Journal of Alloys and Compounds 452 (2008) 254-257

Journal of

AND COMPOUNDS

www.elsevier.com/locate/jallcom

Structure of new metastable cubic TbO,_,

Faraz Ahmadpour, Yurij Mozharivsky;j *

Department of Chemistry, McMaster University, 1280 Main Street West, Hamilton, Ont., Canada L8S 4M1

Received 6 September 2006; received in revised form 27 October 2006; accepted 2 November 2006
Available online 4 December 2006

Abstract

A new structure of TbO,_, with the Ia3 space group has been solved using single crystal diffraction techniques. From the structure refinement,
a significant deficiency is found on one of the two oxygen sites which results in the TbO; g3 composition. Two types of Tb atoms with different
bond valence sums and thus with two oxidation states exist in the structure. The phase does not obey the stability rules formulated for other oxygen
deficient R, 05,2, phases with R=Ce, Pr and Tb. The phase was obtained at high temperatures and is unstable at room temperature.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A number of oxygen-deficient TbO,_, phases are known to
exist due to the accessibility of +3 and +4 oxidation states for
Tb. Structures of terbium oxide as well as those of analogous
mixed valence Pr and Ce oxides are derived from the parent
fluorite-type RO, structures (R =Ce, Pr and Tb, Fig. 1) by cre-
ating vacancies on the oxygen sites [1]. Since a vacancy carries
a positive charge, repulsive energy makes any fluorite-type sub-
cell with more than two vacant oxygen sites or with two closely
located vacancies unstable in the composition range under anal-
ysis. As a consequence of this repulsive force, the following
structural rules were formulated for the oxygen-deficient phases:
(1) no 1/2(100)g and 1/2(1 1 0)r oxygen vacancy pairs could
be present (the subscript F indicates the fluorite subcell) and
(2) no 1/2(1 1 1)gr oxygen vacancy pairs could occur across
empty cubes (i.e. without an R atom between the vacancies) in
a subcell [2]. The fact that every stable superstructure in these
materials must contain an integral number of vacancies led to the
formulation of the general R, 0»,_>,, formula which describes
compositions of known phases with n=(m=) 7 (1), 9 (1), 11
(1), 12 (1), 16 (1), 19 (2), 24 (2), 29 (3), 39 (4), 40 (4), 48 (4),
62 (6) and 88 (8) [1]. Structural features of RO;_, were investi-
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gated using electron diffraction techniques, only structures and
compositions of Ce7012 [3], Pr;O12 [4], PrgO14 [5], PripO1s
(Pr49072) [6], Pri202z (Pr24044) [7], Tb7012 and Tby1 020 [8]
were verified through neutron powder diffraction.

An RgO14 phase with n=8 and m=1 (one vacancy per sub-
cell) has never been reported for pure Ce, Pr, or Tb oxides. If
the cubic symmetry is assumed then the smallest unit cell for
RgO14 (or R4O7 =R0O 75) is the one with a =2ag. The ordering
of the vacancy pairs along (11 1) can result in the formation
of a cubic pyrochlore-type A;B,0O7 structure of the Fd3m sym-
metry or a hypothetical A;B,07 structure of the Pa3 symmetry
(A and B are two sites for metal atoms) [2]. The two structures
can be also obtained by proper population of the vacant 16¢
sites in the so-called C-type R,Oj3 structure (Ia3 space group,
a=2apr). If, however, the vacancies were not ordered, then the
symmetry of RgO14 would be the same as of the C-type struc-
ture, i.e. Ia3. To our knowledge, the structures with the Fd3m
and Pa3 symmetries have not been obtained yet. On the other
hand, the a3 space group has been observed in the mixed (R,
R")O,_, oxides (R and R’ are tetra- and trivalent elements), e. g.
for a CeO,—YO 5 solid solution [2]. In case of the CeO,-YO1 5
phases, oxygen vacancies on the 16¢ site have been assumed
on the basis of interatomic distances obtained from the single
crystal data.

In case of pure rare-earth oxides, the Ia3 structure, a possi-
ble RgO14 (or R4O7 =RO| 75) representative of the R,02,_2,,
series, was observed only for TbO,_, and only during the TEM
studies. [9] While being investigated using electron diffraction
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Fig. 1. Projections of the TbO, (fluorite-type), TbO1 63 (s) and Ce Y3016 [2] structures on the xz plane. For TbOj g3 (6) and Cep Y3016, only the Tb—O bonds
to the O2 atoms are shown. The arrows in the TbO 3 () structure indicate Tb2 shifts from the ideal fluorite-type positions.

techniques, a phase with the initial composition of TbO1 75_1.82
(as estimated from the average magnetic moment for Tb) has
been observed to develop cubic superstructure with @ = 2ar (10.6
(1) A) from the parent fluorite structure due to oxygen depletion.
Based on the electron diffraction images, the superstructure has
been unambiguously assigned the Ia3 space group, but no further
structural analysis has been reported [9].

While exploring synthesis of novel Tb—Sb—N phases through
the NaCl flux, we accidentally obtained silver-looking crystals of
TbO,_, with the Ia3 symmetry and a = 2ag. This paper reports
on the room-temperature crystal structure of this oxide for the
first time.

2. Experimental
2.1. Synthesis

Crystals of TbO,_, were obtained during the exploratory synthesis of
new Tb—Sb-N phases. Powders of Tb (CERAC, 99.9 wt.%), Sb (CERAC,
99.999 wt.%), TbCls (Cerac, 99.9 wt.%) and NaN3 (Alfa Aesar 99 wt.%) were
combined in the 17:9:1:3 molar ratio with a total mass of 1g in a silica tube.
One gram of NaCl (99.9 wt.%) was added as a flux, then the tube was evacuated
and sealed. The mixture was heated to 1000 °C at the rate of 20 °C/h, kept at
this temperature for 120 h and then cooled to 400 °C at the rate of 50 °C/h. The
dominant phase was a black, moisture sensitive powder incorporated into the
NaCl matrix. However, after detailed examination, three small terbium oxide
crystals with metallic luster were extracted from the NaCl matrix. It is likely
that the NaCl flux has facilitated oxygen extraction from the silica walls and its
reaction with the Tb metal.

2.2. X-ray analysis

Room-temperature X-ray single crystal diffraction data for the two extracted
crystals were collected on a STOE IPDSII image plate diffractometer with MoKa
radiation and were harvested by taking 1° scans in w in the full reciprocal sphere.
Numerical absorption correction for both crystals were based on crystal face
indexing, followed by a crystal shape optimization using program XSHAPE [10].
Indexing of the 4459 reflections collected yielded cubic lattice parameters within
one standard deviation and analysis of the systematic absences unambiguously
indicated the a3 space group. Structure solution and refinement were done
through programs SHELXS and SHELXL, respectively [11]. Atomic parameters
for the two crystals were found to be identical within three standard deviations,
so the structural data only for one of the crystal are presented here (Tables 1-4).

During the refinement, a large temperature factor was observed for the O1
site. Relaxing the occupancy for this site reduced the temperature factor by a
factor of 2 and close to that of the O2 site. While vacancies on the O2 could
not be excluded, the O2 site was assumed to be fully occupied. The refined

Table 1

Crystal data and structure refinements for TbOj 63 (T=293 (2) K, MoKa-
radiation, graphite monochromator, the refinement method was full-matrix least-
squares on F?)

Space group

Unit cell dimension, A
z

Density (calculated)
Crystal dimensions

26 range

Index ranges

143 (no. 206)

10.710 (2)

32

8.042 g/cm?

0.094 mm x 0.040 mm x 0.027 mm
7.60-56.28°
—14<h<13,—-14<k<13,—-14<i<14

Reflections collected
Independent reflections

4459 (Ro =0.0160)
254 (Rin =0.0518)

Reflections with I> 20 (1) 253
Completeness to max 26 99%
Data/restraints/par. 254/0/13
Goodness-of-fit on F? 1.145

Final R indices [F2 > 20(F?2)]
Largest diff. peak/hole

R =Y |F2 — Fimean| /3 F2; Ro =Y 0F2/ Y F% Ri=
172
S HFol = IFll/ D | Fols Ry = (wa(F&FZ)Z/wa(F§)2> ,

1/2
w=1/0%(F2)+(a x p)> + b x P); G F= (Z wx(F2 — Fg)z/(n - p))

with w = 1/(02(F§) + (a x p)*> + b x p),where n is the number of observed
reflections and p is number of parameters refined.

R; =0.0414, wR, = 0.0825
1.911/—2.951 /A3

composition based on the deficient Ol site is TbOy g (). In favor of the Ol
deficiencies were also significantly longer distances between the Ol and Tb
ions as compared to those between the O2 and Tb ions as vacancies on the
Ol site carry a positive charge and should lead to longer Tb—O bonds. During
the structure refinement in the Ia3 space group, small pockets of extra electron
density were found around the two O atoms: two peaks at 0.50 and 0.51 A from
O1 and one peak at 0.51 A from O2. Treatment of oxygen thermal vibrations in
either ellipsoidal or higher-order anharmonic approximations led to physically
unreasonable vibrational surfaces. While introducing split, highly deficient O
positions could account for this extra electron density, reducing the symmetry

Table 2

Atomic coordinates and equivalent isotropic displacement parameters (Ueq, A?%)
Atoms Occup. X y z Ueq
Tb1,8 1 1/4 1/4 3/4 0.0074 (4)
Tb2,24d 1 0.0289(1) O 1/4 0.0074 (3)
01,48¢ 0.79(4) 0.3649 (21) 0.1064 (20) 0.3672 (21) 0.039 (7)
02,16¢ 1 0.1288 (16)  0.1288 (16)  0.1288 (16)  0.031 (6)
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Table 3
Anisotropic displacement parameters for the Tb atoms
Atoms Ul 1 U22 U33 U23 U] 3 U12
Tbl 0.0074 (4) 0.0074 (4) 0.0074 (4) 0.0029 (4) —0.0029 (4) 0.0029 (4)
Tb2 0.0091 (5) 0.0060 (5) 0.0070 (5) 0 0 0.0006 (4)
Table 4 a
Bond distances (A) in TbO1 63 (6)
c 2.25
Atoms Distance
238 O O1
Tbl-
601 233 (2) 233 244 @02
202 2.25(2)
Tb2- Tbh1 Tb2
201 2.38(2)
201 2.39(2) Fig. 2. Environment and bond distances for Tb1 and Tb atoms.
201 244 (2)
202 2175.0) the O1 deficiencies was also the large isotropic temperature fac-
Ol1- tor for this site during the single crystal refinement. In this light,
?E; ggg 8; the TbO,_, phase is different from the CeO,—YO) 5 phases with
Th2 239 @) tl.le same space group where the vacancies are present on the QZ
Tb2 2.44 (2) site (Fig. 1) [2]. In the CeO,—YO; 5 phases, the O2 vacancies
02— result in pronounced shifts of the O2 atoms and significant elon-
bl 225 (2) gation of the corresponding (Ce, Y)-O2 bonds. This difference
3Tbh2 2.175 (9) may explain difficulties in obtaining the TbO1 63 ) structure,

(to thombohedral or orthorhombic) did not eliminate the pockets of this extra
electron density.

After 2 months, the same crystals were tested again using single crystal
diffraction techniques, and it was found that while strong reflections still corre-
sponded to the original cubic cells, many extra reflections incommensurate with
the original cells were also present. Since X-ray diffraction yields structural
information of the entire crystal it is impossible to distinguish whether only
the outer layers or the entire crystal underwent the structural transformation.
This structural (and possibly compositional) instability might be the cause for
physically unreasonable anisotropic thermal parameters for the oxygen atoms
during the initial refinement, as some parts of the crystals might have already
undergone transformation during the first data collections.

3. Discussion

The Ia3 structure of TbOjeg 6) closely resembles that
of TbO,, the fluorite one (Fig. 1). The Tbl coordinates of
1/41/4 1/4 and the O2 positions that are within three standard
deviations from ideal “fluorite” positions of 1/8 1/8 1/8 reflect
the underlying fluorite structure. On the other hand, the Tb2 and
Ol shifts (Tb2 shifts in the xz plane are indicated by arrows in
Fig. 1) from the ideal positions of 00 1/4 and 3/8 1/8 3/8 repre-
sent structural perturbations resulting, most likely, from oxygen
deficiencies. We start our analysis of oxygen vacancies by exam-
ining the Tb—O distances (Table 4 and Fig. 2). Since oxygen
vacancies carry positive charge, separation between Tb cations
and oxygen-deficient sites should be larger than between Tb
cations and fully occupied oxygen sites [1]. Significantly longer
distances between the O1 and Tb ions as compared to those
between the O2 and Tb ions clearly indicate concentration of
vacancies on the O1 site (while vacancies on the O2 cannot be
excluded, the O2 site is assumed to be fully occupied). In favor of

as the deficient O1 site (48¢) and fully occupied O2 site (16¢)
cannot be obtained through the oxidation of Tb,O3 with fully
occupied O1 and empty O2 sites [12].

As indicated before, the Coulomb repulsion between the Tb
cations and oxygen vacancies results in the elongation of the
Tb—-O1 distances and the Tb2 cations being shifted from the
ideal fluorite position of 00 1/4. The answer for why only the
Tb2 cations move but not the Tb1 ones is found in the oxygen
coordination around each terbium. While the Tb2 cations can
shift away from the O1 sites towards O2 sites due to the two-fold
symmetry of its oxygen environment, the Tb1 cations remained
pinned at the ideal fluorite positions because of the 3 symmetry
of its oxygen environment.

An analysis of bond valence sums, V, was carried out for
the two Tb sites to obtain information on oxidation states
of cations. The Tb atoms in TbOj ¢g() have mixed valency,
and the averaged bond valence parameter for the Tb—O bonds
had to be calculated first. Although there is no tabulated
bond valence parameter for Tb**—O in the literature, the
Rrp_0** value can be estimated from the Rce_o values tak-
ing into account similar crystallochemical behavior of cerium
and terbium. The bond valence parameters for the Ce3*-O
and Ce**—O bonds are given by Brese and O’Keeffe [13],
and their ratio Ree-0>*/Ree-0*" =2.151/2.028 =1.061 should
be close to the Ryp_0>*/Ryp_o* ratio. In this way, a value of
2.049/1.061 = 1.931 is obtained for Rp_o** (2.049 A is Rrp_o*
and is taken from [13]). In anionic approximation, the TbO1 g3
composition requires 64% of Tb>* and 36% of Tb** for a charge
balance, and this yields an average bond valence parameter,
Rrb_0, of 2.01 A. The calculated bond valence sums are 3.55
and 3.34 for Tb1 and Tb2, respectively, and indicate a more oxi-
dized state for Tb1. When these sums are taken as the Tb charges,
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then the number of anionic species, i.e. oxygen atoms, comes to
(3.55 x 8+3.34 x 24)/2=54.3 per cell. This result agrees well
with 54 £2 achieved from the single crystal refinement, even
despite the fact that the average bond valence parameter was
used for the two Tb sites.

The Tb—O bond distances around Tb atoms can serve as a test
for the charge assignment. The ionic radii for eight-coordinated
Tb>* and of Tb** and for four-coordinated O%>~ taken from Shan-
non and Prewitt [14] were used to calculate average Tb1355+-0
and Tb23-33*—0 bond distances. The values of 2.33 and 2.36 A
agree well with the average Tb1-0 and Tb2-O distances of 2.31
and 2.35 A obtained from the single crystal data. Based on this
comparison as well as the analysis of the bond valence sums, the
following conclusions can be drawn: (1) the two Tb sites have
mixed valences, and (2) the Tb1 atoms are more oxidized.

We want to point out a short Tb2-O2 distance of 2.175
(9)A in the TbOj g3 (6) structure, where the rest of the bonds
are 2.25 A and longer. This particular bond is also shorter than
the Tb**—O bond of 2.251 A found in TbO; [15]. Although at
this stage we have no rationale for the existence of such shorts
bonds, we found that similarly short bonds are present in other
mixed valence rare-earth oxides, e.g. 2.1589 (9)A in Tb7012,
2.153 (4) and 2.172 (4) A in Tby; Oy [8], 2.148 (4) and 2.168
@) Ain Pr9Oj¢ [5]. If the bond valence were calculated for such
bonds using the literature-based bond valence parameters, then
the oxygen valence would become significantly larger than 2.
In case of O2 in the TbO 63 (6) structure, the bond valence sum
would be 2.43, which clearly indicates that the assumed bonding
scheme involving 4 strong O2-Tb interaction is not well suited
here.

Any composition with an Tb:O ratio smaller than 1:1.75
indicates more than one vacancy, on average, in every fluorite-
type subcell and therefore presence of 1/2(1 1 0)g vacancy pairs
and, possibly of 1/2(1 00)g ones in addition to 1/2(1 1 1) ones
depending on the symmetry and/or vacancy ordering. Combina-
tion of 1/2(1 10)g and 1/2(1 1 1)g vacancy pairs is observed in
the C-type structure of RyO3 and stems from the 16¢ site being
completely empty (the O2 site). In case of the TbO,_, phase
investigated, the 48e site (the Ol site) is statistically deficient
and three types of vacancy pairs, 1/2(11 1)g, 1/2(110)g and
1/2(100)g, may be present. Obviously, a 1/2(1 00)g vacancy
pair is most unstable due to a small charge separation and is less
likely to occur. Still, even presence of a 1/2(1 1 0) vacancy pair
violates the stability rules formulated for other oxygen deficient
R, 02,—2,, phases and, thus, the Ia3 structure does not fall into
this series.

The Ia3 phase obtained by us is thermodynamically unsta-
ble in the air and/or at room temperature. As mentioned in the
experimental section, after two months the same crystal was
tested again using single crystal diffraction techniques, and it
was found that many extra reflections incommensurate with the

original cell were present. Due to the fact that X-ray diffraction
yields structural information of the entire crystal, it is impossible
to distinguish whether only the outer layers or the entire crystal
underwent the structural transformation. Since the anomalous
thermal behavior was associated only with the O atoms, it can
be speculated that the structural (and possibly compositional)
perturbations are likely to be driven by oxygen atoms. Although
indirectly, extra electron density around the two oxygen atoms
may also point at the dymanic nature of the oxygen sublattice.

Because of the limited number and small size of single crys-
tals obtained we could not perform a quantitative compositional
analysis of the a3 phase using other analytical techniques. Our
attempts to produce this phase by oxidizing Tb metal at different
temperatures (up to 1350 °C) and for different periods of time
were unsuccessful. Besides the temperature range at which the
phase is thermodynamically stable, another unknown is oxygen
pressure. The TbO 68 (6) composition obtained from the single
crystal refinements indicates that the phase is rather oxygen poor
and is likely to form in an oxygen-poor environment. The same
can be concluded from the experiments performed by Malchus
et al. [9], in which they observed formation of the 1a3 struc-
ture from the initial TbOj 75182 phase as a result of oxygen
depletion during the TEM experiments.
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