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The effects of La doping on the ferroelectric properties of 0.92Nag 5Bip sTiO3—-0.08BaTiO3z (NBT-BT) solid solu-
tion have been studied both experimentally and theoretically. The experimental results show that an abnormal ferro-to-
antiferroelectric phase transition is induced by La doping in NBT-BT. The first-principles calculations indicate that La3*
cations selectively substitute for the A site in NBT-BT as donors. Furthermore, the computed binding energy reveals that
La cations is most likely to substitute Ba>" or Na*t, not Bi3T, at A site as donors in NBT-BT, as supported by our Raman
spectra. The ferro-to-antiferroelectric phase transition of La-doped NBT-BT is believed to originate from the lattice aber-
rance and redistribution of valence electrons, thus strengthening the bonding of A-O, enhancing the hybridization between
the A cation d orbital and O 2p orbital, and resulting in the deflection of the polar direction of NBT-BT lattice.
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1. Introduction

Sodium bismuth titanium, NagsBipsTiO3 (NBT), is a
typical A-site complex perovskite relaxor. It has been exten-
sively investigated due to its interesting electric properties.!!]
At room temperature, NBT generally exists in the po-
lar rhombohedral phase. Our previous experiment®! on
0.92Na( 5Big 5TiO3—-0.08BaTiO3 (NBT-BT) revealed that the
Lay0O3-doped samples are subject to a crossover from re-
laxor to antiferroelectric phase. Recently, Zheng er al.’! also
reported that introduction of La’* into 0.94Nag sBig 5 TiO3—
0.06BaTiO3 could induce the ferroelectric-to-antiferroelectric
phase transition. Additionally, similar phenomena related to
phase transitions have also been observed in the B-site com-
plex A(BB’)Os-type perovskites.*l These phenomena may
originate from the atomic occupation of the doping cations in
the lattice.l®) Empirically, the atomic site for doping cations
in the perovskite lattice can be predicted by comparing the
ionic radius and valence. However, the site selectivity of dop-
ing cations should be fairly sophisticated in an A-site or B-
site complex perovskite, such as A-site complex compound
BNT. Choi ef al. found that La®" cations added into pseu-
doperovskite CaCu3Tig Oy, will substitute for Ca?* rather than
Cu?* through STEM and EELS, showing unique selectivity of
doping La** cations in site occupation.”!

In this paper, both experimentally and theoretically, we
study the site selectivity of doping cations and its influence on
phase structure of La-doped 0.92Nay 5Bij 5Ti03—0.08BaTiOs3.
The results showed that the La>" cations prefer to selectively
substitute for Ba or Na instead of Bi at A site in NBT-BT; the
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ferro-to-antiferroelectric phase transition may originate from
the stronger bonding of A—O and the enhanced hybridization
between the La-mixed A cation d orbital and O 2p orbital,
which changes the polar direction of the original structure in
NBT-BT.

2. Experimental setup

Samples used in the experiment were prepared by a con-
ventional mixed oxide method. Oxide powders, Na,CO3,
BaCOs, BiyO3, TiO,, and LayOs, with purity higher than
99.9% were used as raw materials. Stoichiometric amounts
were weighed and mixed by ball milling for 12 h. After calcin-
ing at 800 °C for 2 h, the resulting powders were milled again
to reduce the particle size, and were then dried and granulated
by adding polyvinyl alcohol (PVA) as a binder. The granulated
powders were pressed into disk samples with a dimension of
10 mm in diameter and 2 mm in thickness. The compact disk
samples were sintered at 1150 °C for 2 h in ambient. Com-
positional analyses of the solid solutions were conducted by
X-ray diffraction (XRD) (DMAX-III C; Rigaku Corp., Tokyo,
Japan). A standard Sawyer-Tower circuit TF analyzer (aix-
ACCT Systems GmbH, Aachen, Germany) was used to mea-
sure the polarization hysteresis (P—E loop) at 10 Hz.

Figure 1 shows the XRD patterns of NBT-BT samples in
the 26 range of 20°-80°. It can be observed that all samples
exhibit a pure perovskite structure and no other second-phase

diffractions were found.
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Fig. 1. XRD patterns of NBT-BT with different La; O3 addition.

The P-E hysteresis loops of NBT-BT samples obtained
at room temperature are shown in Fig. 2. It can be seen that
the sample without La;O3 addition has an ideal single P-E
hysteresis loop, corresponding to ferroelectric state. However,
the sample with 0.2 wt% La, O3 exhibits double P-E hystere-
sis loops, which is consistent with the results of Zheng ez al.l*!

For the samples with excessive La; O3 (> 0.4 wt%), the pinch-
ing effect of the P—E hysteresis loops (as shown in Fig. 2(d))
is mitigated. This may indicate that the excess dopants would
attach on the crystal boundary when it is over the solid so-
lution limit, and would affect the distribution of domains. It
is well known that the double P-F hysteresis loop is a fin-
gerprint exhibited by antiferroelectric materials. Our previous
experiments have confirmed the possibility of antiferroelectric
phase transition.[”! It has been known that after aging, a num-
ber of ferroelectric titanates also exhibit a double P—E loop.
However, aging, similar to the process involving gradual sta-
bilization of ferroelectric domains by defects,®”! seems not to
be the prerequisite for exhibiting the double-loop-like charac-
teristics in the present study. Therefore, to find out the essence
of the experimental results, the theoretical investigations for
the dopant site selectivity and phase transition in NBT-BT are

necessary.
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Fig. 2. P-E hysteresis loops of samples with (a) no, (b) 0.1 wt.%, (c) 0.2 wt.%, and (d) 0.4 wt.% La, O3 addition at room temperature.

3. Computational models

In this study, we adopted the CASTEP code!®”! based

10.111 which uses the gener-

on the density functional theory,!
alized gradient approximation (GGA) with the exchange cor-
relation Perdew—Burke—Ernzerh (PBE) potential /!>l An ultra-
soft pseudo-potential was adopted to deal with the electron-
ion interaction. In self-consistent field (SCF) calculations, the
Monkhost—Pack scheme!!3! is used to construct the K mesh for
the first Brillouin zone with 6 x 6 x 6 k points. The SCF toler-
ance is settobe 1.0 x 1070 eV per atom, and the force conver-
gence criteria is set to be 0.01 eV/A in the geometry optimiza-

tions with the Broyden—Fletcher—Goldfarb—Shanno (BFGS)

algorithm. In all computations of NBT-BT or doped NBT-BT
system, the cut off energy is 410 eV. To investigate its elec-
tronic structure of randomly-occupied A-site NBT-BT solid
solution, an alternative approach, the so-called “virtual crystal
approximation” (VCA),[14-16 was used. Recently, the VCA
has been successfully applied to perovskite ferroelectric solid
solutions.!'”!8] This method mixes their pseudo-potentials of
the cations at disorder site by the creation of a virtual chem-
ical species, and the average value can be obtained by vari-
ous schemes. By using a simple linear combination approach,
for an alloy/solid solution A;Bi_y in which A and B disor-

ders occupy a special site of a crystalline structure, its pseudo-
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potential can be averagely replaced by that of A and B. Thus,

ey

Here, the number of valence electrons can be regarded as the

Vs =2V + (1 —x)Vp.

average over A and B.

In our calculations, the initial lattice of the NBT-BT crys-
tal structure is based on the ambient experiment parameters!'”!
of NBT (rhombohedral, o« = 8 = y=89.6°, a=b=c =
3.886 A). After geometry optimization, we obtained the lat-
tice parameters of NBTasoc = =y=289.9°anda=b=c=
3.991 A. Moreover, keeping the axial orientation of the origi-
nal cell unchanged, the computed lattice parameters of NBT-
BTarea =B =y=91.6°anda = b = c = 4.208 A. They are
larger than that of NBT and BaTiO3 (BT) (¢ =8 =y=90.1°,
a=b=c=4.026 A). These results show that the lattice con-
stant may be enlarged by the lattice mismatch between NBT
and BT in a solid solution process. Next, to investigate the
dopant site selectivity for La doping in NBT-BT, the change
in the total energy of a single crystal cell by La doping into
NBT-BT is an important index. Thus, it is necessary to de-
fine the binding energy of La atoms in the NBT-BT when it
replaces x% Na, Bi or Ba at A or B site for every crystal cell.
The chemical processes of doping can be written as

Nag 4¢Big 46Bag.0sTiO3 +xLa
— Nag 46_Big.46Bag.ogLa, TiO3 + xNa,
Naol46Bi0'4(,Bao_ogTiO3 +xLa
— Nag 46Big 46— xBag.0gLa, TiO3 + xBi,
Nayg 46Big.46Bag.0s TiO3 +xLa
— Nag 46Big.46Bag 0s—La,TiO3 + xBa,
B site : Nag 46Big.46Bag ogTiO3 +xLa
— Nag 46Big.4¢Bag.ogla,Ti; O3 + xTi.

A site
2

Then, the binding energy E}, for one doped La atom can
be expressed by

1
Ep = X [(Eun +XELa) — (Edo +XEquw)], )

where Ey, and Ey, are the total energies of the NBT-BT with-
out and with doped La, respectively; E}, is the energy of an
isolated La atom; Eg, is the energy of an isolated replaced
atom (Na, Bi, Ba, or Ti).

4. Dopant site selectivity in La-doped NBT-BT

Table 1 shows the computed binding energy with differ-
ent LayO3 doping. It can be seen that the binding energy for

substitution of Ti (B site) by La is negative, while the binding
energy for substitution of A site (Na, Bi, or Ba) by La is posi-
tive except that of Bi substitution by La with 1% doping den-
sity. These results indicate that the La atom prefers to occupy
the A site while the selectivity of La into B site may be un-
stable, which agrees well with the experiment observations of
selective substitution of La for the A site in the (AA/)BO3-type
oxides.’! The computational data also show that the lower the
doping density is, the bigger the binding energy is, suggesting
that there exists a maximum limit for La doping into NBT—
BT. Here, it should be noted that for La substituting for Bi, the
binding energy at 1% doping density is positive, while nega-
tive at 0.5% doping density, so the maximum ratio for Bi to be
substituted by La, must be between 0.5% and 1%.

Table 1. Binding energy of La atom with different doping amounts and
occupation sites.

Amount of La/% Binding energy/eV
Na Bi Ba Ti
0.5 945.851 194.111 295.899  —181.985
1 783.457 -118.638 126.213  -371.112

In addition, the computed binding energies listed in Ta-
ble 1 show that Na substitution by La in NBT-BT may be
the most stable since the largest binding energy is observed.
Zheng et alP! studied the NBT-BT modified by different
amount of La dopant and suggested that the doping La’*t
cations prefer to substitute for Bi** cations due to their simi-
larity in valence and ion radius. However, our computational
results show that La>* tends not to substitute for Bi**. Even
for the substitution of Bi** by La** with more than 1% dop-
ing density, it may be unstable. Furthermore, we computed
the change in the volume of an NBT-BT cell with La dopant
in different sites or substituting different elements with 1%
doping density in Table 2, the results show that the substitu-
tion of La for Bi may lead to up to 73% change of the cell
volume, far larger than that of the substitution of La for other
atoms. Kreisel et al®”) demonstrated that the Raman spectra
of NBT may be sensitively modulated by the size of lattice cell
and the average molecular weight of A site cations. Thus, for
inspecting the change of the crystal cell size in NBT-BT with
different La doping, the analysis of the Raman spectra may
supply an alternative scheme.

Figure 3 presents the Raman spectra of NBT-BT with
different amounts of Lay; O3 addition. The results show that

Table 2. Cell volume of NBT-BT for different occupation sites by La3+ cation.

Occupied site by doping La cations

Un-doped
Na* Bi** Ba>*™ Ti**
Cell volume/A3 74.436658 76.236648 128.933698 78.979215 77.311879
Change/% 0 2.418 73.213 6.103 3.863
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the shapes and peaks of Raman spectra of NBT-BT with dif-
ferent doping density even up to 0.6 wt.% only have little
change. Therefore, it seems impossible for La to substitute for
Bi because a large change of the cell volume does not happen,
namely, the shapes and peaks of Raman spectra are similar. It
suggests that La is unlikely to substitute for Bi in NBT-BT,
although about 50% of A sites are composed of Bi. That is
to say, La is mostly expected to selectively substitute for Ba
or Na, instead of Bi, and acts as donors in NBT-BT, which
is in accordance with the report by Choi et alP! It is easily
understood that, due to the similar atomic mass and smaller
size of La relative to Ba, La substituting for Ba may be more
amenable for La doping in NBT-BT using conventional syn-
thesis methods.

Intensity/arb. units

n 1 n
150 300 450 600 750

Raman shift/cm™!

Fig. 3. Raman spectra of NBT-BT with different amount of LayO3
addition.

5. Electronic mechanism of ferro-to-antiferroel-
ectric phase transition

First-principles calculations showed that hybridization
between B-site d states and O 2p states plays an important
role in the ferroelectricity and displacive phase transitions of
these perovskite materials. The ferroelectricity occurs due to
frustration of tilt instabilities by A-site disorder and hybridiza-
tion between 3d states and O 2p states.[*!! Coexistence of dis-
placive and order-disorder phenomena has been demonstrated
in NBT.®! According to NBT-BT, its ferroelectricity should
be driven by A-site and B-site cations cooperatedly. To un-
derstand the mechanism of phase transition, it is necessary to
analyze its density of states (DOS) and charge density, which
is intrinsically affected by the atomic bond and valence bond.

Figures 4 and 5 show the DOS of NBT-BT and La-
modified NBT-BT (La substitutes for Ba), respectively. It is
well known that above the Fermi energy (0 eV, marked by the
vertical line in the DOS figure), there is no electron occupa-
tion for anti-bond states. More attention should be paid on
bond states below the Fermi energy. It is believed that there
is “hybridization” between different electrons if DOS of dif-
ferent electrons possess a crossed region or resonant peak at

the energy (horizontal) axis, which means that they can pos-
sess the same energy. In Figs. 4 and 5, there is a significant
hybridization between Ti 3d and O 2p, indicating the potential
ferroelectricity, and there is no obvious change at the cova-
lency degree in doped and undoped NBT-BT. Therefore, the
effect of La doping does not break the polar structure, and thus
does not disturb the long-range Coulomb forces in favor of the
ferroelectric state. However, there is a distinctive change for
the hybridization between s, p, and d states of A cation and
O 2p state in NBT-BT before and after La doping. In Fig. 4,
only from -2.5 eV to 0 eV, there is a little resonant peak for
the DOS of s and p states of A cation at O 2p hybridizated site
(-4 to 0 eV), and there is almost no peaks at A-site d states.
However, due to the effect of La doping, it is obvious in Fig. 5
that, at O 2p hybridizated site, the DOS’s of s and p states of A
cation have been greatly enhanced, which may also enhances
the bonding between A cation and O anion. Moreover, the res-
onant A-site d states from —2 eV to 0 eV show the hybridiza-
tion between A-site d states and O 2p states. Naturally, the
stronger A—O bonding and the hybridization between A-site
d states and O 2p states may make the polar direction of the
original structure deflect in a rhombohedra structure, which
leads to the ferro-to-antiferroelectric phase transition with La
doping into NBT-BT.
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Fig. 4. DOS of NBT-BT from —10 to 10 eV. (a) Total DOS; (b) partial
DOS for O 2p; (c) partial DOS for Ti 3d; (d) partial DOS for (A) s; (e)
partial DOS for (A) p; (f) partial DOS for (A) d.

Furthermore, to understand the electronic mechanism
of phase transition, figure 6 presents the computed spectrum
of charge density difference Ap at the (110) plane in the doped
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16 5 and undoped NBT-BT. For undoped NBT-BT, the distribu-
+ (a) ! total DOS . . . . ..
12pF tion of CDD patterns in four directions seems to be simi-

lar. However, for the La-doped NBT-BT, the upside has lost

more electrons than the downside. Therefore, from the (110)

LB NI L N L B L L L plane of the crystal, the charge density of the pure NBT-BT
(b) O 2p will be pseudo center-symmetry, which is a character of the
relaxor ferroelectric of NBT, while that of La-doped NBT-

: BT will be polar mirror-symmetry. It indicates that substitu-

T " P tion of La for Ba at the A site would greatly affect the polar
[ [ Ti 3d structure and lead to the tilting of the unit cell and sponta-

(¢ !
I | neous polarization, as experimentally presented by the ferro-
o !

i to-antiferroelectric phase transition. From the above analy-

sis, the ferro-to-antiferroelectric phase transition may origi-

nate from the stronger A—O bonding and the hybridization be-

F (@)

(A) s tween A-site d states and O 2p state due to the existence of La
ion in NBT-BT, which changes its polar structure.
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- 6. Conclusion
(A)p

—_

(e)

The mechanism of dopant site selectivity and phase tran-

sition in a La-doped NBT-BT solid solution has been inves-
tigated both experimentally and theoretically. For the experi-

mental observations, it was found that the La doping induces

8
4
0
6k
4
2
0

i
A)d . . .. .
g E (&) an abnormal ferro-to-antiferroelectric phase transition, differ-
L ; ent from the general understanding of gradual variability of
C ; adulteration. The abnormal behavior should be closely re-
N TP N TP 7. P R N P | . o .

_8 4 0 4 S lated to the dopant site selectivity, lattice parameters, and/or
Energy/eV electronic structure of La-doped NBT-BT. Therefore, we also

Fig. 5. DOS of NBT_BT with 1% La substituting for Ba from —10 to 10 used the first-principles method to theoretically explore the
eV. (a) Total DOS; (b) partial DOS for O 2p; (c) partial DOS for Ti 3d; mechanism of dopant site selectivity and phase transition in
EdA))I? rtial DOS for (A) s: () partial DOS for (A) p; (f) partial DOS for La-doped NBT-BT solid solution. The results indicate that

La cations selectively substitute for A site in NBT-BT as
donors. From the analysis of the computed binding energy,
La is most likely to selectively substitute for Ba or Na instead
of Bi at A site acting as donors in NBT-BT. This was sup-
ported by our Raman spectroscopy observations. The ferro-to-
antiferroelectric phase transition of La-doped NBT-BT should
originate from stronger A—O bonding and the hybridization
between A-site d states and O 2p states, making the polar di-
rection of the original structure deflect in NBT-BT. This study
offers a simple but fairly reasonable prediction of the dopant
location and phase transition at an atomic scale, which can also
be used to analyze the mechanism of dopant site selectivity
and phase transition in the other doped-ABOs-type perovskite

oxides.
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