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ference between cations, the structure of these oxides is strongly distorted with respect to the ideal cubic
case. Therefore, in structure maps they are located close to the boundary of the perovskitic stability field;
an interesting correlation between stability and the Goldschmidt tolerance factor t shows that the per-
ovskitic temperature range narrows with decreasing t. Magnetic and optical properties are strictly related

Ilf?r/ ;\\/ggi;s to the presence of 4f electrons, that determine the existence of many discrete energy levels. Acceptor-
Phase transformations doped LaYO5; and LaYbOs; are comparable in terms of protonic conductivity to the well known cerates,
Magnetic properties and thanks to their better chemical stability against CO,, they are a good alternative to the latter in solid
Optical properties oxide fuel cells. The high dielectric constant of some interlanthanide perovskites makes them interesting
Protonic conductors candidates as gate oxides in MOSFETs.
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1. Introduction

Perovskites form one of the widest and most commonly encoun-
tered structural families in solid state chemistry. Due to the ability
of this structure to accommodate a large number of cations as well
as of anions, and to tolerate distortions and non-stoichiometry, to
this class belong compounds characterized by a wide variety of
properties, such as superconductivity [ 1], ionic conductivity [2-4],
protonic conductivity [5] piezoelectricity [6], ferroelectricity [7],
colossal magnetoresistance [8], photoluminescence [9] and cat-
alytic activity [10]. Even if the majority of perovskites can be well
described by the formula ABO3, being A and B metal ions, also flu-
orides [11], nitrides [12], oxynitrides [13] and hydrides [14] can
crystallize in this structural form, giving rise to a huge and highly
heterogeneous class of compounds.

Within this wide framework, interlanthanide perovskites form
a small family of eleven mixed oxides reported for the first time
in the Sixties of last century by Schneider et al. [15] and Miiller-
Buschbaum et al. [16,17]. In structure maps they are located at
the boundary of the perovskitic existence field due to the reduced
size difference between A and B ions with respect to the ideal
cubic case; for this reason, from the viewpoint of basic science,
they are an interesting example of the flexibility of this atomic
arrangement, that can undergo heavy structural deformations to
compensate for dimensional misfit: indeed, these compounds offer
an ideal opportunity for the investigation of the perovskitic forma-
bility.

The presence of the deep-lying 4f electrons of both rare
earth ions, screened by outer electrons, strongly determines two
of the most remarkable physical properties of interlanthanide
perovskites, namely the magnetic [18] and optical [19] ones;
moreover, several interlanthanide perovskites doped by bivalent
ions, are good proton conductors [20,21] with potential appli-
cations in solid oxide fuel cells (SOFC’s) [22] and as catalysts
[10]. Nevertheless, despite their appealing features, only few
fundamental studies on magnetism, and in general on physi-
cal properties of these compounds, appeared in the literature
for quite a long time; after the thorough investigations car-
ried out in the Seventies of last century, in fact, studies on
these oxides were almost abandoned, and only recently this
and other research groups undertook investigations about syn-
thesis, stability and structural and magnetic properties of these
oxides [23-29]. Properties of proton conduction, on the con-
trary, received attention since their discovery in these perovskites
[30].

Extensive reviews have been devoted to the most appealing
properties and applications of perovskites [31-33], double per-
ovskites [34], and lanthanide-containing perovskites [35], but to
the Authors’ knowledge investigations performed on interlan-
thanide perovskites have not ever been collected and systematized.
Thus, in this work a structural survey of interlanthanide perovskites
is provided, with special reference to the formability likelihood
of the distorted orthorhombic structure, to structure maps and
to the effect of temperature and composition on the perovskitic
stability; a paragraph is devoted to the Goldschmidt tolerance fac-
tor t, with the aim to clear up the misleading that can arise from
the use of different ionic radii. In section 3 the synthetic methods
adopted for the preparation of both monocrystals and polycrys-
talline samples, as well as of thin films, are described; finally, in
section 4 physical properties are reviewed, in particular optical
and magnetic properties, as well as proton conductivity; high-
k dielectrics applications of LaYbO3 and LaLuO3 are mentioned
too.

2. Stability of interlanthanide perovskites

2.1. The perovskitic structure and the Goldschmidt tolerance
factor t

Avery large number of mixed oxides with general formula ABO3
crystallize in one of the perovskitic structural types; in the ideal
case the cell is cubic and belongs to the Pm3m space group (isotypic
crystal: SrTiO3), with A in twelvefold and B in octahedral coordi-
nation towards oxygen, as depicted in Fig. 1, where BOg octahedra
are highlighted. Atoms are located in three atomic sites, namely
Ain 1b (1/2, 1/2, 1/2), B in 1a (0, 0, 0) and O in 3d (1/2, O, 0).
Nevertheless, this event occurs only for few compounds, since a
rigid size correlation among the three atomic species is neces-
sary to avoid symmetry-lowering distortions. The great majority
of perovskitic oxides, on the contrary, presents a structural dis-
tortion consisting either in a cation displacement or in a tilting
of the BOg octahedra; while the cation displacement only pro-
duces a distortion in the BOg polyhedra, the octahedral tilting can
be described through a complex model consisting in many tilt
systems. Since it has a direct consequence on the lattice param-
eters, it has been thoroughly investigated [36-38], and all the
experimentally observed octahedral tilts were collected and sys-
tematized into two different notations, introduced by Glazer [39]
and Aleksandrov [40]; following the Glazer's notation, 23 possible
tilt systems belonging to 15 different space groups were recog-
nized.

The eleven interlanthanide perovskites LaREO3 synthesized
at atmospheric pressure (RE=Y, Ho-Lu), CeREO3 (RE=Tm-Lu)
and PrREO3 (RE=Yb-Lu), as well as NdLuOs, obtainable in the
perovskitic form at high pressure, crystallize in the most com-
monly found distortion of the perovskitic structure, namely the
orthorhombic one, belonging to the Pnma space group (isotypic
crystal: GdFeOs3). Actually, the symmetry of some interlanthanide
perovskites, such as for instance LaYbOs3, was in the past a matter
of debate in the literature, due to their possible attribution to the
non-centrosymmetric space group Pna2, [41], as well as to Cmcm
[42], subsequently corrected into the aforementioned Pnma. Due to
their atomic arrangement, interlanthanide perovskites can be clas-
sified in the a-b + a- tilt system, according to the Glazer’s notation.
The latter notation means that the BOg octahedra are rotated by an
angle a around the x and z axes and by an angle b around the y axis
of the aristotype cubic coordinate system, with signs indicating the
in-phase (+) and out-of-phase (—) sense of rotation of neighbour-
ing octahedra. Fig. 2 shows the view along the [-101] direction,
corresponding to the c axis of the aristotype cubic structure of an

Fig. 1. Representation of the ideal cubic (Pm3m) perovskitic structure.
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Fig. 2. View along the [-101] direction, corresponding to the c axis of the cubic
aristotype structure for a generic a-b+a- tilted perovskite.

interlanthanide perovskite: the out-of-phase alignment is evident.
By applying the a-b +a-tilting to the cubic perovskite, symmetry is
lowered, and a rearrangement of the oxygen position takes place,
with the consequent generation of two different atomic sites for
this atom, namely the 8d (01) and 4c (02). As a consequence, the
coordination polyhedron of oxygen around A changes from a cubo-
octahedron (CN: 12)to asquare antiprism (CN: 8) [CN: coordination
number]; the tilted octahedron built around B, on the contrary, is
essentially a regular one. The aforementioned modifications with
respect to the ideal case allow to have the optimal fit of A cations
at the cubo-octahedral sites. In fact, in the case of interlanthanide
perovskites the A ionic radius is too small if compared to the B and
the oxygen size, to guarantee the stability of a cubic perovskite.

The closeness of a certain perovskite to the ideal structure is
ruled by dimensional issues, and it is measured by the Goldschmidt
tolerance factor t [43], a geometric factor that accounts for the
fitting of the A cation to the undistorted cubic cell. When the calcu-
lation employs ionic radii, t is generally named tjz, and it is defined
as

tik = (Ra +Ro) /¥2 (Rg + Ro) (1)

where Ry, Rg and Ry are the A, B and oxygen ionic radii, respectively.

At this stage, it is worth to underline that misleading discrep-
ancies can be found between tjz values calculated by using ionic
radii with CN 6 or 12 for the A cation. In particular, CN 6 is histor-
ically used for both A and B cations, even if A is coordinated to 12
oxygen atoms. This choice, that corresponds to ignore the effect of
the coordination number on the t factor, is sometimes justified by
the unavailability of several ionic radii with CN 12: some of them
are in fact lacking in the Shannon’s systematic study [44], while all
the older Ahrens’ radii [45] are reported only with CN 6. Neverthe-
less, the so performed tjz calculation provides values that reflect
an unrealistic scenario. The use of Shannon ionic radii with CN 6
for the A cation gives the traditional perovskitic range for t;z rang-
ing between 0.75 and 1 [35]; moreover, a minimum value of 0.77
is assessed by Schneider and Roth [46], who employ Ahrens’ radii
[45], and hence CN 6 for both cations; more recently, the lowest
limit is set at t;g =0.78 by Randall et al. [47]. At variance with the
aforementioned works, CN 12 is employed for the A cation by the
program code SPuDS, aimed at the prediction of the perovskitic
stability [48]; recently, this and other research groups adopted the
latter option for the computation of tjz values of interlanthanide
perovskites [27,29].

In order to avoid ambiguities, as well as to bypass the unavail-
ability of some ionic radii with the desired coordination number, it
is in some cases more convenient to calculate t on the basis of the
bond valence method, as follows:

tpy = da_o/v2dg_o (2)

where d4_o and dg_o are the A-O and B-0 interatomic distances,
respectively; they result from the average A-O and B-O distances
calculated over a large number of experimental values [49,50]. In
Table 1 room temperature t;g values, calculated by considering the
A cation both with CN =6 (tjz cne) and CN=12 (tjg cN12), as well as
tgy values, are reported for sake of comparison for the eleven inter-
lanthanide perovskites and for a group of eleven interlanthanide
non perovskitic ABO3 oxides. It can be noticed that at each compo-
sition tgy is much closer to tjg cy12 than to tig cye; moreover, for each
composition tjg cy12 is higher than tgy. Zhangetal. [51] recently sys-
tematized the formability likelihood of ABO3 perovskites through
the employment of the bond valence method using the software
SPuDS [48]; they formulated an empirical expression obtained from
an assessment over 376 ABO3 compounds, correlating Shannon’s
tiIR.cN12 and tpy values:

tgy = 1.01 5th,CN12 —0.015 (3)

According to data reported in Table 1, the perovskite/non per-
ovskite boundary for interlanthanide fjr (y12~0.847 oxides could
be set at tjg cng~0.745 and tg cN12~0.847. In terms of tzy, on the
contrary, the limit is located at ~0.822, in excellent agreement with
data reported in [51] for A3*B3*03; mixed oxides. In this work, ti is
always meant as tg cy12, unless differently specified.

With regard to the meaning of the Godlschmidt factor, val-
ues of t close to 1 correspond to the ideal cubic structure, while
the lower is t, the more distorted is the perovskitic cell; below
a certain t value, the structural distortion is no more sufficient
to guarantee the phase stability, and a more favourable atomic
arrangement sets in. In particular, non-perovskitic ABO3 interlan-
thanide oxides crystallize in one of the possible structural forms
typical of rare earth sesquioxides, namely in the A[hexagonal, space
group: P3m1, isotypic crystal: La;03], B [monoclinic, space group:
C2/m, isotypic crystal: Sm,03] and C [cubic, space group: Ia3, iso-
typic crystal: (MngsFeq5),03] structure, according to the average
cationic radius [52]. Owing to the small size difference between A
and B, interlanthanide perovskites show a low value of the t fac-
tor. Taking into account the non existence of the perovskitic form
of LaDyOs3 (tjg =0.8441), LaHoO3 (t;g =0.8482) can be regarded as
the end member of the series, and it can be concluded that inter-
lanthanide perovskites are located close to the boundary of the
perovskitic stability field.

As expected, lattice parameters regularly vary as a function of
the A and B sizes. In Fig. 3 the volume cubic root calculated from
data reported in [18,53] is shown as a function of tjg; data related
to NdLuOs are included too, even if the cited mixed oxide is gen-
erally considered metastable in the perovskitic form, as explained
later. It can be noticed that data roughly align in series, accord-
ing to the identity of the A either the B cation, in agreement with
the dependence of the Goldschmidt t factor on the size of the B
atom. Only LaYOs3 appears not to follow the trend of other La-based
perovskites: even if generally included into the family of inter-
lanthanide perovskites, it differs from the other members due to
the presence of Y, that does not possess any f electron; this dif-
ferent electronic feature can influence even the cell dimension,
despite the closeness of the Y3* size to the one of other trivalent
rare earths. It can also be observed that Pr-based perovskites seem
to contradict the behaviour shown by all the other compositions,
as they present an increase in the volume cubic root with increas-
ing the tjg value. This anomaly can be ascribed to the fact that g
of PrYbO3 and PrLuOs are calculated starting from the correspond-
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Table 1

Room temperature tigcne, tircni2 and tgy values for interlanthanide perovskites and for eleven non-perovskitic interlanthanide ABO3; oxides.
Perovskites composition tiR.CN6 iR CN12 tgy Non-perovskites composition tiR.CN6 tiRCN12 tgy
LaLuO3 0.7615 0.8632 0.8523 LaDyO3 0.7445 0.8465 0.8410
LaYbOs 0.7592 0.8605 0.8546 CeErOs 0.7448 0.8485 0.8393
PrLuO; 0.7482 - 0.8415 CeHoOs 0.7412 0.8444 0.8256
CeLuOs 0.7545 0.8569 0.8457 CeDyO3 0.7376 0.8403 0.8344
LaTmOs 0.7551 0.8560 0.8414 PrTmOs 0.7418 - 0.8307
CeYbOs 0.7522 0.8543 0.8479 PrErOs 0.7385 - 0.8352
LaErOs 0.7517 0.8522 0.8459 PrHoO3 0.7349 - 0.8216
CeTmOs3 0.7481 0.8498 0.8348 PrDyOs3 0.7314 - 0.8304
LaYO; 0.7484 0.8485 0.8343 NdLuO; 0.7459 0.8373 0.8311
LaHoO3 0.7481 0.8482 0.8322 NdYbO; 0.7436 0.8347 0.8333
PrYbOs 0.7458 - 0.8438 NdDyOs 0.7292 0.8185 0.8200

Fig. 3. Trend of the cell volume square root as a function of tjg for interlanthanide
perovskites; dashed lines are a guide for the eye that highlight the linear dependence
on tig of cell volumes related to perovskites sharing the same A or B cation. Data are
taken from Refs. [18] and [53].

ing values of tpy through Eq. (3), due to the lack of the Pr3* (CN
12) ionic radius. Therefore, the calculation of tgy is based on the
Pr-0O, Yb-O and Lu-O distances; since Lu-O (1.971A) is reported
as a longer distance than Yb-0 (1.965 A) [49,50], tgy results to be
higher for PrYbO3 than for PrLuOs, in contradiction with the values
of ionic radii (rpy3+cne =0.977 A, ryp3+ cng =0.985 A). This example
highlights that the employ of tgy values is very useful in case of
non availability of ionic radii; nevertheless, data have to be care-
fully treated, since interatomic distances are generally known with
a lower accuracy with respect to ionic radii. Moreover, Eq. (3) is a
general expression formulated taking into account a large number
of perovskites having t values that span over the entire range, so
that the application to any particular case can be susceptible to a
certain error.

2.2. Interlanthanide perovskites and structure maps

Structure maps are a powerful tool for the structural predic-
tion based on the assessment of the existence field of a certain
crystallographic arrangement as a function of chosen parameters;
moreover, they provide useful hints to discuss the occurrence
of structural regions within phase diagrams. While originally
employed for the prediction of intermetallics structures by means
of different methods [54-56], if properly modified they can be
used even for oxides, and in particular for perovskites. Several
approaches have been attempted for the prediction of perovskites
formability, resulting in structure maps based on ionic radii [57],
octahedral factors [58], bond valence factors [51], or on a modifi-
cation of the method relying on ionic radii obtained by introducing
bond ionicities [59].

The approach introduced by Roth [57], based on ionic radii, is
the simplest way to separate properties deriving from the A and the
B cation; it consists in drawing a diagram reporting the existence
fields of perovskitic and non perovskitic oxides as a function of
the A and B cationic sizes (on the x and y axis, respectively). lonic
radii used by Roth are taken from Shannon [44] and consider a
coordination number of 6 for both cations. A further method based
just on dimensional parameters, is the one proposed by Li et al.
[58], who include also the effect of the oxygen size by reporting the
perovskitic stability range as a function of tjg (on the x axis) and the
octahedral factor rg/rg (on the y axis). A third structure map relying
on size factors is the one used by Zhang et al. [51], who propose a
modification of the Roth’s approach by substituting r and rg by the
ideal (A-0O) and (B-0) distances, respectively. The concept of ideal
bond distance derives from the bond valence model [60,61], that
correlates the length of a bond to its strength, and hence the bond
length to the valence. The correlation can be described as follows:

Ro — R;;
5if=€xp( 5 ”) (4)

where §;; is the bond valence associated to the interaction between
the ith and the jth atom, R;; is the i~j bond distance, R is a reference
semi-empirical value based on a large number of experimentally
determined i-j bond distances [50,61], and B is a constant with
typical value of 0.37. The valence of the ih atom can be determined
by adding all the individual bond valence contributions S;;:

Vi=> Sy (5)
J

In a perovskite A3*B3*05, the ideal (A-O) and (B-0) bond dis-
tances are the ones that produce Syp = 0.25 and Sgp = 0.5, and
consequently a formal valence +3 for both cations (i.e. V4 = 3 and
Vg = 3, considering a coordination number of 12 and 6 for A and
B, respectively). Noteworthy is that the bond valence model is the
theoretical basis for the software codes SPuDS and TUBERS [48].

A structure map that couples dimensional factors to bond ion-
icities is the one proposed by Giaquinta and zur Loye [59], who
plot the (B-0) vs. the (A-0O) distance (obtained from the sum of
Shannon’s radii), multiplied by corresponding the B-O and A-O
electronegativity difference, respectively.

Interlanthanide perovskites are generally only partly taken into
account in papers that review the formability likelihood of per-
ovskitic ABO3 oxides according to one of the described methods;
sometimes they are not considered at all [58]. Giaquinta and zur
Loye [59] and Zhang et al. [51], for example, include some interlan-
thanide perovskites into their phase diagrams, as well as Bharathy
et al. [28]. In the latter work, in particular, a structure map is nicely
depicted as a function of the A and B ionic radii, resulting in an
interesting representation of the existence fields of interlanthanide
ABO3 oxides crystallizing not only in the perovskitic structure, but
also in the aforementioned A, B and C structures.
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Fig. 4. Structure maps plotted by a) ionic radii; b) ideal bond distances; c) octahedral factor and t cne; d) electronegativity-related parameters. Areas marked by dashed

lines are redrawn from references [58,51,59], respectively.

With the aim to analyze the position of interlanthanide per-
ovskites, and to observe the location of the boundary separating
perovskitic from non perovskitic oxides, parameters related to
all the interlanthanide perovskites, as well as to the eleven non
perovskitic interlanthanide ABO3 oxides reported in Table 1, are
introduced into the ionic radii-, ideal distance-, octahedral factor-
and bond ionicity-based structure maps reported in the literature;
results are represented in Fig. 4a-d, respectively. Moreover, in order
to match with the reference structure maps, ionic radii and tg val-
ues used in Fig. 4a-d are referred to coordination number 6 for the
A cation. Dashed lines enclose areas where ABO3; perovskites are
reported to exist, according to the corresponding work. It can be
observed that in all the structure maps interlanthanide perovskites
appear in the closeness of the perovskite/non perovskite boundary,
i.e. they are located at high values of ionic radii and bond distances,
and at low values of tjz. This position reflects the fact that the size of
the A cation is close to the highest possible value for the formation
of a stable perovskite, and the B cation is almost oversized with
respect to A, as testified by the low values of tg.

2.3. The stability of the perovskitic field as a function of
temperature and composition

The stability range of interlanthanide perovskites as a function
of both temperature and composition has been especially stud-
ied in the Seventies’ of last century, and it is reported in a large
number of thermal and crystallographic high temperature studies
[53,62,63,64-66,67]. According to these studies, the family of inter-
lanthanide perovskites is formed of the eleven aforementioned
mixed oxides. The structure of NdLuOs, on the contrary, is quite
debated in the literature, since it generally can not be prepared in
atmospheric pressure conditions: it could not be obtained at all by

Ito et al. [18], while it is elsewhere reported as a mixture of the
B and C phases [46,66], containing a certain amount of perovskite
|66] depending on the preparation route; on the contrary, the pure
perovskitic form was obtained at high-pressure (40 kb) [68], and
the compound is generally considered as non thermodynamically
stable [66]. Depending on the authors, perovskitic PrYbOs is con-
sidered as a stable [18,65] or a metastable [53] constituent of the
Pr-Yb-0 system.

Several studies highlight the strict relationship between t and
the perovskitic temperature range [23,27]: if formation and decom-
position temperatures of the phase are considered, it can be in fact
observed that the higher is t, the wider is the temperature range.
In other words, the structural closeness to the ideal cubic case is
directly related to the phase stability. An explanation of this evi-
dence is reported in [27], where a stability criterion is proposed,
derived from geometrical issues affecting the enthalpic and the
entropic contribution to the Gibbs free energy of the perovskitic
phase. An interesting correlation between thermodynamic data
and t values can also be found in [29], where the results of a calori-
metric study on the formation enthalpies at room temperature of
LaHoO3, LaErO3, LaTmO3 and LaYbOs are discussed. Data obtained
are reported as a function of tjg in Fig. 5: a linear trend can be
observed, indicating that the formation of the perovskite becomes
more and more exothermic with increasing the t value. If the regres-
sion line interpolating experimental points is used to identify the
tig value corresponding to AH=0, and thus to predict the position
of the perovskitic boundary, tjg =0.8201 is obtained, i.e. a value well
below the one related to LaDyO3 (0.8441), that is the highest-t non-
perovskitic interlanthanide mixed oxide. This discrepancy is partly
recovered if also formation enthalpies of perovskitic LaMO3 (M=In,
Sc, Ga, Fe, Cr, Al) compounds are taken into account [69-71], as
shown in [29]; anyway, the predicted boundary t value based on
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Fig. 5. Formation enthalpies at room temperature of some interlanthanide per-
ovskites as a function of tig. The r2 value of the regression line is reported too; data
are taken from Ref. [29].

Fig. 6. Stability range of interlanthanide perovskites ABO3 as a function of tg. In
case of unavailability of the A ionic radius, tir was calculated from tgy through Eq.
(5). Letters identify the phases present: P perovskite; C cubic; B monoclinic; H high
temperature hexagonal; X high temperature cubic.

formation enthalpy data results to be lower than experimentally
observed.

In Fig. 6 data of transition temperatures of equimolar interlan-
thanide mixed oxides are represented as a function of tjz. It can be
observed that the perovskitic phase (P) is squeezed between other
structural forms typical of rare earths sesquioxides: the cubic C,
the monoclinic B, or one of the high temperature forms (H: hexag-
onal, X: cubic [72]). In particular, as can be observed in Fig. 6,
interlanthanide perovskites form by thermal decomposition of the
mixed oxide in the C form. The latter is characterized by a cubic
cell with cations located in two different positions, namely in 24d
(x, 0, 1) and 8a (0, 0, 0), at the centre of two different distorted
octahedra. Therefore, the C— P transition occurs with a change
from CN 6 to CN 6/8, i.e. with an average coordination number
increase, as expected with increasing temperature. At high tem-
perature, perovskites decompose into a solid solution adopting the
B, H or X form, depending on the t value. As the H and X form
are stable only at high temperature, not all their structural details
are known, except that they are hexagonal and cubic, respectively,
and that both are formed of distorted octahedra [73]. The B form,
on the contrary, is the monoclinic structure typical of several rare
earth sesquioxides, and it is characterized by the presence of three
cationic positions located in 4i (x, 0, z); in mixed oxides belong-

ing to the B form (for example in the La;03-Y,03 system [63,74]),
a random distribution of both cations over all the 4i sites can
be argued by considering the closeness of all the cation-oxygen
interatomic distances. Within the perovskitic cell, on the contrary,
atoms occupy well defined positions that exclude the possibility of
random distribution, due to the aforementioned dimensional con-
straints; in this respect, the perovskitic phase appears as a highly
ordered phase if compared to all other structural forms of rare earth
sesquioxides. Therefore, at a certain temperature the P — B transi-
tion results to be favoured by the entropic contribution to the Gibbs
free energy, due to the substantial disorder increase associated to
the atomic rearrangement. Outside the perovskitic stability field,
Fig. 6 suggests that with increasing temperature phases follow the
sequence C—-B—H— X

Pseudobinary phase diagrams involving interlanthanide per-
ovskites have been studied over the whole compositional range
and a large temperature span for La;03-Y, 03, La,03-Ho,03, La; 03-
EI'203, L8203 -Tm, 03, La, 03—Yb203, L8203 —LU203 [62,64], while Ce-
and Pr-containing mixed oxides have been investigated only at
given compositions, such as for example the equimolar one [65].
According to all the pseudobinary phase diagrams shown in the lit-
erature, interlanthanide perovskites form through an eutectoidic
reaction, irrespective of the identity of the high temperature phase.

The perovskitic phase assumes a nearly-stoichiometric char-
acter at low temperature, while with increasing temperature a
limited solubility of the smaller oxide within the bigger one is
observed, suggesting that, despite the size constraints typical of
the phase, a certain substitution of the bigger by the smaller ion
is possible. While in La;03-Y,03 the perovskite is reported as
essentially stoichiometric, in La;03-Er,03, for example, at 1823 K
it extends from Laq g2Erggg03 to LagggEry 0403 [66]; in the La;03-
Yb, 03 system, the perovskitic phase reaches the maximum extent
of the solid solution at around 2173 K, where it ranges from
La;1YbggOs3 to Lag7Yby303 [62]. A narrow solubility range can be
observed also in the Pr,03-Lu,;03 pseudobinary syatem at 1673 K
(fl‘OlTl Prq 06Lug 9403 to Pro.ggLU]_0203) [66]. Even for La;03-Tmy03
the compositional extent of the perovskite is remarkably more
extended than for La;03-Er, 03 [64]. The described evidence indi-
cates that a relationship exists between the size of the smaller
cation and the perovskitic solubility range, and suggests that in
the La;03-Lu, 03 system the perovskitic solubility range should be
even larger; nevertheless, experimental data are not available in
the literature.

Studies about some pseudoternary systems involving interlan-
thanide perovskites can be found too: in Ref. [66], for example,
ternary sections at 1673K are reported for the systems Pry03-
Luy03-Euy03 and La;03-Y,03-Ery0s. In the latter, due to the
similarity of Er3* and Y3* radii (rg;3+cns = 0.890 A,ry3+ cng = 0.900 A),
a complete solubility between LaYO3; and LaErO3 can be observed,
and the maximum solubility range between larger and smaller
cations is reached at Er:Y=1:1, where the perovskitic range spans
from Lag47(Yo0.265Er0.265)03 to Laps4(Yo.23Ero23)03. In the Pry03-
Lu,03-Eu, 03 system, on the contrary, the PrLuO3 perovskitic range
extends only up to 9% Eu.

2.4. Chemical stability

Interlanthanide perovskites are generally reported to be chem-
ically stable against oxygen and carbon dioxide [22]; this property,
coupled to the good protonic conduction of some of them when
properly doped, makes them interesting candidates to be used
in solid oxide fuel cells, as will be discussed later. Nevertheless,
Ce- based compounds, due to the presence of Ce3*, undergo in
air at relatively low temperatures (443-473 K) the oxidation reac-
tion CeREO5 + Y40, — CeO, + V2RE,05, where RE=Tm, Yb, Lu.
The so obtained products can be characterized by x-ray diffrac-
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tion: they consist of fluorite-type CeO, and C-type RE,;03 [65]. It is
noteworthy that the value of the RE, 03 lattice parameters exper-
imentally observed from the analysis of the oxidation products,
result to be in each case higher than expected. For RE=Tm, Yb and
Lu, a=10.699A, a=10.678 A, and a=10.434 A, respectively, while
the reported values are apmnp03 =10.4908 A [75], aypao3 = 10.440(2)
A [76], and ajn03 =10.355 A [77]. This evidence points to the pos-
sible dissolution of a certain amount of Ce#* into the RE, O3 lattice,
or alternatively to the formation of CeO, microdomains, as already
observed in the CeO,-Gd, 03 and Ce0,-Sm; 05 systems [78,79]; this
hypothesis is suggested by the fact that the Ce** ionic radius (0.97 A,
CN 8) is significantly larger than the ones of Tm3* (0.880A, CN 6),
Yb3* (0.868 A, CN 6) and Lu3* (0.861 A, CN 6).

PrREO3 (RE=YDb, Lu) perovskites, on the contrary, despite the
presence of oxidable Pr3*, need a 8-h lasting thermal treatment at
1673 K in oxidizing environment to react almost completely [65].

2.5. Effect of the cooling rate on the extent of the perovskitic field

The so far developed assessement only includes data of sam-
ples considered at the thermodynamic equilibrium; nevertheless,
it is possible to extend or contract the existence fields of the per-
ovskitic and of neighbouring phases by acting on the cooling rate.
Such a study has been conducted on La;03-RE; 03 systems (RE=Y,
Nd, Sm, Gd-Yb) by heating samples up to the melting tempera-
ture, and subsequently analyzing phases obtained after quenching
(cooling rate: 500 K/s) and splat cooling (cooling rate: 10* K/s). The
obtained results are compared to the ones deriving from samples
annealed at 1673 K[67]. It could be observed that an increase of the
cooling rate brings to a remarkable enlargement of the B stability
field, so that for RE=Y, Ho, Er, both in quenched and splat-cooled
specimens, the perovskitic compounds do not appear at all. Inter-
estingly, a further effect of a high cooling rate on the systems where
the perovskite appears is an increased solubility of RE (RE=Tm, Yb)
within this phase, so that in splat-cooled samples, the La/Yb per-
ovskite extends from LaYbOj3 to Lag gYb1 403, i.e. over compositions
where the binary field (P + C) is expected in equilibrium conditions.
The latter evidence can be attributed to a higher formation rate of
the perovskite with respect to the C phase.

3. Synthetic methods

Interlanthanide perovskites can be obtained in polycrystalline
(powder) and monocrystalline form, and also as thin films; sev-
eral synthetic paths have been developed with the aim to shorten
the processing time, to decrease the treatment temperature,
or to extend the stability field of the phase by operating in
non-equilibrium conditions. In the following two paragraphs, an
overview of the synthetic methods proposed in the literature is
provided.

3.1. Polycrystalline samples

Essentially three synthetic methods are proposed in the lit-
erature for the preparation of polycrystalline interlanthanide
perovskites: (a) solid state reaction of a mixture of oxides or
hydroxides; (b) coprecipitation of mixed hydroxides or oxalates;
(c) melting of a mixture of oxides followed by annealing or by
quenching. A synopsis of the cited synthetic paths is reported in
Table 2.

Generally speaking, methods based on wet chemistry (copre-
cipitation of mixed oxalates or hydroxides) ensure an optimum
homogenization degree and allow to use a lower processing tem-
perature and a shorter time than needed by other techniques. A
comparison between solid state and coprecipitation method has
been made by Berndt et al. [53], who observed that, even if CeLuOs,

CeTmO3, CeYbO3 and PrLuOs3 can be prepared by both techniques,
the former method needs a remarkably longer reaction time, that
increases with increasing the cationic size closeness. In the case
of LaErOs, for instance, the annealing of coprecipitated hydroxides
at 1523 K for two days is sufficient to obtain the pure perovskitic
phase, while by the solid state reaction, even after 8 days, the ther-
mal treatment at 1523 K provides LaErO3 mainly in the C form.
Similarly, perovskitic LaHoO3 could not be obtained by the solid
state reaction at 1673 K or 1873 K of the slurry prepared by ball
milling La;03 and Ho, O3 in acetone. By this method the perovskitic
phase could be obtained only by substituting Ho3* by at least a 5%
at. Yb3* [81]. Finally, the attempt to prepare perovskites by copre-
cipitation of mixed hydroxides followed by hydrothermal reaction
at 483 K for 10 days resulted unsuccessful for all compositions [53].

Procedures involving melting of the oxides mixture are quite
energy-consuming, but they provide the possibility to observe dif-
ferent phases for a given composition according to the chosen
cooling rate, as described in Section 2.3. In particular, increasing
the cooling rate causes the reduction of the temperature range and
the expansion of the compositional range of the perovskitic phase.

Finally, it has to be mentioned that, even if sporadically, also
combustion synthesis is sometimes reported as a proper way for
the synthesis of interlanthanide perovskites [83].

3.2. Single crystals

Single crystals of LaREO3; (RE=Y, Ho-Lu) can be grown from
hydroxide fluxes [28]. A melt of KOH and NaOH can in fact dis-
solve rare earth oxides, as proven for various lanthanide-based
perovskites [84]; on the basis of these results, the crystal growth of
the aforementioned interlanthanide perovskites was observed in
the temperature range 873-1023 K. LaLuO3, as well as Ce- and Pr-
doped LaLuO3 were obtained as single crystals by the Czochralski
method [85,86].

3.3. Thin films

The deposition of thin films is documented both for LaYbO3; and
LaLuOs, as a prerequisite for the study of these oxides as high-k
dielectrics. In particular, LaYbO3 was deposited by reactive sputter-
ing on p-type Si(11 1)and on quartz substrates using a La-Yb target
[87], as well as by pulsed laser deposition (PLD) using a LaYbOs3
ceramic target and a SrTiO3 substrate as a part of the tri-layer film
SrRu03/LaYbO3/SrRuOs3 [88].Inaddition to PLD [89,90], LaLuO5 thin
films were also obtained by atomic layer deposition (ALD) [91] and
by metal-organic chemical vapor deposition (MOCVD) [92].

4. Properties

In this section the main physical properties of interlanthanide
perovskites are described and discussed, namely the optical and
magnetic ones, as well as protonic conduction and the high dielec-
tric constant.

4.1. Optical properties

Optical properties of interlanthanide perovskites generally con-
sist in the absorption of radiation in the near-infrared part of the
spectrum by the luminescent ion (the activator) present within
the structure, and in its re-emission at higher or lower (upcon-
version) wavelength via a combination of different phenomena,
such as ground and excited state absorption, and non-radiative
relaxation (heat emission). In some cases, the presence of a fur-
ther luminescent ion, acting as a sensitizer, enhances the emission
intensity of the activator by transferring energy to the latter from
one of its excited energy levels. Responsible for this phenomenon
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Table 2
Synopsis of synthetic methods proposed in the literature for the obtainment of polycrystalline interlanthanide perovskites.
Method Procedure Reference
Solid state reaction Thermal treatment on pellets of stoichiometric mixtures of oxides. [29]
Treatment temperature: 1323 K (LaHoOs3); 1723 K (LaREO3, RE=Er-Yb); duration: 36 h.
Thermal treatment on stoichiometric mixtures of oxides. [53]
Treatment temperature: 1523-1823 K (LaHoOs3, CeLuO3, CeYbO3, CeTmO3, PrLuOs, PrYbOs,
NdLuO3 )
Thermal treatment on pellets of stoichiometric mixtures of separately precipitated hydroxides. [53]
Treatment temperature: 1523 K (LaHoOs3, CeLuO3, CeYbO3, CeTmOs, PrLuOs, PrYbOs, NdLuO3).
Thermal treatment on pellets of stoichiometric mixtures of mixed oxides obtained by ball milling [80]
in acetone.
Treatment temperature: 1573 K and 1673 K; duration: 15 h (LaYbOs).
Thermal treatment on pellets of stoichiometric mixtures of mixed oxides obtained by ball milling [81]
in ethanol.
Treatment temperature: 1673 K and 1873 K in air; duration: 10 h [LaYOs3, LaErOs, LaYbOs,
La(Ho,Yb)Os].
High-pressure (29 kbar) thermal treatment of stoichiometric mixtures of oxides (LaREO3;, REEY, [82]
Ho, Er, Yb, Lu).
Coprecipitation Coprecipitation of mixed oxalates followed by thermal treatment in air at 873-2073 K (LaREOs, [23]
RE=Ho-Lu).
Coprecipitation of mixed hydroxides followed by thermal treatment at 1523 K (LaHoOs3, CeLuOs, [53]
CeYbOs3, CeTmO3, PrLuOs, PrYbOs, NdLuO3).
Coprecipitation of mixed hydroxides followed by hydrothermal reaction at 483 K for 10 days [53]
(LaHoO3, CeLuOs3, CeYbO3, CeTmOs3, PrLuOs, PrYbOs, NdLuOs).
Coprecipitation of mixed hydroxides followed by thermal treatment in air or H, at 1273-1773K [18]
(LaREO3, RE=Ho-Lu; CeREO3, RE=Tm-Lu; PrREO3;, RE=YD, Lu).
Melting Melting of stoichiometric mixtures of oxides in solar furnace, followed by annealing at 1273, 1473 [64]
or 1673 K(LaREO3;, RE=Ho-Tm; PrREOs;, RE=YD, Lu).
Melting of stoichiometric mixtures of oxides in solar furnace, followed by annealing at 1673 K for [65]
4h (CeREOs3, RE=Tm-Lu).
Melting of stoichiometric mixtures of oxides in solar furnace, followed by quenching (cooling rate [67]
~500K/s) (LaREO3, RE=Y, Ho-Yb)
Melting of stoichiometric mixtures of oxides in solar furnace, followed by quenching (cooling rate [67]

~10K/s) (LaREO3, RE=Y, Ho-Yb)

are for example many rare earth ions that, if present within a
certain matrix, can absorb radiation thanks to the presence of sev-
eral discrete energy levels in their 4f shell. Since the influence of
the crystal environment on the 4f levels of the luminescent ion is
scarce, the phenomenon is mainly dependent on the identity of
the luminescent ion itself rather than on the host lattice. The rela-
tively low number of publications on this topic can be attributed to
the fact that luminescence of rare-earth doped oxides is a general
phenomenon, widely treated in a plenty of works during the last
decades with reference to similar compounds, such as aluminates
(among them the well known YAG, i.e. Y3Al5075:Nd3* [93]), rare
earth sesquioxides (such as, for example, Lu,03:Eu [94], Gd,03:Er
[95] and La,03:Pr3*,Yb3* [96]), oxycarbonates RE;0,CO3:Eu3* or
Tb3* (RE=La, Gd, Y) [97,98] and perovskites (for instance ATiO3:Pr3*
with A=Ca, Sr, Ba [99] and GdAlO3:Dy3* [100]). A comprehensive
review about rare earth-containing phosphors can be found for
example in [101].

Siai et al. recently studied the emission properties of two inter-
lanthanide perovskites, namely LaErO3 [83] and LaHoO3 [19]. Both
systems are ideal, since their optical properties depend only on the
presence of the smaller cation, being the 4f shell of La3* empty. The
emission of LaErO3; and LaEry_4YbxOs after laser excitation at 800
and 980 nm revealed two different phenomena according to the
wavelength of the incident radiation. As depicted in Fig. 7a, the radi-
ation at 800 nm can be absorbed both by Er3* and Yb3*: in Yb-doped
samples, in fact, an emission signal at 984 nm can be observed, cor-
responding to the 2F5; — 2Fy; transition of Yb3*; moreover, both
in doped and undoped samples, a further signal at 1540 nm can be
detected, indicating the occurrence of the 4113/2 — 4115/2 transition
of Er3*. Since the intensity of the latter emission increases with
increasing the Yb content, an energy transfer phenomenon from
the 2Fs; level of Yb3* to the 41,1, of Er3*, followed by a non radia-

tive transition to 4113/2, was hypothesized. Thus, this result revealed
the role of sensitizer played by Yb3* within the LaErOs; matrix.

The excitation at 980 nm, on the contrary, gives rise to a sub-
stantially different phenomenon, as schematized in Fig. 7b. The
radiationisinfact absorbed by both ions, as ground state absorption
(2F72 — 2Fspp in Yb3* and %145, — 111 in Er3*), as well as excited
state absorption (*I;1, — 4l in Er3*); moreover, energy transfer
takes place between the 2F5/2 level of Yb3* and higher energy levels
of Er3*. Thanks to this complex energy redistribution, three emis-
sion signals in the visible portion of the spectrum can be observed,
meaning that an upconversion phenomenon takes place. In par-
ticular, two green emission bands at 527 and 548 nm are visible,
due to the 2Hyq, — 45,2 and the 4S5, — %115, transitions, respec-
tively; moreover, a red emission takes place at 660 nm, due to the
4Fg2 — 4115/ transition. All these transitions take place after a non
radiative relaxation from the 4F7/2 level. Even in the present case,
Yb3* acts as a sensitizer, since all the aforementioned emissions are
enhanced in Yb-doped samples.

Emission phenomena associated to the LaHoOs; perovskite
under excitation at 488 nm are schematized in Fig. 8a. They essen-
tially consist in three signals at 548, 665 and 754 nm, due to the >S;,
5F4,— °lg, °Fs,— °lg, and °S,, °F4, — °1; transitions, respectively.
The excitation at 750 nm, on the contrary, promotes the emission
at 1340 nm, ascribable to the 5S,, °F4, — 15 transition (see Fig. 8b).

Based on the described results, both LaEry_4YbxO3 and LaHoO3
can be classified as phosphors. The high emission intensity of
LaHoOs3 in the infrared range suggests the employment of this
material as a solid state laser; similarly, due to the intense emis-
sion at 527 and 548 nm, LaEry_,Ybx O3 is a promising upconversion
green laser.

Absorption spectra of Ce3* (characterized by the presence of one
felectron) were studied some decades ago by J. Coutures and ]. P.
Coutures [65] on Ce-based perovskitic and non perovskitic CeREO3
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Fig. 7. Energy level diagram of Er3* and Yb** showing emission paths after excitation at a) 800 nm and b) 980 nm (redrawn from Ref. [83]).

Fig. 8. Energy level diagram of Ho?* showing emission paths after excitation at a) 488 nm and b) 750 nm (after Ref. [19]).

oxides (RE=La-Nd: hexagonal A structure; RE=Eu-Tm, monoclinic B
structure; RE=Tm-Lu: perovskitic structure). Even if limited to the
high energy range (19000-23000 cm~'), thus allowing to observe
the 2Fs;; — 5d transition and not the 2Fs;; — 2F;, transition, the
investigation is particularly interesting because it highlights the
role of the crystalline environment in tuning the value of the
absorption energy. While in fact f levels are scarcely influenced
by the crystal surroundings, when dealing with d bands the effect
of the matrix can not be neglected. A slightly decreasing trend
of the absorption energy is observed with decreasing the size of
the smaller cation, but at the monoclinic/perovskitic boundary (i.e.
between monoclinic and perovskitic CeTmO3), a remarkable gap
(AE ~1600cm~!) appears towards lower energy values for the
perovskitic structure. This evidence is attributed to the role of the
different structures of mixed oxides, and in particular to the Ce3*
coordination number, that at the monoclinic/perovskitic boundary
changes from 6/7 to 12. This variation of the coordination number
induces an expansion of the Ce?* ion (from 1.07 A to 1.34A), that
reduces the energy gap between ground and excited state.

4.2. Magnetic properties and specific heat

A complete investigation of magnetism of interlanthanide per-
ovskites was recently performed by this and other research groups
[18,23,24]. As a general remark, electrons populating the 4f lev-
els are responsible also for the magnetic properties of the studied
compounds. Magnetic cooperative phenomena are related to the
presence of Kramers’ ions, i.e. ions possessing an odd number of

unpaired electrons; the latter can explain the antiferromagnetism
of LaErOs, LaYbO3, CeYbO3 and PrYbOs (Er3* and Yb3* possess 11
and 13 felectrons, respectively).

A general agreement exists in the literature about the anti-
ferromagnetic ordering taking place in perovskitic LaErO3; below
2.4K: it was studied by neutron powder diffraction in the Sixties
of last century by Moreau et al. [102,103], and more recently by
magnetization, specific heat [18,104] and again neutron powder
diffraction [24]. An analogous cooperative behaviour was observed
also in Yb-containing perovskites (LaYbOs3, CeYbO3; and PrYbOs3),
with comparable Néel temperatures of 2.7 K. It is noteworthy that
Néel temperatures of the studied compounds are always very low,
as expected for cooperative phenomena deriving from superex-
change, that takes place among rare earth ions connected through
very weak interatomic interactions. Specific heat measurements
performed on LaErO3; and LaYbO3; show the presence of a A-type
curve in correspondence of the Néel temperature; the subtraction
of the electronic and lattice contribution, performed by subtract-
ing the specific heat of diamagnetic LaLuO3 from the curves of
antiferromagnetic perovskites, allows to entirely attribute the A
anomaly to the magnetic contribution, as shown in [18]. All the
other perovskites were found to be paramagnetic down to 1.8K,
except LaLuOs3, which is diamagnetic. Magnetic properties deriving
from the presence of rare earths within ionic or covalent com-
pounds result from the competition between spin-orbit coupling
and crystal field, with the latter that lifts the degeneracy of the
4flevels. The crystal field effect can be observed in interlanthanide
perovskites in the trend of the inverse magnetic susceptibility (x 1)
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Fig. 9. Trend of the LaYbOs inverse susceptibility as a function of temperature.
(Taken from Ref. [23]; ©IOP Publishing. Reproduced with permission. All rights
reserved).

at low temperature. x~! vs. T of LaYbO3 is for example reported in
Fig.9: asindicated by the regression line interpolating high temper-
ature data, the curve can be fitted at T>~100K by the Curie-Weiss
law

C
X= T_0 (6)
where C is the Curie constant
Nap2
c= 2 (7)
3k

6 the Weiss temperature, N4 the Avogadro number, i the effec-
tive magnetic moment, and k the Boltzmann constant. At low
temperature, on the contrary, experimental data deviate from the
Curie-Weiss curve; this behaviour can be explained taking into
account the splitting of the 2F7/2 Yb3* ground state operated by
the crystal field, that becomes evident at temperatures that do
not allow higher levels to be populated. With further decreasing
temperature, the exchange interactions between Yb3* ions start
prevailing, and below 2.7 K the compound undergoes an antifer-
romagnetic ordering. The attribution of the deviation from the
Curie-Weiss curve to the crystal field effect is confirmed by suscep-
tibility measurements performed on paramagnetic LaHoOs, that
show a similar behaviour at temperatures lower than 20K: in this
case, in fact, the evidence can be entirely ascribed to the crystal
field, due to the absence of magnetic ordering.

Magnetization measurements performed on LaYbOs; at 1.8K
highlight the existence of a hysteresis loop [23,18], pointing at the

presence of a ferromagnetic contribution to the magnetic ordering;
a similar evidence was found also in CeYbO3 and PrYbOs, but not in
LaErOs [18]. This point is corroborated by neutron powder diffrac-
tion data collected on LaYbOs3 at 1.5K [23], that show an increase
in the scattered intensity of two peaks, compatible with a weak
ferromagnetic component. In Fig. 10 the crystal structure asso-
ciated to the scheme of spin ordering is shown for both LaYbO3
and LaErOs, as deriving from the neutron diffraction analysis: as
hypothesized by Ito et al. [18], the observed ferromagnetic com-
ponent of LaYbOs is related to the canting of Yb3* spins, while no
net resulting moment appears in LaErOs. In LaYbOs, in fact, mag-
netic moments lie in the equatorial plane of the YbOg octahedra,
while in LaErOs they point to the centre of an octahedron edge, as
observable in Fig. 11 (taken from Ref. [24]).

4.3. Protonic conduction

Protonic conduction is a well known and widely investigated
phenomenon in many oxides, and in particular in perovskites
[105,106]: SrCe03- [107], BaCeO3- [108] and CaZrO3- [109] based
perovskites, as well as the more complex oxide BazCa; 1gNby g20g._g
[110] for example, are among the most studied and used systems
showing this property.

Protonic conduction has been observed in several La-containing
interlanthanide perovskites with La partially substituted by a biva-
lent ion, such as Ca%* or Sr2*. In particular, the phenomenon is
well established in LaYOs- [20,111,112], LaErO3- [30], LaYbOs3-
[20-22,113] and LaLuOs3- [114,115] based perovskites; it takes
place at high temperature in wet atmosphere, as a consequence
of the ability of the structure to trap and dissociate water. With
respect to the cerates and zirconates, interlanthanide perovskites-
based protonic conductors are characterized by a higher stability
to carbon dioxide [22], which makes them interesting candidates
for the employment in SOFC’s.

The mechanism of proton transport in such compounds has been
nicely depicted on the basis of atomistic modelling [116,117], and
experimental data satisfactorily confirm theoretical predictions.
The presence of protons within the perovskitic structure is strictly
related to the formation of oxygen vacancies, that occurs when La3*
is partially substituted by a bivalent ion (such as an alkaline earth,
Ae?"), according to the following equation:

1 1
Laj, + AeO — Ae’;, + EVO + ELa203 (8)

In agreement with the ability to dissociate water shown by
several perovskites with oxygen vacancies, protons enter the

Fig. 10. Crystal structure and associated scheme of the orientation of magnetic moments in LaYbO3; and LaErOs. (Taken from Refs. [23] and [24]; ©IOP Publishing. Reproduced

with permission. All rights reserved).
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oxygen-deficient structure via filling oxygen vacancies by hydroxyl
ions deriving from water, according to the following equation:

HzO(g) + V(-) + O)o( — 20H- (9)

The reaction of water incorporation results to be exothermic,
meaning that the proton uptake is favoured at low temperatures.
This prediction agrees well with the classification of these oxides
as proton/oxygen/p-type electronic mixed conductors, according to
temperature and oxygen partial pressure: in water vapour atmo-
sphere, for example, (LaggSrg1)MO5_g with M=Lu, Sc or In is a
predominantly proton conductor at T<873K, and a p-type elec-
tronic conductor at higher temperature [114]. In the described
reaction scheme, protons are bound to a neighbouring oxygen atom
through hydrogen bonds, and located in interstitial positions; deu-
terium/hydrogen isotope effect measurements, moreover, show
that proton transport takes place essentially thanks to proton hop-
ping, rather than to hydroxyl migration [118]. This mechanism
implies the switch of the proton between two neighbouring oxygen
atoms via the passage through a barrier state; theoretical calcula-
tions show that the energy barrier increases with increasing the
distance between the aforementioned oxygen atoms [117].

The protonic conduction in the studied oxides reveals to depend
on many interconnected parameters, dealing both with the equi-
librium constant of proton incorporation and with proton mobility.
LaErOs-based protonic conductors, for instance, show a very high
reaction constant for water incorporation, but alower protonic con-
ductivity with respect to LaYOs-based conductors, meaning that
the proton mobility is much higher in the latter [112].

Two main structural parameters play a role in tuning proton
conduction, both related to the identity of the bivalent ion and of
the B ion. According to theoretical calculations [117], the energy
associated to the dissolution of different alkaline-earth ions into
La-based perovskites shows a minimum in correspondence of Ca2*
and Sr*, i.e. the ions that present the minimum size difference
with respect to La3*. This result indicates that the cited ions are
expected to promote the maximum proton uptake; Ca%* and Sr2*
are therefore the most used doping ions in experimental studies.
Nevertheless, it has to be pointed out that the amount of incorpo-
rated protons generally does not correspond to the concentration
of the doping ion; this is particularly evident in Sr-doped LaYbO3
and LaYO3 [20,112], and it has been attributed to a particularly high
stability of some oxygen vacancies, as well as to the formation of
stable associations of vacancies and doping ions.

Fig. 11. Orientation of magnetic moments within ErOg and YbOg octahedra. Blue
spheres: Er/Yb; red spheres: axial oxygen; yellow spheres: equatorial oxygen.
(Taken from Ref. [24]; ©IOP Publishing. Reproduced with permission. All rights
reserved). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The issue related to the effect of the M ionic size has been
treated for the systems (LaggSrg1)MO;3_g with M=Sc, In and Lu
[114,115], where the protonic conduction increases with decreas-
ing the size of M, i.e. with decreasing the perovskitic distortion. A
correlation between O-0 distances within the perovskite and pro-
ton mobility has been highlighted for Y-doped cerates [119], and
put in relation with the dimensionality of the proton exchange,
that changes from one- to three- dimensional with approaching
the perovskitic ideality. On this basis, a crystallographic study was
performed at 873 K on (Lag 9Srg 1 )MO3_g (M=Sc, In and Lu) by tak-
ing into account the experimental O-0 distances within the MOg
octahedron (i.e. the ones along the octahedra edges) and between
neighbouring octahedra. On going from Lu (rpy3+cns =0.861A) to
Sc (rsc3+cns =0.745A) at the M site, the distortion of octahedra
decreases, and consequently oxygen atoms belonging to different
octahedra progressively move away; therefore, the O-0 distance
within octahedra becomes shorter than the one between octahe-
dra, and the three- dimensional pathway shown in Fig. 12a) is
energetically favoured with respect to the one-dimensional one
highlighted in Fig. 12b). The occupation of the B site by larger atoms,
on the contrary, causes the intra- and inter-octahedral O-0 dis-
tances to become comparable, so that when the B site is occupied
by Lu, the one-dimensional pathway is favored, with a conse-
quent reduction in the value of protonic conductivity. The depicted
three dimensional protonic exchange is the one occurring in the

Fig. 12. a) Three-dimensional and b) one-dimensional possible pathways of proton conduction. Arrows indicate the direction of hopping and highlight the oxygen atom

bound to the proton.
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most performing AZ*B4*03 perovskitic protonic conductors, such
as Ba(CepgYo.1)03_5 and Sr(CepgYo.1)03_s.

Also the catalytic activity of some acceptor-doped interlan-
thanide perovskites seems to be related to the mechanism of proton
uptake that occurs in these compounds [112]. LaggSrg2YO5_s, for
example, is able to catalyze the oxidation of CHy, but it is a poor
catalyst for CO [10]; other perovskites, such as (LaggSrg1)MO5_g
with M=Co, Cr, Fe or Mn, on the contrary, catalyze even the lat-
ter reaction, but are less efficient than Lag gSro2YO3_g towards the
former. While Lag gSrp,YO5_g below 773 K is a good protonic con-
ductor and a poor p-type conductor, the other perovskites are good
p-type conductors. The catalytic oxidation of CH4 seem thus to be
related to the absorption of H, from CHyg, i.e. to an appreciable
proton uptake; this hypothesis is confirmed by the poor catalytic
efficiency of Lag gSrg»YO5_g towards the oxidation of CO.

4.4. Dielectric properties

Currently, the breakthrough application of some interlan-
thanide perovskites is related to their high dielectric constant,
that make them ideal candidates to substitute SiO, as a gate
oxide in metal-oxide-semiconductor field-effect transistors (MOS-
FETs). The rush towards miniaturization of microelectronic devices
imposes a progressive reduction of the oxide layer thickness, in
order to increase the capacitance; nevertheless, a SiO, thickness
lower than 2 nm induces the appearance of significant leakage cur-
rents that make this oxide unsuitable for further downscaling. In
this framework, some interlanthanide perovskites, such as LaYbO3
and LaLuOs, have been theoretically predicted [120], as well as
experimentally found [87,88,121], to properly substitute the afore-
mentioned oxide, not only due to their high value of the dielectric
constant, but also in terms of compatibility with the Si substrate.
Microwave dielectric properties were also studied for LaYbO3 and
found to show lower high quality factor and near-zero coefficient
of resonant frequency with respect to LaGaO3 and LaAlOs, despite
the similar values of dielectric constant [80].

5. Conclusions

The reduced size difference between the two cations and the
presence of the deep-lying 4f electrons determines the structural
and the physical properties of the eleven interlanthanide per-
ovskites; moreover, the ability to dissociate water and to substitute
oxygen vacancies with hydroxyl groups, drives the remarkable
properties of protonic conduction observed in some acceptor-
doped La-based perovskites.

Due to the dimensional constraint, these oxides must adopt a
strongly distorted perovskitic structure, that progressively reduces
the temperature stability range with decreasing the value of the
Goldschmidt t factor. For the same reason, interlanthanide per-
ovskites are located at the boundary of the perovskitic field in all
the structure maps proposed in the literature.

Both optical and magnetic properties are strictly related to the
presence of well separated f energy levels; all the phenomena of
radiative emission observed in LaErO3; and LaHoOs3, for example,
can be interpreted on the basis of the associated energy levels
scheme. Concerning magnetism, the deviation from the Curie-
Weiss behaviour observed at low temperature in perovskites such
as LaYbOs, results from the splitting of the ground state operated
by the crystal field.
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