
IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 21 (2009) 115902 (7pp) doi:10.1088/0953-8984/21/11/115902

High tunability of the soft mode in
strained SrTiO3/DyScO3 multilayers
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Abstract
SrTiO3/DyScO3 epitaxial multilayers with variable number and thickness (10–100 nm) of
bilayers deposited on DyScO3 substrates were investigated by means of time-domain terahertz
spectroscopy at room temperature. A tensile strain develops in the SrTiO3 films and shifts the
eigenfrequency of the ferroelectric soft mode down by ∼25–45 cm−1 with respect to the value
found for single crystals. In all films the soft mode strongly hardens upon the electrical bias and
a linear coupling to a silent excitation of relaxation type at 10 cm−1 is observed. We show that
the change in the THz and sub-THz response of the layers with an increasing field is determined
solely by the soft mode eigenfrequency and we propose a phenomenological model describing
the origin of the tunability and the peculiar properties of the ferroelectric soft mode in the
terahertz spectral range.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Displacive ferroelectrics are characterized by the existence
of a strong polar soft lattice vibrational mode responsible
for the ferroelectric phase transition [1]. Single crystals
of strontium titanate (STO) exhibit typical behavior of a
displacive incipient ferroelectric material, which means that,
on the one hand, the dielectric behavior of STO is fully
controlled by the soft mode dynamics, and on the other
hand, the compound remains paraelectric down to 0 K due
to quantum fluctuations [2]. These properties along with the
possibility of preparing high quality thin films make STO a
material of choice for applications in tunable microwave and
terahertz components [3–6].

An increased room temperature tunability of STO-based
structures in the microwave or THz range can be achieved
either by chemical substitution of strontium atoms by barium
(barium strontium titanate solid solutions) [3] or by introducing
a tensile strain related to a particular choice of substrate for the
epitaxial thin film growth [7]. In particular, thin STO films
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grown on (110) DyScO3 (DSO) substrates were demonstrated
to exhibit a ferroelectric phase transition close to the room
temperature and, consequently, to show a highly enhanced
dielectric tunability [7–12].

The contribution of the soft mode to the low frequency
dielectric permittivity is dominant owing to its strongly polar
character and very low frequency ω0:

�ε = f

ω2
0

, (1)

where f is the oscillator strength proportional to the square of
the effective charge associated with the soft mode eigenvector.
The tuning of the dielectric function by an applied bias
E in the sub-THz range is then enabled by the strongly
anharmonic character of the soft mode [13, 14] leading to
ω0(E) dependence. The bare soft mode frequency ω0(E = 0)

is determined by the in-plane strain which strongly couples to
the polarization and by the sample temperature. The actual
values of these two parameters define the working point for the
field-induced tuning of the low frequency dielectric properties
of STO which may then find applications e.g. in tunable
photonic crystals [15] or metamaterials.
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Figure 1. Scheme of the sample geometry and of the incident THz
electric field and wavevector. In the top view two positions of the
beam waist are shown corresponding to the measurements of the
equilibrium dielectric function (position outside the electrode
pattern) and of the field-induced changes (position inside the
electrode pattern).

Recently a new mode of relaxation type (central mode)
has been observed in strained STO films deposited on DSO
substrates [6]. The origin of the coexistence of such a central
mode and the soft mode close to phase transitions considered as
displacive in many perovskite ferroelectrics is still a subject of
scientific discussion. Recently an ab initio modeling supported
by THz experimental data has demonstrated its close relation to
the anharmonicity of the soft mode potential in the ferroelectric
BaTiO3 [16, 17].

In this paper we present experimental data of terahertz
electric field tunability of strained multilayer structures with
several thicknesses of STO layers (10, 50 and 100 nm) which
may exhibit a different degree of structural relaxation and,
consequently, a different strain. We show that all these
structures exhibit common spectral features and we develop a
general model of their behavior based on the assumed leading
role of the soft mode.

2. Experimental details

The STO/DSO thin film multilayers were prepared by pulsed
laser deposition (PLD) on (110)-oriented 10 × 10 × 0.9 mm3

DSO substrates. PLD growth took place in an on-axis
geometry using a KrF excimer laser with a wavelength of
248 nm, a pulse width of 25 ns and a fluence of 2.5 J cm−2 [18].
An STO single crystal and a DSO polycrystal were used as
targets. The DSO substrates were positioned directly onto a
SiC resistive heater, and a molecular oxygen partial pressure
of 2 × 10−1 Pa was maintained during the deposition.

An interdigitated structure of gold electrode capacitors
with an area of 6×6 mm2 and consisting of 5 μm wide metallic
fingers separated by 15 μm wide gaps was deposited on top of
the thin film multilayers so that it covered about one half of the
sample surface. These electrodes were prepared by standard
lift-off photolithography using 20 nm thick Nb/300 nm thick
Au films deposited by dc magnetron sputtering. The electrode
fingers were parallel to the [010] direction of the DSO substrate
in the notation of [12]. Such structure of parallel wires exhibits
highly anisotropic THz properties and it is transparent for
THz pulses with the electric field parallel to [101] direction
which was used in our experiments. The experimental scheme
described is shown in figure 1.

The experiments were performed by using THz time-
domain spectroscopy [19]. Like in [6], special attention has

been paid to the DSO substrate preparation in order to obtain
accurate dielectric spectra of the thin films. The phase delay
that the THz pulse acquires due to propagation through the
substrate is much larger than that due to the propagation
through the thin film. The uncertainty in the transmittance
phase owing to the propagation through the substrate then
should be kept as small as possible. The error in the refractive
index �n of the thin film due to the phase uncertainty
reads [20]

�n ≈ ns
�ds

d
+ |ds − dr|

d
�ns, (2)

where d is the film thickness, �ds is the error in the substrate
thickness determination, �ns is the uncertainty in its refractive
index, and ds, dr are the thicknesses of the substrate under the
thin film and of the reference (bare) substrate, respectively. The
second term on the right-hand side of (2) can be neglected
if all the prepared substrates have the same thickness with
approximately micrometer precision. The magnitude of the
first term critically depends on the substrate plane parallelism
and on the accuracy of its thickness determination. Note that in
our experimental situation with ns = 4.5 and d = 200 nm one
would obtain �n ≈ 20 even for �ds ≈ 1 μm; consequently, a
better accuracy was required in our experiments.

We first mechanically polished a series of 10 × 10 ×
0.85 mm3 DSO substrates to highly plane parallel plates
with optical quality of surfaces and with the same thickness
(within 2 μm precision). Subsequently we have measured
their THz refractive index spectra and refined their thickness
determination by using the fact that the internal Fabry–Pérot
reflections in the substrate are resolved in time and form
distinct THz echoes. A separate analysis of these echoes allows
one to find the optimum thicknesses of the substrates with
respect to the THz measurements with ∼200 nm precision [21].
These thickness values were used subsequently after the thin
film deposition for the determination of dielectric properties of
STO. With these preparations we estimate at most a 20% error
in the determination of the absolute value of the permittivity of
our films.

The following samples were studied:

• a single 100 nm thick STO layer (sample 1 × 100C);
• multilayers consisting of n STO/DSO bilayers (n =

2, 3, 4) where the thickness of each layer was 50 nm,
i.e. the total thickness of STO was 100, 150 and 200 nm,
respectively (samples 2 × 50, 3 × 50, 4 × 50); the upper
layer was STO for each of these samples;

• a multilayer consisting of 20 STO/DSO bilayers where the
thickness of each layer was 10 nm, i.e. the total thickness
of STO was 200 nm (sample 20×10); the upper layer was
DSO.

The THz time-domain experiments were performed with
the help of a Ti:sapphire oscillator (Coherent, Mira) as a
femtosecond laser source. For the generation of linearly
polarized THz probing pulses we used an interdigitated
photoconducting switch [22] and for their detection we applied
the usual phase-sensitive electro-optic sampling scheme with
a 1 mm thick [110] ZnTe crystal and a pair of balanced
photodiodes [23].
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Figure 2. Examples of the measured THz wave forms.
(a) Equilibrium properties: wave form transmitted through a bare
DSO substrate (reference Er, solid line) and through DSO with the
film 1 × 100C (Es, dotted line). (b) Field-induced properties: wave
form transmitted through a 1 × 100C sample without bias (reference
E0, solid) and with the bias (EV , dotted).

3. Experimental results

First we determined the complex dielectric spectra of the
STO layers without electric bias. For this purpose the THz
beam was sent to the parts of the samples without electrodes
(see figure 1). The experiments consisted of two consecutive
measurements: one of a signal wave form Es(t) using a sample
with the thin film structure and one of a reference wave form
Er(t) with a bare DSO substrate (figure 2(a)). The ratio of
the Fourier transforms of the time-domain waveforms provides
the complex THz transmittance spectrum of the film: t (ω) =
Es(ω)/Er(ω). An example of the complex transmission
function is shown in figure 3.

The optical thicknesses of all the films within the investi-
gated multilayers were much smaller than the wavelength of
the THz radiation. The effective medium approach is then
fully justified for the evaluation of the dielectric function of
STO thin films from the experimental data. From this point
of view the THz transmission through an STO/DSO multilayer
is equivalent to the transmission through an STO/DSO bilayer
with the summed thicknesses of each material. We verified the
validity of this approach using the transfer matrix formalism
for layered media [24] by calculating and comparing the trans-
mission functions for the THz propagation through a multilayer
and through the equivalent bilayer. We also verified experi-
mentally that the field-induced changes of the dielectric func-
tion of DSO are quite negligible. The evaluation of the THz
dielectric properties from the measured transmission function
can then be performed by assuming a sample geometry with a
single STO layer on top of a DSO substrate (both with appro-
priate thicknesses). The complex refractive index N = n + iκ
of the STO films is then determined by numerically inverting
the expression

t (ω) =
2N(Ns + 1) exp[ik0(N − 1)d] exp[ik0(Ns − 1) (ds − dr)]

(1 + N)(N + Ns) + (1 − N)(N − Ns) exp[2ik0 Nd] ,

(3)

where d is the total thickness of STO in the multilayer, Ns =
ns + iκs is the complex refractive index of DSO, and k0 = ω/c
with c denoting the speed of light in vacuum. The complex
dielectric response of STO ε = N2 is then evaluated under the

Figure 3. Amplitude (a) and phase (b) of equilibrium (squares) and
field-induced (circles) transmission functions t and t ′, respectively,
for the sample 1 × 100C. Field value: 75 kV cm−1. In the case of t
(equilibrium, E = 0) the reference is the bare substrate; in the case
of t ′ the reference is the measurement with E = 0.

assumption of a uniformly strained STO. The possible gradient
of dielectric properties related to the strain gradient along the
multilayer would result in an inhomogeneous broadening of the
retrieved spectral features.

The measured zero-field dielectric functions of all the
samples investigated are shown in figure 4. Note that the
spectra for samples where the individual STO layers are thicker
(samples 1 × 100C and n × 50) are quite similar to each
other, reaching a permittivity of about 1500 near 10 cm−1 and
showing rather broad features in the losses. In contrast, the
real part of the permittivity of the 20 × 10 sample shows a
different slope and does not exceed 1000; the losses are then
significantly lower.

In the second series of experiments we investigated
field-induced changes of the dielectric function. In these
experiments various values of a dc bias E were applied to
the samples and the THz transmission spectra were measured.
Here the reference THz wave forms E0(t) were measured with
the electric field off and the signal wave forms EV (t) were
obtained with the applied bias: t ′(ω) = EV (ω)/E0(ω) (see
examples in figures 2(b) and 3). Note that the amplitude of
t ′ exceeds unity in a broad spectral range which means that
the thin film becomes more transparent upon applying the bias.
The calculation of the refractive index N ′ and of the related
dielectric function under the external bias was accomplished
by inverting the following expression for the transmission
function:

t ′(ω) = N ′

N

{
(1 + N)(N + Ns) exp[−ik0Nd]

+ (1 − N)(N − Ns) exp[ik0 Nd]}
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Figure 4. Zero-field dielectric spectra (ε = ε1 + iε2) of the STO
layers. Symbols: experiment; solid lines: fits with the coupled mode
formula (7); dotted lines: fits with an oscillator model.

× {
(1 + N ′)(N ′ + Ns) exp[−ik0N ′d]

+ (1 − N ′)(N ′ − Ns) exp[ik0 N ′d]}−1
. (4)

In our measurements we applied bias voltages in the
range 0–112 V which correspond to the in-plane fields of 0–
75 kV cm−1. Examples of the measured dielectric spectra of
biased samples are shown in figure 5.

4. Discussion

In order to describe the measured spectra we consider
(similarly to [6, 17]) a pair of linearly coupled lattice modes
(with a coupling constant δ): a damped oscillator (standing
for the soft mode with a bare eigenfrequency ω0, damping
� and strength f ) and a Debye relaxation (central mode
with a relaxation frequency γ ). The formula describing the
permittivity can be written as follows:

ε(ω) = Si S jGi j(ω) + ε∞ (5)

where ε∞ is the high frequency permittivity, G(ω) is a Green
function matrix of the coupled modes:

G−1(ω) =
(

1 − iω/γ δ

δ ω2
0 − ω2 − iω�

)
, (6)

and the components Si are proportional to the effective charge
associated with the corresponding mode, or in other words,
they describe the dielectric strengths of the two modes. We
assume S1 = 0 and S2 = f 1/2 (cf equation (1)), which means
that the relaxation is considered as a silent excitation which
may be observed in the spectra only owing to its coupling to
the strongly polar soft mode. One finds

ε(ω) = f

ω2
0 − ω2 − iω� − δ2/(1 − iω/γ )

+ ε∞. (7)

This form in particular (i) emphasizes the leading role of the
soft mode in the THz and sub-THz dynamics as the value
of its eigenfrequency controls the apparent polar response of
the relaxator in the spectra, and (ii) allows satisfying the sum
rule [25] (i.e. vanishing high frequency conductivity). This
demonstrates the tight relation between the two modes and one
can understand the relaxation as an additional low frequency
decay channel of the soft mode, i.e. as a specific anharmonicity
(side minima) in the soft mode potential similarly to what was
shown by ab initio calculations in the case of BaTiO3 [16, 17].
Note, however, that no similar ab initio calculation which could
confirm this hypothesis has been published yet for STO.

Figure 5 shows dielectric spectra of the samples studied
and the fits with equation (7). Note that this formula contains
six independent parameters. The value of f (≈2.34 ×
106 cm−2) is known to be temperature independent and similar
for single crystals and thin films [14]; consequently it was
kept constant in our fits. Our aim was to demonstrate the
universal behavior of the coupled modes in STO; therefore
we assumed that the parameters γ and δ are field and sample
independent (i.e. strain independent, too); in other words, all
the spectra for all the samples were fitted with single values
of γ (≈10 cm−1) and δ (≈34 cm−1). The effective soft mode
damping may depend on the inhomogeneous broadening of the
spectra due to the strain gradient. Therefore we allowed for
each sample its own value of � which was then considered as
field independent. The high frequency permittivity ε∞ has the
weakest physical meaning in our fits as it mainly reflects the
large uncertainty in the experimental permittivity which was
discussed above. Therefore this parameter was considered as
field independent but again a different value was allowed for
each sample.

The most important parameter obtained from the fits is the
soft mode eigenfrequency which was assumed to reflect both
the bias and the strain in the samples (i.e. we optimized the
value of ω0 for each spectrum); a summary of these results is
displayed in figure 6. The important fit values are summarized
in table 1.

In order to show unambiguously the important role of
the soft mode–central mode coupling we performed fits of
the data with a simple oscillator model (obtained from (7) by
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Figure 5. Dielectric spectra of all the samples investigated at room temperature for several values of the bias field. Symbols: experimental
data; lines: fits using (7).

setting δ = 0) and with the factorized form of the dielectric
function [26] for a single oscillator:

ε(ω) = ε∞
ω2

0 + f/ε∞ − ω2 − iω�L

ω2
0 − ω2 − iω�

, (8)

where �L is the damping of the longitudinal phonon mode.
This model was also previously applied to STO single crystals
in order to describe the higher frequency phonon spectra [27].
However, these fits are markedly less satisfactory at the low
frequency part of the measured spectra. We performed global

fits for each sample, i.e. taking into account simultaneously all
the measured spectra with varying electric field, like what was
described above for the coupled modes model (in addition, the
oscillator strength f was also allowed to vary in these fits).
Both oscillator models provide comparable fits with a variance
of residuals about 30–40% higher than for the coupled modes
fit. A comparison of the fits for all samples without electric
bias is shown in figure 4.

As the probing THz electric field is parallel to the applied
bias we can consider the simplest form of the Helmholtz free
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Table 1. Summary of the measured characteristics of the thin film samples.

Sample 1 × 100C 2 × 50 3 × 50 4 × 50 20 × 10
Single
crystala

STO thickness [nm] 100 100 150 200 200 —
ω0 (0 kV cm−1) [cm−1] 44 46 51 47 65 90
ω0 (66 kV cm−1) [cm−1] 63 67 64 61 70
� [cm−1] 48 55 43 48 92 25
ε0 (0 kV cm−1) 3050 3100 2000 2350 1050 310
ε0 (66 kV cm−1) 950 700 1050 1050 900
β [109 J C−4 m5] 9 ± 2 22 ± 4 14 ± 2 14 ± 2 9 ± 2 8–10
γ [cm−1] 10
δ [cm−1] 34

a The data for STO single crystals were taken from [14]. ε0 is the static value of the
permittivity provided by the fit (not measured directly).

Figure 6. Electric field dependence of the soft mode eigenfrequency
for the samples investigated. Symbols: ω0 obtained from the fits of
THz spectra with (7); lines: fits of the weak field data with (10).

energy expansion F to describe the soft mode behavior [3]:

F = ω2
0(0)

2 f εvac
P2 + β

4
P4, (9)

where εvac is the vacuum permittivity and the coefficient β

characterizes the anharmonicity of the soft mode potential
minimum. Note that the relaxation mode (which could
represent e.g. transitions to a side potential minimum of the
soft mode [17]) is not considered in this simplified expansion.
The soft mode contribution to the dielectric permittivity given
by (1) can then be characterized in the weak field limit by [14]

ω0(E) ≈ ω0(0)

√
1 + 3β [εvac f/ω2

0(0), ]3 E2, (10)

where E is the value of the electric bias. The field dependence
of the soft mode frequency for all the samples investigated
is shown in figure 6 along with the fits with the theoretical
expression (10). In the weak field limit (E < 35 kV cm−1)
the experimental data show a good agreement with the
predicted approximately quadratic behavior, which allows
us to determine the anharmonic coefficient β characterizing
the tuning capability of the STO layers. These values are
summarized in table 1. We find that the samples 1 × 100C and

20 × 10 exhibit the same values as STO single crystals. On the
other hand, the anharmonicity for n × 50 samples seems to be
somewhat enhanced. The highest value is found for the 2 × 50
sample (enhanced approximately by a factor of 2 compared to
the single-crystal one). An intermediate value is found for the
3 × 50 sample and the value of β does not seem to decrease
when a fourth STO film is added (4 × 50).

The highest total thickness of STO (200 nm) was achieved
for the samples 4 × 50 and 20 × 10. However, the latter
shows a significantly higher inhomogeneous broadening as
demonstrated by the high value of its effective soft mode
damping constant � and an intermediate value of its bare
eigenfrequency. This suggests that the high strain in the layers
next to the substrate is not maintained along the multilayer and
a large strain gradient develops. This is then reflected in a
relatively poor tunability of this structure. In this sense the
samples with intermediate STO thickness of 50 nm seem to be
the most suitable for tunable applications in the THz range. An
open technological question remains, as regards whether it is
possible to grow n × 50 samples with n > 4 and still achieve
an enhanced tunability with these structures.

5. Conclusion

We have characterized THz dielectric properties of several
types of SrTiO3/DyScO3 multilayers at room temperature with
and without electrical bias. A universal behavior of the
THz spectra was observed, which was quantitatively explained
by the linear coupling of the ferroelectric soft mode to a
silent relaxation mode and by the anharmonicity of the soft
mode potential. This anharmonicity was determined for all
the structures from the experimentally observed soft mode
hardening upon the applied bias.
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