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ABSTRACT: The synthesis, crystal structure, and dielectric properties of four novel
members of the family of double perovskites Pb,LnSbOg are described. The room-
temperature crystal structures were refined from neutron powder diffraction (NPD)
data in the monoclinic C2/c (No. 15) space group. They contain a completely ordered
array of alternating LnOg and SbOg octahedra sharing corners, tilted in antiphase along
the three pseudocubic axes, witha a” b~ b tilting scheme, which is very unusual in the
crystallochemistry of perovskites. The lead atoms occupy hlghly asymmetric voids with
8-fold coordination due to the stereoactivity of the Pb>" electron lone-pair. Several
trends are observed for the entire family of compounds upon heating. The Ln = Lu, Yb,
and Er oxides display three successive phase transitions in a narrow temperature range,
as shown by differential scanning calorimetry (DSC) data, while the Ln = Ho shows only
two transitions. Different crystal structure evolutions have been found from tempera-
ture-dependent NPD and DSC, following the space-group sequence C2/c — P2,/n—

P2/n

Temperat ure

R3— Fm3m for Ln = Lu and Yb, the sequence C2/c — unknown — P2, /n— Fm3m for Ln = Er,and C2/c — P2,/n— Fm3m for Ln
= Ho. The Ln/Sb long-range ordering is preserved across the consecutive phase transitions. Dielectric permittivity measurements
indicate the presence of a paraelectric/antiferroelectric transition (associated with the last structural transition), as suggested by the

negative Curie temperature from the Curie—Weiss fit of the reciprocal permittivity.

1. INTRODUCTION

Double perovskites A,B'B”O4 have been extensively studied
due to their varied magnetic and electric properties. Their crystal
structures present a tridimensional framework of corner-sharing
B’Og and B”O¢ octahedra, where the A cations occupy the voids
between every eight octahedra, in an ideal AO;, coordination.
Whereas the simple ABO; perovskite is cubic, a large number of
examples correspond to distorted perovskites with a lower
symmetry. The causes of such distortion are related with three
different phenomena:

(a) The octahedral tilting is the most common mechanism of
distortion, due to the presence of too-small A atoms that
drive the rotation of the B’Og4 and B O octahedra around
one, two, or three crystalline axes in order to optimize the
A—O bond lengths.

(b) Cation displacements from the center of their polyhedra
are present. These asymmetric coordination environ-
ments are due to the presence of two particular types of
cations: d° ions such as Ti*", Nb**, Wg etc., or p-block
elements containing electron lone-pair, such as Pb*",
Bi*", Sn>", Te*". In both cases, the main cause of such
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distortion is attributable to a second-order Jahn—Teller
distortion (SOJT) due to electronic effects.' > This kind
of asymmetry induces technologically interesting proper-
ties, such as ferroelectricity, piezoelectricity, or nonlinear
optics.

(c) The distortion of the octahedra is driven by electronic
instabilities of the B-site cation, as occurs in the well-
known Ba,CuTeOg4" perovskite, where the presence of a
first order Jahn—Teller distortion (i.e, Cu’*, 3d°) in-
duces the distortion of the CuOg octahedra, generating an
elongation of the c-axis.

Many ABO; and A,B'B”Oy perovskites containing p-ele-
ments with an electron lone-pair at the A positions, exhibiting
an irregular oxygen-coordination environment, require the use of
high-pressure conditions to be stabilized. Actually, the well-
known ferroelectric PbTiOj is the only Pb-3d transition metal
perovskite that can be prepared at ambient pressures, while some
other members such as PbMnO;, PbCrO3, or PbVO; have only
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been recently stabilized under elevated pressures. Concermng
the double perovskltes, two nice examples are Bi,NiMnO¢° and
Bi,CoMnOy,’ prepared under pressure, where the presence of a
lone pair induces cationic shifts that favor ferroelectricity: these
materials are magneto-ferroelectrics, useful for multiple-memory
devices (storage of information with both electrical and magnetic
polarization) or electrically writable, magnetically readable mag-
netoelectric random-access memory devices. In some cases, the
preparation of double perovskites containing p-block ions such
as Pb>" or Bi’" is difficult due the possibility of producing the
particularly stable pyrochlore phases. For instance, the hypothe-
tical double perovskites Pb,FeSbOg4 or Pb,YNbOg have not been
prepared yet because the synthesis invariably leads to the
formation of Pb,FeysSb;O4s® or Pb,YNbO,’ competitive
pyrochlore-like oxides.

By carefully choosing the nature of the B elements and the
preparation conditions, we have been able to synthesize at ambient-
pressure conditions and to describe Some novel lead-containing
double perovskite oxides. Pb,ScSbO4'° is a cubic double perovskite
that contains a completely ordered array of alternating ScOg and
SbOg octahedra sharing corners and for which the PbO,, polyhedra
display an off-center displacement of the lead atoms along the [111]
direction. Also, two samples with stoichiometry Pb,Sc(TigsTeqs)Os
and Pb3Sc,TeOg have been synthesized by solid-state techniques in
air,"! and similar structural features were observed in them for the
PbO;, polyhedra. However, the effect of the antisite disorder over the
B positions was found to be crucial for the relaxor-type dielectric
response, showing a freezmg temperature that depends on the antisite
disordering degree.""

In our recent paper,” we have reported on the crystal
structure, phase transitions, and dielectric properties of the first
example of a novel series of double perovskites of composition
Pb,LnSbOg for Ln = Tm. At room temperature Pb,TmSbOg
exhibits a rare and highly distorted crystal structure described in
the space group C2/c (No. 15), presenting two different kinds of
distortions: a tilting distortion, belonglng tothea b b tilting
system as defined by Woodward,"® and, additionally, the exis-
tence of an intraoctahedral distortion defined by a displacement
of the Tm atom from the center of its octahedron along a C2 axis,
which is first due to the asymmetric interaction with lead atoms;
these atoms show an important displacement of 0.506 A. More-
over, three successive phase transitions have been observed for
this compound, which follows a novel polymorphic high-tem-
perature sequence: C2/c — P2,/n (i) — R3 — Fm3m [where
P2,/n (i) means an incommensurate phase, which in a first
approximation was described in the averaged structure with a
P2, /n unit cell].

In the present work, we describe the synthesis and character-
ization of four new compounds belonging to the Pb,LnSbOg¢
family, with Ln = Lu, Yb, Er, and Ho, hereafter named PLSO,
PYSO, PESO, and PHSO, respectively. They present the exotic
C2/c crystal structure at room temperature (rt) and several
successive phase transitions as a function of temperature, across a
number of polymorphs of increasing symmetry, which have been
investigated by neutron and X-ray diffraction, and differential
scanning calorimetry, complemented with dielectric permittivity
measurements.

2. EXPERIMENTAL SECTION

Pb,LnSbOg4 (Ln = Lu, Yb, Er, and Ho) were obtained by standard
solid-state techniques; PbO, Ln,O;, Sb,O; were used as starting

materials. They were weighed out in the appropriate metal ratios and
well-mixed in an agate mortar. The mixtures were calcined at 550 °C for
24 hin order to oxidize Sb>* to Sb>". Subsequently, the products were
heated at 800 and 900 °C for 12 h until single Pb,LnSbOg phases were
obtained. All the thermal treatments were carried out in sintered alumina
crucibles and in air atmosphere. After all the calcination steps the
samples were cooled down by switching off the furnace.

The initial structural identification and characterization of the samples
were carried out by laboratory XRPD (Cu Ko, A = 1.5406 A) in a Bruker
D8 Advance powder diffractometer with the Bragg—Brentano geome-
try. In addition, NPD data were collected on the HRPT high-resolution
diffractometer (1 = 1.494 A) at PSL. About 4 g of samples were placed in
vanadium cans, and the counting time was typically 3 h per pattern.
Room-temperature patterns were collected for all the samples, Ln = Ho,
Er, Yb, and Lu. Additionally, temperature-dependent neutron diffraction
studies have been carried out for the selected Ho, Er, and Yb samples in
the temperature range rt < T < 550 K.

The refinement of the crystal structures was performed by the
Rietveld method using the Fullprof suite.'* The profile of the peaks
was fitted by the Thompson—Cox—Hastings pseudo-Voigt function
corrected for axial divergence asymmetry. The following parameters
were refined in the final run of the fits: scale factor, background
coefficients, zero-point error, pseudo-Voigt correction for asymmetry
parameters, positional coordinates, isotropic displacement parameters,
occupancy factors for lead and oxygen atoms, and antisite disordering
between Ln and Sb atoms. The neutron coherent scattering lengths for
Pb, Sb, and O are 9.405, 5.57, and 5.803 fm; for the lanthanide ions they
are 7.21, 12.43, 7.79, and 8.01 fm for Lu, Yb, Er, and Ho, respectively.

The differential scanning calorimetry (DSC) study was performed in
a Mettler TA3000 system equipped with a DSC30 unit. The measure-
ments have been carried out during the heating and cooling runs from rt
to 523 K with a rate of 10 K min ™" for powder samples encapsulated in
standard Al crucibles. Additionally, experiments at three different
heating/cooling rates (3, 5, 7 K min~ ") have been performed to study
the order of the phase transitions of the Yb and Lu samples.

For the electrical measurements the samples have been cold-pressed
at 2 GPa and then sintered at moderates temperatures (1073 K), in order
to avoid the partial volatilization of PbO. Ag electrodes were painted on
the major faces of thin ceramic disks and sintered at 873 K. The
dependence of the dielectric permittivity on temperature was measured
between 295 and 700 K with a HP4284A precision LCR meter.
Measurements were dynamically carried out during a heating/cooling
cycle at +2 K min™~ " rate at nine frequencies between 100 Hz and 1
MHz. Room-temperature, high electric field electrical properties were
also studied. Voltage sine waves were applied (0.1 Hz frequency and
amplitude up to 10 kV) by the combination of a synthesizer/function
generator (HP 3325B) and a high-voltage amplifier (TREK model 10/
40), and the charge was measured with a home-built charge to voltage
converter and software for loop acquisition and analysis.

3. RESULTS

All the samples have been obtained in polycrystalline form
with colors ranging from light yellowish for the Lu and Yb
samples to light-orange for the Er and Ho materials. The four
compounds display the same crystal structures at rt as
Pb,TmSbOg, showing comparable XRPD patterns with slight
differences in the unit-cell parameters. The patterns have been
indexed in the monoclinic system, C2/c (No. 15) space group,
with the unit-cell parameters related to the aristotype (ao ~ 4 A)
as a ™ ¢~ \/6agand b~ \/2a,, which additionally can be derived
from the program SPUDS for simple perovskites only."> The
indexation of the Yb pattern is shown in Figure 1a; a comparison
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between the XRPD patterns obtained for all the samples is
displayed in Figure 1b.

3.1. Differential Scanning Calorimetry (DSC). The DSC
curves obtained for the four compounds are presented in
Figure 2. For all the samples no weight change has been observed
after a heating/cooling cycle. Additionally, there are two distinct
types of behaviors: The first one corresponds to PLSO and PYSO
samples, which present three successive phase transitions follow-
ing the same pattern as that previously reported for the Tm
sample,'” the first two processes being of first order and the last
one of second order; in these two compounds the enthalpy ratio
of the DSC peaks are AH,/AH, ~ 1.5 and AH,/AH; ~ 10 for
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Figure 1. (a) X-ray powder diffraction (XRPD) pattern of Pb,YbSbOg,
indexed in the monoclinic system, space group C2/c (No. 15). (b) XRPD
patterns obtained for the four compounds. Inset: expanded region between
22-55°.

both Ln = Lu and Yb. In order to determine the order of the phase
transitions, DSC experiments at different heating rates have been
performed for Yb and Lu samples (see Supportin% Information
Figure S.1). As previously observed for Pb,TmSbO, % the first two
transitions of Yb and Lu compounds present a first-order character,
while the third phase transformation is second-order, since no
thermal hysteresis is observed. On the other hand, PESO and PHSO
present only two intense DSC peaks with an intensity ratio of
approximately AH,/AH, & 5, in contrast to the Ln = Tm, Yb, and
Lu perovskites. Additionally, the erbium sample displays a tiny
reversible peak at about 433 K, subtly differing from the holmium
compound. The calculated enthalpies and entropies associated with
each process are detailed in Table 1. Additionally, this table shows
the enthalpy ratios between the different thermal events for each
sample, which allows establishing a classification of the two kinds of

thermal behaviors.

Table 1. Transition Temperatures (on heating), Enthalpies
and Entropies Obtained from the DSC Curves

parameter” PLSO  PYSO  PTSO"”  PESO  PHSO
T, (K) 337 355.8 387 409 425
T, (K) 424 433 446 456 470
T; (K) 461 465 462 436
AH; (J/mol) 696.4 756.5 813 788 763
AH, (J/mol) 981.1 1256 1425 2150 3108
AH; (J/mol) 145.3 130.4 144.4 159
AS, (J/Kmol) 2.1 2.1 2.1 1.9 1.8
AS, (J/K mol) 2.3 29 32 4.7 6.6
AS; (J/Kmol) 03 0.3 0.3 04
AH,/AH, 1.4 17 17 2.8 42

“ AH (1/g) = [T (dH/dt) (W/g) dT (°C)/(dT/dt) (°C/s); AS (1/g°C) =
(AH/T),P = cte.

Lu — Er

exo

\

; exo I

e

Q

8 350 400 450 350 400 450 500

Yb Ho
exo
exo
350 400 450 500 350 400 450 500

T (K)

Figure 2. DSC plots showed by the samples. Endothermic peaks correspond to the heating process while exothermic peaks to the cooling run.
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Figure 3. (a) Temperature dependence of the real permittivity of the
Pb,LnSbOg4 samples at 1 MHz. The arrows indicate the temperature
progression. The scale on the right y-axis is for Ho curve between the
dashed lines. (b) Derivative curves of the real permittivity data, where 1,
2, and 3 indicate the different phase transitions, as mentioned in the text.

3.2. Dielectric Permittivity Measurements. The real di-
electric permittivity values for the series of double perovskites
Pb,LnSbOg¢ with Ln = Ho, Er, Yb, and Lu, measured during a
heating/cooling cycle between rt and 700 K, are shown in
Figure 3a at 1 MHz. For the sake of comparison, the data for
Tm are also included."” The polarizability of the perovskite with
Ho is significantly lower than that of the four other compounds,
and thus, its permittivity scale is expanded using the right y-axis
(the curve between the dashed lines). The imaginary permittivity
is given in Figure S.2 (Supporting Information). This parameter
increases with temperature, but it does not exceed the value of 10
in any case, which correspond to a loss tangent <0.1. This clearly
indicates that conductivity is not an issue in these data. Two clear,
reversible dielectric anomalies are found for the double perov-
skites with Ho and Er, while three anomalies are observed in the
case of the Tm, Yb, and Lu oxides that are associated with two
and three successive phase transitions, respectively. From rt up to
high temperature, Pb,HoSbOg and Pb,ErSbOg seem to undergo
two clearly first-order phase transitions (referred to as 1 and 2
hereafter). Analogous dielectric anomalies are found for
Pb,TmSbOg, Pb,YbSbOg, and Pb,LuSbOg, yet thermal hyster-
esis has mostly disappeared in the case of transition 2. Specific
transition temperatures are better determined from the deriva-
tive plots, shown in Figure 3b.

In the case of the double perovskites with Tm, Yb, and Lu,
there is a subsequent high-temperature transition (hereinafter

referred to as 3) at a temperature which in this case increases with
the lanthanide contraction. This is most probably a polar
transition, as indicated by the good fit of the temperature
dependence of the permittivity above 550 K to a Curie—Weiss
behavior, shown in Figure S.3 (Supporting Information). This
was carried out for the dielectric permittivity at the highest
frequency of 1 MHz, in order to avoid conduction contributions
present at lower frequencies, as illustrated in Figure S.4
(Supporting Information).

The polar nature of the room temperature phase was further
studied with measurements of the ferroelectric (or anti-
ferroelectric) loops. Loops typical of lossy dielectrics were
obtained at fields up to 5 KV mm ™', and higher fields could
not be attained because electrical breakdown occurred. Results
for Pb,YbSbOg4 are shown in Figure S.5 (Supporting In-
formation) as an example.

3.3. Structural Analysis. 3.3.7. Room Temperature Crystal
Structures (Pg). All the compounds possess the same crystal
structure at room temperature as the one previously described
for Pb,TmSbOg. In the corresponding structural model, Ln and
Sb atoms are located at the 4e (0,y,'/,) and 4c (*/4,'/4,0)
Wryckoff sites, respectively, the oxygen atoms occupy three
crystallographically nonequivalent positions located at 8f (x,2),
and Pb atoms are also placed at the 8f (x,y,z) Wyckoff sites. Each
LnOg octahedron is surrounded by six SbOg octahedra and vice
versa; octahedral antiphase tiltings are observed in all the
pseudocubic directions, corresponding to the a b b~ Glazer
notation.

Figure 4 shows Rietveld refinement plots for the samples,
exhibiting an excellent agreement between observed and calcu-
lated profiles. A minor impurity of PbO, was detected and
introduced as a second phase in the refinement, with a weight
fraction of less than 2%. Table 2 lists the unit cell parameters,
atomic positions, isotropic displacement factors, occupancy, and
reliability factors. In addition, Table 3 contains the main bond
lengths, some selected bond angles, and the tilting angles which
were estimated as O = (180 — ¢.)/2 (where ¢, is the average
Sb—O—Ln angle defined by O2 and O3), O = (180 — ¢},)/2
(where ¢y, is the average Sb—O—Ln angle for O1 and 03), and
0= (180 — ¢,)/2 (where ¢, is the average Sb—O—Ln angle for
Ol and O2), where the subindices A, B, and C represent the
pseudocubic axis along which the tilt occurs.

3.3.2. High-Temperature Polymorphic Phases. Taking into
account that there are two different types of structural thermal
evolutions in the family, we describe those corresponding to two
representative members.

a. Pb,YbSbOs (PYSO). Polymorph f3. First, it must be
pointed out that from the comparison of the DSC measurements
and the calculated thermodynamic variables associated with the
crystal structure thermal evolution of this compound, it can be
assumed that the Yb and Lu compounds present the same
thermal behavior as Pb,TmSbOg, which follows the sequence
C2/c (Pq) — P2y/n (i) (Pg) —R3 (P,) — Fm3m (Ps)."> The
crystal structure of Pg for Ln = Yb has been refined from the NPD
data at 393 K in the monoclinic system (SG P2,/n, No. 14) with
Z =2. The unit-cell parameters obtained from the refinement for
Ln = Yb were a = 8.2433(1) A, b= 5.8304(1) A, c=5.8836(1) A
and f3 = 90.171(1)°. They are related to the a, lattice constant of
the aristotype as b ~ ¢ &~ /24y and a ~ 2a,. The overall fit
between observed and calculated profiles was very good, as
shown in Figure S. As observed for the Pg polymorph of
Pb,TmSbOy, the crystal structure for Ln = Yb presents a
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Figure 4. NPD Rietveld plots for the compounds Pb,LnSbOg4 (Ln = Lu, Yb, Er and Ho) in the C2/c space group at rt: observed (circles), calculated
(solid line), and difference (bottom). The second rows of ticks correspond to the PbO, impurity phase with a weight fraction of less than 2%.

modulation that gives rise to a tiny peak in the temperature range
between T, and T, (see inset of Figure S and Supporting
Information Figure S.6). At the same time, in the X-ray diffrac-
tion patterns accumulated in the same phase, the number of
the observable superstructure peaks is higher and their inten-
sities are certainly stronger, which suggests that these
superstructure peaks are originating probably from the
(incommensurately modulated) shifts of the heaviest atoms in
the structure (lead). Disregarding this tiny unsolved peak in the
neutron powder data, the P2,/n model (commensurate subcell)
describes satisfactorily the commensurate crystal substructure of
the Py polymorphs. Table 4 includes the unit cell parameters,
atomic positions, isotropic thermal factors, occupancy, and
reliability factors of the Py structure. Table $ lists the interatomic
distances and some selected bond angles.

Polymorph y. For the P, polymorph of the Yb compound, the
refinement was carried out from the NPD data at 452 K
corresponding to the temperature region at the plateau between
the T, and T3 observed at the DSC curve (Figure 2). The
structure can be defined in the R3 space group (No. 148),
corresponding to a slight rhombohedral distortion of the double
perovskite. The unit cell parameters in the hexagonal setting are
a=>b=2586081(5) A, c=143166(2) A and ot = 8 = 90° and
y = 120°. In the structural model, Pb atoms occupy the special
positions 2c (x,x,x), while the Yb and Sb atoms occupy the 1a
(0,0,0) and 1b (*/5,"/,"/2) Wyckoff sites, respectively, and a
single type of oxygen atoms is located at 6f (x,y,z) positions.
Figure 6a displays the Rietveld plot of P,, exhibiting a quite
satisfactory fit between observed and calculated profiles. The
inset of Figure 6a shows a schematic view of the crystal structure
of this rhombohedral polymorph. Table 4 contains the unit cell
parameters, atomic positions, isotropic displacement factors,
occupancy, and reliability factors. Table S includes the intera-
tomic distances and some selected bond angles.

Polymorph 0. The crystal structure sequence concludes in
the cubic system, with a doubling of the unit cell parameters

5549

(a =b=c=2ap), as defined in the well-known Fm3m space
group for double perovskites (elpasolite structure). In this
model, Yb and Sb atoms were located at the 4a (0,0,0) and
4b (1/,,0,0) Wryckoft sites, respectively, O atoms are placed at
the 24e sites (x,0,0), and Pb atoms occupy the 32f (x,x,x)
positions, presenting a subtle off-center displacement along the
[111] direction, similar to that reported for Pb,ScSbOk. 1% The
Rietveld plot of the NPD refinement is displayed at Figure 6b;
Table 4 contains the determined unit cell parameters, atomic
positions, isotropic displacement factors, occupancy, and relia-
bility factors. Table S contains the main bond lengths and some
selected bond angles.

b. Pb,HoSbOs (PHSO). In this case, the most important
difference is the absence in the thermal structural sequence of
the rhombohedral polymorph (P,,). This perovskite presents two
instead three successive phase transitions, following the sequence
C2/c (Py) — P2y/n (Pg) — Fm3m (Ps). Figure 7 shows the
complete thermal evolution of the NPD patterns as contour
surfaces, and the transition temperatures are marked with lines.

C. Pb;ErSbOg (PESO). This sample presents almost the same
structural evolution as PHSO. The Pg and Ps polymorphic
phases are isostructural to those observed for the Yb sample;
the refinements were successfully carried out with the above-
described structural models. The Rietveld plots of the Pg and P,
polymorphs for Ln = Ho, Er, showing satisfactory fits, are
displayed in the Supporting Information as Figures S.7 and S.8.
It is noteworthy that the modulated phase (Pg) shows a more
intense incommensurate peak for Ln = Ho, Er, so a greater
contribution of the modulation is expected. The more conspic-
uous difference existent between the Er and Ho samples is that
the former presents a very weak additional DSC peak at T5 = 436
K. This endothermic peak, observed only in the DSC curve of
this sample, has a reversible character and a tiny intensity. No
substantial changes were observed in the NPD patterns above
and below the Tj; transition temperature. Additionally, in our
separate synchrotron X-ray powder diffraction investigation of
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Table 2. Unit Cell, Positional, and Displacement Parameters
for the P in the Monoclinic C2/c Space Group, from NPD at
295 K for PLSO, PYSO, PESO, and PHSO

parameters PLSO PYSO PESO PHSO
a(A) 10.11241(2)  10.13133(1)  10.17585(3)  10.19955(2)
b (A) 5.81492(1)  5.81894(1)  5.83356(1)  5.83886(1)
c(A) 10.09729(1)  10.11603(1)  10.15705(2)  10.17735(1)
B (deg) 108.8743(1)  108.8143(1) 108.7182(1)  108.6628(1)
vol (A%) 561.84(1) 564.51(1) 571.05(1) 574.23(1)
R, 7.14 5.82 112 7.42
Ryp 7.95 6.39 115 7.79
Regp 622 4.08 10.08 5.36
Rprace 3.06 271 3.71 3.51
s 1.63 2.45 131 2.12
Pb
x 0.1300(1) 0.1303(1) 0.1307(2) 0.1311(1)
y 0.7790(2) 0.7796(1) 0.7810(2) 0.7817(1)
z 0.1274(2) 0.1273(1) 0.1270(2) 0.1269(2)
B (A®)  1.03(2) 0.95(1) 1.03(3) 1.02(2)
Ln
x 0 0 0 0
y 0.2530(2) 0.2531(1) 0.2536(4) 0.2534(2)
z 1/4 1/4 1/4 1/4
Bio (A%)  0.34(4) 0.31(2) 0.49(5) 0.26(3)
Sb
x 1/4 1/4 1/4 1/4
y 1/4 1/4 1/4 1/4
z 0 0 0 0
Bio (A®)  0.24(4) 0.17(3) 0.14(6) 0.32(4)
o1
x 0.1037(2) 0.1034(2) 0.1031(3) 0.1032(2)
¥y 0.2138(4) 0.2124(3) 0.2088(4) 0.2066(3)
z 0.0899(2) 0.0894(2) 0.0879(3) 0.0867(2)
B (A®)  091(2) 0.87(2) 0.80(4) 0.92(3)
02
x 0.1449(2) 0.1453(2) 0.1462(3) 0.1476(2)
y 0.0304(4) 0.0317(3) 0.0354(5) 0.0367(4)
z 0.8531(2) 0.8527(2) 0.8510(3) 0.8502(2)
B (A%)  1.00(3) 1.02(3) 1.23(5) 1.22(3)
03
x 0.3475(2) 0.3465(2) 0.3445(3) 0.3438(2)
y 0.0139(4) 0.0139(3) 0.0165(5) 0.0159(4)
z 0.6184(2) 0.6176(2) 0.6155(3) 0.6142(2)
B, (A%)  0.86(3) 0.82(3) 1.00(4) 1.07(3)

the title compounds,'® we have noticed that the nature of the
transition associated with T3 may probably be associated with the
temperature-independent (below T3) to temperature-dependent
(above T3) modulation of the crystal structure, while both below
and above T; the average monoclinic P2;/n commensurate
subcell model fits satisfactorily the positions and intensities of
the major peaks.

It is worth mentioning that during the structural refinements
of all the polymorphs the possibility of antisite disorder of the
two B-type cations was investigated. Without exception all the
refinements indicated a complete ordering of Ln and Sb cations
over the two B sites. This is expected from the large size

Table 3. Main Interatomic Distances (A) and Angles (deg)
Obtained for the P, Polymorphs at 295 K

Lu Yb Er Ho
Pb Polyhedron
Pb—O1 3.309(3)° 3.324(2)° 3.363(3)" 3.384(2)°
Pb—O1 2.557(3) 2.549(2) 2.528(3) 2.515(2)
Pb—O1 2.656(2) 2.659(2) 2.664(3) 2.669(2)
Pb—O1 3.250(2)" 3.264(2)° 3.296(3)" 3.312(2)°
Pb—02 3.179(3)° 3.188(3)° 3.220(4)° 3.237(3)°
Pb—02 3.059(3) 3.067(3) 3.089(4) 3.112(3)
Pb—02 2.494(3) 2.490(3) 2.473(4) 2.464(3)
Pb—02 2.857(3) 2.863(2) 2.878(4) 2.875(3)
Pb—O3 2.535(3) 2.528(2) 2.510(4) 2.509(3)
Pb—03 2.992(3) 2.993(3) 2.985(4) 2.983(3)
Pb—03 3.027(3) 3.040(2) 3.081(4) 3.098(3)
Pb—O3 3.302(3)° 3.318(2)° 3.361(4)" 3.374(3)
(Pb—0) 2.772 2773 2.776 2.778
LnOg
Ln—O1 (x2) 2.204(2) 2212(2) 2.233(3) 2.250(2)
Ln—02 (x2) 2227(2) 2.238(2) 2.265(4) 2.279(2)
Ln—03 (x2) 2.158(2) 2.169(2) 2.187(3) 2.203(2)
(Ln—0) 2.196 2.206 2228 2.244
01-Ln—01 168.1(2) 167.7(2) 166.6(3) 166.0(2)
02—Ln—02 84.5(1) 84.4(1) 83.8(2) 83.9(1)
03—Ln—03 102.2(1) 102.6(1) 104.3(2) 104.6(1)
02—Ln—03 169.7(2) 169.4(2) 168.0(3) 167.6(2)
SbOs
Sb—O01 (x2) 1.982(2) 1.984(2) 1.986(3) 1.982(2)
Sb—02 (x2) 1.985(2) 1.985(2) 1.987(3) 1.987(2)
Sb—03 (x2) 1.998(2) 1.995(2) 1.998(3) 1.992(2)
(Sb—0) 1.988 1.988 1.990 1.987
01-Sb—01 180.0(2) 180.0(2) 180.0(3) 180.0(2)
02—Sb—02 180.0(2) 180.0(2) 180.0(3) 180.0(2)
03—-Sb—03 180.0(2) 180.0(2) 180.0(3) 180.0(2)
02—-Sb—03 89.7(1) 89.7(2) 89.7(2) 89.7(1)
Angles around O

Ln—01-Sb 158.1(1) 157.6(1) 156.4(1) 155.7(1)
Ln—02—Sb 159.6(1) 159.2(1) 157.7(1) 156.8(1)
Ln—03-Sb 165.2(1) 164.8(1) 163.6(1) 163.5(1)
Oa —10.6 —10.8 —11.5 —11.9
0y —9.2 —9.4 —-10 -10.2
Oc —8.8 -9 -9.7 —9.9

“ Disregarded distance.

difference between Ln*" and Sb>" cations. On the other hand,
the refinement of the oxygen site fractional occupancies gave a
value of unity (within the standard deviations) for all the cases;
hence, the occupancies were subsequently fixed to this value.

4. DISCUSSION

4.1. Room Temperature Crystal Structures. The four mem-
bers reported in this paper present the same room temperature
crystal structure, which is an uncommon monoclinic structure
(space group C2/c) only adopted by a few simple perovskites, i.e.
BiMnOj and BiScO3,'”'® both synthesized under high-pressure
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conditions. We have reported in a previous paper the first
example of a double perovskite that adopts this crystal structure,
of composition Pb, TmSbOg. The unit cell parameters of the four
compounds vary monotonically with the lanthanide ionic radii, as
shown in Figure 8. This structural distortion is characterized by
various kinds of structural peculiarities, which include the
octahedral tilting, the LnOg intraoctahedral distortion, and the
lead atom displacement in the PbO;, void. As has been men-
tioned in a previous section, this structure adoptsthea b b~ tilt
system in Glazers notation. The calculated tilting angles for the
four compounds have similar values to those reported for
Pb,TmSbOg, which increase with the increment of the mono-
clinic distortion, driven by the increase of the lanthanide ionic
radii (see Figure 9). The most relevant peculiarities of this
structure are determined by this distortion and probably by the
stereoactivity of the Pb lone electron pair.

PD
T=393K \ . o
A=1.494 A P A e Al e

21
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20 40 60 80 100 120
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Figure 5. Observed (circles), calculated (solid line), and difference
(bottom) profile after a Rietveld refinement of the NPD data for the Pg
polymorph of Pb,YbSbO4 measured at 393 K. The inset shows the
unsolved incommensurate peak.

The lead polyhedron presents an eight-coordinated environ-
ment (disregarding distances longer than 3.1 A) with an im-
portant off-center lead displacement due to the asymmetry
introduced by the highly stereochemically active 6s> lone pair,
as has been observed for Pb, TmSbOg. From the Pb—O distances
presented in Table 3, a group of four shorter Pb—O distances is
observed in the four cases, revealing the displacement direction,
which occurs toward four adjacent oxygen atoms of the aristo-
type following the direction established by the vector [1,%/5,/s]

P7 a)
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Figure 6. Observed (circles), calculated (solid line), and difference
(bottom) profiles after a Rietveld refinement of the NPD data for (a) P,
polymorph of Pb,YbSbOg measured at 452 K and (b) P, polymorph
measured at 523 K. Both insets show the schematic view of the
rhombohedral R3 and cubic Fm3m crystal structures of the Yb sample.
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Figure 7. Contour graph of the thermal evolution of the neutron diffraction patterns of Pb,HoSbOg from rt to 523 K. The horizontal solid lines
represent the phase transition temperatures and the crystal structures correspond to the three observed polymorphs for this sample.
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Table 4. Unit Cell, Positional, and Thermal Parameters for Pb,YbSbOy in the Monoclinic P2,/n, Rhombohedral R3, and Cubic
Fm3m Space Groups, from NPD Data at 393, 452, and 523 K, Respectively, and for Pb,HoSbOg4 and Pb,ErSbOj in the Monoclinic
P2,/n and Cubic Fm3m Space Groups at 420—550 and 450—520 K, Respectively

Yb Ho Er
Py B, P, Pg P, Pg Ps

a (A) 8.2433(1) 5.86081(5) 8.29307(5) 8.30596(6) 8.3581(1) 8.28532(6) 8.32447(5)
b (A) 5.8304(1) =a =a 5.86585(4) =a 5.85623(4) =a
c(A) 5.8836(1) 14.3166(2) =a 5.93199(3) =a 5.90730(3) =a
B (deg) 90.171(1) - 90.00 90.2033(3) 90.00 90.1806(2) 90.00
vol (A%) 282.78(1) 425.88(1) 570.36(1) 289.01(1) 583.89(1) 286.62(2) 576.85(3)
R, 8.48 112 12.3 16.6 19.5 21.7 224
Ryp 8.74 9.7 10.1 15.3 14.0 18.4 16.2
Rexp 6.55 7.6 7.73 11.9 12.6 14.1 14.3
Rpraca 221 225 1.97 493 2.33 5.94 1.85
Ve 1.78 1.62 171 1.67 124 1.69 127
Pb

x 0.2520(3) 0 0.2352(6) 0.253(1) 0.234(1) 0.253(1) 0.236(5)

y 0.5002(8) 0 =x 0.510(2) =x 0.504(2) =x

z —0.0040(5) 0.2515(5) =x —0.002(1) =x —0.006(1) =x

B, (A%) 24(2) 2.5(1) 2.0(2) 3.5(3) 3.9(2) 2.6(3) 2.5(2)
Ln

x 0 0 0 0 0 0 0

y 0 0 0 0 0 0 0

z 0 0 0 0 0 0 0

Bio (A?) 0.46(3) 0.72(4) 0.49(5) 0.7(3) 14(3) 0.5(3) 0.9(1)
Sb

x l/2 0 l/2 1/2 1/2 1/2 1/2

y 0 0 0 0 0 0 0

z 0 1, 0 0 0 0 0

Bio(A?) 0.13(7) 0.23(3) 0.14(6) 0.8(3) 0.8(3) 0.5(1) 0.14(8)
01

x 0.032(1) —0.1437(5) 0.2633(2) 0.023(2) 0.2653(3) 0.028(2) 0.2651(3)

y 0.259(2) —0.353(1) 0 0.264(3) 0 0.239(2) 0

z 0.733(2) —0.0878(4) 0 0.736(3) 0 0.721(2) 0

Biio(A?) 2.3(2) 2.7(2) 3.5(4) 2.8(3) 4.1(4) 1.8(3) 3.8(4)
02

x 0.7643(4) - - 0.766(1) - 0.764(1) -

y 0.495(2) — — 0.494(3) — 0.482(2) —

z 0.5534(5) - - 0.555(1) - 0.552(1) -

B (A%) 2.1(3) - - 1.7(4) - 1.7(2) -
03

x 0.025(1) - - 0.031(1) - 0.028(2) -

y 0.736(2) - — 0.736(2) — 0.734(3) —

z 0.736(2) - - 0.723(2) - 0.747(2) -

By (A%) 2.3(3) - - 2.9(2) - 3.0(3) -

from the geometrical center of the void. In these four shorter
Pb—O bond lengths there is a subgroup that includes the three
shortest distances around 2.5 A and another bond length of
approximately 2.65 A (see Table 3). Figure 10 illustrates the
environment of the lead atoms with its displacement direction
marked with an arrow; in addition, an empty region is observed
that is probably occupied by the 6s” lone pair of lead atoms, as
suggested in Figure 10. Taking into account the three shortest Pb—O
bond lengths, the displacement pattern could be seen as a PbOsE
environment, where E represents the lone pair (see Figure 10b).

These unexpectedly short Pb—O bond lengths are consistent
with previously reported values for highly hybridized systems
such as PbO'® and simple perovskites, which present a strong
hybridization between Pb 6s-states and oxygen p-states, such as
PbRu0,. 2

There is a clear evolution of the magnitude of the lead
displacement with the monoclinic distortion. In Figure 11 the
lead displacement and the shortest (Pb—O) bond length are
plotted versus the tolerance factor of the perovskite structure.
Figure 11 shows that an increment of the distortion (ie., a
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Table 5. Main Interatomic Distances (A) and Angles (deg) for Pb,YbSbOg in the Monoclinic P2,/n, Rhombohedral R3, and
Cubic Fm3m space groups, from NPD data at 393, 452, and 523 K, Respectively, and for Pb,HoSbOg and Pb,ErSbOg in the
Monoclinic P2,/n and Cubic Fm3m Space Groups at 420—550 and 450—520 K, Respectively

Pb—O1
Pb—O1
Pb—O1
Pb—O1
Pb—02
Pb—02
Pb—02
Pb—02
Pb—03
Pb—03
Pb—03
Pb—03
(Pb—0)
(Pb—O)short

Ln—0O,
Ln—-0O,
Ln—0O;
(Ln—0)

O1-Ln—-01
O1-Ln—-02
01-Ln—-02
O1-Ln—-03

Sb—0,
Sb—0,
Sb—0;
(Sb—0)

01-Sb—01
01-Sb—02
01-Sb—02
01-Sb—03
01-Sb—03

Ln—0,—Sb
Ln—0,—Sb
Ln—O5—Sb

Oa

O

Oc

Yb Ho
Py B, Py Pg Ps Pg Py
PbO,, Polyhedra
2.75(1) (x3)2.882(3) (x6) 2.937(5) 2.85(2) (x6) 2.96(1) 2.91(5) (x6) 2.95(4)
2.70(1) (x3) 2.721(3) (x3) 2.768(5) 2.77(2) (x3) 2.77(1) 2.61(1) (x3) 2.79(4)
3.16(1)" (x3)2.985(3) (x3) 3.114(5) 3.10(2)" (x3) 3.16(1) 3.24(1)° (x3) 3.12(1)
3.10(1)° (x3) 3.143(3)° - 3.10(2)° — 2.99(1) —
3.23(5)° - - 3.28(9)" - 3.23(1)° -
2.66(1) - - 2.66(1) - 2.68(1) -
2.90(2) - - 2.98(2) - 2.87(1) -
2.97(2) - - 2.93(2) - 3.03(1) -
2.78(1) - - 2.79(1) - 2.72(2) -
2.76(1) - - 2.75(1) - 2.80(2) -
3.10(1)" - - 322(1)° - 3.12(2)* -
3.06(1) - - 3.05(1) 3.12(2)°
293 293 2.94 2.956 2.94 2.94 2952
2.82 - - 2.85 - 2.83 -

(x2)2.19(1)
(x2) 2.19(3)
(x2)221(1)
2.197

180.0(9)
91.9(6)
88.1(5)
92.0(7)

(x2) 1.98(1)
(x2) 1.975(3)
(x2) 1.95(1)
1.968

180.0(5)
90.3(6)
89.7(7)
89.6(7)
90.4(8)

165.2(4)
162.6(1)
168.8(4)
-8
—6.5

7

“ Disregarded bond distance.

(x6) 2.168(3)

2.168

180.0(3)

(x6) 1.995(3)

1.995

180.0(3)

167.9(1)

—6.1
—6.1
—6.1

LnOg Octahedra

(x6) 2.184(2)

2.184

(x2) 2.21(2)
(x2) 2.23(1)
(x2) 2.26(1)
223

Angles around Ln

180.0

180.0(1)
90.3(9)
89.7(9)
92.6(6)

SbOg¢ Octahedra

(x6) 1.963(2)

(x2) 1.98(2)
(x2) 1.98(1)
(x2) 1.94(1)
1.966

Angles around Sb

180.0(2)
87.9(1)
92.1(1)
89.7(1)
90.3(1)

Angles around O

180.0(1)

oS o O

165.4(S)
162.1(3)
169.6(7)
—-8.1
—6.3

7.1

(x6)2.217(3)

2217

180.0

(x6) 1.962(3)

1.962

180.0(2)

180.0(1)

(==l e

(x2) 2.17(1)
(x2) 221(1)
(x2) 2.17(2)
2.183

180.0(9)
91.8(7)
88.2(6)
94.1(7)

(x2) 2.02(1)
(x2) 1.98(1)
(x2) 1.99(1)
1.996

180.0(1)
88.3(7)
91.7(7)
91.9(1)
88.1(8)

164.5(4)
162.2(3)
166.9(6)
-8.3
—7.1

7.7

(x6) 2.207(2)

2.207

180.0

(x6) 1.955(2)

180.0

o o O

decrease of the tolerance factor) induces a greater lead shift and a
shorter Pb—O bond length. This trend is opposite to what would
be expected from the unit cell parameter variation, where the

shorter Pb—O bond lengths should be the longest for Ho in the
series, exhibiting the highest unit cell volume. The observed
behavior can be understood as a product of the chemical pressure
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Figure 8. Evolution with the lanthanide ionic radii of the (a) unit cell
volume and monoclinic /3 angle and (b) unit cell parameters. Both a and
b graphs correspond to the room-temperature C2/c polymorphs.
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Figure 9. Evolution with the lanthanide ionic radii of the tilting angles
04 6p, and O through the [100], [010], and [001] pseudocubic
directions, respectively, in the room temperature C2/c polymorphs of
Pb,LnSbOg (Ln = Ho, Er, Tm, Yb, and Lu).

supported by the lead lone pair in the empty region with the
increment of the monoclinic distortion.

Another consequence of the strong distortion is the Ln-
shifting observed in the LnOg octahedron. From the data listed
in Table 3, the Ln—O distances can be classified into three
groups of two long, two medium, and two short bond lengths,
which are characteristic of a displacement along the local C2
[110] direction of the octahedron.” In the case of Pb,TmSbO,">
we have observed that this displacement is driven by the
asymmetric interaction that exists between oxygen and the
shifted lead atoms through the path Ln—O—(Pb),, where some
oxygen atoms are bonded to one or two lead atoms. Figure 12

b)

Figure 10. (a) Schematic view highlighting the displacement of a lead
atom in the void between eight octahedra for the o polymorph. (b) The
lead atoms environment PbOE generated by the three shorter Pb—O
bond distances and the lone pair. The possible orientation of the 65> lone
pair is indicated in both figures.
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Figure 11. The observed relationship between the lead atom displace-
ments inside the polyhedron and the shortest Pb—O bond length to the
tolerance factor of the perovskite structure.

illustrates the dependence of the Ln-shifting on the value of the
shortest (Pb—O) bond lengths for the five compounds of the
family. This observed trend is an important evidence of the
relationship between the lanthanide ionic size and the lead atom
shifting, taking into account that in several cases the shifting of
metals in octahedral coordination seems to appear due to the
interaction with a lone-pair element or with the oxygen anions
that are linked to the lone-pair element. Two different perspec-
tives of the LnOg4 octahedron are included as insets in Figure 12.
There are two different Pb—O interactions, bonded to two or
one oxygen atoms in each octahedron, that could account for the
deformation of the LnOg4 octahedron.

It is essential to remark that both octahedral sites are different
in symmetry. The Sb atom is located at a center of symmetry.
Therefore, the O—Sb—O bond angles with the opposite oxygen
atoms are constrained to be 180° by the space group symmetry,
while the Ln site has only a 2-fold rotational symmetry (inset of
Figure 12).

In order to evaluate the octahedral distortion of the LnOg
units, the Ad parameter has been calculated for all the samples
using the equation defined in ref 22. Two different Ad values
have been observed: for Lu, Yb, and Tm samples Ad = 0.14, while
for the Ho and Er perovskites, Ad is 0.16. These values fall into

5554 dx.doi.org/10.1021/ic200127a |Inorg. Chem. 2011, 50, 5545-5557



Inorganic Chemistry

2,52
<Pb-0> (A)

Figure 12. Experimental dependence of the lanthanide atom displace-
ment (01, in the octahedron on the shortest Pb—O bond length value.
The insets show two different perspectives of a LnOg octahedron, and
the lanthanide shifting directions are marked with arrows.

the first category defined by Halasyamani,”* with a magnitude
located in the range of 0.05 < Ad < 0.4; following the criteria
proposed by the author, this figure corresponds to a weak magnitude
of octahedral distortion.

Several examples of distorted octahedra have been reported in
the literature, and the causes of such distortion are different in
nature. The most common cause is the existence of an electronic
instability associated with the presence of a d° cation. In these
cases, the distortion can be attributed to the second-order
Jahn—Teller (SOJT) effects. These effects occur when the empty
d-orbitals of the metal are mixed with the filled p-orbitals of the
oxide ligands. In condensed structures, this mixing results in a
spontaneous distortion of the metal cation, which removes the
near degeneracy of these two orbital sets, as occurs in PbTiO3.”>
A different cause of the octahedral distortion is observed in
PbVO5,** which presents a highly distorted tetragonal perovskite
structure (c/a = 1.229). In this case, the observation of such a
distortion is driven by the tendency of the V** cations to form a
strongly distorted octahedral coordination with one short vana-
dyl V—O distance, which results in a 5-fold coordination of the V
atoms, stabilizing a square pyramid VOjy instead the expected
tridimensional framework of corner-sharing octahedra. The
magnitude of the B-cations displacement in both examples is
close to 0.5 A, which is considerably larger than that exhibited by
Ln atoms in the present case, between 0.150 and 0.175 A
(Figure 12). This fact plus the electronic configuration of Ln
atoms reflects that the LnOg4 octahedral distortion in Pb,LnSbOgq
is produced by the interaction between the metal and the oxygen
anions that are linked to the lone-pair-bearing Pb atoms.

4.2. High-Temperature Crystal Structures and Phase Tran-
sitions. There is a different thermal evolution depending on the
size of the lanthanide ion, as shown by the DSC profiles and the
dielectric measurements (see Figures 2 and 3). The small rare-
earth ions, Lu, Yb, and Tm, display three consecutive and
reversible phase transitions with the same transition enthalpies
ratios (AH,/AH, ~ 1.5 and AH,/AH; ~ 10), while the Er and
Ho samples show the same two first transitions at the DSC curves
with an enthalpy ratio of AH,/AH, A 5.1In this way, the behavior
of the Pb,LnSbOg family probably represents a break point for
the Er compound, which additionally exhibits a tiny reversible
peak in the DSC curves between the most energetic transitions.

The thermal evolution of the crystal structures for both
types of perovskites, nicely represented by Pb,YbSbOg and
Pb,HoSbOg, differ in the absence of the P,, polymorph for the second
material. Therefore, the sequence followed by the Yb sample is
C2/c(a b b )—P2/n(aa b")—R3(a a a ) — Fm3m
(a°a°a®), whereas that observed for the Ho material is C2/c
(a7b b)) —P2;/n(a a b") — Fm3m (a°a°®). The thermal
evolution of the unit-cell parameters for Ln = Ho, Er, and Yb in
the entire range of temperatures is plotted in Figure 13. The Pg
polymorph for either sample can be described as a commensurate
P2, /n unit cell modulated by one or more wave-vectors. For the
borderline compound with Ln = Er, the Pg polymorph region
may even be of a more sophisticated structure, containing the
regions of the temperature-independent (below T;) and the
temperature-dependent (above T3) modulation. Probably, in the
nature of this modulation lies the entire possible difference
between the Pg structures for the compound with Ln = Ho
and Yb. The indexation of the unsolved peaks is in progress.

This modulation could be related to Pb shifts, incommensu-
rate with the octahedral network, as suggested by the facts that
the modulation-related superstructure peaks are systematically
stronger in the X-ray diffraction patterns compared to the
neutron ones and that the isotropic displacement factors of lead
atoms refined from the neutron powder data take considerably
high values, of 3.5(2), 2.4(1), and 2.4(2) A?, for Ho, Er, and Yb,
respectively. The Pg commensurate subcell is related to Py
through the ¢ pseudocubic axis, taking into account the tilt
system adopted for both polymorphic phases (P, a b b~ and
Pga a b"). The DSC peak observed at T1 can be assigned to
the change of the sign of 6, going from an antiphase to an in-
phase arrangement.

The second phase transition observed for the Yb sample is
related to the unification of the three tilt angles from the former
P2y/n (aa b") arrangement to the rhombohedral R3
(a a a ) system. The tilting angles calculated were 6, = Oy =
Oc = —6.1°. This merge of the tilting along the [111] pseudo-
cubic direction induces the convergence of the previously
defined O1, 02, and O3 oxygen atoms to one single oxygen
atom in P,. This polymorph presents regular octahedra, with
B—O bond lengths of 2.168 and 1.995 A for YbOg4 and SbOy,
respectively. In addition, the lead polyhedra increase its coordi-
nation index from 8 to 9, and the observed geometry is consistent
with the proposed criteria of Woodward® for tilt systems
a a a , where the three closest anions form a perfect trigonal
planar coordination in a plane perpendicular to the 3-fold axis,
while the six other anions are arranged in a twisted trigonal prism
about the A cation.

Finally, the last polymorph (Ps) observed for the three
compounds adopts a characteristic cubic double perovskite
structure that can be viewed as an ordered stacking of LnOg
and SbOg octahedra sharing corners without any tilting. More-
over, the space group symmetry (Fm3m) imposes a total
regularity of the octahedral sites (see Table S). On the other
hand, the lead atoms occupy the voids in between every eight
octahedra, exhibiting 12-fold oxygen coordination. The observed
Pb—O distances listed in Table 5 follow the same pattern and can
be separated into three groups of longer [3.11(S), 3.12(1),
3.16(1) A), medium [2.937(5), 2.95(4), 2.96(1) A], and shorter
distances [2.768(5), 2.79(4), 2.77(1) A] for Ln = Yb, Er, and Ho,
correspondingly. This pattern is consistent with previously
reported cases of lead atoms displacement along the [111] cubic
direction of the double perovskite. In these cases, the shifting
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with variable magnitudes occurs toward an octahedral face
formed by three oxygen atoms. The calculated shifting magni-
tudes were 0.213(5), 0.20(4), and 0.24(1) A for the Yb, Er, and
Ho samples, respectively.

The relatively weak heat transfer corresponding to the differ-
ent transitions obtained from the DSC curves (see Table 1)
suggests that all the transitions are of displacive nature and are
related to the overcoming of potential barriers between the two
polymorphs involved in a specific phase transition. Furthermore,
clear trends along the series are found for the phase transitions.
These are displayed in Figure 14, where a steady decrease of the
transition temperatures with the decrease in the lanthanide ionic

5556

size is shown. These trends are observed from both DSC curves
and dielectric permittivity measurements. In addition, Figure S.9
(Supporting Information) shows the dependence of the enthalpy
variation, AH; and AH,, with the lanthanide size. From the
smaller rare earths the enthalpy variation increases linearly with
the increment of the lanthanide size from Lu to Tm; however, an
opposite trend is shown for Er and Ho. This fact clearly evidences
the effect of the modulation in the structure, which is different
between both subgroups of compounds. On the other hand, from
the values of the AH, data it is obvious that a greater tilting collapse
(a~a b" — a%"a") occurs at the last phase transition for the Ho
and Er samples as compared to that at the (¢ a a~ — a’a’a’
transition for perovskites with the small lanthanide Ln = Tm, Yb,
and Lu ions, which is reflected in the slope of the AH, dependence
on the Ln ionic radii. Additionally, the samples that show no R3 to
Fm3m phase transition present an entropy variation associated with
the last phase transition that is considerably greater than that related
to the last entropy change of the samples with three phase
transitions (see AS, data in Table 1). This fact is probably related
to the greater structural difference that exists between a monoclinic
a a b structure and a cubic a’a’a’ arrangement, compared to the
observed difference between the rhombohedral a a a~ and the
cubic phase. Additionally, the diverse AS values associated with the
last phase transition of the samples are in agreement with the
thermal variation of the unit cell volume (see Supporting Informa-
tion Figure S.10), where discontinuous changes are observed for the
Er and Ho samples, while a steady increase is observed for the Yb
sample.

The dielectric nature of the phase transitions can be analyzed
from the dielectric measurements results. The Curie constants
obtained for Tm, Yb, and Lu samples were 2.1 X 10%, 1.5 x 10°,
and 1.9 x 10° K, respectively. These values are in the typical
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range of displacive ferroelectric transitions and very close of that
of BaTiO5 *° However, the negative value of the Weiss tempera-
ture strongly suggests that we are in the presence of an antiferro-
electric transition coinciding with the last structural transition to
a Fm3m cubic perovskite.”” Moreover, strong evidence of the
antiferroelectric nature of the rt polymorphs is that the displace-
ments of lead ion are antiferroelectrically arranged, as shown in
Figure S.11 (Supporting Information). The measured loops for Yb
indirectly support the antiferroelectric nature of the less-symmetrical
phases, since the threshold fields for antiferroelectric switching are
often si%niﬁcantly higher than the coercive fields for ferroelectric
reversal.”® Note also the absence of nonlinearity in the effective
permittivity (the average slope of the loop) in the 1—5 kV mm ™'
range. Nonlinearity at subcoercive fields is a property of ferro-
electrics, and a Rayleigh-type behavior has been described as a
consequence of the ferroelectric domain wall dynamics.” This gives
further support to the antiferroelectric nature of the transition.

5. CONCLUSIONS

The structural and thermal evolution of the four new members
of the Pb,LnSbOg family of perovskites has been followed from
the NPD, DSC, and dielectric permittivity measurements. This
family has resulted to be a very rich system from the crystal-
lographic viewpoint, some peculiarities of which are still uncov-
ered and will be the subject for further works. The rt crystal
structure presents a severe monoclinic distortion, belonging to
the C2/c space group (isostructural to the multiferroic BiMnO3)
with unit cell parameters related to the aristotype (ag~ 4 A) as a
R ¢ & \/6ag and b & /2a,. This structure is characterized by
three antiphase octahedral tiltings (a b b ™) and two different
kinds of cation shifting: the first one related to the lead atom and
the second one to the lanthanide ion inside the LnOg octahe-
dron. The Ln = Lu and Yb perovskites display three successive
phase transitions following the same thermal behavior as the
previously reported Pb,TmSbOg material: C2/c — P2,/n (i) —
R3 — Fm3m [the P2,/n (i) being an incommensurately modu-
lated structure, which can be sufficiently well described in its
commensurate subcell with the P2,/n symmetry]. Whereas the
double-cubic perovskite is paraelectric, the permittivity measure-
ments for Ln = Ho, Er, and Tm allowed concluding that the R3
structures exhibit an antiferroelectric nature. In contrast, the Er-
and Ho-containing perovskites show a different pattern of
behavior, manifested in the DSC curves, the derived thermo-
dynamic data, and the crystal structure evolution. These materi-
als do not show the rhombohedral P,, polymorph and probably
exhibit a different modulation wave vector in the Pg phase. The
structural sequence followed by these two compoundsis C2/c—
P2,/n — Fm3m, while for the Er-containing material, the Pg
phase shows an even more complex structure, containing ranges
with temperature-independent and the temperature-dependent
modulations. The work on revealing the exact nature of the
modulated phases is in progress.
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