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Abstract: Cation size effects were examined in the mixed
A-site perovskites LgSm,:CrQ, and LagsTh,sCrO, pre-
pared through both hydrothermd and solid-state meth-
ods. Atomically resolved electron energy loss spectroscop|
(EELS) in the transmission electron micros@pghows that
while the La and Sm cations are randomly distributed, in
creaseal cation-radius varian® in Lg,:Th,CrO, results in
regions of localised La and Tb layersan atomic arrange-
ment exclusive to the hydrothermaly prepared material.
Solid-state preparation gives lower homogegity resulting
in separate nanoscale regiors fich in L&* and Tb*". The
A-site layering in hydrothermal LgTh,CrQ, is rando-
mised upon annealig at high temperature, resulting in
magnetic behaviour that is dependent on synthesis route.

-

Perovskites ABxare one of the most versatile group of materi-
als in solid-state chemistry with respdcto valence and ionic
radii of the possible incorporated cationsA and B, as well
choice of anion X, from oxide to halids This compositional
and structurd flexibility allows a variety of distartions from the
archetypical cubic perovskite structure mediated through phe-
nomena auch as cation displacements, octahedral tilts, ordered
vacancies andJahnbTeller effects. For perovskite oxad this
gives rise to interesting and functional properties such as
high-temperature superconductivity, piezoelectricity and fer-
roelectricity, colossd magnetoresistance multiferroism and cat-
alytic activity!"

More subtle cation order/disorder effe® can resut when
multiple metals share the same crystallograpli position;? in
particular, ordered cation arrangements are probable when
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their charge and/or ionic radi differ sufficiently®® Ordered ar-
rangements of mixel B site cations ae observed more fre-
quently than those of the A ste.! Rock-salt ordering o8 stes
in compositions ABBX; is commonplace, while layered config-
urations of the A dtes in compositions AAB,X; or AABBX; are
found when they provide lower bonding strains with the
neighbouring anions’® For those materials, layered\ ste ar-
rangements result from effects driven by theB ste ordering,
such as anion vacanciesA dte vacancies and second-order
JahrDEller distortions®® A review of the literature shows that
it is rare for stoichiometrc perovskites to exhibit long-range A
site order in the absence of an ordered®/B sublattice, with
layering effect being observed only on the local scale without
B dte ordering in materials such as NalBB)O; (B= Fe or Mn,
and B= Nb or Tg), in which B ste second-order JahnBTeller ef-
fects and charge difference between the Naand L&" are the
driving mechanisms? Structural order may be driva by anion
vacancies, such as the ordered cation arrangements of the
triple perovskites, YB£u,0,, and YBaFeO;, ,, with sepamate
eight- and ten-coordinate A stes, respectivel{?’ In this paper
we investigate the possibility ofA dte order in chromite perov-
skites, in which by usinga dngle B dte cation and isovalent
lanthanides on theA dte we negate the common mechanisms
for A dte order. In doing so, we are able to observe the direct
effects of cation radius variane on A site ordering in mixed
rareearth orthochromite perovskites.

Rare-earth orthochromite perovskites are already known to
exhibit a plethora of properties® and it is their magnetoekc-
tric properties that have produced most interest, firstly with
the theoretical prediction of a spontaneous dectrical polarisa-
tion,*? followed by the experimental observatia of both
canted antiferromagnetism and polarisation in several RCrO,
oxides R= Snt*, G*, TB**, EF* and Tnt* )™ and observa-
tions of spinBphonon couplings as result of magnetically in-
duced symmetry breaking™™® Recently it was shown that the
presence ofa magnetic B* cation is not necessary to generate
such behaviouf!® and current theoretical work suggests that
these polarisations can be tuned by exterranagnetic fieldst”
We have previously shown how hydrothermlaconditions at
approximately 4008C can be used to form well-crystallised
samples of rare-earth orthochromites with magnetic properties
that match those from conventional synthesi&® Herein, we
compare synthesis routes of new mixedA ste examples not
lﬂ_reviously reported by any synthetic method, in which ex-
treme A-site radius variance leads to preparation-dependent
local structure and, in turn, magnetic properties.
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Crystalline LgsSm,CrO, and La sTh,CrO, were each pro-
duced through two distinct synthetic routes involvirg very dif-
ferent reaction temperatures the hydrothermd treatment of
an amorphous mixed-meth hydroxide at approximately
4008C** and conventional solid-state synthesis, in which the
same amorphous mixed-metal precursors weffired at temper-
atures of 120(8C o higher in air. Hydrothermal synthesis pro-
duced phase-pure powders of LgSm,CrO, and La sTh, CrO,
at temperatures of 3758C for 6 h) and 4108C for 12 h), re-
spectively whilst solid-state reactions were performed at
12008C for 12 h) and 140@C (or 96 h).

The resulting product of each reaction (Figuréa, b and the

Supporting Information, Figure S1) is phase pure by powder X-
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Snmt*, and the L&" and TB*, were modelled on the same
crystallographic £ position (x, '5, z) with split occupancy The
refined lattice parameters of both materials displag linear de-
pendence between the respective single lanthanide end mem-
bers, following VegardOs law (the Supporting Information,
Teble S1 and Figure S2). The smaller mean ionic radius of the A
site in LasTh, CrQ, results in increased tilting of the CrQocta-
hedra, compared to LgsSm,<CrQ,, giving a amaller unit cell
volume.

The lattice parameters of the materials produced through
the two synthesis routes agree within 0.2 for La,sSm,CrO,
and 0.4% for LasThysCrQ, (the Supporting Information,
Table S2). PXRD suggestthat the hydrothermally prepared

ray diffraction (PXRD). The patterns of all four materials werematerials are the more crystalline powders, as broader peaks

indexed to the orthorhombic space groupPnma and Rietveld
analyss showed their structures to be that of the classical
GdFeQ distorted perovskite. No evidence for ordering effects
of separate lanthanide sites was observed in the powder dif-
fraction data (such asa contracted unit cell that might result
from segregation ofA dtes into layers), and both the L3 and

Figure 1. Rietveld refinements performed against ran temperature PXRD
data ( = 1.54056a) of hydrotherma samples of a) LgsSm, CrO, and

b) La sTh, :CrQ,. The regions 60 2q, 100 are scald to display the fits at
higher angle. Observed data (black crossesgculated (red line), and differ-
ence (blue line) patterns are shown. Green tick marks denote posittoof
expected reflections for space grouf’nma TEM images compare particle
morphologies between hydrothermal and solid-state-prepared materials of
c),d) LasSmyCrO, and e),f) LgsTh, sCrO, respectivey.

Chem Eur. J.2016, 22, 18362D 18367 www.chemeurj.org

were observed for the solid-sta samples. In addition, trans-
mission electron microscopy (TEM) shows that hydrothermal
treatment of the amorphous precursors leads to increased ho-
mogeneity of particle morphology and size compared to those
fired at 12008C or above. Dendritic morphologies ofa few nm

in size are observed for both hydrothermal samples (Figute,
e), whereasa much greater distribution of particle size is ob-
served for the solid-state prepared materials, ranging from 0.1
up to 10 mm (Figure1d, f).

Raman spectra (the Supporting Information, Figure Sdjs-
play mode-softening behaviour towards LaCrD as was ob-
served in allRCrQ,** and the increased breadt of the ob-
served bands in LgsTh,sCrO, gave an indication of composi-
tional disorder present on theA ste. Compositional disorder in
AA1eBX materials can be quantified by the statistical variance
(s?) of the ionic radii of the two A-site cations presentwith
higher varian@ referring to greater size disparity The impor-
tance of this was emphasised by Attfield, who showeecation-
radius variance to affect the magnetoresistdy properties of
doped lanthanide manganite materials (Lg,SEMNO;) and cup-
rate superconductors (LaStCuQ)*® To the best of our
knowledge, the new Lg <Th, CrO, composition has the largest
A-site radius variance of any mixed rare-earth chromite report-
ed to date, 25% greater than that of Lg.Gd,.CrQ,*" (Fig-
ure 2a, b). It is possible that the longe synthesis durations and
higher temperatures requied for La,sTh,sCrO, by both syn-
thetic routes (the Supporting Information, Figure S4) are asso-
ciated with this increased radius variamc compared to those
of Lag,sSm,CrQ,. Using the lower temperature arm shorter re-
action time needel for La,sSm,CrO, resulted in the presence
of hydroxide impurities in the hydrothermal LgsTh,CrO, ma-
terial. Attempts were made to produce solid solutios with
greater variance, such as L&Ho,:CrQ, and LasYh,:CrQ, (the
Supporting information, Figure S5) however, these did not
result in single phases, suggesting the existence afsynthetic
A-site radius variance limit.

High-angle annular dark field scanning transmissicglectron
microscopy (HAADF-STEM) and electremergy loss spectros-
copy (EELS) were performed on crystallites alighalong the
[101] zone axis in thePnma setting (equivalent to pseudo
cubic [100] projection of PmBm), which provided large separa-
tion between neighbouring A and B ste columns, ideal for
EELS mapping. The lanthanides appeared as brighter columns
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