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Evidence for Pb-O Covalency in Tetragonal PbTiO3
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Accurate charge-density distributions of cubic and tetragonal PbTiO3; and BaTiO3 have been ob-
tained by the MEM(maximum entropy method)/Rietveld analysis using synchrotron-radiation powder
data. The Pb-O bonds in tetragonal PbTiO3 show rather strong covalency, while those in cubic PbTiO;
are ionic. This is the clear evidence of the Pb-O hybridization in tetragonal PbTiOs3, which has been theo-
retically predicted as a key factor of much larger ferroelectricity of this substance than that of BaTiOs.
Tetragonal PbTiO; forms a layered structure of a two-dimensional covalent-bonding network consisting

of the Ti-Os pyramid.
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Perovskite oxides, which have a chemical formula of
ABOQ3, are well known for their applications to novel de-
vices [1], such as ferroelectric memories, piezoelectric
vibrators, etc. A variety of ferroelectric properties of per-
ovskites can be controlled by a replacement of the A and B
cations. Among them, PbTiO3 and BaTiOj3 are symbolic
examples displaying quite different ferroelectric behavior.
Both have a simple cubic structure in the high-temperature
paraelectric phase. A phase transition to the tetragonal
phase occurs in PbTiO3 and BaTiOj3 at 763 and 403 K, re-
spectively. The transition temperature of PbTiOj is higher
than that of BaTiOs, and the spontaneous polarization
of PbTiOs is about 3 times larger than that of BaTiO3 at
room temperature [2]. Comparing both the lattice strains
in the tetragonal phase at room temperature, the c¢/a ratio
of PbTiOj3 is 1.06, whereas that of BaTiOj3 is only 1.01,
where a and ¢ are the lattice constants [3]. In addition,
BaTiO3 is known to have successive phase transitions,
from the cubic structure to tetragonal, orthorhombic, and
rhombohedral structures at low temperatures.

In the 1990s, theoretical studies by first-principles cal-
culations suggested a specific scenario to give a plausible
account of these replacement effects on the ferroelectric
properties of perovskites [4-9]. It was pointed out that
the hybridization between the Ti 3d states and O 2p states
is essential to the ferroelectric instability in both PbTiO;
and BaTiOs;, and that the orbital hybridization exists be-
tween the Pb 6s state and O 2p states to play a crucial
role for larger ferroelectricity [5,6] in tetragonal PbTiOs3,
whereas the interaction between Ba and O is almost ionic
in tetragonal BaTiOs3. The theoretical prediction can be
verified by an x-ray charge-density study on the bonding
electron distributions associated with the orbital hybridiza-
tion. Until now, however, no experimental evidence for the
Pb-O orbital hybridization has been reported. In this study,
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we report a direct experimental evidence for the Pb-O hy-
bridization revealed as the Pb-O covalent bonding elec-
tron distribution in the precise charge-density distribution
of tetragonal PbTiO; for the first time.

In order to determine precise electron-density maps by
x-ray diffraction, it is essential to collect accurate Bragg
integrated intensity data. In this study, high-energy syn-
chrotron x-ray powder-diffraction data were collected for
the analyses of both cubic and tetragonal PbTiO3 and
BaTiO3. The merits of the experiment are as follows. A
powder-diffraction experiment has an advantage to be free
from the problems of ferroelectric multidomains. Extinc-
tion effects also can be excluded. In addition, high-energy
x-rays are efficient to exclude the absorption effect for
the specimen such as PbTiOs consisting of an extremely
heavy element, Pb, and a light element, O. The experi-
ments were carried out on the Large Debye-Scherrer Cam-
era installed at BLO2B2 in SPring-8. The temperatures
were stabilized within 1 K by the N, gas flow system.
In order to get good counting statistics, an imaging plate
was used as a detector. The performance of the camera
has been reported elsewhere [10]. A homogeneous granu-
larity of the sample powder, which gives a homogeneous
intensity distribution in the Debye-Scherrer powder ring,
was achieved by the precipitation method. The powder of
PbTiO3 was sealed into a quartz capillary of 0.1 mm in
diameter. The wavelength of the incident beam used was
0.41 A. In these experimental conditions, the factor to be
compensated for absorption was only 0.5% for the inten-
sity at 20 = 50°, as was fairly small to be ignored. For the
experiment of BaTiOs, a capillary of 0.2 mm in diameter
and x-rays of 0.50 A were adopted.

The electron-density distributions were determined by
the MEM/Rietveld technique, which is a combination
of the MEM (maximum entropy method) [11] and the
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Rietveld refinement [12]. The technique has been suc-
cessfully applied to the structure studies of fullerene
compounds [13-15], intermetallic compounds [16],
manganites [17], etc. For instance, Takata et al. have
succeeded also in observing the orbital order of Mn
3dx?-y? in the antiferromagnetic state of the manganite,
NdSr;Mn;07, revealed in the Mn-O bonding electron
distribution associated with Mn (3dx2-y?)-O(2p o) orbital
hybridization using synchrontron-radiation powder data
[17]. These studies have proven that the MEM can derive
detailed bonding electron distributions purely from a
limited number of diffraction data. The accurate bonding
nature could not be easily deduced by only the Rietveld
refinement, which assumes a structure model based on an
arrangement of free atoms. Therefore, it can be considered
that the MEM/Rietveld analysis is a powerful method
for a direct observation of change in bonding electron
densities in the interatomic region associated with the
phase transition. The detail of the present method has
been described previously [13—-17].

The fitting results of the preliminary Rietveld analyses
in the MEM/Reitveld method for 800 and 300 K data of
PbTiO3 are shown in Fig. 1. The refined crystal-structure
parameters obtained by the Rietveld analyses are listed in
Table I. The 51 and 233 independent observed structure
factors were derived by the preliminary Rietveld analy-
ses for 800 and 300 K data, respectively, and used in the
MEM analyses. The reliability factors (R factors) based
on the Bragg intensities, R;, and the weighted profile, R,,,
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FIG. 1. Rietveld fitting for PbTiO; at (a) 800 K (cubic phase)

and (b) 300 K (tetragonal phase). The data up to 42.0° and
52.6° in 26, which corresponds to 0.57 A and 0.46 A ranges in
d spacing, were used for the analyses of 800 and 300 K data,
respectively. The high angular region is enlarged and shown in
the insets.
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were 2.35% and 3.74%, respectively, for 800 K data. For
300 K data, R; was 1.72% and R,,, was 2.25%. The
MEM analyses were carried out with the unit cell di-
vided into 80 X 80 X 80 and 80 X 80 X 84 pixels for
800 and 300 K, respectively. The volume of one pixel
corresponds to about 0.05 X 0.05 X 0.05 A3. The reli-
able factor based on the structure factors, Rr, was 1.02%
and 0.99% for the final MEM charge density at 800 and
300 K, respectively.

The charge-density distributions on the (0 1 0) plane, i.e.,
Pb-O plane, and the (02 0) plane, i.e., Ti-O plane, in cubic
PbTiOs3 at 800 K are shown in Figs. 2(a) and 2(b), respec-
tively. Their corresponding charge-density distributions
in tetragonal PbTiO3 at 300 K are shown in Figs. 2(c)
and 2(d), respectively. The electron-density distributions
around Pb and O in cubic PbTiO; are essentially isotropic
on the Pb-O plane [see Fig. 2(a)]. The minimum charge
density on the Pb-O bonding is 0.22¢ A™3. This is the
same value as the background level. On the other hand, the
electron-density distributions around Pb and O2 in tetrago-
nal PbTiO3 are quite anisotropic as shown in Fig. 2(c),
i.e., extending toward O2 and Pb, respectively. The elec-
tron densities of Pb and O2 are found to be overlapped
along the Pb-O2 direction in the tetragonal PbTiO3. The
minimum charge density on the shorter Pb-O2 bonding in
Fig. 2(c) is charged up to 0.45¢ A~3. This means that the
Pb-O bonding nature of the cubic phase is ionic, whereas
that of the tetragonal phase is covalent. As a compari-
son, charge-density distributions of both cubic and tetrago-
nal BaTiO3 obtained by the same procedure are shown in
Figs. 3(a)-3(d), corresponding to those of PbTiO3 shown
in Figs. 2(a)-2(d). Almost no overlapping electron dis-
tribution is observed between Ba-O(02) bonding in both
cubic and tetragonal BaTiO3; showing an ionic bonding
nature [see Figs. 3(a) and 3(c)]. The minimum charge den-
sity on the Ba-O bonding of cubic BaTiO; in Fig. 3(a) is
0.18¢ A~3. This value is unchanged on the Ba-O2 bond-
ings of tetragonal BaTiO3 in Fig. 3(c). Note that the
electron density distributions around Ba and O2 are still
isotropic on the Ba-O plane in tetragonal BaTiOs. As
for the interatomic distance in tetragonal BaTiOs, there is
not much difference between the experimentally obtained
Ba-O distance of 2.80 A and the theoretically calculated
Ba-O distance of 2.82 A, estimated based on the Shannon

TABLE I. Crystal parameters and structure parameters for
PbTiO; refined by the Rietveld analysis. R; = 2.35% and
1.72% for 800 and 300 K, respectively.

Atom x y z u (1072 A2)
800 K Pb 0 O 0 3.71(1)
Pm3m Ti 05 05 0.5 1.65(4)
a=3992(1)A O 05 05 0 2.76(9)
300 K Pb 0 O 0.1206(6)  0.97(1)
P4mm ~Ti 05 05 057734 0.56(3)
a=39040(1) A 01 0.5 05 —0.0077(9) 1.0509)
c=41575(1)A 02 05 0 0.5 1.20(8)
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FIG. 2. MEM charge-density distributions of PbTiOs; (a) and
(b) cubic phase at 800 K, (c) and (d) tetragonal phase at 300 K.
The left and right columns show the Pb-O plane and Ti-O plane,
respectively. The contour lines are drawn from 0.4e A= with
0.2¢ A73 intervals. (e) equicontour (0.4e A~3) charge-density
map of a two-dimensional covalent-bonding layered structure of
PbTiO; at 300 K.

and Prewitt (S-P) ionic radii model [18,19]. On the other
hand, a significant difference between the Pb-O distances
of 2.51 A (experiment) and 2.69 A (S-P radii model) is
found in tetragonal PbTiO3. This suggests that the Pb-O
bond in tetragonal PbTiO3 cannot be interpreted by a
simple ionic model. The present work gives the direct
experimental evidence for existence of the Pb-O orbital
hybridization in tetragonal PbTiO3. This is high contrast
to the almost ionic character of the bonding nature of the
Ba-O bondings in tetragonal BaTiOs. These differences
are consistent with the theoretical predictions [5,6] and,
thus, should be related to the difference of ferroelectric
behavior between PbTiO3; and BaTiOs.

Two Ti-O1 bonding natures along the [001] direction in
the tetragonal phase ought not to be identical due to the
displacement of the Ti atom from the center of the oxy-
gen octahedra along the [001] direction. The inequality
of this bond nature is clearly seen in Figs. 2(d) and 3(d)
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FIG. 3. MEM charge-density distributions of BaTiOs; (a) and
(b) cubic phase at 573 K, (c) and (d) tetragonal phase at 300 K.
The left and right columns show the Ba-O plane and the Ti-O
plane, respectively. The contour lines are drawn from 0.4e A ™3
with 0.2¢ A~3 intervals. The data up to 62.8° in 26, which
corresponds to the 0.48 A ranges in d spacing, were used for
both the analyses of 573 and 300 K data.

when they are compared with the Ti-O bonding nature of
the cubic phase in Figs. 2(b) and 3(b), respectively. The
Rietveld analysis shows a very large difference of bond
lengths between the O1-Ti and the Ti-O1 bonds in tetrago-
nal PbTiOs; the difference is 0.706 A. The MEM analy-
sis shows that the minimum charge density on the longer
Ti-O1 bonding in tetragonal PbTiO; is extremely low as
0.22¢ A3, the same level as the background level, while
that on the shorter Ti-O1 bonding in tetragonal PbTiOs
is considerably high as 1.25¢ A~3. The minimum charge
density on the Ti-O2 bonding, perpendicular to the [001]
direction, is 0.83¢ A3 in tetragonal PbTiOs3, which is al-
most the same as that of the Ti-O bonding in cubic PbTiO3,
0.90¢ A73. These facts suggest that the O1 atom moves
also closer to a pairing Ti atom. Such a pairing of a Ti
atom with an O1 atom along the [001] direction is surely
associated with the pairing Pb atom with O2 atoms during
the ferroelectric phase transition in PbTiOs3.

Turning our attention to the covalent network, we may
say that tetragonal PbTiO3; forms a layered structure of a
two-dimensional network of covalent bonding, consisting
of the Ti-Os pyramid strongly combined with the Pb-O
bond. The equidensity surface of MEM charge densities
for such a two-dimensional network is shown in Fig. 2(e)
at the equicontour level of 0.4e A3, The layer is perpen-
dicular to the [001] direction, which may affect the coher-
ent length on x-ray diffraction, e.g., the profile of the (002)
reflection was 1.6 times as broad as the (200) reflection.
This suggests that static stacking of the layers along the
[001] direction is disarranged, presumably due to the two
dimensionality caused by the particular bonding nature of
tetragonal PbTiOs.
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The number of electrons around each atom can be
computed in the charge-density distributions obtained by
the MEM analysis. The counting region is the inside
surrounded by a minimum charge-density surface that
separates the atom from its neighbors. It was found that
the number of electrons around Pb in tetragonal PbTiOs
increased from 80.0(3)e to 80.9(3)e by 0.9¢ associated
with the cubic-tetragonal phase transition, whereas the
number of electrons around O2 decreased from 9.4(3)e to
9.0(3)e by 0.4e. It should be noted that the number of the
electrons increased in Pb is approximately equal to the to-
tal number of electrons decreased in two O2 atoms. In the
unit cell, there exist two equivalent O2 atoms, which are
both combined with one Pb atom to form the Pb-O2 cova-
lent bondings in the tetragonal PbTiO3. We consider that
such a charge transfer, corresponding to approximately
one electron on Pb, is caused by the cubic-tetragonal
phase transition, to influence the ferroelectric properties
of PbTiOs. With regard to the O1-Ti-O1 bondings in
PbTiO3, the numbers of electrons around O1 and Ti
were almost unchanged, as 19.8(4)e (Ti) and 9.4(3)e
(O) for cubic PbTiO3; 19.6(4)e (Ti) and 9.4(3)e (O1) in
tetragonal PbTiOs3. This result suggests that the numbers
of electrons around Ti and O1 preserve a balance of total
charge although the covalency inclines heavily toward
the shorter Ti-O bond in tetragonal PbTiOs. In the case
of BaTiOj3, the numbers of electrons around constituent
atoms computed by the same way is found to be almost
unchanged through the cubic-tetragonal phase transition.
They are 54.2(3)e for Ba, 19.9(3)e for Ti, and 9.3(3)e for
O in cubic BaTiOs3, and 54.1(3)e for Ba, 20.1(4)e for Ti,
9.6(3)e for O1, and 9.1(3)e for O2 in tetragonal BaTiOs.

The ionic state of atoms in tetragonal PbTiOs is eas-
ily estimated by subtracting the atomic number from the
number of electrons around atoms: +1.1 for Pb, +2.4 for
Ti, —1.4 for O1, and —1.0 for O2. This result provides an
instructive contrast to the theoretical values of +2 (fixed)
for Pb, +2.89 for Ti, and —1.63 for O (assumed all the
same) in tetragonal PbTiO3; [5]. We have found that the
ionic state of Pb in PbTiO3 changes from +2.0 to +1.1
through the cubic-tetragonal phase transition. The spon-
taneous polarization of the tetragonal PbTiO3 can also be
calculated from these ionic states and the displacements
of cation sublattice relative to oxygen octahedron to be
0.33 C m~2, which is smaller than the spontaneous polar-
ization obtained by the measurement of a dielectric hys-
teresis loop, e.g., 0.75 [2] and 0.57 Cm~2 [20]. In the
present calculation, we take no account of the polariza-
tion related to the nucleus position that is unable to be
determined by x-ray diffraction. The spontaneous po-
larization of tetragonal BaTiOs can also be estimated in
the present charge-density study as 0.10 C m 2, which is
also smaller than the value by other experimental studies,
0.25 Cm~2 [21].

The present study revealed the peculiar bonding
nature of tetragonal PbTiOz on the basis of electron
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charge-density analysis by MEM. The further systematic
charge-density study of other perovskite oxides shall
give information essential for a better understanding of
ferroelectric properties and for designing novel materials
based on the orbital physics.
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