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Abstract
Using the sol-gel technique, BaTiO3 was embedded into nanoporous Vycor and artificial vitreous opal silica 
for the first time. About 50 vol% of the pores was filled. In case of the Vycor glass (pore diameter 4–6 nm) 
only amorphous phase was revealed by XRD, IR reflectivity and Raman spectra. After additional gradual an-
nealing, no crystallization was achieved. Chemical reaction with the SiO2 skeleton started at ~1000 K. The 
room-temperature IR and Raman spectra clearly show characteristic vibrational modes of the ferroelectri-
cally distorted TiO6 octahedra without any long-range order. In case of the opal matrix (densely packed silica 
spheres, pore diameter up to ~50 nm), crystallization of the ferroelectric BaTiO3 appeared in coexistence with 
the amorphous phase, but the penetration depth of the crystalline BaTiO3 was limited. From the apparent tem-
perature independence of the effective wide-frequency dielectric response due to the essentially temperature 
independent effective soft mode stiffened to ~100 cm-1, we can deduce that no macroscopic percolation of the 
crystalline BaTiO3 has appeared in our opal matrix. Nevertheless, Raman spectra bring evidence of a diffuse 
ferroelectric phase transition in the opal-BaTiO3 composite. 
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I. Introduction

Vycor is a trademark name for a nanoporous vitre-
ous silica (silica glass) known for about 70 years [1]. Its 
system of pores comprises a complex network of chan-
nels with a narrow size distribution within nanometric 
length limits [2,3]. Considerable effort was devoted to 
study the dielectric relaxations of liquids confined in 
these nanopores [4–7] and size effects on the glass tran-
sition in organic glass-forming liquids like salol, using 
dynamic mechanical analysis [8–10]. 

On the other hand, artificial compact three-dimen-
sional opals have been fabricated relatively recently and 
only a few composites have been prepared hitherto by 

impregnation of the pores, e.g with magnetic ferrites 
[11,12]. They consist of a regular monodisperse system 
of closely packed vitreous spherical silica particles with 
diameter between 200 and 400 nm. 

It is well known that ferroelectrics also change their 
properties with decreasing particle size and the size ef-
fect of ferroelectrics is currently a hot topic quite in-
tensely studied [13]. However, only NaNO2 ferroelec-
tric, which can be easily infiltrated into the nanopores by 
melting, was prepared and thoroughly studied as a com-
posite with Vycor-type glasses [14], but no intrinsic con-
finement effect on the phonons was revealed [15]. In this 
paper we report for the first time on processing and spec-
troscopic and dielectric characterization of composites 
of nanoporous silica matrices with the classic ferroelec-
tric BaTiO3 (BT) with the aim to study the confinement 
effect on the ferroelectric phase transition and phonons.
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II. Sample preparation
Nanoporous Vycor glass (7930, Corning Inc.) is 

composed of nearly pure (96–98 %) amorphous sili-
ca of 1.5 g/cm3 density with ~28 vol% of pores. The 
pores form interconnected channels of 4–6 nm diame-
ter and ~30 nm average length. The artificial opal was 
prepared by sedimentation of amorphous silica nano-
balls of ~250 nm diameter with 35–40 vol% porosity 
with pores of complex topology and sizes from zero up 
to ~50 nm [11].

Both matrices were filled with BT using the sol-gel 
technique. The BT sol was prepared from Ti-ethoxide 
(Ti(OCH2CH3)4, Sigma-Aldrich), Ba-methoxyethoxide 
(Ba(OCH2CH2OCH3)2, home-synthetised), acetylac-
etone as modifier (molar ratio n(acac)/n(Ti) = 2) and 
methoxyethanol as solvent. Concentration of Ti and Ba 
in the sol was 0.23 M. The matrix was dried and ac-
tivated by annealing at 600°C. Then it was repeatedly 
soaked overnight by BT sol in a Schlenk vessel under 
dried nitrogen, whipped by paper tissue and annealed in 
air at 600°C (1 h heating, 1 h dwell, slow free cooling of 
the furnace to 250°C, rapid cooling after removal from 
the furnace). Higher annealing temperature during fill-

ing cannot be used because the pore structure of the ma-
trix could be damaged.

On filling-up the 0.44 mm thick Vycor glass sample 
with BT, the pyrolysis of organics slowed down sub-
stantially after the 21st cycle and the soaking - anneal-
ing procedure was therefore stopped. The achieved BT 
concentration in the sample was 32 wt.% so that 42 % 
of the pore volume was filled up determined by weigh-
ing with the BT density ρBT = 6.02 g/cm3 and ρSiO2 = 2.2 
g/cm3 (see Fig. 1). It is evident that the filling process 
slows down with increasing number of soaking cycles. 
XRD shows amorphous structure of the samples an-
nealed at 600°C (Fig. 2). Indication of the most intense 
BT diffraction line was present in the as-prepared sam-
ple, presumably due to the thin surface film of a partial-
ly crystallized BT, but the polished sample shows only 
amorphous behaviour. Results of the electron probe mi-
croanalysis were in good agreement with the desired 
composition Ba : Ti = 1 : 1 and SiO2 concentration of 68 
wt.%, determined independently by weighing. 

Next we tried to crystallize the BT by annealing 
the as-prepared Vycor-BT sample at 800°C for 1 hour. 
However, according to XRD, predominantly fresnoite 
Ba2TiSi2O8 was formed by a chemical reaction of BT 
with SiO2. Following stepwise annealing combined 
with XRD revealed that the sample remained amor-
phous after annealing up to 700°C and started to react 
with SiO2 at 750°C.

In case of the filled-up opal sample (10×10 mm, 2.8 
mm thickness), slowing down of the pyrolysis was not 
observed, but after the 55th soaking cycle it became ob-
vious that a surface layer of BT started to form, despite 
careful whipping of the sample after soaking. Therefore 
the soaking-annealing procedure was stopped after the 
60th cycle. The sample mass dependence on the number 
of soaking cycles is also shown in Fig. 1. BT concentra-
tion in the sample was 45 wt.% so that 51 % of the pore 
volume was filled (considering 63 vol% of SiO2). XRD 
was carried out with the as-prepared sample and a sam-
ple with the surface layer ground off (Fig. 2). It follows 
from the diffractograms that there was also a layer of 
crystalline BT on the sample surface (cubic-like, no tet-
ragonal splitting was seen). After grinding off the sur-
face layer (~0.1 mm), both amorphous and crystalline 
BT phases could be seen. After removal of 0.8 mm thick 
layer from the other side only amorphous phase was de-
tected (Fig. 2). Therefore it became clear that the crys-
talline BT concentration in the matrices showed a pro-
nounced depth gradient.

III. Experimental
After preliminary characterization described above, 

the samples were polished and further studied by in-
frared (IR) reflectivity (FTIR spectrometer Bruker IFS 
113v, specular reflection attachment), time-domain THz 
transmission spectro scopy (laboratory-made spectrom-

Figure 1. Filling process of BT into nanoporous Vycor and 
opal matrices - the relative mass filling factor of BT is

plotted against the number of soaking cycles

Figure 2. XRD of polished Vycor-BT, as-prepared opal-BT 
and ground off opal-BT samples
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eter based on an amplified Ti-sapphire femtosecond la-
ser system [16]), high-frequency and microwave (MW) 
dielectric measurements (dielectric spectrometer with 
Novocontrol BDS 2100 coaxial sample cell and Agilent 
4291B impedance analyzer in the 1 MHz–1.8 GHz range 
and open-end coaxial technique with Agilent E8364B 
vector network analyzer in the 200 MHz–4 GHz range), 
standard low-frequency dielectric measurements (di-
electric analyzer Novocontrol Alpha AN in the 10-2–
106 Hz range) and Raman scattering (Renishaw RM 
1000 Raman microscope, 514.5 nm excitation at 5 mW, 
Linkam THS600 temperature cell). 

IV. Results and discussion
Room-temperature IR reflectivity spectra of our 

samples are shown in Fig. 3. It is seen that both emp-
ty matrices have similar spectra dominated by a single 
strong band in the 400–500 cm-1 range. All other fea-
tures stem from BT. For the THz transmission measure-
ments it was necessary to prepare a thinner opal-BT 
sample by grinding off ~0.8 mm from one sample side, 
resulting in a plate of 1.9 mm thickness. The thinner 
Vycor-BT sample of 0.44 mm thickness was measured 
in the THz range as prepared. The two IR reflectivity 
spectra of the opal-BT sample were obtained from both 
sides of the sample with one side as prepared. They dif-
fer strongly from each other, which is obviously due to 
a different content of BT caused by a pronounced depth 
gradient of the BT-concentration in our opal-BT sample 
(at least of its crystalline part). This is clear considering 
the small effective penetration depths (about tens of µm 
or less) which take part in the reflectivity values around 
the absorption peaks. As already mentioned, XRD from 
this sample side (Fig. 2) has shown that only amorphous 
BT phase remained in the sample. Some BT-concentra-
tion gradient can be obviously expected also in the Vy-
cor-BT sample. This explains why the THz transmission 
spectra, which probe the BT-concentration averaged 
over the whole sample volume, yield smaller calculat-
ed reflectivity values (Fig. 3) in comparison with the 
IR reflectivity obtained from the unpolished side, while 
they are in agreement with the IR reflectivity from the 
ground off side of the sample. 

The reflectivity spectra were fitted with a standard 
model of the factorized form of generalized oscillators 
[17] and the fitted reflectivity curves are also shown 
in Fig. 3. The fit quality is quite good. The calculated 
complex dielectric functions from the fits are shown in 
Fig. 4. The mode assignment suggested in Fig. 4 (see 
the discussion later) is based on IR reflectivity studies 
on BT ceramics [18] and previous IR studies on BT 
single crystals [19,20]. It is well known that in the fer-
roelectric phase the soft TO1 mode from the paraelec-
tric cubic phase is strongly split into the E and A1 com-
ponent, whereas the weak and sharp TO2 mode is split 
only negligibly. For the discussion of the effective di-

electric functions in our nanocomposites we tried also 
to simulate the effective dielectric spectra using the 
known dielectric functions of both pure components. 
Two frequently used models of the effective medium 
have been applied to the Vycor-BT nanocomposite - 

Figure 4. IR complex dielectric functions of the composite 
samples calculated from the reflectivity fits. For the

assignment of phonon modes see [18-20].

Figure 3. Room temperature IR reflectivity (empty symbols) 
of Vycor-BT and opal-BT composites compared with the

reflectivities of empty Vycor and opal silica matrices.
Reflectivity of opal-BT was measured from both sample

surfaces (as-prepared ◊ and ground off ○). Also
the reflectivities calculated from the measured

THz data (full symbols) and reflectivities
fromthe fits (lines) are presented.
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Bruggeman effective medium approximation (EMA) 
and Lichtenecker model [21]. First, the dielectric re-
sponse of fully dense silica glass was obtained from 
fitting the IR reflectivity of empty Vycor glass by us-
ing the Bruggeman model considering 28 % air po-
rosity. Then we have used the room-temperature di-
electric function of dense BT nanoceramics with ~50 
nm grain size [22,23] and the effective response of 
our composite was calculated using the Bruggeman 
and Lichtenecker mixing formula taking 16 vol% of 
the BT concentration. The dielectric functions of both 
pure components and the two above-mentioned effec-
tive dielectric functions are presented in Fig. 5. Com-
parison with the dielectric functions of our composites 
in Fig. 4 from the reflectivity fits shows a qualitative 
agreement, which will be discussed below.

In Fig. 6 we summarize our high-frequency room-
temperature dielectric measurements in a broad fre-
quency range of 106–1012 Hz, obtained by three dif-
ferent techniques without electrodes. In the open-end 
coaxial technique, the E-field is approximately parallel 
to the sample surface and has a small penetration depth 

into the sample plate. Therefore the resulting permittiv-
ity was somewhat higher for the higher BT-concentra-
tion sample side attached to the coaxial line (denoted by 
2-1 in Fig. 6) than for the lower BT-concentration side 
(2-2 in Fig. 6). For the coaxial impedance technique, 
the E-field is perpendicular to the sample surface so that 
some average BT concentration across the whole sam-
ple thickness is detected. Similar effect of averaging 
over the BT concentration, but with the E-field in plane, 
is operative in case of the THz transmission, where also 
whole sample thickness plays a role. The MW losses of 
all samples are close to the limit of measurability and 
their weak increase at lower frequencies could be due to 
residual water content in the pores.

Taking all this into account, a good agreement con-
cerning the permittivity values is attained, including 
the low-frequency values from our IR reflectivity fits in 
Figs. 4 and 5. No appreciable permittivity dispersion is 
observed below THz frequencies, with permittivity val-
ues of 5–10 compared to 2.5–3 of the empty glass ma-
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Figure 6. Room temperature broad-band dielectric spectra 
of Vycor-BT and opal-BT composites compared to those of 

both empty matrices. Curves 1 (106-1.8·109 Hz) are obtained 
by the coaxial impedance technique, curves 2 (2·108-4·109 

Hz) by the open-end coaxial method and curves 3 
(2·1011-2·1012 Hz) by time-domain THz spectroscopy. 

The two permittivity values measured by the 
open-end coaxial method are obtained from 

opposite sides of the opal-BT sample.

Figure 5. IR dielectric functions of the pure composite
components - BT nanoceramics (50 nm grain size) [18]

and silica glass, calculated from the empty Vycor
reflectivity considering its porosity using Bruggeman

EMA model, and the effective dielectric functions
of theVycor-BT composite calculated by two

models - Bruggeman and Lichtenecker
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trices. This picture is consistent with the very low MW 
losses. On the other hand, in the THz range a steep in-
crease in losses with increasing frequency is seen, ob-
viously due to a ferroelectric soft mode wing, whose 
characteristic frequency (loss maximum) is near 90–
100 cm-1 (~3 THz) in all our spectra in Fig. 4.

To complement our dielectric spectroscopy data on 
opal-BT sample, we performed also standard low-fre-
quency capacitance measurements with sputtered Au 
electrodes. The results at room temperature are present-

ed in Fig. 7. It is seen that below ~1 kHz a strong dielec-
tric dispersion sets in, which yields a very high maxi-
mum in tanδ near 0.1 Hz. This dispersion (similar to that 
observed in other similar nanocomposites [14,15,24]) is 
dependent on the sample history and is obviously due to 
some Maxwell-Wagner-type mechanism (sample-elec-
trode and BT particle silica interphases), which is be-
yond the scope of our discussion in this paper. 

In Fig. 8 we present our results of temperature de-
pendences, performed using the coaxial impedance tech-
nique in the 300–480 K range and THz technique in the 
300–800 K range. The dependences for three character-
istic frequencies are plotted, showing only slight monot-
onous dependences without any ferroelectric transition 
anomaly. Also differential scanning calorimetry did not 
reveal any phase transition anomaly from 300 to 500 K. 
We have performed also the temperature dependences 
of capacitance measurements, which are more accurate 
and sensitive on losses than the MW techniques. The re-
sults, presented on cooling from 680 K in Fig. 9 for 100 
kHz (without appreciable dispersion from 1 kHz to 1 
MHz), are in good agreement with the higher-frequen-
cy data, showing however a very small and broad per-
mittivity maximum near 400 K, which could indicate a 
smeared ferroelectric transition. The incre ase in permit-
tivity as well as in losses at temperatures above ~550 K 
is a usual effect connected with an increasing (nano-in-
homogeneous) conductivity in the sample and will not 
be further considered.

To check if BT in our samples really undergoes a 
ferroelectric phase transition (as slightly indicated from 
the permittivity data in Fig. 9), we performed Raman 
scattering measurements of our samples. Room temper-
ature spectra are shown in Fig. 10 (empty glass matrices 
give only weak Raman response and are not shown). 
Whereas the Vycor-BT sample shows only broad fea-
tures, which obviously characterize the amorphous 
phase consistent with the IR reflectivity and XRD, and 
the opal-BT-poor sample side is dominated by some lu-

Figure 7. Low frequency dielectric data of the opal-BT 
sample at room temperature

Figure 8. Temperature dependence of the THz and MW data 
of the opal-BT sample at three characteristic frequencies. 

No evidence of the ferroelectric transition can be seen.

Figure 9. Temperature dependence of the complex dielectric 
permittivity of the opal-BT sample at 100 kHz, 

obtained on cooling
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minescence features (not shown), the opal-BT-rich side 
shows features of BT spectra in the ferroelectric phase, 
characterized by small sharp peaks at 182 and 305 cm-1, 
clearly assigned to IR active TO2 and silent TO3 mode, 
respectively [25,26]. 

For the opal-BT sample, we investigated the chang-
es of the Raman spectra on heating in order to see 
whether these sharp features vanish at higher temper-
atures, as expected at the ferroelectric transition to a 
paraelectric phase (the broad TO1 and TO4 peaks near 
270 and 520 cm-1 persist above Tc ≈ 400 K even in BT 
single crystals [25]), The temperature dependence was 
measured up to ~520 K, with the sample in a variable-
temperature Linkam cell and the spectrometer fitted 
with a grating Rayleigh filter to include the low-fre-
quency part down to ~15 cm-1. The results are shown in 
Fig. 11. It appeared that two sharp features were faint-
ly discernible even at the highest temperatures. Hence, 
careful analysis of the measured spectra was per-
formed to account quantitatively for their temperature 
dependence. To this end, the spectra were corrected for 
the temperature factor, normalized by total integrated 
area, and fitted by a sum of independent harmonic os-
cillators, complemented with a coupled oscillator pair 
for the two strongest asymmetric A1 peaks (TO1 and 
TO4) at ~270 and ~520 cm-1 [25]. An example of the fit 
is shown for the 300 K spectrum in the bottom part of 
Fig. 11, where the individual component peaks are su-
perimposed on a constant background. The two sharp 
TO2 and TO3 peaks are very clearly seen. Their con-
tributions to the spectra at different temperatures are 
best visualized in Fig. 12 where the plots of “residu-
als” show the experimental data after subtraction of all 
other fit components. As shown in Fig. 13, their total 
Raman strength (integrated peak area) decreases mo-
notonously with temperature; only at the highest tem-
perature the amplitudes (in particular that of TO1) start 
to merge into the noise level. These results indicate 
that the ferroelectric phase in the crystalline BT in our 
opal-BT sample does not fully vanish up to T~520 K 
so that the phase transition takes place in a rather dif-
fuse form and with some thermal hysteresis, as evi-
denced by slightly different strengths of the TO2 and 
TO3 modes on cooling (not shown).

Let us now discuss the Vycor-BT sample with 
amorphous BT. The amorphous phase is confirmed 
not only by XRD (Fig. 2), but also by IR reflectiv-
ity and Raman spectra, which do not show the sharp 
TO2 mode near 180 cm-1 (see Figs. 3, 4, 10), unlike 
the BT-rich side of the opal-BT sample. On the other 
hand, the other broader spectral features are still pres-
ent in both IR and Raman spectra. The assignment of 
these features is as follows (see e.g. [18–20,25,27], see 
also our model spectra and BT nanoceramic spectra in 
Fig. 5): The low-frequency maximum near 100 cm-1 
corresponds to the stiffened ferroelectric soft mode 

Figure 10. Room temperature Raman spectra from the 
Vycor-BT sample (two different spots (a) and

(b) are chosen) and opal-BT sample
from the BT-rich side

Figure 11. Temperature dependence of the Raman spectra
(reduced by the thermal factor and normalized by total 

area) of the opal-BT sample from the BT-rich side. 
Decomposition into individual contributions

 superimposed on a (reduced) constant background 
is shown for the spectrum taken at  300 K. Dashed 

lines represent single oscillator contributions, 
dotted line is the coupled oscillator pair (TO1, TO4), 

whereas small sharp peaks at ~180 and 
302 cm-1 corresponding respectively to TO2 

and TO3 are emphasized by solid lines.
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(E(TO1)), whose eigenvector consists essentially of Ti 
vibrations against the O-octahedra perpendicularly to 
Ps or local octahedra dipole moment in the case of no 
long-range ferroelectric order. The next broad feature 
270–300 cm-1 corresponds to the A1 component of the 
same vibration (so-called Slater mode) but along Ps or 
local dipole moment in the TiO6 octahedra. The last 
broad feature at 500–600 cm-1 corresponds to oxygen 
octahedra stretching (so called Axe mode [27]). All 
these modes belong in fact to internal Ti-O6 octahe-
dra vibrations. Their presence even in the amorphous 
BT shows that the TiO6 octahedra exists even in the 
amorphous phase and the huge E-A1 splitting of the 
TO1 mode shows that the octahedra are ferroelectric-
like distorted even in the amorphous phase, i. e. the Ti 
ions are off-centered. Absence of the sharp TO2 mode, 
which represents the vibrations of Ba ions against the 

TiO6 octahedra (so called Last mode), clearly indicates 
absence of the long-range order as expected for the 
amorphous phase.

The presence of the TO2 mode in the IR and Ra-
man spectra of our opal-BT sample from the BT-rich 
side (Figs. 3, 4 and 10) is characteristic for the crys-
talline BT phase, as also seen in XRD (Fig. 2). But 
its absence from the BT-poor side of our sample indi-
cates a strong gradient of the crystalline BT concen-
tration from the surface inside the sample. This might 
be caused by the complicated topology and shape of 
the opal pores with possible narrow bottlenecks for 
penetrating the BT sol. From the absence of crystal-
line BT in the Vycor-BT sample it follows that the 
formation of crystalline BT is possible only in broad-
er pore channels of diameter larger than ~6 nm. Con-
cerning the amorphous BT phase, our spectra indicate 
also some depth concentration gradient (see the small 
difference of the permittivity evaluated from the low-
frequency end of IR reflectivity (ε ≈ 6) and THz trans-
mission (ε ≈ 5) in Figs. 4 and 6), but certainly smaller 
than in the case of crystalline BT. More quantitative 
conclusions on the BT concentration gradient is hard 
to give from our data, neither on ratio of the crystal-
line nor amorphous part of BT.

Let us now discuss the absence (or its very small 
magnitude in Fig. 9) of dielectric anomaly near the fer-
roelectric transition, whose existence was revealed from 
the Raman spectra. Similar features have been recently 
observed in a PVDF-BT nanocomposite with BT pow-
der particles of ~7 nm embedded into a PVDF polymer 
matrix [24]. The reason for this absence, even if the par-
ticles undergo a ferroelectric transition, is stiffening of 
the effective soft mode and blocking of its softening on 
approaching the ferroelectric transition because of the 
ac depolarizing electric field acting on particle boundar-
ies [28]. Only in macroscopically percolated clusters of 
the ferroelectric particles in the direction of the ac field, 
depolarizing field is zero and such part of the composite 
could show the mode softening like the bulk ferroelec-
tric sample. The absence of such features in our THz 
spectra shows that there are no such clusters in our com-
posite. It means that BT forms only isolated nanoparti-
cles in the pores of our opal sample without any inter-
connected percolation, which could be expected in view 
of the narrow bottlenecks in the opal pores.

In addition to application aspects in nanoelectron-
ics, there are two basic purposes of studying the ferro-
electric nanocomposites: to discuss the size effect of the 
ferroelectric phase transition and to reveal confinement 
effects on the phonons. Our results and their discus-
sion show that, owing to the depolarizing field effects, 
it is rather difficult to reveal the intrinsic size effect on 
the ferroelectric transition. Anyway, the size effect may 
strongly depend on the particle surroundings, as now 
proved also by first-principles calculations [29]. Con-

Figure 12. Visualization of the contribution of TO2 and TO3 
peaks after subtraction of all other components of the fit 

from the experimental data of Fig. 11

Figure 13. Temperature dependence of the total Raman 
strength (peak area) of the TO2 and TO3 modes in the

opal-BT Raman spectra. The solid curves are
guides to the eye
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cerning the phonon confinement, spectroscopic studies 
of a similar nanocomposite of porous silica glass and 
NaNO2 ferroelectric [15] (pore channels of ~7 nm) did 
not reveal any appreciable phonon confinement except 
for the polar phonon stiffening due to the depolarizing 
field. Also in our case it appears that the intrinsic effect 
is negligible.

V. Conclusions
To study the phonon confinement and ferroelectric 

size effect, we succeeded to prepare for the first time 
composites of BT infiltrated into nanoporous Vycor and 
opal silica matrices. In the former case (pore diame-
ter up to ~6 nm) only amorphous BT phase was pres-
ent, whereas in the latter case (pore diameter up to ~50 
nm) a combination of amorphous and crystalline ferro-
electric phase with a pronounced depth concentration 
gradient (penetration depth of the order of ~0.1 mm) 
was revealed. A smeared ferroelectric phase transition 
without any appreciable size effect was revealed for the 
crystalline phase. Absence of the phonon mode soften-
ing shows that no macroscopically percolated BT clus-
ters exist in our sample. The amorphous phase showed 
clearly ferroelectric-like distorted TiO6 octahedra, i.e. 
presence of the off-centered Ti ions.
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