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Crystal structure of Ba, Y, ..Nb, O, was tried to determine by Rietveld analysis using powder X-ray diffrac-
tion data. This compound has tetragonal tungsten bronze (TTB) structure with general formula, (A1),(A2),(B1),-
(B2),(01),(02),(08),(04),(05),(06),. However, it was difficult to determine the distribution of Ba and Y in Al and
A2 sites by the analysis only. Combination of Rietveld analysis and site potentials calculation as well as lattice
energy calculations helped to determine the distribution. As the result, it was clarified that Ba®" cations occupy
A2 (pentagonal tunnel site) and Y* cations occupy Al (cubic site). The distribution of cations at each site coin-
cides with the distribution estimated by the difference of iomic radii. This supports the formation condition of
TTB which was proposed in our previous report. Ba, Y b0y shows ferroelectric characteristics. In this
compound, remanent polarization decreases slightly with the composition X. On the other hand, the result of
crystal structure determination reveals that atomic positions along c¢-axis for Al, A2, Bl and B2 cations are also
decreased with the composition X. This would suggest that the dependence of remanent polarization on composi-

tion X is derived by the dependence of atomic coordinates on composition X.
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I. Introduction

b(Zr,T1)O, 1s regarded as one of the most promising fer-

roelectric materials due to its high remanent polariza-
tion for non-volatile ferroelectric random access memory
(FR-AM) application so far. Since lead is a toxic element and
it is not desired for ecological aspect, lead-free ferroelectric
material such as bismuth-layer-structure-ferroelectrics (BL-
SFY) ,ie., Bi,Ti,0,,” and SrBi,Ta,0, (SBT or Y1)® are con-
sidered to use for FRAM. However vapor pressure of bis-
muth is not so low and it is also not suitable for silicon
technology.

Most compounds with tetragonal tungsten bronze (T'TB)
structure show ferroelectric characteristics. Representative
tungsten bronze type compounds are (Sr,Ba)Nb,O, (SBN),
(Pb,Ba)Nb,Q, (PBN) and Ba,Na,Nb ,0,, (BNN). However,
these materials are not suitable for FRAM. Since SBN has
high dielectric constant.” PBN contains toxic and volatile
lead and BNN contains volatile sodium. These elements are
detrimental for silicon technology. From these points, ferro-
electric compounds with low dielectric constant without
lead, alkali and any other volatile elements are desired.

TTB type compounds with formula, Baj R .Nb O
(R=La, Sm and Y) were once reported by Masuno in 1964.%
However, formation of TTB type compounds for other rare
earth cations as well as their characteristics have not been
reported. Moreover, the possibility for FRAM application
has not been investigated. In our previous paper, synthesis
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of a series of new TTB type compounds having general for-
mula, Ba, R, ...Nb, 0., R=Nd, Eu, Gd, Dy, Ho and Er) has
been reported.”

The target of this work is to clarify the distribution of cat-
ion for each site for Ba, ;Y,4,INb;;0,, and to clarify the
relationship between ferroelectric characteristics and crys-
tal structure as a representative of TTB type compound
with general formula, Ba, ( R0y, Nb,,O,.

I1. Experimental Procedure

The specimens were prepared by a conventional solid
state reaction from starting materials of reagent grade
BaCO,, Y,0, and Nb,O,. These starting materials were
weighted according to the following composition: Ba, ;Y v,
3Nb, 0, where X=0.1-0.6. The powders were mixed by ball-
milling in ethanol with zirconia balls for 20 h. The resultant
slurries were then dried using a rotary evaporator. The
powder mixtures were pressed into pellets and calcined at
900°C for 2 h in air. Then the pellets were ground and
pressed into pellets. The pellets were put in the platinum
crucible and sintered at 1,300°C for 4 h in air.

Powder X-ray diffraction data were collected on a Philips
PW-1700 powder diffractometer system operated at 40 kV
and 30 mA using graphite-monochoromated CuKo X-rays.
For identification, lattice parameters calculation and
Rietveld analysis intensity data were collected for 2.5 sec-
ond at 0.01°20 intervals over the range between 10 and
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140°26, Lattice parameters were calculated using “RLC-3"7.
Rietveld analysis was carried out using a program “RIE-
TAN"® was used. Site potential and lattice energy calcula-
tions were carried out using a program “MADEL."® Macin-
tosh personal computer was used for these calculations.

Electrical characteristics were measured for the pellets.
The pellets were polished and painted platinum paste on
both surfaces of the pellet and fired at 800°C for 1h. Ferro-
electric properties such as P-E hysteresis curves were mea-
sured using RT-66A (Radiant Technology).

II1. Results and Discussion

1. Crystal structure determination for Ba,,Y, ..
Nb10030

Powder X-ray diffraction spectra can be indexed as tetrag-
onal symmetry with lattice parameters of a=1.24449 nm
and ¢=0.394200 nm. General formula of TTB type com-
pounds can be expressed as (Al1),(A2),(B1),(B2),(01),(02),-
(03),(04),(05),(06),.? Schematic drawing of TTB type com-
pounds along ¢-axis is shown in Fig. 1. In the T'TB type com-
pounds, it is regarded that the structure is consisted of the
network of corner sharing BO, octahedra, therefore, the B
sites (both Bl and B2 sites) are believed to be fully occu-
pied.'” On the contrary, vacancies are often observed at the
A sites. In addition to the distribution of vacancies, the dis-
tribution of cations at Al (pentagonal site having 15-fold
coordination) and A2 (cubic site 12-fold coordination) sites
are also complicated. For example, in SBN, it was reported
that A1 site is consisted of Sr (occupancy, G=0.822) while A2
site is consisted of 0.406Ba/0.594Sr (G=0.847)."2 Another
example is Phy,Ba, ,Nb, ;0. In this compound, Al
site is occupied by Pb (G=0.551%) and A2 site is occupied by
0.475Pb/0.500Ba (G=0,975).

Therefore the crystal structure of Ba, ;Y 4, Nb, 0, was
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Fig. 1. Schematic drawing of TTB type compounds along c-
axis,
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Fig. 2. Change of Rwp and site occupancy G at Al site on the
basis of Model-5.

tried to determine by the following four models and the
Rwyp-factors were compared.

[Model-1] Y and Ba occupy Al and A2 site, respectively;

Al site is occupied by Y (G=0.830) and A2 site is occupied
by Ba (G=0.895)

[Model-2] Both Al and A2 sites are occupied by imaginary
element of 0.1818Y/0.8182Ba with same occupancies
(G=0.7638)

Model-3] Supposing partially substitution (10%) of Ba at
Al site;

Al site is occupied by 0.6896Y/0.3104Ba (G=0.6042) and
A2 site is occupied by Ba (G=0.8438)

[Model-4] Y occupies A2 site;

Al site is occupied by Ba only (G=0.7638) and A2 site is
occupied by 0.2726Y/0.7274Ba (G=0.7638)

[Model-5] Both Al and A2 sites are occupied by imaginary
element of 0.1818Y/0.8182Ba with same occupancies as
Model-2, however, G is different between Al and A2 sites.

Model-1, 2, 3 and 4 gives final pr values of 13.32, 22.58,
16.21 and 24.08%, respectively. This result suggests that
Model-1 is plausible and Y and Ba occupy Al and A2 site
independently. However, the result of Model-5 also gives
same Rwp value as shown in Fig. 2. Fig. 2 shows that mini-
mum R, value (=13.32%) was obtained at occupancy G at
Al site is 0.2915 (G at A2 is 1.0000). These results show
that it is difficult to determine the distribution of cations
and vacancies by powder X-ray diffraction only. Therefore
from the Rietveld analysis, two possibilities of distribution
on cations can be suggested for Ba, Y, q..Nb, Oy, ie,
Model-1 and Model-5 with G(A1)=0.2915.

2. Site potential and lattice energy calculations

Determination of the distribution of cations and vacancies
in Ba, .Y, 4,,Nb,,O;, is very important to consider the for-
mation condition for this compounds. Therefore site poten-
tials and lattice energy calculations were tried for the two
probable models, ie., model-1 and Model-5 with G(AL)=
0.2915. Table 1 shows the result of the calculations for the
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Table 1. Calculation of Site Potentials and Lattice Energy for
Model-1 and Model-5

Model-1 Model-5

Species  Potential Spccies Potential

GALYAT v —2.028 8::3?;3%;2_ —2.4124
G(A2)/A Ba® -0.5406  Ba*' 0.1405
GBLYA™ Nb™ 28167 Nb” -1.9253
o(B2Y/A™ Nb™ -1.3889  Nb™ -0.5939
o(01yA™ o+ 04803  OF 0.7179
P(O2ZyA™ o* 1.3258 O 1.4
BO3)/AT (o5 11223  O* 1.5142
B(04)/A or -0.3971  O* -0.9284
HOBNA o~ 20717 OF 1.0649
H(OB)/A™ o+ 14873 0O* 1.1423
Latf{f:jﬂi‘gf gyl 155,300 100,700

two models. Table 1 indicates that site potentials of each
cation for Model-1 are deeper than those for Model-5. In
Model-5, site potentials for cations are occasionally take
shallow or positive values which means that such occupa-
tion condition is not stable.

As shown in Table 1, lattice enexgy for Model-1 turned out
to be —155,300 keal/mol while for Model-5, it turned out to
be —100,700 Lkeal/mol. This result also indicates that distri-
bution of cations and vacancies for Model-1 1s much more
stable than that for Model-5. Therefore, it can be considered
that Model-1 is reliable.

In general there is a tendency that cations with large ionic
radii occupy large A2 sites (pentagonal tupnel sites) and
those with small ionic radii occupy Al sites (cubic sites).
Actually, in SBN, PBN and Pb,KTa,0,," larger cations
occupy the A2 sites. In Ba, Y, 4,,Nb Oy, ionic radii of Ba™
is larger than that of Y**. Therefore it is expected that Ba®
would occupy A2 sites. The result of site potential and lat-
tice energy calculations also agrees with this consideration
from the point of the size of cations.

In our previous report,” two kinds of tolerance factors for
both Al and A2 sites were proposed to estimate the stability
of TTB type compound. In the course of calculation, the dis-
tribution of cations at Al and A2 sites for Ba, ;Y .. Nb O,
were speculated that A2 site was occupied by large Ba™ cat-
ions and Al site was occupied by small Y™ cations. Conse-
quently, the results of the combination of the Rietveld
analysis and site potential and lattice energy calculations
supports the proposed formation conditions.

In this way, crystal structure of Ba,..Y,;..Nb, O, was
determined by the combination of Rietveld analysis and site
potentials and lattice energy calculations. Powder X-ray dif-
fraction data for the compounds were shown in Table 2.

3. Ferroelectric characteristics and crystal struc-
ture of Bag ;xY 1x,Nb 0,
For Ba, Y, 5N, Oy, the direction of polarization is con-
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Table 2. Powder X-ray Diffraction Data for Ba,.;Y,,,.Nb,,0,,
hkl d I(obs) I(cale) b k 1 d I(obs) I{calc)
220 4.40023 981 5026 4 0 1.72591 28 28

001 394222 21728 20677 3 2 2 1.71169 7278 7526
310 393568 9433 8969 7 2 0 1.70955 1820 1878
111 3b9774 597 4676 3 1 1.67869 11966 12151
320 345182 35636 323124 0 2 1.6651 1169 1200
201 3.3302 15991 14304 4 1 2 1.6504 31871 31944
211 321705 92732 88373 3 3 2 1.63607 8373 81%4
400 311143 4545 43497 3 0 16342 1050 1022
410 3.01853100000 98276 4 2 2 160851 8705 8067
221 293619 22003 22201 7 1 1 1.60718 15506 14374
330 293348 27636 27653 5 5 1 160718 5508 bl05
311 278525 83200 83604 6 5 0 1.593561 838 790
420 278295 21038 21136 6 4 1 1.58103 658 713
321 259698 23570 24001 7 2 1 1.56843 5682 6078
4 30 248914 32 308 0 0 155571 2976 3056
401 244236 9517 9073 4 3 2 1.54528 8 9
510 244081 556 5297 4 0 1.5437 4258 4400
411 239656 1195 11398 1 0 1.5437 1598 1651
331 235341 3367 32775 1 2 1.5335 114 121
520 231111 6512 6426 7 3 1 1.50963 660 701
421 227352 244 237 8 2 0 1.50927 6148 6530
440 220011 1223 10415 2 2 1.49973 1773 1854
5 30 2.13442 14941 15106 6 5 1 1.47738 2456 2287
431 210471 760 7T 4 4 2 1.46809 bbb 496
511 207524 1023 1040 6 6 0 1.46674 3940 3542
6 00 207429 3873 39108 3 0 1.45666 5026 4558
6 10 204606 589 5385 3 2 144808 6509 5953
521 199376 4583 4408 8 0 1 1.44711 16 15
002 197111 31329 30458 7 5 0 1.44679 1846 1699
6 20 196784 7929 77137 4 1 143743 2471 2279
540 194369 339 3348 1 1 143743 12356 1139
112 192345 322 2776 0 2 142887 1762 1650
441 192117 261 2106 1 2 1.41954 289 262
202 187909 785 7208 21 14095 221 201
531 187697 3892 3599 6 2 2 1.39263 3792 3652
212 185804 749 7248 4 0 1.39147 696 670
6 30 1.8553 13280 12891 5 4 2 1.38399 171 163
6 01 183568 11131 10593 6 6 1 1.37468 543 543
611 181603 384 3849 10 13744 614 615
222 179887 410 4038 3 1 1.36637 4209 4198
312 176243 1574 1573 7 5 1 1.35821 1986 2048
6 21 176067 25203 25242 6 3 2 1.35098 6034 6357
710 176009 13158 13180 7 6 0 1.34993 73 78
550 176009 10407 10424 9 2 0 1.34993 15 16
541 1.74332 21777 21808

sidered to lie along c-axis'® by the application of axial ratio
caleulation reported by Giess.'® Guo et al.®® have reported
that macroscopic ferroelectric polarization of TTB type com-
pound can be calculated qualitatively on the basis of the
atomic coordinate if the polarization direction is along the e-
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axis. Fig. 8 shows magnitude and sense of atomic displace-
ments (in atomic coordinates) along the c-axis. Macroscopic
polarization is indicated by the large arrow. For oxygen, the
atomic coordinates along the c-axis were almost constant
with the increase of X. The positions of cations were consid-
ered in the following discussion.

In Ba, Yy Nb, O, system, single phase TTB was
obtained for X=0.2, 0.25 and 0.3. For X=0.4, a small amount
of YNbO, was detected. Fig. 4 shows change of atomic coor-
dinates along c-axis with composition X. In this figure,
change of remanent polarization with composition X is also
plotted. This figure indicates that atomic coordinates along
c-axis for Al, A2, B1 and B2 decreases with the increase of
X. Fig. 4 also shows that remanent polarization bas ten-
dency to decrease slightly with composition X. Therefore it
would be mentioned that the dependence of remanent polar-
ization on composition X is derived by the dependence of
atomic coordinates on composition X.

IV. Conclusions

In this work, the crystal structure and distribution of cat-
ions and vacancies for Bag Y, ¢.INb, 0, Were determined
by the combination of Rietveld analysis using powder X-ray
diffraction and site potentials and lattice energy calcula-
tions. As the result it was clarified that this compound has
the tetragonal tungsten bronze (TTB) structure with a gen-
eral formula, (A1),(A2),(B1),(B2),(01),(02),(03),(04),(05),-
(08), and Ba®* cations occupy A2 (pentagonal tunnel site)
and Y* cations occupy Al (cubic site). The distribution of
cations at each site coincides with the distribution esti-
mated by the difference of ionic radii. This supports the for-
mation condition of TTB which was proposed in our
previous report. Ba, . Y, . .Nb, O, shows ferroelectric char-
acteristics.

In this compound, remanent polarization decreases slight-
ly with the composition X. On the other hand, the result of
crystal structure determination reveals that atomic posi-

Fig. 4. Change of atomic coordinates along c-axis and rema-
nent polarization with composition X.

tions along c-axis for Al, A2, Bl and B2 cations are also
decreased with the composition X. This would suggest that
the dependence of remanent polarization on composition X
is derived by the dependence of atomic coordinates on com-
position X
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