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ABSTRACT The effect of isovalent chemical substitution on the magnitude and coherence length of

local ferroelectric distortions present in sub-20 nm Ba, _,Sr,TiO; (x = 0.0, 0.30, 0.50, 1.0) and BaTi, _,Zr,0;

(y = 0.0, 0.15, 0.50, 1.0) nanocrystals synthesized at room temperature is investigated using X-ray

absorption near edge structure (XANES) and pair distribution function analysis of X-ray total scattering

data (PDF). Although the average crystal structure of the nanocrystals is adequately described by a

centrosymmetric, cubic Pm3m space group, local ferroelectric distortions due to the displacement of the

titanium atom from the center of the perovskite lattice are observed for all compositions, except BaZr0;. The

symmetry of the ferroelectric distortions is adequately described by a tetragonal P4mm space group. The

magnitude of the local displacements of the titanium atom in BaTiO; nanocrystals is comparable to that

TEM

PDF

Rietveld

observed in single crystals and bulk ceramics, but the coherence length of their ferroelectric coupling is much shorter (<20 R). Substitution of S** " for Ba>"

and of Zr*" for Ti**" induces a tetragonal-to-cubic transition of the room temperature local crystal structure, analogous to that observed for single crystals

and bulk ceramics at similar compositions. This transition is driven by a reduction of the magnitude of the local displacements of the titanium atom and/or

of the coherence length of their ferroelectric coupling. Replacing 50% of Ba>™ with Sr* slightly reduces the magnitude of the titanium displacement, but

the coherence length is not affected. In contrast, replacing 15% of the ferroelectrically active Ti** with Zr** leads to a significant reduction of the

coherence length. Deviations from the ideal solid solution behavior are observed in BaTi; _,Zr,0; nanocrystals and are attributed to an inhomogeneous

distribution of the barium atoms in the nanocrystal. Composition—structure relationships derived for Ba,_,Sr,Ti0; and BaTi,_,Zr,0; nanocrystals

demonstrate that the evolution of the room temperature local crystal structure with chemical composition parallels that of single crystals and bulk

ceramics, and that chemical control over ferroelectric distortions is possible in the sub-20 nm size range. In addition, the potential of PDF analysis of total

scattering data to probe compositional fluctuations in nanocrystals is demonstrated.
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and BaTi,_,Zr, O3 span a broad range

of dielectric phenomena that make
them functional materials in complex oxide-
based microelectronics. The end members
of these solid solutions are BaTiOs, SrTiOs,
and BaZrOs. Although they share an ABO;
perovskite crystal structure consisting of
AO,, cuboctahedra (A = Ba, Sr) and BOg
octahedra (B =Ti, Zr) as a common feature,
their phase diagrams and dielectric beha-
vior differ significantly. BaTiO; undergoes
three structural phase transitions: rhombo-
hedral (R3m) to orthorhombic (Amm?2) at
183 K, orthorhombic to tetragonal (P4mm)
at 278 K, and tetragonal to cubic (Pm3m) at

P erovskite solid solutions Ba;_,Sr,TiO3
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393 K.! The three low temperature phases
are ferroelectric, whereas the high tem-
perature phase is paraelectric. SrTiOs is a
guantum paraelectric featuring a tetragonal
(l4/mcm) to cubic (Pm3m) phase transition
at 105 K2 The stabilization of the paraelec-
tric state in the low temperature phase is
due to zero-point quantum fluctuations of
the atomic positions. Finally, BaZrO; re-
mains cubic (Pm3m) and paraelectric at all
temperatures.

The crystal structure and dielectric prop-
erties of ABO3 perovskites can be rationally
tuned through isovalent chemical substi-
tution in the A or B sites. For example,
the room temperature crystal structure of
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Figure 1. (a) XRD patterns of Ba,_,Sr,TiO3 and BaTi,_,Zr,0O3 nanocrystals. Diffraction maxima corresponding to BaCO; are
denoted with the asterisk (x) symbol. TEM images of (b) Bag 70Sro.30TiO3 and (c) BaTig g5Zr¢ 1503 nanocrystals. Size distribution
histograms obtained by analyzing 100 nanocrystals and high-resolution TEM images of individual nanocrystals are shown in

the insets.

Ba,_,Sr,TiO3 changes from tetragonal to cubic upon
substitution of ca. 30—50% of Sr** for Ba>".*~° This is
accompanied by a decrease in the Curie temperature
of the ferroelectric-to-paraelectric transition along with
an enhancement of the room temperature dielectric
constant.>® Similarly, BaTi;_,Zr,05 has a multiphase
point at y ~ 0.15 in which rhombohedral, orthorhom-
bic, tetragonal, and cubic phases coexist near room
temperature; at this particular substitution level, an
enhancement of the room temperature dielectric con-
stant is also observed.”~"? This solid solution exhibits
normal ferroelectric behavior for y < 0.10 and relaxor
behavior for 0.25 < y < 0.40; the ferroelectric-to-relaxor
crossover occurs via a diffuse phase transition for
0.10 < y < 0.25.

Although the phase diagrams of Ba;_,Sr,TiOs and
BaTi;_,Zr,05 solid solutions are well established for
single crystals and bulk ceramics, free-standing nano-
crystals of these compositions have not been the
subject of a systematic composition—structure inves-
tigation. Indeed, extensive work has been carried out
to understand the structural bases of the “size effect” in
ferroelectric BaTiOs.">~2° Typically, this has been done
by probing the atomic arrangement of a set of BaTiO3
nanocrystals of fixed composition and varying size.
However, to the best of our knowledge, no systematic
structural studies of perovskite nanocrystals of varying
composition and fixed size have been reported. Petkov
et al., for example, investigated the crystal structure
of 5 nm Ba;_,Sr,TiO3 nanocrystals (x = 0, 0.5, 1), but
structural parameters to support the presence (or
absence) of local ferroelectric distortions were pro-
vided only for BaTiO;.2? As a consequence, it remains
unclear how the bulk structural picture changes with
chemical composition upon reduction of the grain size.
Specifically, there is a need to understand how the
magnitude and coherence of local ferroelectric distor-
tions change with nanocrystal chemical composition.
Indeed, high k nanodielectrics such as Ba;_,Sr,TiOs
and BaTi;_,Zr, 05 solid solutions feature polar nano-
regions whose dynamics determine the functionality of
the nanomaterials.”?’~3' Current interest in free-standing
perovskite nanocrystals of complex composition arises
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from the potential that high k nanodielectrics offer in
microelectronics, particularly in terms of device down-
scaling and integration.3® An area of major interest
is the development of solution-based synthetic ap-
proaches to the preparation of high-quality thin films
showing nanometer-size grains and bulk-like dielectric
properties.>?33 From this perspective, understanding
compositional control of structure—property relations
in high k nanodielectrics synthesized using solution-
based approaches is of prime importance from both
fundamental and applied standpoints.

In this work, X-ray absorption spectroscopy and
X-ray total scattering were employed to derive com-
position—structure relationships for free-standing,
sub-20 nm Ba;_,Sr,TiO3 (x = 0.0, 0.30, 0.50, 1.0) and
BaTi;_,Zr,05 (y = 0.0, 0.15, 0.50, 1.0) nanocrystals
synthesized at room temperature. Specific chemical
compositions were selected to facilitate comparison
with phase diagrams derived from structural investiga-
tions of single crystals and bulk ceramics. X-ray tech-
niques were chosen to probe the atomic arrangement
of the perovskite nanocrystals over complementary
length scales. The local atomic environment of the
ferroelectrically active Ti*' cation was probed using
Ti K edge X-ray absorption near edge structure spec-
troscopy (XANES). The average and local crystal struc-
ture were investigated using Rietveld and pair distribu-
tion function (PDF) analysis of X-ray total scattering
data. From a structural standpoint, emphasis was
placed on elucidating the dependence of the magni-
tude and coherence of local ferroelectric distortions in
Ba;_,Sr,TiO3 and BaTi; _,Zr, 05 nanocrystals on chemi-
cal composition. From a chemical standpoint, empha-
sis was placed on assessing the chemical homogeneity
of Ba; _,Sr,TiO3 and BaTi, _,Zr,O3 nanocrystals, as com-
positional fluctuations are known to play a crucial role
in the dynamics of polar nanoregions.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns and transmission
electron microscopy (TEM) images of Ba; _,Sr,TiOs and
BaTi;_,Zr,05; nanocrystals are shown in Figure 1. Dif-
fraction maxima arising from the perovskite phase can
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be indexed to the centrosymmetric, cubic Pm3m space
group. The presence of minor amounts of BaCOs3 (ICSD
No. 158378, orthorhombic Pmcn space group) is ob-
served in the patterns of BaTiOs, BaTiggsZrg 1503, and
BaZrOs. This carbonate phase results from the chem-
isorption of atmospheric CO, upon postsynthetic ex-
posure of the nanocrystals to air3* 3 Nanocrystals
belonging to the Ba; _,Sr,TiOs solid solution are 8.9 +
1.5 (x=0.0),12.3 + 1.7 (x =0.30), 13.3 £ 2.2 (x = 0.50),
and 14.8 £ 1.9 (x = 1.0) nm in diameter, while those
belonging to the BaTi;_,Zr,05 solid solution possess
diameters of 104 £ 1.3 (y=0.15), 11.5 & 1.5 (y = 0.50),
and 114+ 1.9 (y=1.0) nm (see Supporting Information).
High-resolution TEM images of individual nanocrystals
show the presence of well-defined lattice fringes corre-
sponding to the {110} crystal planes of the perovskite
phase.

X-ray Absorption Near Edge Structure. Ti K edge XANES
spectra of BaTiOs, Bag 70Sro30TiO3, and BaTiggs5Zrg 1503
nanocrystals are given in Figure 2. The fine structure of
the pre-edge region spanning the 4965—4975 eV
energy range provides qualitative and quantitative
information about the local atomic environment of
the titanium atom.3”*° The pre-edge region consists
of three peaks centered at ~4966.9 (A), 4969.0 (B), and
4972.5 (C) eV. Important in the context of this work is
peak B, arising from a Ti s — d—p electronic transition;
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Figure 2. Ti K edge XANES spectra of BaTiO3, Bag 70Sro30TiO3,
and BaTig gsZr 1503 nanocrystals. The fine structure of the
pre-edge region is shown in the inset.

d—p hybridization occurs due to the displacement of
the titanium atom from the instantaneous center of
the octahedral oxygen cage. The magnitude of this
displacement, defined here as Agi_o, can be ex-
tracted from the area under peak B (see Methods for
details). Ar;_o, values of 0.25(1), 0.23(1), and 0.24(1) A
were obtained for BaTiOs;, Bag70Sro30TiOs, and
BaTipg5Zr0.1503, respectively. Agi_o, in BaTiO; nano-
crystals is comparable to that reported in previous
X-ray absorption investigations of BaTiOs single
crystals®®° and bulk ceramics.3#3°*' This finding gives
further support to the notion that the “size effect” in
ferroelectric BaTiO3 does not result from a decrease
in the magnitude of local dipoles upon decreasing the
grain size, but originates from a reduction in the spatial
coherence of their ferroelectric coupling.'®?>2* Re-
duced Ag;_o, values obtained for Bag 705r030TiO3 and
BaTiggsZro1503 nanocrystals indicate that isovalent
substitution in the A or B sites reduces the magnitude
of the titanium displacement. This reduction is compar-
able to that reported in previous XANES investigations of
chemically substituted BaTiO; bulk ceramics*'~*3
Rietveld Analysis. Rietveld analysis of XRD patterns
was carried out using the cubic Pm3m space group. A
BaCO3 phase was included when needed. For this
phase, the scale factor and lattice constants were
refined. Results from Rietveld analyses are given in
Table 1. Fits for two selected compositions are shown
in Figure 3 panels a and b; fits for other compositions
are given in the Supporting Information. A plot of the
cubic lattice constant g as a function of the chemical
substitution in Ba,;_,Sr,TiO; and BaTi;_,Zr,O3 nano-
crystals is shown in Figure 3c. Low R, values and visual
inspection of the fits show that the average (i.e., long-
range) crystal structure of Ba,_,Sr,TiO; and BaTi;_,Zr,0;
nanocrystals is adequately described by a cubic unit
cell with the titanium atom in the center. The lattice
constant of Ba;_,Sr,TiO; (BaTi,_,Zr,0O3) nanocrystals
decreases (increases) upon increasing x (y), as expected
on the basis of ionic radii (rg,> " = 142 A, rs,> " =1.26 A,
it =061A,r;,*"=0.72 A). In the case of Ba; _,5r,TiO3
nanocrystals, a increases linearly with x, indicating an
ideal solid solution behavior in which the Ba®* and
Sr** cations are randomly distributed over the A site.

TABLE 1. Rietveld Analysis of X-ray Diffraction Data of Ba,_,Sr,TiO; and BaTi,_,Zr,0; Nanocrystals

composition a (k) VR Uy (R
BaTi0, 4.0356(2) 65.725(11) 1.09(6)
Bag 70510 3105 3.9998(2) 63.990(9) 1.09(6)
Bao soSTo.soTi0s 3.9785() 62.975(11) 1070)
SITi0, 3.92056(12) 60.0262(6) 0.85(4)
BaTig g52rg.1503 4.0716(3) 67.498(16) 1.49(10)
Bain soZr0.5003 4117(5) 69.51(2) 142(16)
Bazr0; 4.2107(2) 74.657(13) 1.22(10)

Ug (BY)° Up (RY° BaC0; wt %° Rup
1.56(9) 0.27(13) 9.002) 3.0
1.55(8) 0.53(11) 29
1.59(10) 0.74(14) 27
1.14(5) 0.95(7) 24
1.61(13) 0.8(2) 3.00) 27
2702) 0.503) 3.1
1.25(12) 0.8(2) 12.1(4) 23

?Given as 100 x U.° Lattice parameters (g, b, ¢) of BaC0s: (a, in BaTi0;) 5.269(7), 8.967(12), 6.425(8) & (b, in BaTig g5Zrq.1503) 5.279(15), 8.98(3), 6.418(18) K (¢ in Bazr0;)

5.258(9), 8.924(14), 6.445(10) A.
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Figure 3. Rietveld analysis of XRD patterns of (a)
Bag.70Sr0.30TiO3, and (b) BaTig gsZro 1503 nanocrystals. Ex-
perimental (O) and calculated (red line) patterns are
shown along with the difference curve (blue line) and tick-
marks (green) corresponding to the phase(s) refined. For
BaTig.g5Zro.1503, upper and lower tickmarks correspond to
the cubic perovskite and orthorhombic BaCO; phases,
respectively. (c) Evolution of the lattice constant a as func-
tion of the chemical substitution. Linear fits to the calcu-
lated a values are shown as dashed lines; the corresponding
R? values are given for each fit.

In contrast, deviations from this ideal behavior are
observed for BaTi;_,Zr, O3 nanocrystals upon substitu-
tion of Zr** for Ti*" in the B site; the origin of these
deviations is discussed in detail in the next section.
Despite the ability of the Pm3m space group to
provide an adequate description of the average crystal
structure of perovskite nanocrystals, abnormally low
values of the isotropic temperature factor of the oxy-
gen atom (i.e., Uo < Uy and Ug < Ug,) were system-
atically obtained, indicating a deficiency of the cubic
structural model. Because XANES spectroscopy pro-
vided evidence for the displacement of the titanium
atom from the center of the oxygen cage, Rietveld
refinements with the noncentrosymmetric, tetragonal
P4mm space group were attempted. These, however,
yielded unphysical values of the temperature factor of
the oxygen atom (i.e, Uy < 0), similar to what was
observed in earlier structural investigations of sub-
10 nm BaTiO5 nanocrystals.>>** The inability of Rietveld
analysis to provide a complete set of reliable structural
parameters for the cubic and tetragonal models stems
from the reduced structural coherence of the nano-
crystals. This intrinsic feature of nanocrystalline materi-
als results in diffuse scattering which, although much
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weaker than Bragg scattering,*>*® must be taken into

account. Structural parameters derived from Rietveld
analysis, however, are solely based on the modeling of
Bragg scattering.

Pair Distribution Function Analysis. PDF analysis is a total
scattering technique that allows both the Bragg and
diffuse scattering components of the XRD diffraction
pattern to be accounted for when modeling a crystal
structure. Experimental PDFs of Ba,_,Sr,TiO; and
BaTi,_,Zr,05 nanocrystals are given in the Supporting
Information. Modeling was performed using the cubic
Pm3m and the tetragonal PAmm space groups. The
tetragonal PAmm space group was chosen over the
rhombohedral R3m and orthorhombic Amm?2 space
groups on the basis of an earlier structural investiga-
tion of 9 nm BaTiO3; nanocrystals that showed that the
tetragonal model provides a better description of the
atomic arrangement.** For the PAmm space group, the
positions of the oxygen atoms were fixed at (1/2,0, 1/2)
and (1/2, 1/2, 0). Results from PDF analyses are sum-
marized in Table 2. Fits to the experimental PDFs of
BaTiOs, Bag70SrosoliOs, and BaTiggsZry 1505 in the
1.5—20 A range are shown in Figure 4, whereas fits
for other compositions and in the full interatomic
distance range are given in the Supporting Informa-
tion. The following parameters of the calculated tetra-
gonal models are plotted in Figure 5a—d as a function
of the chemical substitution: (1) the average lattice
constant (a%c)"?; (2) the difference between the R,
values obtained for the cubic and tetragonal models
defined as: AR,, = Ri™™ — R0A™™. (3) the degree of
tetragonality of the perovskite unit cell defined as:
t =(c/a — 1) x 100; and (4) the mean displacement of
the B site cation along the ¢ axis defined as dg = z5 x c.
(Note: dg values can be considered a good estimate of
the average displacement of the titanium atom along
the polar axis in Ba;_,Sr,TiO3 nanocrystals. In the case
of BaTi;_,Zr,05 nanocrystals, however, dg values are an
estimate of the average displacement of the B site
cation (Ti/Zr) along the polar axis, because the local
polarization in this solid solution is driven by the
displacement of Ti*" cations, while Zr** cations do not
off-center significantly.?>*') For completeness, Figure 5b
also includes AR, values for fits performed in the full
interatomic distance range.

An inspection of results presented in Table 2 shows
that a complete set of physically plausible structural
parameters can be extracted from the experimental
XRD patterns for both the cubic and tetragonal models.
This observation emphasizes the importance of account-
ing for diffuse scattering when targeting an accurate
description of the atomic arrangement in nanocrystals.
We note, however, that R, values and uncertainties of the
parameters extracted for BaTig50Zr05003 nanocrystals
are abnormally high, regardless of the structural model
employed. We believe this stems from an unusually
low signal-to-noise ratio in the experimental diffraction
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TABLE 2. PDF Analysis of X-ray Scattering Data of Ba, _,Sr,TiO; and BaTi,_,Zr,0; Nanocrystals

composition a(R) c(R)

BaTi0; Pm3m 4.0309(9)

PAmm 4.015(2) 4,067(5)
Bag 705%0.30Ti03 Pm3m 3.9953(7)

P4mm 3.980(2) 4.031(5)
Bag 50570.50Ti0; Pm3m 3.9742(9)

P4mm 3.958(3) 4011(6)
SiTi0; Pm3m 3.9177(6)

P4mm 3.908(3) 3.939(6)
Bain ssZ70.1505 Pm3m 40690(14)

PAmm 4.054(5) 4.103(11)
BaTig so2r0.5003 Pm3m 4111(2)

P4mm 4.103(16) 4.13(4)
Bazr0; Pm3m 4.2086(12)

P4mm 4.21(5) 4.21(11)

“ Given as 100 x U.

TiO,

Ba . Sr,

0.70~70.30

Figure 4. Fits of the cubic (C) and tetragonal (T) models to
the experimental PDFs of BaTiOs;, Bag70Sro3oTiOs, and
BaTig.g5Zr0.1503 nanocrystals in the 1.5—20 A range. Calcu-
lated and experimental PDFs are shown as red solid lines
(—) and open symbols (O), respectively. Groups of peaks
whose intensity is better described by the tetragonal model
are highlighted with the asterisk (x) symbol.

data, likely due to a loose packing of the sample in the
Kapton tube. Figure 5a shows that the evolution of the
average lattice constant with chemical substitution
parallels that extracted from Rietveld analysis. Compar-
ison of residuals of the linear fits to a and (a*c)"”> values

RABUFFETTI AND BRUTCHEY

Z Ry Ug (B2 Uo (R Ry
12 1.09(6) 2.29(17) 28(2) 15.1
0.467(5) 0.98(8) 13(2) 2.703) 133
12 1.20(5) 2.22(13) 3302 144
0.467(4) 1.12(9) 12Q2) 3.203) 127
12 1.26(7) 2.14(16) 3.603) 153
0.468(5) 1.19(12) 1.203) 3.50) 137
12 1.10(6) 1.26(9) 3.30(19) 14.5
0.481(7) 1.07(13) 0.96(3) 3202 144
12 1.55(12) 2503) 4.0(5 17.7
0.469(9) 1.5(2) 1.5(5) 3.9(6) 171
12 2103) 3105 56(1.1) 2238
0.474(19) 2.2(5 23(1.2) 54(1.1) 225
12 1.8(4) 1.1(4) 4.8(8) 16.0
0.50(10) 1.8(4) 1.2(4) 4.8(09) 16.0

extracted using Rietveld and PDF analysis, respectively,
shows that identical fits are obtained for Ba;_,Sr,TiO;
nanocrystals. For BaTi;_,Zr,0; nanocrystals, in con-
trast, the quality of the linear fit decreases significantly
when the local crystal structure (R*> = 0.921) is con-
sidered instead of the average crystal structure
(R? = 0.982). In other words, deviations from Vegard's law,
or ideal solid solution behavior, become more significant
on a local scale. This suggests chemical inhomogeneity
in BaTi; _,Zr, O3 nanocrystals, which will be discussed in
detail in what follows. Figure 5b shows that positive
AR,, values are obtained for both Ba;_,Sr,TiO; and
BaTi;_,Zr,05 nanocrystals, demonstrating the tetrago-
nal model systematically provides a better fit to the
experimental data than the cubic model. The only
exception is BaZrOj3, for which AR,, = 0.0%; therefore,
the local atomic arrangement in these nanocrystals
systematically deviates from a centrosymmetric cubic
structure due to the displacement of the titanium
atom from the center of the perovskite lattice. This
conclusion is further validated by comparing the re-
sults obtained for the cubic and tetragonal models of
BaZrOs. BaZrO; is considered the ideal cubic perov-
skite, in which the local and average crystal structures
are identical.*’*® Indeed, the cubic model describes
the local crystal structure of BaZrO3 nanocrystals with
equal accuracy as the tetragonal model (AR,, = 0.0%)
despite having a smaller number of parameters. At-
tempts to extract structural parameters for the tetra-
gonal model resulted in abnormally high uncertainties
for the lattice constants a and ¢, indicating overpar-
ametrization of the model. This result demonstrates
that the systematically better fit provided by the tetra-
gonal model to the experimental PDFs of Ba;_,Sr,TiO3
and BaTi;_,Zr, O3 nanocrystals is not an artifact result-
ing from a larger number of parameters, but reflects
the actual presence of polar nanoregions in which the
local displacements of the titanium atom are ferroelec-
trically coupled on a local scale. For a given chemical
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Figure 5. Parameters extracted from the fit of the tetragonal
model to the experimental PDFs of Ba,;_,Sr,TiO3 (black [A])
and BaTi;_,Zr,0; (red ¥) nanocrystals in the 1.5-20 A
range. (a) Average lattice constant. Linear fits to the calcu-
lated values are shown as dashed lines; the corresponding
R? values are given for each fit. (b) Difference between the
Rup values of the fits obtained using the cubic and tetra-
gonal models. AR,,,, values for fits performed in the full
interatomic distance range are shown with A and v symbols
for Ba,_,Sr,TiO and BaTi,_,Zr, 05, respectively. (c) Degree
of tetragonality of the perovskite unit cell. (d) Mean dis-
placement of the B site cation along the c axis. Error bars for
t and dg values of BaTig50Zrg 5003 and BaZrOs; have been
omitted; see text for details. Dashed lines in panels b—d are
guides-to-the-eye.

composition, AR,, decreases upon extending the fit-
ting range, demonstrating that the ferroelectric cou-
pling between local dipoles progressively loses spatial
coherence, thereby making the average crystal struc-
ture more cubic-like, in agreement with results from
the Rietveld analysis. Likewise, AR,,, t (Figure 5c), and
dg (Figure 5d) decrease upon increasing x or y, indicat-
ing the magnitude of local dipoles and, eventually,
their spatial coherence is reduced by chemical sub-
stitution (vide infra). The extent of this effect is, how-
ever, significantly different for Ba,_,Sr,TiO; and
BaTi;_,Zr,0; nanocrystals. Nearly 50% of the Ba*"
cations can be replaced with Sr*™ with only a slight
change in the metrics of the perovskite unit cell and the
magnitude of the titanium off-centering. In contrast,
replacing the ferroelectrically active Ti** cation with
Zr*" produces a larger effect at substitution levels
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as low as 15%. Both compositions observed for these
nanocrystals are in agreement with the phase di-
agrams of Ba; _,Sr,TiO5 and BaTi, _,Zr,O; derived from
single crystals and bulk ceramics, which show the
critical substitution levels to induce a tetragonal-
to-cubic phase transition are x =~ 0.30—0.50 and
y ~ 0.10—0.20, respectively. This observation demon-
strates the compositional dependence of the crystal
structure is not affected by size effects. Dielectric
measurements on these nanocrystals have also shown
that the dependence of the dielectric constant on
chemical composition also parallels that observed in
bulk343>

Finally, we bring our attention to the case of SrTiOs,
whose room temperature average crystal structure is
described by a cubic Pm3m space group. In this work,
it is observed that the difference between the fits
provided by the cubic and tetragonal models is mar-
ginal (AR,, = 0.1%). However, unlike the case of BaZrOs,
structural parameters extracted for the tetragonal
model exhibit uncertainties that are in line with those
observed for the other members of the Ba;_,Sr,TiO3
solid solution, ruling out overparametrization of the model.
In addition, values of t (0.8(2) %) and dr; (0.07(3) A) are
the smallest observed accross the Ba;_,Sr,TiO3 solid
solution, as expected. The presence of polar nano-
regions in SrTiO3 is well-documented in Raman and di-
electric studies of bulk ceramics,®*° thin films,*® and
free-standing 60 nm nanocrystals.>’

Inspection of Figure 4 reveals that the better fit
provided by the tetragonal model results from a more
accurate description of the intensity of the peak
at ~5.7 A and of the doublets at ~6.7 and 6.9, ~9.9
and 10.3, and 14.4 and 15.1 A. Total PDFs calculated
using the cubic and tetragonal models were decom-
posed into partial PDFs to clarify the origin of this
result. Partial PDFs of all the atom—atom pairs present
in BaTiOs nanocrystals are shown in Figure 6a. Partial
PDFs corresponding to B—B pairs (i.e., Ti—Ti, Ti—Zr,and
Zr—Zr) present in all other chemical compositions
studied in this work are shown in Figure 6b. Figure 6a
reveals that the cubic and tetragonal models yield an
identical description of the spatial distribution of the all
atom—atom pairs in BaTiOs nanocrystals. However,
PDF peaks arising from Ti—Ti pairs appear sharper in
the tetragonal model. Careful inspection of the tem-
perature factors of the B site atom extracted for the
cubic and tetragonal models (Table 2) shows the
broader B—B peaks observed in the cubic model result
from Ug values that are artificially enlarged to account
for local displacive disorder due to the off-centering of
the B atom. This deficiency of the cubic model is
relieved in the tetragonal model by allowing the posi-
tion of the B atom to vary along the c axis. This, in turn,
leads to significantly smaller Ug values, sharper B—B
peaks, and to a better fit to the experimental PDFs. We
note that partial Ti—Ti PDFs of the cubic and tetragonal
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Figure 6. (a) Partial PDFs of BaTiO3 ngnocrystals. (b) B—B partial PDFs of Ba, _,Sr,TiO; and BaTi, _,Zr,0O3 nanocrystals. Partial
PDFs were computed in the 1.5—20 A range using the cubic (black line) and tetragonal models (thicker red line).

models of BaTiO; differ strongly in the r < 16 A range,
but become nearly indistinguishable upon approach-
ing 20 A. Therefore, the coherence length of the ferro-
electric coupling between local displacements of the
titanium atom along the polar direction can be esti-
mated to be on the order of ~16—20 A, in good
agreement with results reported in earlier structural
studies of free-standing BaTiO; nanocrystals'®2%?* and
ultrathin films.>? The short coherence length helps to
explain the exponential reduction of the dielectric
constant of ferroelectric perovskite oxides such as
BaTiO5 upon going from the bulk to the nanoscale.'®
The estimated coherence length does not seem to be
significantly affected upon substitution of Sr** for Ba* "
up to levels of 50%. On the basis of this result and the
evolution of dr; (see Figure 5d), it appears that chemical
substitution in Ba;_,Sr,TiOs nanocrystals leads only to
a slight reduction of the magnitude of the local dis-
placement of the titanium atom. In contrast, both the
average magnitude of the local displacement dg
(Figure 5d) and its coherence length appear to be
strongly affected by the substitution of Zr*™ for Ti*"
in BaTi;_,Zr,05 nanocrystals. Indeed, partial B—B PDFs
of the cubic and tetragonal models of BaTig gsZrg 1503
and BaTigs50Zrg 5003 nanocrystals become nearly in-
distinguishable at ~15 and ~12 A, respectively.
These estimates are in good agreement with those in
BaTi;_,Zr,05 bulk powders reported by Jeong et al.>®

Finally, we turn our attention to the deviations
from the ideal solid solution behavior observed in
BaTi;_,Zr,05 nanocrystals. Observation of the experi-
mental PDFs for this solid solution reveals an anom-
alous behavior of the peak located at ~2.8 A, which
corresponds to the Ba—O atomic pair. Indeed, the
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Figure 7. Experimental PDFs (O) of BaTi;_,Zr,0; nano-
crystals in the 1.5—-3.3 A range; peaks arising from Ti(Zr)—O
and Ba—O pairs are indicated.

average Ba—O bond distance remains nearly constant
upon an increasing y, while all other interatomic dis-
tances increase as expected (Figure 7). In addition, the
experimental Ba—O peak broadens upon increasing y,
reflecting a broader distribution of Ba—O distances.
The fact that the average coordination environment of
the barium atom appears increasingly distorted upon
increasing the zirconium content indicates an inhomo-
geneous distribution of the barium atoms, and thus
explains the deviations from the ideal solid solution
behavior observed in BaTi;_,Zr,03 nanocrystals. Such
a distribution can result from the presence of barium
atoms in the perovskite lattice with a heavily distorted
coordination environment.>* Alternatively, it can result
from the segregation of barium-rich secondary phases
whose structural coherence is not large enough to
allow detection by Rietveld analysis of X-ray diffraction
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data.?®®> Therefore, this finding demonstrates the
utility of total scattering as a tool to probe composi-
tional fluctuations in nanocrystals synthesized using
solution-based approaches and molecular precursors
as building blocks.

CONCLUSION

In summary, X-ray absorption and X-ray total scatter-
ing were employed to gain fundamental insight into
the compositional dependence of polar nanoregions
in sub-20 nm Ba,_,5r,TiO3 and BaTi;_,Zr,0; nano-
crystals synthesized at room temperature. The pre-
sence of local ferroelectric distortions due to the off-
centering of the titanium atom was demonstrated, and
their symmetry was adequately described by a tetra-
gonal PAmm space group. Substitution of Sr** for Ba®"
and of Zr*" for Ti*" induced a tetragonal-to-cubic
transition of the local crystal structure, analogous to
that observed for the average crystal structure of single
crystals and bulk ceramics. This structural transition
within polar nanoregions was driven by a reduction of
the magnitude of the local displacements of the
titanium atom and/or of the coherence of their ferro-
electric coupling. A reduction of the magnitude of the
titanium off-centering was observed upon replacing

METHODS

Synthesis of Ba,_,Sr,Ti0; and BaTi,_,Zr,0; Nanoaystals. Ba,_,Sr,TiO3
(x = 0.0, 0.30, 0.50, 1.0) and BaTi,_,Zr,03 (y = 0.0, 0.15, 0.50, 1.0)
nanocrystals were synthesized via a vapor diffusion sol—gel
method described elsewhere3*~3¢ This method relies on the
hydrolysis and polycondensation of a mixture of liquid bimetallic
alkoxides (i.e., BaTi(OR)¢/SrTi(OR)s or BaTi(OR)s/BaZr(OR)s, R =
CH,CHCH30CHs) upon slow diffusion of water vapor into the
solution. Crystallization of the desired perovskite phase occurs at
atmospheric pressure and room temperature, without the need
for postsynthetic thermal treatment.

Synchrotron X-ray Diffraction. X-ray diffraction (XRD) patterns
were collected at the 11—ID—B line of the Advanced Photon
Source at Argonne National Laboratory. An incident photon
energy of 90.484 keV (1 = 0.137024 A) was employed. Samples
were loaded in Kapton tubes and diffraction data were collected
in transmission mode at room temperature.

Transmission Electron Microscopy. Transmission electron micro-
scopy (TEM) images were obtained using a JEOL JEM2100F
(JEOL Ltd.) electron microscope operating at 200 kV. Samples
were dispersed in methanol and deposited on a 200 mesh Cu
grid coated with a lacey carbon film (Ted Pella, Inc.). Nanocrystal
size distribution histograms were constructed by analyzing 100
individual nanocrystals and assuming spherical shape.

X-ray Absorption Near Edge Structure. X-ray absorption near edge
structure (XANES) spectra were collected at the 20—BM—B line
of the Advanced Photon Source at Argonne National Labora-
tory. The incident X-ray beam was monochromatized using a
Si(111) double crystal. A harmonic rejection mirror was used to
eliminate higher harmonics, and the beam intensity was detuned
an additional 10% to further reduce any residual harmonics.
Measurements at the Ti K edge (4966 eV) were performed in
transmission mode using gas ionization chambers filled with N,
to monitor the incident and transmitted intensities. Samples
were prepared by spreading a thin, uniform layer of powder on
Kapton tape. The incident X-ray beam size was 1 mm x 6 mm
(unfocused). XANES spectra were collected at room temperature
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50% of Ba® " with Sr*" in Ba;_,Sr,TiO3 nanocrystals, but
the coherence length remained unchanged. In con-
trast, a noticeable reduction in the coherence length
was observed upon replacing 15% of the ferroelectri-
cally active Ti** with Zr** in BaTi; _,Zr,05 nanocrystals.
Results presented in this work show that the evolution
of the room temperature local crystal structure with
chemical composition mirrors that of single crystals
and bulk ceramics, thus suggesting that compositional
control over cooperative properties such as ferroelec-
tricity should be possible at the nanoscale, even for
nanocrystals as small as 10 nm.

Arandom distribution of the Ba>" and Sr*" cations over
the A site was achieved in Ba;_,Sr,TiO3 nanocrystals. In
contrast, deviations from the ideal solid solution behavior
were observed in BaTi; _,Zr,05; nanocrystals upon increas-
ing substitution of Zr** for Ti*". Analysis of the evolution
of experimental PDF peaks' position (bond distance) and
width (atomic disorder) pointed to an increasingly in-
homogeneous distribution of the barium atoms upon an
increase in the zirconium content. This finding highlights
the potential of PDF analysis of total scattering data as a
tool to investigate compositional fluctuations in nano-
crystals synthesized using solution-based approaches and
molecular precursors as building blocks.

under flowing helium. Each spectrum was normalized by sub-
tracting the pre-edge and applying an edge-jump normalization
using the Athena software.>® The displacement of the titanium
atom from the instantaneous center of the octahedral oxygen
cage (Ari_o) was derived from the area under peak B (Ag) in the
pre-edge region of the XANES spectrum, according to

Ari o, () = [(34) /71" m

where y = 11.1 eV A=238 The extraction of Az was performed by
fitting peaks A, B, and C with three Lorentzians; the background
was fit in the 4965—4980 eV energy range using a polynomial
function.

Rietveld Analysis. Rietveld structural refinements were carried
out using the GSAS software.”” Experimental data and atomic
X-ray scattering factors were corrected for sample absorption
and anomalous scattering, respectively. Refinements of the
perovskite phase were performed using a mean atom approach,
in which substitution in the A or B sites was simulated by
changing the occupation factor of the corresponding site and
fixing it at the nominal composition. The following parameters
were refined: (1) scale factor, (2) background, which was modeled
using a shifted Chebyschev polynomial function, (3) peak shape,
which was modeled using a modified Thomson—Cox—Hasting
pseudo-Voigt function,*® (4) lattice constants, (5) fractional atom-
ic coordinates of the B site atom(s) when allowed by symmetry,
and (6) an isotropic thermal parameter for each chemical species,
regardless of their crystallographic site in the perovskite structure
(i.e.,, Un, Ug, and Up). The R, indicator was employed to assess the
quality of the refined structural models.>®

Pair Distribution Function Analysis. The pair distribution function
(PDF) G(r) defined as

Qmax
Glr) = 4zrlp(r) — pol = (2/11)/ QIS(Q) —1]sin(Qn dQ  (2)
Q

was employed for structural analysis. Here, r is the radial
distance, p(r) and po are the local and average atomic number
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density, respectively, and Q is the magnitude of scattering
vector defined as

Q = (4m/A)sinf (3)

where 26 is the angle between incident and scattered X-rays.
The RAD software was employed to extract G(r) from the raw
diffraction data.’® These were first corrected for background,
sample absorption, and Compton scattering. Then, normalized
structure functions S(Q) were obtained; these are given in the
Supporting Information. Finally, S(Q) was Fourier-transformed
to yield G(r). For all compositions a maximum scattering vector
(Qmax) of 25 A" was employed in the Fourier transform; the two
exceptions were BaTiggsZro1503 and BaTig 50Zr0 5003, for which
a maximum scattering vector of 23 A~ was used. Structural
refinements were carried out using the PDFgui software.®’
Similar to Rietveld analysis, a mean atom approach was em-
ployed to simulate chemical substitution. The following para-
meters were refined: (1) scale factor, (2) lattice constants, (3)
fractional atomic coordinates of the B site atom(s) when allowed
by symmetry, and (4) an isotropic thermal parameter for each
chemical species, regardless of their crystallographic site in the
perovskite structure. The R, indicator was employed to assess the
quality of the refined structural models.>*** The calculated total
PDF G(r) was decomposed into partial PDFs Gy(r) according to

Gl = Y w;Gy(r) 4
i

where the summation runs over all the atomic species contained
in the sample, and w;; are the weighting factors defined as

w; = [6f(QIlGHQI/| JafiQI (5)

Here, ¢; and f{Q) are the atomic concentration and X-ray
scattering factor of the ith chemical species, respectively, and
obey the sums =¢; = 1 and Zw;; = 1.*%% In this work, f{Q) values
were corrected foranomalous scattering and evaluated at Q=0.
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