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Anomalous lattice expansions have been measured for the first time in monodisperse CeO22x nano-
particles and in BaTiO3 single nanoparticles by electron diffraction. X-ray photoelectron spectroscopy
studies on CeO22x nanoparticles and ab initio computer simulation on BaTiO3 clusters show that the
origin of expansion is the decrease of electrostatic force caused by valence reduction of Ce ions and the
increase in ionicity of Ti ions, respectively. The lattice constant change of oxide (ionic) nanoparticles
with the increase in ionicity would depend on the structure of the particles. Hence, first-principles
calculations of large ionic clusters are indispensable.

PACS numbers: 61.46.+w, 61.16.Bg, 61.66.Fn, 82.80.Pv
Nanocrystalline particles constitute an important class
of technologically essential materials. These lie in between
clusters, for which a variety of ab initio studies have be-
come available, and submicron-sized particles, which have
almost the same properties as bulk crystals. Model calcu-
lations on large clusters are gradually increasing in num-
ber, but ab initio (first-principles) computer simulations
of clusters composed of more than two elements, and es-
pecially large ionic clusters, are very rare. Experimen-
tal studies on nanoparticles less than 10 nm in diameter
have been regularly carried out in the 1990s. However,
data on monodisperse oxide nanoparticles are few and still
unreliable.

Recently, we have prepared monodisperse ceria
(CeO22x) [1] and nearly monodisperse barium titanate
(BaTiO3) nanoparticles [2]. The half widths at half maxi-
mum of the size distributions of these particles are less
than 15% and 23%, respectively. Ceria has the fluorite-
type structure, mixed valence cations in the bulk crystal,
and is a key material for nanosized applications such as
ultraviolet absorbing coatings [3], combustion engine pro-
moters [4], and fuel cell electrodes [5]. Barium titanate has
the perovskite-type structure, not mixed valence cations,
and is the most extensively investigated material among
ferroelectrics. Very recently, large lattice expansions
have been observed for CeO22x nanoparticles in toluene
suspensions [6,7] and for nanosized single particles of
BaTiO3 in ethanol suspensions [8]. This is in contrast to
a decrease often observed in the lattice constant of metal
nanoparticles with decreasing particle size [9]. We used a
transmission electron microscope to obtain the size depen-
dence of the lattice constant from the diffraction rings for
CeO22x particles in the size range of 2–8 nm and from the
diffraction spots in various directions for BaTiO3 particles
in the size range of 15–250 nm. Here, the particle size is
defined as the diameter of the circle equivalent to the area
of the image.
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The increase in lattice constant with decreasing particle
size in nanocrystalline CeO22x particles [6,7] is connected
monotonically with the nominal lattice constant of a maxi-
mum size cluster of 14 CeO2 formula units, composed of
Ce31 ions, in spite of the variations strongly depending on
the cluster (nominal particle) size [10] (Fig. 1). The nomi-
nal lattice constant of clusters composed of Ce41 ions,
however, decreases with decreasing cluster size [10], as

FIG. 1. Size dependences of the fluorite-type lattice constant in
CeO22x nanoparticles (�) (see Ref. [6]), and the nominal lattice
constant in the clusters composed of Ce41 (�) and Ce31 (�)
ions obtained from a non-ab initio simulation (see Ref. [10]).
The nominal lattice constant was estimated as

p
2 dCe-Ce; dCe-Ce

is the distance of the first nearest neighbor Ce ions, and the
nominal particle size was estimated as �

p
2 dCe-Ce� �n�4�1�3; n is

the number of CeO2 formula units, as noted next to the open and
closed triangles. The inset is a log-log plot of the dependence
of lattice constant change on the size of the nanoparticles.
© 2000 The American Physical Society
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shown in Fig. 1. A log-log plot of the change in lattice
constant, Da, vs the particle size, D, shows a relation of
the form Da � 0.0324D21.06 �nm� for ceria nanoparticles,
as shown in the inset. Here, Da � a 2 a0, and a and a0
are the lattice constants of the nanoparticles and the bulk
crystal [11] (0.5411 nm) at room temperature.

The lattice constant a0 in BaTiO3 nanoparticles also
monotonically increases with decreasing particle size,
while the lattice constant c0 decreases slightly with de-
creasing size and ceases to exist for particle sizes less than
80 nm in diameter [Fig. 2(a)]. A semilogarithmic plot
of the change in the lattice constant, Da0, against the

FIG. 2. (a) Size dependence of the lattice constants a0 (�)
and c0 (�) in BaTiO3 nanoparticles (see Ref. [8]). “F” and
“P” denote the ferroelectric (tetragonal) and paraelectric (cubic)
phases, respectively, and the two dashed lines correspond to the
lattice constants of the bulk crystal a0

0 � 0.399 20 and c0
0 �

0.403 61 nm. (b) Semilogarithmic plot of the dependence of
lattice constant changes on the sizes of the nanoparticle (�) and
the cluster (�). The lattice constant and particle size in the
clusters are obtained from the interatomic distance dBa-Ti [see
Fig. 3(a)] as alternative 2dBa-Ti�

p
3 and �2dBa-Ti�

p
3 � �N�5�1�3,

respectively, where N is the number of atoms in the cluster as
noted next to the triangles.
particle size, D0, shows a relation of Da0 � 0.0166 2

0.002 34 lnD0 �nm� for barium titanate nanoparticles.
Here Da0 � a0 2 a0

0 and a0
0 is the lattice constant [12]

(0.399 20 nm) of the bulk crystal. We note that P2x is
approximately equal to 1 2 x lnP, if x lnP ø 1. It is
obtained from Fig. 2(b) as follows: (i) The dilation of
a0 is suppressed by the ferroelectric phase transition due
to a cooperative effect at a critical size of approximately
80 nm, which is the mean value of an intermediate phase
“I” between 50 and 110 nm diameter particles and is
indicated by an alternate long- and short-dashed line in
Fig. 2(a); and (ii) the linear change of the lattice constant
of the nanoparticles without the phase transition, as
indicated by a dashed line, connects smoothly with that
of large clusters, which has been very recently calculated
[8] by a cluster model using ab initio ultrasoft pseudopo-
tentials with a plane-wave basis within the local-density
approximation. The ferroelectric lattice change at the
critical size of nanoparticles has been much discussed as
the size-driven phase transition [13,14] or the size-induced
diffuse phase transition [15] for the past ten years; the
origin of ferroelectricity in the bulk crystals has also been
extensively investigated since the 1950s [16,17]. The
values of particle sizes and the critical size reported in this
Letter are highly reliable due to the direct measurement
by electron microscopy rather than the indirect methods of
x-ray diffraction and second harmonic generation reported
in previous papers [18,19].

The above result (see Fig. 1) strongly suggests that the
large lattice expansion in CeO22x nanoparticles is related
to the cluster structure with Ce31 rather than Ce41 ions.
The charge reduction from 14 to 13 in Ce ions reason-
ably results in the lattice expansion due to the electrostatic
force reduction. On the other hand, the lattice expansion
in BaTiO3 nanoparticles can be connected to the cluster
structure with Ti41 ions from the electron density calcula-
tion as shown below [Figs. 3(b) and 3(c)].

The Ti-O interatomic distance (dTi-O) in BaTiO3 is
almost constant, being 0.200 nm in the large cluster as
well as the bulk [Fig. 3(a)]. It should be noted that, when
the character of Ti-O bonds changes from covalent to
ionic, dTi-O is nearly constant, because the covalent radii
of Ti and O for coordination 6 are 0.136 and 0.066 nm,
respectively [20]; i.e., the covalent Ti-O distance is
0.202 nm, whereas the corresponding ionic radii are 0.061
and 0.140 nm, respectively [21], leading to nearly the
same ionic Ti-O bond length (0.201 nm). A proof of the
change of bonding character of Ti ions is obtained from
ab initio simulations with pseudopotentials for BaTiO3
bulk crystal and several kinds of clusters. Charge densities
in the (001) plane of the bulk crystal are low for Ba
ions, but bonding characters are almost completely ionic.
Here, Ti ions become almost Ti41. Therefore, the ionicity
in the cluster is nearly the same as that in the bulk for
Ba-O bonds, but is strongly increased for Ti-O bonds.
These facts demonstrate that the change in the Ti-O
bonding character relates to the anomalous expansion of
3441
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FIG. 3. Ab initio simulation of BaTiO3 clusters. (a) Dependence of the interatomic distances, dBa-Ti (�), dBa-O (�), and
dTi-O (�), on the number of atoms in the clusters, where interatomic distances in the bulk crystal are represented by the dashed
lines; i.e., d0

Ba-Ti � 0.347, d0
Ba-O � 0.283, and d0

Ti-O � 0.200 nm. Charge-density plots for Ba, Ti, and O ions in the (001) plane
for the bulk crystal (b) and for a cluster of Ba15Ti8O36 (c): a, Ba-O, and b, Ti-O layers.
the nanoparticles, leading to the elongation of Ba-Ti bond
lengths owing to the increase in electrostatic repulsion and
the consequent expansion of Ba-O bonds.

For ceria nanoparticles, there is a coexistence of Ce31

ions with Ce41 ions as has been recently shown by x-ray
photoelectron spectroscopy [22] (XPS) [Fig. 4(a)]. The
peaks denoted by SU (shake up) and SD (shake down) are
satellites around the Ce31 3d main peaks [23]. The size de-
3442
pendence of the change in lattice constant is in good agree-
ment with that of the valence change of Ce ions, I�Ce31��
�I�Ce41� 1 I�Ce31��, evaluated by the integrated intensity
ratio of the XPS Ce 3d5�2 peaks as shown in Fig. 4(b).
The XPS measurement demonstrates greater reduction of
Ce ions with decreasing particle size.

The above results and discussion can be summarized
as follows: The lattice constant change in oxide (ionic)
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FIG. 4. (a) XPS Ce 3d core-level spectra in the following par-
ticle sizes: a, 2.2 6 0.3; b, 3.0 6 0.4; and c, 3.8 6 0.6 nm.
The peak assignment was after Vercaemst et al. (Ref. [23]).
(b) Size dependences of the valence change in Ce ions (�) and
the lattice constant change in CeO22x nanoparticles (1). The
former was obtained from the integrated intensity ratio of the
main peak of Ce31 3d5�2 to Ce41 3d5�2.

nanoparticles originates from the variation in nominal ionic
valences. The reduction of the valence induces an increase
in the lattice constant due to the decrease in electrostatic
forces, but the increase in the valence does not always lead
to lattice shrinkage. Nanoparticles with the increase in
ionicity or nominal valence may show either expansion or
shrinkage, depending on the structure of the large clusters,
as exemplified here. Therefore, first-principles computer
simulations of various kinds of large ionic clusters are
indispensable. Lattice constant measurements for the cor-
responding nanoparticles will then provide a way to deter-
mine correlations between the particle size and the surface
states through comparison with the simulation results.
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