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Soft-mode spectroscopy of BaTiO3 thin films
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Abstract

We present a detailed study of one highly ordered and two polycrystalline BaTiO3 films of different thicknesses by far infrared and micro-
Raman spectroscopy in the 10–550 K temperature range. The lowest-frequency phonon mode exhibits rather week and smeared softening
in comparison with its single crystal behaviour in all three films. A simultaneous presence of three soft-mode components, continuously
changing with the temperature, is assigned to a gradual symmetry transformation within the film volumes. A modification of the soft-mode
splitting in the highly ordered film can be explained by a constraint from the substrate. Polycrystalline films exhibit presence of polar modes
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. Introduction

In spite of the ceaseless debates on the central-mode
ype dispersion in BaTiO3,1–5 the dominant role of the soft
ode (F1u(TO1) phonon) in its ferroelectric phase transi-

ions remains incontestable. A strong dielectric dispersion
escending down to∼1–5 cm−1 at the Curie point (∼410 K)
as been indicated by different experimental techniques3,6,7

nd assigned to the overdamped soft phonon mode. In the
etragonal phase this triply degenerate mode abruptly splits
nto two very distant components A1(TO1) and E(TO1).8

he stiffened A1 component keeps its eigenfrequency
round 260 cm−1 without any drastic changes down to

owest temperatures. The overdamped E component at about
0 cm−1 remains soft down to the tetragonal–orthorhombic
hase transition, where it splits into the stiffened B1 and

he soft B2 (at ∼60 cm−1) components.8,9 Finally, in the
hombohedral phase B1 and B2 are combined into one doubly
egenerate E component, which is substantially stiffened in
omparison with the tetragonal phase but still softer than the

A1 component.9 Such scenario of the soft-mode behavi
corresponds to the symmetry changes in BaTiO3

10 and
correlates with the temperature behaviour of the s
permittivity.11 The exact values of eigenfrequencies
B1 and E soft-mode components in the orthorhombic
rhombohedral phases have not been so far determine
to the absence of a single domain samples and ambig
interpretation of the unpolarized spectra of multidom
samples.

In the present study we analyse the soft-mode dynam
selected BaTiO3 films in order to reveal possible deviatio
in their phase-transition sequences and dielectric resp
from those of the single crystal. We discuss our finding
light of a number of possible causes, including effect
granularity and constraint imposed by the substrates.

2. Experimental

Table 1presents a description of the three studied thin-
samples BTO1–3. Structure of the quasi-epitaxial BT
∗ Corresponding author.
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film was studied on a two-circle diffractometer (Huber)
with the parallel beam optics,13 while polycrystalline BTO2
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Table 1
Structural characteristics of the studied BaTiO3 films

Film BTO1 BTO2 BTO3

Thickness (nm) 200 380 750
Substrate (0001)-sapphire (0001)-sapphire (0001)-sapphire
Deposition method MOCVD12 CSD14 CSD14

Layer growth Quasi-epitaxial Polycrystalline Polycrystalline
Orientation 〈1 1 1〉 No texture No texture
Stress-free lattice

parameter (nm)
0.40083± 0.00018 0.40158± 0.00026 0.40158± 0.00028

Residual stress (MPa) Compressive (80± 30) Compressive (150± 80) Compressive (140± 80)
Microstrain (7.5± 1.5)× 10−3 (4.4± 1.5)× 10−3 (5.0± 0.7)× 10−3

Microgeometry Not found Columns perpendicular to the
substrate,∼100 nm in diameter

Columns perpendicular to the
substrate,∼100 nm in diameter

and BTO3 were examined with the parallel beam optics
attached to the Bragg–Brentano diffractometer (XRD 7
from Agfa/Seifert) at the constant angle of incidence 5◦.
As no line splitting was observed in either of the films,
their structure was regarded as cubic for the calculation
of parameters collected inTable 1. In-plane compressive
strain was assigned to the difference in thermal expansion
coefficient of BaTiO3 and sapphire.13 AFM indicated no
clear granularity on the BTO1 surface, but well resolved
grains on the BTO2 and BTO3 surfaces.

Far-infrared (FIR) transmittance measurements in the
20–300 cm−1 frequency range (limited at high frequencies
by the substrate transparency) and 10–520 K temperature in-
terval, carried out using Bruker IFS 113v Fourier transform
interferometer, were complemented by time-domain trans-
mission terahertz spectroscopy (TDTTS) in the 8–50 cm−1

range15 at room temperature. Raman scattering spectra were
obtained with Renishaw Raman microscope15 in 80–550 K
interval and reduced by the Bose–Einstein factor.

3. Results and discussion

Quasi-static permittivity, including the total phonon and
electron contribution (Fig. 1), is evaluated from the fit to

.

FIR transmittance spectra and TDTTS data with the classi-
cal damped oscillator model15. All three films exhibit sim-
ilar results: above 500 K the permittivity almost attains the
single-crystal values from IR reflectivity measurements8, but
it does not show any anomaly on approaching 400 K. The
loss spectra (Fig. 2) show a strong absorption peak below
50 cm−1, corresponding to the overdamped F1u/E/B2(TO1)
soft mode. It gradually weakens on cooling but does not van-
ish completely even at the lowest temperature, indicating that
neither of the films undergoes a complete phase transfor-
mation into the lowest rhombohedral phase. The A1(TO1)
peak at∼270 cm−1, on the contrary, weakens on heating, but
due to the growing substrate absorbance we cannot conclude
whether it vanishes above 400 K or not. For the same reason,
the TO3 mode at∼310 cm−1 is revealed only at low tempera-
tures in two thicker films. The spectral feature at∼180 cm−1,
corresponding to unresolved E and A1 components of the
TO2 mode, indicates an antiresonance in the case of BTO2
and BTO3 films. To improve the fit, we assumed it to cou-
ple with a broad absorption maximum at about 180 cm−1 in
BTO2 and 3 and at about 150 cm−1 in BTO1. This absorp-
tion substantially strengthens below 300 K and its half-width
is comparable with the half-width of the soft-mode compo-
nents. Therefore we assigned it to the orthorhombic B1 and
rhombohedral E component of TO1. Its frequency in BTO1
is substantially lower than in BTO2 and in BTO3, that may
i
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Fig. 1. Quasi-static permittivity evaluated from the fit of FIR spectra
ndicate a larger A1–E rhombohedral and A1–B1 orthorhom-
ic splitting in BTO1 and consequently its higher anisotro
ost probably, it is connected with the strong influence o

ubstrate on the〈1 1 1〉-ordered structure of the BTO1 film.13

It is important to underline that the obtained spectr
ielectric function are effective and together with intrin
roperties they may include geometric factors specific
omposite system built-up of variously oriented anisotr
articles. We have not introduced any geometrical param
escribing these effects into our model to escape possibl
iguities with non-regularity and grain-anisotropy of the th
lm structure. Hence, we can discuss only effective m
haracteristics. InFig. 3we plotted effective mode eigenfr
uencies obtained from our fit. To achieve a better agree
ith experimental results we introduced additional osc

ors at∼200 and∼110 cm−1, which do not correspond
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Fig. 2. Dielectric loss spectra of the BTO1 and BTO3 films, obtained from the fit of FIR transmittance. BTO2 spectra are qualitatively similar to those ofBTO3
but with less pronounced phonon peaks.

Fig. 3. Oscillator frequencies used to fit the FIR transmittance of the BTO1–3
films with the classical damped oscillator model.

any modes in single crystal.ω0 of F1u/E/B2(TO1) appears
almost temperature independent, but its loss maximum, more
accurate characteristic of the soft-mode dynamics,3,6,7shows
a small softening on heating up to 400 K with a subsequent
saturation (Fig. 4) in BTO1 and 2. In BTO3 it displays a
weak smeared minimum at 400–500 K, which is still less pro-
nounced than in crystal. It speaks in favour of the incomplete
transformation into the cubic phase.

Micro-Raman spectra are shown inFig. 5 together with
the room-temperature spectrum of the bare sapphire sub-
strate. All spectra show interference features near TO2

F -mode
b

ig. 4. Frequencies of the loss maxima indicating the overdamped soft
ehaviour.
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Fig. 5. Unpolarized micro-Raman spectra of the BTO1 and 3 films. BTO2 spectra are qualitatively similar to those of BTO3 with a slightly smaller intensity.

at ∼180 cm−1, strong and broad bands of A1(TO1) at
∼270 cm−1 and A1(TO4) at ∼530 cm−1, sharp peak at
∼310 cm−1 assigned to the silent TO3 mode and a well re-
solved maximum of LO4 mode at∼720 cm−1. The spectral
features are better resolved in the thicker BTO2 and 3 films,
where we on heating observed a gradual softening of the
A1(TO1) mode from 270 to 240 cm−1, of TO3 mode from
312 to 306 cm−1, A1(TO4) mode from 530 to 510 cm−1. At
higher temperatures, the last mode merges with E(TO4), ly-
ing at∼490 cm−1 at 80 K. Below 200 K all three films reveal
an overlapping and/or interference between sharp TO2 mode
and a broad maximum centred at about 180 cm−1, which we
assign to the rhombohedral E(TO1) component of the soft
mode. The extra mode at∼640 cm−1 observed in BTO2 and
BTO3 may be connected with the granularity of the polycrys-
talline films as it has been suggested for bulk ceramics by
Naik et al.16 The other Raman peaks in our films correspond
to those observed in single crystals,17 but TO2 (∼180 cm)
and TO3 (∼310 cm−1) modes in the BTO2 and BTO3 films
do not vanish completely above the bulk Curie point up to the
highest studied temperature (550 K), indicating some acen-
tricity in the structure, at least local.

Identification of the tetragonal–orthorhombic phase
transition from the spectra is the most delicate procedure.
Even in single crystals the difference between these two
p . The
l akes
t gest
a es in
a and

strengthening of the B1/E(TO1) soft-mode component sug-
gests that the tetragonal–orthorhombic transformation inside
our films gradually occurs in the 250–400 K temperature
range, but no definite conclusions can be drawn unless FIR
measurements on BaTiO3 single crystal in the orthorhombic
phase are performed. On the other hand, the coexistence of
all three soft-mode components does not exclude a possible
presence of a local monoclinic symmetry in our films.18

4. Conclusions

Lowest phonon mode exhibits a very week and smeared
softening around 400 K in all three films. A simultaneous
presence of three soft-mode components, exhibiting a contin-
uous change of their parameters with temperature, indicates
a gradual occurrence of all expected phase transitions within
the volumes of all three films despite the fact that only cubic
phase has been recognised by XRD at room temperature. We
suggest a modification of the soft-mode splitting in the highly
ordered film due to the constraint from the substrate. Poly-
crystalline films exhibit a presence of polar modes in Raman
spectra up to 150 K above the single-crystal TC.
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