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Temperature-dependent changes in the local structure of BaTiO3 
nanocrystals† 
Patrick Cottinghama and Richard L. Brutchey a,*

We use pair distribution function analysis of synchrotron X-ray total 
scattering data to inspect the local structure of BaTiO3 nanocrystals 
from 253 K < T < 413 K. The local structure consists of ca. r = 35 Å 
domains in which Ti4+ displacements have the same coherence 
length as the overall perovskite structure. 

BaTiO3 is the canonical example of a ferroelectric perovskite and has 
numerous technological uses, including when prepared in the form 
of colloidal BaTiO3 nanocrystals. The ferroelectric property of BaTiO3 
orginates from net displacements of the Ti4+ ion from the center of 
the perovskite unit cell. On heating, bulk BaTiO3 undergoes a series 
of phase transitions, which, observed macroscopically, are as 
follows: the low-temperature rhombohedral (R3m) structure 
converts to orthorhombic (Amm2) at T  =  183 K, followed by a 
transition to tetragonal (P4mm) at T = 278 K, and the final transition 
to the paraelectric cubic (Pm𝟑"m) structure at T = 393 K.1 Average 
unit cells of the tetragonal and cubic phases are shown in Fig. 1a and 
1b, respectively. 

 

The phase transitions of bulk BaTiO3 are considerably more 
complicated from a microscopic perspective and appear to involve 
both a displacive component, in which the magnitude of Ti4+ off-
centering changes, and an order-disorder component, in which the 
occupation of different <111> displacements of Ti4+ changes to yield 

a different net displacement.2 These displacements are ordered 
between adjacent unit cells, forming coherent domains. In 
dimensionally reduced BaTiO3, such as ultrasmall grain ceramics or 
colloidal nanocrystals, phase transitions become more diffuse and 
occur at lower temperatures. The Curie temperature TC of the 
tetragonal-to-cubic transition has been shown to decrease 
continuously with decreasing particle size in BaTiO3 crystals smaller 
than d = 1 μm.3 Nonetheless, Raman spectroscopy shows that local 
distortions involving Ti4+ persist at room temperature in ultrafine (ca. 
d = 35 nm) BaTiO3 for which the average structure appears cubic by 
X-ray diffraction.4 

In addition, piezoelectric force microscopy (PFM) measurements of 
individual 10 nm BaTiO3 nanocubes show ferrolectric-type hysteresis 
loops up to T = 352 K.5 Room-temperature pair distribution function 
(PDF) analysis of X-ray total scattering data shows that 10 nm BaTiO3 
nanocrystals retain local Ti4+ displacements, which are coherent over 
at least a few unit cells.5,6 PDF analysis of neutron total scattering 
data has shown these persistent local displacements exist in particles 
even as small as 5 nm.7 Laboratory X-ray diffraction studies on ca. 26 
nm BaTiO3 nanocrystals show that the c/a ratio (indicating the 
tetragonality of the average structure) smoothly decreases between 
293 K < T < 415 K, suggestive of a depressed and diffuse second-
order phase transition.8 Given that the technologically relevant 
properties of nanoscale BaTiO3, such as ferroelecticity and 
piezoelectricty, are dependent on the phase identity of the crystals, 
it is important to understand these phase transitions in detail.9 Here, 
we present a local structural study of BaTiO3 nanocrystals using 
temperature-dependent PDF analysis of synchrotron X-ray total 
scattering data. 

First, BaTiO3 nanocrystals were prepared by the vapor diffusion sol-
gel (VDSG) method of Brutchey et al.10–12 In this approach, water 
vapor is delieverd to an alcohol solution of BaTi(OR)6, where 
R = CH(CH3)CH2OCH3, to induce hydrolysis and polycondensation of 
the alkoxide at room temperature, yielding colloidal BaTiO3 
nanocrystals. A total reaction time of 72 h was used to produce ca. d 
= 12 nm quasispherical nanocrystals (ESI†, Fig. S1). A powder sample 
of these nanocrystals was packed in a Kapton tube and synchrotron 
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Fig. 1 (a) The average unit cell of tetragonal (P4mm) BaTiO3.  
Ferroelectricity derives from the displacement of Ti4+ (exaggerated 
here for clarity). (b) The average unit cell of cubic (Pm3$m) BaTiO3. 
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X-ray scattering data was collected using beamline 11-ID-B at the 
Advanced Photon Source (APS) at Argonne National Laboratory with 
a wavelength of λ =  0.143 Å. The sample temperature was controlled 
via a hot-air blower and data points were collected over the range 
253 K < T < 413 K in ΔT = 5 K increments, which spans the phase 
transition temperatures of the orthorhombic-to-tetragonal and 
tetragonal-to-cubic transitions in bulk BaTiO3. Data points were 
collected at 6.5 min intervals. An initial data set was also collected at 
T = 298 K prior to cooling as a control for sample temperature 
equilibration and hysteresis. Total scattering data were collected at 
every temperature point with a sample-detector distance of d = 24 
cm in order to obtain total scattering data over a wide Q range 
suitable for PDF analysis. At T = 253 K and T = 413 K, data was 
additionally collected with a sample-detector distance of d = 95 cm, 
in order to obtain data that was finely spaced in 2q  for use in 
subsequent Rietveld refinements. 

Rietveld refinements performed on diffraction patterns collected at 
T = 253 and 413 K are given in Fig. 2a and 2b, respectively. All 
refinements were performed using the GSAS-II software package.13 
Successful Rietveld refinements to data at both temperatures were 
performed using the Pm𝟑"m unit cell with isotropic thermal 
paramenters. The background was fit with a shifted Chebyshev 
polynomial of 20 terms. An isotropic particle size parameter was 
allowed to refine freely. The refined particle sizes were d = 12.3 nm 
and d = 12.4 nm for the refinements to the T = 253 and 413 K data, 
respectively, consistent with the expected nanocrystal sizes for the 
chosen VDSG reaction conditions. Rietveld refinements performed 
with lower symmetry unit cells, such as tetragonal P4mm, yielded 
unphysical parameters, consistent with previous reports.6 Both 
refinements to the Pm𝟑"m space group acheived a weighted residual 
of Rw < 4%, suggesting a high quality of fit with the cubic model. 
Refined parameters are listed in Table S1 in the ESI†. The results of 
these refinements are consistent with previous reports that the 
average room temperature crystal structure of 10 nm colloidal 
BaTiO3 nanocrystals is cubic.6 

From the total scattering data collected at each temperature point, 
a reduced scattering structure function, S(Q), with the appropriate 
corrections for instrumental parameters, scattering by Kapton, 
multiple scattering, sample absorption, X-ray polarization, and 
Compton scattering was obtained using the program PDFgetX3.11 A 
pair distribution function, G(r), was obtained by direct Fourier 
transformation of S(Q) with a 0 < Q < 27 Å–1. PDFs were analyzed 
using the program PDFGUI.14 Values for the parameters Qdamp and 
Qbroad were obtained from refinements of a CeO2 standard. For each 
temperature point, a value of the correlated atomic motion 
parameter delta2 was refined using a fit of the cubic Pm𝟑"m model 
over the range 2 Å < r < 60 Å and then subsequently fixed for fits over 
all r-ranges at that temperature. The value of the parameter for peak 
broadening due to particle size, spdiameter, was fixed at spdiameter 
= 80 Å based on the results of the cubic fit at T = 253 K. 

PDFs of X-ray total scattering data at each temperature point were 
fit with the cubic Pm3$m model and a model where cubic symmetry 
is broken by the displacement of the Ti4+ ion, yielding the tetragonal 
P4mm space group. The lattice parameter a, isotropic thermal 

parameters, and the scale factor were allowed to refine. In the 
tetragonal model the z position of Ti4+ was allowed to refine but all 
O2– ions were fixed to the their cubic-model positions as refining O2– 
positions was not found to substantially improve Rw. Additionally, the 
lattice parameter c was allowed to refine independently from the 
lattice parameters a = b in the tetragonal model. Fits to the PDFs of 
data collected at T = 253 and 413 K are shown in Fig. 3a and 3b, 
respectively. At both temperatures, the tetragonal P4mm model 
provided a nominally better fit to the PDF than a cubic Pm𝟑"m model, 
consistent with previous reports;6 that is, RW = 13.4% vs 14.9% for 
T = 253 K and RW = 13.3% vs. RW = 14.6% for T = 413 K, respectively. 
Parameters of these model fits are given in Table S2 in the ESI†. The 
difference in the quality-of-fit the between the two models 
generated by introducing only two degrees of freedom (zTi and c) 
strongly suggests that Ti4+ displacements are present at both 
temperatures. Fits to the PDF data were also performed over the 
same range using an orthorhombic Amm2 structure in which the Ti4+ 

ion displaces roughly in a <011> direction of the cubic unit cell. The 
results of these fits are shown in Fig. S2 (ESI†). Despite introducing 
one additional degree of freedom, the orthorhombic model gives a 
slightly higher value of RW versus the tetragonal model at T = 253 K;  

Fig. 2 Rietveld refinements to synchrotron X-ray diffraction data 
collected on BaTiO3 nanocrystals at (a) T = 253 K and (b) T = 413 
K. Upper red lines are refinement results. Lower red lines are the 
difference between data and fits. 
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that is, RW = 13.9% for the orthorhombic model vs 13.4% for the 
tetragonal model. At T = 413 K, the orthorhombic model provides a 
slightly better quality-of-fit than the tetragonal model with 
RW = 13.1% vs RW = 13.3%, respectively. 

The improvement of the PDF fits for both the tetragonal and 
orthorhombic models over the cubic model strongly suggests that 
Ti4+ off-centering is present at all temperatures over the range 
253 K < T < 413 K. The ambiguity between the orthorhombic and 
tetragonal models suggests that the actual local structure is likely 
described by a distribution of <111> displacements of Ti4+, having 
some correlation in both the <001> and <010> directions. 

As noted in previous PDF studies conducted at room temperature, 
the tetragonal model provides better resolution of the doublet at 
r ≈ 6.8 Å, shown in Fig. S3 (ESI†), which contains contributions from 
Ba-Ti and Ba-Ba atomic pairs. Additionally, allowing zTi and c to refine 
reduces the value of the isotropic thermal parameter Uiso for Ti4+ 
from Uiso = 0.017 to Uiso = 0.012 for the T = 253 K data and from 

Uiso = 0.019 to Uiso = 0.013 for the T = 413 K data. This reduction in 
isotropic thermal parameter strongly suggests that the thermal 
parameters compensate for a residual due to an incorrect Ti4+ 
position in the cubic model. Possible contributions to the remaining 
Rw in the distorted model include contributions from the surface as 
well as the possible presence of multiple BaTiO3 phases.7,15 

The c/a ratio and the displacement of Ti4+ from the cubic position, 
ΔzTi, from fits with the tetragonal model are plotted as function of 
temperature in Fig. 4a. These values are indicative of the magnitude 
of the tetragonal distortion in a tetragonal unit cell. Over this 
temperature range, ΔzTi increases by 9.7% of the T = 253 K value in 
an approximately linear fashion. Over the same range, the c/a ratio 
increases by 0.079%. The matching trends in c/a and ΔzTi are 
consistent with the understanding that Ti4+ displacements drive 
structural distortions in BaTiO3. The small downturn in c/a at 
T ≈ 375 K is most likely extrinsic to the sample and unrelated to any 
phase transition given that diffraction studies show that the 
tetragonal-to-cubic phase transition occurs at a lower temperature 
and over a much wider temperature range in nanocrystals that were 
larger than the 12-nm particles studied here.6 Additionally, this 
downturn is apparent relative to the small change in c/a over the 
temperature range, but is very small in absolute terms. The 
downturn in c/a is not accompanied by a coincident downturn in ΔzTi, 
as would be expected for an evolution towards a more cubic 
structure. 
 
Fig. 4b and 4c show the RW values for 10-Å "boxcar" plots of the 
cubic, tetragonal, and orthorhombic structures to the PDFs 
collected at T = 253 K and T = 413 K, respectively. These fits were 
performed by a sequential refinement in which the refined 
parameters obtained for each "boxcar", or fitting range, were used 
to initialize a subsequent refinement in which rmin are rmax are 
increased by 0.2 Å relative to the previous fit. For most r values, 
the orthorhombic model provides a negligible improvement in RW 
compared with the tetragonal model. For all r ranges, both the 
tetragonal and orthorhombic models provide a superior quality-
of-fit relative to the cubic model. For all three models, RW begins 
to diverge upward around r = 35 Å. We attribute this divergence 
to the observation by Petkov et al. that for sub-micron BaTiO3, the 
coherence length of the overall cubic perovskite structure is less than 
the size of the crystal.16 For our ca. 12 nm crystals this coherence 
length appears to be ca.35 Å; this coherence length is consistent 
with the strong attenuation of the G(r) at lengths above r = 35 
Å, as shown in Fig. S4 in the ESI†. This attenuation indicates 
increasing positional disorder at that length scale. We do not 
observe any decrease in the tetragonality of BaTiO3 unit cell up 
to the coherence length of the overall perovskite structure. 
Instead, we observe that the distorted models provide a 
superior fit relative to the cubic model up until the decay of 
coherence at ca.35 Å, at which point the noncentrosymmetric 
models converge with the centrosymmetric cubic model. 

Fig. 3 Cubic and tetragonal model fits to PDFs of X-ray total 
scattering data collected on BaTiO3 nanocrystals collected at (a) T = 
253 K and (b) T = 413 K. Upper blue and red lines are the cubic and 
tetragonal model fits, respectively. Lower blue and red lines are the 
difference between data and fits to the cubic and tetragonal 
structures, respectively, with a dashed line to indicate a reference 
for no difference. 
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Fig. 4 (a) Model fit parameters c/a and ΔzTi for tetragonal fits to PDF 
of X-ray total scattering data of BaTiO3 nanocrystals over the range 
253 K < T < 413 K. RW values of sequential 10 Å "boxcar" fits of three 
local structure models to PDFs at (b) T = 253 K and (c) T = 413 K. 

Conclusions 
We have reported the first temperature-dependent PDF 
analysis of X-ray total scattering data collected on small BaTiO3 
nanocrystals. Fitting of the PDFs demonstrates that local 
ferroelectric distortions are persistent throughout the 
temperature range 253 K < T < 413 K despite the apparently cubic 
average structure over this same temperature range. The 
temperature-dependent trends in the refined parameters of 
the PDF fits do not show evidence of a displacive phase 
transition occurring in this temperature range. The refined values 
of c/a and ΔzTi are in slight excess of the values reported for 

tetragonal bulk BaTiO3 at room temperature,7 suggesting that there 
is no displacive component to any tetragonal-to-cubic phase 
transition that occurs below T = 253 K. The coherence length of the 
local ferroelectric distortion in our material is the same as that of the 
overall cubic perovskite structure, or ca. 35 Å, and remains constant 
throughout the temperature range studied. This constant coherence 
length suggests that any order-disorder transition must occur below 
T = 253 K. It is also possible that these nanocrystals are below the 
ferroelectric size limit for particles prepared by this VDSG method; 
however, previous studies on bulk BaTiO3 single crystals have 
reported evidence of local distortions within the cubic phase at 
temperatures above the tetragonal-to-cubic phase transition.17 Such 
behavior is similar to the thermally persistent local distortions that 
were more recently observed in colloidal lead halide perovskite 
nanocrystals.18,19 
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