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Long-range ferroelectric interactions in KTaO 3/KNbO3 superlattice
structures

H.-M. Christen,a) E. D. Specht, D. P. Norton, M. F. Chisholm, and L. A. Boatnerb)
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Symmetric superlattice structures consisting of alternating atomic-scale layers of KTaO3 and
KNbO3 with variable periodicity were grown on KTaO3 substrates by pulsed laser deposition. The
in-plane structure of KNbO3 closely matches that of the KTaO3 substrate, resulting in
KTaO3/KNbO3 heterostructures that are uniformly strained in-plane without misfit dislocations.
This strain imposes an in-plane KNbO3 lattice spacing identical to that of the KTaO3 substrate for
the temperature range 30 °C,T,700 °C, and a tetragonal-to-tetragonal transition is observed
whose phase transition temperatureTc depends on the KNbO3 layer thickness. The in-plane strain
results in a significant increase in this ferroelectric-paraelectricTc for superlattices with relatively
thick KNbO3 layers~Tc5535 °C for a 17 nm thick layer, as compared to 435 °C for bulk KNbO3!
and for K~Nb0.5Ta0.5!O3 random-alloy thin films. As the superlattice period decreases, a reduction of
Tc is observed. For superlattices with periodicities of 50 Å or less, the Curie temperature is identical
to that of the K~Ta0.5Nb0.5!O3 random-alloy film, indicating significant long-range ferroelectric
coupling across the KTaO3 layers. © 1998 American Institute of Physics.
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A number of attempts have been made to detect
quantify size effects in ferroelectric materials, but unequiv
cal observations of these phenomena have proven to be
tively elusive due primarily to a variety of experimental d
ficulties. Most recent experimental investigations ha
focused on the decrease of the ferroelectric phase trans
temperature,Tc , as observed in fine-grained ceramics,1,2 the
decrease of the ferroelectric domain size with decreas
thickness as observed in free-standing wedge-shaped t
mission electron microscopy~TEM! samples,3,4 and on the
increase ofTc in epitaxial thin films.5,6 Unfortunately, in all
of these studies, either defects, surface charges, nonuni
strains, or other extrinsic effects have complicated the in
pretation of the experimental results—thereby precludin
clear and unambiguous identification of intrinsic size effec

In the present work, the difficulties noted above are c
cumvented by exploiting the special properties of epitax
superlattices consisting of alternating layers of paraelec
KTaO3 and ferroelectric KNbO3 grown on ~001!-oriented
KTaO3 substrates. Although a number of similar perovsk
superlattices have been studied previously,7–11 the
KTaO3/KNbO3 system is distinguished from these pri
studies since the lattice mismatch between KNbO3 and
KTaO3 at the growth temperature is less than 1.5%. If sup
lattices can be grown without the formation of misfit disl
cations, the strain in the films will be uniform and indepe
dent of the layer thickness, providing an excellent system
which an unambiguous study of size effects in ferroelect
can be made.

Superlattice layers of KTaO3 and KNbO3 were grown by
pulsed laser deposition as reported previously.12 All of the
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superlattices were grownin situ to a total thickness of 170
nm. For comparison purposes, a 170 nm thick film of t
solid solution KTa0.5Nb0.5O3 was also grown as described
Ref. 13. Atomically flat substrates~as examined in Ref. 14!
were used in all cases.

The KTaO3/KNbO3 superlattice structures were initiall
analyzed byZ-contrast scanning transmission electron m
croscopy ~STEM!15 using @100# zone-axis-oriented cross
sectional samples. Figure 1~a! shows that the interfaces be
tween 4 unit-cell-thick KTaO3 layers and 3 unit-cell-thick
KNbO3 layers are atomically sharp. No misfit dislocatio
were observed in any portion of the TEM specimen. T
image shown in Fig. 1~b! demonstrates the continuity of th
superlattice. The TEM images were used to calibrate
growth rates for the KTaO3 and KNbO3 layers. All of the
samples that were subsequently analyzed were grown
equal thicknesses of both constituents.

The crystallographic structure of the KTaO3/KNbO3

superlattices was investigated by x-ray diffraction~XRD!
using a four-circle diffractometer and a CuKa1 source. Ra-
dial u-2u scans show superlattice satellite peaks as illustra
in Fig. 2, from which the thickness of each superlatti
period could be determined accurately. In the five samp
investigated, the thickness of each layer measures: 16
('42 unit cells), 51 Å ('13 unit cells), 24 Å
('6 unit cells), 15.8 Å ('4 unit cells), and 4 Å
('1 unit cell), respectively.

None of the samples investigated here exhibited s
peaks in the x-rayf scans. Thus, no sign of an orthorhomb
structure was found—contrary to the results of observati
reported previously for 1660 Å thick films.12 The observed
peaks are consistent with a tetragonal structure in which
@100# and @010# axes of the film are parallel to those of th
substrate, and the@001# direction is normal to the film sur-
face. The in-plane lattice parametera of all of these films is

ts-
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identical to that of the KTaO3 substrate within the experi
mental resolution of 0.05%.

The results of the present work, combined with tho
reported in our previous study,12 show that KNbO3 films
grown on KTaO3 substrates exhibit three distinct room
temperature crystalline structures depending on the la
thicknessd. For the thickest films (d>1.5mm), the ortho-
rhombic ~ambient temperature! phase of bulk KNbO3 is re-
covered, whereas at intermediate thicknesses (d'1660 Å),
a different type of orthorhombic structure is observed. At
thicknesses investigated here (d<169 Å), the KNbO3 thin
films are tetragonal.

Both the in-plane and out-of-plane lattice parameters
the KTaO3/KNbO3 superlattices were measured as a fu
tion of temperature, and the results are shown in Fig. 3~a!.
No thermal hysteresis is observed in any of the films, a
only the data obtained on cooling is shown for clarity. Al
depicted is the in-plane lattice parameter of the substr
Clearly, the films remain fully ‘‘clamped’’ to the substrate
all temperatures and are thus homogeneously strained.
strain is independent of the layer thickness for the films c
sidered.

A change-of-sign is observed in the out-of-plane therm
expansion of the film at a temperatureTc , indicating a phase

FIG. 1. ~Left! Atomic-resolutionZ-contrast scanning transmission electro
micrograph of a superlattice consisting of KTaO3 layers~each 4 unit-cells-
thick! and KNbO3 layers~each 3 unit-cells-thick!. The distance between th
centers of the Ta rows or columns corresponds to the 3.989 Å unit
dimension of KTaO3. This image demonstrates the sharpness of the su
lattice interfaces.~Right! Lower-magnificationZ-contrast image of the sam
sample illustrating the continuity of the superlattice as observed throug
the entire sample.

FIG. 2. X-rayu-2u scan through the~002! Bragg peak for a KTaO3 /KNbO3

superlattice showing satellite peaks from which the periodicity of the su
lattice can be determined to be 33.8 nm.S indicates the substrate~002! peak.
Downloaded 19 Feb 2004 to 160.91.48.191. Redistribution subject to AIP
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transition. TheTc for this tetragonal-to-tetragonal transitio
is plotted as a function of layer thickness in Fig. 3~b! and
compared to that of the solid-solution film~subject to the
same in-plane clamping as the superlattices! and the transi-
tion temperatures of bulk KNbO3 and KTa0.5Nb0.5O3.

16 Only
one phase transition is observed above room temperatu
these films, whereas bulk KNbO3 undergoes two transition
~from orthorhombic to tetragonal and from tetragonal to c
bic!. As Fig. 3~b! shows, for the thickest KNbO3 layers (d
5169 Å), the transition temperature (Tc5535 °C) lies
above that of bulk KNbO3 (Tc5435 °C). It appears that this
increase inTc is strain-induced. The same strain-induc
increase in Tc is observed in the KTa0.5Nb0.5O3 film
~Tc5190 °C, whereasTc593 °C for the bulk!.16 This strain-
induced increase inTc is not surprising. At the transition
temperature of bulk KNbO3 ~435 °C!, the substrate lattice
parameter isa54.000 Å @Fig. 3~a!#. Using published values
for the lattice constant of cubic and tetragonal KNbO3,

17 and
assuming a similar thermal expansion for KNbO3 as for
KTaO3 @taken from Fig. 3~a!#, one finds for KNbO3 at
435 °C,acubic54.005 Å andatetragonal54.002 Å. Because the
tetragonal structure is a better match to the KTaO3 substrate,
the ‘‘clamping’’ effect to the substrate will tend to stabiliz
the low-temperature phase above the bulk phase transiti

Our experimental observations are consistent with th
for BaTiO3 films4 and are supported by calculations based
the Landau theory of ferroelectricity.18 The present work
demonstrates that, in fact, the increase inTc results from
strain rather than from interface defects. It is anticipated t
this ‘‘clamping’’ technique could be applied to other ferro
electric films in order to obtain the higher transition tempe
tures desired for many sensor applications.19

As the periodicity of the KTaO3/KNbO3 superlattice de-
creases, a reduction ofTc is observed. It is worthwhile to
note that a similar behavior occurs in the case of a fr

ll
r-

ut

r-

FIG. 3. ~a! Lattice parameter of the KTaO3 /KNbO3 superlattices as a func
tion of temperature. Only data obtained on cooling is shown for clarity. T
out-of-plane lattice constant is shown for superlattices with KNbO3 layer
thicknesses of 169 Å~L!, 51 Å ~3!, 24 Å ~s!, 15.8 Å ~l!, and 4 Å~n!,
as well as for a solid-solution film~1!. For clarity, the in-plane lattice
parameter is only shown for the 169 Å~L! and 15.8 Å~l! superlattices as
well as the solid-solution~1!, and compared to that of the substrate~solid
line!. ~b! Transition temperature as a function of KNbO3 layer thickness.
The broken line indicates the transition temperature of the solid-solu
film. Also shown are the transition temperatures of bulk KNbO3 and
KTa0.5Nb0.5O3 for comparison.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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standing ferroelectric slab in order to minimize simult
neously the depolarization energy and the domain w
energy.20,21 The boundary conditions for the KNbO3 films in
the present superlattices are, however, different from th
encountered in the case of a single ferroelectric film
vacuum. Nevertheless, considering the experimental diffi
ties encountered in distinguishing between extrinsic~surface
charges, defects, etc.! and intrinsic size effects in other type
of experiments,1–6 the present superlattices provide an im
portant alternative approach to study the underlying mec
nisms, as is further explored elsewhere.22 A model proposed
by Schwenket al.23 considers a multilayer system consistin
of two soft-mode-driven ferroelectrics with different trans
tion temperatures.~Note that KTaO3 can be regarded as
soft-mode type ferroelectric with a hypothetical transiti
temperature low enough to be suppressed by zero-p
fluctuations.24! The results of a Ginzburg–Landau function
calculation indicate that with decreasing thickness of the
dividual layers, the transition temperature decreases, a
also found in numerical simulations treating the system a
transverse Ising model.25

An interesting observation made in the present stud
that the symmetric KTaO3/KNbO3 superlattice structure
with periodicities below 50 Å mimic the behavior of a ra
dom K~Ta0.5Nb0.5!O3 alloy. This is observed despite the fa
that both cross-sectionalZ-contrast STEM and XRD indicate
little or no interdiffusion of the layers. Note that the trans
tion being considered involves ac-axis distortion, and tha
the in-plane structure is independent of the superlattice st
ture. At these thicknesses, the experimental methods
ployed do not allow us to distinguish between thec-axis
lattice constant of the individual KTaO3 and KNbO3 layers.
These lattice parameters could—in principle—be differe
whereas in the case of the random alloy, onec-axis lattice
parameter suffices to describe the crystal structure. From
observation of ‘‘alloylike’’ behavior in the superlattices, w
conclude that for superlattice periodicities below 50 Å, t
KTaO3 and KNbO3 layers cease to behave independently
each other. This is a clear indication of the long-range na
of the ferroelectric interactions.

With an absence of defects and with a strain that is
dependent of the layer thickness, KTaO3/KNbO3 multilayers
have proven to be an excellent system for the study of
effects, strain effects, and long-range ferroelectric inter
tions. The following three conclusions summarize our fin
ings: ~1! uniform compressive strain results in an increase
Tc in KNbO3, ~2! decreasing the superlattice period in sy
metric KTaO3/KNbO3 superlattice structures results in a d
Downloaded 19 Feb 2004 to 160.91.48.191. Redistribution subject to AIP
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crease ofTc , and ~3! a critical length scale of;50 Å is
observed, below which superlattices behave as a random
loy film of the same average composition, illustrating t
long-range nature of ferroelectric interactions in t
KTaO3/KNbO3 system.
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