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bstract

ielectric, infrared reflectivity and Raman measurements were carried out on dense undoped SrTiO3 ceramic with the average grain size of 150 nm
rocessed by spark-plasma sintering. The results were compared with our earlier data on conventional ceramics (grain size 1500 nm), see Petzelt et
l., Phys. Rev. B 2001, 64, 184111, and on single crystals. Permittivity is dramatically reduced at low temperatures, the soft mode correspondingly
tiffened and in Raman spectra the forbidden infrared modes are more pronounced compared to conventional ceramics. All the effects can be
ccounted for by the existence of polar dead layers with smaller permittivity at grain boundaries. Two models are suggested to explain the data
uantitatively. The first model assumes that the dead layer is caused by grain-boundary dipole moment, which penetrates into the grain bulk with the
olarization correlation length. Its estimate, using the soft-phonon branch curvature from inelastic neutron data and Landau theory, yields 1.2 nm at

20 K and 5.6 nm at 5 K. Fitting the data with brick-wall model to this dead-layer thickness required also temperature dependence of its permittivity
ε ∼12 at 120 K and ∼56 at 5 K). Comparably good fit of both ceramics can be obtained with temperature-independent dead-layer parameters. The
atter model is supported by strongly reduced local refractive index at room temperature in the grain-boundary region (von Benthem et al., Phys.
ev. Lett. 2004, 93, 227201).
2006 Elsevier Ltd. All rights reserved.
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. Introduction

It is a well-known but not fully understood fact that high-
ermittivity (e.g. ferroelectric) materials show smaller dielec-
ric constant in thin films than in single crystalline form. The

ain reason for it could originate in stresses from the sub-
trate, inter-phase layers between film and substrate/electrode
nd in influence of the grain boundaries. Less recognized is the
act that ceramics also show usually somewhat smaller dielec-
ric constant than single crystals. Here the stresses usually do
ot play the decisive role; inter-phase layers between the sam-
le and electrode can be eliminated by measuring capacitor
amples with different thicknesses (this effect is usually neg-

igible in good insulators) so that grain boundaries obviously
emain the main cause. The grain size effect on dielectric prop-
rties was particularly intensively studied for BaTiO3 (BTO)
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tric properties

eramics.1–3 The pronounced size effect, particularly around
he ferroelectric–paraelectric transition, was explained by the
resence of so-called dead or passive layers with reduced per-
ittivity in the grain-boundary region. Assuming that the bulk

rain properties are not influenced by the grain size, the effective
ielectric constant data in the paraelectric phase could be fitted
sing the brick-wall (brick-layer) model with dead-layer thick-
ess of the order of 1 nm and relative permittivity of the order
f 100. Both parameters are obviously correlated so that some-
hat thicker dead layers could yield comparable fits with higher
ermittivity. The most recent data3 obtained on dense spark-
lasma sintered BTO ceramics of grain size 50–1200 nm yield
ead-layer thickness of 2–3 nm with ε ∼70–120, temperature-
ndependent in the paraelectric phase ∼400–440 K. It should
e noted that the fit is reliable only in the limited region
bove TC. Below TC the low-frequency permittivity data can be

nfluenced by the domain-wall and piezoelectric contributions,
hich may also vary with the grain size, and reliable high-

requency (microwave) data on BTO nanoceramics are not yet
vailable.

mailto:petzelt@fzu.cz
dx.doi.org/10.1016/j.jeurceramsoc.2006.02.001
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Some time ago we studied the dielectric, infrared (IR) and
aman response of dense SrTiO3 (STO) ceramics with the aver-
ge grain size of 1500 nm4,5 and a reduced (compared with single
rystals) low-temperature dielectric response was observed (at
K ε ∼10,000 instead of the averaged single-crystal value of
25,000). We demonstrated that this effect was connected with

nsufficient softening of the ferroelectric soft mode in the far
R spectrum and that, like in single crystals, no other dielectric
ispersion below the soft mode was detected. Moreover, from
he appearance of the forbidden IR modes in the Raman spectra
e deduced that the grain boundaries are polar. It was then sug-
ested that the reduced dielectric response could be explained
y polar dead layers of the thickness given by the correlation
ength of the polarization fluctuations (order parameter in the
andau theory). In this contribution we report on the dielec-

ric, IR and Raman response of plasma-sintered STO ceramic
ith the averaged grain size of 150 nm and compare it with our
revious data on large-grain ceramics. We demonstrate that the
ata on both ceramics (including the soft-mode stiffening in the
anoceramic) can be explained by the same dead-layer model.
owever, the dead-layer parameters still cannot be determined
nambiguously because of the correlation between its thickness
nd permittivity.

. Experiment

Nano-powders of pure STO were consolidated by spark-
lasma sintering reaching the final density 98% of the theoretical
ne.6 The ceramic sample for dielectric measurements was a
hin polished plane-parallel plate with Au–Pd-electrodes. The
xperimental set-up for AF and RF frequencies (102–107) Hz
ielectric measurements consists of He-flow cryostat allowing
emperature cycling within 5–300 K, temperature controller and
192 LF Hewlett-Packard impedance analyser. No appreciable
ielectric dispersion was observed.

IR reflectivity from a flat polished surface in the 10–300 K
emperature interval was measured using the Bruker vacuum
ourier transform spectrometer IFS 113v with continuous-flow
xford Optistat CF cryostat and polyethylene windows, which

nables measurements in the 30–650 cm−1 range. Sample was
ounted in the exchange He gas.
Raman spectra were measured in back-scattering geometry,

sing the 514 nm excitation (Ar laser). The sample was cooled by
e exchange gas in a continuous-flow cryostat. Scattered light
as analysed using a double-grating spectrometer (SPEX 1418)

nd single-channel photon counting detection. To analyse the
esults, the spectra were fitted by a sum of independent harmonic
scillators. The strong Rayleigh tail in the spectra was simulated
y a “mixed” peak (90% Gaussian + 10% Lorentzian), fixed at
ero Raman shift. Its amplitude and width were left as adjustable
arameters. To take into account the characteristic antiresonance
inimum at the low-frequency side of the peak at ∼170 cm−1

TO2), this feature was fitted by a Fano lineshape.

Optical constants of the STO ceramics at room temperature

ere determined using a variable angle-of-incidence spectro-
copic ellipsometry from 1 to 5 eV (J.A. Woollam spectroscopic
otating analyzer ellipsometer).
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c
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. Generalized brick-wall model

For the discussion of the dielectric response in ceramics we
hall use the recently introduced generalized brick-wall model.7

t treats the ceramic as a special two-component composite with
harp boundaries and core–shell topology: bulk properties of the
ore (permittivity εc and volume concentration xc) surrounded
y the dead-layer properties of the shell (permittivity εs and vol-
me concentration xs). The generalization, compared to standard
rick-wall model, consists of possible arbitrary shape and size
f the core. It can be shown that in the limit of effective-medium
pproximation7,8 (electric field uniform within individual cores
nd shells) and for small volume concentration of the shells,
he effective (complex) dielectric permittivity can be expressed
nalytically as

eff = Vpεs + (1 − Vp)
εcεs

(1 − xcg)εs + xcgεc
(1)

here the parameter g (0 ≤ g ≤ 1) characterizes the core shape
nd topology (so-called generalized depolarization factor) and
≤ Vp < xs � 1 has the meaning of the percolated (in the direc-

ion of the electric field) part of the shell volume xs, which is
ot influenced by the depolarizing field so that the correspond-
ng dielectric response εs is not changed, only weighted by the
actor Vp. The important feature of the core–shell topology is
hat the percolated volume of cores is zero (grains are not at all
ercolated) so that all the remaining volume (1 − Vp) (second
erm in Eq. (1)) is influenced by the depolarizing field. If the
ead layer has small permittivity, εs � εc, the effective response
eff is severely reduced (almost as in series capacitor model,
hich is reconciled for g = 1 and Vp = 0), because the bulk prop-

rties are not percolated. The common cubic brick-wall model is
btained for g = 1/3 and Vp = 0. This case is identical also with
o-called coated-spheres model (Hashin–Shtrickman model8),
hich holds for any concentration of both components. It con-

ists in coated spheres of fractal topology, which fill up the whole
ample volume.

The particular advantage of separating the percolated and
on-percolated parts of the effective dielectric response in Eq.
1) becomes evident when discussing the ac response. Generally,
he ac response consists of several relaxational and/or resonance
ispersion regions in the spectrum (resonances are mostly due to
olar phonon modes in the IR, relaxations at lower frequencies
ppear in impure and/or strongly anharmonic systems), which
re characterized by poles of the dielectric function (complex
ermittivity) in the complex frequency plane. In the percolated
art of the response (first term in Eq. (1)), the frequencies of
hese poles are not changed so that all dispersion regions in the
c response remain in the same frequency regions, just weaker
y the factor of Vp. The non-percolated part of the response is,
owever, influenced by the depolarizing field in the way that
ll dispersion regions in the core response are somehow shifted
p in the frequency, which accounts for the reduced effective

tatic response.7,9 These up-shifts are the greater the stronger
he dielectric strengths (contribution to the static permittivity)
f the dispersion in question. For instance, in a paraelectric
eramic, softening of the ferroelectric soft mode or slowing
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ξ ∝ ε ∝ ω0 is shown in Fig. 4. If we assume such a dead
layer with temperature-independent permittivity, the effective
permittivity exhibits a maximum in the low-temperature region
(assuming g = 1/3 and εs = 100, this maximum lies at 50 K for
ig. 1. Temperature dependence of the low-frequency permittivity of STO
eramics compared with single crystal data, calculated from hyper-Raman soft-
ode data10.

own of the critical relaxation is blocked, if the dead layers
ave temperature-independent permittivity, and the Curie–Weiss
aw is modified (Curie temperature strongly shifted down and
he permittivity anomaly at the ferroelectric transition strongly
educed). It is precisely this that was observed in the case of
TO nanoceramics.2,3

. Results and discussion

The temperature dependence of the permittivity at 100 kHz
or the STO nanoceramics compared to that of standard
eramics3,4 and single crystal data (calculated from the hyper-
aman soft-mode data10) are shown in Fig. 1. It is clearly seen

hat particularly at low temperatures the permittivity of ceramics
s reduced and its depression strongly increases with the decreas-
ng grain size. The situation is fully analogical to BTO.2,3 Our IR
eflectivity data at room temperature and 10 K together with the
tandard fit with factorized three generalized oscillator formula
or the dielectric function11 are shown in Fig. 2. The reflectivity
ata fit is compatible also with the low-frequency permittivity
ata so that no additional dispersion below the THz soft-mode
egion is expected in nanoceramics, like in standard ceramics
nd single crystals. In Fig. 3 we plot the ferroelectric soft-mode
requencies as functions of temperature for both ceramics and
he single crystal. Stiffening of the soft mode with decreasing
rain size, particularly at lower temperatures, is clearly demon-
trated. For comparison also our soft-mode data obtained on
olycrystalline STO sol–gel thin films12 are shown. It is seen
hat even if the grain size in the films is comparable to that in
ur nanoceramics, the stiffening of the soft mode is even more

ronounced in thin films. This was explained by the presence of
ano-cracks along some of the grain boundaries.9,12

We attempted to fit the data on both ceramics by assuming the
ead-layer thickness equal to the correlation length ξ of polar-

F
a

Fig. 2. IR reflectivity of the STO nanograin ceramic at 300 and 10 K.

zation fluctuations, as suggested in5. The correlation length is
iven by13

=
√

k

ω2
0

,

here ω0 is the soft-mode frequency at the wave vector q = 0
nd k is the soft-branch curvature at the Γ point, assuming
sotropic parabolic dispersion for small q, ω2

q = ω2
0 + kq2. Here

e assume that the soft-mode amplitude describes the polar-
zation (order parameter), which is well-satisfied in the case
f STO. The estimate based on inelastic neutron data14 yields
∼= 1.2 nm at 120 K (ε ∼= 1000), which at 5 K (averaged permit-

ivity value ε ∼= 23,000) yields ξ(5 K) ∼= 5.6 nm. The tempera-
ure dependence of ξ(T) based on the simple proportionality√ −1
ig. 3. Temperature dependences of the ferroelectric soft mode in STO ceramics
nd thin films12 compared to that in single crystal.
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mittivity must be in the correspondingly stiffened soft mode.
Permittivity ∼70 would require the temperature-independent
dead-layer soft-mode frequency of ∼190 cm−1. However, this
mode is expected to be strongly inhomogeneously broadened
ig. 4. Temperature dependence of the correlation length for polarization fluc-
uations in STO crystal.

he grain size of 150 nm) caused by the increasing influence of
he dead layer with decreasing temperature. This evidently does
ot correspond to our permittivity data. To fit them with g = 1/3
cubic or spherical grains), temperature-dependent dead-layer
ermittivity εs ∼= 10 ξ(nm) is needed. Such fit of both the per-
ittivities and soft-mode frequencies for both ceramics is also

hown in Figs. 1 and 3.
Another simpler fit of our data is, however, possible. If

e assume that the dead-layer permittivity is temperature-
ndependent, a good fit can be achieved with temperature-
ndependent dead-layer thickness, too. For instance, the fit with
s = 70 and ξ ∼= 7 nm fully coincides with the previous fit. Evi-
ently, a good fit with both parameters somewhat smaller is
lso possible. The microscopic origin of such a temperature-
ndependent dead layer is not very obvious. However, the model
ained support from recent high-resolution spatially-resolved
alence electron energy-loss spectroscopy15 on grain boundaries
n STO bicrystals. The authors observed (at room temperature)
ocally much lower valence electron density near two most fre-
uent types of grain boundaries (which are known to appear also
n STO ceramics), which results in rather thick (5–10 nm) lay-
rs of strongly reduced optical refractive index along the grain
oundary (reduction from the bulk value of n = 2.4 down to
s little as n ∼= 1.3–1.5 was calculated using Kramers–Kronig
elations). The HRTEM pictures of both boundaries, on the
ther hand, show structurally almost ideally thin boundaries of
bout one unit cell (0.4 nm). Using spectral ellipsometry, we
easured the effective refractive index of our ceramics (see
ig. 5). Even if the results are not very precise due to the

nternal light scattering in the ceramics (which might influence
lso the absorption index data in Fig. 5), the results clearly
ndicate the refractive index lowering with the grain-size reduc-
ion, which is quantitatively compatible with the estimate based
n the bicrystals data.15 So the second dead-layer model with
emperature-independent parameters has its support in exper-
ments in the UV–vis range. To understand the microscopic
ature of it requires first-principles calculation of the STO grain
oundaries.
In principle, IR and Raman spectroscopy can help to distin-
uish between both dead-layer models. As part of the dead-layer
olume might be percolated in the field direction (first term in
q. (1)), the polar modes accounting for its locally reduced

F
i

ig. 5. Room temperature optical constants of both STO ceramics from ellip-
ometric data.

ermittivity should be observable in the effective response.
ssuming that most of the dead-layer volume is due to only
slightly distorted STO lattice, the reason for reduced per-
ig. 6. Temperature dependence of Raman spectra of nanograin SrTiO3 ceram-
cs. The spectra are reduced by the appropriate thermal factor.
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Fig. 7. Examples of a fit to the Raman data of Fig. 6 by a sum of harmonic
o
t
l

s
a
d
a
s
a
s
t

b
m
R
a
m
s
v
I
w
b
i
t
e

q
m
w
p

A

d
t
(
(

R

1

1

1

1

1

scillators. Dashed line simulates the main part of Rayleigh wing (instrumen-
al function). The asymmetric TO2 peak at ∼170 cm−1 is modelled by Fano
ineshape.

ince the dead layers certainly do not have sharp boundaries and
re by no means homogeneous. The first model of dead layer
etermined by the grain-boundary dipole moment would require
somewhat temperature-dependent dead-layer soft mode in a

omewhat higher frequency range (∼200 cm−1 at low temper-
tures and even higher at higher temperatures). These features
hould be stronger in nanoceramics, where the volume concen-
ration of dead layers reaches up to 20%.

The IR reflectivity can hardly detect these weak features
ecause the response is dominated by the very strong bulk polar
odes. However, the strong first-order scattering is forbidden in
aman response so that it is more appropriate to search for weak
nd smeared dead-layer modes, which due to local acentricity
ight appear quite strong. In Fig. 6 we present our reduced back-

cattering Raman spectra of STO nanoceramics. The spectra are
ery similar to those of standard ceramics5. The sharp forbidden
R modes are even stronger than in the standard ceramics and are
ell observable up to room temperature. In addition, two broad

ackground features in the range of 100–400 cm−1 are observed
n both ceramics (see Fig. 7), which could be tentatively assigned
o the grain-boundary modes. The lower feature clearly soft-
ns with decreasing temperature. To discuss these features more

1

eramic Society 26 (2006) 2855–2859 2859

uantitatively, as well as all the rich low-frequency features, new
icro-Raman measurements comparing both types of ceramics
ith the single crystal in the same scattering geometry are in
rogress.
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