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in Orthorhombic T'-Type Lu,PdO,_,;
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Lutetium palladium oxide, Lu,PdO,_;, has been prepared
in a multianvil apparatus at 60 kbar pressure and 1100°C. It
crystallizes in an orthorhombic 7° (Nd,CuO,)-type structure
with the space group Pbca (No. 61), a=5479(1) A, b=
5.501(1) A, c=11.579(2) A, ¥'=349.0 A°, and Z=4. Lutetium
and oxygen displacements in the new phase create sixfold coord-
ination for Lu, relieve the compressive stress on the Pd—O bonds
resulting from the geometrical mismatch between the PdO, and
Lu,0O, layers, and reduce the electrostatic repulsion between
oxygens. © 1997 Academic Press

Crystal chemistry plays a dominant role in determining
the doping preferences in Ln,CuO, (Ln = rare earth) cu-
prates. As pointed out by Goodenough (1), the geometrical
mismatch between the CuO, sheets and Ln,O, fluorite-type
layers along the c-axis in these intergrowth phases creates
a stress on the Cu—O bonds. The T (K,NiE,)-type cuprates
with compressive Cu—O bonds are p-type superconductors,
while the T’ (Nd,CuQO,)-type cuprates with tensile Cu—O
bonds are n-type superconductors. However, the tensile
stress on the Cu—O bonds decreases with the size of the Ln
cations, finally reversing to compressive stress as found in
orthorhombic Gd,CuQO, by Braden et al. (2). This leads to
the bending of the Cu—O—-Cu angles from 180° (i.e., oxygen
displacement). Unsurprisingly, the (Gd, M),CuO, (M = Ce
and Th) phases are not superconducting. In addition to
oxygen displacements, evidence of cation displacements in
Y,CuO, and Tm,CuO, phases has been found by Bordet et
al. based on electron diffraction (3). However, the structure
has not been solved, leaving the nature of the cation dis-
placements unclear.

The stability ranges of the T and T’ phases have been
extensively investigated in the past few years using Gold-
schmidt’s tolerance factor (i.e., the perovskite tolerance fac-
tor), t = (ry + ro)//2(rg + o) (4,5). Recently, a tolerance
factor for the Nd,CuO,-type structure, tf=[3./2r¢ +

2./6(r4 + 10)1/9(rp + ro), has also been introduced (6). Us-
ing Shannon’s crystal radii (7), it is found that T’ phases
occur for tf < 1.00 while T phases form for tf > 1.00. Many
ternary compounds, including oxides, sulfides, and halides,
crystallize in the T-type structure (8,9). In contrast, there
is less known about the T’-type phases, which include
Ln,CuOy4 (Ln =Y, Nd-Tm) cuprates and R,PdO4 (R = La
and Nd) palladates (10-13). However, single phases of pal-
ladates have not yet been obtained and their structure has
not been well established. We have recently investigated the
phase stability of the T'-type palladates and discovered
a new Lu,PdO,_; phase.

The title compound was synthesized from a mixture of
elemental Pd and Lu,0; with KCIO; as an oxygen source
in the molar ratio 3:3:1 in a multianvil apparatus at
60 kbar and 1100°C for 1 h, using an Al,O; capsule. A full
description of the multianvil apparatus and the high-pres-
sure experimental procedures has been published previously
(14, 15). The composition of the title compound was deter-
mined with a CAMEBAX eclectron microprobe to be
Lu,PdO; g(1). B-type Lu,O; and Pd metal were used as
standards for Lu and O and for Pd, respectively.

The X-ray powder diffraction data were collected with
a Siemens D-500 diffractometer using CuKo radiation at
room temperature in the range 10° < 26 < 80° with a step
width of 0.02° and a counting period of 20 s. Although the
X-ray pattern is similar to that of the T'-type cuprates,
several reflections at the 20 values 27.6°, 33.5°, 38.8°, 47.5°,
51.5°, 55.1°, 62.3°, and 75.2° were unidentified. However,
these can be indexed on an orthorhombic superstructure
with a ~ /2a,, b ~ /2a,, and ¢ ~ ¢,, where the subscript
t refers to the tetragonal (regular) T'-type structure. The
systematic absence of 0kl: k = 2n + 1, hOl: [ = 2n + 1, hkO:
h=2n+1, h00: h=2n+1, 0kO: k=2n+1, 00l: [=
2n + 1 suggests that the structure belongs to the space
group Pbca. Thus, an orthorhombic T'-type model with the
Pbca space group was proposed and was refined by a Riet-
veld profile analysis of X-ray powder diffraction data with
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Comparison of calculated (solid line) and observed (dots) X-ray patterns for Lu,PdO, and other components. Locations of calculated

reflections (vertical tick marks) from the top to the bottom associate with Lu,PdO,, KCl, Pd, and Lu,O;. Difference (bottom curve) between calculated
and observed patterns. Reflections corresponding to the superstructure are marked by arrows. The calculated pattern for Lu,PdO, is shown in the insert.

the FULLPROF program (16). The total number of reflec-
tions is 109. The refined parameters include lattice para-
meters, atomic positions, isotropic thermal parameters,
a zero-point error, overall scale factor, background, para-
meter of a pseudo-Voigt peak-shape function, and half-
width parameters. Because the refinement of any occupancy
cannot improve the R factors, all occupancies were fixed at
1 in the final refinement. Small amounts of the impurity
phases Pd, KCl, and B-type Lu,O3 in the sample were also
included in the refinement. The final R factors are
R, =548%, Ry, = 7.64%, Ry, = 3.35%, and R, = 1.53%
(17). The crystallographic data are summarized in Table 1.
A comparison of calculated and observed X-ray patterns is
shown in Fig. 1. The structure of the title compound is
presented in Fig. 2. Lutetium and oxygen displacements in
the title compound with respect to the Nd,CuO,-type
structure are shown in Fig. 3.

The title compound, like Nd,CuO,, consists of an inter-
growth of PdO, layers and Lu,O, fluorite-type slabs along
the c-axis. However, the orthorhombic distortion leads to
lutetium and oxygen displacements. The adjacent square
planar PdO, groups rotate toward each other about axes
slightly tilted to the c-axis. Such oxygen displacements not
only relieve the compressive stress on the Pd—O bonds but
also reduce the coordination number of Lu from eight in the
regular T'-type to six. The oxygen arrangement in LuQs,
similar to that in C-type Lu,O; (18), can be derived by
moving two oxygen atoms at the ends of a face-diagonal of
a LuOg cube away from Lu as a result of the rotation of the
PdO, groups. In fact, Lu coordinated by six oxygens is most
common in oxides (18-20). In addition, the Lu,O, slabs
shift alternatively in the b and — b directions with respect to
those of the regular T'-type (see Fig. 3). Furthermore, Oa
(oxygen in the PdO, layers) ions are coordinated by two Lu
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TABLE 1
Crystallographic Data for Lu,PdO, with Estimated Standard
Deviations in Parentheses

Positional and isotropic thermal parameters

Atom Site X y z B(A?)

Lu 8¢ —0.0073(6) 0.0361(4) 0.3414(3) 3.2(1)

Pd 4a 0 0 0 2.5(1)

Oa 8¢ 0.176(3) 0.324(3) 0.007(2) 2.0(7)

Ob 8¢ 0.243(3) 0.271(3) 0.282(2) 3.8(9)
Selected bond lengths (/&) and angles (°)

Lu-Oa 2.30(2) Lu-Ob  2.01(2) Pd-Oa 2.03(1) x2

Lu-Oa  231(2) Lu-Ob  2.17(2) Pd-Oa  202(1) x2

Lu--Oa 293(2) Lu-Ob  236(2)

Lu--Oa 3.30(2) Lu-Ob  241(2)

Oa-Oa 287(2) x2 Ob-Ob 275(2) x2 0Oa-Ob 3.22(2)

0Oa-Oa 2.86(2) x2 Ob-Ob 284(22) x2 0a-Ob 2.68(2)

Oa-Oa  274(2)

O-Pd-O 89.9(1) O-Pd-O 90.1(1) Pd-O-Pd 146.9(2)

Note. Space group Pbca (No. 61), a = 5479(1) A, b = 5.501(1) A, ¢ = 11.579(2) A,
and Z = 4.

and two Pd cations, forming (Lu,Pd,)O pseudo-tetrahedra.
In contrast, Nd,CuO, consists of trans-(Nd,Cu,)O octa-
hedra.

FIG. 2. Crystal structure of Lu,PdO,, showing square planar PdO,
groups, LuOg polyhedra, and (Lu,Pd,)O pseudo-tetrahedra. The large,
small, and medium (black) spheres represent Lu, Pd, and O, respectively.
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FIG. 3. Lutetium and oxygen displacements in the Lu,PdO,-type with
respect to those of the Nd,CuO,-type. Directions of displacements are
shown by arrows. Distance between Oal and Oa6 decreases with an
increase in the rotation of the PdO, groups shown in (b).

The orthorhombic distortion also leads to the formation
of buckled PdO, layers. In the case of the regular T'-type,
each oxygen (Oal) is surrounded by four equidistant oxy-
gens in the BO, layers. In the case of the title compound, the
rotation of the PdO, groups creates the fifth oxygen neigh-
bor (Oa6) of Oal (see Fig. 3b). At a rotation greater than
15°, assuming that all O—Pd—O angles are 90° and all Pd-O
distances are the same, the Oal-0Oa6 distances become the
shortest Oa—Oa distances. The rotation in the title com-
pound is about 16.5°. Unsurprisingly, the strong electron
repulsion between the oxygens causes buckling of the PdO,
layers.

The average Pd—O bond distance of 2.02 A is the same as
that calculated using Shannon’s ionic radii, but much longer
than that of 1.94 A based on the regular T’ model. The
average of the first-nearest six Lu—O bond distances of
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TABLE 2

Comparison Among the 7'-Type A,BO, Structures
Structural type Nd,CuO, Gd,CuO, Lu,PdO,
Crystal system Tetragonal Orthorhombic Orthorhombic
Space group 14 /mmm (No. 139) Abcm (No. 64) Pbca (No. 61)
Unit cell dim. g X agX ¢, \/2111 X \/211, X ¢y \/Zal X \/Zcq X ¢
Displacements No Oa A, Oa, and Ob
A coordinated by 4 Oa and 4 Ob 4 Oa and 4 Ob 2 Oa and 4 Ob
Oa coordinated by 4 4 and 2 B 4Aand 2 B 2 Aand 2 B
BO, layer shape Flat Flat Buckled
B-O-B angle (°) 180 170 147

Note. Oa, oxygen anions in BO, layers. Ob, oxygen anions in 4,0, layers.

226 A is also similar to that calculated from Shannon’s
jonic radii, 2.24 A. The seventh (2.93 A) and eighth Lu—O
distances (3.30 fk) are much greater than the average of the
first-nearest six Lu—O distances, indicating that they are
second- and third-nearest neighbors of Lu. The average
Oa-Oa and Ob-Ob distances are 2.84 and 2.80 A, respec-
tively, compared to that of 2.74 A calculated using the
regular T’-model, suggesting that the oxygen displacements
can reduce the electrostatic repulsion between oxygens. The
Pd-O-Pd bond angle is 147°, compared to 180° in the
regular T’'-model.

The crystal chemistry of the T'-type A,BO, structures
exhibits very interesting features. Table 2 compares these
structures. The replacement of Nd by small rare earth ca-
tions results in transitions from the tetragonal (I4/mmm)
Nd,CuOy4-type to the orthorhombic (4bcm) Gd,CuO,-type
(2) and finally to the orthorhombic (Pbca) Lu,PdO,-type
structure. In the case of the Nd,CuOy,-type cuprates with
large rare earths, the Cu—O bond distances decrease from
1.98 A for Pr,CuO, to 1.96 A for Eu,CuO,, suggesting that
the Cu—O bonds are under tension. In the case of the
Gd,CuO,-type cuprates with intermediate rare earths, the
Cu-O bond distances remain constant at 1.95 A. However,
the compression on the Cu—O bonds leads to oxygen dis-
placements by rotation of the square planar CuO, about the
c-axis. In the case of the Lu,PdO,-type phase with small
rare earths, the major driving force of oxygen displacements
is the presence of the sixfold-coordinated rare earth cations
in conjunction with the geometrical mismatch between the
A,0, and BO, layers. In addition, the electrostatic repul-
sion between oxygens is also a factor. Such a large distortion
leads to cation displacements. As mentioned previously,
the observation of cation displacements in Y,CuO, and
Tm,CuQO, suggests that they might have a Lu,PdO,-
related structure (3).

The tolerance factor tf values in Ref. 6 were calculated
using Shannon’s crystal radii (7), which give the O—O bond
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distance of 2.52 A. This study shows that the O—O distances
are similar to that of 2.80 A calculated using effective ionic
radii (21), suggesting the latter should be employed for
computing tf. Thus, the T and T’ phases are separated at
tf = 1.035 rather than at 1.00 as reported in Ref. 6. The
discovery of Lu,PdO,_; extends the lower limit of tf to
0.958.
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