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The ferroelectric properties of anisotropically strained SrTiO3 films are analyzed by detailed

measurements of the complex dielectric constant as function of temperature, frequency, bias

voltage, and electric field direction. At low temperatures, strain induces a relaxor-ferroelectric
phase that persists up to room temperature. The transition temperature and characteristic parameters

(e.g., Curie temperature, static freezing temperature, degree of diffuseness of the phase transition,

activation energy) of the relaxor phase depend strongly on the orientation of the electric field and,

therefore, on the amount of structural strain in the given electric field direction. Also above the

ferroelectric transition temperature, a relaxation of the permittivity is visible, i.e., the strain causes a

relaxor-paraelectric behavior. Only at high enough temperatures, the relaxation time constant tends

to zero and the “classical” dielectric state is obtained. Frequency and time dependent relaxation

experiments demonstrate an extremely large distribution of the relaxation rates in both relaxor states

(ferroelectric and paraelectric), which is indicative for the large distribution in the mobility of polar

SrTiO3 regions with randomly distributed directions of dipole moments in the film. The large

distribution might be taken as an indication for a large distribution in size and orientation of

nanosize domains in the anisotropically strained SrTiO3 film. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4802676]

I. INTRODUCTION

Pseudomorphous strained-layer epitaxial growth has

quickly turned from a mere curiosity into a major technology

for advanced semiconductor devices for solid state research.

It has been demonstrated that mechanical strain can have

dramatic effects on electronic and magnetic properties of

thin films. Significant effects have not only been observed in

semiconductor films for which the strain affects key material

properties including the energy gap and effective mass—

and, thus, the mobility—of the charge carriers. Prominent

examples are also the strain-induced enhancement of mag-

netization observed in ultrathin spinel ferrite films1,2 and the

strain induced enhancement of the ferroelectricity transition

temperature in perovskite ferroelectric films.3,4

For heteroepitaxially grown thin films, mechanical stress

is naturally induced by the underlying substrate. The stress is

caused by the lattice mismatch and the differences in thermal

expansion coefficients between the substrate and the film. It

naturally leads to strain in the layer that results in structural

modifications of the film ranging from (i) the development of

defects like point defects, dislocations, voids, or even cracks;5–7

(ii) structural transitions as observed in spinel ferrites NiFe2O4

or CoFe2O4 that undergo a transition from an inverse spinel

structure (without strain) to the normal spinel structure (with

stain);8 or (iii) modification of the lattice constants as observed

in strained Si films and strained perovskites.9–11 Moreover,

combinations of these different structural modifications are

very likely.

Most interesting and even more complex is the combina-

tion of substrate and film with different crystallographic

symmetries. In this case the structural mismatch will be dif-

ferent in different crystallographic directions. As a result, not

only the structural but also the electromechanical properties

of the layer might be different in different crystallographic

directions. An ideal candidate to study this effect is provided

by the growth of a nominally cubic ferroelectric perovskite

(e.g., SrTiO3) on a non-cubic substrate. Different non-cubic

substrates are suitable for heteroepitaxial growth of SrTiO3

ranging from orthorhombic perovskites (e.g., NdGaO3 or

DyScO3 (Ref. 3)) to hexagonal sapphire.4 Since the onset of

polarization in ferroelectric materials is generally accompa-

nied by a spontaneous strain, applied stress influences the

stability of the ferroelectric phases which affects the ferro-

electric transition temperature as well as the dielectric and

electromechanical properties.3,4,12–22 Pure unstrained SrTiO3

is a so-called incipient ferroelectric, i.e., due to quantum

fluctuations of atomic positions the ferroelectric transition is

suppressed down to zero-temperature. In thin films, in-plane

strain can shift the ferroelectric transition temperature by up

to hundreds of degrees,3,4 in accordance with thermody-

namic theory.19,20,22 However, the existing thermodynamic

predictions are based on a uniform in-plane biaxial strain

state, which is reasonable for films on substrates with cubic

lattice structure or films with a significant level of relaxation.

In this paper, ferroelectric properties of anisotropically

strained SrTiO3 on DyScO3 substrates are analyzed and dis-

cussed. The dependence of the complex dielectric constant

on temperature, frequency, bias voltage, and electric field

direction provides detailed information about the underlying

ferroelectricity and its modification due to the anisotropic

strain in the SrTiO3 films.
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II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

SrTiO3 films are grown on (101)DyScO3 via pulsed

laser deposition using a stoichiometric SrTiO3 target, a sub-

strate heater temperature of 850 �C, O2 process gas at a pres-

sure of 1 Pa, a laser power of �5 J/cm2 at the target, and

10 Hz laser repetition rate. The resulting growth rate is

�180 nm/min. In order to avoid the formation of cracks in

the SrTiO3 films,6 layer thicknesses below the critical thick-

ness of �120 nm are chosen.

X-ray reciprocal space mapping (RSM) is used to dem-

onstrate the epitaxial film growth and to analyze the crystal-

line properties of substrate and film in detail. The DyScO3

substrates have an orthorhombic GdFeO3 crystal structure

with space group Pnma. The lattice constants a¼ 0.5727 nm,

b¼ 0.7911 nm, and c¼ 0.5449 nm (obtained from X-ray

RSM) are in good agreement with literature values.23 Slight

differences in DyScO3 lattice constants are generally attrib-

uted to small stoichiometry differences, as has been noted

also in other GdFeO3-type compounds.24 Moreover, in case

of DyScO3 the optimal composition at which the compound

melts congruently is slightly dysprosium poor compared to

the stoichiometric Dy:Sc¼ 1:1 composition.25

The DyScO3 substrate is cut along the (101) plane which

results in a rectangular surface net spanned by the [101] and

[010] DyScO3 vectors that nearly match the cubic lattice of

SrTiO3 (see Fig. 1(b)). The X-ray RSM measurements reveal

an epitaxial growth of SrTiO3 on (101) DyScO3 (Fig. 1(a)).

The nominally cubic SrTiO3 adapts the in-plane rectangular

lattice structure of DyScO3. The in-plane primitive translation

vectors [100] and [010] of the SrTiO3 are elongated and ori-

ented along the [101] and [010] DyScO3 directions, respec-

tively (see Fig. 1(b)). The nominal in-plane lattice mismatch

b:¼ (aSTO,lit – aDSO/2)/aSTO,lit between film and substrate is dif-

ferent for the different crystalline directions (see Table I), i.e.,

b¼�1.24% and�1.31% for the short ([101] DyScO3) and the

long ([010] DyScO3) axes, respectively (a refers to the lattice

parameter of the given compound denoted by the subscripts

DSO or STO and the subscript lit denotes the literature values of

the unstrained oxide). Due to the lattice mismatch, the resulting

strain g:¼ (aSTO� aSTO,lit)/aSTO,lit of the SrTiO3 is expected to

depend on the crystalline direction. Experimentally (via RSM)

determined values for g are given in Table I. As a consequence

of Poisson’s ratio, the positive (tensile) strain of the in-plane

directions (0.95% for [100] SrTiO3 and 1.03% for [010]

SrTiO3) results in a negative (compressive) strain of the out-of-

plane direction (�0.39% for [001] SrTiO3).

In order to investigate the in-plane dielectric properties of

the SrTiO3 films, planar capacitors in the form of interdigitated

electrodes (IDE) are employed. The IDEs are obtained via lift-

off lithography technique and deposition of a 50 nm thick Nb/

Au layer via sputter technology. The thin (5 nm) Nb layer pro-

vides a perfect adhesion of the electrodes on the SrTiO3 layer.

Typical Nb/Au electrodes are shown in Fig. 2. In order to

obtain a reliable and large signal, a relatively large gap size

s¼ 5 lm is chosen that is compensated by large length

d¼ 700 lm of the individual IDE’s fingers and a large number

of fingers resulting in an effective length of the capacitor of

FIG. 1. (a) X-ray RSM measurement of

(002) SrTiO3 taking the Bragg reflection

of the (202) DyScO3 as a reference and

(b) schematic of the in-plane rectangular

surface of the (101) DyScO3 including

the area spanned by the DyScO3 lattice

vectors [010] and [101] and the orienta-

tion of the distorted unit cell of SrTiO3.

TABLE I. Lattice parameter, mismatch, and strain of a 105 nm thick SrTiO3 film epitaxially grown on a (101)DyScO3 substrate. The nominal lattice mismatch

b and the strain g of the SrTiO3 film are calculated using experimental data (X-ray RSM) and a literature value of aSTO¼ 0.39042 nm for the unstrained cubic

SrTiO3 lattice.

Direction Lattice parameter (nm)

DyScO3 SrTiO3 DyScO3 SrTiO3 Lattice mismatch, b (%) Strain, g (%)

In-plane [101] [100] 0.7905 0.39411 �1.24 0.95

[010] [010] 0.7911 0.39444 �1.31 1.03

Out-off plane [001] 0.38889 �0.39
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44.1 mm (see Fig. 2). In order to suppress stray fields, the gap

is strongly extended at the end of each finger (see inset of

Fig. 2). This guarantees that the electric field E is oriented per-

pendicular to the direction of the fingers.

Three identical IDE structures with different orienta-

tions 0�, 45�, and 90� of the electric field E with respect to

the [010] axis (long axis) of the DyScO3 substrate are pat-

terned on each sample. Thus, the electronic properties of

the SrTiO3 layer can be probed at various angles in the plane

of the film, i.e., for E//[010]DyScO3 (0�), E//[101]DyScO3

(90�), and E//[111]DyScO3 (45�), respectively (Fig. 2).

The dielectric properties are analyzed as function of

temperature (20 K to 320 K), frequency (20 Hz to 2 MHz),

and dc-bias voltage (�40 V to 40 V) using a high precision

capacitance meter (HP4278A, 1 kHz/1 MHz) and a LCR me-

ter (ST2826A, 20 Hz–2 MHz). The in-plane real part of the

dielectric constant e0 of the SrTiO3 films is calculated using a

partial capacitance model.26–28 The model is based on

conformal mapping and allows to evaluate the capacitive

contribution of all components (especially substrate and fer-

roelectric film) of planar structures. The model strictly valid

for our geometry is the model of Gevorgian et al.27

However, due to the geometrical design of the IDE and the

large permittivity of the SrTiO3 films in comparison to that

of the substrate, all three models yield nearly identical

results. The dielectric loss tangent tan d¼ e0/e00 of the SrTiO3

layer is obtained via correction of the total loss tangent using

an identical reference sample without SrTiO3 layer.

III. EXPERIMENTAL RESULTS

The dielectric properties are determined for the different

in-plane directions using the IDEs with different orienta-

tions. The data are analyzed according to the planar capaci-

tance model using a reference measurement on identical IDE

structures on a (101) DyScO3 substrate without SrTiO3 film.

Fig. 1 shows the resulting in-plane dielectric constant e0 and

loss tangent tan d of a 105 nm thick SrTiO3 film as function

of temperature for the different orientations measured at

1 MHz for zero dc-bias Vdc¼ 0 V and, for comparison, a dc-

bias of Vdc¼ 40 V.

The most striking features of this figure are as follows:

– Without dc-bias the dielectric properties (permittivity and

loss tangent) strongly depend on the orientation of the

electric field. For instance, a distinct peak in the permittiv-

ity and loss tangent is visible with a maximum at a temper-

ature that is (a) close to room temperature and (b) depends

on the orientation of the applied electric field.

– With dc-bias the dielectric properties are nearly identical

for all orientations of the electric field.

– Moreover, already a relatively small dc-bias (40 V over a

gap of 5 lm, i.e., 8 V/lm) leads to extremely large reduc-

tion of the permittivity (i.e., extremely large tunability)

and losses, and a complete extinction of the peaks in the

temperature dependence of e0 and tan d (see Fig. 3).

These different features, including a detailed analysis of

the frequency and dc-bias dependence of the dielectric prop-

erties of the different IDE orientations, will be discussed in

detail in the following sections.

A. Strain induced phase transition

Pure unstrained SrTiO3 is a quantum paraelectric mate-

rial. Quantum fluctuations of atomic positions suppress the

FIG. 2. Images (main figure and right inset) of the interdigitated electrode

structure for the 45� oriented IDE. The left inset shows the different orienta-

tions of the three IDEs on a SrTiO3 film on (101) DyScO3. Additionally, the

direction of the electric field E and the crystallographic orientation of the

SrTiO3 and DyScO3 are given.

FIG. 3. Temperature dependence of the in-plane dielectric constant (a) and

loss tangent (b) of a 105 nm thick SrTiO3 film measured at 1 MHz for differ-

ent orientations of the electric field E, zero-dc-bias (upper curves) and a dc-

bias of Vdc¼ 40 V (lower curves), respectively.
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ferroelectric transition down to zero-temperature leading to

so-called incipient ferroelectricity.29–31 The permittivity of

unstrained SrTiO3 increases from e0 � 300 at room tempera-

ture to e0 � 25 000 at 4 K; however, polarization-electric-

field hysteresis—a signature of ferroelectricity—does not

develop even at lowest temperatures. In the dielectric re-

gime, the temperature-dependence of the permittivity is

described by the Curie-Weiss law, e0(T) / (T�Tc)
�1 with a

Curie temperature for unstrained pure SrTiO3 of Tc� 49 K.32

However, the quantum paraelectric state is very sensitive to

small perturbations. Ferroelectricity can be induced among

others by mechanical stress.16 The ability to tailor the strain

in epitaxially grown SrTiO3 films offers a tool to induce fer-

roelectricity up to high temperatures. This has been pre-

dicted19,20 and experimentally demonstrated.3,4

First indication for a phase transition from a dielectric

(or paraelectric) to a ferroelectric (or relaxor-ferroelectric)

state is given by the pronounced peak in the temperature de-

pendence of the dielectric constant that suggests a shift of

the Curie temperature to higher temperatures. An unambigu-

ous proof would be provided by the hysteretic behavior of

the electric field dependence of the permittivity.

For our sample, both characteristic temperatures, the

temperature Tmax (maximum in the e0-versus-T plot) and

the Curie temperature Tc (obtained from a Curie-Weiss fit of

the permittivity for T>Tmax), are close to room temperature

(see Table II). The exact values for Tmax and Tc strongly

depend on the orientation of the IDE, i.e., on the electric field

orientation. Comparing the two principal SrTiO3 in-plane

lattice directions, Tmax and Tc are higher for the electric field

oriented along the longer crystalline axis (0� IDE:

Tmax¼ 288 K and Tc � 295 K) than for the field direction

along the shorter axis (90� IDE: Tmax¼ 258 K and Tc �
266 K). This agrees with the theoretical prediction20 that the

transition temperature increases with increasing strain.

Already the small difference in strain (Dg � 0.08%) leads to

a shift of Tmax and Tc of about 30 K.

The 45� oriented IDE shows a peak position and Curie

temperature close to that of the 0� IDE (with the higher Tmax

and Tc values). However, a closer look on the data reveals,

that in this case the temperature dependence has to be fitted

with two peaks at peak positions identical to that of the 0�

and 90� IDEs. This can nicely be seen in Fig. 4 which shows

the temperature dependence of tan d for different bias vol-

tages for the 45� IDE. The two peak positions for the 0� and

90� IDEs are indicated in the figure. The dielectric properties

(e0 and tan d) of IDE 45� sample both peaks.

A direct test of the transition to the ferroelectric phase is

provided by permittivity-versus-bias characteristics. Fig.

5(a) shows a set of e0-vs-Vdc characteristics for one of the

IDEs (similar sets of characteristics are recorded for all

IDEs). All characteristics are hysteretic. However, at low

temperatures butterfly-shaped hysteretic curves are obtained

with maxima at non-zero bias, whereas at high temperatures

the curves become dome-shaped with a maximum at zero

bias for increasing and decreasing bias voltage. The low-

temperature behavior is characteristic for a ferroelectric state

or relaxor ferroelectric state. With increasing temperature,

the peak position of the e0-vs-Vdc characteristic shifts towards

zero-voltage (see Fig. 5(b)). Finally, at high enough tempera-

ture the maxima in e0-vs-Vdc (for increasing and decreasing

bias) are obtained at zero-bias, i.e., the sample becomes para-

electric. The temperature of the transition ranges between

260 K and 310 K (see Fig. 5(b)), which coincides with the

prediction of the transition temperature obtained from the

Curie temperature Tc and Tmax. However, even in the para-

electric state a relaxation of the permittivity (and loss angle)

is observed. This is demonstrated among others by the hyste-

retic type of the e0-vs-Vdc characteristics recorded even at the

highest temperatures (e.g., data for 300 K in Fig. 5(a)). In

analogy to the relaxor-ferroelectric phase, this phase could

be called a relaxor-paraelectric phase. We will later show

that in our samples relaxation of the permittivity persists up

to temperatures of approximately 330 K.

TABLE II. Angular dependence of characteristic parameters of a strained SrTiO3 film on DyScO3. The different characteristic temperatures are the tempera-

ture Tmax of maximum permittivity emax, the Curie temperature Tc obtained from the Curie-Weiss fit for T > Tmax, the Burns temperature TB at which the per-

mittivity deviates from the Curie-Weiss behavior, and the static freezing temperature TVF obtained from the Vogel-Fulcher equation fit (Eq. (2)), respectively.

Furthermore, r, c, and Ea represent the degree of diffuseness of the phase transition, the degree of dielectric relaxation, and the activation energy obtained

from the relaxation equation (Eq. (1)) and the Vogel-Fulcher equation fit (Eq. (2)), respectively. It should be noted that due to experimental accuracy all values

for degree of dielectric relaxation should be considered to be c � 2.

Orientation Tmax (K) Tc (K) TB (K) TVF (K) emax c r [K] Ea [meV]

90� E//[101] DyScO3
258 266 6 2 292 230.2 6504 2.07 35.0 32

45� E//[111] DyScO3
292.5 290 6 2 308 273.7 6032 2.18 32.1 16

0� E//[010] DyScO3 288 294.7 6 3 315 276.5 7705 2.01 23.3 12

FIG. 4. Temperature dependence of the loss tangent for the 45� oriented

IDE for different dc-bias voltage. The numbers represent the bias voltage,

the dashed lines mark the peak positions for the 0� and 90� IDEs.
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In conclusion of this section, we can state that there is

strong evidence for a strain-induced phase transition from a

paraelectric-type phase to a ferroelectric-type phase at tem-

peratures close to room temperature in our epitaxial SrTiO3

films on (101)DyScO3 substrates. The exact transition tem-

perature depends on the orientation of the applied electric

field and can be correlated with the strain of the SrTiO3 lat-

tice in the direction of the electric field. Moreover, there is

strong evidence that both phases (paraelectric and ferroelec-

tric) are relaxor-type phases. Relaxor ferroelectric behavior

has been reported for similar systems.9,33 It is examined for

our samples in more detail in Sec. III B.

B. Relaxor and frequency dependent experiments

Relaxor ferroelectrics or relaxors represent a class of

disordered ferroelectric crystals with particular structure and

properties. At high temperature, they exist in a non-polar

paraelectric phase that is similar in many respects to the

paraelectric phase of classical ferroelectrics. Upon cooling,

they transform into the ergodic relaxor state which is caused

by polar nanoregions with randomly distributed directions of

dipole moments. This transformation occurs at the so-called

Burns temperature TB which is defined by the temperature at

which the permittivity deviates from the Curie-Weiss behav-

ior (values for TB are given in Table II). In principle, this

transition is not considered to be a structural phase transition

since it is not accompanied by any change of crystal struc-

ture on macroscopic or mesoscopic scale. Nevertheless, the

polar nanoregions strongly affect the ferroelectric properties

of the crystalline material. For this reason, the state of the

crystalline material at T < TB is often considered to be a new

phase, the relaxor ferroelectric phase.

At temperatures close to the Burns temperature, the po-

lar nanoregions are mobile and their behavior is ergodic. On

cooling, their dynamics slows down enormously and at a low

enough temperature (typically hundreds degrees below TB),

they become frozen into a nonergodic state. The phase

transition at TB represents a diffuse phase transition that can

be scaled according to the empirical Lorentz-type relation,34

e0max

e0
� 1 ¼ ðT � TmaxÞc

2r
; (1)

for T > Tmax, e0max¼ e0(Tmax), and r and c representing the

degree of diffuseness of the phase transition and the degree

of dielectric relaxation, respectively. For a classical ferro-

electric, a sharp phase transition with c¼ 1 is expected.

Diffusing of the phase transition leads to an increase of c up

to 2. Larger values of c express “more relaxor-type behavior”

of the ferroelectric and values of c¼ 2 are considered to be

characteristic for relaxor ferroelectrics34,35 The Lorentz-type

scaling of the transition is demonstrated for our SrTiO3 film

in a double logarithmic plot of the normalized permittivity

(e0max � e0)/e0 versus (T � Tmax) in Fig. 6. The slope of the lin-

ear dependence yields values of c � 2 (Table II) and thus

strongly supports the assumption of a relaxor-type transition

at TB for our samples.

FIG. 5. (a) Permittivity as function of dc-

bias for the 0� IDE (E//[101] DyScO3) and

(b) temperature dependence of the maxi-

mum bias voltage Vmax which denotes the

position of the maxima in the permittivity-

versus-bias characteristic.

FIG. 6. Double logarithmic plot of the reduced and normalized permittivity

versus reduced temperature at the phase transition (T > Tmax) for the IDEs

with different orientations of the electric field. The fits according to Eq. (1)

reveal values of c � 2 and r � 23–35 K (exact values are given in Table II).
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Another characteristic feature of relaxor ferroelectrics is

provided by a characteristic frequency dependence of the

dielectric properties which is most prominent at the transi-

tion to the relaxor ferroelectric state. Fig. 7(a) shows the

temperature dependence of the permittivity for different fre-

quencies (20 Hz to 2 MHz) for the three different orientations

of the IDE. Especially at the peak in e0—i.e., close to the

transition—large differences in the permittivity are recorded

for different frequencies. With decreasing frequency the per-

mittivity increases. The frequency dispersion in the dielectric

constant clearly indicates relaxor behavior. The convergence

of the permittivity data above Tmax demonstrates that the dis-

persion is not an artifact of the experiments, e.g., caused by

space charge polarizability. The frequency dependence of

the maximum is characteristic of many relaxor ferroelec-

trics36,37 and is described by the Vogel-Fulcher equation,38

f ¼ ð2psoÞ�1
exp � Ea

kBðTmax � TVFÞ

� �
; (2)

with the attempt frequency fo¼ (2pso)�1, the activation

energy Ea, Boltzmann constant kB, and the static freezing

temperature TVF.

Vogel-Fulcher equation fits of our permittivity data

measured for frequencies ranging between 20 Hz and 2 MHz

are given in Fig. 7(b). They show the predicted linear relation

between the reduced frequency [ln(f/fo)]�1 and Tmax. Inserting

a reasonable value for the attempt frequency fo (typical value:

1–10 GHz) yields values for the static freezing temperature

TVF and activation energy Ea. Figs. 7(c) and 7(d) demonstrate

that freezing temperature and activation energy do not depend

strongly on the choice of the attempt frequency, but they

depend strongly on the orientation of the electric field with

respect to the strain. For instance, for fo¼ 4 GHz (see also

Table II), we obtain values of TVF � 230 K and Ea � 32 meV

for the 90� IDE and TVF � 276.5 K and Ea � 12 meV for the

0� IDE. The evaluated Ea values represent typical values for

the activation energy of relaxor ferroelectrics.9,36 Also, the

reduction of the activation energy for the 0� IDE (direction of

the electric field parallel to the longer crystalline axis) agrees

with the theoretical expectation.

At this point, we can state that all experimental results

support the assumption that the strained SrTiO3 films on

(101) DyScO3 represents a relaxor ferroelectric. Therefore,

we will finally focus our attention on the tunability of the

SrTiO3 films and especially the relaxation effects that are

visible in dc bias dependent measurements of the permittiv-

ity relaxation of the SrTiO3 films.

C. Relaxation of the tunability

Figs. 8 and 9 present a more detailed analysis of the dc-

bias dependence of the permittivity. Measurements at con-

stant dc-bias voltage Vdc demonstrate the large tunability of

our strained SrTiO3 films (Fig. 8). Already a small voltage of

Vdc¼ 0.4 V (Edc¼ 80 mV/lm) yields a considerable reduction

of e0, a bias of Vdc¼ 40 V (Edc¼ 8 V/lm) reduces the permit-

tivity by up to a factor of 10 (tunability n¼ e(0)/e(Vdc) up to

10). However, only at high temperatures (T> 300 K) the tun-

ing of the SrTiO3 film via dc-bias is reversible, i.e., the zero-

bias permittivity is retained after removal of the dc voltage.

At lower temperatures (typically 230 K–280 K), the permittiv-

ity relaxes slowly but does not reach the zero-field permittiv-

ity. At even lower temperatures (T< 200 K), the permittivity

immediately relaxes to a value clearly below zero-field per-

mittivity after removal of the bias voltage, i.e., a state differ-

ent to the zero-bias state seems to be frozen in. The different

temperature regimes are clearly visible in Fig. 8.

Fig. 9 shows the relaxation behavior of the permittivity

for one of the orientation (90� IDE) in more detail. The

relaxation of e0 after removal of a bias voltage (40 V is

applied for 10 min) is recorded for 20 min. At the lowest

temperatures (for this orientation T< 200 K), the removal of

the dc bias causes an immediate jump to a fixed permittivity

value clearly smaller than the value obtained for the zero-

bias measurements (see also Fig. 8). However, no further

relaxation is visible in Fig. 9 for these temperatures (it

should be noted that first reliable data are collected 2 s after

removal of the bias voltage). For higher temperatures, a

relaxation is visible for the whole period of the recording

(20 min). For the highest temperatures, the permittivity

seems to asymptotically approach the final value, i.e., the

FIG. 7. Vogel-Fulcher equation fits of Tmax and Ea (Eq. (2)): (a) Permittivity

as function of temperature for the different orientations and frequencies

ranging from 20 Hz (largest permittivity) to 2 MHz (smallest permittivity),

(b) plot of the reduced frequency [ (f/fo)]�1 as function of the temperature

Tmax according to the Vogel-Fulcher equation (Eq. (2)) using an attempt fre-

quency of fo¼ 4 GHz, (c) the resulting static freezing temperature TVF, and

(d) activation energy Ea for different choices of attempt frequencies

fo¼ (2pso)�1. The lines in (b) indicate the linear fit of the data for an attempt

frequency of fo¼ 4 GHz. The symbols in (b)–(d) represent 0� IDE (circles),

45� IDE (triangles), and 90� (squares), respectively.
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zero-bias permittivity. Generally, relaxation processes can

be described by an exponential function that for the relaxa-

tion of the permittivity is given by

e0ðtÞ ¼ e0ðt ¼ 1Þ þ a � exp � t

s

� �
; (3)

with a relaxation time constant s¼ 1/R that characterizes

the relaxation rate R. For more complex systems, distribu-

tions of relaxation rates or stretched exponential functions39

are necessary to describe the relaxation process. In our case,

the relaxation is reasonably well described by two relaxation

constants s1 and s2 that characterize the short-term relaxation

(t< 0.15 h) and the long-term relaxation (t> 0.15 h), respec-

tively (see inset of Fig. 9). The relaxation time constants are

very large at low temperature and tend towards zero above

room temperature (approximately at 330 K) where instanta-

neous relaxation is expected (i.e., R!1).

In general, relaxation times of the order of hour(s) (i.e.,

relaxation rates below 1 mHz) are not unusual for relaxor fer-

roelectrics.40 Furthermore, large distributions of relaxation

times are known, they are indicative for the large distribution

in the mobility of polar SrTiO3 regions with randomly dis-

tributed directions of dipole moments.37,41 The large distri-

bution might be taken as an indication for the large

distribution in size and orientation of the micro- or even

nanosize domains in the anisotropically strained SrTiO3 film.

Finally, even in the paraelectric state the relaxation persists.

For instance, for the 90� IDE, significant relaxation with

relaxation rates of R1¼ 1/s1 � 5 mHz and R2¼ 1/s2 �
2.7 mHz are obtained at room temperature (Fig. 9). Thus, the

relaxor behavior is not restricted to the ferroelectric phase, it

persists in the paraelectric regime.

IV. CONCLUSIONS

The ferroelectric properties of anisotropically strained

SrTiO3 films on DyScO3 substrates are analyzed by detailed

measurements of the complex dielectric constant as function

of temperature, frequency, bias voltage, and electric field

direction. It is demonstrated that at low temperatures, strain

induces a relaxor-ferroelectric phase that persists up to tem-

peratures around room temperature. However, also above the

ferroelectric transition temperature a relaxation of the permit-

tivity is visible, i.e., the strain causes a relaxor-paraelectric
behavior (see Fig. 10). Only at high enough temperatures, the

relaxation time constant tends to zero and the “classical”
dielectric state is obtained.

FIG. 8. Temperature dependence of the permittivity e0(Vdc) for the different

orientations of the electric field: (a) 90� IDE, (b) 45� IDE, and (c) 0� IDE.

The solid lines represent measurements at constant dc bias, the bias voltage

Vdc is given by the numbers in the figure (gap size is 5 lm). The symbols

(open circles) represent relaxation measurements for which at each tempera-

ture first a bias voltage of 40 V was applied for 10 min (lower e0 values)

which was then removed and the relaxation of the permittivity was recorded

every 12 s for 20 min (upper set of e0 values). Different temperature regimes

are visible: At low temperatures, the permittivity relaxes to a fixed value

clearly below the “virgin” e0(0 V) curve, at intermediate temperature the per-

mittivity relaxes slowly but does not reach the zero-field permittivity, only

at the highest temperatures e0 relaxes immediately to the virgin zero-bias

permittivity.

FIG. 9. Relaxation of the normalized permittivity at zero-dc-bias after

applying a dc-bias of Vdc¼ 40 V for 10 min for the 90� IDE (bias field along

the short SrTiO3 axis). The symbols show the experimental data, the dashed

lines represent exponential fits of the long-term relaxation according to Eq.

(3), the temperatures for each measurement are given in the figure. The inset

shows the relaxation time s1 and s2 obtained from the exponential fit for the

short-term relaxation t < 0.15 h (solid symbols) and the long-term relaxation

t > 0.15 h (open symbols), respectively.
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The characteristic parameters (e.g., Curie temperature

Tc, static freezing temperature TVF, degree of diffuseness of

the phase transition r, or activation energy Ea) of the relaxor

phase and the phase transition depend strongly on the orien-

tation of the electric field and, therefore, on the amount of

structural strain in the given electric field direction. Already,

relatively small dc bias fields lead to a complete suppression

of the ferroelectric transition and a strong reduction of the

anisotropy in the dielectric properties. Frequency and time

dependent relaxation experiments demonstrate an extremely

large distribution of the relaxation rates in the relaxor states

(ferroelectric and paraelectric), which range from below

1 mHz to above 1 MHz. This is indicative for the large distri-

bution in the mobility of polar SrTiO3 regions with randomly

distributed directions of dipole moments. The large distribu-

tion might be taken as an indication for the large distribution

in size and orientation of the micro- or even nanosize

domains in the anisotropically strained SrTiO3 film.

On the one hand, the anisotropically strained SrTiO3

films represent a very interesting system for analyzing and

understanding of the effect of strain on structural and elec-

tromechanical properties in heteroepitaxial films in general.

On the other hand, a number of structural and electronic

properties might be is of interest for practical applications.

These are, for instance, the large permittivity at room tem-

perature (up to e0 � 7000 compared to e0 � 300 of unstrained

SrTiO3) and the large tunability at room temperature (e.g.,

n(8 V/lm)¼ e(0)/e(8 V/lm)¼ 5.6 for the 45� IDE).
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FIG. 10. The comparison of the temperature dependence of the “virgin”

(i.e., initial zero-bias) permittivity (black line) and the relaxation of the per-

mittivity after applying a dc bias demonstrates the complex behavior of the

anisotropically strained SrTiO3 film illustrated by the data of the 90� IDE.

Only in a small temperature regime (starting at the freezing temperature

TVF), relaxation of the polar nanoregions is observed. At low temperature,

the polar nanoregions are frozen, at high temperature the impact of the polar

nanoregions vanishes. The temperature regimes of these different character-

istic behaviors of the polar nanoregions do not coincide with the transition

to relaxor ferroelectricity at Tc as indicated in the figure.
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