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The atomic-scale structure of nanocrystalline BaxSr1-xTiO3 (x ) 1, 0.5, 0) powders has been studied
using high-energy X-ray diffraction, Rietveld refinement, and the atomic pair distribution function
technique. The studies show that the materials are well-ordered at nanometer length distances. The three-
dimensional atomic ordering in Ba0.5Sr0.5TiO3 and SrTiO3 nanopowders may well be described by a
cubic structure of the perovskite type, similar to that occurring in the corresponding bulk crystals. The
three-dimensional atomic ordering in BaTiO3 is more complex. It is cubic-like on average, but locally
shows slight distortions of a tetragonal-type. The new structural information helps one to understand
better the dielectric properties of these nanomaterials.

1. Introduction

Crystalline perovskite-type oxides show many useful
properties and are widely used as catalysts and in piezo-
electrics and ferroelectrics.1,2 A prime example is the family
of BaxSr1-xTiO3 oxides, in particular, BaTiO3. The material
exists in several crystallographic modifications, each showing
a particular dielectric behavior. At high temperature BaTiO3

has a centrosymmetric cubic structure and is paraelectric.
Between room temperature and 393 K the material possesses
a tetragonal-type structure, below 278 K the structure is
orthorhombic, and below 183 K it is rhombohedral.3 Frag-
ments of the four polymorphs occurring with BaTiO3 are
presented in Figure 1. The picture is characteristic of
perovskites: all crystalline modifications of (Ba/Sr)TiO3

feature a three-dimensional network of Ti-O6 octahedra with
Ba/Sr atoms occupying the network channels. The asym-
metry of the low-temperature crystallographic modifications
arises from a displacement of the Ti cations with respect to
the oxygen octahedra (as depicted in Figures 1b-1d) and
gives rise to spontaneous polarization. As a result, BaTiO3

becomes ferroelectric below 393 K. The high permittivity
of the tetragonal modification of BaTiO3 and the ability to
switch the direction of polarization in response to external
electric fields have found application in commercially
available devices such as thin film and multilayer capaci-
tors.4,5

SrTiO3 is a typical perovskite possessing a cubic structure
(see Figure 1a) at room temperature. Although BaTiO3 and
SrTiO3 have structures of a similar (perovskite) type, they
show very different transition behavior. It is not until SrTiO3

is cooled to 110 K when its cubic structure distorts and
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Figure 1. Fragments of the cubic- (a), tetragonal- (b), orthorhombic- (c),
and rhombohedral-type (d) structures occurring with bulk BaTiO3 crystals.
All structure types feature a 3D network of corner-sharing Ti-O6 octahedra
with Ba atoms (solid circles) occupying the open space between them as
shown in (a). Note the octahedral units are perfect in the cubic-type structure.
The Ti-O6 octahedra shown are somewhat distorted with the non-cubic-
type structure types due to the off-center displacement (directions shown
with arrows) of Ti atoms (solid circles at the center of the octahedra) as
depicted in (b), (c), and (d). The octahedra are centered by Ti atoms (small
solid circles) and coordinated by oxygens (open cicles). The unit cell in
the case of the cubic-type perovskite structure is outlined with thin solid
lines.
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becomes tetragonal.6,7 Thus, SrTiO3 exhibits paraelectric
behavior at room temperature, although recent studies suggest
that the material is indeed an incipient ferroelectric whose
ferroelectricity is suppressed by quantum fluctuations.8

Barium-based mixed oxides have also attracted much
attention.9 In particular, BaxSr1-xTiO3 has shown excellent
dielectric properties, especially as thin films. At room
temperature and low concentrations of Sr (x < 0.5) these
mixed oxides adopt a tetragonal-type structure10 featuring
slightly distorted Ti-O6 octahedra (see Figure 1b). At higher
concentrations of Sr the structure is of the cubic type shown
in Figure 1a.11

It has been discovered that many of the useful properties
of perovskite materials are critically dependent on the
crystallite size. For example, it has been found that at room
temperature the structure of BaTiO3 transforms to cubic-like
when the crystallite size becomes smaller than 100 nm.12,13

On the other hand, high-resolution synchrotron radiation
studies and Raman scattering experiments have shown that
fine BaTiO3 powders with crystallite size as small as 40 nm
show a structure with tetragonal distortions and exhibit
somewhat reduced but still measurable spontaneous polariza-
tion.14 Recently, the attention has shifted to even finer
powders with crystallites as small as only a few nanometers.
The reason is that having BaxSr1-xTiO3 in a nanocrystalline
state is a key requirement for producing defect-free thin
films.15,16 Furthermore, nanosize powders provide good
sinterability, which is an essential property for the fabrication
of advanced ceramic materials.2,4

When in a nanocrystalline state BaxSr1-xTiO3 ceramics are
non-ferroelectric, resulting in stable dielectric properties.17,18

Several explanations for the disappearance of ferroelectricity
have been put forward. They point to the absence of long-
range cooperative structural distortions as one of the main
reasons that could lead to a suppression of the thermody-
namically stable tetragonal phase and the related to it
ferroelectric behavior in nanostructured BaxSr1-xTiO3.19 A
thorough understanding of this so-called size effect and the
properties of nanocrystalline barium/strontium-based materi-
als obviously requires a detailed knowledge of their atomic-

scale structure. Usually the structure of materials is deter-
mined from the Bragg peaks in their diffraction patterns.
However, nanocrystalline materials lack the extended order
of the usual crystals and show diffraction patterns with a
pronounced diffuse component and a few broad Bragg-like
features. This renders the traditional diffraction techniques
for structure determination very difficult to apply. That is
why structural studies on nanocrystals are scarce and the
atomic arrangement in BaxSr1-xTiO3 nanopowders has not
been determined in detail yet. Recently, it has been shown
that the three-dimensional (3D) structure of materials with
reduced structural coherence, including nanocrystals, can be
determined using the so-called atomic pair distribution
function (PDF) technique.20-23 Here, we employ the tradi-
tional Rietveld and the nontraditional PDF technique to
determine the 3D structure of BaxSr1-xTiO3 (x ) 1, 0.5, 0)
nanoparticles with crystallites having size as small as 5 nm.
We find that these nanostructured materials possess a well-
defined atomic arrangement that may be described in terms
of the perovskite-type structure depicted in Figure 1. The
new structural information helps one understand better the
dielectric properties of the nanomaterials.

2. Experimental Section

2.1. Sample Preparation.Nanocrystalline BaxSr1-xTiO3 samples
were obtained through a recently discovered approach employing
a nonhydrolytic and halide-free procedure.24 In the first step of the
procedure metallic barium and/or strontium were dissolved in
anhydrous benzyl alcohol at elevated temperatures (343-373 K).
Generally, Sr needed a higher temperature to dissolve than Ba. The
resulted solutions were mixed with 1 molar equiv of titanium
isopropoxide, and the reaction mixture was transferred to a steel
autoclave and heated at 574 K for 48 h. The heating took place
under subsolvothermal conditions since the boiling point of benzyl
alcohol is about 478 K. Representative TEM images of thus-
obtained nanocrystalline materials are shown in Figures 2, 3, and
4 in ref 24. The TEM images reveal that the samples consist of
individual particles with an average size of about 5 nm. Analyses
based on the width of the peaks in the X-ray diffraction patterns of
BaxSr1-xTiO3 performed by us yielded very similar estimates for
the average nanocrystallites’ size. The TEM studies also show that
the nanocrystals are uniform in size and mostly spherical. No large
particles or agglomerates are observed. Thus-obtained nanocrys-
talline BaxSr1-xTiO3 (x ) 1, 0.5, 0) powders were loaded into glass
capillaries and subjected to synchrotron radiation scattering experi-
ments.

2.2. Synchrotron Radiation Scattering Experiments.Syn-
chrotron radiation scattering experiments were carried out at the
beamline 11-ID-C (Advanced Photon Source, Argonne National
Laboratory) using X-rays of energy 115.232 keV (λ ) 0.1076 Å)
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 success of PDF analysis (Qmax ) 28 Å-1 with
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the present experiments). The scattered radiation was collected with
an imaging plate detector (mar345). The use of an imaging plate
detector greatly reduces the data collection time and improves the
statistical accuracy of the diffraction data as demonstrated by recent
experiments on materials with reduced structural coherence.25 Up
to 10 images were taken for each of the samples. The exposure
time was 10 s/image. The corresponding images were combined,
subjected to geometrical corrections, integrated, and reduced to one-
dimensional X-ray diffraction (XRD) patterns using the computer
program FIT2D.26 Thus-obtained XRD patterns for the three
samples studied are presented in Figure 2.

3. Results

As can be seen in Figure 2, the experimental XRD patterns
of nanocrystalline BaxSr1-xTiO3 powders show only a few
broad, Bragg-like peaks that merge into a slowly oscillating
diffuse component already at Bragg angles as low as 6°. As
our subsequent analyses show, the diffraction patterns of
SrTiO3 and Ba0.5Sr0.5TiO3 can be indexed in a cubic unit
cell while that of BaTiO3 can be indexed in both cubic and
tetragonal unit cells of the perovsike-type structure type
shown in Figure 1. Such diffraction patterns are typical for
materials of limited structural coherence and are obviously
difficult to be tackled by traditional techniques for structure
determination. However, when reduced to the corresponding
atomic PDFs, they become a structure-sensitive quantity
lending itself to structure determination.

The frequently used atomic Pair Distribution Function,
G(r), is defined as

whereF(r) andF0 are the local and average atomic number
densities, respectively, andr is the radial distance. It peaks
at characteristic distances separating pairs of atoms and thus
reflects the atomic-scale structure. The PDFG(r) is the
Fourier transform of the experimentally observable total
structure function,S(Q), i.e.,

whereQ is the magnitude of the wave vector (Q ) 4π sin
θ/λ), 2θ is the angle between the incoming and outgoing
radiation beams, andλ is the wavelength of the radiation
used. The structure function is related to the coherent part
of the total scattered intensity as

where Icoh(Q) is the coherent scattering intensity per atom
in electron units andci and fi are the atomic concentration
and X-ray scattering factor, respectively, for the atomic
species of typei.27 As can be seen from eqs 1-3, the PDF
is simply another representation of the powder XRD data.
However, exploring the diffraction data in real space is
advantageous, especially in the case of materials of limited
structural coherence. First, as eqs 2 and 3 imply, thetotal
scattering, including Bragg scattering as well as diffuse
scattering, contributes to the PDF. In this way both the
average, longer range atomic structure, manifested in the
Bragg peaks, and the local structural distortions, manifested
in the diffuse component of the diffraction pattern, are
reflected in the PDF. And second, the atomic PDFs do not
imply any periodicity and can be used to study the atomic
ordering in materials showing any degree of structural
coherence, ranging from crystals28 to glasses29 and even
liquids.30 Recently, the atomic PDF approach has been
successfully applied to nanocrystalline materials31-33 as well.

Experimental PDFs for the samples studied were obtained
as follows. First, the coherently scattered intensities were
extracted from the corresponding XRD patterns by applying
appropriate corrections for flux, background, Compton
scattering, and sample absorption. The intensities were
normalized in absolute electron units, reduced to structure
functionsQ[S(Q) - 1], and Fourier-transformed to atomic
PDFs. Thus-obtained experimental atomic PDFs are shown
in Figure 3. All data processing was done with the help of
the program RAD.34 As can be seen in Figure 3, the
experimental PDFs are rich in structural features but they
vanish at interatomic distances of 2-2.5 nm which are much
shorter than the average size of the nanocrystals (∼5 nm).
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Figure 2. Experimental powder diffraction patterns for nanocrystalline
BaxSr1-xTiO3 (symbols) and calculated patterns (solid lines) obtained
through Rietveld refinements. The positions of the Bragg peaks of the cubic
(upper set of bars) and tetragonal (lower set of bars) structures that were
fitted to the diffraction pattern of BaTiO3 are given in the lower part of the
plot. Note the diffraction data for SrTiO3 and Ba0.5Sr0.5TiO3 are ap-
proximated with a cubic-type structure only. The corresponding goodness-
of-fit factors,Rw, for each of the refinements are reported in Table 1.

G(r) ) 4πr[F(r) - F0] (1)

G(r) ) (2/π)∫Q)0

Qmax Q[S(Q) - 1]sin(Qr) dQ (2)

S(Q) ) 1 + [Icoh(Q) - ∑ci|fi(Q)|2]/|∑ci fi(Q)|2 (3)
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This observation shows that the nanocrystalline BaxSr1-xTiO3

not only lacks the extended order of usual crystals but shows
some structural distortions that further reduce their structural
coherence. Such structural distortions are frequently observed
with nanoparticles of sizes from 5-10 nm and are often
ascribed to surface relaxation effects.35 The distortions are
more pronounced with nanocrystalline BaTiO3 than with the
samples containing Sr since its PDF decays to zero faster
than those of the other two materials (see Figure 3). The
first peak in the three experimental PDFs shown in Figure 3
is positioned at approximately 1.98(2) Å, which is close to
the average Ti-O first neighbor distance observed in the
corresponding crystalline bulk perovskites. The area under
the peak yields 5.8(2) oxygen neighbors for each titanium
atom, reflecting the presence of Ti-O6 octahedral units in
the nanomaterials. The peak is quite sharp and appears with
almost the same shape and full-width at half-maximum
(∼0.18 Å) in the PDFs for the three samples showing that
they all are built of well-defined Ti-O6 octahedra. Also, the
three experimental PDFs exhibit a similar oscillatory behav-
ior at longer interatomic distances, indicating that nanoc-
rystalline BaxSr1-xTiO3 (x ) 1, 0.5, 0) share common
structural features, those of an extended network of Ti-O6

octahedra. However, some fine but clearly noticeable dif-
ferences in the experimental PDFs are also observed. For
example, the peak at approximately 6.7 Å appears with a
well-pronounced shoulder in the PDF for BaTiO3. The same
peak in the PDF for SrTiO3 has no such pronounced shoulder.
In general, the initial analysis of the experimental PDFs
suggests that the atomic ordering in BaxSr1-xTiO3 nanopo-
wders is likely to be of the same type but differ in some
fine details for different concentrations of Ba and Sr. To
reveal the fine features in the atomic ordering in nano-
crystalline BaxSr1-xTiO3, we tested several structural models

analyzing the experimental diffraction data both in reciprocal
and real space employing the Rietveld and PDF techniques,
respectively.

4. Discussion

At first, we approached the experimental XRD patterns
with the widely employed Rietveld technique. The Rietveld
technique36 is used for crystal structure determination and
refinement from powder diffraction data. The method
employs a least-squares procedure to compare experimental
Bragg intensities with those calculated from a plausible
structural model. The parameters of the model are then
adjusted until the best fit to the experimental diffraction data
is achieved. The progress of the fit is assessed by computing
various goodness-of-fit factors with the most frequently used
being37

where yi
obs and yi

calc are the observed and calculated data
points andwi are weighting factors taking into account the
statistical accuracy of the diffraction experiment. The Ri-
etveld analyses were carried out with the help of the program
FullProf.38 The XRD patterns of nanocrystalline SrTiO3 and
Ba0.5Sr0.5TiO3 were fit with a cubic structure of a perovskite
type39,11 that is found with the corresponding bulk crystals
at room temperature. The XRD pattern of BaTiO3 was
approached with both the cubic and tetragonal structures (see
Figures 1a and 1b) occurring with the corresponding bulk
crystal. Results from the Rietveld refinements are presented
in Figure 2 and the values of the refined structural parameters
in Tables 1 and 2. As can be seen in Figure 2, the XRD
pattern of SrTiO3 and Ba0.5Sr0.5TiO3 are very well reproduced
by a model based on the cubic structure of a perovskite type
shown in Figure 1a. The results show that even when in the
nanocrystalline state, SrTiO3 and Ba0.5Sr0.5TiO3 adopt the
structure type of the corresponding bulk crystals. The XRD
pattern for nanocrystalline BaTiO3 is almost equally well
reproduced by the cubic and tetragonal perovskite-type
structure as the data presented in Figure 2 shows. The values
of the corresponding goodness-of-fit factorsRw, see Tables

(35) Gilbert, B.; Huang, F.; Zhang, H. Z.; Waychunas G. A.; Banfield, J.
F. Science2004, 305, 65.
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(37) Young, R. A. InThe RietVeld Method; Oxford University Press: New
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Figure 3. Experimental PDFs for nanocrystalline BaxSr1-xTiO3 extracted
from the corresponding powder diffraction patterns using data extending
to wave vectors as high as 28 Å-1. The position of the first PDF peak,
reflecting Ti-O first neighbor atomic pairs, is marked with an arrow. Note
the intensity of the first PDF peak changes with the relative Sr/Ba content
due to the different scattering power for X-rays of Ba and Sr. A broken
line runs, as a guide to the eye, through the shoulder of the PDF peak
centered at approximately 6.7 Å. The shoulder diminishes with Sr content.

Table 1. Structure Data for Nanocrystalline BaxSr1-xTiO3 (x ) 1,
0.5, 0) as Obtained by the Present Rietveld and PDF Refinementsa

BaTiO3 Ba0.5Sr0.5Ti O3 SrTiO3

Rietveld PDF Rietveld PDF Rietveld PDF

a, Å 4.016(6) 4.021(5) 3.985(4) 3.979(6) 3.930(3) 3.927(5)
UBa/Sr(Å2) 0.022(2) 0.009(2) 0.014(2) 0.016(2) 0.013(2) 0.009(2)
UTi (Å2) 0.016(2) 0.015(2) 0.013(2) 0.006(2) 0.008(2) 0.010(2)
UO (Å2) -0.001(2) 0.022(2) 0.001(2) 0.030(2) 0.012(2) 0.031(2)
Rw, % 2.81 25 2.37 19 2.34 18

a The refinements are based on the cubic-type structure presented in
Figure 1a. The goodness-of-fit (Rietveld, see eq 4) and reliability (PDF,
see eq 5) factorsRw are reported for each of the refinements.

Rw ) {∑ wi(yi
obs- yi

calc)2

∑ wi(yi
obs)2 }1/2

(4)
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1 and 2, does not allow one to draw a definitive conclusion
in favor of either of the two different structure models
attempted either. Moreover, the Rietveld analysis of the XRD
data for the nanocrystalline BaTiO3 yielded negative values
for the mean-square atomic displacements of oxygen atoms
(also known as thermal factors; see Tables 1 and 2). Such
unphysical results are often obtained with Rietveld analyses
of powder diffraction patterns for materials with considerably
reduced structural coherence. The problems stem from the
inability of the Rietveld analysis to handle properly diffrac-
tion patterns showing both broad Bragg peaks and pro-
nounced diffuse scattering. As we demonstrate below, the
difficulties are greatly reduced when the diffraction data are
analyzed in terms of the corresponding atomic PDFs.
Similarly to the Rietveld technique, the PDF technique
employs a least-squares procedure to compare experimental
and model data (PDF) calculated from a plausible structural
model. The structural parameters of the model (unit cell
constants, atomic coordinates, and thermal factors) are
adjusted until the best possible fit to the experimental data
is achieved. The progress of the refinement is assessed by
computing a reliability factor,Rw:

whereGexp. and Gcalc. are the experimental and calculated
PDFs, respectively, andwi are weighting factors reflecting
the statistical quality of the individual data points.

Results from the PDF analyses of the experimental data
for BaxSr1-xTiO3 (x ) 1, 0.5, 0) in terms of the cubic
structure are presented in Figures 4 , 5, and 6.Structure data
from literature sources3,40-42 were used as initial values in
the PDF refinements. The PDF refinements were done with
the help of the program PDFFIT.43 To mimic the presence
of limited structural disorder in the nanocrystalline materials,
we multiplied the model PDF data with a decaying exponent
of the type exp(-Rr) as originally suggested by Ergun and
later on implemented in a similar manner by Gilbert et al.44

Typical values forR used were of the order of 0.1 Å-1. The

refined values of the structural parameters from the analysis
are summarized in Table 1. In the case of SrTiO3 and Ba0.5-
Sr0.5TiO3 the PDF-based fit yielded structural parameters that
are in good agreement with the present Rietveld results (see
Table 1). The agreement documents well the fact that the
atomic PDF provides a firm quantitative basis for structure
determination. The reliability factors (defined by eq 5) also
reported in Table 1 are as low (∼18%) as could be achieved
with a PDF refinement.45 These results support the findings
of the Rietveld refinements that the atomic ordering in
nanocrystalline SrTiO3 and Ba0.5Sr0.5TiO3 can be well-
described in terms of the perovskite, cubic-type structure
(space groupPm3hm) depicted in Figure 1a. Models based
on the perovskite, tetragonal-type structure (space group
P4mm) were also attempted with the PDF data for SrTiO3

and Ba0.5Sr0.5TiO3. These models, although having more
internal degrees of freedom, did not give any significant

(40) Buttner, R. H.; Maslen, E. N.Acta Crystallogr. 1983, 39, 7764.
(41) Evans, H. T.Acta Crystallogr. 1967, 1, 1948.
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F.; Zhang, H. Z.; Waychunas, G. A.; Banfield, J. F.Science2004,
305, 65.

Table 2. Structure Data for Nanocrystalline BaTiO3 as Obtained by
the Present Rietveld and PDF Refinementsa

Rietveld PDF

a, Å 3.987(6) 3.997(6)
c, Å 4.091(7) 4.0851(7)
z(Ti) 0.467(5) 0.470(3)
z(O1) -0.138(5) -0.130(7)
z(O2) 0.495(6) 0.490(3)
UBa(Å2) 0.027(2) 0.010(2)
UTi (Å2) 0.006(2) 0.018(2)
UO (Å2) -0.020(2) 0.021(2)
Rw, % 2.47 21

a The refinements are based on the tetragonal-type structure presented
in Figure 1b. The goodness-of-fit (Rietveld, see eq 4) and reliability (PDF,
see eq 5) factorsRw are reported for each of the refinements.

Rw ) {∑ wi(Gi
exp. - Gi

calc.)2

∑ wi(Gi
exp.)2 }1/2

(5)

Figure 4. Experimental (symbols) and model (solid line) PDFs for BaTiO3.

The model PDF is based on the cubic-type structure shown in Figure 1a.
The parameters of the model are given in Table 1. The reliability factorRw

is reported in the lower part of the figure.

Figure 5. Experimental (symbols) and model (solid line) PDFs for Ba0.5-
Sr0.5TiO3. The model PDF is based on a structure of the cubic type shown
in Figure 1a. The parameters of the model are given in Table 1. The
reliability factorRw is reported in the lower part of the figure. The peak at
6.7 Å is given an enlarged scale in the inset. Its shape is well-reproduced
by a cubic-type model.
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improvement in the reliability factors nor in reproducing the
important details in the experimental data. This observation
reinforced our conclusion that nanocrystalline SrTiO3 and
Ba0.5Sr0.5TiO3 studied by us possess a cubic-type structure
at room temperature as their crystalline analogues do.

The atomic ordering in BaTiO3, however, is not so well-
described in terms of the perovskite, cubic-type structure as
the relatively high value (∼25%, see Table 1) of the
corresponding reliability factorRw shows. That is why we
attempted three more structural models based on the other
three structural modifications: tetragonal (space group
P4mm), orthorhombic (space groupAmm2), and rhombohe-
dral (space groupR3m), occurring with bulk crystalline
BaTiO3. Results from PDF analyses of the experimental data
in terms of these three structural models are presented in
Figures 7, 8, and 9, respectively. As the results in Figures 8
and 9 show, the orthorhombic- and rhombohedral-type
models (see Figures 1c and 1d) may be unambiguously ruled
out because they feature substantially distorted Ti-O6

octahedral units, i.e., a broad distribution of first neighbor
Ti-O distances (2 Ti-O distances at 1.86 Å, two Ti-O

distances of 2.0 Å, and two Ti-O distances of 2.16 Å with
the orthorhombic model; three Ti-O distances of 1.87 Å
and three Ti-O distances of 2.13 Å with the rhombohedral
model) resulting in a split first PDF peak, a feature the
experimental data do not show. On the other hand, the model
based on the tetragonal-type structure considerably improves
the reliability factor (compare the PDF-basedRw values
reported in Tables 1 and 2 calculated over the whole range
of PDF data from 1 to 28 Å) and better describes the fine
features in the experimental PDF data appearing at low-r
values, in particular, the intensity distribution of the two
subcomponents of the split PDF peak at 10 Å and the position
and intensity of the shoulder of the peak at 6.9 Å (see the
inset in Figure 7). The shoulder reflects mostly correlations
between oxygen atoms from neighboring Ti-O6 octahedra
and its pronounced presence in the PDF for BaTiO3 and

(45) Here it may be noted that the agreement factors achieved with the
PDF refinements appear somewhat higher when compared to those
resulted from the Rietveld refinement of diffraction data in reciprocal
space (see Tables 1 and 2). This reflects the fact that an atomic PDF
differs from the corresponding XRD pattern and is a quantity much
more sensitive to the local atomic ordering in materials. Furthermore,
the PDFG(r) is very sensitive to the effects of imperfect data correction
and systematic errors. As a result,Rw’s close to 20% are common for
PDF refinements even of well-crystallized materials.21,23,31The inher-
ently higher absolute value of the reliability factors resulting from
PDF-based refinements does not affect their functional purpose as a
residuals quantity that must be minimized to find the best fit and as
a quantity allowing differentiation between competing structural
models. It may also be noted that when the atomic pair correlation
function,g(r), defined asg(r) ) F(r)/F0, is used to guide a refinement
of a structural model, the resulting reliability factorsRw are signifi-
cantly lower than those reported from a refinement based on the
corresponding PDFG(r), and very close to the values of the goodness-
of-fit indicators reported from Rietveld analyses. We, however, prefer
to work with the PDFG(r) and notg(r) since the former scales with
the radial distancer (see the multiplicative factor in the definition of
G(r); eq 1) and is thus more sensitive to the longer range atomic
correlations.

Figure 6. Experimental (symbols) and model (solid line) PDFs for SrTiO3.
The model PDF is based on a structure of the cubic type shown in Figure
1a. The parameters of the model are given in Table 1. The reliability factor
Rw is reported in the lower part of the figure. The peak at 6.7 Å is given an
enlarged scale in the inset. Its shape is well-reproduced by a cubic-type
model.

Figure 7. Experimental (symbols) and model (solid line) PDFs for BaTiO3.
The model PDF is based on the tetragonal-type structure shown in Figure
1b. The parameters of the model are given in Table 2. The reliability factor
Rw is reported in the lower part of the figure. A portion of the experimental
data (open circles) is compared to model ones based on cubic-type (solid
line) and tetragonal-type structures (solid symbols) in the inset on an
enlarged scale. The experimental data are better reproduced by the
tetragonal-type model.

Figure 8. Experimental (symbols) and model (solid line) PDFs for BaTiO3.
The model PDF is based on the orthorhombic-type structure shown in Figure
1c. The reliability factorRw is reported in the lower part of the figure. An
arrow marks the position of the first PDF peak where the model and
experimental data show a strong disagreement. The same peak is given in
the inset on an enlarged scale.
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almost disappearance in the PDFs for SrTiO3 and Ba05Sr0.5-
TiO3 (see Figure 3) indicates that those octahedral units are
somewhat distorted/rotated in the former material and almost
perfectly lined up in the materials containing Sr. The results
suggest that the atomic ordering in nanocrystalline BaTiO3

studied by us is likely to exhibit slight distortions similar to
those occurring in bulk tetragonal BaTiO3 crystal.

The tetragonal structure too features somewhat distorted
Ti-O6 octahedra (one Ti-O distance of approximately 1.9
Å, four Ti-O distances of 2.0 Å, and one Ti-O distance of
2.15 Å). The first peak in the PDF for nanocrystalline
BaTiO3, however, is very well reproduced by the tetragonal-
based model, indicating that a model featuring slightly
distorted Ti-O6 octahedra is compatible with the experi-
mental diffraction data. Interestingly, the tetragonal-based
model is superior over the cubic one mostly at low-r
distances (0-15 Å) as the data in Figure 10 a show. It also
agrees reasonably well with the PDF data at higherr
distances and yields a better overall reliability factorRw (see
Figure 7). A closer look at the behavior of the model data at
higherr distances, however, shows (see Figure 10b) that the
cubic-based model somewhat outperforms the tetragonal-
based one as the corresponding reliability factorsRw (this
time calculated over a range of real space distances from 15
to 28 Å) shows. For longer range distances the tetragonal-
structure-based model does not reproduce the intensities of
the experimental PDF peaks as good as the cubic-type models
do and, furthermore, seems to produce a PDF that is not
perfectly lined up with the experimental data for distances
longer than 24 Å. The fact that the tetragonal-type model is
superior over the cubic-type one mostly at distances shorter
than 10-15 Å shows that the fine tetragonal distortions in
nanocrystalline BaTiO3 are very likely to be local in nature
(up to 10-15 Å) and coexist with a cubic-type arrangement
at longer range interatomic distances. The coexistence of a
lower symmetry local and a higher symmetry average atomic
arrangements is not an unusual picture and has even been
observed with perfectly crystalline materials such as In-
Ga-As semiconductors for example. These are single-phase

materials possessing a long-range cubic structure and sub-
stantially distorted local atomic ordering.29 Nanocrystalline
ZrO2 has also shown a distorted local and cubic-type, longer
range atomic structure.33 Furthermore, recent NMR studies46

have suggested that even bulk cubic BaTiO3 crystal may be
viewed as an assembly of a large number of small and
randomly oriented “tetragonal” nanosize domains with
dynamically elongated unit cells which transform into a phase
with macroscopic tetragonal structure only when cooled
below 393 K. With nanocrystalline BaTiO3 such a transfor-
mation of the local tetragonal-type distortions into a mac-
roscopic tetragonal-type structure that is thermodynamically
stable at room temperature may not occur because of the
very limited structural coherence length (∼2 nm) in the
material.

In summary, the results of our structural studies show that
nanocrystalline SrTiO3 and Ba0.5Sr0.5TiO3 possess a structure
of a perovskite type exhibiting almost perfect Ti-O6 units
arranged in a long-range pattern with cubic symmetry. The
atomic arrangement in nanocrystalline BaTiO3 is also of a
perovskite type but exhibits slight tetragonal distortions that
show up at short-range interatomic distances only.

This new structural information helps one understand the
dielectric properties of BaxSr1-xTiO3 (x ) 1, 0.5, 0) nano-
ceramics as follows: The longer range cubic (centrosym-
metric structures) of SrTiO3 and Ba0.5Sr0.5TiO3 are incom-
patible with the appearance of ferroelectricity and the
materials do not show spontaneous polarization as experi-
mentally observed.12-16 The situation with BaTiO3 is more
complex. The material shows local tetragonal distortions but
they seem to be confined to distances as short as 10-15 Å
only. As the theoretical estimates of Lines and Glass
suggest,47 the correlation length between polar units in

(46) Zalar, B.; Lebar, A.; Selinger, J.; Blinc, R.Phys. ReV. B. 2005, 71,
064107.

(47) Lines, M. E.; Glass, A. M. InPrinciples and Applications of
Ferroelectrics and Related Materials; Clarendon: Oxford, 1977.

Figure 9. Experimental (symbols) and model (solid line) PDFs for BaTiO3.
The model PDF is based on the rhombohedral-type structure shown in Figure
1d. The reliability factorRw is reported in the lower part of the figure. An
arrow marks the position of the first PDF peak where the model and
experimental data show a strong disagreement. The same peak is given in
the inset on an enlarged scale.

Figure 10. Low r (0-15 Å; upper panel) and higherr part (15-28 Å;
lower panel) of the experimental (symbols) and model (solid line) PDFs
for BaTiO3. The model PDFs are based on the cubic- and tetragonal-type
structures shown in Figure 1a and 1b, respectively. The corresponding
structural parameters are summarized in Table 1 and Table 2, respectively.
The reported in the figure reliability factorsRw are calculated over the
corresponding range of distances.
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ferroelectric materials are of the order of at least 10 and 2
nm in directions parallel and perpendicular to the polarization
vector, respectively. With nanocrystalline BaTiO3 the polar
units (slightly distorted/rotated Ti-O6 octahedra) are cor-
related over distances of about 1.5 nm only and may not
become a driving force strong enough to transform the longer
range structure into an asymmetric (tetragonal) one even at
room temperature. As a result, the material does not show
macroscopic spontaneous polarization as observed in
practice.12-16

5. Conclusions

The atomic arrangement in nanocrystalline BaxSr1-xTiO3

(x ) 1, 0.5, 0) has been studied by synchrotron radiation
scattering experiments and Rietveld and atomic PDF tech-
niques. The materials have been found to possess an atomic
arrangement well-defined over 2-2.5 nm distances and
resembling the one occurring in the crystalline perovskites.
Although the structural coherence length in the nanostruc-
tured materials is greatly reduced, their structure still may
be described in terms of a repetitive unit cell containing only
a few atoms as the data summarized in Tables 1 and 2 show.
SrTiO3 and Ba0.5Sr0.5TiO3 possess an atomic arrangement that

is cubic type at both short and longer range interatomic
distances. The local symmetry with nanocrystalline BaTiO3

is tetragonal but the slight tetragonal distortions seem to
average out and the structure of the material is better
described in terms of a cubic-like ordering at longer range
distances. That is presumably the reason nanocrystalline
BaTiO3, similarly to SrTiO3 and Ba0.5Sr0.5TiO3, does not
show spontaneous polarization at room temperature.

This study is another demonstration of the ability of the
PDF technique to yield three-dimensional structural informa-
tion for materials of limited structural coherence, including
nanocrystalline materials. The technique succeeds because
it relies on total scattering data obtained from the material
and, as a result, is sensitive to its essential structural features
regardless of crystalline periodicity and size.
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