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The crystal structure of the ordered perovskites Ba,(RSb)O,
(R=Y, Ho) is refined from neutron powder diffraction data in the
space group Fm3m (No. 225), Z=4, with Ba at 8(c), R at 4(b),
Sb at 4(a), oxygen at 24(e), oxygen positional parameter
x=0.2636(2) for R=Y and Ho, and unit cell dimensions of
a/A=8.4240(3) and 8.4170(2) for R=Y and Ho, respectively.
Bond-valence analysis explains how the highly covalent Sb—-O
bonds determine the overall structure of these perovskites in
which R—O and Ba—O bonds are under compressive and tensile
stresses, respectively. The magnetic susceptibility of Ba,(HoSb)O,
has been measured in the temperature range 2-350 K. From an
a priori estimation of the crystal-field parameters corresponding
to the point site symmetry of the rare-earth, O,, and using
the wavefunctions associated with the energy levels obtained,
the paramagnetic susceptibility and its evolution vs temperature
is simulated according to the van Vleck formalism. The observed
deviation from the Curie-Weiss behavior at low temperature,
very well reproduced, reflects the splitting of the ground state
of this cation under the influence of the crystal field. © 1997

Academic Press

I. INTRODUCTION

The Ba,(RSb)Og¢ (R =rare earth) perovskites were
known 30 years ago when Blasse established (1) that the Gd
compound is cubic, a = 8.44 A, and shows X-ray diffraction
reflections characteristic of 1:1 order on the sublattice of
the Gd and Sb cations. Later some of the present authors
characterized (2, 3) nine perovskites of this family by X-ray
powder diffraction, but they were not able to determine the
oxygen positional parameter from X-ray diffraction data.
These compounds were recently (4) shown to be suitable as
substrates for YBa,Cu30O-_; thin films. As one promising
application of high T, superconducting thin films is the field
of passive microwave devices including filters, resonators,
delay and transmission lines, and antenna arrays, it seems
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recommendable to characterize more completely these pos-
sible substrates. This is the aim of this article.

II. EXPERIMENTAL DETAILS

Preparation. Polycrystalline samples of Ba,(RSb)Og

(R=Y, Ho) were prepared from mixtures of analytical
grade BaO,, R,03, and Sb,0O; of molar ratios Ba: R:Sb
= 2:1:1.2, which were heated in air at 800, 1000, 1200 and
1300°C. After each thermal treatment that lasted 1 day, the
products were quenched, ground, and characterized by X-
ray powder diffraction.

Neutron powder diffraction. The neutron powder dif-
fraction diagrams of Ba,(RSb)O6 (R =Y, Ho) were col-
lected at room temperature in the multidetector DN5
diffractometer at the Silo¢ reactor of the Centre d’Etudes
Nucleéaires, Grenoble. A wavelength of 1.345 A was selected
from a Cu monochromator. The 800 detectors covered a 20
range of 80°, from 20; = 12°. The counting time for each
diagram was about 4 h, using 10 g of sample contained in
a vanadium can. The neutron diffraction patterns were
analyzed by the Rietveld (5) method, using the FULLPROF
program (6). Details of the refinement procedure are given
elsewhere (7). The coherent scattering lengths for Ba, Y, Ho,
Sb, and O were, respectively, 5.07, 7.75, 8.01, 5.57, and
5.805 fm.

Crystal-field levels and magnetic susceptibility calculation.
The method used for calculating the energy levels and
magnetic properties of the Ho** + 4f'° configuration in its
crystalline environment is based on the central-field approx-
imation. The total Hamiltonian consists of two parts

H = Hg + Her,

where Hy, is the free-ion part, which includes the spherically
symmetric one-electron term of the Hamiltonian, the elec-
trostatic repulsion between equivalent f electrons, the spin—
orbit interaction, and terms accounting for higher-order
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corrections (8). Free-ion parameters for the 4f'° configura-
tion of Ho** in Ba,(HoSb)O, are assumed to be those
reported by Carnall (8). Hcr is the crystal-field term, which
takes into account the effect of the electrostatic interaction
arising from the surrounding ions on the f electrons. In the
presence of a crystalline electric field the degeneracy of each
state of the free ion will be lifted according to the site
symmetry of the rare-earth ion in the crystal lattice. Follow-
ing Wybourne’s formalism, the crystal-field Hamiltonian is
expressed as a sum of products of spherical harmonics and
crystal-field parameters (cfps):

Hy =Y (BE[Ch+ (—1)1C ] +iSE[Ch — (—1)2C ).
k.q

The number of the nonzero B’; and S§ phenomenological
cfps depends on the crystallographic point-site symmetry of
the lanthanide ion. When the O, symmetry was considered
for Ho** in Ba,(HoSb)Os the crystal potential involves four
real parameters where B and B} keep a cubic relationship.
Among all reported a priori calculation models of the cfps,
that is known as the Simple Overlap Model (SOM) (9) has
been applied in this case because it has been tested on
similar compounds and gives results (10, 11) close to those
experimentally determined. Only the first coordination
sphere around the rare-earth cation is retained; i.e., required
crystallographic positions are restricted to the closest ligand
positions.

The calculation of the magnetic susceptibility has been
carried out from the consistent sets of wavefunctions and
energy levels previously determined by diagonalizing the
above mentioned Hamiltonian. This is done using the van
Vleck formula (12)

(D, |H|D,>*
kT

() = NﬁzZ[

(D, |H| D) (D, |H| D, B
E,— E, “

_22

in which N is Avogadro’s number, f the Bohr magneton,
k the Boltzman constant, E and ¢ the nonperturbed eigen-
values and wavefunctions, respectively, described on the
ISLIM;) basis, and H the magnetic dipole operator
L + g.S, represented by a first rank tensor having three
components which characterize the magnetic anisotropy.
The sums runs over all thermally populated levels, accord-
ing the Boltzmann population, B, = exp(—E/kT)/
Y exp(—EY/kT). In that expression, the matrix elements
are calculated using the Racah algebra rules.

Except for Eu®*" and to a less extent for Sm** com-
pounds, the diagonal part, i.e., the temperature-dependent
term of y, is the most important contribution to the para-
magnetic susceptibility. In fact it corresponds to the quan-
tum expression of the Curie-Weiss law, y = C/T + 0). The
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off-diagonal, temperature-independent terms in the for-
mula, a result of the second-order perturbation, usually
have small importance, except for the ground states with
J=0.

Calculations of the energy levels and paramagnetic sus-
ceptibility were performed by Fortran programs REEL and
IMAGE (13).

Magnetic measurements. A Quantum Design PPMS6000
magnetometer with an absolute resolution of 2.5x 1073
emu was used to perform the dc magnetic measurements
from 350 to 2 K at 10 kOe. Diamagentic corrections (14) for
magnetic susceptibilities were introduced.

III. RESULTS

The X-ray diffraction patterns of Ba,(RSb)Os, or
Ba(R,,,8by,,)O3, were characteristic of cubic perovskites,
showing very weak superstructure reflections that made it
necessary to consider a doubled cubic unit cell, 2aq % 2a,
X 2aq (ag ~ 4 Ais the edge of the simple cubic ABO; perov-
skite). For R =Y, Ho, a = 8.4240(3) and 8.4170(2) A, respec-
tively. The cell parameter for R = Ho is equal to that
previously (2) determined. In this superstructure R and Sb
are 1:1 ordered in the B-cation sublattice, giving rise to
a face-centered lattice. The superstructure reflections (111,
311, 331,...) are associated with the R:Sb ordering and
with the displacements of the oxygen atoms toward the
smaller B cations, the Sb>" cations. These are considerably
smaller, 0.60 A for sixfold coordination, that Y3* or Ho®",
whose ionic radii for the same coordination are 0.900 and
0.9014, respectively (15).

The same superstructure reflections were observed in the
neutron diffraction diagrams. These reflections were strong

TABLE 1
Structural Parameters after the Refinement of Neutron
Powder Diffraction Data for Ba(RSb)O, at 295 K

R Y Ho

a/f\ 8.4240(3) 8.4170(2)
V/A3 597.80(9) 596.31(6)
M/g mol ! 581.33 657.36
d,/g cm ™3 6.46 6.64
x(0) 0.2636(2) 0.2636(2)
B(Ba) 0.51(4) 0.51(3)
B(R) 0.12(6) 0.10(7)
B(Sb) 0.53(10) 0.67(10)
B(O) 0.70(3) 0.76(2)
R, 3.12 222

Ry 4.39 2.94

R, 2.42 2.07

Note. Space group Fm3m (No. 225), Z = 4. Ba atoms are at 8¢ (1/4, 1/4,
1/4) positions, R at 4a (0,0,0), Sb at 4b (1/2,1/2,1/2), and O at 24e (x,0,0).
Isotropic B thermal factors are given in A2
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Observed (crosses), calculated (solid line), and difference (bottom) neutron diffraction profiles for (a) Ba,(YSb)Oe and (b) Ba,(HoSb)Og at

295 K. The tick marks indicate the positions of the allowed Bragg reflections.

enough to allow us to obtain information about the dis-
placement of the oxygen atoms. Moreover, no additional
superstructure reflections or splitting of the peaks were
detected, excluding the presence of tilting of the BOg oc-
tahedra. The structure was refined in the Fm3m space group,
with the only variable structural parameter corresponding
to the oxygen positions. The results of the refinement are
summarized in Table 1. The goodness of fit is shown in Fig. 1.
Table 2 contains a selected list of distances and angles, and
a view of the structure is illustrated in Fig. 2 for R =Y.

In the crystal structure of Ba,(RSb)O4 both Sb>* and
R*" cations are in a regular octahedral environment, the
SbOg and ROy octahedra alternating along the three axes,
as shown in Fig. 2. The Sb—O distances are very close in
both compounds, 1.991(2) and 1.990(2) A for the Y and Ho
perovskites, respectively, and precisely compare with the
sum of ionic radii for Sb>" and O>~, 2.00A, taking the
radius of 0>~ as 1.40A (4). The ionic approach is less
successful if we consider the R—O distances: the observed
R-O bond lengths are 2.221(2) and 2.219(2)1& for R =Y
and Ho, respectively, whereas the ionic radii sums take the
relatively high values of 2.300 and 2.301 A,

It is somewhat unusual to find a rare-earth cation occu-
pying the B positions of a perovskite: given their relatively

TABLE 2
Interatomic Bond Distances (A) for BaO,,, RO, and SbO,
Coordination Polyhedra in Ba(RSb)O, Perovskites

R Y Ho
Ba-O (x12) 2.981(1) 2.978(1)
R-O (x6) 2221(2) 221902)
Sb-O  (x6) 1.991(2) 1.990(2)

high size they are more often found in the A sublattice, e.g.,
in the well known RFeOj; family. A bond valence analysis,
after Brown’s model (16, 17), can help give an idea of how
comfortable a rare-earth cation is in the B sublattice of
a perovskite. Table 3 lists the bond valence sums (BVS)
corresponding to all the cations of the Ba,(RSb)Ogq struc-
tures. Observe that the BVS for Sb is close to the expected
value of 5+ (within about 5% of deviation). In contrast,
BVS for both Y and Ho are remarkably above the expected
valence of 3+. The opposite trend is observed for Ba,
showing BVS values slightly lower than 2. According to
that, rare-earth cations are strongly overbonded in the
structure, this effect being balanced by the somewhat under-
bonded Ba cations. The small thermal B factors observed

FIG. 2. View of the Ba,(YSb)Og structure. Open octahedra correspond
to Y atoms and hatched octahedra to Sb atoms. Both kinds of octahedra
alternate according to a 1: 1 arrangement. Ba atoms (open circles) are in the
voids formed by the octahedra.
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TABLE 3
Bond Valence Sums (BVS)“ and Deviations (%) with Respect
to the Expected Valence for Ba, R, and Sb within the Coordina-
tion Polyhedra to Oxygen in Ba(RSb)O,

R Y Ho
BVS dev(%) BVS dev(%)
Ba 1.856 7.18 1.869 6.56
R 3435 14.49 3.534 17.82
Sb 5247 494 5274 5.49

“BVS is the sum of the individual bond valences (s;) for Ba-O, R-O, and
Sb-O bonds. Bond valences are calculated'® as s; = exp[(ro — 17)/B];
B =0.37, ro = 2.290 for the Ba?"—0O?" pair, r, = 2.014, 2.023 for the (Y3*,
Ho3*)-0?" pairs, and r, = 1.942 for the Sb>*~O?~ pair. Individual Ba-O,
R-0, and Sb-O distances (r;) are taken from Table 2.

for both Y and Ho (Table 1) also support the overbonded
character of the R-O chemical bonds. In other words, R—O
bonds are under compressive stresses whereas Ba—O bonds
are under tensile stresses. This result suggests that the highly
covalent Sb—-O bonds determine the overall structure of
these perovskites, in which oxygen atoms are placed in such
a way that SbOg octahedra have optimized Sb—O bond
lengths. R and Ba cations are linked to oxygens through
more ionic, flexible interactions that enable the stability of
the crystal structure in spite of the stresses related to the
large size of the rare-earth cations.
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FIG.3. Comparison between experimental (circles) and calculated
(solid line) reciprocal paramagnetic susceptibilities for Ba,(HoSb)Og. Inset
represents the enlargement of the low temperature data.
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The evolution of the reciprocal paramagnetic susceptibil-
ity ~' with temperature for Ba,(HoSb)O4 is shown in
Fig. 3. Above 10 K this compound presents Curie—Weiss
behavior (r =0.9998), 6. = — 5.6 K. Deviation from lin-
earity at low temperatures is attributed to the splitting of the
ground term °Ig of Ho®>" under the influence of its sur-
rounding crystal field. The superimposed curve corresponds
to the simulation of y~! through estimated cfps (cm™%),
By =731, B =437, B§ =148, B = —277. Very good
agreement is found between both curves, with effective mag-
netic moments, yg, of 10.44(4) and 10.50(6) for experimental
and calculated curves, respectively, in the 350-100 K region.
Thus, the standard crystal-field treatment of this trivalent
lanthanide cation is shown to explain the magnetic suscepti-
bility of this compound, for which no magnetic interactions
among the rare-earth ions have been detected.
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