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Abstract

Raman and infra-red spectroscopic investigations of nominally pure SrTiO; ceramics have revealed a clear presence of polar phase
whose manifestation steeply increases on cooling from room temperature. The Raman strengths of the Raman-forbidden infra-red
modes are proportional to wtd; (¢ ~ 1.5) where wto; is the polar soft mode frequency. Our explanation is based on an assumption of a
temperature independent polarization Py fixed at grain boundaries. The effective polar soft mode is slightly shifted upwards at low
temperatures, becomes broader and strongly coupled with the E, component of the structural soft mode which shows that Py is per-
pendicular to the tetragonal c-axis. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Strontium titanate SrTiO; (STO) has been one of the
most popular materials since the discovery of its inci-
pient ferroelectricity and polar soft mode behavior.!
Owing to its high dielectric permittivity that increases
on cooling and to its low microwave (MW) losses it is the
most attractive material for many high frequency and
MW applications, particularly at low temperatures.”
For this reason, great attention has been paid recently to
dielectric properties of STO thin films, which, however,
show dramatic differences compared to bulk samples.
The permittivity is much smaller and thickness dependent,
its increase on cooling saturates at higher temperatures>’
and, correspondingly, the polar mode softening levels off
at much higher frequencies.®~!! Several reasons affecting
this behavior were discussed: influence of a low permit-
tivity layer on the electrode—film interface,>% 12714 stress
caused by the mismatch with the substrate,'*!> non-
stoichiometry, porosity and granularity.!>!41® How-
ever, so far it has not been clear which of these effects (if
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any) predominates. To simplify the situation and elim-
inate all the effects but grain boundaries (and possible
point defects), we decided to study bulk STO ceramics.

Unlike single crystals, surprisingly little attention has
been so far paid to pure STO ceramics. Earlier literature
reports on dielectric data including the MW range>?
which show that, like in single crystals, there is no
appreciable dielectric dispersion present down to liquid
He temperatures up to the 10'° Hz range. However, the
permittivity values at He temperatures are several times
smaller in ceramics (few thousands) than in good single
crystals, where they reach nearly 25,000,!7-'8 and the
MW losses in ceramics are also appreciably higher and
grain size dependent.>* No soft mode studies on STO
ceramics are known to the authors, even if it is clear (via
Lyddane—Sachs—Teller relations) that the lower permit-
tivity should imply a smaller softening of the soft mode.
This letter reports on our Raman and IR reflectivity
measurements, which not only confirmed this effect, but
also presented a clear evidence for existence of polar
regions in STO ceramics. Some of our preliminary data
have been published recently.!'%-!°

2. Experimental

The STO ceramics samples were prepared by a con-
ventional mixed-oxide route.?’ The unstrained, single-
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phase stoichiometric samples were non-porous (98.8%
of theoretical density). The mean grain size of about 1-2
pm was determined from SEM analysis. The impurity
content was determined by means of ICP-AES analysis.
The concentration of heterovalent impurities (e.g. Al,
Fe, K, Na, Nb) was below 150 ppm, homovalent impu-
rities of Ba (320 ppm) and Ca (550 ppm) originate from
the precursor powder, contamination with Si (150 ppm),
Y (110 ppm) and Zr (2100 ppm) is caused by the milling
process. Such an impurity level (particularly Ca) may
lead to an increase in low-temperature permittivity in sin-
gle crystals, but does not change the phase diagram
appreciably. The samples were mechanically polished with
an alumina slurry and chemically polished with Synthon
(fluoride based SiO, slurry). Since in the case of STO sin-
gle crystals it is now well established that the surface
treatment plays an important role in the dielectric’ as well
as X-ray and neutron scattering experiments,”>>* we
decided to pay attention to this problem also in the case
of ceramics. Some of the samples were etched for about
1 h in the boiling (130 °C) concentrated ortho-phos-
phoric acid to remove a several um thin layer from the
surface.>'8

The standard dielectric measurements revealed a usual
dispersionless permittivity values with a monotonous
increase on cooling (Curie—Weiss behavior above ~100
K) reaching almost 10,000 at 10 K, which is a higher
value than that reported on ceramics.> MW measure-
ments at 36.2 GHz performed from 300 to 90 K!° have
revealed the same permittivity values confirming no
appreciable dispersion below 10'° Hz. The IR reflectiv-
ity measurements (20-650 cm~—!, 10-300 K) were carried
out using Bruker IFS 113v Fourier transform spectro-
meter equipped with pyroelectric DTGS room tempera-
ture detector as well as cooled (1.5 K) Si bolometer. In
addition, submillimeter reflectivity (15-25 cm™!, 300-5 K)
was also measured using a monochromatic backward-
wave-oscillator (BWO) spectrometer. The unpolarized
Raman spectra were taken using Ar™ Coherent INOVA
90 laser and Jobin Yvon T64000 spectrometer with
CCD and photon counting detector in a pseudo back-
scattering geometry in the 15-300 K range.

3. Results and discussion

In Fig. 1, we show the IR reflectivity including the
BWO data. We have revealed that the etched surface
yields higher room temperature reflectivity in the 90—150
cm~! range than the polished sample (and even single
crystal), which results in lower soft mode damping and
absence of the additional overdamped mode below the
soft mode response reported by us on the polished
ceramics.!? Because of the surface scattering problem at
higher frequencies, in Fig. 1 we combined spectra below
150 ecm~! from the etched sample and above 150 cm™!
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Fig. 1. IR reflectivity of the STO ceramics together with BWO data
and multi-oscillator fits (see text) at selected temperatures.

from the polished one. The spectra were fitted in a stan-
dard way to a factorized form of the dielectric function®’
to obtain the polar phonon mode parameters. The low-
frequency end of the calculated real permittivity agrees
well with the dielectric measurements. In Fig. 2, we show
the calculated imaginary part ¢ of the dielectric function.
In addition to 3 IR active transverse optic modes TO;
(soft mode), TO,, and TO, clearly seen at room tem-
perature and the E, mode activated from the R-point of
the Brillouin zone below the antiferrodistortive transi-
tion temperature 7, due to the Brillouin zone folding,
an additional mode (denoted by X) not appearing in sin-
gle crystals arises near 40 cm~! at low temperatures. Also,
in contrast to single crystals where T, 2 105-110 K,*” in
our ceramics T,= 132 K. This shift could be caused by
internal stress in our ceramics because the hydrostatic
pressure is known to increase T, by ~20 K/Gpa.?®
Selected Raman spectra reduced by the temperature
factor are shown in Fig. 3. Like in single crystals?!-2%-27
the second-order features dominate the spectra at room
temperature. On cooling, however, IR-active modes
emerge in addition to the folded R-point modes. At low
temperature, the X mode at 40 cm~—! and a heavily damped
TO,; mode, which appears as a central component in
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Fig. 2. Dielectric loss spectra calculated from the reflectivity fits.
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Fig. 3. Reduced unpolarized Raman spectra of STO ceramics at
selected temperatures.

non-reduced spectra, dominate the low-frequency range.
In Fig. 4, we plotted the temperature dependences of all
mode frequencies below 100 cm~! from IR and Raman
data carefully fitted by independent multi-oscillator
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Fig. 4. Temperature dependences of the observed low-frequency mode
frequencies together with their assignment—comparison of FIR and
Raman data.

model. Like in single crystals, the wto; frequency obeys
the classical Cochran softening law above ~ 60 K with
the extrapolated zero frequency near 31 K (see the full
line in Fig. 4). Like in single crystals, the deviation from
the Cochran fit at low temperatures is mainly due to the
well known quantum zero-point fluctuations. Below T,
the single crystal Raman data display a well-known soft
Ayt E, doublet?” which saturates at low temperatures
near 49 and 15 cm~!, respectively. In our ceramics we
see the weak A4;, component in agreement with crystal
data (our fit yields the saturated value ~ 51 cm™!; see
Fig. 4). We assign the X mode to the missing E, com-
ponent whose strengthening and partial hardening is
caused by a coupling with the TO; soft mode. Unfortu-
nately, the limited accuracy of our low-frequency data
did not allow us to determine the coupling parameters
unambiguously. The temperature dependence of the
totally symmetric 4;, component shows that the primary
order parameter, the TiOg octahedra tilt, attains the
same spontaneous value like in single crystals. However,
the A,,—FE, splitting, which in our case at low tempera-
tures amounts to ~9 cm~! only, measures the secondary
order parameter, the tetragonal deformation (neglecting
the small E, frequency renormalization caused by the
discussed coupling). As both these quantities are pro-
portional to the order parameter squared,?-3° it appears
that the low-temperature spontaneous tetragonal defor-
mation in our ceramics is by an order of magnitude
smaller than that in single crystals. This can be under-
stood as a result of volume clamping of individual
grains below T,.
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Fig. 5. Raman strengths of the R-point modes and IR modes as a
function of temperature.

The temperature dependences of the Raman strengths
(see Fig. 5) of the folded R-point modes obey the power
law Igx o« (T,—T)" with T,=132 K and y=0.724+0.01
which agrees well with that observed and theoretically
expected in single crystals (y should be twice the critical
index B of the order parameter from symmetry con-
siderations??). Unlike the R-point modes, the IR modes
have nonzero Raman strength even at room tempera-
ture already and show a steeper increase on cooling. In
view of our further analysis we tried a power law fit to
correlate these strengths with the TO; frequency. A good
fit can be achieved with I x wfo;, «=1.544+0.06 as
shown in Fig. 6. Also the TO; mode strength was esti-
mated by integrating our reduced Raman strength from
20 to 90 cm~!. One can see that, except for temperatures
below 50 K, where the soft mode response merges with
our unresolved central line, this strength obeys the same
law as that of TO, and TO4 modes. The gradual appear-
ance of forbidden polar modes in our Raman spectra
manifests the local loss of the inversion center. Similar
symmetry breaking, but only at much lower temperatures,
was already observed in Ca-doped?'->?> and O!® isotope
exchanged STO single crystals,?! in thin films*?> and even
in nominally pure STO crystals’® and was assigned to
ferroelectric fluctuations. The bilinear coupling of the
TO, soft mode only to the £, component (not to the A,
one in the case of our ceramics) requires by symmetry a
polar phase with the polarization perpendicular to the
tetragonal c-axis.

Our explanation is based on an assumption that at
grain boundaries a frozen polarization P; exists inde-
pendent of temperature. This is a plausible assumption
since the recent careful studies of a STO bicrystal have
shown that the structure of the grain boundary is well
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Fig. 6. Raman strengths of the IR modes as a function of the soft
mode frequency wroi.

defined, insulating and sufficiently asymmetric to be
connected with a dipole moment.3*35 Another origin of
P; could be in localized point defects, e.g. O vacancies or
Ca impurities whose concentration at grain boundaries
could be much higher than the average one. Using the
Landau—Ginzburg type of approach to calculate inhomo-
geneous polarization in a small ferroelectric particle,® the
polarization inside a thin slab can be expressed as

cosh(x/&)
cosh(D/2§)

“r(eo( ) ren ()0

where Py is the surface polarization, x is the space
coordinate normal to the slab (x=0 in the slab center),
D its thickness which is much larger than the correlation
length & of the polarization fall off, and & is found to be
proportional to wrd;. In our model, the average polar-
ization P,, is proportional to &, but in general, assuming
the inter-defect distances substantially larger than &, one
can show that P,, o« &7 where d is the dimensionality of
the polarization propagation from the polar defect (for
diluted polar point defects—e.g. grain corners—d=3;
for isolated polar linear defects—e. g. grain edges—
d=2; for isolated polar surfaces d =1). In our case of
finite grains one could expect the main contribution
coming from the grain surfaces with d= 1, implying that
the experimental ¢ should be certainly smaller than 3, or
even than 2. The Raman strength of polar modes is
obviously proportional to the total volume of polar
regions (we assume incoherent scattering of individual
grains) or averaged polarization, i.e. also to &, and our
experiment yields d &~ 1.5 in agreement with theoretical
expectation.

Similar model can be used also to calculate the dielectric
response function. The polarization is localized in the

P(x) = Pf
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grain boundary layer of the characteristic thickness &
whose permittivity ¢ is connected with the stiffened soft
mode response in these regions, while the grain interior
permittivity is that of the single crystal e;.(w). Then one
can use the brick model approach successfully used for
the discussion of dielectric properties in the case of
BaTiO; ceramics.?” In this model the effective dielectric
response is estimated like a series combination of the
bulk and surface layer capacitances

1 1 -5
X + ( X)g )
& & &l

where (1—x) o< £ is the volume fraction of polar grain
boundary layers, x is the volume fraction of nonpolar
grain interior, and g is a geometrical factor somewhat
smaller than unity. Considering both permittivities
(dielectric functions) as given by soft oscillators only
(for simplicity with the same dampings and strengths in
layers like in the bulk), the soft mode frequency weg is
shifted up to
a)gff = a)fc + SE(ga)lz - a)gc)/D > a)?c, D>>¢& 3)
where wj, w. are TO; mode frequencies in the boundary
layer and single crystal, respectively. The short-range
forces appearing near the grain boundaries and dis-
cussed in Ref. 35 in connection with the dynamics of a
small ferroelectric particle are neglected in the above
model, but their inclusion can be shown to yield quali-
tatively the same result. Our experiment gives the lowest
low-temperature value of wro; about 14 cm~! whereas
its single domain crystal values are 7.8 and 16.5 cm™!
for the split E, and 4,, components, respectively3® (10.7
cm~! as a weighed average). Our low-temperature TO
mode damping is ~12 cm~! compared with much smal-
ler values in single crystals.®-*® The higher effective soft
mode damping could be accounted for by averaging over
the anisotropy and distribution of grain shapes and sizes.
The hybridization of the TO, with the E, mode (X-
mode) due to symmetry lowering is an additional
effect which influences the dielectric response. It
implies that P; is perpendicular to the tetragonal c-
axis (like in Ca-doped crystals??). This supports the
idea that the grain boundary dipole moment is not
caused by random defects but rather by specific atomic
arrangement.>*3> Moreover it implies that the tetra-
gonal phase develops in a specific fixed orientation with
respect to the grain boundary structure, since Py exists
in the cubic phase prior to the structural transition. This
calls for microstructural studies of the tetragonal phase
in a bicrystal. We believe that also in thin STO films the
appearance of polar regions, which causes coupling
between the TO,; and structural soft modes, is the
important reason for a smaller softening of the former
mode®!! and consequently lower permittivity.

Finally, let us briefly discuss the MW losses in STO
ceramics. Our theoretical model cannot explain the
increased losses compared to single crystals®® using
the soft mode response only. The model can account for
the decrease in MW permittivity, but does not yield
increase in losses. Whereas in good single crystals the
two-phonon absorption seems to explain the whole MW
losses at least above T,,>° in ceramics additional losses
due to grain-boundary scattering proportionally to the
one-phonon density of states may be activated. This
yields additional losses proportional to frequency, which
dominate in the higher GHz range,>*® whereas at lower
frequencies also relaxational contributions proportional
to 1/w were observed.>#! These losses, which point to
charged point defects and/or fluctuations in the grain-
boundary polarization Pr, have been not yet studied sys-
tematically. This needs wide-frequency and temperature
studies on well defined samples, which are quite difficult
to perform.
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