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Abstract  
 
Electronic states of ions in lead-free perovskite-type dielectric 

oxides have been investigated with a first-principle cluster 

calculation. For this calculation a double-perovskite cluster 

model based upon the simple cubic ABO3 was used; A and B are 

both the cations, and O is the oxygen anion. Systematic 

variations of ionic species for A and B, and lengths of the model 

cube edge were given to the model. Results of charge transfers of 

the ions show that their magnitudes depend on the edge length; 

the lager length leads to the higher transfer magnitude. This 

tendency implies spatial tolerance of the ions to the clusters, and 

are expected to correlate with electric polarizability and dipole 

reversibility of this kind of oxides. The density of states and the 

overlap population indicate that the higher cation valence causes 

the higher covalency of the anions. Considering all results 

together provides us an idea to obtain lead-free high-

performance ferroelectrics, as high as the lead-based solid 

solutions. 

 

Research and development of lead-free perovskite ferroelectrics 

have been a subject of the harmless applications, such as 

actuators mainly and vibration-power generators hopefully, over 

a decade [1–3] since a large number of studies on the lead-based 

solid solutions were carried out [4–8]; the lead-based studies 

were those to bring out excellent ferroelectric performances, 

namely high electric polarization, high piezoelectricity, high 

electrostriction. Many of the lead-free systems focused are those 

including bismuth (Bi) at the A site, [9,10] and currently they are 

promising [11–17] because of their potentials to cause the high 

performances. The reason why they are has not been clear yet, 

but it may be related to their ionic chemistries. 
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A unit cell of the simple perovskite crystal is traditionally 

designated as ABO3; A and B are both the cations, and O is the 

oxygen anion with the formal charge 2-; the other charges have 

their values for electric neutrality. Chemical bonds of this kind 

of ferroelectric substance were much investigated with first-

principle calculations. The representative systems are barium 

titanate (BaTiO3, here nicknamed BT mainly for clear 

description of results and expression of figures) and lead titanate 

(PbTiO3, similarly PT hereafter); the latter has been considered 

only one exclusively good component since it shows the better 

performances than the former. In 1992, R. E. Cohen [18] 

published the study on both systems. The results indicate that 

lead (Pb), located at the A site, is significantly covalent with the 

anion and that also titanium (Ti), at the B site, for both systems, 

while barium (Ba), at the A site, is not. This feature leads us to 

understanding that the covalency plays an important role to 

cause ferroelectric strains; especially, the covalency of Pb, at the 

A site, is considered to provide the electronic channels for the 

strain stabilization, hence a reason why PbTiO3 is excellent. 

Therefore, it is expected that besides Pb, other ionic species 

which cause the covalency at the A site can be substitutes for the 

Pb-free applications. Based on this idea, we carried out a first-

principle cluster calculation in this study and investigated 

chemical bonds for many ABO3 cases, followed by telling the 

potentialities of Bi and La from the chemical point of view. 

 

A discrete-variational (DV) Xα cluster method and its computer 

code SCAT [19,20] were used for calculating electronic states of 

ions and their molecular orbitals (MO). Double perovskite 

cluster models whose shapes are of a rectangular parallelepiped, 

illustrated in Figure 1, were employed for the calculations. For 

modeling, ionic species for A and B, which are ubiquitous with 

no valence fluctuation or significant magnetism, were 

systematically selected from a periodic table. The employed 

models of the combination of A and B are the following (i)-(v); 

(i)-(iv) are illustrated in Figure 1(a), and (v) in Figure 1(b): 

(i)  A
+
B

5+
O

2-
3 where A

+
 is Na

+
 or K

+
 and B

5+
 is Nb

5+
 or Ta

5+
 

(ii)  A
2+

B
4+

O
2-

3 where A
2+

 is Ba
2+

 or Ca
2+

 and B
4+

 is Ti
4+

 or 

Zr
4+

 

(iii)  A
3+

B
3+

O
2-

3 where A
3+

 is La
3+

 or Bi
3+

 and B
3+

 is In
3+

 or 
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Ga
3+

 

(iv)  BaTiO3 with Ba fully replaced by Na
+
 and La

3+
 or Bi

3+
 

giving the averaged charge 2+ 

(v)  BaTiO3 partially replaced by either the two B
3+

 ions 

 

 
 

Figure 1: Illustration of double perovskite models. (a) was used for model (i)-

(iv), and (b) for (v). 

 

Note that Na
+
 in (iv) is located at the body center and all the 

edges, and that La
3+

 or Bi
3+

 at all the corners and faces in (iv). A 

side length of 0.8 nm, defined as a0, was given to each of three 

sides for each doubled ABO3 because the typical value of the 

primitive ABO3 is 0.4 nm. The length was changed by 

systematically adding an increment or decrement to a0. The 

added values were written as a, so a/a0 implies the ratio of 

isotropic compression (<100%) or expansion (>100%), and a/a0 

= 90-150% were employed. 

 

The calculation was performed based on the density functional 

theory [19,20]. In this method, total charge density of the cluster 

was used as the functional. The MO wave functions were given 

by assuming linear combination of the atomic orbitals (AO) 

whose fractional coefficients were determined when self-

consistency of the charge density was realized. The obtained 

eigenfunctions were used to compute charge transfers of the 

ions, AO’s density of states (DOS) in each MO, and Mulliken’s 

overlap population (OP) between ionic pairs. Note that the 

models employed to investigate chemical bonds of the 

ferroelectrics are nonpolar, e.g. of point group m3m for (i)-(iv) 

and mmm for (v). The reason is that the preliminary calculation 
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including ferroelectric strains indicated no essential effect on the 

bonds. 

 

Figure 2 are results of the charge transfers mainly for the three 

types of combinations (i)-(iii) given above. Each transfer value is 

given by subtracting the effective charge from the formal ionic 

charge; accordingly, the values of the cations must be positive 

and the anions negative, which means transfer of electrons from 

the anions to the others and consequently formation of covalent 

bonds among all species. Magnitudes of the transfers are 

indicated by the vertical axes, and are plotted with solid circles, 

with respect to the horizontal axes of a/a0. The figures show a 

tendency that the magnitudes almost increase with increasing 

a/a0, which implies that the cation often considered to be a rigid 

sphere body, expands through receiving electrons for fitting to 

the cluster; therefore, this tendency is considered to enhance the 

covalency. This idea might mean that the anion shrinks through 

providing electrons. However, rigidity of the anion may be 

unrealistic because of its large extent of the low electron density 

distribution; therefore, we avoid evaluation of spatial tolerance 

to the anion in this study. For the other two types (iv) and (v), the 

plots at only a/a0 = 100% are given in the figures with cross 

marks; their vicinities are magnified properly and inset in the 

figures so that any effect of the A-site replacement on the 

chemistry can be seen easily. 
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Figure 2: Plots relevant to the charge transfers. Values of the vertical axes are 

the absolute values given by subtracting the effective charge from the formal 

ionic charge, and the horizontal axes a/a0. (a) shows the plots of Na+Nb5+O2-
3 

with solid circles. In the same way, (b) Na+Ta5+O2-
3, (c) Ba2+Ti4+O2-

3, (d) 

Ca2+Ti4+O2-
3. (e) La3+Ga3+O2-

3, (f) Bi3+Ga3+O2-
3. The plots of Na+, La3+, Bi3+ at 

a/a0 = 100% for model (iv), and those including Ba2+ for model (v) are also 

indicated by crosses. 

 

The figures (a) and (b) are the plots marked by the solid circles 

for model (i), Na
+
Nb

5+
O

2-
3 (NN) and Na

+
Ta

5+
O

2-
3 (NT), if written 

in the formal ionic charges. For Na
+
Ta

5+
O

2-
3, the effective charge 

of Na
+
 at a/a0 < 100% exceeds its formal value, which should 

normally not occur, and furthermore, the self-consistency is not 

achieved at a/a0 > 135%; therefore, the bonds for a/a0 = 100-

135% were evaluated. In both figures the plots of Na
+
 are low-

lying, while those of Nb
5+

 and Ta
5+

 are steeper and their transfer 

values are much higher. This feature suggests that the ion with a 

higher ionic valence results in its higher electron transfer, and 

also that the lower valence, the lower transfer. What the 

suggestion means is similar to an effect of electronegativity; 

therefore, the substantial covalency is that among B
5+

 and O
2-

 

ions. Note that the covalency of Nb
5+

 is higher than that of Ta
5+

. 

This difference is considered just intrinsic. Also note that Na
+
, 

whose formal valence is quite low, exhibits a slight reduction of 
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the transfer for a/a0 < 105-110%. This opposite feature means a 

tendency that electrons of the anions do not extend through 

covalent channels to Na
+
 because of excess of the bond length; 

therefore, ionicity of Na
+
 is slightly enhanced. 

 

(c) and (d) are also the plots with the solid marks for model (ii), 

Ba
2+

Ti
4+

O
2-

3 and Ca
2+

Ti
4+

O
2-

3. For Ba
2+

Ti
4+

O
2-

3, the self-

consistency is not achieved at a/a0 > 115%; therefore, the bonds 

for a/a0 = 90-115% were evaluated. Both figures indicate almost 

the same feature as that of model (i), including the called-

opposite feature of Ca
2+

. However, the transfer magnitudes of 

B
4+

 are reduced compared with those of B
5+

, because of the 

lower electronegativity of B
4+

. In this case the covalency among 

B
4+

 and O
2-

 ions is substantial. 

 

(e) and (f) are also the solid-circle plots of model (iii), 

La
3+

Ga
3+

O
2-

3 (LG) and Bi
3+

Ga
3+

O
2-

3 (BG). The bonds for these 

two models were also evaluated over the range of a/a0 where the 

self-consistency is achieved. The results of both models show 

that the transfer magnitudes of A
3+

 are significantly higher than 

those of A
+
 and A

2+
, and also that the magnitudes of B

3+
 are 

lower than those of B
4+

 and B
5+

. It should be noted that the 

values of A
3+

 and B
3+

 are close; the plots of A
3+

 are right below 

those of B
3+

 for the LG case, and the reverse case is seen for BG. 

These features are also because of the electronegativity effect, 

and implies that the covalency of A
3+

, especially Bi
3+

 turns out 

also substantial as much as B
3+

. This covalency can be 

considered similar to that of PbTiO3; therefore, it is expected that 

A
3+

 can be a substituent of Pb. 

 

The transfer magnitudes of Na
+
, La

3+
, Bi

3+
 at a/a0 = 100% for 

model (iv), and those including Ba
2+

 for model (v) are given in 

Figure 2 by means of plotting the cross marks. The modeled 

systems are La
3+

Na
+
Ti

4+
O

2-
3 (LNT) and Bi

3+
Na

+
Ti

4+
O

2-
3 (BNT) 

for (iv), and La
3+

Na
+
Ti

4+
O

2-
3-Ba

2+
Ti

4+
O

2-
3 (LNT-BT) and 

Bi
3+

Na
+
Ti

4+
O

2-
3-Ba

2+
Ti

4+
O

2-
3 (BNT-BT) for (v). The crosses of 

Na
+
 for LNT and LNT-BT, given in (a), indicate no essential 

change in the magnitudes upon the replacement, compared with 

those of NN; the inset shows that the full replacement slightly 

enhances the transfer by approximately 0.1, while it shows that 
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the partial replacement reduces by that amount. This tendency is 

similar to that for BNT and BNT-BT in (b), where NT is just for 

the comparison. The crosses of Ba
2+

, given in (c), also indicate 

no essential change, compared with BT; the inset provides the 

detail, but the variation is a fraction of 0.1, quite trivial. 

 

On the other hand, the crosses of La
3+

 for LNT and LNT-BT, 

given in (e), also indicate no essential change for the full 

replacement, but they do much change for the partial 

replacement by about 0.3, much higher than Na
+
; therefore, La

3+
 

can be the substituent. This tendency is much more significant 

for Bi
3+

; the full replacement causes the increase by about 0.2, 

and the partial by about 0.5, the highest, suggesting that Bi
3+

 can 

be the best substituent. The overall results for the A-site 

replacement thus suggests that the Bi-including solid solutions 

are the most promising. 

 

Figure 3 show a series of partial DOS curves for the ions; (a)-(f) 

are the figures for the A-site ions and the oxygen ions of BaTiO3, 

LNT, BNT, LNT-BT, BNT-BT, PbTiO3, all for a/a0 = 100%, 

and (g)-(l) the corresponding figures for Ti and O ions. Values of 

the partials are indicated by the horizontal axes whose units are 

(eV atom)
-1

, and the curves are drawn with respect to the vertical 

axes of energy for MO levels; each zero of the energy axes is a 

Fermi level, E f, of each model substance. (a), of BaTiO3 

prototypical, contains the two partials whose AOs are Ba 5p and 

O 2p, and shows below the Fermi level large values for the 

oxygens and almost zeros for Ba, which means that Ba bonds are 

significantly ionic. This feature is the same as that obtained by 

R. E. Cohen [18]. In contrast, (f), of PbTiO3 also prototypical, 

indicates that both Pb 6s and O 2p partials below E f are 

substantially high. This implies the significant covalency 

between the two AOs and is the same as the published data [18]. 
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Figure 3: Partial DOS curves for the ions, in units of (eV atom)-1. (a)-(f) each 

contains the curves for the A-site ions and the oxygen ions of BaTiO3, LNT, 

BNT, LNT-BT, BNT-BT, PbTiO3, all for a/a0 = 100%, and (g)-(l) the 

corresponding figures for Ti and O. Each energy axis zero is each Fermi level, 

designated by E f. 

 

(b) and (c) are the figures for model (iv). Both show the partials 

of the A
3+

 ions and the oxygen ions. Compared with the partials 

in (a), that of La 5d in (b) is slightly more appreciable, while Bi 

6s in (c) remarkably higher, which is consistent with the charge 

transfers given as solid circles in Figure 2(e) and (f). (d) and (e) 

are the figures for model (v), and the partials of La 5d and Bi 6s 

are higher than those in (b) and (c), respectively; especially, the 

partial of Bi
3+

 in (e) is as high as that of Pb 6s in (f). This is also 

consistent with the charge transfers in Figure 2(e) and (f). (g)-(l) 

show the significant covalent bonds among the titanium ions and 

the oxygen ions. Features of the two curves in each figure are 

very similar to that obtained in the 1992 work [18]. 

 

Figures 4 (a)–(f) are diagrams of OPs of the ionic pairs A-O in 

units of (eV pair)
-1

; the figures correspond to Figures 3 (a)–(f), 
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respectively. Both vertical and horizontal axes in each of Figure 

4 indicate values of the OPs vs. energy; each zero of the energy 

axes is also E f. (a) shows two curves of the OPs between ionic 

pair Ba-O; the one given the positive values, called bonding 

component, is solid and traces the vertical zero axis, but the 

other negative, called antibonding, is dotted and shows a hump 

below E f. This means that the covalency of Ba-O is not 

realizable and is consistent with features of the corresponding 

DOS curves in Figure 3(a) and also with R. E. Cohen’s [18]. 
 

 
 

Figure 4: Diagrams of OPs for the A-O pairs correspond to Figures 3 (a)–(f), 

respectively. Each diagram contains solid and dotted curves. The former means 

the bonding components, and the latter antibonding. E f is also zero. The OPs 

units are (eV atom)-1. 

 

Figure 4(f) also contains the two curves for Pb-O and indicates 

its significant bonding feature, quite different from that of Ba-O, 

and also the antibonding feature right below E f, but the former is 

more dominant than the latter; therefore, Pb-O is considered 

realizable, which is also consistent with Figure 3(f) as well as 

Cohen’s [18]. 

 

Figures 4 (b)–(e) are the OP diagrams of LNT, BNT, LNT-BT, 

BNT-BT. They all indicate the bonding features of Bi-O and and 

La-O, and (c) and (e) also antibonding of Bi-O below E f; their 

bonding features are very similar to that of PbTiO3, given in 

Figure 4(f), meaning that their covalent bonds are possible, 

especially those of model (v), i.e. the partial replacement model. 

The results are in agreement with those in Figures 3 (b)–(e), and 

suggest that solid solution Ba(BiNa)TiO3 provides the best-

performance compared with the other three modeled systems. 
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The suggested system has already studied experimentally [21–

23]. The studies focused on investigating morphotropy among 

the cubic, rhombohedral, tetragonal crystal structures, and also 

on finding any morphotropic effect on the properties. The similar 

studies were also done on the similar system Ba(BiK)TiO3 

[24,25], contained K
+
 instead of Na

+
, and focused on that among 

the three structures. The existing experimental results told us 

some difficulties in the fabrication by solid-state sintering 

because of vaporization of Bi, Na2O, K2O out of the materials, of 

which problem seemed settled in present [21,24], and showed 

the boundaries and the effects for both systems [21–25]. Our 

results may be related to the boundaries in some chemical sense, 

and be utilized for the further chemical modification, which will 

eventually guide us to obtaining excellent lead-free actuators and 

energy harvesters. 

 

In this study we calculated ionic charge transfers, DOSs, OPs of 

the ABO3-based double-perovskite cluster models with a DV-Xα 

method. The results indicated that Bi-O and La-O covalent bonds 

such as Pb-O of PbTiO3, considered only one exclusively good 

component for the high performance applications, are possible. 

Based on the results, it is suggested that the most promising 

system is BiNaTiO3-BaTiO3, BaTiO3 with Ba partially replaced 

by Bi and Na. In order for us to utilize the base system, further 

designing the chemistries must be elaborated, and our designing 

must be demonstrated and evaluated by experiments in future, 

including measurements of the piezoelectric constants. 
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