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A series of Bij *RE;O,,-type phases (RE = Y, La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu) has been prepared in air at
950°C and characterized by X-ray powder diffraction and density
and valence measurements performed on single-phase samples.
With the exception of the Er, Yb, and Lu varieties, the characteris-
tic feature of the series is rhombohedral symmetry, The lattice
parameters of the individual phases depend on the RE element and
are within the intervals a = 3.755-3.959 A and ¢ = 9.482-9.964 A
(hexagonal setting). Traces of very weak superstructure peaks
indicate a possible unit cell multiplication. The series is stable
in air and exhibits a comparatively wide compositional interval
centered around the Bi;RE;Q,, stoichiometry. o 1995 Academic

Press, Ine.

INTRODUCTION

In recent studies of phase relations along the BiSr;_,
La,O;s_, section of the Bi-Sr-La-O system in air at
850°C (1) we observed a new phase with a rather simple
X-ray pattern, the quantity of which increased for samples
with x = 1. This minorily phase has been identified as
belonging to a new series of binary (Bi, RE) oxides formed
by most REs. The characteristic feature of this series
is a comparatively large compositional domain centered
around the Bi,RE;Q,; stoichiometry.

Many binary systems of the Bi,O;—RE,0; type have
been studied. The majority of these studies have been
restricted to the Bi-rich region of the appropriate
Bi,04~RE,O, systems because the fiuorite-type oxygen-
deficient 8-form of Bi,0, and numerous metal-oxide con-
taining solid-solutions of §*-type are ionic conductors (2,
3). Considering somewhat RE-richer compositions, a
large group of rhombohedral phases composed of most
of the REs (Biy;La,;0, s (4), as an example) has been
found to exist and these phases have relatively wide com-
positional ranges. With the exception of the La,0,-Bi,0,
system, the RE-rich side of the appropriate binary systems
have not been explored. In the La,04-Bi,0, system, an
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orthorhombic compound of exact Bigla,(O,; composition
has recently been characterized (5).

In this work we present a preliminary crystallochemicatl
characterization of the new Bi;RE;O,, phases. Crystal
structure analysis and electron diffraction studies, cen-
tered on details of the Bi,REO,,-type structure, are de-
scribed in a separate paper (6). The high concentration
of REs leads us to expect that these phases exhibit various
types of magnetic ordering at low temperatures.

EXPERIMENTAL

Johnson Mathey's RE and Bi oxides, all of 4N purity,
served as starting components for the preparation of ap-
propriatc samples. The preparation consisted of heating
the mixtures of the oxides in air at 800°C for 24 hr, then
regrinding, pclietizing, and subsequently heating at 960°C
for 48 hr. Final sintering of the products was performed
at 950°C for 3 days. The samples were then characterized
through X-ray powder diffraction (Siemens D 5000 diffrac-
tometer, CuK« radiation, Ni-filtered), iodometric titration
to determine the average power factor for redox, de-
noted as:

— _ at‘%Bi - ‘_/Bi + at.%RE - VRE
Me 100 '

where Vy; and Vg, are the averaged valences of Bi- and
RE-structure components, respectively, and pycnometric
measurements of the densities of samples (d,,,) of these
new chemical individuals. The latter was especially im-
portant for the recognition of possible crystal structure de-
ficiencies.

RESULTS AND DISCUSSION

Of all the RE oxides available and tested herein, 10,
namely, Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, and Ho,
have yiclded a series of Bi,REQ,-type phases of the
same structure type. To a very good approximation, their
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X-ray powder diffraction diagram of Bi;Nd;O, typical for all the Bi,RE;O,, phases tested in this work. Arrows denote peaks indexed

in the rhombohedral subcell and shaded circles represent the superstructure peaks.

X-ray powder diffraction diagrams (e.g., Fig. 1 and Table
1) can be indexed with a rhombohedral unit cell and the
lattice parameters given in Table 2. The diffraction pat-
terns overlap those known for BiO (7) and La;Sb,0,
(8), justifying a simple rhombohedral prototype structure.
However, a few very weak peaks that remain unindexed
indicate a superstructure. For simplicity, in this paper we
will refer the series to the rhombohedral subcell, whereas
details concerning the superstructure are given in (6).

Based on the experimental results presented in Table
2, several important conclusions can be drawn:

(i) The series is characterized by comparatively wide
composition domains of existence centered around the
Bi,RE;O,, stoichiometry. This compositional flexibility is
illustrated by some chosen RE representatives, intention-
ally prepared as off-Bi,RE;O, stoichiometry (cf. Pr, Tb,
and Eu in Table 2).

(ii) The series is characterized by a Vy -factor equal
to 3. Exceptions are the Pr- and Tb-representatives, i.c.,
phases based on REs which are known to exhibit higher
than +3 oxidation states in an oxidizing environment.
This means that:

(a) the oxidgtion state of Bi ions is +3 within the
series, with the Vy-values providing direct measures of
the average valence of REs (Vyg).

TABLE 1
Observed Interplanar Spacings (d,..), Bragg Angles (20,,,), and
Relative Intensities ({,;) for Bi;Nd;0,; Sample (shown in Fig. 1}
Compared with the Calculated Values for the Refined Subcell
(@a=3883 4, ¢c=97234

dyps (A dg () 28,4, O 20, hikl Iy 9B)
4.675 18.97 s LI
3.586 2481 5 48
3518 25.29 s 2.5
3.241 3.241 27.50 27.50 003 30.4
3.178 3179 28.05 28.05 101 100.0
3.058 29.10 s 2.5
2.766 2.766 32.34 32.34 102 48.9
2.316 38.85 s 0.7
1.970 1.970 46,04 46.03 104 22.6
1.941 1.942 46.75 46.74 110 238
1.906 47.68 s 2.5
1.683 1.683 54.46 54.46 105 8.0
1.666 1.666 55.09 55.09 113 19.6
1.657 1.657 55.42 55.40 201 113
1.620 1.620 56.77 56.77 006 1.7
1.589 1.589 57.99 57.98 202 5.9
1.383 1.383 67.68 67.69 204 4.0

Note. Miller indices Akl are given for the subcell only. Superstructure
peaks are denoted by s.
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TABLE 2
Lattice Parameters (a, c), Average Valence (V,,,), Densities (dexps dearc)s and Crystallographic Formulas of
BiyRE;0,,-Type Phases

Starﬁng - __ d:.’cp dcalc
composition a (A) c (&) Ve (g/em?) Crystallographic formula (g/em?)
BiL, Y0, 3.755 9.515 3.00 6.74 Bi(Y g75Biy 125104 50 6.77
BiLa,0, 5 3.939 9.964 3.00 6.83 BiLa,0y 5 6.86
BisPrs_, 0y 3.895 9.773 3.08 7.41 BilPr| g45Bij 155104 61 7.44
x = (.21
Bi,Pr;_,0y, 3.899 9.784 3.08 7.44 BilPr, gnoBig 200]04 2 7.46
x = 0.500
Bi,Prs_, O, 3.899 9,784 3.08 7.47 BilPr, 77Big 139104 2 7.49
x = 0.700
Bi,NdO, 3.883 9.723 3.00 7.51 Bi[Nd, g75Big. 125104 56 7.56
Bi,Sm0) 3.850 9.569 3.00 7.91 Bi[Sm, g75Bi 125104 50 7.97
BisEus, O, 3.836 9.509 3.00 7.97 BilEu, 03Big.a51104 50 8.09
x = 0.240
Bi;Gds O, 31.824 9.484 3.00 8.24 Bi[Gd, ;5Big 12510450 8.32
Bi;Tbs_, Oy 3.784 9.517 3.07 8.48 Bi[Tb, 3Bl 15104 61 8.56
x = 0.197
Bi;Tbs_, 0, 3.781 9,584 3.08 8.53 BilTb, 55Biy 13510, 2 8.57
x =10.714
Bi;Dy;0,, 3.774 9,482 3.00 8.60 BilDy, 5Big 125104 50 8.69
Bi3H050|2 3.758 9.508 3.00 874 Bi[HOI'g;lsBl.U‘]zg]Otsg 8.80
(b) The oxygen sublattices for the series contain de-
ficiencies which can easily be eliminated under preferable
conditions such as presence of oxidable RE clement, ¢.g.,
Pr or Tb (manifested by higher V. -factors, seen in these
phases in spite of the variable concentration of the REs). 140
(ili) No more than three MeO, s-type molecules (Me = La
(at.%y; + at.%pg)/100) within the elementary subcell are i
consistent with the comparisons of the experimental and —
calculated densities for the Bi,RE;O,, formula. e 130 e 4 Ce
(iv) Adirect consequence of (iii)is the 1 : 2-type crystal- e | Sm pm
lographic formula of the series, unexpectedly realized 1= Eu
with the 3: 5 stoichiometry. Analytically this feature can % 120 - mn ©d
be expressed as = Dy
) Ho Y
Bi;RE Oy, = BigsRE 53035 = Bi(RE 55Bi,,5)O, < b unit cell volume limit
c
= Bi(RE,. ,Bi,)O, s, S 1o} TT T
T Er
where x = }; or generally, to obey the case of Pr-, Th-, YbT m
and Eu-based samples tested in this work and including Lu
v > 100 R 1 i | 1 { L
the case where Vy, > 3, 0.80 0.90 1.00 1.10 1.20
o)
Bi;REg-, O e = Bi(REisz:Bit 200, Tue r (A)
2 Bxx 2

87x

= Bi[REsz20-0:20Bi1:)O, Ve
BTx 8+x 2

for 0 = x = 1. This result can be further simplified to

FIG. 2. Cell volume vs Ahren's () RE*? ionic radii dependence for
the Bi;RE:O,-type phases. Open circles represent hypothetical posi-
tions of Ce and Pm phases not synthesized in this work. Arrows denote
REs which do not form the Bi.RE;O,»type phases.
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Bi(RE,;_,Bi))O, 57,

In this light, it is interesting to note that the position
of the La representative of the series (¢f. Table 2) seems
quite logical and should be considered as reflecting the
case of a pure occupation of appropriate Bi and RE posi-
tions within the AB,O, s-type unit cell, common for the
whole series. The unique position of BiLa,0,; comes
trom the fact that within the Bi,O;-La,0, binary system,
very close to the 3 : 3 stoichiometry, there is a neighboring
Bigl.a;40y; phase (5). Accordingly, the chemical composi-
tion of the La representative of our series is shifted from
3:5t01:2.

As stated above, three RESs tested in this work (Er, Yb,
and Lu; cf. Fig. 2) do not form appropriate Bi,REO,,
phases. This means that there is a certain limit of the RE-
atomic radii, close to 0.9 A, below which no representa-
tive of the series can exist. Therefore, samples of the 3: 5
stoichiometry containing these lanthanides have occurred
as two-phase mixtures, composed of considerable
amounts of RE,O; in equilibrium with other phases of
quite different structure type. According to our X-ray
powder diffraction (Fig. 3) and chemical analyses, these
phases have overall stoichiometries close to 2: 1 and be-
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X-ray powder diffraction diagram of Bi,YbO, ;s (peaks indicated by arrows) typical also for the Er and Lu members of the §* — Bi,0;

long to a cubic system with lattice parameters equal to
5.403,5.418, and 5.441 A for Er, Yb, and Lu, respectively.
They represent a structure-type of fluorite-like §*-Bi,O,
@, 3.

High concentration of REs, wide domains of homogene-
ity, variable deficiency of the oxygen sublattice efficiently
compensated by variable valence of appropriate RE ions;
all these features make these phases attractive subjects
for fundamental studies of physical properties, particu-
larly magnetics.
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