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Structural coherence and ferroelectricity decay in submicron- and nano-sized perovskites
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Understanding the loss of ferroelectricity in submicron- and nano-sized perovskites is an issue that has been
debated for decades. Here we report results from a high-energy x-ray diffraction (XRD) study on a prime
example of the perovskite’s family, BaTiO; ceramics with a grain size ranging from 1200 to 5 nm. We find that
the loss of ferroelectricity in submicron- and nano-sized BaTiO5 has an intrinsic origin related to the increased
atomic positional disorder in spatially confined physical systems. Our results imply that no particular critical
size at which ferroelectricity in BaTiOs, in particular, and perovskites, in general, is completely lost exists.
Rather it weakens exponentially with the decreasing of their physical size. Smart technological solutions are

needed to bring it back.
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I. INTRODUCTION

Ferroelectric materials of the perovskite family ABOs,
where A=Ba, Sr, and Pb, and B=Ti and Zr, are extensively
used in electronic industry for fabrication of multilayer ca-
pacitors, piezoelectric transducers, pyroelectric elements, and
ferroelectric memories.!> With these technologies moving
quickly toward smaller scales, electronic devices are already
shrunk to nanometer sizes. Unfortunately, such a reduction
in the physical size of perovskite ferroelectrics results in a
dramatic deterioration of one of their most useful properties,
in particular a dramatic reduction in the spontaneous
polarization.? In bulk ceramics a progressive suppression of
the spontaneous polarization and a reduction in the dielectric
constant are observed when the grain size is reduced already
below 1 um.*? The suppression seems to be full when the
grain size gets down to 30 nm since ferroelectric hysteresis
loops no longer show evidence of domain switching even
when electric fields of 60 kV/cm are applied.® High-quality
epitaxial ABOj; films have been reported to exhibit a similar
behavior retaining ferroelectricity down to a thickness of a
few nanometers only.”® Several studies aimed at understand-
ing the observed ferroelectricity “size” effect have been con-
ducted. Classical, phenomenological thermodynamic theory
studies (Landau-Ginzburg-Devonshire approach) concluded
that the effect may be viewed as a phase transition from a
ferroelectric to a paraelectric state taking place at a critical
system size of a few to a few tens of nanometers.® Another
point of view asserts the presence of a thin layer, referred to
as “dead,” lacking in or with a greatly reduced spontaneous
polarization and low dielectric constant at the grain bound-
aries of bulk ceramics and the electrode/ferroelectric inter-
face in supported thin films/capacitors.*!%!" The layer has
been explained in terms of a depolarization field arising from
the inhomogeneity of charge distribution at the surface/
interface discontinuity.'> The likely presence of structural
imperfections such as oxygen vacancies, dislocations, disor-
der, etc. at the film interfaces and/or grain boundaries has
been widely discussed as well.!'~!3 However, the loss of fer-
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roelectricity in both thin perovskite films and bulk ceramics
has also been found to be accompanied by a profound hard-
ening of the so-called soft phonon mode.'?"'* Phonon modes
are the elementary vibrations of crystalline lattices, implying
that not just the increased surface in submicron- and nano-
sized perovskites but the way atoms interact inside them may
be at the root of the unwanted ferroelectricity loss. Here we
explore this aspect of the size effect using high-energy x-ray
diffraction (XRD) and atomic pair distribution function
(PDF) analysis. The approach has already proven to be very
successful in studying the atomic arrangement inside materi-
als of very limited structural coherence, including nanosized
crystals.!> We concentrated on a prime example of the per-
ovskite ferroelectrics family, BaTiO;. We found that the de-
terioration of spontaneous polarization in submicron- and
nano-sized BaTiOj is indeed a typical decay of a bulk mate-
rial’s property due to a gradual weakening of the longer-
range interatomic correlations that are necessary for that
property to exist. The weakening may be understood easily if
considered in terms of the famous “uncertainty principle”; in
this case it is a gradual increase in the root-mean-square
(rms) fluctuations of atomic positions taking place when the
size of physical systems is reduced gradually down to the
nanometer scale. In other words, we found that the deterio-
ration of spontaneous polarization in submicron- and nano-
sized perovskites has an intrinsic origin related to the spatial
confinement of the system.

II. EXPERIMENT RATIONALE AND RESULTS

At high temperature, BaTiO; has a centrosymmetric cubic
structure and is paraelectric. Between room temperature and
393 K, known as the ferroelectric Curie temperature, the
material possesses a tetragonal-type structure, below 278 K
the structure is orthorhombic, and below 183 K—
rhombohedral.'® Fragments of the cubic and the technologi-
cally important tetragonal phases of BaTiOj; are presented in
Fig. 1. The structural pattern is characteristic for all ABO;
perovskites. It features a three-dimensional (3D) network of
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FIG. 1. (Color online) Fragments of the tetragonal (a) and cubic
(b) modifications of BaTiO;. Both modifications are three-
dimensional networks of corner-sharing Ti-Og octahedra (blue dia-
monds). The network cavities are occupied by Ba atoms (red dots).
With tetragonal BaTiO; the oxygen octahedra are slightly elongated
and Ti atoms displaced off their centers, giving rise to a polar axis
of symmetry (Z). The octahedra are fairly regular in cubic BaTiO;.

B-O¢ (B=Ti) octahedra with A (Ba) atoms occupying the
network channels. In the cubic phase the oxygen octahedra
are fairly regular, and the centers of positive (metal) and
negative (oxygen) charges coincide. As a result no electrical
dipole is present. In the tetragonal phase Ti cations are dis-
placed with respect to the center of the oxygen octahedra and
the latter are slightly distorted. As a result, the centers of the
positive and negative charges are offset. The magnitude of
these static displacements from the vertices of the nonpolar
(cubic) lattice is fairly small, only about 0.02(5) A,'® but
large enough to generate a substantial electric-dipole mo-
ment. In bulk tetragonal perovskites, the distorted Ti-Og oc-
tahedra are coupled into a three-dimensional periodic lattice.
Accordingly, their dipole moments exhibit a long-range or-
der, giving rise to a large spontaneous polarization. The di-
rection of polarization may be switched between equivalent
states by the application of an external electric field, render-
ing the material a typical ferroelectric. Due to their large
response to an external electric field, ferroelectric materials
have a large (i.e., hundreds to a few thousands) dielectric
constant.

Recently we studied 5 nm BaTiO; particles that have
“lost” their ferroelectricity, as manifested by the rather low
(~100) dielectric constant. We found that the Ti-Og4 octahe-
dra in this nanosized perovskite are indeed distorted (i.e.,
polar) but the tetragonal lattice distortions remain local and
correlated over distances of about 1.5 nm only. As a result,
on average, the material exhibits a nonpolar, i.e., a cubic-
type like structure and a low dielectric constant.!” Here we
follow up on this study, looking up for the presence of a
similar pattern in a series of BaTiO5 ceramics with a grain
size ranging from 1200 to 30 nm and dielectric constants
varying from ~2520 to ~350, respectively. The samples
were obtained by spark plasma sintering, as described in Ref.
11. The 3D structure of the ceramics was determined by
high-energy XRD and atomic PDF analysis. The experiments
were carried out at the beamline 11-ID-C (Advanced Photon
Source, Argonne National Laboratory) using x rays of energy
115.232 keV (A=0.1076 A) at room temperature. X rays of
higher energy were used to obtain diffraction data to higher
values of the wave vector Q, which is important for the suc-
cess of PDF analysis. Experimental diffraction patterns are
shown in Fig. 2. Bragg peaks in the XRD pattern for the
1200 nm sample may be unambiguously indexed in terms of
the tetragonal perovskite lattice shown in Fig. 1. Bragg peaks
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FIG. 2. Experimental XRD patterns of submicron- and nano-
sized BaTiOs.

in XRD patterns of the other samples smear out with the
diminishing of particle size, making it increasingly difficult
to differentiate between the tetragonal and cubic modifica-
tions of BaTiO5.'""'7 However, when considered in terms of
the corresponding atomic PDFs, the same XRD data land
themselves to an accurate structure characterization.'® The
experimental atomic PDFs G(r) are shown in Fig. 3. That for
not-sintered 5 nm BaTiO; particles, resulted from a previous
study of ours,'” is shown as well. The PDF G(r)=4mr{p(r)
—pol, where p(r) and p, are the local and average atomic
number densities, respectively, and r is the radial distance. It
peaks at distances separating frequently occurring pairs of
atoms and thus reflects the 3D atomic arrangement of mate-
rials. Here it should be noted that for a material comprising
of n atomic species, a single diffraction experiment yields a
G(r), which is a weighted sum of n(n+1)/2 partial PDFs

Ti-0
¥

Atomic PDF G(r)

Interatomic distance r(A)

FIG. 3. Experimental atomic PDFs for submicron- and nano-
sized BaTiO5; shown on the same scale so that the physical system
size related changes in them are monitored easier. The PDF peak
reflecting first neighbor Ti-O correlations is marked with an arrow.
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whose weights depend on the relative concentration and
x-ray scattering power of the atomic species involved.'® The
contribution of Ba-Ba, Ba-Ti, and Ti-Ti atomic pairs to the
PDFs shown in Fig. 3 are 30%, 24%, and 5%, respectively,
rendering the experimental data particularly sensitive to the
metal-metal atomic correlations in perovskites.

III. DISCUSSION

As can be seen in Fig. 3, all experimental PDFs have a
first peak positioned at approximately 1.98(2) A, which is
close to the average Ti-O first neighbor distance observed in
bulk BaTiOj, indicating that the nanosized samples we study
are, like bulk BaTiOj3, built of Ti-Og octahedral units. As
may be expected the PDF for the 1200 nm sample, which
shows a large dielectric constant, could not be described well
in terms of a model based on the paraelectric cubic [space
group (SG) Pm-3m] phase of BaTiOs3. The model parameters
were refined to a lattice parameter a=3.999(1) A with Ba at
(0,0,0), Ti at (0.5,0.5,0.5), and oxygen at (0,0.5,0.5) positions
in the cubic lattice, yielding an agreement factor R,,=20%.
The fit was done over a range of r values from 1 to 30 A.
The experimental PDF was much better described (R,
=14%) by a model based on a tetragonal (noncentrosymmet-
ric) lattice (SG P4mm) with parameters a=3.987(1) A and
c=4.017(1) A, with Ba atoms at (0,0,0), Ti at
(0.5,0.5,0.472), and oxygen atoms at 01(0.5,0.5,-0.105) and
02(0,0.5,0.480) positions inside the unit cell. For compari-
son the structure of bulk tetragonal BaTiO; has been
described in terms of a lattice with parameters a
=3.9909(1) A and ¢=4.0352(1) A, Ba at (0,0,0), Ti at
(0.5,0.5,0.522), 01(0.5,0.5,-0.022), and 02(0,0.5,0.49).1¢
Also, our previous studies showed!” that those parameters
for the 5 nm sample are @=3.997(6) A and ¢
=4.0851(7) A, Ba at (0,00), Ti at (0.50.5,0.47),
01(0.5,0.5,-0.13), and 02(0,0.5,0.49). Our present and pre-
vious results clearly show that the displacement of both Ti
and Ol (apical) oxygen atoms off the vertices of the ideal
perovskite lattice increases with diminishing physical
system/sample size. This result is well in line with the find-
ings of independent extended x-ray-absorption fine structure
(EXAFS) and traditional XRD/Rietveld studies on BaTiO;
samples of substantially reduced length of structural
coherence.!® The increased distortion in Ti-Og units (i.e., the
increased displacement in the centers of the positive and
negative charges) should result in an enhancement of their
dipole moment. As our data for the dielectric constants show,
however, the likely enhancement of local dipole moments in
nano-sized BaTiO; does not translate into an enhancement of
the net spontaneous polarization. The reasons for this coun-
terintuitive behavior are discussed below.

As can also be seen in Fig. 3, the peaks in the experimen-
tal PDFs become increasingly broader with the decrease in
particle size, signaling an increasing structural disorder. The
disorder is very strong, reducing the length of structural co-
herence in the perovskites studied, that is measured by the
real-space distance from which the experimental PDFs decay
to zero, to distances substantially shorter than the average
grain/particle size (e.g., the structural coherence length is
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FIG. 4. (Color online) Model total and metal-metal partial
atomic PDFs for BaTiO; shown over two regions of interatomic
distances. The data are computed on the basis of a cubic-type (line
in blue/dark gray) and tetragonal-type (line in red/light gray)
structures.

only about 2 nm in the 5 nm sample; see Fig. 3). Such
disorder may not be described well within the crystallo-
graphic constraints of either the cubic or tetragonal structure
models alone, as discussed in our previous study.'” This
prompted us to concentrate on some of the model’s most
distinct structural features instead. As such we considered the
distribution of metal atoms (i.e., the distribution of positive
charge) on the vertices of the crystalline lattice since it re-
flects well the ferroelectric behavior of perovskites. Note that
such a consideration is difficult to be done in reciprocal
space since, in contrast to PDF peaks, Bragg peaks are due to
atomic planes and not to particular types of atomic pairs.
The spatial distribution of Ti (B-type) atoms is pretty uni-
form in the cubic phase and not so in the tetragonal one
where they are shifted off the centers of oxygen octahedra,
rendering them polar. On the other hand, the distribution of
Ba (A-type) metal atoms barely changes between the two
crystalline modifications of perovskites. Model total and
metal-metal partial PDFs computed on the basis of the cubic
and tetragonal structures of BaTiO5 are shown in Fig. 4. The
computations were done using the set of refined structural
parameters reported above. As can be seen in the figure, the
PDF peaks pertaining to metal-metal atomic pairs are defi-
nitely sharper for the cubic than for the tetragonal-based
model reflecting the more uniform distribution of Ti atoms in
the former. As a result, the higher-r shoulder of the PDF
doublet at 6.5 A is more pronounced with the tetragonal
structure model than with the cubic one. Also, the ratio of the
PDF peaks at 14.3 A and 14.9 A is quite different for the
two models. It is about 1.2 to 1 for the almost uniform (non-
polar) and about 1 to 1 for the quite nonuniform (polar)
distribution of Ti atoms on the vertices of the perovskite
lattice. Note the PDF peaks (e.g., those at 5.6 and 13.2 A),
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FIG. 5. (Color online) Low-r part of the experimental (symbols)
and model (solid line) PDFs for submicron- and nano-sized
BaTiO;. The individual PDFs shown here are blown out so that the
details in them are seen easier. The model data are computed on the
basis of a tetragonal-type structure. The agreement factors, R,,,
computed over ranges of r values from 0-4 A (line in blue),
4-8 A (line in red), and 8—12 A (line in blue) are reported as
well. Note the agreement factors for the 0—4 A range of data are
somewhat worsened due to the fact that the PDF experimental arti-
facts tend to pile up at low-r values. The vertical lines are a guide to
the eye.

which do not pertain to Ti-related interatomic pairs, do not
show substantial differences between the tetragonal and
cubic-type structure models, as it should. As the data pre-
sented in Figs. 5 and 6 show, the tetragonal-type atomic ar-
rangement is consistently better than the cubic one in de-
scribing all important details in the low-r region (0—12 A)
of the experimental PDF data, in particular the characteristic
shape of the PDF doublet at 6.5 A. The result clearly shows
that at room temperature the nonuniform, i.e., polar-type,
distribution of Ti atoms is present in all submicron- and
nano-sized BaTiO; samples studied. The result is fully in
line with the findings of local probe/spectroscopy techniques
such as Raman,? which have repeatedly shown that local
tetragonal-type distortions are always present in small sized
perovskites. By contrast, the intensity ratio of the PDF peaks
positioned at 14.3 and 14.9 A changes from 1 to 1 for the
1200 nm sample to 1.19 to 1 for the 5 nm sample, as the data
presented in Fig. 7 show. This result may be understood in
the following way: the distorted/polar Ti-Og4 octahedra are
coupled over long-range distances in a 3D lattice in the 1200
nm sample, as in bulk BaTiO3. As a result both materials are
ferroelectric and exhibit a large net polarization (i.e., large
dielectric constants). When the physical size of BaTiO; is
reduced below approximately 1 um, the Ti-Og4 octahedra re-
main and are likely to get even somewhat more distorted but
progressively lose its long-range order. The octahedra obvi-
ously still form a perovskite-type lattice (see the fits in Figs.
4 and 5) but the periodicity of this lattice becomes less and
less extended. As a result the material gradually loses its
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FIG. 6. (Color online) Low-r part of the experimental (symbols)
and model (solid line) PDFs for submicron- and nano-sized
BaTiOj;. The individual PDFs shown here are blown out so that the
details in them are seen easier. The model data are computed on the
basis of a cubic-type structure. The agreement factors, R,,,, com-
puted over ranges of r values from 0—4 A (line in blue), 4—8 A
(line in red), and 8—12 A (line in blue) are reported as well. The
vertical lines are a guide to the eye.

ability to show a large net polarization, i.e., loses its ferro-
electricity. The way this process proceeds is summarized in
Fig. 8. As can be seen in the figure, both the weakening of
the long-range periodicity of the spatial arrangement of the
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FIG. 7. Higher-r part of the experimental atomic PDFs for
submicron- and nano-sized BaTiO; (shifted upward for clarity). The
ratio of the intensities of the very well resolved PDF peaks centered
at 12.7 and 13.3 /f\, which are not related to Ti atoms, does not
change substantially with the particle size. The ratio of the intensi-
ties of the similarly very well resolved PDF peaks centered at 14.3
and 14.9 A, which are related to atomic correlations involving Ti
atoms, changes substantially in a systematic way. The horizontal
broken lines are a guide to the eye.

054107-4



STRUCTURAL COHERENCE AND FERROELECTRICITY ...

£ 25004 (g) o
@ 2000 Q
8
o 1500+ Q
S 1000
? 5
0O 500 .
° BaTiO
3
o , , , , ,
o 0.99- (b) f
©
° 0.96 §
[0}
© 0.93- %
[T
O 0.90- %
i
0.874 .
. BaTiO,
o T
° 100 3
Q 1
2
2
[$]
>
b=
2
<]
3
o
=}
s BaTiO,
0 200 400 600 800 1000 1200

Particle size [nm]

FIG. 8. (Color online) Dielectric constant of submicron- and
nano-sized BaTiO; (a). Ratio of the intensities of the 14.3 and
14.9 A peaks in the experimental PDFs for submicron- and nano-
sized BaTiO; (b). The same data are plotted together with the loss
in resolution of the 10 A PDF doublet (triangles in red) in terms of
relative (%) changes. The quantities are seen to decay exponentially
(solid line) with the physical size of BaTiO3 (c).

distorted/polar Ti-Og octahedra, i.e., of the long-range,
tetragonal-type atomic arrangement, as reflected by the
changing ratio of the intensities of 14.3 and 14.9 A PDF
peaks, and the loss of ferroelectricity, as reflected by the
diminishing dielectric constant, are continuous processes that
mirror each other exactly. When considered in terms of rela-
tive changes, both quantities are seen to collapse on a single
structure/property vs system size curve that may be very well
described by a first-order decaying exponent. To reveal the
force driving the exponential decay of ferroelectricity in
submicron- and nano-sized perovskites, we looked at another
distinctive feature of their atomic ordering, i.e., the presence
of substantial structural disorder, in more detail. This disor-
der is seen as an extra, i.e., beyond the usual thermal broad-
ening of the PDF peaks. The extra broadening increases pro-
gressively with the reduction in the particle/grain size
leading, for example, to a gradual merging of the two com-
ponents of the PDF doublet centered at 10 A (see Fig. 3).
Note that doublet is one of the PDF features that do not
change its shape substantially between the cubic and tetrag-
onal phases of perovskites. As can be seen in Fig. 8(c), the
splitting of the two components of the PDF doublet at 10 A,
i.e., the distinctiveness of the corresponding atomic coordi-
nation spheres, decays exponentially with the physical size
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of BaTiO;. An exponential smearing of the PDF peak inten-
sity distribution is a picture seen in order-disorder processes
as, for example, fast melting of solids.?! In crystallography it
is described by the so-called Debye-Waller factor,”? implying
rms displacements that increase linearly with the diminishing
system size. The rms fluctuations in nanosized perovskites
are indeed rather substantial. For example in 5 nm BaTiOs;,
they amount to ~0.05 A for interatomic distances of the
order of 10 A. Atomic positional disorder of such a magni-
tude is fully capable of destroying the long-range correla-
tions between fine structural features such as the titanium
off-center displacement [~0.03(5) A for 5 nm BaTiO;] in
perovskites. This will inevitably lead to a deterioration of all
cooperative properties, such as ferroelectricity, that need ex-
tended structural coherence/periodicity in order to evolve.
Here it should be noted that our XRD/PDF data do not indi-
cate the coexistence of different phases within the same per-
ovskite grain/particle such as a tetragonal/ferroelectric core
and a cubic-type/paraelectric layer/shell. Thus they are in-
consistent with previous studies suggesting a transition be-
tween such phases taking place at some “critical” system size
or a progressive shrinkage of the ferroelectric core with de-
creasing particle/grain size.”> On the contrary, our results
clearly show that Ti-O4 octahedra are always distorted in
submicron- and nano-sized BaTiO; and the material pre-
serves its tetragonal-type lattice atomic ordering within at
least 3 unit cells (~12 A, see Fig. 5). A similar behavior has
been observed in ultrathin perovskite films as well.® Clearly,
a functionally disrupted or disordered region close to the
surface/interface of very small (e.g., nanosize) perovskite
particles/layers may exist and affect adversely their ferro-
electric properties. The presence and characteristics of such a
region, however, are very much preparation technique and/or
postprocessing dependent, as shown in several recent
studies.>*% 1011 That is why any realistic consideration of the
behavior of ferroelectric perovskites of submicron size
should always take into account the increased lattice posi-
tional disorder, and consider other size-related effects only if
and up to the extent that they are really present.

IV. CONCLUSION

In summary, electronic industry relying on ferroelectric
perovskites seems to face a hurdle just like semiconductor
transistor industry does:?* that is, the increased atomic posi-
tional disorder in systems confined to a small physical size.
However, this is not a fundamental limit. The ferroelectricity
does not disappear abruptly at a particular system size. It just
weakens gradually and it is up to smart technological solu-
tions to restore it by enforcing the translational periodicity of
distorted Ti-Og4 octahedra well beyond a few unit cells of the
perovskite lattice. Good results for thin perovskite films have
already been obtained by using substrates that provide biax-
ial strain, enhancing the tetragonal ordering and, hence, the
remanent polarization.”> Nanosized capacitors may benefit
from electrodes that both provide good screening of the
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unbalanced surface charges?® and enforce longer-range cor-
relations between the atomic displacements responsible for
the polarization in ferroelectrics.?>?’ Effective technological
solutions for submicron/nanosized loose powders and com-
pacted ceramics are yet to be found. The success of future
efforts along this line will require a precise characterization
of the 3D structure of perovskites of very small physical size.
As demonstrated here, high-energy XRD and atomic PDFs
may accomplish this nontrivial task with success.
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