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X-Ray Diffraction Measurement of the Effect of Layer Thickness on the
Ferroelectric Transition in Epitaxial KTaO3yyyKNbO3 Multilayers

E. D. Specht,* H.-M. Christen,†,‡ D. P. Norton,† and L. A. Boatner†

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6118
(Received 17 November 1997)

KTaO3yKNbO3 strained-layer superlattices of variable periodicity were grown by pulsed la
deposition on KTaO3 substrates. The KNbO3 layers were found to be strained in plane to matc
the substrate lattice parameter. Therefore, the applied strain is independent of the layer thic
High-temperature x-ray diffraction was used to measure the ferroelectric-paraelectric phase tran
temperatureTc. For superlattice periodicityL # 5.1 nm, Tc ­ 475 K, independent ofL. For
L . 5.1 nm, Tc increases to 825 K atL ­ 33.8 nm. [S0031-9007(98)06010-4]

PACS numbers: 77.80.Bh, 61.10.Eq, 77.84.Dy
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Many attempts have been made to measure the eff
of sample size on the paraelectric-ferroelectric phase tr
sition, almost all involving BaTiO3. Fine particles of
BaTiO3 have been found to have a depressed transi
temperature. While bulk BaTiO3 has a Curie temperatur
Tc ­ 403 K, Tc falls below room temperature for a crys
tallite size below a critical value variously reported as
to 200 nm. It is unclear whether this is an intrinsic effe
of particle size or an artifact of the structural and chemi
differences between large BaTiO3 crystals and small parti-
cles. For example, the small, highly defective crystallit
simultaneously show increased particle size, reduced
fects, and increasedTc, all at the same annealing temper
ture (see Ref. [1] for a summary). Other polycrystallin
systems exhibit similarly variable results [2–4].

Thin films, on the other hand, can be annealed to h
temperature to remove defects while retaining small fi
thickness. While epitaxial BaTiO3 films between 6.7 and
400 nm in thickness have been analyzed, interpreta
has been complicated by residual stress, and ther
no clear evidence of a phase transition [5,6]. Tab
et al. observe broad anomalies in the dielectric const
of BaTiO3ySrTiO3 multilayers, but not a clear phas
transition [7]. They infer that a phase transition occu
at “high temperature,” but do not report the variation ofTc

with layer thickness. The misfit between (100) SrTiO3 and
(001) BaTiO3 is 2.3%. For layers thinner than about 4 nm
Tabataet al. find that the layers grow with equal in-plan
lattice parameters, so residual stress is high, but unifo
For greater thicknesses, BaTiO3 and SrTiO3 grow with
different lattice parameters, introducing strain variatio
through their thicknesses [7]. For these thicker laye
it is understandable that inhomogeneous strain lead
broadening of the phase transition. It is curious that
transition is broadened in the thinner layers.

In the best-controlled prior study of ferroelectr
films, a phase transition has been reported in epita
sBa, SrdTiO3 grown on MgO by Zakharchenkoet al. A
broadened transition was observed, withTc increasing
as film thickness is increased from 0.26 to2.1 mm, an
0031-9007y98y80(19)y4317(4)$15.00
cts
n-

on

5
t
al

s
e-
-
e

h

on
is

ta
nt

s

,

m.

s
s,
to
e

ial

increase which Zakharchenkoet al. attribute entirely to
changes in residual stress [8].

We have used KTaO3yKNbO3 strained-layer superlat-
tices of variable periodicity to isolate the effect of laye
thickness. Bulk KTaO3 is paraelectric at all temperature
[9], while bulk KNbO3 is ferroelectric belowTc ­ 708 K
[10]. Because the lattice mismatch is below 0.5%, the
trinsic effects of film thickness may be studied without th
influence of large strains. The large total thickness of t
superlattice produces the sharp diffraction peaks nee
for accurate lattice parameter measurements. We dem
strate that each layer is below the critical thickness
the formation of misfit dislocations, so the in-plane lattic
parameter of the entire multilayer is the same as that
the substrate. Stress is homogeneous and independe
layer thickness. Interfaces are commensurate, with a m
mum level of defects. This leaves film thickness as the p
mary cause of variation in properties.

KTaO3 and KNbO3 layers were grown on KTaO3
(100) substrates by pulsed laser deposition as descr
in Ref. [11]. Each film was grown to the same tot
thickness of 170 nm, consisting of alternating layers
KNbO3 and KTaO3 with a superlattice periodicityL
of 0.8 to 33.8 nm. The KNbO3 and KTaO3 layers were of
nominally equal thickness, as calibrated by transmiss
electron microscopy (TEM) [12], and the bilayer thick
ness was determined by high-angle x-ray diffraction
described below. The films are flat, with atomically sha
interfaces [12]. The mosaic spread of the film, determin
by x-ray diffraction, is,0.05±, indicating excellent crystal
quality and epitaxy. For comparison, a 170 nm film
KTa0.5Nb0.5O3 was grown by codeposition from a rotatin
target containing both KTaO3 and KNbO3 as described
in Ref. [13].

The structure of these thin KNbO3 layers differs
qualitatively from thicker KNbO3 films. Very thick
s1.5 mmd films have the bulk structure: an orthorhom
bic cell with a ­ 0.5495 nm, b ­ 0.5721 nm, and
c ­ 0.3974 nm. Intermediate films (166 nm) are sti
orthorhombic, but witha ­ 0.3975 nm, b ­ 0.4001 nm,
© 1998 The American Physical Society 4317
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andc ­ 0.4055 nm [11]. The layers treated in this work
0.37 to 16.9 nm in thickness, do not exhibit the sp
peaks of orthorhombic structures. The observed peaks
consistent with a tetragonal structure, with (001) norm
to the surface andf100g aligned with the substratef100g.

A Cu source was used for x-ray diffraction measur
ments, with Ge(111) crystals as monochromator and a
lyzer. Slits selected the Ka1 line. Radialsu-2ud scans
were taken through the KTaO3 and KNbO3 (002) and (202)
Bragg peaks to determine in-plane and out-of-plane
tice parameters. Multiple film reflections are observ
(Fig. 1), so the peaks can be indexed and the superla
periodicityL accurately determined. For the film with th
thinnest layers, only the fundamental reflection was clea
observed, soL ­ 0.8 nm was determined by assuming th
same growth rate as the other multilayers. These meas
ments of peak position do not, however, give any info
mation concerning either the relative thickness of the t
layers or the atomic layer spacing in either material; the
will affect only the intensities of the reflections.

Tc was measured by monitoring changes in latti
constant as the sample was heated in vacuum. Re
are shown in Fig. 2. For the KTaO3 substrate, and the
codeposited KTa0.5Nb0.5O3 film, we measure plane spac
ings d002 and d202 and calculate the out-of-plane lattic
parameterc ­ 2d002 and the in-plane lattice paramete

a ­ 2y
q

d22
202 2 d22

002. For the superlattices, we choos
superlattices00ld and s20ld reflections and calculate th
superlattice periodicityL ­ ld00l and the in-plane lattice

parametera ­ 2y
q

d22
20l 2 d22

00l . We plot the thermal ex-
pansion ofL along with the absolute values ofa and c
in order to facilitate comparison of thermal expansion
films with differentL.

For all films, the in-plane film lattice parameters mat
the substrate’s to within 0.05%. Data for only the extrem
values ofL are plotted (Fig. 2). The films are below th
critical thickness for the nucleation of misfit dislocation

FIG. 1. Radial scan through the (002) Bragg peaks
superlattices withL ­ 33.8 nm. Gridlines indicate calcu-
lated superlattice peak positions. “S” indicates the substrate
(002) peak.
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so all films are homogeneously and equally straine
and any differences in the ferroelectric behavior can
attributed to the differing layer thicknesses.

At high temperatures, the out-of-plane thermal expa
sion of the film is similar to that of the substrate. A
lower temperatures, the thermal expansion changes s
this anomalous behavior signals the paraelectric to f
roelectric phase transition. Some rounding of the tra
sition is evident, which we attribute to nonuniformity i
layer thickness. No hysteresis is observed; behavior is
same on warming and cooling.Tc is taken as the highes
temperature where thermal expansion changes sign an
plotted in Fig. 3(a).

Because the substrate is insulating, electronic meas
ments to confirm the ferroelectric character of the pha
transition will require deposition of interdigitated elec
trodes. This has not yet been performed. We no
however, that bulk KNbO3 and KNb0.5Ta0.5O3 exhibit
similar transitions from a cubic paraelectric to a tetragon
ferroelectric phase at 708 K [10] and 373 K [14], respe
tively. In the limit L ! `, each KNbO3 layer should ap-
proach bulk behavior, subject to an in-plane compress
strain of 0.5% in the cubic phase. In the limitL ! 0,
the film has a uniform composition of KNb0.5Ta0.5O3, and
again should exhibit bulk behavior, now with an in-plan
compressive strain of 0.2%. The observed dependenc
thermal expansion on layer thickness is consistent in b

FIG. 2. Temperature dependence of the lattice paramete
a KTaO3 substratessd, of the in-plane lattice parameter o
codeposited KTa0.5Nb0.5O3 smd and a L ­ 34 nm multilayer
s,d, and of the out-of-plane lattice parameters of codeposi
KTa0.5Nb0.5O3 (*), and multilayers with L ­ 33.8 nm s©d,
10.2 nmshd, 4.8 nmsnd, 3.15 nms.d, and 0.8 nms}d.
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FIG. 3. (a) Curie temperature of multilayer filmsssd and
of codeposited KTa0.5Nb0.5O3 smd, which has been arbitrarily
drawn at a thickness of 0.1 nm. Solid line:Tc calculated by
[16], using j ­ 1.8 nm and Tc` ­ 900 K. (b) Solid line:
ferroelectric domain width, calculated by [16], usingj ­
1.8 nm and Tc` ­ 900 K. Dashed line: separation betwee
KNbO3 layers. Well to the left of the dotted line, laye
separationø domain width, and layers are strongly couple
Well to the right, layer separation¿ domain width and layers
are decoupled.

limits with a bulklike phase transition, where the tetrag
nal ferroelectric phase is constrained by the substrat
domains with c parallel or antiparallel to the surfac
normal.

Stress and defects at interfaces might cause ei
a depression or elevation inTc. Because we have
grown films with no misfit dislocations on a structural
and chemically similar substrate, we expect few defe
and a homogeneous stress state; TEM confirms
expectation [11]. The remaining, intrinsic effect of sm
layer thickness is to depressTc. As first described for
ferromagnetic films [15], the free energy density of a fi
of thicknesst with polarizationP in parallel domains of
width D parallel and antiparallel to the surface normal

F ­ FbulksT d 1
swall

D
1

0.85P2D
t

, (1)

where the three terms represent bulk, domain wall,
surface contributions, respectively. Ast is decreased, the
free energy of the ferroelectric phase is increased rela
to the paraelectric, loweringTc. D ,

p
t as domain size

shrinks to reduce the surface energy.
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-
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Wang et al. [16] have performed detailed numerica
calculations, including effects such as nonzero dom
wall width and surface depolarization which are n
included in Eq. (1). Using a phenomenological mod
for the ferroelectric, Wanget al. calculateTcyTc` as a
function of tyj, wherej is the ferroelectric correlation
length, which corresponds to the width of a domain wa
and Tc` is the transition temperature of a thick film
The thickness dependence ofTc depends only on these
two parameters. The small amount of data preclud
a verification of the temperature dependence predic
by Wang et al. If we assume that their result applie
to the thicker multilayers, we find thatj , 1.8 nm and
Tc` , 900 K [Fig. 3(a)]. This model clearly does not fi
the thinner layers, as we shall discuss below.

The model of Wanget al. assumes a second-orde
phase transition. The transition for bulk KNbO3 is first
order, becoming second order for bulk KTaxNb12x solid
solutions [14]. It can be seen from Fig. 2 that the latti
parameter varies continuously through the observed ph
transition, so it appears that this assumption applies to th
films, perhaps due to the effects of stress or thickness.
model further assumes that the films are surrounded
vacuum, while the observed KNbO3 layers are surrounded
by KTaO3. The use of KTaO3 has practical advantage
over vacuum. The interfaces remain clean, and due
the pseudomorphic growth, the interfaces preserve the b
structure. However, the dielectric response of KTaO3 will
reduce the surface term in Eq. (1) and raiseTc for thin
layers.

Tc` is elevated considerably from the 708 K transitio
temperature of unstressed KNbO3. Near the phase tran
sition in the films, the misfit between bulk KNbO3 and
KTaO3 is 0.5% in the paraelectric phase but only 0.35
in the ferroelectric phase, so the applied stress will s
bilize the ferroelectric phase. We are not aware of
detailed model of the phase transition of KNbO3 which
could be used to confirm that the elevated Curie te
perature is due to the applied stress. We can, howe
compare the results to those obtained for the structur
and phenomenologically similar BaTiO3. Using a phe-
nomenological model of the phase transition for BaTiO3,
it has been calculated [8] that the fractional increase
Tc brought about by a compressive in-plane strain´ is
DTcyTc ­ 120´. We observe a comparable increase
DTcyTc ­ 54´ for KNbO3.

Two effects compete as the layers become thinn
Because the ferroelectric layers are closer together, t
will interact more strongly. At the same time, the widt
of the ferroelectric domains will decrease to minimize t
free energy [Eq. (1)]. This weakens the interaction b
tween layers: Since the field produced by domains
width D falls off (to leading order) as exps2Dzd with dis-
tance normal to the layersz, layers will interact strongly
when separated by less than a domain width. Figure 3
compares the calculated domain width [16] to lay
4319
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spacing. For layer thicknesses much less than 7 nm, l
ers are strongly coupled; these short-wavelength super
tices behave in the same way as alloyed films. For mu
larger thicknesses, the layers are decoupled and foll
the single-layer calculations of Wanget al. [16]. Fur-
ther calculations will be required to determine whether t
crossover behavior can be accounted for by simple mod
based on Eq. (1). Our estimate ofj andTc` assumes an
abrupt crossover from thin to thick-layer behavior; if th
crossover is more gradual, these parameters may be v
different. Future experiments will independently vary th
spacing and thickness of ferroelectric layers to distingu
these competing effects.

It can be seen from Fig. 2 that the expansion associa
with the onset of ferroelectricity is greater for the cod
posited mixture and the shortest-period multilayer than
the longer-period multilayers. Changes inTc and of lat-
tice expansion do not correlate. The large depression
Tc occurs betweenL ­ 33.8 and L ­ 4.8 nm; the ex-
pansion is unchanged over this range. The expansion
creases asL decreases from 3.15 to 0.8 nm, whereTc

does not change. This suggests that the changes in
lattice expansion are due to local effects, whileTc is con-
trolled by longer-range electrostatic interactions. In pa
ticular, all Ta and Nb atoms occupy neighboring sites on
for theL ­ 0.8 nm multilayer; for the others most neigh
boring sites are occupied by the same element.

To conclude, we have used strained-layer superlatti
to study the variation ofTc with layer thickness and
layer separation without confounding changes in stra
Layer thickness and separation are kept equal; future
periments will study their effects independently. Whil
similarly grown BaTiO3ySrTiO3 multilayers show only
a broad anomaly [7], we find a clear phase transitio
This may be an effect of the much lower misfit (0.5%
in KNbO3yKTaO3, 2.3% in BaTiO3ySrTiO3). Alterna-
tively, it may be that the transition appears more sharp
in the thermal expansion than in dielectric constant me
surements; future measurements of dielectric constan
KNbO3yKTaO3 multilayers will give a more direct com-
parison between the systems. Even in KNbO3yKTaO3,
the effects of strain are large:Tc ­ 813 K for the thickest
layers, whileTc ­ 708 K in bulk KNbO3. However, be-
cause the in-plane lattice parameter is locked to that of
substrate, strain is independent of layer thickness. Wh
4320
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interlayer coupling preventsTc from falling below 450 K,
extrapolation suggests that ferroelectricity in KNbO3 dis-
appears (i.e.,Tc ­ 0) for thicknesses near 3 nm.
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