeD down to the lowest
temperatures. As no saturation of the IR mode Ram
strengths in Fig. 9 is observed, it is likely so. The Ram
strengths of the IR modes at lowest temperatures are com
rable to those in STO single crystals doped with less tha
at. % of Ca, where a field induced polarization of the order
1 mC/cm2 was observed.23 It follows that our low-
temperature averaged polarizationPav is of the same order
and that the frozen polarizationPf should be much larger. A
more quantitative estimate could be possibly done using
initio calculations of the ideal grain boundaries.47

The hybridization of the TO1 with theEg mode (X mode!
due to symmetry lowering is an additional effect which i
fluences the dielectric response. It implies thatPf is perpen-
dicular to the tetragonalc axis ~as in Ca-doped crystals23!.
This supports the idea that the grain boundary dipole m
ment is not caused by random defects but rather by a spe
atomic arrangement.43–46Moreover it implies that the tetrag
onal phase develops in a specific fixed orientation with
spect to the grain boundary structure, sincePf exists in the
cubic phase prior to the structural transition. This calls
microstructural studies of the tetragonal phase in a bicrys
We believe that also in thin STO films the appearance
polar regions, which stiffens the TO1 soft mode response an
causes coupling between the TO1 and structural soft modes
is an important reason for the smaller softening of the po
soft mode8–11 and consequently lower permittivity.

Let us now comment on the comparison of IR and Ram
responses in ceramics. As the grain size is much smaller
the polar phonon wavelengths, the IR response is dire
comparable with the effective medium approximation us
in our model even in the case of appearance of polar regi
which may produce local optical and dielectric anisotrop
Therefore the response is dominated by the slightly stiffe
transverse polar frequencies as in the case of the soft m
discussed above.51 On the other hand, the wavelengths

e

1-8
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first-order Raman active phonons are comparable to
smaller than the grain size so that the effective medium
proximation is not valid. In this case, in addition to tran
verse polar modes the corresponding longitudinal modes
to a lesser extent all modes in between are also activated
to the polycrystalline character of the ceramic sample w
polar grains of stochastic orientation.52 This explains the
much broader Raman response, particularly in the lo
temperature and low-frequency range, where large TO-
splitting of the polar soft mode causes an activation o
broad continuum which couples with theX mode and pro-
duces Fano type interferences with the TO2 mode.

Finally, let us briefly discuss the MW losses in STO c
ramics. Our model cannot explain the enhanced losses c
pared to single crystals2,3 using the soft mode response on
The model can account for the decrease in MW permittiv
but does not yield increase in losses. Whereas in good si
crystals the two-phonon absorption seems to explain
whole MW losses at least aboveTa ,53 in ceramics additional
losses due to grain-boundary scattering, proportional to
one-phonon density of states, may be activated. This yie
additional losses proportional to frequency, which domin
in the higher GHz range,2,54 whereas at lower frequencie
s

,

y

,

J

.

S
,

18411
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relaxational contributions proportional to 1/v were also
observed.3,55 However, due to the limited frequency rang
the corresponding relaxation times could not be estima
These losses, which point to charged point defects an
fluctuations in the grain-boundary polarizationPf , have not
yet been studied systematically. This would need dielec
studies on well defined samples at wide frequency and t
perature range, which is quite a formidable task.
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