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Long-ranged ferroelectric interactions in perovskite superlattices
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Atomistic simulations show that there are long-ranged ferroelectric interactions between the ferroelectric
layers in ferroelectric/paraelectric superlattices mediated by continuous chains of polarization running through
the intervening paraelectric layers. The resulting behavior of the superlattice is strongly dependent on the
modulation length. At short modulation lengths the superlattice acts as a single-component system; at long
modulation lengths the individual ferroelectric layers act almost independently.
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Current interest in superlattices containing ferroelec
materials is driven by the vision of building nanostructur
with ferroelectric, dielectric, and optical properties unachie
able in either the bulk or in solid solutions. Such nanostr
tures can be expected to have important applications in,
ferroelectric memories, sensors, microelectromechanical
tems, and optical devices. Among the heterostructures gr
have been ferroelectric/paraelectric superlattices@including
BaTiO3 /SrTiO3 ~Refs. 1–3!, KNbO3 /KTaO3 ~Refs. 4–6!,
and PTiO3 /SrTiO3 ~Ref. 7!# and ferroelectric/ferroelectric
superlattices@PbTiO3 /BaTiO3 ~Ref. 8!#. While there is ex-
perimental evidence for a strong dependence of the pro
ties of such superlattices on modulation length, the unde
ing physics controlling their properties is only poor
understood.

In this Rapid Communication we elucidate the role of t
modulation length, substrate strain, and the interfaces on
properties of a perovskite superlattice. We focus on
KNbO3 /KTaO3~KNO/KTO! superlattice because it is repr
sentative of the most widely studied ferroelectric/paraelec
class of heterostructures, and because the absence o
intrinsic polarization in the paraelectric layer makes t
interface-induced effects particularly easy to identify. Usi
atomic-level computer simulations, we show that~i! while
the in-plane components of polarization are only wea
coupled across the interfaces, the components of polariza
along the modulation direction are strongly coupled,~ii ! the
ferroelectric layers interact via the induced polarization
the intervening paraelectric layers, and~iii ! when the modu-
lation wavelength is sufficiently short this interaction lea
the superlattice to behave as a single artificial ferroelec
material. Together, these insights provide an essential
step towards a systematic understanding of the intrin
properties of ferroelectric/paraelectric heterostructures.

Atomic-level simulations with the shell-model potentia
for KNO and KTO used in this study have described well t
phase behavior and properties of KNO and KTO perf
crystals.9 In particular, we found that KNO is ferroelectric a
T50 K with a simulated lattice parameter of 4.034 Å and
rhombohedral angle of 89.3° and that KTO is paraelectric
all temperatures with a simulated zero-temperature lattice
rameter of 4.005 Å.9 Moreover, when used in combination
the potentials reproduced the ferroelectric properties
KTa0.5Nb0.5O3 ~KTN! random solid solutions.9
0163-1829/2001/64~6!/060101~4!/$20.00 64 0601
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Using these potentials, we have simulated the ze
temperature structure and properties of coherent~001! KNO/
KTO superlattices of equal layer thicknesses and vari
modulation lengthsL ~i.e., the total thickness of a KNO
KTO bilayer, measured in unit cells!; each interface lies at a
KO plane shared by neighboring layers and thus all int
faces are crystallographically identical to each other. Th
structures and switching properties of these superlatt
have been determined with standard atomistic-simula
techniques. In particular, periodic border conditions are
plied to the simulation cell in all three spatial directions; th
the simulation cell may be envisaged as a part of a KN
KTO superlattice far away from both the substrate and
free surface neither of which is explicitly simulated. All th
ions were initially placed at positions corresponding to t
perfect crystal at zero temperature. The equilibrated ze
temperature structure was then determined by a z
temperature quench until the force on each individual c
and shell was less than 0.05 eV Å21. Since the simulations
were intended to model a superlattice on a KTO substr
the in-plane lattice parameter was fixed to that of KTO
zero temperature; however since the heterostructure is
under any constraint in the modulation direction, the len
of the simulation cell in thez direction was allowed to ex-
pand or contract to reach zero stress. The polarization
determined from the core-shell displacements and the
placements of the ions from their centrosymmetric positio
The external electric fieldEz was imposed via an additiona
force Fz5qEz on each core and shell of chargeq.

To obtain a fully equilibrated structure, it is important th
the interior regions of each layer be capable of assuming
symmetry of the corresponding perfect crystal; therefore
shown in the sketch at the top of Fig. 1, we simulate fo
layers in the superlattice with the two rhombohedral KN
layers initially being polarized in the@111# and@111# direc-
tions.

Figure 1 shows the variation in the polarization in t
modulation directionPz ~solid circles! and in thex-y plane,
Px5Py ~open circles! averaged over unit-cell-thick slice
through theL536 superlattice. In analyzing these polariz
tion profiles, we first address the strain effects produced
the KTO substrate, which result in a compressive strain
;0.7% on the KNO layers. To compensate for this in-pla
compression, the KNO layers expand in thez direction
©2001 The American Physical Society01-1
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thereby breaking the strict rhombohedral symmetry of
polarization of KNO; nevertheless, these strains are not
ficient to force the KNO to become tetragonally polarize
Moreover, the magnitudes of the polarization in the interi
of the KNO layers~uPxu521.7mC/cm2, Pz533.4mC/cm2!
are the same as those calculated independently for a pe
crystal under the same strain conditions; the opposite s
of Px in the two layers arise from the equal and oppos
rhombohedral distortions of the KNO layers. Similarly, t
absence of any in-plane polarization for the KTO layer
consistent with the absence of any strain arising from
KTO substrate. The finite value ofPz in the interior of the
KTO layer, however, is different from the expected value
Pz50 for this unstrained layer, which, as we discuss belo
has important consequences for the ferroelectric propertie
the heterostructure.

The components of polarization in thex-y plane and in
the modulation direction show remarkably different beha
iors at the interfaces. The rather abrupt transitions inPx at
the interfaces are indicative of only rather weak coupl
between the in-plane components of the polarization al
the modulation direction. In addition, the presence of a w
coupling betweenPx and Pz results inPx in the interface
regions being slightly different in the cases ofPz is pointing
into and out of the ferroelectric layer~see Fig. 1!.

By contrast withPx , Pz varies continuously through th

FIG. 1. Schematic of the simulated KNO/KTO superlattice~top!
and spatial dependence of the polarization in the planePx5Py

~open circles! and in the modulation directionPz ~solid circles! for
a superlattice withL536 and in-plane lattice parameters corr
sponding to a KTO substrate.
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interfaces, a signature of strong coupling. The penetra
length, determined from the approximately exponen
change inPz in the interface region, is only about two lattic
parameters in the KNO layer for all values ofL simulated,
but appears to increase with increasingL for the KTO layer.
Therefore, to characterize the penetration of the polariza
into the KTO layer, we define the values ofPz and of thez
component of the lattice strain at the center of the KT
layers asPc and sc , respectively. We expect that for thic
enough KTO layers~i.e., above some critical value of th
modulation wavelengthL`!, Pc andsc will converge to their
perfect-crystal values ofPc50 andsc50. To estimateL` ,
we analyze the finite-size effects by plottingPc andsc as a
function of 1/L in Fig. 2. While it is evident from the ab
sence of a linear regime that we cannot estimateL` from Pc
~solid squares!, a fit to sc ~open squares!, which does display
linear behavior in the low-1/L regime~dotted line!, yields an
extrapolated estimate ofL`;160 ~;640 Å!. Thus the strain
in the interior of a KTO layer only vanishes for layers
more than 80 unit cells thick. While, strictly speaking, this
a measure of the penetration length of the structural chan
into the KTO layer, given the nonlinearity in the dependen
of Pc , it may also be taken as a lower-bound estimate for
penetration length of the polarization into the KTO laye
The marked difference between the penetration lengths in
layers is consistent with the large difference in the dielec
constants« of the two materials, which measure the ea
with which they can be polarized: while«~KNO! is ;50,
«~KTO! is ;3000. Despite this long-ranged penetration
Pz into the KTO layers, we find that the values ofPz at the
interfaces themselves are remarkably independent ofL and
take a value very similar to that of a KTN solid solutio
under these strain conditions.

The above analyses have clearly demonstrated the im
tance of interface effects on the properties of the super
tices. To elucidate how these effects are coupled to the st
we have also simulated superlattices under strain condit
corresponding to a KNO substrate atT50 K. As in the case
of the KTO substrate, both components of polarization in
KNO layers and the in-plane polarization in the KTO laye
rapidly reach the values corresponding to these strain co
tions. In particular, the KTO layer becomes ferroelectric w
an in-plane polarization along the@110# direction; however,
there remains a small component of polarization in thez
direction in the KTO that cannot be explained by strain.
for the case of the KTO substrate,Px changes abruptly
through the interfaces whilePz varies continuously through
the interfaces; its value at the interface also being the s
as the solid solution under these strain conditions. Based
this analysis we conclude, therefore, that the strain effe
and the interface effects are essentially decoupled. The
eral validity of this conclusion for ferroelectric/paraelectr
superlattices is indicated by the rather similar results we h
obtained for BaTiO3 /SrTiO3 superlattices.

A consistent framework in which to understand these
fects comes from a consideration of the anisotropy in
correlation of the polarization dipoles in ferroelectrics. Th
so-called, Lorentz field10 arises from the significant mutua
enhancement of the dipole moments of Nb~and Ta! ions and
1-2
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O ions lying along the direction of polarization. By contra
in the direction normal to the polarization, there is only
very weak interaction between the dipoles of the Nb~Ta!
ions and the O ions. As a consequence, strongly correl
chains of polarization tend to form, with only rather we
correlations in the direction normal to the chains. This a
isotropy in the Lorentz field is manifested in these super
tices as the long-ranged correlations inPz across the inter-
faces and only very short-ranged correlations inPx .

These results naturally raise the question as to whe
these superlattices can be considered as behaving a dis
though coupled, layers or rather as a single composite m
rial. Indeed, experiments on KNO/KTO superlattices sh
that for long modulation wavelengths the KNO layers a
almost independent of each other. By contrast, forL,12 the
Curie temperature is essentiallyL independent with a value
corresponding to the KTN solid solution;5 i.e., the superlat-
tices behave as a single artificial ferroelectric material. It w
suggested that this behavior arises from ‘‘long-ranged fe
electric interactions,’’ the exact nature of which was n
clearly defined.5 As we now show, these long-ranged ferr
electric interactions arise from the coupling of the ferroel
tric layers through the polarization induced in the interven
paraelectric layers. There is an analogous effect in ferrom
netic heterostructures,11 albeit mediated by exchange intera
tions rather than induced polarization.

To elucidate the nature of the long-ranged ferroelec
interactions, we have simulated the ferroelectric switching
superlattices of varying modulation lengths. Figure 3 sho
calculated hysteresis curves for unit-cell-thick slices at
center of the KNO and KTO layers for the representat
cases ofL56 and 36. ForL56, the loops for KNO and
KTO are almost identical, indicating that the superlatt
does, indeed, act as a single artificial ferroelectric struc
with the response of the KTO layers being controlled by

FIG. 2. The dependence of thez component of polarization and
z component of lattice strain at the center of the KTO layer,Pc and
sc ~solid and open squares, respectively!, on the inverse modulation
length 1/L. The linear region of the strain curve~dotted line! ex-
trapolates to zero strain atL`;160.
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ferroelectric KNO layers. ForL536, the KNO layers show
a square hysteresis loop characteristic of a good ferroelec
The KTO layers also appear to show a ferroelectric hys
esis loop; however, this is simply an effect of coupling to t
KNO layers. In particular, no hysteretic behavior appears
the KTO layers under a cyclic electric field applied only
one of them when the KNO layers are not allowed to swit
Thus, the KTO layers actually behave as a paraelectric
terial.

To quantify the long-ranged ferroelectric interactions,
Fig. 4 we show theL dependence of the coercive fieldEc for
the central slices of the KNO and KTO layers~solid and
open squares, respectively!, determined from hysteresi
loops such as those in Fig. 3. For the smallest modula
lengths,Ec is the same for both the KNO and KTO laye
and is very close to that of the KTN solid solution under t
same strain conditions, denoted by a star in Fig. 4. ForL
,12, Ec for the KNO and KTO layers is identical and in
creases with increasingL because the increased couplin
within a single KNO layers more than compensates for
decrease in coupling between the KNO layers.6 Also shown
in Fig. 4 ~solid circles! is the electric field required to switch
an antiparallel arrangement of polarization in alternat
KNO layers, a further measure of the interactions betwe
KNO layers. We find that forL,12, the antiparallel arrange
ment of polarizations in the KNO layers is completely u
stable even in the absence of an applied electric field, a di
effect of the long-ranged ferroelectric interactions betwe
KNO layers. Based on these results, we considerL,12 to
be the strong-coupling regime.

By contrast, forL.24, the interactions between the no
rather bulklike KNO layers is sufficiently weak that the
respond essentially independently of each other; this is
denced byEc for KNO increasing monotonically to its

FIG. 3. Hysteresis loops for the KNO and KTO layers in sup
lattices withL536 ~solid lines! and theL56 ~dotted lines!. While
the KTO layer forL536 appears to be ferroelectric, physicall
however, it behaves as a paraelectric under the combined ext
field and the electric field produced by the KNO layers.
1-3
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asymptotic values of 2.53106 V/cm, while Ec for the KTO
layer approaches zero. Moreover,Ec for the switching of the
antiparallel KNO layers tracks that of the switching of t

FIG. 4. Coercive fieldsEc in the interiors of the KNO and KTO
layers as a function of modulation wavelength~solid and open
squares!, and the field required to switch an antiparallel arrang
ment of the polarizations of alternating KNO layers~solid circles!,
indicate the presence of regimes with strong (L,12) and weak
(L.24) long-ranged ferroelectric interactions. The switching fie
for the KTN solid solution is indicated by the star.
w-

p

.

L

06010
superlattice. The relatively small difference in theEc in the
two cases reflect the small residual interaction between
layers in this weak-coupling regime.

The behavior in the transition region, 12,L,24, is more
complicated. While the values ofEc increase fromL512 to
L518, they are no longer identical for the KNO and KT
layers. Another aspect of the transition from strong to we
coupling is the decrease inEc over the range 18,L,24
because the enhancement inEc as the KNO layers becom
thicker is not sufficient to compensate for the decrease inEc
due to the decreasing interlayer coupling arising from
thicker KTO layers.

In summary, our simulations show that the effects of t
interfaces and the effects of strain are largely decoupled
ferroelectric/paraelectric superlattices. We find that the lo
ranged interactions between the ferroelectric layers are
diated by the induced dielectric response of the interven
paraelectric layers. This rather simple physics explains
observed strong modulation-length dependence of the p
erties of ferroelectric/paraelectric superlattices. Finally,
long-ranged ferroelectric interactions discussed here pro
a conceptual framework in which to understand not only t
particular ferroelectric/paraelectric superlattice but also
properties of other ferroelectric heterostructures.
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