RAPID COMMUNICATIONS

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 ferroelectric Using these potentials, we have simulated the zero-
materials is driven by the vision of building nanostructurestemperature structure and properties of cohe@dt) KNO/
with ferroelectric, dielectric, and optical properties unachiev-KTO superlattices of equal layer thicknesses and various
able in either the bulk or in solid solutions. Such nanostrucmodulation lengthsA (i.e., the total thickness of a KNO/
tures can be expected to have important applications in, e.g§TO bilayer, measured in unit cellseach interface lies at a
ferroelectric memories, sensors, microelectromechanical sy&O plane shared by neighboring layers and thus all inter-
tems, and optical devices. Among the heterostructures growi@ces are crystallographically identical to each other. Their
have been ferroelectric/paraelectric superlattigasluding ~ structures and switching properties of these superlattices
BaTiO;/SITiO; (Refs. 1-3, KNbO;/KTaO; (Refs. 4—6, have been determined with standard atomistic-simulation
and PTiQ/SITiO; (Ref. 7] and ferroelectric/ferroelectric techniques. In particular, periodic border conditions are ap-
superlatticed PbTiO;/BaTiO; (Ref. 8]. While there is ex- plied to the simulation cell in all three spatial directions; thus
perimental evidence for a strong dependence of the propefe simulation cell may be envisaged as a part of a KNO/
ties of such superlattices on modulation length, the underlyKTO superlattice far away from both the substrate and the
ing physics controlling their properties is only poorly free surface neither of which is explicitly simulated. All the
understood. ions were initially placed at positions corresponding to the

In this Rapid Communication we elucidate the role of theperfect crystal at zero temperature. The equilibrated zero-
modulation length, substrate strain, and the interfaces on tH@mperature structure was then determined by a zero-
properties of a pero\/skite super|attice_ We focus on demperature quench until the force on each individual core
KNbO;/KTaO3(KNO/KTO) superlattice because it is repre- and shell was less than 0.05 eVA Since the simulations
sentative of the most widely studied ferroelectric/paraelectri¢vere intended to model a superlattice on a KTO substrate,
class of heterostructures, and because the absence of alfi¢ in-plane lattice parameter was fixed to that of KTO at
intrinsic polarization in the paraelectric layer makes thez€ro temperature; however since the heterostructure is not
interface-induced effects particularly easy to identify. Usingunder any constraint in the modulation direction, the length
atomic-level computer simulations, we show tfigt while of the simulation cell in the direction was allowed to ex-
the in-plane components of polarization are only weaklyPand or contract to reach zero stress. The polarization was
coupled across the interfaces, the components of polarizatig#etermined from the core-shell displacements and the dis-
along the modulation direction are strongly coupléi), the  placements of the ions from their centrosymmetric positions.
ferroelectric layers interact via the induced polarization inThe external electric fiel&, was imposed via an additional
the intervening paraelectric layers, afiiil) when the modu- force F,=qE, on each core and shell of charge
lation wavelength is sufficiently short this interaction leads To obtain a fully equilibrated structure, it is important that
the superlattice to behave as a single artificial ferroelectri¢he interior regions of each layer be capable of assuming the
material. Together, these insights provide an essential firstymmetry of the corresponding perfect crystal; therefore, as
step towards a systematic understanding of the intrinsihown in the sketch at the top of Fig. 1, we simulate four
properties of ferroelectric/paraelectric heterostructures.  layers in the superlattice with the two rhombohedral KNO

Atomic-level simulations with the shell-model potentials layers initially being polarized in thEl11] and[111] direc-
for KNO and KTO used in this study have described well thetions.
phase behavior and properties of KNO and KTO perfect Figure 1 shows the variation in the polarization in the
crystals® In particular, we found that KNO is ferroelectric at modulation directiorP, (solid circles and in thex-y plane,
T=0 K with a simulated lattice parameter of 4.034 A and aP,= P, (open circle averaged over unit-cell-thick slices
rhombohedral angle of 89.3° and that KTO is paraelectric athrough theA =36 superlattice. In analyzing these polariza-
all temperatures with a simulated zero-temperature lattice pdion profiles, we first address the strain effects produced by
rameter of 4.005 R Moreover, when used in combination, the KTO substrate, which result in a compressive strain of
the potentials reproduced the ferroelectric properties 0f-0.7% on the KNO layers. To compensate for this in-plane
KTag sNby s05 (KTN) random solid solution$. compression, the KNO layers expand in thedirection
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interfaces, a signature of strong coupling. The penetration
length, determined from the approximately exponential
change inP, in the interface region, is only about two lattice
parameters in the KNO layer for all values &fsimulated,

but appears to increase with increasihdor the KTO layer.
Therefore, to characterize the penetration of the polarization
into the KTO layer, we define the values Bf and of thez
component of the lattice strain at the center of the KTO
layers asP. ands., respectively. We expect that for thick
enough KTO layerqi.e., above some critical value of the
modulation wavelength...), P, ands; will converge to their
perfect-crystal values d?.=0 ands.=0. To estimate\,,,

we analyze the finite-size effects by plottiRg ands; as a
function of 1A in Fig. 2. While it is evident from the ab-
sence of a linear regime that we cannot estimatefrom P
(solid squares a fit to s, (open squargswhich does display
linear behavior in the low-H regime(dotted ling, yields an
extrapolated estimate d@f,,~ 160 (~640 A). Thus the strain

in the interior of a KTO layer only vanishes for layers of
more than 80 unit cells thick. While, strictly speaking, this is
a measure of the penetration length of the structural changes
into the KTO layer, given the nonlinearity in the dependence
of P, it may also be taken as a lower-bound estimate for the
penetration length of the polarization into the KTO layer.
The marked difference between the penetration lengths in the
layers is consistent with the large difference in the dielectric

FIG. 1. Schematic of the simulated KNO/KTO superlatiitp) ~ constantse of the two materials, which measure the ease

and spatial dependence of the polarization in the plBpe P, with Whi_Ch they can be_polarized: while(KNO) is ~5_0,
(open circlesand in the modulation directioR, (solid circle for ~ £(KTO) is ~3000. Despite this long-ranged penetration of
a superlattice withA =36 and in-plane lattice parameters corre- P, into the KTO layers, we find that the values Bf at the

sponding to a KTO substrate.

interfaces themselves are remarkably independemt ahd
take a value very similar to that of a KTN solid solution
under these strain conditions.

thereby breaking the strict rhombohedral symmetry of the The above analyses have clearly demonstrated the impor-
polarization of KNO; nevertheless, these strains are not suftance of interface effects on the properties of the superlat-
ficient to force the KNO to become tetragonally polarized.tices. To elucidate how these effects are coupled to the strain
Moreover, the magnitudes of the polarization in the interiorswe have also simulated superlattices under strain conditions
of the KNO layers(|P,|=21.7uClcn?, P,=33.4uClcn?)  corresponding to a KNO substrateTat 0 K. As in the case

are the same as those calculated independently for a perfestthe KTO substrate, both components of polarization in the
crystal under the same strain conditions; the opposite sign&NO layers and the in-plane polarization in the KTO layers
of P, in the two layers arise from the equal and oppositerapidly reach the values corresponding to these strain condi-
rhombohedral distortions of the KNO layers. Similarly, the tions. In particular, the KTO layer becomes ferroelectric with
absence of any in-plane polarization for the KTO layer isan in-plane polarization along tH&10] direction; however,
consistent with the absence of any strain arising from thehere remains a small component of polarization in the
KTO substrate. The finite value &, in the interior of the direction in the KTO that cannot be explained by strain. As
KTO layer, however, is different from the expected value offor the case of the KTO substrat®, changes abruptly
P,=0 for this unstrained layer, which, as we discuss belowthrough the interfaces whilB, varies continuously through
has important consequences for the ferroelectric properties afie interfaces; its value at the interface also being the same

the heterostructure.

as the solid solution under these strain conditions. Based on

The components of polarization in they plane and in  this analysis we conclude, therefore, that the strain effects
the modulation direction show remarkably different behav-and the interface effects are essentially decoupled. The gen-
iors at the interfaces. The rather abrupt transition®jnat  eral validity of this conclusion for ferroelectric/paraelectric
the interfaces are indicative of only rather weak couplingsuperlattices is indicated by the rather similar results we have
between the in-plane components of the polarization alongbtained for BaTiQ/SrTiO; superlattices.
the modulation direction. In addition, the presence of a weak A consistent framework in which to understand these ef-
coupling betweerP, and P, results inP, in the interface fects comes from a consideration of the anisotropy in the
regions being slightly different in the casesRfis pointing  correlation of the polarization dipoles in ferroelectrics. This,
into and out of the ferroelectric layésee Fig. 1

By contrast withP,, P, varies continuously through the enhancement of the dipole moments of {éiad Ta ions and

so-called, Lorentz fiefd arises from the significant mutual
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FIG. 2. The dependence of tz&eomponent of polarization and
z component of lattice strain at the center of the KTO laygrand FIG. 3. Hysteresis loops for the KNO and KTO layers in super-
s, (solid and open squares, respectiyebn the inverse modulation lattices withA =36 (solid lines and theA =6 (dotted line$. While
length 1A. The linear region of the strain curveotted ling ex- the KTO layer forA=36 appears to be ferroelectric, physically,
trapolates to zero strain &t,,~160. however, it behaves as a paraelectric under the combined external
field and the electric field produced by the KNO layers.

O ions lying along the direction of polarization. By contrast,
in the direction normal to the polarization, there is only aferroelectric KNO layers. FoA =36, the KNO layers show
very weak interaction between the dipoles of the V) a square hysteresis loop characteristic of a good ferroelectric.
ions and the O ions. As a consequence, strongly correlatethe KTO layers also appear to show a ferroelectric hyster-
chains of polarization tend to form, with only rather weak esis loop; however, this is simply an effect of coupling to the
correlations in the direction normal to the chains. This an-KNO layers. In particular, no hysteretic behavior appears in
isotropy in the Lorentz field is manifested in these superlatthe KTO layers under a cyclic electric field applied only to
tices as the long-ranged correlationsRAn across the inter- one of them when the KNO layers are not allowed to switch.
faces and only very short-ranged correlation®in Thus, the KTO layers actually behave as a paraelectric ma-
These results naturally raise the question as to whethderial.
these superlattices can be considered as behaving a distinct, To quantify the long-ranged ferroelectric interactions, in
though coupled, layers or rather as a single composite matéig. 4 we show the\ dependence of the coercive figg for
rial. Indeed, experiments on KNO/KTO superlattices showthe central slices of the KNO and KTO layefsolid and
that for long modulation wavelengths the KNO layers areopen squares, respectivelydetermined from hysteresis
almost independent of each other. By contrastAfer12 the loops such as those in Fig. 3. For the smallest modulation
Curie temperature is essentiallyindependent with a value lengths,E. is the same for both the KNO and KTO layers
corresponding to the KTN solid soluticnie., the superlat- and is very close to that of the KTN solid solution under the
tices behave as a single artificial ferroelectric material. It wasame strain conditions, denoted by a star in Fig. 4. Kor
suggested that this behavior arises from “long-ranged ferro<<12, E for the KNO and KTO layers is identical and in-
electric interactions,” the exact nature of which was notcreases with increasind because the increased coupling
clearly defined. As we now show, these long-ranged ferro- within a single KNO layers more than compensates for the
electric interactions arise from the coupling of the ferroelec-decrease in coupling between the KNO lay®Adso shown
tric layers through the polarization induced in the interveningin Fig. 4 (solid circles is the electric field required to switch
paraelectric layers. There is an analogous effect in ferromagan antiparallel arrangement of polarization in alternating
netic heterostructurés albeit mediated by exchange interac- KNO layers, a further measure of the interactions between
tions rather than induced polarization. KNO layers. We find that foA <12, the antiparallel arrange-
To elucidate the nature of the long-ranged ferroelectrioment of polarizations in the KNO layers is completely un-
interactions, we have simulated the ferroelectric switching otable even in the absence of an applied electric field, a direct
superlattices of varying modulation lengths. Figure 3 showsffect of the long-ranged ferroelectric interactions between
calculated hysteresis curves for unit-cell-thick slices at theKNO layers. Based on these results, we consitler12 to
center of the KNO and KTO layers for the representativebe the strong-coupling regime.
cases ofA=6 and 36. ForA =6, the loops for KNO and By contrast, forA > 24, the interactions between the now
KTO are almost identical, indicating that the superlatticerather bulklike KNO layers is sufficiently weak that they
does, indeed, act as a single artificial ferroelectric structureespond essentially independently of each other; this is evi-
with the response of the KTO layers being controlled by thedenced byE. for KNO increasing monotonically to its
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superlattice. The relatively small difference in tBg in the
two cases reflect the small residual interaction between the
layers in this weak-coupling regime.

The behavior in the transition region, L2 <24, is more
complicated. While the values & increase from\ =12 to
A =18, they are no longer identical for the KNO and KTO
layers. Another aspect of the transition from strong to weak
coupling is the decrease iB; over the range 18 A <24
because the enhancementBp as the KNO layers become
thicker is not sufficient to compensate for the decreadg;in
due to the decreasing interlayer coupling arising from the
thicker KTO layers.

In summary, our simulations show that the effects of the
interfaces and the effects of strain are largely decoupled in
ferroelectric/paraelectric superlattices. We find that the long-
B = — ranged interactions between the ferroelectric layers are me-

0 s 10 %5 2025 30840 diated by the induced dielectric response of the intervening
A paraelectric layers. This rather simple physics explains the

FIG. 4. Coercive field&, in the interiors of the KNO and KTO ObserVEd strong quulatlon-len_gth depend_ence O_f the prop-
layers as a function of modulation wavelengtolid and open €rties of ferroelectnc/p_arqelectrlg supe_rlatt|ces. Finally, the
squarey and the field required to switch an antiparallel arrange-l0Ng-ranged ferroelectric interactions discussed here provide
ment of the polarizations of alternating KNO layésslid circles, @ conceptual framework in which to understand not only this
indicate the presence of regimes with strong<(12) and weak particular ferroelectric/paraelectric superlattice but also the
(A>24) long-ranged ferroelectric interactions. The switching field properties of other ferroelectric heterostructures.
for the KTN solid solution is indicated by the star.
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