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Origin of ferroelectricity in PbTiO; and BaTiO; has been
studied by first-principles calculations and synchrotron
X-ray diffraction experiments."”” It was pointed out that the
hybridization between the Ti(3d) and O(2p) states is important
for the ferroelectric instability in both PbTiO5 and BaTiOj3, and
that the orbital hybridization exists between the Pb(6s) and
O(2p) states to play a crucial role for larger ferroelectricity in
tetragonal PbTiO3, whereas the chemical bonding between Ba
and O is almost ionic.

In recent years, PbTiO3—BiMeOj; ferroelectrics have received
much attention due to their excellent piezoelectric properties and
potential application in high-temperature piezoelectricity (Me =
Fe, Sc, (MgosTios), etc.).> '® The Bi substitution for Pb in
PbTiO; considerabl;r increases both Curie temperature (T¢) and
axial ratio ¢/a.'®""® The tetragonal 0.4 PbTiO3—0.6 BiFeO;
(Hereafter called as PTBF) exhibits excellent piezoelectric
properties, extremely large tetragonality (c/a = 1.16—1.17) and
high ferroelectric—g)araelectric transition temperature (T¢c =
865—874 K)."' 7> However, the role of Bi substitution and
origin of the large ¢/a, high T, and ferroelectricity in PTBF
are unclear. Furthermore the chemical bonding of PTBF has
not been reported yet, which would be a key to solve these
unresolved issues.

The purpose of this work is to investigate the chemical bond-
ing in PTBF through synchrotron X-ray diffraction experiments
and first-principles calculations. Here we show a strong hybridi-
zation between (Bi,Pb)(6s,6p) and O(2p) orbitals in PTBF.
Furthermore, we demonstrate that the hybridization between
Bi(6s,6p) and O(2p) orbitals is stronger than that between
Pb(6s,6p) and O(2p) ones, which is responsible for the
enhancement of ferroelectricity by the Bi substitution for Pb
in PbTiOs.

PTBF powders were prepared by a sol—gel method and then
sintered at 1050 °C. This sintered material was crushed and
ground, and then annealed at 800 °C to reduce strains. The
PTBF sample thus obtained was identified to be a tetragonal
P4mm perovskite phase by conventional X-ray diffraction mea-
surements, which is consistent with the literature.'! !¢ Variable-
temperature synchrotron X-ray powder diffraction measurements
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were performed on the Debye—Scherrer camera with an imaging
plate as a detector'” installed at BLO2B2 experimental station of
the SPring-8, Hyogo Japan. The powdered PTBF sample was put
into a glass capillary tube of 0.1 mm inner diameter. The
wavelength of incident beam was determined to be 0.39920 A
using a standard reference material National Institute of Science
and Technology (NIST) ceria powders.

Diffraction data were collected at 303.4 and 1000 K in the
range from 20 = 1.3—75°. The temperature of the specimen was
controlled by a high-temperature N, gas flow system within 0.5 K
during each data collection. To obtain experimental electron-
density distribution and to refine the structure of PTBEF, the
synchrotron-diffraction data were analyzed by the maximum-
entropy method (MEM) combined with Rietveld refinement
using computer programs RIETAN-FP and PRIMA."* ! To
investigate the electronic structure, we relaxed the atomic posi-
tions of an approximated 3 X 2 X 2 supercell of PTBF, antiferro-
magnetic PbyBigTi4FegOs, on the basis of the density functional
theory (DFT) with a program vasp”> where the unit-cell param-
eters were fixed to the values obtained in the Rietveld analysis
of PTBF (see the details and Figure S1 in the Supporting
Information A). The structure and electron-density distribution
were drawn by VESTA.*® As references, the valence-electron-
density distributions of metastable antiferromagnetic P4mm
BiFeOj; and stable P4mm PbTiO; were also obtained through
DEFT calculations.

Rietveld refinements of the synchrotron diffraction data of
PTBF at 303.4 and 1000 K were successfully performed on the
basis of the tetragonal P4mm and cubic Pm3m perovskite-type
structures, respectively (Figure 1, Table S1 in the Supporting
Information B). The weighted reliability (R) factors in the
Rietveld analysis of PTBF at 303.4 and 1000 K were R, =
6.67% and R, = 2.77%, respectively. The R factors based on the
Bragg intensity and structure factors were Ry = 3.44% and Ry =
1.93%, respectively, for the data at 303.4 K. The Rg and R were
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1.99% and 1.92%, respectively, for the data at 1000 K. The refined
unit-cell parameters of tetragonal PTBF at 303.4 Kwere a=b =
3.83042(5) A and ¢ = 4.46911(6) A. Thus, the PTBF has an
extremely large tetragonality of ¢/a = 1.16674(3) at 303.4 K,
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Figure 1. Rietveld fitting patterns of synchrotron powder diffraction
data of (a) tetragonal ferroelectric and (b) cubic paraelectric 0.4
PbTiO3—0.6 BiFeO; at (a) 303.4 and (b) 1000 K. Wavelength of
synchrotron X-ray was 0.39920 A. The high-angular region is enlarged
and shown in the insets.

which agrees with those reported in the literature (¢/a = 1.16—
1.17).' 7" In cubic PTBF, the (Bi,Pb)—O and (Fe, Ti) —O bond
lengths are 2.825 and 2.000 A, respectively. In tetragonal PTBF,
the constituent atoms are displaced along the ¢ axis, which yields
shorter and longer bond lengths (2.396—3.584 A for (Bi,Pb)—O
bond and 1.591—2.878 A for (Fe,Ti)—O bond).

Figure 2a—d and Figure S2 in the Supporting Information C
show the experimental MEM electron-density distributions of
the PTBF. The experimental electron-density distributions on
the bc planes at x = 1/2 and x = 0 ((Bi,Pb)-O planes) of PTBF at
1000 and 303.4 K are shown in panel a and ¢ in Figure 2,
respectively. The shorter (Bi,Pb)—O2 bond of tetragonal
PTBF at 303.4 K is covalent (A—O2 bond in Figure 2c), while
(Bi,Pb)—O bond of cubic PTBF at 1000 K is more ionic (A—O
bond in Figure 2a). The (Bi,Pb)—O2 covalent bond in tetragonal
PTBF is the experimental evidence for the hybridization of
(Bi,Pb)(6s,6p) and O(2p) orbitals (see the partial density of states
(DOS) in Figure S3 of Supporting Information D). The electron
density distributions in the present PTBF is similar with those
in PbTiO;.” It should be noted that the (Bi,Pb)-O2 covalent
bond (Minimum electron density (MED) = 0.61 A™?) is
stronger than Pb—O2 bond in PbTiO; (MED = 0.45 A3)?
which is responsible for the enhancement of ferroelectricity
and the increase of Tc and tetragonality by the Bi substitution
for Pb in PbTiO;.

Figure 2e shows the corresponding theoretical valence elec-
tron-density distribution on the bc plane at x = 2/3 of an
approximated 3 X 2 X 2 tetragonal supercell of PTBF, Pb,Bis-
TisFegOs4, which also indicates the covalent (Bi,Pb)-O bonds.
The electron density-of-states of Pb,BigTi,FegO34 show that the
(Bi,Pb)—O covalent bonds are formed by the overlaps of (Bi,
Pb)(6s,6p) and O(2p) orbitals (see Figure S3 of Supporting
Information D). It should be noted that the MED at Bi—O bond
is higher than MED at the Pb—O bond (Figure 2e). The
theoretical MED at the (Bi,Pb)—02 bond in Pb,BigTi;FegOs
is higher than that at the Pb—O2 bond in PbTiO;, which is

Figure 2. Electron density distributions on the bc planes ((a) x = 1/2, (b) x = 0) of cubic paraelectric 0.4 PbTiO3-0.6 BiFeO3 (PTBF) from synchrotron
data measured at 1000 K. Electron density distributions on the bc planes ((c) x =0, (d) x = 1/2) of tetragonal ferroelectric PTBF from synchrotron data
measured at 303.4 K. Valence electron density distributions on the bc planes ((e) x=2/3, (f) x = 1/6) of Pb,BigTi,FegOs4 through first- prmc1p1es
calculations. The 0 and 100% in color scale correspond to 0.57 and 4.57 A3, respectively, in a—d. Contours from 0. 57 to 2.57 A~ by 0.2 A3 step in
a—d. The 0 and 100% in color scale correspond to 0.2 and 4 A, respectively, in e and f. Contours from 0.2 to 2 A~ by 0.2 A3 step in e and f.
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consistent with the present experimental results on PTBF. There-
fore, the hybridization between Bi(6s,6p) and O(2p) orbitals is
stronger than that between Pb(6s,6p) and O(2p) ones, which is
responsible for the enhancement of ferroelectricity and the
increase of T and tetragonality by the Bi substitution for
Pb in PbTiOj;. The present theoretical MED at the Bi—O
bond in P4mm BiFeO; (0.50 A™%) is high as well as that in
PTBF (average value =0.44 A~>) compared with the theore-
tical MED at the Pb—O bond in PbTiO; (0.29 A~?), which is
consistent with the large ferroelectric polarization in P4mm
BiFeQ,.>*?®

Covalent (Fe,Ti)—O bonds are observed in panels b and d in
Figure 2 and Figure S2 in the Supporting Information C, which is
the experimental evidence for the hybridization between (Fe,
Ti)(3d) and O(2p) orbitals (see Figure S4 in Supporting
Information E). Coordination number of an Fe,Ti atom is six
in both tetragonal and cubic PTBF. In cubic PTBF at 1000 K, the
MEM electron densities at the six (Fe, Ti)—O bonds are equiva-
lent where the MED at the (Fe,Ti)—O bond is estimated to be
0.85 A~* (Figure 2b and Figure S2a in the Supporting Informa-
tion C). On the contrary, in the tetragonal PTBF at 303.4 K, the
electron density around an (Fe,Ti) atom is highly anisotropic,
which is attributable to the existence of shorter and longer
(Fe,Ti)—O bonds. The MED at (Fe,Ti)-O1 bond of tetragonal
PTBF (303.4 K) is extremely high (2.3 A7) indicating high
covalency, because the (Fe, Ti)-O1 bond length is short (1.591 A).
The MED at the longer (Fe,Ti)—O2 bond (1.989 A) is lower
(0.66 A73). It is interesting to point out that the MED at
(Fe,Ti)—O bond in PTBF (2.3 A %) is higher than that at
Ti—O bond in PbTiO; (1.25 A~>).> The DFT-based valence
electron density of tetragonal Pb,BigTi,;FegO3¢ also indicates the
Fe—O and Ti—O covalent bonds (Figure 2f). Theoretical
density map (Figure 2f) also demonstrates that the covalency
of shorter (Fe,Ti)—O1 bond is considerably higher than those
of others, which is consistent with the experimental density
distribution (Figure 2d). The strong (Fe, Ti)—O1 covalency
would also be a key factor for the enhancement of ferroelec-
tricity and the increase of Tc and tetragonality by the Bi
substitution for Pb in PbTiO;.

In conclusion, we have successfully addressed the impor-
tant issue on the chemical bonding of high Tc ferroelectric
PbTiO;—BiFeOj3 with extremely large tetragonality. The MEM
analyses of synchrotron diffraction data of PTBF and first-
principles DFT calculations allow us to reliably determine the
electron-density distribution of PTBF. In ferroelectric tetragonal
PTBF, we have demonstrated the experimental and theoretical
evidence for the hybridization between (Bi,Pb)(6s,6p) and
O(2p) orbitals, which is the key for the extremely large tetra-
gonality, high T and ferroelectricity of PTBF. The (Fe,Ti)-O1
hybridization accompanying with strong covalency would
also be a factor for the ferroelectricity of PTBF. Our findings
will be favored for the understanding of the physical and
chemical properties of PbTiO;—BiMeO; and for the design of
PbTiO;—BiMeO;-based piezoelectric materials (Me = Fe, Sc,
(MgosTigs), etc.).
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