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Crystal structure and magnetic properties of Ba,R,/3TeOs (R = Y, La, Pr, Nd,
Sm-Lu) double perovskites

Tai Kong and Robert J. Cava
Department of Chemistry, Princeton University, Princeton, NJ 08540, USA

A new series of cubic double perovskites BagRy/3TeO¢ (R = Y, La, Pr, Nd, Sm-Lu) was syn-
thesized via solid state reaction. The R*T and Te" ions are ordered on alternating octahedral
sites, with the rare earth sites 2/3 occupied to balance the charge. The lattice parameters decrease
monotonically from a = 8.5533(3) A for BazLay/3TeOg to a = 8.3310(4) A for BazLuy/3TeOg. The
lattice parameter for R =Y is close to that of Ho. Analysis of the resulting bond lengths indicates a
structural relaxation around the R ion site. BasLag/3TeOg, BazY3,3TeOg and BazLuy,3TeOg show
primarily temperature-independent magnetic susceptibility due to the lack of a local rare earth mo-
ment. For BazSmy,3TeOg and BazEuy,3TeOg, the susceptibilities are influenced by Van Vleck-like
contributions from excited state multiplets. For the remaining members, the Curie-Weiss law is
followed with low-temperature deviations that can be associated with various degrees of crystalline
electric field splitting. No magnetic ordering was observed down to 1.8 K in any of the compounds.

I. INTRODUCTION

Perovskite oxides have been widely studied for the vari-
ety of compositions, structures, and properties that they
display. They can generally be described as ABOj3 com-
pounds where A is a large metal ion located in a cav-
ity, often 12-coordinated, bordered by BOg octahedra
sharing corner oxygens. Via chemical substitution, the
perovskite family can be dramatically extended, for ex-
ample, to double perovskite structures with formulas of
A5BB’Og, AA’B50g or AA’BB’Og where the metal sites
are occupied by more than one type of element!. Many
different combinations of A, A’ and B and B’ are allowed,
and thus in addition to the resulting structural complex-
ities, perovskites offer many interesting physical proper-
ties, such as high temperature superconductivity<=, large
magnetoresistance? and ferroelectricity®.

The first step in perovskite research is frequently to
find and generally characterize new compounds with the
perovskite structure. Although many double perovskites
have been studied, relatively little is known about per-
ovskites containing the Te®t ion®, whose size necessitates
its B-site occupancy and whose charge requires at least a
double perovskite to form for perovskite oxides. Recently,
a new double perovskite, BagBi; /3 TeOg, was found, with
Bi®*t partially occupying one of the two independent B
sites”.

Formally, rare earth ions in oxides frequently have the
same oxidation state as Bi** with comparable sizes® (e.g.
rgs+ = 1.03 A, rra3+ = 1.03 A and rrus+ = 0.86 A for
coordination number of six). Thus, in the current work
we address the question of whether Bi** can be replaced
by trivalent rare earth ions in Bag Ry/3TeOg double per-
ovskites, and whether insight can be gained about lattice
stability in perovskites due to the fact that the rare earth
radii can vary by as much as 30% across the series. Re-
markably the double perovskite forms for rare earth ions
from La to Lu. In addition to describing the structures of
the new series, the magnetism of the rare earths in these
double perovskites is characterized.

With this in mind, we synthesized 14 new cubic dou-
ble perovskites, with chemical formulas Bag Ry ,3TeOg (R
=Y, La, Pr, Nd, Sm-Lu). The crystal structures were
characterized using powder x-ray diffraction. Our re-
sults, along with the previous reported BazBiy/3TeOg,
show that the oxidation states as well as the relative sizes
of the B ions play a substantial role in determining the
stability of Bag Ry/3TeOg materials. The magnetic prop-
erties, systematically studied via temperature- and field-
dependent magnetization measurements, are dominated
by the rare earth magnetism, as expected, and show be-
havior consistent with observations in other rare earth
oxide systems.

II. EXPERIMENTAL METHODS

Synthesis: BagRy/3TeOg compounds were synthesized
from stoichiometric mixture of BaCO3 (Alfa Aesar, 99%),
TeO, (Sigma-Aldrich, 99%) and dried rare earth oxides
(YgOg, La203, PI‘6011, ngOg, Sm203, EUQ03, Gngg,
TbsO7, Dy203, Ho203, ErzO3, Tmy03, YbyO3, LupO3
from Alfa Aesar, > 99.9%). The starting materials were
ground and mixed in an agate mortar and then heated
up to 1000 °C in an alumina crucible in air. For R =
Ho-Lu, higher temperatures were used to obtain a pure
phase. For R = Ho, the sample was heated up to 1150 °C
and for R = Er-Lu, 1300 °C was needed. Pressing pellets
and several intermediate re-grinding were performed to
purify the phases. All final products are white and stable
in air.

Structural determination: Powder x-ray diffraction
patterns were measured using a Bruker D8 Advance
Eco, Cu K, radiation (A = 1.5406 A), equipped with
a LynxEye-XE detector. Rietveld refinements were per-
formed using GSAS software®. The crystal structure
drawing was plotted using the VESTA programL.

Magnetic property measurements: Temperature-
dependent (1.8-300 K) and field-dependent (0-90 kOe)
magnetization measurements were made using a Quan-



tum Design (QD) physical property measurement sys-
tem (PPMS) Dynacool equipped with the vibrating sam-
ple magnetometer (VSM) option. Powder samples were
loaded in standard QD transparent, plastic, capsules and
mounted on a brass half-tube sample holder.

III. RESULTS AND DISCUSSIONS

Room-temperature powder x-ray diffraction data for

BagLag/3TeOg and BagLuy/3TeOg are shown in Fig.

as examples. All observed peaks can be indexed with a
cubic double perovskite structure. A simple perovskite
structure, with the R3*+ and TeS* atoms mixed randomly
on the B sites, aside from being highly unlikely due to the
apocalyptic differences in charge and size between R3*
and Te®t ions, is qualitatively eliminated by the observa-
tion in all samples of peaks that can only be indexed by
a combination of odd indices on the double perovskite
super cell (i.e. two times the basic perovskite cell of
~4.24) (Supplementary information Figure 1). In the
insets of Fig. |1} the high angle (660) peaks are shown.
Apart from expected double peak structure due to Cu
Ko1/Kag splitting, no further peak splitting or asymme-
try is observed, indicating a clear cubic structure for all
the materials. Thus the BagR;/3TeOg double perovskite
compounds crystallize in cubic symmetry, with space
group F'm3m (S.G.225), with lattice parameters vary-
ing from 8.5533(3) A to 8.3310(4) A for BasLay/3TeOg
to BagLug/3TeOg.

TABLE I. Refined crystal structure of Bang2/3TeOG. Space
group Fm3m (No. 225). Z = 4, a = 8.4253(3) A.

Atom Site Occ. =z y z 100U;50
Ba & 1 1/4 /4 1/4  29(2)
Gd  4a 2/3 0 0 0 0.8(2)
Te 4b 1 1/2 /2 1/2  08(3)
0] 24e 1 0.267(2) O 0 1.1(5)

We employed the structure of BaQBi2/3TeOG7 as the
starting model for the Rietveld structural refinements.
It is clear that our Rietveld refinement results, as shown
by red lines in Fig. [T} mathc very well with the black ob-
served diffraction data. The refined y? and R, values are
2.4 and 12.6% for La; 2.1 and 9.9% for Lu, for example,
with only 1 positional parameter involved-the x parame-
ter of the oxygen in the 24e sites. Although the precision
of the x parameter determined by laboratory powder x-
ray diffraction is only ~1%, it is sufficient for the present
purposes. To further understand the crystal structure
of BagRy/3TeOg, we take BazGdy/3TeOg as an example.
Detailed crystallographic information of BayGdsy,3TeOg
are listed in Table [l The crystal structure drawing of
BagGdy/3TeOg is shown in Fig. In this double per-
ovskite, the Gd3* and TeS* ions occupy the centers of
GdOg and TeOg octahedra,respectively, which are then

structurally arranged in the A;BB’Og order found in the
Elpasolite KoNaAlFg structure typel2. This B site or-
dering is consistent with the expected structure stability
phase diagram™®, We can also calculate the Goldschmidt

tolerance factor asi®: r = #ﬁo), where r4, rp and

ro represent the ionic radii of A, B and oxygen ions. In
the case of BayRy/3TeOg, rp can be approximated as
rp = %(TT66+ + %TRBJr). The estimated tolerance factors
for BagRy/3TeOg range from 1.05 in BagLag/3TeOg to
1.08 in BagLuy/3TeOg. These values are larger than, al-
beit close to, the ideal value for a cubic perovskite struc-
ture (r = 1), and for such values cubic perovskites are
the expectation®.

Similar Rietveld refinements were performed for all 14
compounds (all diffraction data are shown in the Supple-
mentary Information).The refined lattice parameters, cell
volume, oxygen coordinates, Te-O and R-O bond lengths
are listed in Table[[]} The data are summarized in Fig. [3]
The figure shows the lattice parameters for Bag Ry /3TeOg
plotted as a function of the Shannon and Prewitt (S&P)
R3t jonic radii®™® as well as the actual measured R-
O and Te-O separations. The ideal values for the lat-
ter two quantities, with the (S&P) ionic radii for ROg-
coordination and rp2— = 1.40 A used for the calculation
are also plotted, as is a comparison of these structural
parameters to those found for BayBi, /3T6067.T he lattice
parameters show a monotonic, essentially linear increase
with increasing R3*t ionic radius in this series, a trend
that is consistent with the lanthanide contractionl®. The
lattice parameter of BagY,,3TeOg is similar to that of
BagHoy/3TeOg, which is also consistent with their ionic
radius. At the tabulated ionic radius for Bi*t, however,
the lattice parameter for BagBis /3T€Oﬁ7 falls at a lower
value than is found for the rare earth series. The Y-O
and Te-O bond lengths obtained are anomalous-the for-
mer being lower than expected when compared to the
other rare earths and the latter higher than expected.
This is not clearly associated with a problem determin-
ing the oxygen positional parameter in this compound
as the error bars are no larger in this case than in the
others. An interesting comparison, presenting a curious
puzzle, is seen on comparison of the observed R-O and
Te-O bond lengths vs. those calculated from the (S&P)
R3* radii for octahedral coordination plus the radius of
0% = 1.4 A. It can be seen that the R-O bond length
variation is smaller than expected, and, while the Te-O
bond length variation is approximately 1/3 that observed
for the R-O bond length, and in the same direction, the
values are very close to that expected from the (S&P)
radii. Naively, one would interpret the data to say that
the Te-O bond is being stretched slightly by the rare
earth octahedra. But that does not explain why the R-
O bond lengths increase more slowly with the rare earth
radii than expected. This discrepancy also cannot rea-
sonably be accommodated by a relaxation of the oxygens
towards the empty octahedral sites, as that relaxation
should be constant across the R series, determined by
the O-O repulsion, and not a function of the R3* size.
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FIG. 1. (Color online) Room-temperature powder x-ray diffraction data for (a) BazLay,3TeOg and (b) BagLuy,3TeOg. Observed

diffraction data are shown as black crosses.

Calculated diffraction pattern are shown by red lines.

The differences between

observed and calculated data are shown in blue. Diffraction peak positions are indicated by purple ticks. Insets show (660)

peaks at high angle.
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FIG. 2. (Color online) Crystal structure of BaaGds/5TeOs,
with a-axis pointing out of the page. Oxygen is in red;
gadolinium is purple with partial occupancy; barium is in
green and tellurium is in brown.

(As a constant value it cannot impact the slope of the
line). Finally, the issue also cannot be resolved if the
R3T radii in the B site for oxide perovskites is less than
is seen more generally for 6-coordination- the slope of the
line would still not match observations. Thus our obser-
vations suggest that an additional factor is in play, of
potential interest for future study.

Next, we consider the magnetic properties of
BagRy/3TeOg. In Fig. (4 the temperature-dependent
magnetic susceptibility of BayYs,,3TeOg, BagLag/3TeOg
and BasLuy/3TeOg are shown. Because Y**, La’t
and Lu**T bear no local moment due to a lack of un-
paired 4f electrons, the magnetization of these three

TABLE II. Refined lattice parameters (a), unit cell vol-
umes (V), oxygen atomic position (zo), Te-O bond distances
(dre—0) and R-O bond distances (dr—o) of BazR3,3TeOg
from x-ray powder diffraction data and measured effective
moments.

R* a(A) V (A% zo dre—o  dr-o  pefs
(A) (A4) (1B)

Y  8.3735(3) 587.1 0.264(2) 1.98(2) 2.21(2)

La  8.5533(3) 625.8 0.269(2) 1.98(2) 2.30(2)

Pr 85060(3) 615.4 0.270(2) 1.96(2) 2.30(2) 3.7

Nd  8.4880(3) 611.7 0.268(2) 1.97(2) 2.27(2) 3.3

Sm 8.4528(3) 604.0 0.269(2) 1.95(2) 2.27(2)

Eu  8.4380(3) 601.0 0.268(2) 1.96(2) 2.26(2)

Gd  8.4253(3) 598.1 0.267(2) 1.96(2) 2.25(2) 7.8

Th  8.4047(4) 593.7 0.268(2) 1.95(2) 2.25(2) 9.5

Dy 8.3903(4) 590.6 0.268(3) 1.95(3) 2.25(3) 10.4

Ho 8.3787(4) 588.2 0.268(2) 1.94(2) 2.24(2) 10.5

Er  8.3664(5) 585.6 0.267(2) 1.95(2) 2.23(2) 9.5

Tm 8.3535(5) 582.9 0.267(2) 1.95(2) 2.23(2) 7.6

Yb  8.3419(5) 580.5 0.266(2) 1.95(2) 2.22(2) 4.7

Lu  8.3310(4) 578.2 0.267(2) 1.94(2) 2.22(2)

members are essentially temperature-independent. All
of them are diamagnetic, primarily contributed by core
diamagnetism, with a magnitude of ~10~*emu/mol-
R. The magnetization upturn at low temperature for
BagYy/3TeOg and Bagluy/3TeOg can be attributed to a
very small amount paramagnetic impurity. For example,
mixing 0.05% molar impurity of Dy into Lu would give
rise to a similar Curie-Weiss like upturn in magnetization
at low-temperature as shown in Fig. [4]

Fig. 5| shows the temperature-dependent magnetic sus-
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FIG. 3. (a) Lattice parameters for BasRy/3TeOs, (b) R-O
bond lengths and (c) Te-O bond lengths as a function of ionic
radius of R*" in a 6 coordinated polyhedron®. Solid lines
are guides to the eyes and dashed lines are expected values
based on ionic radii®. The lattice parameter and bond lengths
of Ba2B12/3T9067 with respect to the ionic radius of Bi*T is
shown by a hollow diamond.

ceptibility of BayPry/3TeOg. Above 250 K, the inverse
magnetic susceptibility increases roughly linearly with
temperature. A linear fit above 250 K based on Curie-
Weiss law yields an effective moment of 3.7 up, which
is close to the expected value (3.6 pup). Deviation from
linear behavior at lower temperatures may due to a large
CEF splitting. No signature that can be associated with
magnetic ordering was observed down to 1.8 K.

Temperature-dependent magnetic susceptibility of
BagSmy,3TeOg is shown in Fig. @ It shows a strong
temperature-dependence. However, as manifested in the
inset of Fig. [6] the inverse magnetic susceptibility of
BagSm;/3TeOg does not exhibit a linear behavior in the
high-temperature range. This was also seen in many
other Sm based oxides™™ ™ and is often attributed to
a large contribution from Van Vleck magnetic suscepti-
bility as the excited states of Sm3* are close to its ground
state multipletst®.

The ground state of Eu?* does not bear a local moment
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FIG. 4. (Color online) Temperature-dependent magnetic sus-
ceptibility of BagRy/3TeO¢ (R =Y, La and Lu). The applied
magnetic fields were 30 kOe, 50 kOe and 90 kOe for Y, La
and Lu respectively.
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FIG. 5. (Color online) Temperature-dependent magnetic

susceptibility of BasPry/3TeOs, measured at 10 kOe and
BasEu,,3TeOg, measured at 50 kOe.

because it has a total angular momentum J = 0. The
temperature-dependent magnetic susceptibility, shown in
Fig. [5| increases monotonically with decreasing temper-
ature down to ~100 K and then remains close to con-
stant at lower temperatures. Similar to Sm3*, the ex-
cited states of Eu3T are close to its non-magnetic ground
statél®, Van Vleck paramagnetism, which is inversely
proportional to the energy differences between states,
thus becomes important for Sm3+ and Eu?t.

The other members of Bag Ry/3TeOg series all display
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a clear Curie-Weiss behavior at high-temperatures. The
temperature-dependent inverse magnetic susceptibilities
are shown in Fig. (a) and field-dependent magnetization
measured at 1.8 K are shown in Fig. b). The effective
moments, obtained from high-temperature linear fits, are
3.3 pp for BagNdy/3TeOg, 7.8 pup for BagGdy/3TeOg, 9.5
up for BagThy/3TeOg, 10.4 pp for BagDy,,3TeOg, 10.5
up for BagHoy /3TeOg, 9.5 pp for BagEry,3TeOg, 7.6 1p
for BagTmy/3TeOg and 4.7 g for BagYby3TeOg. These
values are all close to the expected values for R3t. The
similarity between experimental results and expectations
supports the structural studies and simple charge bal-
ance concepts that indicate that the rare earth sites in
Bag Ry /3TeOg are only 2/3 occupied.

Gd?* is magnetically isotropic due to a zero orbital
angular momentum: L = 0. Its temperature-dependent
inverse magnetic susceptibility decreases linearly down
to 1.8 K, showing no deviation due to CEF splitting. It
also extrapolates to a Curie-Weiss temperature that is
close to zero, indicating a very small magnetic interac-
tion between Gd?*+. This weak interaction between rare
earth ions can be understood from the structure point of
view. Given the fact that un-paired 4f electrons in R3*
are spatially localized and have little direct overlap with
oxygen p-orbitals, the interaction between rare earth ions
lacks a viable channel in an insulator. In addition, each
ROg octahedron is surrounded by six TeOg octahedra
(with a full d shell for Te®"). Thus the TeOg octahedra
simply increase the distance between neighboring rare
earth ions, further weakening the R — R magnetic dipole
interaction.

The field-dependent magnetization of BayGds/3TeOg
reaches its saturation moment, 7 ug, at 90 kOe. The
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FIG. 7. (Color online) (a) Temperature-dependent inverse

magnetic susceptibility and (b) field-dependent magnetization
of BagRy/3TeOs (R = Nd, Gd-Yb). The applied magnetic
field shown in (a) were 20 kOe for R = Nd, Ho-Yb, and 30
kOe for R = Gd-Dy. Data shown in (b) were measured at 1.8
K.

other members shown in Fig.|7]all exhibit various degrees
of CEF depopulation as temperature decreases. This is
illustrated by a deviation from linear inverse magnetic
susceptibility at low temperatures. It is also illustrated
in Fig. (b) where saturation moment is only reached for
BapGdy/3TeOg. None of the Bag Ry/3TeOg shows signa-
tures that can be associated with long range magnetic
ordering or a short range spin glass state down to 1.8 K.

IV. CONCLUSIONS

In conclusion, we report the synthesis, structural and
magnetic properties of a new series of cubic double per-
ovskite: BagRy/3TeOg¢ (R =Y, La, Pr, Nd, Sm-Lu). All
compounds were synthesized via solid state reaction in
air. Structurally, trivalent rare earth ions and Tef* un-
dertake a standard alternating ordering on the B sites
of the double perovskite structure-the KoNaAlFg struc-
ture type. The rare earth ion sites in BagR;/3TeOg are



only 2/3 occupied to balance the charge. This occupancy
is also confirmed by temperature-dependent magnetiza-
tion measurements where the measured magnetic effec-
tive moments are close to theoretically calculated val-
ues. Lattice parameters for BagRjy/3TeOg decrease lin-
early with decreasing rare earth ionic radius, following
the lanthanide contraction. Further research may be of
interest to determine the reason for the apparent discrep-
ancy between the R-O distances found here and the ex-
pected based on the S&P tables. None of the discovered

compounds order magnetically down to 1.8 K.
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