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ARTICLE INFO ABSTRACT

Keywords:
Perovskites

Entropy stabilised materials have possibilities for tailoring functionalities to overcome challenges in materials
science. The concept of configurational entropy can also be applied to metal oxides, but it is unclear whether these
could be considered as solid solutions in the case of perovskite-structured oxides and if the configurational en-
tropy plays a stabilising role. In this study, compositionally complex perovskite oxides, LnMO3 (Ln = La, Nd, Sm,
Ca and Sr, M = Ti, Cr, Mn, Fe, Co, Ni, and Cu), are investigated for their phase stability and magnetic behaviour.
Phase-pure samples were synthesised, and the room temperature structures were found to crystallise in either

Phase transitions
High entropy oxides
Magnetism

Pnma or R3c space groups, depending on the composition and the resulting tolerance factor, while the structural
transition temperatures correlate with the pseudo cubic unit cell volume. The techniques used included diffraction
with X-rays and neutrons, both ex- and in-situ, X-ray photoelectron spectroscopy, magnetometry as well as electron
microscopy. Neutron diffraction studies on one sample reveal that no oxygen vacancies are found in the structure
and that the magnetic properties are ferrimagnetic-like with magnetic moments mainly coupled antiferromag-
netically along the crystallographic c-direction. X-ray photoelectron spectroscopy gave indications of the oxida-
tion states of the constituting ions where several mixed oxidation states are observed in these valence-
compensated perovskites.

1. Introduction non-metals can also be included. The crystal structure therefore provides

a nearly endless compositional degree of freedom for the modification

Perovskite oxides (ABOs3) are a class of materials with interesting
electronic, magnetic and transport properties of technological relevance
[1-4]. These materials display a versatile functionality that can in part be
attributed to the vast scope for compositional variation, as nearly any
cation in the periodic table can be incorporated in the perovskite struc-
ture. Commonly, the A-site contains a large cation e.g., a lanthanide (Ln),
or a group I or II cation. The B-site contains mainly smaller cations from
the 3d, 4d, and 5d elements, but other cations from the semi-metals and

and optimization of the properties.

Introducing chemical disorder in the structure by means of partial
substitutions significantly influences the physical properties. For
example, in LaMnOs, A-site doping results in the mixed-valent manga-
nites that exhibit giant magnetoresistance [5-7], where the thermal
transport properties are also influenced by local distortions of the MnOg
octahedra [8]. Moreover, an inhomogeneous distribution of two or more
cations on the B-site is integral for relaxor ferroelectrics and ferromagnets
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[9-11]. Generally, the subject of most studies has been the effect of
compositional variation on the properties with only two cations on either
the A- or the B-site. However, compositionally complex oxides with up to
six cations on each site have recently been reported in the literature
[12-14]. These new systems broaden the scope for configurational dis-
order and are closely linked to the concept of high-entropy alloys.

Apart from the widespread use of the high entropy approach in metal
alloys, the concept of increasing configurational entropy has recently also
been utilised in other systems such as carbides, borides, and oxides
[14-18]. MO-type oxides with five cations have been reported to comply
with the definition of an oxide with a dominating entropy part which
induces a reversible phase transition between a single phase at high
temperature and several MO-type phases at lower temperatures [17]. In
this case of “high entropy oxides” (HEO), the transition temperature also
decreases with an increasing number of elements, as predicted from the
increased entropy contribution to the Gibbs free energy. However, this
effect remains to be confirmed in other compositionally complex oxide
systems raising the question if these are also to be considered
entropy-stabilised oxides [19].

In addition to the rock-salt MO-type oxide mentioned above, the
perovskite structure can also accommodate a large number of cations. For
perovskite-based materials, the stability of the structure is governed by
the relative sizes of the atoms involved. This can be quantified using the
Goldschmidt tolerance factor as shown in Equation (1), where t, Ra, Rp
and Rg are the tolerance factor, A-cation radius, B-cation radius and O-
anion radius respectively.

V2(Rs + Ro)

For an ideal cubic perovskite, t should be close to 1, whereasat t > 1,
the hexagonal perovskite-type structures are stabilised. At t < 1 the
structure may transition through trigonal, tetragonal, orthorhombic and
monoclinic symmetry as t decreases [20]. Additionally, the average
symmetry is determined by the ordering of the cations. The introduction
of additional degrees of freedom from configurational entropy, namely
by multi atom substitution at the A and B-sites of the perovskite, could
lead to improved compositional control. This in turn could lead to a
higher degree of tunability of both the physical and structural properties
of the materials. The stability as single phase materials of composition-
ally complex perovskites cannot be easily described with parameters like
the tolerance factor or the entropy of mixing. There is a need to under-
stand the contribution of configurational entropy, phase changes and the
effect of constituent cations [21].

The physical properties of several high entropy ceramics have
recently been reviewed, revealing improvements over simpler com-
pounds for numerous applications, including low thermal conductivity,
ion transport and catalytic properties [22,23]. However, the properties of
high entropy/compositionally complex perovskites are yet to be char-
acterised in detail. As a consequence of a large number of different
compositions available from this approach, structural studies of the fac-
tors influencing their phase stability are essential to future work.

In order to understand the effects of different cations in these
compositionally complex perovskites and their stabilising factors, a study
of compositionally complex perovskites with lanthanides at the A-site
and transition metals at the B-site is presented. The lanthanides oxides
were used to determine the compositional flexibility over the A-site of the
perovskite structure and were chosen from the larger Ln* cations from
La to Dy. Ce, Pr and Tb were excluded due to their variable 3/4+
oxidation states. Substitutions with Ca and Sr to influence the charge
balance at the B-site were also performed. The B-site cations were chosen
from the 3d transition metals, which are known to form ABO3 structures
crystallising in Pnma or R3c at similar sintering temperatures, i.e.
excluding Sc, V and Zn oxides. The compounds’ structure and phase
stability were studied by X-ray and neutron diffraction whilst chemical
states were probed using X-ray photon electron spectroscopy (XPS), and
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their magnetic properties were investigated using magnetometry.

The results of these investigations suggest that these compositions can
be described as solid solutions stabilised by ionic size compatibility and
charge balancing, and that the temperature of the structural transition
from Pnma to R3¢ symmetry can be related to the pseudo cubic unit cell
volume. The results form a guiding principle to the synthesis of oxides
with 5 or more cations in equimolar or close to equimolar compositions
simultaneously on the A and B-sites in the ABO3 perovskite structure.

2. Experimental

Samples were prepared using traditional solid-state synthesis
methods. Lanthanide oxides with purity >99.9% were pre-dried at 975
°C prior to weighing and mixed in stoichiometric proportions with the
necessary metal oxides (TiOp, Cro03, MnO, Fey03, Co304, NiO, CuO)
with purity > 99.5%. For substitutions with Ca and Sr at the A-site,
CaCOs and SrCOs with purity >99.9% were used. The mixtures were
ground in ethanol and pressed into pellets before heating. The pellets
were heated in air at 900 °C for 12 h, then at 1000 °C for 24 h and 1100
°C for 48 h with intermediate grindings. The heating and cooling rates
were kept at 5 °C/min during sintering, and the cooling rate did not
appear to affect the final product. Samples without CuO underwent an
additional heating step at 1250 °C for 48 h. After sintering the densities
were close to 85% of the theoretical density.

Powder X-ray diffraction (PXRD) patterns were collected at room
temperature using a Bruker D8 ADVANCE diffractometer equipped with
a Lynx-eye XE position sensitive detector (PSD) and Cu Ka radiation, and
a Bruker D8 with a focusing Cu Kal monochromator and a Lynx-eye PSD.
Diffraction patterns were collected within the range of 10-100° with a
step size of 0.01°.

Structural changes as a function of temperature were investigated by
synchrotron radiation powder X-ray diffraction using a custom-built
sample cell [24] at the P02.1 beamline at PETRA III (A = 0.207 10\)
[25]. Samples were placed in single crystal sapphire capillaries and
heated to 900 °C in an air atmosphere using a Kanthal wire coiled around
the capillary, followed by rapid cooling. During the experiments, images
of the scattered X-rays were recorded on a PerkinElmer XRD1621 fast
area detector, and the resulting 2D images were azimuthally integrated to
1D diffraction patterns using the software Fit2D [26]. Instrument peak
shape parameters and zero-point error were obtained from refinements
based on data collected on LaBe. The data were analysed by sequential
Rietveld refinements as implemented in the software TOPAS [27,28].

Two sets of neutron powder diffraction data were collected, one using
the MEREDIT instrument at the Nuclear Physics institute in Rez, Czech
Republic and a second using the Polaris time of flight diffractometer at
the ISIS pulsed spallation neutron source, Rutherford Appleton Labora-
tory, United Kingdom [29]. During measurements at the MEREDIT in-
strument, a copper mosaic monochromator (reflection 220) was used,
giving a wavelength of 1.46 A. Each pattern was collected in a 20-range of
4-144° at discrete temperatures ranging from 10 to 1200 K. The obtained
powder diffraction patterns were analysed in sequence with the Rietveld
method [30] implemented in the software FullProf [31]. For data
collection on the Polaris diffractometer, approximately 3 g of powder was
loaded into in a 6 mm diameter thin-walled vanadium sample can which
was either mounted on an automatic sample changer for data collection
at room temperature (293 K) or loaded into a helium flow “orange”
cryostat (AS Scientific Products, Abingdon, UK) for data collection at 4 K
[32]. Data reduction and generation of files suitable for profile refine-
ment used the Mantid open source software [33]. Multi-histogram
refinement using the software FullProf [31], where instrument specific
parameters (e.g. background and parameters related to the full width at
half maximum (FWHM)), as well as structural parameters (unit cell pa-
rameters, atomic positions, atomic displacement parameters (ADPs) and
the occupancy for the oxygen ions) were allowed to refine. The ADPs
were allowed to refine but constrained to have the same values for one
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Fig. 1. Fitted room temperature powder X-ray diffraction data (CuKa;) from
LaM(7)Os3 after Rietveld structure refinement (Ryp, = 5.84%) and structural
model of the disordered perovskite with MOg octahedra in blue and A cations in
green. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

crystallographic position (La/Nd and M(7) ions) and atomic type.

X-ray photoelectron spectroscopy (XPS) was conducted using an
Ulvac-Phi Quantera II spectrometer with monochromatic Al Ko radiation
(1486.7 eV). The analysis spot was set to a diameter of 100 pm, and an
electron take-off angle of 45° was used. Measurements were conducted
on sintered pellets of the samples under constant charge neutralisation
with an electron flood gun and low energy Ar" ions. To remove adsorbed
surface contaminants and minimise the effect of Ar™ induced reduction of
B-cation species, a pre-sputter step was employed using a 200 eV Ar™ ion
beam for 60 s. Survey and core-level spectra for all elements were
collected. Adventitious carbon was used as charge reference and the
position of the C 1s peak before sputtering was 284.8 eV.

The magnetisation measurements were performed using an MPMS
SQUID magnetometer and PPMS Physical Properties Measurement Sys-
tem, both from Quantum Design Inc. The temperature dependence of
magnetisation (M) was recorded under zero-field cooled (ZFC), and field
cooled (FC) conditions under the application of a constant magnetic field
H = 80 kA/m (1000 Oe). Magnetic hysteresis curves were recorded at a
constant temperature T = 5 K, 10 K or 300 K with magnetic fields swept
between +4000 kA/m (£50 kOe; MPMS) or + 7200 kA/m (+90 kOe;
PPMS).

Powder morphology and composition were obtained using a ZEISS
Leo 1550 field emission scanning electron microscope (SEM) equipped
with an AZtec energy dispersive X-ray detector for spectroscopy analysis
(EDS). Pellets of sintered powders were attached to a conducting carbon
tape, and point EDS measurements were performed using 20 kV on at
least 10 spots.

3. Results and discussion

The approach of mixing metal oxides with different solubilities while
maintaining electroneutrality adopted by Rost et al. [17] has also been
attempted in this study using binary oxides to form double perovskites
with different solubilities. By doing that, samples with 7 elements at the
B-site could be successfully synthesised within a single perovskite phase.
Thereafter, substitutions on the A-site were applied, and thus, the
complexity could be increased to include up to 13 cations in a
single-phase perovskite material. By the process of chemical substitution,
the question of which factors define phase stability can be investigated
through observation of impurity phases and structural parameters. The
results are presented first with a systematic crystallographic investigation
at room temperature including the valence states from XPS and
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Fig. 2. Fitted room temperature powder neutron diffraction patterns from
LaM(7)O3 after multi-histogram Rietveld structure refinement. Total Xz =
4.26%, Rpragg = 4.05, 4.23, 2.42 and 1.62% for Banks 5, 4, 3 and 2, respectively.

microstructure. Thereafter, the thermal stability is determined from
in-situ diffraction and finally the magnetic behaviour is discussed. For
simplicity, the chemical formulas are abbreviated in the text to LnM(n)O3
where n is the number of cations in equimolar concentrations at the
B-site.

3.1. LaTi1/7Cr1/7Mn1/7Fe1/7Co1/7Ni1/7Cu1/703 (LCLM(7)03)

The stepwise sintering procedure allowed for monitoring of the re-
action's progress using PXRD analysis. After the first sintering step at 900
°C for 12 h, lanthanum oxide, double perovskite phases, and several
oxide phases were present. A second sintering at 1000 °C for 24 h
resulted in a single perovskite phase with orthorhombic symmetry and a
subsequent heat treatment at 1100 °C improved the crystallinity. The
phase evolution of Lag sNdo sM(7)Os3 at the intermediate sintering tem-
peratures is shown in Figure S1.

The X-ray diffraction pattern of the final product showed a single
phase with no significant peak broadening. The pattern collected on
LaM(7)Os was indexed in space group Pnma with a = 5.5255(1), b =
7.7829(1), ¢ = 5.4980(1) A and V = 236.4(1) A%, as shown in Fig. 1 and
Tables S1, S2. These are similar to those observed for e.g. LaCrOs, a =
5.5147(6), b = 7.756(1), ¢ = 5.4796(6) A and V = 234.5(1) A>.

The morphology and composition of the sample were investigated
using SEM and EDS analysis. SEM images of the surface of a sintered
pellet of LaM(7)O3 revealed a porous surface with grain sizes < 2 pm
(Figure S2), which suggests a slow grain coarsening process. The result of
EDS point analysis of more than 10 spots indicated an average cation
composition of La51.0(9)Ti7.4(4)Cr7.2(2)Mn7.5(6)Fe6.6(6)Co7.1(4)
Ni7.1(2)Cu6.2(4) (excluding the oxygen content) and are close to the
expected nominal composition of 7.1 at the B-site, for full results see
Table S3 and Figures S3 and S4. The sample is slightly deficient in Cu,
most likely as a result of the low melting point of CuO.

3.2. Room temperature structure from neutron powder diffraction

A sample with partial substitution on the A-site, but keeping the 7
elements on the B-site, giving La;,»Nd;,2M(7)O3 was synthesised to
study the atomic positions and occupancies of the constituting elements
using neutron powder diffraction. The Nd substitution was chosen to
increase the orthorhombic distortion and facilitate the refinements, but
only partial substitution was implemented to avoid excessive neutron
absorption. The fitted diffraction patterns from four out of the five de-
tector banks from the Polaris instrument for the Laj/oNd;,»2M(7)O3
sample are visualised in Fig. 2. The refinement confirms the single phase
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B-O, = 1.9788(1) A

B-0,, = 1.9859(2) A
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B-0,, = 1.9812(2) A

Fig. 3. Structural model of La; »,Nd;,»,M(7)O3 showing (a) the oxygen positions, (b) transparent octahedra of the B-site with the calculated B cation to oxygen bond
distances and (c) calculated nuclear density map (isosurface level set to 0.33 fm/A%).

Table 1

Refined atomic positions, occupancy (fixed to 1/2 for each lanthanide and 1/7 for each transition metal) and ADPs from NPD at room temperature for La; ,oNd; ,2M(7)O3

using the space group Pnma.

Ton Wyckoff position X y 2 Occupancy Biso
In 4c 0.46495(2) 0.25 0.00766(5) 1 0.624(2)
M 4a 0 0 0 1 0.370(2)
o1 4c 0.51411(4) 0.25 0.57390(5) 1.0(1) 0.798(1)
02 8d 0.21351(3) 0.03910(3) 0.28631(3) 1.0(1) 0.798(1)
o
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Fig. 4. XPS spectra for Ti 2p and Cu 2p collected on a SmM(7)O3 compound. Raw data is plotted with grey open circles and the results of peak fitting with lines (peak
sum in black, individual peaks in blue and background in dashed blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

character for Laj »Nd;,oM(7)0O3, with the space group Pnma and a =
5.5008(1), b = 7.7419(2), ¢ = 5.4744(1) A and V = 233.1(1) A>. The
occupancies were set to 1/2 each for La and Nd, and to 1/7 for each
transition metal, however, refinements of the oxygen occupancies were
allowed but did not vary from full occupancy. The unit cell is shown in
Fig. 3a, where only a small distortion of the octahedra is observed,
Fig. 3b. The calculated nuclear density map, Fig. 3c, especially shows that
the oxygen position is well determined giving the shape of the oxygen
spheres and no extra nuclear density in close proximity to the oxygen.
Atomic positions and occupancies are summarised in Table 1.

3.3. Valence state determination

X-ray Photoelectron Spectroscopy (XPS) was used to investigate the
transition metal oxidation states and, given that the La 3ds,, peaks
overlap with the weak Ni 2p3/» peak at 853 eV, an analogous Sm based
sample was synthesised with the nominal composition Sm(Ti; 7Cr1,
7Mn; s7Fe; 7Co1,7Ni1 ;7Cu1,7)O03. A detailed analysis and the spectra
collected for all the elements in the SmM(7)O3 sample are given in the SI.
This analysis suggests that the oxidation states for the transition metal
cations are Ti*"Cr3*Mn3/4*Fe3TCo® Ni®*Cu!" in this specific sample,
with likely mixed oxidation states for Mn balancing the overall charge at
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Table 2
Summary of the compounds investigated at room temperature.

Composition Abbreviation Space

group

Unit cell parameters

a®) bA) c@)

LaTi, ,,Cr1, 5.5246(8) 7.778(1) 5.4984(8)
7Mn;y 7Feq,
7Co1/7Niy/
7Cuy,703

Laj oNd;,
2Tiy7Cry/

7Mny 7Feq,

LaM(7)03 Pnma

La;/oNd,, Pnma 5.5018(6) 7.7438(9) 5.4763(8)

2M(7)03

7C01,7Nir/
7Cuy,/703
SmTi; 7Cry,
7Mny 7Feq,
7C01,7Ni1/
7Cuy,/703
SmCry ;sMn; ,
sFeq/5C01/
sNi1/503
LaCr;sMn;
sFe1/5Co1/
5Niy /503
LaTi, s6Cry1,
6Mny 6Feq,
6C01/6Ni1/
603
LaTi, gCry/ LaM(7,+Mn) Pnma
sMny/sFei, O3
8Co1/gNiy/
8Cuy/803
LaCr; ;Mng, LaM(5,+2Mn) Pnma
7Fe1,7Co1/ O3
7Ni 703
LaTi, sMn;,
6C02/6Ni1/
6Cu1/603
Lag gCag 2Cry,/ Lag gCag 2M(5) Pnma
sMnysFei;, O3
5C01/5Ni1/
503
LaggSro2Cri;  LaggSroM(5)  R3c
sMnysFe;, O3
5C01/5Ni1/
503
LaTiy/sCry/ LaM(7,+Co) Pnma
sMny gFeq, 053
8C02/gNiy/
8Cuy/803
LaTi;/sCrq/
sMny /gFes,

SmM(7)O3 Pnma 5.549(1) 7.623(2) 5.366(2)

SmM(5)O3 Pnma 5.497(2) 7.612(3) 5.350(2)

LaM(5)03 Pnma®  5.5074(8)  7.739(2) 5.4630(8)

LaM(7,-Cu)O3 Pnma 5.5321(8)  7.806(1) 5.5225(8)

5.527(1) 7.790(2) 5.503(1)

5.5239(9) 7.777(2) 5.4949(9)

LaM(7,-Cr-Fe Pnma 5.509(1) 7.735(2) 5.4606(9)

+ Co)O3

5.473(2) 7.691(4) 5.436(2)

5.4813(5) - 13.269(1)

7.750(2) 5.512(1) 5.4746(8)

LaM(7,+Fe)O3  Pnma 5.5282(5)  7.7869(9)  5.5055(7)

8C01/8Ni1/
8Cuy/503

2 A small amount of an R3¢ phase was observed but could not be indexed due to
overlapping reflections with the Pnma phase.

the B-site to +3. Fig. 4 shows two of these spectra where the spectrum
collected for the Ti 2p core level shows a sharp peak with a FWHM of 1.4
eV at 458.0 eV and no clear indication of oxidation states other than Ti*"
[34]. The observed binding energy for the Cu 2ps/» peak at 933.0 eV is
only slightly higher than the literature value reported for CuyO of 932.5
eV [35] and the spectrum lacks. The spectrum lacks the satellite peaks
that are observed in the spectrum of CuO [36]. Due to the preferred linear
and planar coordinations for Cu™ in oxides it cannot be ruled out that Cu
will have mixed states in this perovskite structure that are not clearly
detected with XPS analysis in these samples.

3.4. Phase purity with varying composition

The successful preparation of LaM(7)Os motivated a systematic
investigation of the structural changes with increasing temperature and
phase purity in samples with different cation compositions at both the A
and B-sites. These syntheses include a substitution of the A-site cation,
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various equimolar and non-equimolar compositions at the B-site and
even with multiple atoms at both the A and B-sites. The compounds
investigated in detail in this study are shown in Table 2, but for a list of all
compounds synthesised see Table S4 in the supporting information (SI).
The compounds presented in this study could be regarded as solid solu-
tions of their binary oxides, as previously observed in LaM(5)O3 [37].
Similarly, the average of the reduced unit cell volumes of the six simple
SmBOj perovskites with B = Ti, Cr, Mn, Fe, Co, Ni (56.7 A3)is close to the
values obtained for SmM(5)03 (56.0 10\3) and SmM(7)03 (56.7 10\3). For
full details, see Tables S4, S5 and Figure S6 in SI. Substitution of the
lanthanide with group II metals appears to be limited to a maximum x =
0.2 in La; xAyM(5)Os. These compositions have a charge of 2.8+ at the
A-site and, without oxygen vacancies, a charge of 3.2+ at the B-site. The
resulting charges of each B-site cations would be Cr** Mn** Fe3" Go3*
Ni%*, and further oxidation by increasing the x content is unfeasible. A
selection of these compositions was chosen for further analysis to allow
investigation of various aspects of the system. The effects of B-site
composition were investigated by altering both the number of B-site
cations and their concentration whilst the A-site substitution was probed
through substitution with other lanthanides and group II metals.

3.5. Variable temperature in-situ diffraction

A detailed temperature dependent neutron powder diffraction
investigation was performed up to 930 °C for the La;j/oNd;,»M(7)O3
sample on the MEREDIT diffractometer in Rez. Pseudocubic unit cell
parameters, phase fractions and bond distances for the B-O bonds are
plotted in Fig. 5. The unit cell parameters increase continuously with
increasing temperature until 700 °C, above which a second phase, having
a trigonal R3c structure, coexists with the orthorhombic phase and small
changes in the slopes of the a' and b' reduced unit cell parameters are
observed. The absence of a group/subgroup relation between these space
groups indicates the orthorhombic to trigonal phase transition is of first
order. The structural model refinements show that there are no vacancies
at the oxygen sites throughout the studied temperature interval and the
M — O distances indicate no Jahn-Teller distortions of the octahedra at
room temperature, although with increasing temperature, the equatorial
distortion increases. This can be clearly observed as the B-O; distance
follows the average M — O upon heating whereas the equatorial bond
distances (B-Og; and B-Oxy) distorts in different directions compared to
the average giving asymmetric M — O octahedra at elevated
temperatures.

To study the structural phase transitions at high temperatures in
several other compositionally complex perovskite samples, in-situ powder
X-ray diffraction was performed between room temperature and 900 °C.
As an example, the data for LaM(7)Os is shown in Fig. 6, where the Pnma-
R3c transition occurs around 500 °C. The first set consists of LaM(7)Os3,
LaM(7,-Cu)O3 and LaM(5)O3 with equimolar quantities of 7, 6 and 5
cations, respectively, on the B-site. It is worth noting that LaM(5)O3
crystallises in a two-phase region already at room temperature, whereas
previous reports suggest that the two-phase region for this composition
exists only above 150 °C [38]. Furthermore, first-principles calculations
have suggested a degeneracy of the orthorhombic and rhombohedral
phases at room temperature for LaM(5)O3 [37]. The second set of com-
positions consists of samples with 5 and 7 different cations but with
non-equimolar concentrations of Mn and Co, which can display multiple
oxidation states to balance the charge at the B-site. In the third set, the
B-site cation content is fixed, whereas La®t at the A-site was partially
substituted with Ca?* and Sr?* in an attempt to increase the charges of
the B cations and study the effect of A cation size on stability.

Perovskites with the composition LaMOs (M = first-row transition
metal) predominantly crystallise in either orthorhombic Pnma or trigonal
R3c space groups, where the latter symmetry is favoured by small B-site
cations and high temperatures [39-45]. The two structures differ by their
octahedral tilt system: the Pnma phase can be described through two
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Fig. 6. (a) The diffraction patterns collected for LaM(7)O3 with increasing temperature (A = 0.2071 A) and (b) V/Z as a function of temperature.

out-of-phase tilts of equal magnitude and an in-phase tilt along the third
axis (@'a’c’ in Glazer notation), whereas the R3¢ symmetry is driven by
out-of-phase tilts polarised along all three axes of the pseudo-cube (aaa’)
[46,47]. The particular tilt system observed is dictated by the Gold-
schmidt tolerance factor and the optimization of the bonding environ-
ment for the A-site cation [20,48]. The compositionally complex
perovskites presented in this work can be considered as multi-component
solid solutions of the LaMOjs systems and hence mirror their phase
behaviour. The phase diagrams in Fig. 7 show that at low temperatures,
Pnma symmetry is generally observed and increasing temperature leads
to a first-order transition to the rhombohedral phase, with a region of
coexisting phases. No evidence of B-site cation order was found for any of
the systems under study, which would have reduced the symmetry to
P21/n and R3, respectively [49]. The lack of B-site cation ordering was
also confirmed with transmission electron microscopy and electron
diffraction for the sample Ln(6)M(7)O3 (full description in SI).

The observed temperature for the Pnma-R3c structural transition is
highly dependent on the composition on both the A and B-sites. For
example, as seen in Fig. 7, set 1 at the top, LaM(5)Og transitions to the
R3c phase below 150 °C and a careful examination of the diffraction
patterns reveals the presence of the two phases at room temperature, but
the incorporation of Ti to give LaM(6)O3 increases the transition tem-
perature to above 750 °C. The further addition of Cu to produce the
LaM(7)O3 sample reduces the transition temperature to about 500 °C.

These observations can be correlated to the reduced cell volume at room
temperature, V/Z being the largest for LaM(7,-Cu)O3 and smallest for
LaM(5)Os. In the second set of samples shown in the third set, at the
bottom of Fig. 7, the cation composition at the B-site is not equimolar;
however, a similar trend with reduced unit cell volume is observed. In the
Sr containing sample in Fig. 7, the A-site substitution with Sr?* stabilises
the rhombohedral phase across the entire temperature range studied due
to the increased tolerance factor [48,50].

Within the compositionally complex perovskites studied with in-situ
diffraction techniques, the phase transition between the Pnma and R3c
space groups is seen to occur over a relatively large range of tempera-
tures. Typically, the structures of perovskite-based materials can be
predicted using the Goldschmidt tolerance factor as a guiding principle.
However, this becomes more problematic given the nature of the
compositionally complex perovskites studied here with uncertain/mixed
oxidation and spin states of the B-site cations. Furthermore, approximate
values of the tolerance factors could be determined based on oxidation
states as determined from XPS data of SmM(7)O3 (see section 3.3) and
assuming low spin states [51]. The estimated tolerance factors fall within
the expected range for the orthorhombic structure with values in the
region of 0.96-0.99 but with very little variation upon B-site substitution
and hence do not provide significant insight to their phase stability.

However, the reduced unit cell volumes do provide a trend to the
structural stability of these systems. The relationship between the phase
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Fig. 7. Phase transitions of the studied samples as a function of temperature.
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is visualised by the coloured circle segments. The V/Z values are taken from
room temperature refinements. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

transition temperature and the reduced unit cell volumes at room tem-
perature is plotted in Fig. 8. A general trend is observed with larger unit
cell volumes favouring higher phase transition temperatures, although
there are some significant deviations to this relationship. Compounds
with variations only in B-site composition (LaMOs3) obey this trend more
strictly. However, in compositions with substitution of La at the A-site,
the tolerance factor appears to be the dominant factor. In these cases, the
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larger A-site radius favours the R3c crystal structure over the Pnma
structure as previously reported in numerous compounds [40,41]. Whilst
Lag gSrg.oM(5)03 adopts R3c symmetry at room temperature, no phase
transition temperature could be observed since the diffraction experi-
ments were limited to 293-900 °C. At high temperature, the R3c crystal
structure is expected to undergo a phase transition to a cubic space group,
as observed in LaAlO3 [52].

Phase purity can be achieved for both equimolar and non-equimolar
samples over a range of compositions considering that no oxygen va-
cancies form and that the oxidation states of the B-site cations change
accordingly to give charge neutrality. Despite their isostructural nature
and little variation in tolerance factors, a very large degree of tunability
in phase transition temperature can be achieved through subtle and small
changes in the B-site composition. A similar effect has been reported in
LaCrOs, where the transition temperature is lowered by partial sub-
stitutions at the B-site with smaller cations as in La(Co,Cr)Os [53] or by
substitutions at the A-site that increase the tolerance factor [54]. The
clear correlation between reduced unit cell volume and phase transition
temperature can thus be used to approximate the compounds’ phase
transition temperatures from room temperature cell parameters.

3.6. Magnetism

Given the large proportion of magnetic ions in the compositionally
complex perovskites, the magnetic behaviour was investigated for La;,
2Nd1/2M(7)03, LaM(7,+Mn)Os, LaM(7,+Co)0s, LaM(7,+Fe)Os,
LaM(5,4+2Mn)Os3 and Lag gSrp oM(5)Os. The temperature dependence of
the magnetisation M(T) is presented in Fig. 9. Magnetic hysteresis M(H)
curves recorded at T = 5 K are added as insets; 1 A m?/kg represents
~0.043 pp/B-site for all samples. At 300 K all the samples exhibit linear
paramagnetic-like M(H) curves. The samples display different magnetic
behaviour reflecting how the magnetic interaction is altered by the B-site
cations and their respective concentrations. La; oNd;,2M(7)03 (Fig. 9a)
shows a shape of the magnetisation and the inverse susceptibility curves
that are reminiscent of a ferrimagnetic behaviour at low temperatures
[55,56], or an antiferromagnetic (AFM) behaviour with a weak excess
moment, smaller than 0.1 pB/f. u (see SI for details). This behaviour is
consistent with earlier findings of magnetic compositionally complex
perovskite samples [56]. The M(T) curves of LaM(7,4+Mn)O3, LaM(7,
+Co0)O3 and LaM(7,+Fe)Os are shown in Fig. 9b. All these samples
exhibit a ferrimagnetic-like response akin to that observed for
La; oNd; 2M(7)Os. The temperature onset of ferrimagnetism is different
for the four samples, about 180 K, 130 K, 100 K and 80 K for LaM(7,+Fe)
O3, LaM(7,+Mn)O0s, La; /2Nd; ,osM(7)03 and LaM(7,+Co)Os, respectively.
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Fig. 8. Reduced unit cell volume vs phase transition temperature determined by in-situ X-ray diffraction for six of the compounds studied.
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Fig. 10. Refined magnetic structure model of La; »Nd;,oM(7)Os3, in the space
group Pn'ma’ at 4 K, giving a total magnetic moment of ~0.3 uB per B-site.

The high-field magnetisation values also differ (insets in Fig. 9a and b)
while LaM(5,+2Mn)Os (Fig. 9¢) displays a larger magnetisation and a
large coercivity He (M(T = 5 K, H = 4000 kA/m) ~20 A mz/kg and Hc¢
~470 kA/m (5875 Oe)). However, no clear transition is observed, in
spite of a faint ferrimagnetic like inflection near 170 K. The
temperature-dependent magnetisation curves suggest short-range mag-
netic order for LaM(5,+2Mn)Os3. The situation is similar for
Lag gSrp oM(5)03 (Fig. 9d), where magnetic irreversibility is observed
below ~250 K. There are several broad features in the M(T) curves, and
the M(H) curves are more complex, suggesting a greater magnetic in-
homogeneity in that system.

Given the complex magnetic behaviour of the compositionally com-
plex perovskite samples, neutron powder diffraction data were collected
from Laj/»Nd;,2M(7)O3 at 4K on the Polaris diffractometer at ISIS to
investigate its magnetic structure. For a discussion of possible magnetic
space groups (MSGs), the reader is referred to the SI. The best magnetic
structure model that both fitted the NPD patterns and the magnetisation
data, was found within the MSG Pn'ma/, Fig. 10. The structure is anti-
ferromagnetic with magnetic moments only on the B-site with a total
value of 0.32(4) pp along the x-direction. This magnetic structure model
is compatible with the magnetometry results which suggested an AFM
configuration with a weak excess moment.

4. Conclusions

The compositionally complex perovskite LaTi; 7Cr1,7Mn; /7Fe; 7Co1,
7Ni; 7Cuy 703 (LaM(7)O3) was synthesised through traditional solid-
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state synthesis and analysed by X-ray diffraction, and SEM analysis. The
diffraction data confirm a single-phase perovskite with Pnma symmetry
and no evidence of cation ordering. The nominal composition of the
compound was also confirmed by EDS analysis whilst the XPS analysis of
the isostructural compound SmTi; ,Cry,7Mn; 7Fe; ,7Co1,7Niy 7Cuy 703
revealed an unusual Cu * oxidation state and suggested mixed oxidation
states of Mn>**

Room temperature neutron diffraction data of the related Laj oNd;,
oM(7)03 revealed a crystal structure isostructural to LaM(7)O3 with no
evidence of oxygen vacancies. The effects of composition on both the
structure and phase stability were investigated with variable-
temperature synchrotron PXRD. This revealed a phase transition be-
tween the Pnma and R3c space groups with a large degree of tunability of
the transition temperature with composition. The phase transition tem-
perature has a dependence on the reduced unit cell volumes rather than
solely on the Goldschmidt tolerance factor.

The effects of composition upon the magnetic properties were also
investigated, and magnetometry of selected samples revealed a low-
temperature ferrimagnetic phase transition. Both the phase transition
temperature and magnetisation display a strong dependence with respect
to composition. The magnetic structure was determined from low tem-
perature neutron diffraction data of Laj »Nd;,oM(7)O3 which revealed
magnetic ordering below 100 K and an antiferromagnetic structure
described by the magnetic space group Pn'ma’.

The perovskites presented in this work suggests that this range of
compositions can be considered to be solid solutions stabilised by
compatible ionic sizes and charge balancing. Compositionally complex
compositions provide the opportunity for fine tuning physical properties
and structural transitions, which could be applied to other perovskites
and oxides. It is expected that the findings presented in this will lead to
the design of new compositions with interesting thermoelectric, mag-
netic and transport properties. Furthermore, it is likely that many of these
properties will exhibit large tunability given the large number of possible
cation and anion combinations in these complex perovskites.
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