
145

Processing and Application of Ceramics  3 [3] (2009) 145–155

#Paper presented at 6th COST 539 Workshop,  
Advance Functional Characterization of Nanostructured Materials, 
February 23-25, 2009, ICMM-CSIC, Madrid, Spain 
* Corresponding author: tel: +420 266 052 166
fax: +420 286 890 415, e-mail: petzelt@fzu.cz

Infrared and THz spectroscopy of nanostructured dielectrics#

Jan Petzelt*

Department of Dielectrics, Institute of Physics, Acad. Sci. Czech Rep., Na Slovance 2, 182 21 Praha 8,  
Czech Republic
Received 11 May 2009; received in revised form 19 October 2009; accepted 30 October 2009

Abstract
Results achieved using the infrared/THz spectroscopy of various inhomogeneous dielectrics in the Depart-
ment of Dielectrics, Institute of Physics, Prague, during the last decade are briefly reviewed. The discussion 
concerns high-permittivity ceramics with inevitable low-permittivity dead layers along the grain boundaries, 
relaxor ferroelectrics with highly anisotropic polar nano-regions, classical matrix-type composites, core-shell 
composites, filled nanoporous glasses, polycrystalline and epitaxial thin films, heterostructures and superlat-
tices on dielectric substrates. The analysis using models based on the effective medium approach is discussed. 
The importance of depolarizing field and of the percolation of components on the effective ac dielectric re-
sponse and the excitations contributing to it are emphasized.
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I. Introduction
In this review we would like to address briefly the 

progress achieved within the last decade in quantitative 
infrared (IR) and time-domain terahertz (THz) spectros-
copy of nano-inhomogeneous dielectric materials. The 
aim is to determine the complex dielectric function of 
such materials in the 1011–1014 Hz range (mainly the po-
lar-phonon range) and broad temperature interval. The 
response may appreciably differ from that of uniform 
(homogeneous) components of which the material un-
der study is composed. For achieving this goal, compact 
and macroscopically homogeneous samples are needed 
in a plane-parallel form (slab with a diameter typically of 
5–10 mm) with a flat polished surface enabling transmis-
sion as well as specular (mirror) reflection measurements. 
For recent more general reviews on results achieved us-
ing these techniques and basic definitions see [1,2].

The following types of nanostructured samples have 
been so far studied in our lab: 

Dense nano-grain (grain size below 100 nm) or fine-1.	
grain (grain size 100–200 nm) ceramics compared with 
coarse-grain ceramics (grain size > 1 µm) and/or single 

crystals to study so called dielectric size effect in high-
permittivity materials (SrTiO3 (STO) [3–5], BaTiO3 
(BTO) [6], (Ba,Sr)TiO3 (BST) [7–9], PbMg1/3Nb2/3O3-
PbTiO3 (PMN-PT) solid solution [10];
Relaxor ferroelectrics – materials with com2.	
positional (chemical) nano-order and/or polar nano-
regions (PMN [11–14], PbMg1/3Ta2/3O3 (PMT) [15], 
Pb(Zr,Ti)O3:La (PLZT) [16–20], PbSc1/2Ta1/2O3 
(PST) [21,22], Na1/2Bi1/2TiO3 (NBT) [23], (Sr,Ba)
Nb2O6 (SBN) [24] and some others [25–27]);
Classical matrix nano-composites – high-permitti3.	
vity nanoparticles embedded in a low-permittivity 
matrix (BTO-PVDF) [28];
Core-shell composites – compact samples consis4.	
ting of high-permittivity micron or submicron cores 
covered with nano-thin shells of another (e.g. low-
permittivity) material (BTO-STO, BTO-BaZrO3 
[29], BTO-Al2O3, BTO-SiO2 [30]);
Nano-porous low-permittivity material filled by a 5.	
high-permittivity filler (Vycor glass – BTO nano
composite [31]);
Polycrystalline and epitaxial thin films of high-per-6.	
mittivity materials; film thickness down to 20 nm 
(STO [32–40], BTO [41,42], BST [33,43]);
Heterostructures – system of several thin films with 7.	
individual film thicknesses tens of nm (STO-DyScO3 
[39,40,44], BST(x)-BST(1-x) [45]);
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Superlattices – system of several epitaxial layers 8.	
with nm thicknesses of individual layers and vari-
ous compositions (BTO-STO) [46].

Most of the samples are studied under quasi-nor-
mal reflectance and/or transmittance of the probing IR/
THz beam and therefore the following two substantial-
ly different evaluation procedures are required. Since 
the IR/THz beam is transverse, the samples, which are 
macroscopically uniform in the sample plane (e.g. epi-
taxial films, heterostructures and superlattices + op-
tically isotropic substrate), can be treated as homo-
geneous within the probing electric field E direction 
and the evaluation of such a multilayer system is per-
formed in a standard way using formulas based on 
transfer-matrix formalism considering coherent inter-
ferences within the individual slabs [47]. In this case 
the internal macroscopic field is homogeneous in the 
film plane and no restriction on the thickness of indi-
vidual slabs in relation to probing wavelength is re-
quired. However, if the samples are dielectrically inho-
mogeneous within the E direction, depolarization field 
arises on each interface of different dielectric media, 
which may strongly influence the resulting effective 
dielectric response. The averaged (so-called effective) 
dielectric response strongly depends on the shape and 
topology of individual homogeneous components and 
can be calculated only within the framework of some 
simple models of effective media (Effective Medium 
Approximation - EMA) [48,49]. EMA models require 
that the external probing E is homogeneous within in-
dividual components and that the boundaries among 
all the components are sharp. Moreover, depending 
on the model used, some simplifying assumptions are 
made about the shape of components and topology of 
the composite. The models can be also applied to eval-
uate the ac dielectric response of individual compo-
nents, but the condition of E-homogeneity requires 
the size of individual components being much small-
er than the wavelength of the probing IR wave. This 
is certainly well fulfilled up to the mid IR range (λ in 
vacuum ≥ 10 µm, inside the material at least ≥ 1 µm) 
if the system under study is nano-inhomogeneous. In 
strongly absorbing media another condition should be 
fulfilled: the penetration depth should be also much 
larger than the component size [50].

The most frequent case of characterizing the effec-
tive dielectric function in the IR-THz range in bulk 
samples is to combine the FTIR reflectivity mea
surements from opaque (usually ~1 mm thick) samples 
(in the frequency range of strong polar-phonon absorp
tion) with the THz transmittance below the strongly 
absorbing phonon resonances on thinner plane-par-
allel samples (appropriate thickness typically from 1 
mm in case of transparent samples, down to ~20 µm 
in case of strongly absorbing samples). Whereas the 
IR reflectivity should be fitted – usually using the fac-

torized form of the multi-oscillator dielectric func-
tion [51] – to evaluate the complex dielectric function 
from the measured data of the power reflectivity, the 
THz measurements determine the amplitude as well 
as the phase of the transmitted (reflected) beam which 
allows one to calculate the complex dielectric func-
tion for each frequency, independently of any model. 
The reflectivity fits are then combined with the THz 
dielectric data to obtain a fitted dielectric function for 
the broad frequency range, typically 1011–1014 Hz. In 
the case of inhomogeneous (two-component) samples, 
one has to know the dielectric function of at least one 
of the components and its volume concentration to use 
an appropriate EMA model for determining the dielec-
tric function of the second component by fitting the ef-
fective dielectric function. 

In case of supported thin films and heterostruc
tures, the evaluation is performed using the transfer-
matrix formalism for the transmission and/or specular 
reflection from a two- or multi-slab system [38,47]. It 
turns out to be preferable not to use metallic substrates 
(electrodes), not only because in this case only the re-
flection measurements are possible, but also because 
the sensitivity to the optical parameters of the film is 
strongly reduced in the range of negative permittivi-
ty of the substrate, which is always the case of good 
conductors in the IR range. So, it is preferable to study 
films on dielectric substrates and perform transmission 
measurements using the THz spectroscopy and FTIR 
spectroscopy in the regions of substrate transparen-
cy and perform FTIR reflectance measurements in the 
regions of substrate opacity. Of course, to be able to 
evaluate the dielectric function of the film, the opti-
cal parameters of the bare substrate and thicknesses 
of all slabs should be always determined independent-
ly. In the case of layered heterostructures, only an ef-
fective dielectric function of the whole layered system 
can be determined, which in this case is a simple arith-
metic average of the dielectric functions of individu-
al layers weighted by their volume concentrations (ge-
ometry of parallel capacitors). Finally, in the case of 
superlattices, the thicknesses of individual layers are 
so small that the mutual coupling of adjacent layers 
may become important and may influence their indi-
vidual dielectric functions. But these studies are in the 
very preliminary state and no relevant data have been 
so far published.

II. EMA models
EMA models for dielectric properties of hetero-

structures have a long and rich history starting from the 
time of J. C. Maxwell [52]. However, not so much at-
tention was paid to understand the effective ac dielec-
tric response up to the IR range [53]. The most popular 
model is the EMA model by Bruggeman [54], assum-
ing spherical particles of both components with the di-
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electric functions ε1, ε2 of volume concentrations x1 and 
x2 embedded into the effective medium with the dielec-
tric function εeff:

� (1)

This model (symmetric in both components) can be 
used for any volume concentration. However, the ba-
sic progress was achieved later by Bergman [55] who 
proved that the effective response of any two-compo-
nent composite with dielectric functions ε1 and ε2 of vol-
ume concentrations x1 and x2 within the EMA can be 
separated into additive parts: 

� (2)

The first two terms on the right-hand side de-
scribe the original responses just weighted by factors 
0 ≤ V1 ≤x1 and 0 ≤ V2 ≤ x2. This part is not influenced 
by the depolarizing field and corresponds therefore to 
the volume part which is macroscopically percolated 
in the direction of E [49]. The third integral term de-
scribes the response of the remaining part which is in-
fluenced in various manners by the depolarizing field. 
The so-called spectral function G(n) characterizes the 
geometry, topology and interactions of individual ho-
mogeneous components and 0 ≤ n ≤ 1 is the general-
ized depolarizing factor. It can be shown [49] that all 
concrete solvable EMA models or acceptable empiri-
cal mixing formulas correspond to a particular choice 
of G, V1 and V2. 

The particular advantage of separating the perco-
lated and non-percolated part of the effective dielectric 
response becomes evident when discussing the ac re-
sponse. Generally, the ac response consists of several 
resonance and relaxation dispersion regions in the spec-
trum (resonances are mostly due to polar phonon modes 
in the IR, relaxations at lower frequencies appear in im-
pure, inhomogeneous, disordered and/or strongly an-
harmonic systems), which are characterized by poles 
of the complex permittivity in the complex frequency 
plane. In the percolated part of the response the frequen-
cies of these poles remain unchanged so that all disper-
sion regions in the ac response remain un-shifted, just 
weaker by the factor of V1 or V2. The non-percolated 
part of the response is, however, influenced by the de-
polarizing field in such a way that all dispersion regions 
in the response are somehow shifted, which accounts 
for the modified effective static response [56]. Partic-
ularly, if high-permittivity particles are embedded into 
a lower-permittivity matrix, the dispersion frequencies 
of the particles are shifted up, resulting in a reduced ef-

fective static permittivity. These up-shifts are the great-
er the stronger are the dielectric strengths (contributions 
to the static permittivity) of the dispersion in question. 
For instance, in a paraelectric ceramic, softening of the 
strong ferroelectric soft mode or slowing down of a crit-
ical relaxation is blocked if the shells have low permit-
tivity (so called dead or passive layers), and the Curie-
Weiss law is therefore strongly modified [57] (Curie 
temperature shifted down and the permittivity anomaly 
at the ferroelectric transition reduced). Therefore in po-
rous and powdered samples no mode softening can be 
observed (the softening is just blocked by the depolar-
izing field on the particle surfaces, if the contact among 
particles is not macroscopically percolated), even if the 
ferroelectric transition takes place. Therefore it is quite 
difficult to determine the ferroelectric transition temper-
ature TC and discuss its size effect in such samples.

The Bergman representation is also very useful in 
the case of granular materials or core-shell compos-
ites with 0-3 connectivity. In this case it is clear that 
the cores are not percolated at all (V1 = 0), and if the 
shell volume is small, x2 << x1, the function G(n) in a 
good approximation is nonzero only for one value of n. 
This results into so-called generalized brick-wall mod-
el [58], valid for almost arbitrary shape and topology of 
the cores with thin shells:

� (3)

It contains just one free parameter n, characterizing the 
particle shape and topology. For n = (1/3)x2 (x2 = 1-x1), 
the frequently used brick-wall (brick-layer) model with 
cubic bricks and the coated-spheres model (Hashin-Sh-
trikman [59]) are recovered, both latter models being 
equivalent in the limit of small x2 [58]:

� (4)

Within this model under some assumptions (small 
tanδ << 1 for both components, ε1 >> ε2) also the effec-
tive loss tangent tanδ = ε”/ε’ of a core–shell composite 
was calculated [29] and in the limit of small x2 a simple 
approximate relation was derived:

� (5)

Therefore the effective loss factor in a core-shell 
composite decreases roughly proportionally to its effec-
tive permittivity. So, both the effective permittivity and 
loss tangent could be strongly reduced in a core-shell 
composite with a small shell permittivity, however, 
their ratio remains approximately constant. In [29] also 
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the electric-field tunability was calculated with the con-
clusion that the field change of the loss tangent should 
be stronger in the composite than in the core material.

Another important case, where the EMA can be used, 
concern polycrystalline ceramics, films or composites 
in which the individual crystal grains are anisotropic. 
Stroud [60] has shown that such systems are equiva-
lent to a composite of isotropic particles whose dielec-
tric responses are equal to principle dielectric respons-
es of the anisotropic crystallite. For instance, a dense 
and macroscopically isotropic polycrystal comprised 
of dielectrically uniaxial crystallites of arbitrary shapes 
is equivalent to a two-component composite of isotro-
pic particles (of possibly different shape and topology) 
with the corresponding two principle dielectric respons-
es and with the volume concentration of 1/3 and 2/3 
for the extraordinary and ordinary response, respective-
ly. Such approach was first successfully used for fitting 
the IR reflectivity of non-ferroelectric optically uniaxial 
pressed pellets with various particle shapes [61]. Here 
the concept of percolation is not so straightforward and 
our experience shows that in this case the Lichtenecker 
model [62] rather than the Bruggeman EMA yields bet-
ter results:

� (6)

This formula was originally suggested as purely 
empirical, but recently it has been demonstrated that 
it corresponds to some particular (for general α rath-
er complex) topologies [63] and its spectral function 
was calculated [64]. By varying the exponent α it pass-
es from parallel plate-capacitor geometry (α = 1) with 
no depolarizing field and complete percolation of both 
components over α = 0, which represents the logarith-
mic law with uniform distribution of all depolarizing 
factors and percolation threshold of both components 
independently of the concentration x, to series plate-ca-
pacitor geometry (α = -1) with maximum depolarizing 
field and no percolation of any component at all. For α 
positive, both components are (partially) percolated and 
for α negative neither of the components is percolated, 
in all cases independently of x. According to our expe-
rience it appears that the case α ≈ 0 is most suitable for 
the ceramics with anisotropic grains.

III. Dielectric size effect in nano-ceramics
The dielectric size effect, i.e. suppression of the per-

mittivity with the decreasing grain size, is a general and 
very pronounced phenomenon in all high-permittivity 
ceramics studied. Two different mechanisms or their 
combination could be responsible for it: 

Intrinsic confinement effect of some excitations 1.	
contributing to the permittivity;
Extrinsic effect due to a low-permittivity dead 2.	
(passive) layer at the grain boundaries.

The first mechanism appears to dominate in relaxor fer-
roelectrics, as very recently analyzed for PMN-35%PT 
[10], close to the morphotropic phase boundary. In re-
laxor ferroelectrics, the dominating contribution to per-
mittivity and its pronounced temperature maximum 
stems from the dynamics of polar nano-clusters (mainly 
its breathing, i.e. fluctuations of the cluster boundaries) 
and is revealed as a broad and strongly temperature de-
pendent relaxation below the polar phonon range. In a 
fine-grain (~150 nm) PMN-PT ceramics, the relaxations 
are weaker and shifted to higher frequencies without 
any critical slowing down near the ferroelectric transi-
tion, resulting in about three-times reduced permittivity 
maximum compared with coarse-grain (~4 µm) ceram-
ics fabricated from the same powder. In Ref. [10] it was 
shown that the effect cannot be fully accounted for by a 
dead grain-boundary layer and should be understood as 
predominantly due to pinning of polar nanoclusters by 
the grain boundaries. It is interesting to note that no ap-
preciable size effect was observed for polar phonon ex-
citations above 1011 Hz, which contributed up to about 
10% to the maximum permittivity value in the coarse-
grain ceramics (~17,000 at 100 Hz). This is, neverthe-
less, compatible also with the expectation from the dead 
layers and EMA.

The size effect due to the dead layers appears to 
dominate in all materials where the soft phonon modes 
are responsible for the high permittivity. We have prov-
en it for STO and BTO ceramics [3,4,6] and very re-
cently also for BST-0.6 [65]. More quantitative conclu-
sions about the properties and microscopic origin of the 
dead layers were analyzed only for STO [3,4]. In Fig. 
1 the grain-size dependence of the low-frequency per-
mittivity and soft mode frequency are plotted as a func-
tion of temperature and compared with the single crys-
tal data on the soft-mode frequency from hyper-Raman 
scattering [66] and THz spectroscopy [67]. Single-crys-
tal data below the structural transition at 105 K are av-
eraged to avoid the crystal anisotropy in the tetragonal 
phase. It was shown that the dead layers have surpris-
ingly universal properties independent of grain-size and 
temperature. They consist of a very thin (~1 nm) and lo-
cally very low permittivity layer (ε ≈ 10) due to a de-
fect structure of the grain boundary, obviously lacking 
oxygen (about one O---ion per unit cell). Since the miss-
ing charge should be compensated apparently by defect 
charges diffusing towards the grain boundary during the 
sintering, dipolar layers out of these charges are creat-
ed along the grain boundaries, producing in this way ef-
fectively polar grain boundaries. Polar grain boundaries 
in STO were suggested by us already earlier from the 
appearance of forbidden IR modes in the Raman spec-
tra [68]. These secondary dead layers from both sides 
of the grain boundaries are thicker (~3 nm) but, unlike 
the grain boundary itself, they have already perovskite 

11      , )1( 21 ≤≤−+−= αεεε ααα xxeff
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structure, only slightly distorted by the present space 
charge and therefore higher local permittivity, but not as 
high as in the grain bulk, which we assumed not to dif-
fer from the STO crystals. Fitting with a spherical core – 
double-shell model succeeded to explain all the IR, THz 
and Raman features down to 80 nm grain size, as well 
as the low-frequency effective permittivity data, which 
at low temperatures (ε ≈ 700) yield a reduction by a fac-
tor of 30 compared to single crystals (see Fig. 1). Im-
portant feature is that in all the ceramics there is no sub-
stantial dielectric dispersion below the ferroelectric soft 
mode range so that the effective soft-mode hardening 
is fully responsible for the dielectric size effect. Essen-
tially the same feature was established also in the case 
of BTO ceramics down to ~50 nm grain size [6] and for 
BST-0.6 ceramics down to ~150 nm grain size [65].

IV. Relaxor ferroelectrics
From the mesoscopic point of view, relaxor ferro-

electrics (shortly relaxors) are characterized by po-
lar nano-regions (PNR), better called polar nano-clus-
ters, because at usual temperatures of their investigation 
(from the permittivity maximum up to so called Burns 
temperature TB, below which PNR appear) they are rap-
idly fluctuating. Their size of the order of several nm 
slightly increases on cooling and saturates in the order 
of tens of nm at low temperatures. Their dynamics be-
low the polar phonon range was studied in several re-
laxor materials using audio-frequency, radio-frequen-

cy, MW and THz dielectric spectroscopy: PMN [14], 
PMN-PT [10], PMT [15], PST [22,69], PLZT [16,17], 
PZN-PMN-PSN [27], NBT [23] and was generally de-
scribed in [70,71]. Summarizing, below TB the PNR 
emerge from the broad soft-central mode response be-
low the THz range like a Debye relaxation, which soft-
ens and broadens on further cooling. Often it also splits 
into two broad (overlapping) components. The soften-
ing of the broad loss peak continues according to the 
Vogel-Fulcher law down to about the maximum permit-
tivity temperature with the Vogel-Fulcher temperature 
slightly below it, corresponding to the PNR freezing 
temperature. Below the freezing temperature, distribu-
tion of relaxation frequencies becomes much broader 
than the range of measurements, resulting in frequen-
cy-independent loss (so-called 1/f noise) and logarith-
mic dispersion of the permittivity, and can be assigned 
to fluctuations of the PNR boundaries (which may be 
quite diffuse) over energy barriers with a broad distri-
bution of activation energies [17]. 

From the point of view of polar phonon physics, the 
PNR are quasistatic and for the analysis of their dielectric 
response in the 1011–1013 range the EMA models could 
be used, in a similar way as in ceramics with anisotropic 
grains [61]. This was for the first time suggested in [11] 
for PMN and short after discussed for several other re-
laxors [12]. Later it was used also for evaluation and po-
lar mode assignment in PLZT [19,20]. The main result 
is that the PNR are generally quite strongly anisotropic, 

Figure 1. Dielectric grain-size effect of the low-frequency permittivity in STO ceramics and temperature dependence of the 
effective soft-mode frequency (see [3,4]) compared to the behaviour of single crystals SC (see [66,67]). Three ceramics 

with the mean grain size of 1500 nm (CG), 150 nm (FG) and 80 nm (NG) are compared

J. Petzelt / Processing and Application of Ceramics 3 [3] (2009) xxx–xxx 
 

xx 

0

500

1000

5000
10000
15000
20000

0 50 100 150 200 250 300
0

20

40

60

80

100

 '

 SC 
 CG (1.5 m)
 FG (150 nm)
 NG (80 nm) 

SrTiO3:

 


S

M

Temperature (K)

 SC (hyper-Raman) 
 SC (THz)
 CG
 FG
 NG

 
Figure 1. Dielectric grain-size effect of the low-frequency permittivity in STO ceramics and temperature dependence of the 

effective soft-mode frequency (see [3,4]) compared to the behaviour of single crystals SC (see [66,67]). Three ceramics 
with the mean grain size of 1500 nm (CG), 150 nm (FG) and 80 nm (NG) are compared 

 
low temperatures (  700) yield a reduction by a 
factor of 30 compared to single crystals (see Fig. 1). 
Important feature is that in all the ceramics there is no 
substantial dielectric dispersion below the ferroelectric 
soft mode range so that the effective soft-mode 
hardening is fully responsible for the dielectric size 
effect. Essentially the same feature was established 
also in the case of BTO ceramics down to ~50 nm 
grain size [6] and for BST-0.6 ceramics down to 
~150 nm grain size [65]. 
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From the mesoscopic point of view, relaxor 
ferroelectrics (shortly relaxors) are characterized by 
polar nano-regions (PNR), better called polar nano-
clusters, because at usual temperatures of their 
investigation (from the permittivity maximum up to so 
called Burns temperature TB, below which PNR 
appear) they are rapidly fluctuating. Their size of the 
order of several nm slightly increases on cooling and 
saturates in the order of tens of nm at low 
temperatures. Their dynamics below the polar phonon 
range was studied in several relaxor materials using 
audio-frequency, radio-frequency, MW and THz 
dielectric spectroscopy: PMN [14], PMN-PT [10], 
PMT [15], PST [22,69], PLZT [16,17], PZN-PMN-
PSN [27], NBT [23] and was generally described in 

[70,71]. Summarizing, below TB the PNR emerge from 
the broad soft-central mode response below the THz 
range like a Debye relaxation, which softens and 
broadens on further cooling. Often it also splits into 
two broad (overlapping) components. The softening of 
the broad loss peak continues according to the Vogel-
Fulcher law down to about the maximum permittivity 
temperature with the Vogel-Fulcher temperature 
slightly below it, corresponding to the PNR freezing 
temperature. Below the freezing temperature, 
distribution of relaxation frequencies becomes much 
broader than the range of measurements, resulting in 
frequency-independent loss (so-called 1/f noise) and 
logarithmic dispersion of the permittivity, and can be 
assigned to fluctuations of the PNR boundaries (which 
may be quite diffuse) over energy barriers with a broad 
distribution of activation energies [17].  

From the point of view of polar phonon physics, 
the PNR are quasistatic and for the analysis of their 
dielectric response in the 1011–1013 range the EMA 
models could be used, in a similar way as in ceramics 
with anisotropic grains [61]. This was for the first time 
suggested in [11] for PMN and short after discussed 
for several other relaxors [12]. Later it was used also 
for evaluation and polar mode assignment in PLZT 
[19,20]. The main result is that the PNR are generally 
quite strongly anisotropic, the local permittivity along 
their dipole moment being much smaller than that 
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the local permittivity along their dipole moment being 
much smaller than that perpendicularly to it. It is caused 
mainly by a strong splitting of the local soft mode into 
the A1 (parallel to local Ps) and E component (perpen-
dicular to local Ps) below TB. The E-component remains 
quite soft (typically at 1 THz) and overdamped down 
to low temperatures and in most of inelastic scattering 
experiments it was so far not resolved from the central 
peak. But in the dielectric spectra it clearly separates 
from the PNR relaxation dispersion below TB and stays 
in the THz range down to cryogenic temperatures. 

V. Matrix nano-composites
Recently, attempts in the literature have appeared to 

study the ferroelectric size effect e.g. in BTO-polymer 
nano-composites. It was tempting to assign the low-fre-
quency permittivity maximum in such systems to the 
(shifted) ferroelectric Curie point and interpret it as a 
size effect of the ferroelectric transition temperature. 
We have studied the BTO–PVDF polymer composites 
out of the BTO powder prepared by mechanosynthesis 
with the mean BTO particles size of ~7 nm [28]. Sev-
eral samples with various thicknesses and BTO-con-
centrations were studied, to cover the MW, THz and IR 
range. The effective permittivity in the MW-THz range 
remains rather small (of the order of 10) and tempera-
ture independent. The ferroelectric soft-mode response 
is strongly broadened and shifted to much higher IR 
range of 200–400  cm-1 and remains essentially tem-
perature independent, as expected also from the EMA 
modeling. The dielectric dispersion and its temperature 
dependence observed below the MHz range [72] is con-
nected with the dispersion in PVDF polymer and pre-
sumably with partial interdiffusion of BTO particles 
into the PVDF matrix. So, no conclusion about the pres-
ence of ferroelectricity in the BTO particles and its size 
effect can be drawn from the dielectric behaviour. 

VI. Core-shell composites
Core-shell composites in a form of dense ceramics 

are presently a subject of interest with the hope to im-
prove/modify the dielectric properties. For instance, as 
was mentioned in Sect. 2, in the case of high-permittiv-
ity core and low-permittivity and low-loss shell, the ef-
fective tanδ is expected to decrease compared to that in 
the core [29], which could be of interest for MW ap-
plications [73]. Our recent studies [29,30] concern sev-
eral dense core-shell composites with BTO cores of 
size ~500 or ~200 nm and the shell thicknesses up to 
10 nm, prepared in other labs, mostly by spark plasma 
sintering [74,75]. In [29] BaZr0.2Ti0.8O3, BaZr0.4Ti0.6O3, 
Ba0.66Sr0.34TiO3 and Ba0.45Sr0.55TiO3 core-shell composi-
tions were studied in a broad temperature range of 10–
900 K using THz transmission and FTIR reflectivity 
measurements. In all the samples, temperature depen-
dence of the THz permittivity differs remarkably from 

that at low frequencies and a strong dielectric dispersion 
and absorption was revealed in THz-MW range, not ex-
pected from the EMA modeling. Similar effects were 
also observed in BTO@Al2O3 and BTO@SiO2 core-
shell composites [30]. We assign this feature to inter-
diffusion of BTO cores into the shells (detected also by 
electron microscopy [74]), forming in this way a com-
posite with a graded structure rather than with sharp 
boundaries between the components, as assumed in all 
EMA models. Unfortunately, no quantitative modeling 
of these high-frequency features is presently available.

VII. Vycor glass – BT nano-composite
Recently we succeeded to prepare also a compos-

ite of nano-porous Vycor glass filled up with BTO, 
prepared by sol-gel technique. Vycor glass consists of 
SiO2 matrix with percolated pores of 4–7  nm diame-
ter and ~30 nm length and total volume concentration 
28%, which by repeated soaking and annealing up to 
600°C enabled us to fill up the pores up to 42%. The 
XRD could not detect any crystal structure, however, 
the room-temperature IR and THz spectra have shown 
smeared absorption features in the range of 100, 350 
and 550  cm-1, corresponding presumably to the shift-
ed E(TO1), A1(TO1) and TO4 phonon modes of the te-
tragonal BTO [12]. However, the sharp but weak TO2 
mode near 180 cm-1 was not detected. The latter mode 
in BTO crystals corresponds to external vibrations of 
Ba against the TiO6 octahedra (so-called Last mode), 
whereas the three former modes are internal modes of 
TiO6 octahedra, but with displaced Ti ions as in the te-
tragonal BTO phase, indicated by the large splitting be-
tween the E and A1 TO1 modes. To check if the BTO 
phase is crystalline or amorphous, we annealed the sam-
ple once more to higher temperature (~800°C), but this 
was connected with a reaction of BTO with the SiO2 
matrix and forming of new compounds with substantial 
modification of the XRD and IR spectra. So it seems 
that our IR spectra of the less annealed sample still in-
dicated at least local ferroelectric phase of BTO (de-
formed TiO6 octahedra with displaced Ti ions) in the 
nano-pores, even if the XRD was not able to detect any 
crystallinity. Further studies are in progress to reach any 
definite conclusion.

VIII. Heterostructures and superlattices
Our lab was the first place where the ferroelectric 

soft modes studies in thin films have been started using 
the FTIR spectroscopy [76]. We were also the first to re-
veal that in a polycrystalline STO film (PLD on sapphire 
substrate) the TO1 soft mode by far does not soften as 
much as in single crystals or ceramics [77]. Similar pro-
nounced effect was later rediscovered using far IR ellip-
sometry by Sirenko et al. [78], but its possible explana-
tion was suggested only later by us [32], where it was 
shown that nano-cracks along some of grain boundaries 
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may play a pronounced role even if their volume con-
centration seems to be negligible (in the order of 0.1%). 
In polycrystalline films, of course, also the dead layers 
at grain boundaries play a similar role as in ceramics 
with comparable grain size, which in films is typically 
in the 100 nm or even smaller range. 

Strain from the substrate (appearing due to different 
thermal expansion or lattice parameter of the substrate) 
can influence substantially the phase diagram of STO 
films particularly in the case of epitaxial films and can 
induce the ferroelectric phase: up to ~120 K (MOCVD 
film on a (0001) sapphire substrate [32]) or even up to 
the room temperature (MBE 1% tensile strained film on 
a DyScO3 substrate [79]). In our lab we studied THz 
spectroscopy on similar films and heterostructures in-
cluding its electric-field tunability [38,40,80]. The soft-
mode behaviour in such films on a DyScO3 substrate 
confirmed the ferroelectric transition close to the room 
temperature. In Fig. 2 we have compared the temper-
ature dependences of the soft-mode frequency in this 
film with the soft-mode frequency behaviour in oth-
er films studied by us. Note the very large differenc-
es among the various films, particularly at low tem-
peratures. The low-temperature splitting into three 
components observed in two of the films is interpreted 
as due to appearance of the ferroelectric and antiferro-
distortive transition, which allows the IR activation of 
the structural soft-mode doublet folded from the Brill-
ouin-zone boundary (well-known from the Raman data 
on single crystals). In our lab, also the THz tunability 
of STO films up to room temperature was demonstrat-
ed for the first time [38] with the same tunability val-
ue as in the MW range and it was shown that it is ful-
ly caused by the E-field dependence of the soft mode. 
We have demonstrated that the complete in-plane po-
larized polar–phonon spectra in STO films on various 

IR-opaque but dielectric substrates could be well stud-
ied by specular FTIR reflection down to thicknesses of 
~20 nm [36,37]. All the polar phonon frequencies have 
been found quite sensitive to the strain in the film, but 
only the soft mode was moreover strongly temperature 
dependent. 

As seen from Fig. 2, we attempted also studying the 
phonons and ferroelectric transitions in compressed (in-
plane) STO films, in which the appearance of the ferroelec-
tric phase was also predicted, but, unlike in tensile films, 
with Ps tending perpendicular to the film plane. We stud-
ied epitaxial PLD films on NdGaO3 (-1% compressive 
strain) [36,80] and on LSAT (La0.18Sr0.82Al0.59Ta0.41O3) 
substrate (-0.9% compressive strain) [37]. All the pho-
nons were appreciably stiffened, since the expected fer-
roelectric instability should have appeared only out of 
the film plane. In [36] we have suggested (through an 
appearance of a weak feature in our spectra near 318 
cm-1, assigned to the silent F2u mode, IR activated in 
the ferroelectric phase) that our film undergoes an out-
of-plane ferroelectric transition near 150 K. However, 
no similar effect has been seen in the film on the LSAT 
substrate [37]. Our subsequent studies of a new film on 
the NdGaO3 substrate have shown [81] that our previ-
ously observed feature [36] was an artifact caused by 
the IR-anisotropic orthorhombic substrate studied in the 
reflection mode using unpolarized IR light. So, the pres-
ence of the ferroelectric transition with out-of-plane Ps 
in STO films is still open to further studies. 

The BTO and BST films were frequently studied 
by Raman scattering (see the review by Tenne and Xi 
in [82]), but not so much by IR spectroscopy [33,41–
43,45]. The main reason is that, as in single crystals, 
the soft mode is overdamped and no pronounced chang-
es near the ferroelectric transitions are seen. It appears 
that all the ferroelectric transitions on both polycrystal-

Figure 2. Soft mode behaviour in different STO thin films studied (see [32,36,37,80])
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line and quasi-epitaxial BTO films on sapphire or MgO 
are diffuse with some coexistence of phases down to 
low temperatures. No IR measurements on single-do-
main epitaxial films are available.

IX. Heterostructures and superlattices
Recently, also THz and IR studies on multilayers 

have been started in our lab. Very interesting results, 
including the E-field tunability, were obtained from 
THz spectroscopy of several STO/DyScO3 multilay-
ers differing by the number of repeating STO/DyScO3 
bilayers and their thicknesses (10-100 nm) with the to-
tal film thickness up to 200 nm on the DyScO3 sub-
strate [40,44]. The tensile stress in STO films induces 
ferroelectric transition which results in strong soft-
mode softening at room temperature (being close to 
TC, but still in the paraelectric phase) compared to 
bulk crystal and appearance of a central-mode-like 
relaxation below the THz range coupled to it (see it 
also in Fig. 2). Under the E-field, strong stiffening 
of the soft mode was observed. The enhanced soft-
mode damping indicates a gradient in the STO film 
strain across the multilayer. A very simple model of 
coupled oscillator (soft mode) and Debye relaxation 
(central mode), in which only the bare oscillator fre-
quency and damping differ for different samples and 
fields, describes surprisingly well all the data. 

Another set of samples concerned four epitaxial PLD 
films with a total thickness of 500 nm each: single BST-
0.75 layer, single BST-0.25 layer, BST-0.75+BST-0.25 
bi-layer and BST-0.25+BST-0.75 bi-layer (each 250 nm 
thick) on the MgO substrate. Concerning the induced 
strains, the third sample has the best quality since the 
lattice mismatch between all the layers including sub-
strate is ~1.2%. It is known that in BST only the tensile 
stress in the field direction increases the permittivity, 
compressive strain reduces it. Our FTIR measurements 
confirmed that the samples differed appreciably by 
their phonon spectra, the third sample (substrate+BST-
0.75+BST-0.25) giving the largest contribution to the 
static permittivity [45]. 

Finally, also FTIR reflectance studies of sever-
al high-quality BTO-STO superlattices with the lay-
er thicknesses below 10 unit cells (total thickness 
~100 nm) on DyScO3 substrates are in progress [46]. 
In this case the effective in-plane dielectric response 
of the whole superlattice can be evaluated and com-
pared with the BST films of the same integral compo-
sition and thickness. It should be taken into account 
that the responses of individual layers form parallel 
capacitors so that the effective response is simply an 
arithmetic mean value of both components. In this 
geometry no activation of new modes from the fold-
ed Brillouin zone (seen in Raman spectra [82]) is ex-
pected, since the probing E-field is parallel to the film 
plane without any depolarizing field effects and with-

out feeling the interfaces between the layers as long as 
their volume concentration remains small.

X. Conclusions
We have demonstrated that the IR/THz spectros-

copy is a powerful tool for studying dynamic dielec-
tric properties of various inhomogeneous dielectrics. 
From the spectroscopic data it is possible to evalu-
ate quantitatively the effective dielectric function of 
any plate-shaped sample and, knowing the topology 
of individual components, in many cases of two-com-
ponent samples it is possible to use EMA models for 
evaluating the dielectric response of one of the com-
ponents, knowing it for the other one. Moreover, com-
paring the static effective permittivity extrapolated 
from the IR response with that directly measured can 
shed light on the nature of various dielectric anomalies 
and excitations or mechanisms contributing to the di-
electric response.
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