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Epitaxial multilayers and superlattices of quantum paraelectric perovskite SrTiO3 and NaNbO3 constituents
with excellent lattice match are grown by pulsed laser deposition on MgO and LaAlO3 substrates using an
La0.5Sr0.5CoO3 bottom electrode. Pseudomorphic growth of superlattices is demonstrated for the period as
large as 40 nm. With decreasing period below �20 nm, increase in unit-cell volume exceeding those of bulk
constituents and their solid solutions is found. Superlattices exhibit both out-of-plane �normal to substrate
surface� and in-plane �parallel to substrate surface� insulating behavior, and decrease in the out-of-plane
dielectric permittivity with decreasing period. The results are discussed in terms of possible lattice distortion at
the SrTiO3:NaNbO3 interface due to ionic charge mismatch between constituents. Presence of high-
permittivity interfacial layers is suggested to be responsible for the evolution of permittivity with decreasing
superlattice period.
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I. INTRODUCTION

Studies of ABO3-type perovskite ferroelectric �FE� thin
films, performed worldwide since 1960’s and greatly stimu-
lated by realization of FE memory, have led to present re-
markable achievements in technology of thin-film FEs and
their device applications.1 In modeling of thin-film FEs, last
decade has been strongly influenced by a concept of biaxial
in-plane strain s that controls polarization P due to s-P
coupling.2 The misfit strain—temperature, or s-T, phase dia-
grams of FE films have been predicted to differ from those of
bulk FEs.2,3 Controlling strain allows designing thin-film
structures with polarization, dielectric, electromechanical,
and other properties not readily obtained in bulk FEs.

In epitaxial films, misfit strain is known to relax with
increasing film thickness d above a certain critical thickness
dcrit.

4 For instance, in perovskite FEs, dcrit is about several
nanometers for misfit magnitude smaller than 2%.5 The main
mechanism of strain relaxation is through formation of misfit
dislocations, although in FE films also other mechanisms are
principally possible.6

Large unrelaxed strain can be achieved in epitaxial super-
lattices �SLs� consisting of alternating thin-film layers of two
or more constituents with the thickness of each layer smaller
than dcrit. Such strained FE SLs have been grown since early
1990’s.7 In SL with period � smaller than a certain �s, the
coherent growth of constituent layers and the considerable
increase in polarization8 or permittivity9 compared to those
in FE films have been demonstrated. In contrast to prediction
of strain enhanced permittivity, an increase in permittivity
has been observed with decreasing period in SLs with con-
stant strain of constituents.10 Moreover, such an increase has
been detected not only in SLs of FEs, but also in relaxor
SLs.11 It has been suggested that in SL, besides strain, also
electrostatic coupling between the layers12 and a specific
form of interface coupling13 can affect polarization. How-
ever, physical phenomena at interfaces between the constitu-
ents and their influence on properties of SLs remain experi-
mentally unstudied due to dominant effects of strain in the
grown epitaxial SLs.

The present work is aimed at experimental studies of in-
fluence of interfaces on properties of FE SLs. To avoid or
minimize effects of strain and interfacial coupling of polar-
ization, SrTiO3 �STO� and NaNbO3 �NNO� are chosen as
constituent materials for SLs. STO is known to be a quantum
paraelectric with lattice parameter of the cubic perovskite
cell aSTO=3.905 Å.High-purity single-crystal NNO has been
shown to be a quantum paraelectric too.14 In thin-film form
at zero strain, NNO is expected to adopt a pseudocubic crys-
tal structure15 with lattice parameter aNNO�3.908 Å. As-
suming an equal distribution of strain between STO and
NNO layers in the stack, a negligibly small in-plane biaxial
strain of 0.04% is expected. The excellent match between
crystal structure and lattice parameters of STO and NNO
layers makes it possible to inspect the role of STO:NNO
interfaces separately from that of strain.

It should be mentioned that interfaces between STO and
other insulators, such as Mott insulator LaTiO3 and band-
insulating LaAlO3, have been found to exhibit unusual
properties.16 Distortions of crystal lattice and reconstruction
of electronic structure can be responsible for this.17,18 The
origin of these phenomena has been ascribed to the charge
mismatch between A-site �La3+ and Sr2+� ions at the
interfaces.17 Also at the STO:NNO interface, an ionic charge
mismatch exists.

II. EXPERIMENT

STO and NNO thin films and STO:NNO short-period
multilayers were grown on �001� MgO and LaAlO3 �LAO�
crystal substrates by in situ pulsed laser deposition using a
�100 nm thick La0.5Sr0.5CoO3 �LSCO� bottom electrode.
The number N of STO:NNO pairs in the stack was varied
from 2 to 128 keeping the total stack thickness constant and
equal to �350 nm. SL period �=dNNO+dSTO, with dNNO
and dSTO being the thickness of NNO and STO layers corre-
spondingly, was varied between 6 and 460 unit cells �u.c.�.
The ratio between dNNO and dSTO was similar in all stacks.

Crystalline phases, orientations, and epitaxial relations of
the multilayers were studied by x-ray diffraction �XRD� at
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room temperature. XRD measurements were carried out at
Bragg-Brentano type x-ray diffractometer equipped with a
postmonochromator and using Cu K� radiation. �-2� dif-
fraction patterns, �-2� scans and �-rocking curves were
included in XRD study. For reciprocal space mapping, the
contribution of K�2 radiation to the total intensity was elimi-
nated by Rachinger correction. The dielectric response of the
vertical capacitor structures with Pt top electrodes was mea-
sured using an HP4284A LCR meter and Linkam LTSE350
MultiProbe stage. The sheet resistance was tested using four-
probe measurements.

III. RESULTS AND DISCUSSION

A. Epitaxial superlattices

The general characteristics of crystal structure and plane
orientations are extracted from �-2� diffraction patterns
measured in 2� range of 15° –50°. Typical �-2� XRD pat-
terns of the STO:NNO �SN� multilayers grown on �001�
LAO and MgO substrates are shown in Fig. 1. All SN layers
are perovskite. The observed �00l�-type reflections of SN
layers, LSCO films, and substrates evidence the plane orien-
tation relationship SN�001� �LSCO�001� � substrate �001�.
The maximum volume fraction of �011�-oriented SN material
detected in some samples is estimated to be less than 0.5%.
Previously, we have made similar observations �011�-
oriented material in epitaxial heterostructures of other perov-
skite films grown on MgO substrates. The performed inves-
tigation has revealed that this orientation is formed near the
edges of the substrate, where the quality �crystal orientation,
smoothness� of substrate surface is distorted. This allows us

to treat the major part of the sample surface without consid-
ering �011� fraction located at the edges.

In SLs, periodical arrangement of epitaxial thin layers
with different structure factors and/or lattice parameters re-
sults in formation of satellite peaks in the vicinity of the
main perovskite peak ��0� at the angle interval �� corre-
sponding to the period � and order j of the satellite peak.
Such peaks indicating formation of SLs are observed for �
�104 u.c.. The evolution of �-2� scans with decreasing
period � is illustrated for the multilayers grown on LSCO/
LAO �Fig. 2�. The period � is expressed in unit cells with
average out-of-plane parameter c. The period is equal to �
= j / �lj-l0�, where the positions of the satellite and main peaks
lj and l0 are expressed in relative reciprocal-lattice units
�r.l.u.� 2c sin 	 /
. Importantly, the superlattice satellite re-
flections can be clearly seen for � as small as 6 u.c., indi-
cating formation of sufficiently abrupt STO:NNO interfaces
without noticeable ionic intermixing.

To investigate out-of-plane lattice parameters �normal to
the substrate surface� of separate SL constituents, cSTO and
cNNO, and thicknesses of constituent layers, dSTO and dNNO,

FIG. 1. �-2� diffraction patterns of STO:NNO superlattices
grown on �a� MgO and �b� LSCO substrates.

FIG. 2. Evolution of �001� perovskite peak with decreasing pe-
riod � of superlattice from 230 to 6 u.c.
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respectively, the �-2� XRD patterns of SLs are analyzed
using results of numerical simulations. Diffraction intensities
along the �00l� reciprocal-lattice directions are calculated us-
ing the kinematic theory and a set of parameters cSTO, cNNO,
dSTO, and dNNO.19 The measured and calculated patterns are
compared. In Fig. 3, the �-2� diffraction scan around �002�
reflection of SN/LSCO/MgO with N=32 is presented to-
gether with the results of simulations using �=30 u.c., a
0.8% difference between the lattice parameters cSTO�cNNO,
and asymmetric period dNNO:dSTO=3:1. The convolution of
the calculated intensity assuming a pseudo-Voigt instrumen-
tal broadening of 0.055° full width at half maximum
�FWHM� is shown too.

Epitaxial quality of multilayers is analyzed using reci-
procal space maps derived from �-2� scans in the vicinity
of �004� and �024� reflections �Fig. 4�. Axes are presented
in relative r.l.u., i.e., in reciprocal-lattice indices k and
l for SL average cell. The maxima of LSCO �l�4.09
in the map� and SL reflections are located in the same
�0kl� plane confirming the in-plane epitaxial relationship
SN�100��001� �LSCO�100��001�. �The epitaxial cube-on-
cube growth of LSCO has been previously demonstrated.19�
The satellite SL peaks are seen both from �004� and �024�
reflections. The k coordinates of SL �024� maxima are prac-
tically the same, indicating similar in-plane lattice param-

eters �parallel to the substrate surface� of all STO and NNO
layers.

Such a growth with the in-plane lattice parameters being
similar in all SL layers of the stack is confirmed by the
observed evolution of the �004� reflections in �-2� scans.
The FWHM decreases from about 1° to 0.4°–0.5° with de-
creasing � from 230 to 6 u.c. In SLs, broadening of the XRD
peaks due to coexistence of different lattice parameters is
absent �or minimum�.

The results in Figs. 1–4 evidence epitaxial coherent
growth of STO and NNO layers and formation of SLs for
��104 u.c.

B. Lattice expansion

In SLs, average out-of-plane lattice parameter c is deter-
mined using pseudo-Voigt fittings to the main �004� perov-
skite peak in �-2� XRD pattern. The in-plane lattice param-
eters �similar for all layers in SL� are derived from the
fittings to �024� reflection using the out-of-plane parameter
determined from �004� reflection. In contrast to expectation
of strain-free multilayers with c�a�3.907 Å, both the av-
erage out-of-plane and the in-plane lattice parameters ap-
peared to be functions of period � �Figs. 5�a� and 5�b��.

In the grown heterostructures, the measured in-plane lat-
tice parameter of LSCO layers is about aLSCO=3.855 Å. In
the stack, the first STO layer grown on the top of LSCO
is expected to be compressed in-plane �aLSCO /aSTO−1
=3.855 /3.905−1=−1.2%�. For dSTO�dcrit, strain relaxation
leads to aSTO close to the bulk value. In agreement with this,
also in multilayers with ��56 u.c., the in-plane parameter
a is close to that in bulk STO. With decreasing � and corre-
spondingly decreasing dSTO, such compressive strain can re-
main unrelaxed leading to decrease in aSTO and, conse-
quently, of common a of SL. The observed increase in a with
decreasing � is opposite to this scenario. Assuming that the
growth of NNO layers and strong STO:NNO intermixing
dominate in increase in a, the maximum a�3.91 Å can be
expected.20,21 The observed a�3.93–3.94 Å at �=6 u.c. is
noticeably larger. Moreover, the increase in a is accompanied
by a simultaneous increase in the average out-of-plane pa-
rameter c with the main contribution arising from increase
in cNNO�cSTO �Fig. 3�. It should be noted that the ob-
tained lattice parameters a and c both exceed those of bulk
constituents. Also volume V of unit cell of SLs �Fig. 5�c��
exceeds the unit-cell volume of ceramic solid solution
0.75NNO:0.25STO.21

In order to eliminate possibility that poor crystal quality
has an effect onto observed increase in unit-cell volume, the
perfection of crystal plane orientations is characterized using
FWHM of �-rocking curves of �004� and �024� maxima
�Fig. 6�a��. Broader curves obtained on MgO substrates com-
pared to those on LAO substrates are, probably, related to
formation of dislocations in LSCO layer. The LSCO:MgO
lattice mismatch �aMGO /aLSCO−1�4.21 /3.82−1�10%� is
rather large leading to near-substrate formation of misfit dis-
locations and growth of relaxed LSCO layer. The smaller
LSCO:LAO lattice mismatch �aLAO /aLSCO−1�3.79 /3.82
−1�−0.8%� results in strain relaxation in LSCO with for-

FIG. 3. Simulated �thin line�, convoluted, and measured �-2�
diffraction intensity of �002� reflection of superlattice grown on
MgO/LSCO.

FIG. 4. Reciprocal space maps of the intensity distributions
around �a� �004� and �b� �024� reflections on �0kl� reciprocal-lattice
plane of SN/LSCO/LAO heterostructure with �=32 u.c.
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mation of lower density of dislocations compared to that on
MgO. From the net of misfit dislocations, threading disloca-
tions and small-angle grain boundaries can originate, that
explains broader � curves on MgO. However, the FWHM
values decrease with decreasing SL period. This tendency is
opposite to the increase in unit-cell volume �Fig. 6�b��. The
results in Fig. 6 show absence of correlation between the
possible crystal imperfections and the observed lattice ex-
pansion.

In perovskite FEs, lattice expansion is principally possible
due to presence of oxygen vacancies. It is difficult to directly
estimate influence of this factor. Importantly, the lattice ex-
pansion has not been found in �Ba,Sr�TiO3 SLs grown using
the same process and equipment.19 Also lattice expansion has
not been detected in STO and NNO films, and STO:NNO
multilayers with large �. This shows that oxygen vacancies
can hardly explain the observed increase in V with decreas-
ing �.

In SLs, decreasing period � with the total thickness of the
stack being unchanged means increase in amount of inter-
faces. The mechanism of lattice expansion is probably re-
lated to atomic structure of interfaces.

C. SrTiO3:NaNbO3 interface

Considering ABO3 perovskite structure as a peri-
odic sequence of AO and BO2 planes, an ideal near-
interface region between STO and NNO layers can be pre-
sented as a sequence �-NbO2-NaO-TiO2-SrO-TiO2-� and/or
�-NbO2-NaO-NbO2-SrO-TiO2-� in the out-of-plane direction
of SL. Both the A-site and B-site ions of the constituents
have different ionic charges and radii.

Previously, the charge mismatch between A-site La3+ and
Sr2+ ions at the interface between ultrathin LaTiO3 layer and
STO substrate has been shown to result in a specific lattice
distortion in STO.17 The largest structural distortions have
been revealed in the interface TiO2 layer. A FE-like relative
displacement of the negatively charged O and positively
charged Ti ions produces a local ionic dipole moment which
screens the Coulomb field created by the substitution of Sr2+

by La3+ ions. This also leads to an increase in Ti-Ti distance
in the out-of-plane direction. Away from the interface, the
magnitude of the FE-like distortion decays and the Ti-Ti dis-
tance reverts to a constant value close to that in bulk STO.

At the STO:NNO interface, the ionic charge mismatch is
more complicated. In Fig. 7, two possible types of near in-
terface region between STO and NNO are shown schemati-
cally, with Sr and Na ions at the corners of the cells, and Ti
and Nb ions in the centers of the cells. Also oxygen octahe-
dra are shown. Although in perovskite cell the effective
charges of ions22 differ from those tabulated in Ref. 23, the
ratio between them can be qualitatively understood using the
nominal valences. As shown in Fig. 7, besides ionic mis-
match at A site �Na+1 and Sr+2�, also mismatch at B site
exists �Ti4+ and Nb5+�.

FIG. 5. �a� In-plane lattice parameter a, �b� average out-of-plane
lattice parameter c, and �c� unit-cell volume V as a function of
period � of superlattices grown on MgO �circles� and LAO �tri-
angles� substrates. Expected lattice parameters of superlattice ��a�
and �b�� and unit-cell volume determined in films of STO and NNO
and in ceramic STO:NNO �c� are also shown.

FIG. 6. �a� Full width at half maximum of �-rocking curves
around �004� �solid symbols� and �024� �open symbols� perovskite
reflections as a function of period � in superlattices grown on MgO
�circles� and LAO �triangles� substrates. �b� Unit-cell volume V and
FWHM of �004� �-rocking curve as a function of period � in
superlattices grown on MgO substrates.
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The lattice distortions at STO:NNO interfaces �Figs. 7�a�
and 7�b�� require first-principles analyses. However qualita-
tively, it is clear that the Coulomb field can be created by the
substitution of Na+1 by Sr2+ and of Ti4+ by Nb5+. To screen
this field, possibly either B-site or A-site ions, or both types
of ions should be displaced. Similarly to the increase in Ti-Ti
distance in the out-of-plane direction at LaTiO3:STO inter-
face, also an increase in interionic distances in the out-of-
plane direction at STO:NNO interface can be expected. In
the studied STO:NNO SLs, the out-of-plane lattice elonga-
tion is found mainly in NNO layers as follows from the
comparison to simulations. This indicates possibly stronger
effect of Na:Sr substitution on the NNO side compared to
that of Ti:Nb substitution on the STO side.

Moving away from the interface, the magnitude of the
lattice elongation has been shown to decay,17 with the thick-
ness of the distorted layer being about 4 u.c. on one side of
interface. In SLs in contrast to the single interface considered
in Ref. 17, an additional influence of the neighboring inter-
faces should be taken into account. It is possible to expect
that with decreasing SL period � and out-of-plane spacing d
between interfaces �equal to thickness�es� of constituent lay-
ers�, each of interfaces will experience stronger influence of
the nearest-neighboring interfaces and also of increasing
amount of interfaces. Both the magnitude of lattice elonga-
tion �c and thickness of distorted regions can increase with
decreasing period. In Fig. 7�c�, an evolution of the out-of-

plane elongation with decreasing � is illustrated for a sym-
metric SL. For large �, the distortion is located near the
interface �the lowest curve�. With decreasing �, the magni-
tude and spread of this distortion increase, resulting in over-
all increase in �c. In STO:NNO SLs, the observed increase
in the average out-of-plane lattice parameter c with decreas-
ing � �Fig. 5�b�� is in agreement with this scenario.

In the calculations,17 only the out-of-plane lattice distor-
tions are allowed, with the in-plane lattice parameters of con-
stituents fixed �equal to those of bulk STO�. Such an assump-
tion is justified for ultrathin epitaxial layers. It is also valid
for SLs built of constituents with noticeable lattice mismatch
and minor effect of ionic charge mismatch. In contrast, the
growth of the studied STO:NNO SLs can be strongly influ-
enced by ionic charge mismatch. Also assuming not only
“face-to-face” interaction of ions, but also their “chess-
board-type” interactions, one might expect an appearance of
in-plane component of lattice distortion in STO:NNO SLs.
The in-plane lattice distortion is found to be noticeable in
SLs with ��32 u.c. �Fig. 5�a��. An additional contribution
to the in-plane distortion can be connected with interfacial
ionic intermixing and corresponding presence, for instance,
of both Sr and Na ions in AO planes. The effect, however,
seems to be weak since clear SL satellite peaks are detected
for SLs with � as small as 6 u.c. �Fig. 2�.

In STO:NNO SLs, the observed increase in the average
unit-cell volume with decreasing period � can be explained
by distortion of the perovskite structure caused by ionic
charge mismatch at the STO:NNO interface.

The specific arrangement of atomic planes at the inter-
faces �Fig. 7� can be compared with ionic ordering in bulk
perovskites, such as for example Sc:Nb ordering in
PbSc0.5Nb0.5O3. Also in ceramic NNO:STO solid solutions,
possibility for some degree of Na:Sr and/or Nb:Ti short-
range order, which can affect the volume, has been
considered.21 However, the corresponding volume variations
have not been detected.

D. Dielectric properties

At the STO:LaTiO3 interface, the ionic charge mismatch
has been suggested to result in onset of metallic behavior in
the near-interface region with thickness of 2–4 u.c.16–18 As-
suming similar possibility at the STO:NNO interface, the
STO:NNO multilayers and SLs can be presented as vertical
stacks of STO and NNO layers separated by interfacial in-
plane conducting sheets. The interfacial in-plane resistance
can differ from the out-of-plane resistance of the stack.

In STO:NNO SLs, the dc resistance measured using
neighboring capacitors �connected by the common bottom
LSCO electrode and supposedly conducting interfaces� is
several tens of M
. The resistance remains large under ap-
plied electric field, with the breakdown field �30 MV /m in
SLs with ��32 u.c. The four-probe measurements do not
reveal any noticeable in-plane conductance. The results indi-
cate that in STO:NNO SLs, the interfaces between constitu-
ent layers are not conducting. The resistivity � of SLs found
from the out-of-plane dc resistance is about ���3–9�
�107 
 m.

Sr Na

Ti NbO

in
-p
la
ne

Ti - Ti Nb - NbTi - Nb

Sr Na

Ti NbO

in
-p
la
ne

Ti - Nb Nb - NbNb - Nb

Nb

out-of-plane direction

�
c d �

FIG. 7. Schematics of ��a� and �b�� crystal structure at
STO:NNO interfaces and �c� evolution of out-of-plane lattice elon-
gation with decreasing period of hypothetical symmetric superlat-
tice �equal thicknesses d of component layers: �=2d�. In �c�, posi-
tion of inspected interface is marked on x axis.
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In the out-of-plane impedance measurements24 using ac
electric field, the low-frequency loss factor tan D is deter-
mined mainly by the out-of-plane resistance of SL. By com-
paring the measured impedance with the results of
simulations,24 the capacitance and resistance of the
STO:NNO stack can be estimated. In all STO:NNO hetero-
structures, the frequency-dependent ac response �Fig. 8�a��
resembles that of various previously studied FE thin-film ca-
pacitors with LSCO and Pt electrodes.24 The resistivity esti-
mated from the low-frequency behavior of tan D is about �
�107 
 m, and it remains unchanged with increasing am-
plitude of ac field to �8 MV /m. The good agreement be-
tween the dc and ac resistivity of SLs confirms the absence
of interfacial conductance.

From the measured capacitance, the real part � of the
average out-of-plane dielectric permittivity is extracted. In
the grown SNO:NNO SL heterostructures, the measured � is
practically temperature independent below 450 K �Fig.
8�b��.25 The room-temperature permittivity tends to decrease
with decreasing � �Fig. 8�c��. This is in contrast to the rela-
tive increase in � in bulk NNO:STO solid solutions with
increasing STO content.26,27 Also this is in contrast to the
enhanced � usually observed in SLs.

In the STO:NNO SLs, due to the lattice expansion, the
permittivity of each of the constituents can differ from that of
their prototypes, and it is not known. The out-of-plane di-
electric and possible FE �Ref. 17� properties of the near-
interface layers are not known either. This makes it difficult
to analyze the response of SLs. To qualitatively estimate pos-
sible influence of interface layers on the dielectric response,
the vertical SL capacitor heterostructure is presented as a
series connection of NNO, STO, and interface capacitors.
The permittivity of SL with interfaces, �SL+INT, can be de-
scribed by

1

�SL+INT
�

1

�SL
+ n

dINT

d
� 1

�INT
−

1

�SL
	 , �1�

where n is the number of similar interface layers of thickness
dINT and permittivity �INT, and d is the total thickness of the
stack. The permittivity �SL would be measured in the stack
without interfacial layers. As seen from Eq. �1�, the drop of
�SL+INT with decreasing � �increasing n� is possible for
�INT��SL. Indeed, a satisfactory fit of � measured in the
grown stacks to expression �1� is obtained for �INT=100 and
�SL=250 �Fig. 9�.

Although the permittivity of constituents and interfaces
might vary with n, the approximation �1� can qualitatively
explain the change in permittivity as a function of SL period.
It should be noted that in SLs with the relatively small dif-
ference between �INT and �SL, a noticeable change of �SL+INT
can be obtained due to large number of interfaces. The per-
mittivity of such interfaces can be high, in contrast to the low
permittivity of the film-electrode interface, commonly con-
sidered in FE thin-film heterostructures.28,29 Remarkably, as-
suming a large �INT exceeding that of the constituents, �INT

FIG. 8. The out-of-plane ac response of STO:NNO heterostruc-
tures. �a� The room-temperature capacitance C and loss tan D as a
function of frequency f measured in SL with �=12 u.c. at the
amplitude of ac field 103–8�106 V /m. ��b� and �c�� The permit-
tivity � as a function of �b� temperature and �c� period � deter-
mined at frequency 10 kHz.

FIG. 9. The room-temperature dielectric permittivity � mea-
sured in STO:NNO SLs as a function of number n of STO:NNO
interfaces. Solid line shows fit to expression �1�.
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��SL, the expression �1� could also explain often observed
tendency of �SL+INT to increase with decreasing �.

In STO:NNO SLs, interfaces with large �INT, which
slightly differs from that of constituents, can exist due to the
near-interface structural distortions caused by the discussed
ionic charge mismatch. Since the corresponding interfacial
phase can possess FE-like out-of-plane polarization, the per-
mittivity of such interface layer can be smaller than that of
the paraelectric constituents: �INT��SL, leading to the ob-
served evolution of � �Fig. 9�.

E. Superlattices and ultrathin films

The present study reveals the influence of ionic charge
mismatch on growth and properties of perovskite FE SLs. In
previous studies of epitaxial FE thin films and SLs, the effect
of charge mismatch has remained practically unnoticed due
to usually dominating influence of the lattice mismatch and
associated in-plane misfit strain. Indeed, the out-of-plane lat-
tice expansion induced by charge mismatch is difficult either
to detect at presence of an in-plane tensile strain or to sepa-
rate from the strain induced lattice elongation at the presence
of an in-plane compressive strain. It should be mentioned,
however, that an additional out-of-plane elongation found in
compressively strained epitaxial STO films grown on
NdGaO3 substrates30 might be related to ionic Sr2+ :Nd3+

mismatch.
In perovskite FEs, same ions or ions with similar nominal

valences possess different effective charges.22 �For instance,
effective charges of Ba in BaTiO3 and of Sr in SrTiOr are not
equal to +2 and differ from each other.� In perovskite FE SLs
with atomically abrupt interfaces between constituent layers,
ionic charge mismatch can exist. Correspondingly, the near-
interface regions of several unit cells in thickness can pos-
sess specific atomic displacements and electrical properties,
different from those inside constituents. The presence of an
interfacial dielectric layer with �INT��SL can contribute to
the change of SL permittivity with decreasing � �Eq. �1��.

Additionally, in epitaxially strained perovskite FE SLs,
adjacent constituent layers can possess different signs of bi-
axial in-plane strain and different magnitudes and directions
of polarization. At the interface between such layers, a

gradual change in polarization can lead to the formation of
ultrathin near-interface layer with permittivity different from
that of either of the constituents. Also such layers can influ-
ence the evolution of SL permittivity with decreasing � �Eq.
�1��.

The properties of FE SLs can be simultaneously affected
by lattice mismatch, polarization couplings, and ionic charge
mismatch. With decreasing SL period, changes in dielectric
behavior seem to be associated mainly with interfacial phe-
nomena.

The discussed possible formation of specific near-
interface layers suggests that for an ultrathin perovskite
layer, with thickness of several unit cells and sandwiched
between other perovskite layers, the crystal and electronic
structures are inhomogeneous. Currently, neither phenom-
enological nor first-principles analyses of ultrathin films31

take this into account.

IV. CONCLUSIONS

The growth of epitaxial SL heterostructures of alternating
SrTiO3 and NaNbO3 layers on La0.5Sr0.5CoO3 bottom elec-
trode layer and MgO or LaAlO3 substrates is experimentally
demonstrated for the period as large as 40 nm. With decreas-
ing period below �20 nm, increase in unit-cell volume ex-
ceeding those of bulk SrTiO3, NaNbO3, and SrTiO3-NaNbO3
solid solution is observed. In the heterostructures, insulating
behavior is detected both in out-of-plane and in-plane direc-
tions. The out-of-plane dielectric permittivity is found to de-
crease with decreasing period.

The observed lattice expansion and dielectric properties
are explained by possible lattice relaxation at the STO:NNO
interface resulting from Sr:Na and/or Ti:Nb ionic charge mis-
match. Presence of high-permittivity interfacial layers is sug-
gested to be responsible for the evolution of SL permittivity
with decreasing period.
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