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The temperature dependence of the dielectric permittivity � of an 800 nm thick SrTiO3 layer in epitaxial
SrRuO3/SrTiO3/SrRuO3 and YBa2Cu3O7−� /SrTiO3/SrRuO3 heterostructures followed the relation �−1

=�0
−1C0

−1�T−TCW�+�I
−1, where C0 and TCW are the Curie constant and the Curie-Weiss temperature for the

strontium titanate bulk crystal, respectively. The effective dielectric constant is lower than the bulk value due
to the interfaces of the SrTiO3 film to its electrodes as given by �I. The �I was diminished roughly 2.5 times
when the top SrRuO3 electrode in the trilayer was replaced by one of YBa2Cu3O7−�. The capacitances Ci per
unit area of the SrRuO3/SrTiO3 and YBa2Cu3O7−� /SrTiO3 interfaces were 8.2 and 2.3 F/cm2, respectively.
Characteristic penetration depths L of the electric field into the SrRuO3 and YBa2Cu3O7−� electrodes were
extracted from the Cis and are several times larger than corresponding data estimated from free electron type
models of metals. A diminished charge carrier density in the electrode very close to the interface is a likely
reason for the enhanced L.
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I. INTRODUCTION

The dielectric response of a ferroelectric layer in a hetero-
structure depends on the structure and electron configuration
at the interfaces to its metallic electrodes. The use of thin
epitaxial films of perovskite-type metallic oxides, like
SrRuO3 �SRO�, La1−x�Ca,Sr�xMnO3 �LCMO, LSMO�, or
YBa2Cu3O7−� �YBCO�, as electrodes promotes the growth of
a well preferentially oriented ferroelectric �Ba,Sr�TiO3 layer
and sharp interface boundaries between the layer and its
electrodes.1–3 That results in the enhanced dielectric permit-
tivity, �, of the ferroelectric film and promotes Curie-Weiss
behavior,4 which is not common in the case of a noble metal
electrode. The effect of the interfaces on � of a structurally
perfect ferroelectric film at temperatures just above the
ferroelectric-paraelectric phase transition point is markedly
enhanced because of the large �.

Perovskite-type ruthenates, manganites, and high-Tc su-
perconducting cuprates differ in unit cell parameters as well
as in electronic and magnetic properties. Thus, the choice of
electrode material is important for most applications of the
nonlinear ferroelectrics. However, no detailed comparative
study of the impact of electrode interfaces on � of the ferro-
electric layer has been done up till now.

We will report on the influence of electrode and ferroelec-
tric interfaces on the effective dielectric permittivity of the
ferroelectric layer in between two SRO electrodes. To gain
further insight, the top SRO electrode was replaced by
YBCO. A substantial part of the parallel plate capacitance of
the heterostructures of SRO/STO/SRO or YBCO/STO/SRO
is due to the interfaces.

II. EXPERIMENT

Laser ablation �KrF, �=248 nm, �=30 ns� was used to
grow the bottom metallic oxide electrode of �45 nm� SRO at
the surface of a �001��LaAlO3�0.3+ �Sr2AlTaO6�0.7 �LSATO�
substrate. A �d=800 nm� STO layer was subsequently depos-

ited on the SRO electrode and, finally, a �45 nm� thick top
film of SRO or YBCO was condensed on the ferroelectric
film. The substrate temperature was fixed at 780 °C during
the growth of the ferroelectric and conducting oxide films.
They were all grown in an oxygen atmosphere, pO
=0.3 mbar.

X-ray diffraction �Philips X’pert MRD, Cu K�1, � /2�
scans, and 	 scans, rocking curves� was used to investigate
phase purity, orientation, and lattice parameters in the films
of the multilayers. We traced � /2� x-ray scans �2�
=20–120° � when incident and scattered beams were normal
to �001� or �101�LSATO.

The atomic structure of the interfaces in the multilayer
heterostructure was determined using transmission electron
microscopy �TEM�. The cross-section TEM specimens were
prepared using mechanical polishing and final ion beam thin-
ning to electron transparency. The TEM was carried out at
room temperature using a CM200 supertwin field emission
gun TEM operated at 200 kV.

Photolithography and ion milling �Ar, 500 V, 0.2 mA�
were used to form square contact pads �S=100
100 �m2�
on the top electrodes and in openings in the intermediate
STO layer to contact the bottom �common� electrode.

The capacitance, C, of the formed parallel plate capacitor
was measured by an hp 4263A LCR meter in a frequency
interval of 1–100 kHz, with and without bias voltage Vb
= ±2.5 V. The measured C was used to determine the effec-
tive dielectric permittivity � of the intermediate STO layer
�assuming a parallel plate capacitor�. Resistance R of the
bottom and top SRO �YBCO� electrodes was measured in a
van der Pauw geometry by the same LCR meter. Resistivity
� was then calculated as �=Rd0 / ln 2,5 where d0 is the
thickness of the electrode.

III. RESULTS

The mismatch m in lattice parameters of the LSATO
�pseudocubic unit cell, a1=3.868 Å�6 and SRO �pseudocu-

PHYSICAL REVIEW B 74, 024114 �2006�

1098-0121/2006/74�2�/024114�6� ©2006 The American Physical Society024114-1

http://dx.doi.org/10.1103/PhysRevB.74.024114


bic, a2=3.927 Å�7 is positive and about 1.5% �m= �aL

−aS� /aS, where aL and aS are lattice parameters of the layer
and substrate, respectively�. In the case of SRO on STO, m is
positive �0.5% �STO has a cubic unit cell, a3=3.905 Å�,8
but for YBCO/STO, m is negative �1.5% �parameters of the
orthorhombic unit cell of the YBCO are a=3.82 Å, b
=3.89 Å, c=11.68 Å�.9 Thermal expansion coefficients of
the STO, SRO, YBCO, and LSATO match each other rea-
sonably well in the temperature interval of interest.9,10

The x-ray scans for SRO/STO/SRO and YBCO/STO/SRO
heterostructures peaked at angles corresponding to reflec-
tions from the ferroelectric layer, the electrodes and the sub-
strate, see Figs. 1�a� and 1�b�. The films of the heterostruc-
tures were well in-plane and out-of-plane preferentially
oriented, as follows from the measured x-ray � /2� scans and
	 scans.

The in-plane lattice parameter of the STO layers in the
grown multilayers was roughly the same as the out-of-plane

one �3.908±0.005 Å�, both agree reasonably well with the
lattice parameter of a stoichiometric STO single crystal.
Hence, mechanical stresses in the ferroelectric layer were
relaxed to a large extent.

To estimate strain distribution in the STO layer the varia-
tion of the FWHM �width of the peak at half of maximum�
of the �00n�STO peaks in the x-ray scans was plotted as a
function of the sin �. According to11

FWHM = 0.9�0/�t cos �� + 2 tan ��a/a , �1�

where a is the lattice parameter, t the grain size, and �0
=1.5406 Å, the x-ray wavelength. FWHM cos � vs sin � for
the STO layer in SRO/STO/SRO is plotted in Fig. 2. From
the slope of the line we get an effective strain �a /a�1.7

10−4 in the ferroelectric layer. The �a /a determined
for STO in SRO/STO/SRO agree well with the correspond-
ing data for a �Ba,Sr�TiO3 layer.12,13 FWHMs of the rocking
curves for the �002�STO x-ray peak from the heterostructures
of SRO/STO/SRO and YBCO/STO/SRO were the same
��0.06°, inset Fig. 1�b��.

The effective out-of-plane lattice parameter
�3.95±0.01 Å� of the SRO electrodes was substantially
larger than the in-plane one �3.91±0.01 Å�. �The x-ray peaks
from the two metallic oxide electrodes overlap and limit the
precision in the determination of the unit cell parameters in
the top and bottom layers in the SRO/STO/SRO.� Both SRO
electrodes were in-plane compressively stressed due to the
positive mismatch in lattice parameters between SRO and
LSATO �STO�. The YBCO electrode grown on the STO/
SRO/LSATO was well c axis preferentially oriented �c
=11.68±0.005 Å�; see the inset in Fig. 1�a�. Separate, small
a axis oriented particles were detected by an atomic force
microscope on the surface of the YBCO/STO/SRO hetero-
structure.

The TEM investigations confirmed the epitaxial growth of
the SRO and STO films combined into the multilayer hetero-
structure �see Figs. 3�a� and 3�b��. Strain-induced two di-

FIG. 1. �a� X-ray scan �� /2�, Cu K�1� for the
SRO/ �800 nm�STO/SRO/ �001�LSATO heterostructure measured
when the substrate plane was normal to the plane formed by inci-
dent and scattered x-ray beams. �, overlapping �001�SRO and
�001�STO peaks. The inset shows a fragment of the � /2� x-ray
scan for the YBCO/ �800 nm�STO/SRO/ �001�LSATO heterostruc-
ture. # and *, �002�SRO and �002�LSATO peaks, respectively. �b�
X-ray scan for the same heterostructure measured when the
�101�LSATO plane was normal to the plane formed by incident and
scattered x-ray beams. *, �303�LSATO peak. The inset plots rock-
ing curves for �002�STO �1� and �002�LSATO �2� reflections from
the SRO/ �800 nm�STO/SRO/ �001�LSATO heterostructure.

FIG. 2. Bragg peak FWHM as a function of the diffraction angle
for the �800 nm� STO layer in the SRO/STO/SRO/�001�LSATO
heterostructure. The inset shows temperature dependencies of the
resistivity of YBCO �1� and SRO �2� electrodes grown on an
�800 nm�STO/SRO/ �001�LSATO, and an SRO film �3� formed on
�001�LSATO.
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mensional defects in the bottom SRO layer are clearly de-
tectable in the TEM images. The defects nucleated at the
SRO/LSATO interface and propagated through the whole
thickness of the bottom metallic oxide electrode at an angle
of �45° to the substrate plane �see Fig. 3�a��. The lateral
distance between observed defects in the STO layer was
about 100 nm. That agrees well with t�110 nm �effective
grain size� determined from the intersection of the straight
line �FWHM
cos � vs sin � in Fig. 2� with the ordinate
axis. The interfaces between the ferroelectric layer and elec-
trodes were free from second phase inclusions as follows
from high resolution TEM image shown in Fig. 3�b�. Data on
the microstructure of the YBCO/STO interfaces were pre-
sented in Ref. 2.

Temperature dependencies of the resistivity of the top
SRO and YBCO electrodes in the trilayer heterostructures as
well as of the �80 nm� SRO layer grown on �001�LSATO are
shown in the inset of Fig. 2. Ferromagnetic ordering of spins
on Ru+4 ions at T�160 K are clearly marked by the change
of slopes in the ��T� curves for the SRO layers. Strain in-
duced defects of structure are a likely reason for the mea-
sured larger resistivities of the top SRO layer in the SRO/
STO/SRO and of the SRO/LSATO film as compared with
that of a bulk strontium ruthenate crystal. The crystallinity of
the layers in a multilayer heterostructure is typically de-
graded with the increase of their number and thickness be-
cause of the accumulation of defects. That partly explains the
difference in � between the top SRO electrode in SRO/STO/

SRO/LSATO and the SRO/LSATO film. The superconduct-
ing transition temperature ��=0� for the top YBCO electrode
in YBCO/STO/SRO was �87 K.

The dielectric permittivity of the STO layer in the SRO/
STO/SRO and YBCO/STO/SRO heterostructures was disper-
sionless in the used frequency range. A response of � of the
STO layer on an external electric field was detectable at
T�100 K �see Fig. 4�. The � /�0�Vb� curves for the STO
layer in the SRO/STO/SRO heterostructure were roughly
symmetric relative to the point Vb=0 when measured at
T�77 K. In contrast to that, the maximum in the � /�0�Vb�
dependence for the STO layer in the YBCO/STO/SRO het-
erostructure was shifted �VM �0.6 V� towards positive Vb

�see the inset in Fig. 4�. That shows an internal electric field
of Eint=VM /d�7.5 kV/cm in the ferroelectric layer of the
YBCO/STO/SRO heterostructure. A likely reason is the dif-
ference in work functions of the top YBCO �Ref. 14� and
bottom SRO �Ref. 15� electrodes.

IV. ANALYSIS

Temperature dependencies of � for the STO layer in SRO/
STO/SRO/LSATO and YBCO/STO/SRO/LSATO hetero-
structures are shown in Fig. 4. The permittivity of the STO
layer in YBCO/STO/SRO was substantially smaller than that
of the ferroelectric layer in SRO/STO/SRO �markedly so at
low temperatures�. They are of high quality as, in the tem-
perature interval 70–270 K, �0 /��T� curves for the STO
layer in both types of trilayers were well described by the
relation

�−1 = �0
−1C0

−1�T − TCW� + �I
−1, �2�

where C0�9
104 K and TCW=30 K are the same as the
values of the Curie constant and the Curie-Weiss temperature

FIG. 3. �a� Low magnification electron microscopy image of the
cross section of a SRO/STO/SRO/LSATO heterostructure near
around the bottom SRO/STO interface. A characteristic two dimen-
sional �probably dislocation wall� defect in the electrode is clearly
detectable. �b� High resolution transmission electron micrograph of
a cross-sectional image of the same interface. The interface is
marked by arrows.

FIG. 4. Temperature dependencies of the � /�0 �1–4� and �0 /�
�5,6� for the �800 nm� STO layer in the SRO/STO/STOO/LSATO
�1,2,6� and YBCO/STO/STOO/LSATO �3–5� heterostructures. The
biases for �1,3,5,6� Vb=0 V; for �2,4� Vb=−2 V. Tangents of the
curves 5 and 6 at T=70–270 K are marked by dashed lines.
�0 /�I�TCW=30 K� for the STO layer in the YBCO/STO/SRO/
LSATO heterostructure is marked by a double sided arrow �f
=10 kHz�. The inset plots � /�0�Vb� �1� and � /1.8
�0�Vb� �2� de-
pendencies for the �800 nm� STO layer in the YBCO/STO/SRO/
�001�LSATO and SRO/STO/SRO/�001�LSATO heterostructures, re-
spectively �T=40 K�.
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for bulk crystals of strontium titanate.16,17 The first term in
the right hand side of Eq. �2� is due to the capacitance in-
duced by the intermediate ferroelectric layer �Cf� in the par-
allel plate capacitance structure, but the second one to the
capacitance from the STO/electrode interfaces �Cint�. Cf and
Cint are connected in series and the measured C= �Cf


Cint� / �Cf +Cint�. Cf may be assumed to be the same in both
types of the investigated film capacitors as the slope of the
�0/��T� dependencies are the same �at 70–270 K� for both
SRO/STO/SRO and YBCO/STO/SRO, the widths of the cor-
responding rocking curves of the �002�STO x-ray peaks are
identical, and the same processing conditions are used during
the growth of the multilayers. Cint is large, temperature and
electric field independent. It is tempting to relate it to electric
field penetration18 into the oxide metallic electrodes.

�I was about 3700�0 �cf. curve 6 in Fig. 4� for the SRO/
STO/SRO heterostructure. Using this value, we estimate
Cint as 0.4 nF and the effective nominal capacitance per
area of STO/SRO interface �capacitance per square centime-
ter� as Ci=2
�I /d�8.2 �F/cm2 �assuming identical elec-
tronic parameters of the top and bottom interfaces
in the heterostructure�. This value is comparable to that
for noble metal �Pt, Au,¼� electrodes in contact with
dielectrics18 and to the nominal capacitance
��2.6 �F/cm2� of an STO/La0.67Ca0.33MnO3 interface mea-
sured at T�250 K.19 However, a value of Ci roughly one
order of magnitude larger was estimated for the SRO/BSTO
interface in Ref. 1.

The interface capacitance can be modeled as due to a field
penetrating into the electrode. The penetration length should
be small in a good metal but can be considerably larger if the
density of charge carriers becomes small. The capacitance
per unit area of the metal/dielectric interface induced by
electric field penetration into the conducting electrode may
be written as18

CM = �M/2.3LM , �3�

where LM is the characteristic length of the electric field
penetrating into the electrode and �M is the permittivity of
the latter. We did not find literature data on the low fre-
quency �f �1 MHz� dielectric permittivity of the SRO. Ac-
cording to Cox et al.,20 the high frequency permittivity �� of
SRO is about 5 �0 �the value agrees reasonably well with
those for other conducting perovskite-type oxides21,22�. We
used Eq. �3�, nominal interface capacitance Ci=8.2 �F/cm2,
and ��=5 �0 to estimate the characteristic length LSRO of
electric field penetrating into the SRO electrode. That gave
us LSRO�0.23 nm. This will be compared with the corre-
sponding value derived from basically a free electron model.

According to Ref. 18, the dependence of LM on electronic
parameters of the electrode may be expressed by the equa-
tion

LM
2 = 2�MEF/3n0e2, �4�

where n0 is the electron density, e is the electron charge, and
EF is the Fermi energy. �The LM was multiplied by a factor
of 2 /�3 suggested by Simmons.23� Stoichiometric SRO pos-
sesses one of the largest charge carrier densities among

perovskite-type oxide metals, nSRO�2
1022 cm−3. 20 Using
the relation between the Fermi energy and electron density,
EF= ��2 /2m* ��32nSRO�2/3, 24 and the value of the effective
mass of electrons in SRO, m*=3.6m0, 20 we get LSRO
=0.37��SRO� Å, where �SRO� is the relative dielectric constant
of SRO. If �SRO� is equal to 5, the LSRO is about 0.08 nm.
Thus, the estimate of LSRO from relation �4� is roughly 3
times smaller than that determined from the �0 /��T� curve
and Eq. �3�.

A likely reason for the enhanced characteristic penetration
length of the electric field penetration into the SRO films in
the SRO/STO/SRO heterostructure is a degradation of the
electron density in the metallic oxide electrode at the inter-
face. �Strictly speaking, LSRO is determined by nSRO in a
nanometer thick sublayer of the electrode adjacent to the
STO/SRO interface�. The density of mobile electrons in SRO
is quite sensitive to doping �stoichiometry� and unit cell dis-
tortions. The latter affect the delicate balance between com-
peting Sr-O and Ru-O bonds which determine the intensity
of electron exchange between ruthenium ions through oxy-
gen orbitals. 20 Both a disturbance of the stoichiometry and
mechanical stresses may be responsible for the degraded
nSRO in the SRO electrode near the SRO/STO boundary.

An appreciable Ti diffusion from an STO substrate into an
SRO film during heat treatment at T�700 °C was detected
by secondary ion mass spectroscopy.25 The diffusion was
accompanied by a pronounced decrease of conductance
�charge carrier density� within a 5 nm thick sublayer of the
SRO film near the film/substrate interface. Clear detected by
TEM two dimensional defects in the SRO and STO layers of
the SRO/STO/SRO heterostructure may enhance interdiffu-
sion of components between SRO electrodes and the STO
ferroelectric layer.

The unit cells of both the bottom and top SRO electrodes
were substantially distorted because of biaxial compressive
stresses induced by the substrate and the ferroelectric layer,
compare the x-ray measurements. In-plane shrinkage and
out-of-plane expansion of the unit cells have to be accompa-
nied by a change in the relative tilting of the corner-shared
RuO6. That strongly affects superexchange interaction,
which in turn affects electronic parameters of the SRO.26

Furthermore, mechanical stresses acting during nucleation of
the perovskite-type oxide layer can induce distortion of the
stoichiometry by a formation of vacancies in oxygen and/or
cation sublattices.27

The substantial drop of � of the STO layer when the top
SRO electrode was replaced by YBCO is due to a change of
the effective capacitance of the top electrode/STO interface.
As seen from the data in Fig. 4, an internal electric field of
7.5 kV/cm cannot be responsible for the degradation of
the dielectric permittivity of the STO layer in the YBCO/
STO/SRO heterostructure even at T�100 K. At higher tem-
peratures, � was independent of the applied field of E
�30 kV/cm. The �I estimated for the YBCO/STO/SRO het-
erostructure from the temperature dependence of �−1 is about
1650�0 �see Fig. 4�, less than half the value for SRO/STO/
SRO. Using this value, we get Cint�0.18 nF and assuming
Ci=8.2 �F/cm2 for the STO/SRO interface, a value of
2.3 �F/cm2 is derived for the nominal capacitance of the
YBCO/STO film boundary in the YBCO/STO/SRO hetero-
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structure. This value is 3.5 times less than the corresponding
one for STO/SRO. From relation �3�, Ci=2.3 �F/cm2 and
���4�0 �for stoichiometric YBCO when the field is applied
along the c axis21� we estimate the electric field penetration
depth along the c axis as LYBCO�0.67 nm.

Using relation �4�, a charge carrier density of pYBCO
=4.1
1021 cm3 and an effective mass m*=5m0 �both pYBCO
and m* were determined for �001� plane transport in the
YBCO film28� we get LYBCO=1.07��YBCO� Å. If the relative
dielectric permittivity of the YBCO is 4, LYBCO�0.21 nm.
This is about three times smaller than the corresponding
value determined from ��T� of the STO layer in the YBCO/
STO/SRO heterostructure. The main reason for the enhanced
LYBCO �as for LSRO� is the diminished charge carrier density
in a sublayer of the YBCO top electrode adjacent to the
YBCO/STO interface. Negative mismatch in lattice param-
eters of the YBCO top electrode and the STO layer is respon-
sible for misfit dislocations at the interface as well as a high
density of growth steps at the surface of the �800 nm� STO
layer formed on SRO/LSATO �according to AFM data in
Ref. 29� which induce a high density of stacking faults in
YBCO. This may be a possible reason for the hole depletion
at the interface.

Derived values of LSRO and LYBCO are given in Table I.
They are compared with estimated values of LLCMO �Ref. 19�
and LAg �Ref. 18�.

Concluding, we note that the electronic parameters of the
interfaces between a ferroelectric layer and metallic oxide

electrodes are quite sensitive to mismatch in their lattice pa-
rameters and interdiffusion of the components. Both tensile
and compressive biaxial mechanical stresses in the hetero-
structure may promote the degradation of the ferroelectric/
electrode interface microstructure as well as its stoichiom-
etry. Those, in turn, enhance the effective penetration length
of the electric field into the oxide electrode. The resulting
capacitance of the heterostructure is affected, particularly at
temperatures away from the Curie point, and properties like
tuning are degraded. In the case of perovskite-type metallic
oxide electrodes, the increase of the penetration depth will
not be accompanied by a dramatic drop of the corresponding
interface capacitance as the ionic contribution to the effective
dielectric permittivity of the electrode near the interface is
enhanced at the same time. This is one of the advantages of
using ruthenates, manganites, or cuprates as thin film elec-
trodes in epitaxial combinations with ferroelectric layers.
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