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The feasibility of chemical doping of a double double perovskite
(DDPv) is demonstrated by La,Ca;_,MnMnReOg solid solutions in
which cation-site ordering is preserved to x > 0.5 while La3*/Ca%*
substitution at one site tunes magnetic properties. Each of the
~20 DDPv's discovered by high pressure synthesis in recent years
is thus a starting point for chemical tuning to discover and tune
electronic and magnetic properties.

Perovskite oxides ABO; and related materials have a wide range
of important physical and chemical properties. An important
mechanism for tuning properties is through aliovalent cation
substitution, typically compensated by changes in oxidation
state of other metals. This is a well-known way to dope ternary
oxides, e.g. tuning of CMR (colossal magnetoresistance) and
associated effects in La; ,Ca,MnO; and related manganite
perovskites, and of superconductivity in La, ,Sr,CuO, and
other layered-perovskite cuprates. More complex materials
where multiple cation orders are present are also important
for electronic or catalytic properties,' but chemical doping may
induce disorder that disrupts properties of interest. For exam-
ple, replacing Sr** by La*' in the ferrimagnetic CMR double
perovskite Sr,FeMoOg leads to inversion disorder of the B-site
Fe/Mo cations accompanied by a decrease in magnetisation.”
As well as leading to AA'B,0Og or A,BB’O4 double perovskites
(e.g. Sr,FeMoOg above),>* 1:1 cation ordering in perovskites
can lead to AA'BB’'O¢ double double perovskites (DDPv’s) with
cation ordering at both sites. Over the last decade, an extensive
DDPv family based on columnar A/A’ and rocksalt B/B’ cation
orders has been discovered.’ These materials have a tetragonal
(space group P4,/n) perovskite superstructure and are prepared
under high pressure (~10 GPa) and high temperature (HPHT)
conditions to stabilise order of large A = rare earth R** or Ca®*
and small A’ = transition metal (usually Mn>") cations. Exam-
ples include RMnMnB'Og for B = Sb and Ta,*” CaMnBReOg
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(B = Fe, Mn, Co, Ni),*'® CaCuFeReOg,"" and CaFeFeNbO,."
This DDPv structure has five distinct cation sites, four of which
can be occupied by magnetic transition metal cations (two A’
column sites as well as B and B’ sites) leading to a variety of
magnetic properties, including high temperature (~500 K)
ferrimagnetism and magnetoresistance in CaA’FeReOg
(A’ = Mn and Cu) DDPvs.""""* However, A-site disorder is also
observed when some AA’BB’O4 compositions are synthesised at
HPHT conditions, written as (AgsA(s),BB'Os to emphasise
that these are double perovskites with B/B’ cation ordering but
without A/A’ order. (Ro sMny 5),MnB’Og (B’ = Sb and Ta) double
perovskites were obtained for small rare earth cations, and both
double double and double perovskite polymorphs have been
recovered for some compositions, e.g. CaMnMnWO, and
(CagsMng 5),MnWOg from varying temperatures at 10 GPa
pressure.™

Continuous tuning of properties through aliovalent substi-
tutions has not been reported for any DDPv. To demonstrate
that such doping control is possible, and without loss of A/A’ or
B/B’ cation orders, we have investigated La** doping of CaMn-
MnReOg. This DDPv with charge configuration Ca*>"Mn*'Mn>"
Re®*0, was reported to have a high degree of cation order (full
Ca/Mn A/A’ order and only 4.0(1)% Mn/Re B/B’-antisite
disorder).® A ferrimagnetic transition at T¢ = 120 K was
observed in magnetisation measurements and magnetic hyster-
esis at 3 K revealed a saturated magnetisation of mg = 3.4z, and
a notable coercive field of 1.6 T reflecting strong anisotropy
from spin-orbit coupling in 5d' Re®'. Neutron diffraction
revealed two spin ordering transitions, an antiferromagnetic
ordering of B-site Mn/Re spins in the ab-plane at 120 K and
ferrimagnetic order of A-site Mn spins parallel to ¢ at 100 K.
This complex spin ordering is unusual in DDPv’s, where
ferrimagnetic order of all spins parallel or antiparallel to the
c-axis is most common.” Hence, the present La*" doping study
has been performed to investigate whether the DDPv structure is
robust to doping, and if so how the magnetic properties change.

La,Ca; ,MnMnReOg compositions with x = 0.25, 0.50,
and 0.75 were treated under high pressure-high temperature
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(HPHT) conditions using a Walker type multianvil apparatus.
CaMnQOj;, LaMnO;, MnO and ReO, reactants were mixed in
stoichiometric ratios, packed in a Pt capsule, compressed to
10 GPa pressure, and heated at 1000 °C for 30 minutes before
quenching to room temperature and slowly depressurising to
ambient conditions. X-ray powder diffraction (XPD) from a
Bruker D2 diffractometer (CuKa radiation, 5° < 20 < 70°)
was used for sample characterisation. A Quantum Design PPMS
was used to collect variable temperature and field magne-
tisation data. Neutron powder diffraction (NPD) data from
composite samples of the three compositions (made by com-
bining 3-4 high pressure products) were collected on the D20
beamline at the ILL facility at temperatures 1-2, 50, 100, 150,
200, and 250 K using a wavelength of 2.40 A for crystal and
magnetic structure refinement. Fullprof software was used to fit
diffraction data."

XPD data in Fig. 1a show that La,Ca; ,MnMnReOg samples
for x = 0.25 and 0.50 are near phase-pure DDPv’s and with small
amounts of MnO (4.8 and 7.2% respectively), but x = 0.75 has
further secondary phase contributions showing that this com-
position lies above the limit for La substitution under the HPHT
synthesis conditions used. Fits to these data (shown in SI) of a
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Fig.1 (a) XPD patterns for HPHT-synthesised La,Ca; yMnMnReOg sam-
ples with nominal compositions as shown. (b) Tetragonal P4,/n DDPv
LayCa;_xMnMnReOg crystal structure model. La/Ca and Mn are ordered in
A-site columns with Mn further ordered into tetrahedral and square planar
environments, while MnOg and ReOg octahedra have rocksalt-type order
at the B-sites. Magnetic moments are also shown in red. (c) Magnetic
structure model. A-site Mn moments (red and yellow) are ferromagneti-
cally ordered parallel to the c-axis, while B-site Mn and Re spins (large and
small blue arrows) are antiferromagnetically ordered and rotated by 90°
relative to their neighbours in the in the ab-plane.
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Table 1 Summary of structural and magnetic parameters for La,Ca;_-
MnMnReOg DDPvs. x = 0 values are from ref. 8, and others are from this
work. Results from top to bottom are; cell parameters from fits to 300 K
XPD data; refined La/Ca and Mn(Re) (= B/B’ inversion) site occupancies
from 250 K NPD fits; Curie temperature T¢, coercive field H. at 2 K, and
saturated magnetisation per formula unit (f.u) mg at 2 K and 9 T from
magnetisation measurements; and refined Mn moment (equivalent to the
net saturated moment per f.u.) from 2 K NPD fits

X 0 0.25 0.50 0.75
Cell parameters

alA 7.7080(2) 7.7680(5) 7.793(1) 7.738(1)
c/A 7.7730(3) 7.7442(9) 7.763(3) 7.726(2)
VIA® 459.44(2) 467.29(7) 471.5(2) 462.6(1)
Site occupancies

A-La(Ca)/% 0 14(2) 48(2) 75
B-Mn(Re)/% 4.0(1) 4.0(6) 0 14(1)
Magnetic parameters

T./K 120 145 185 185
H,/T 1.38 0.36 0.13 0.14
mglug fu™? 3.4 2.0 2.0 1.3
mMn/pig 2.70(6) 1.09(8) 0.83(9) 0.9(2)

P4,/n DDPv model (Fig. 1b) give the cell parameters shown in
Table 1.

NPD data were collected from the three La,Ca,_,MnMnReOg
samples at temperatures between 1.4 and 250 K for structure
refinement and to discover any low temperature spin ordering.
However, substantial amounts of unidentified impurities were
present for x = 0.75 and this prevented accurate refinement of
atomic coordinates and the La/Ca occupancy was fixed at the
nominal value. The high scattering length () contrasts between
the metals (La/Ca/Mn/Re have respective b = 8.24/4.70/—3.73/
9.2 fm) enable accurate cation site occupancies to be deter-
mined. Refined site occupancies in Table 1 show that the
x = 0.25 sample is apparently La-deficient, but the refined value
for x = 0.50 is very close to the ideal value. A small (4%) disorder
of B-site Mn/Re cations is found in x = 0 and 0.25 samples, but
for x = 0.50 there was no refinable inversion.

CaMnMnReOg was previously found to have an unusual low
temperature spin order (Fig. 1c) where A-site Mn moments are
ferromagnetically ordered parallel to the c-axis, while B-site Mn
and Re spins are antiferromagnetically ordered in the ab-plane.
This is characterised by an intense (001) magnetic diffraction
peak, which is not observed for the simple ferrimagnetic order
observed in the majority of DDPvs where all spins are parallel to c.
The same peak is observed for the three La,Ca; ,MnMnReOg
samples, although with lower intensity, demonstrating that the
same spin ordering is present but with smaller ordered moments.
This model was fitted to the low temperature NPD data (Fig. 2b)
with constraints that the magnitude of all Mn moments are the
same, and with the Re moment having 20% of this value (based on
ideal Mn®>" § = 5/2 and Re®" S =1 spin-only values). As data were
collected in 50 K intervals and magnetic contributions from the
La,Ca;_,MnMnReO, phases were too weak to be fitted reliably
above 100 K, it was not possible to determine A or B-site spin
ordering transition temperatures, and whether these coincide
or not, by NPD. However, the observed magnetic diffraction is

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Rietveld fits of crystal and magnetic structure to NPD data for
LayCa;_xMnMnReOg samples at 2 K. Insets of the low angle region show
the DDPv (001) magnetic peak at 20 = 18° (this has an overlapping impurity
peak for x = 0.75), and also a broad magnetic peak from MnO at 27°. Bragg
markers from top to bottom are for La,Ca;_,MnMnReOg (nuclear and
magnetic) and MnO (magnetic and nuclear) phases.

consistent with bulk T¢ values of 120-185 K from magnetisation
measurements as described below. Refined Mn moments at 2 K
for the La,Ca;_,MnMnReO, samples are shown in Table 1 and
plots showing the thermal evolution of the moments are in SL
Magnetic susceptibility and magnetisation-field plots for the
three La,Ca;_,MnMnReOs samples are shown in Fig. 3.
All three show a Curie transition that increases to higher
temperature with La content, but the x = 0.75 sample shows a
pronounced second transition near 100 K which is mostly likely
due to a secondary phase. All samples show magnetic hysteresis
at 2 K and the extracted saturated magnetisations My and
coercive fields H,. are displayed in Table 1. Comparison against
the reported loop for CaMnMnReOg in Fig. 3g reveals that La
doping leads to a decrease in M and a dramatic fall in H..
The results above demonstrate that La doping in the double
double perovskite system La,Ca;_,MnMnReOs has been
achieved for x = 0.25 and 0.50. This is evidenced by the increase
of unit cell volume with x in Table 1, consistent with La** being
larger than Ca®*, and also with electron-doping of the lattice
(reduction of Re®" to slightly larger Re®"). However, the sample
with nominal composition x = 0.75 is inhomogenous showing
that the solid solution limit under the synthesis conditions
used (10 GPa and 1000 °C) lies between x = 0.50 and 0.75.
Structure refinements against X-ray and neutron diffraction
data confirm that the P4,/n AA'BB’O4 double double perovskite
(DDPv) superstructure is maintained throughout. It is particu-
larly notable that the La,Ca;_,MnMnReOs composition with
maximum La/Ca-site disorder (x = 0.50) has been synthesised as

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Magnetisation data for the La,Ca;_,MnMnReOg samples (x = 0.25,
0.50 and 0.75). (a)-(c) Magnetic susceptibilities (open/closed symbols =
zero field cooled/field cooled data) in a 0.1 T field. (d)-(f) Magnetisation
(M)—field (H) hysteresis loops at several temperatures. (g) Comparison of
2 KM-H loops for x = 0 (from ref. 8) and the above three samples showing
data in the range H = £7 T to demonstrate the ‘wasp-waist’ feature for
x = 0.25 and 0.50.

a solid solution without loss of A/A’ or B/B’ cation-site orders,
demonstrating that the DDPv structure type can be robust to
chemical tuning through aliovalent doping. BVS’s calculated
from the 250 K NPD refinements (shown in SI) confirm that all
Mn cations remain in the +2 state for the x = 0 to 0.5 materials,
while the Re valence is between 5 and 6, although no systematic
reduction is seen for Re, probably because Re-O distances
change little in these high oxidation states. X-ray absorption
spectroscopy or other valence sensitive techniques would be
needed to measure changes in oxidation state directly.

There is also clear evidence for systematic tuning of mag-
netic properties through the electron-doping effect in the
La,Ca; ,MnMnReOg solid solutions. The Curie temperature
Tc increases 120 — 185 K for x =0 — 0.50, most likely because
the increasing number of unpaired Re d-electrons (= 1 + x)
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strengthens superexchange pathways within the Mn/Re B-site
framework. NPD shows that the unusual combined ferro-
magnetic A’ = Mn and antiferromagnetic B/B’ = Mn/Re spin
orders of CaMnMnReQgy are maintained in La,Ca;_,MnMnReOq
solid solutions. However, the magnitude of the saturated ferri-
magnetic magnetisation, and of ordered Mn>" moments measured
by NPD, both decrease with x due to the structural (La**/Ca*") and
electronic (Re’*/Re®") disorder effects of doping. CaMnMnReOg
was previously shown to have separate spin ordering transitions, of
B-site Mn/Re spins at 120 K and of A-site Mn spins at 100 K, and
it is not clear whether this is maintained in the x > 0 samples or if
disorder leads to merging of the two transitions. Further NPD
studies will be needed to resolve this.

The most remarkable tuning effect in the La,Ca; ,Mn-
MnReOg system is of the low temperature magnetic coercivity,
which decreases from magnetically-hard (H. = 1.4 T) at x = 0 to
quite soft (H. ~ 0.1 T) behaviour for x = 0.50. H,. is a measure of
magnetic anisotropy which can have both structural and elec-
tronic contributions. The electronic aspect is dominant here as
5d' Re®" gives strong anisotropy from spin-orbit coupling
whereas 5d> Re”" is less electronically anisotropic in a compar-
able DDPv CaMnFe®*'Re®"O4 which has H. = 0.04 T.® A similar
decrease in coercive field is seen in double perovskites;
Ca,Mn*'Re®"O¢ has H, = 4 T,'® whereas Ca,Fe*'Re’*Og has
H. =1 T at base temperature,'” although here a monoclinic
distortion gives a larger structural contribution to the magnetic
anisotropy. Hysteresis loops in Fig. 3g give insights into how
coercivity falls as Re®" is doped towards Re’*. The ‘wasp-waist’
shape of the 2 K hysteresis loop for the x = 0.25 sample, and to a
lesser extent x = 0.50, shows that the system evolves via a
mixture of decreasing large-coercivity and increasing small-
coercivity components. This effect could be due to inhomo-
geneity in the chemical doping, although there is no evidence
for this in the diffraction data, so a more likely explanation is
that the disorder created by La**/Ca®" doping leads to a range of
magnetic domain sizes, with smaller, less anisotropic domains
having smaller H, than larger or more anisotropic domains.

In conclusion, this study demonstrates that a member of the
P4,/n AA’'BB’06 double double perovskite family of perovskites
can be systematically doped by a standard substitution mecha-
nism. Remarkably, full A/A’ and B/B’ cation ordering is pre-
served in the La,Ca,; ,MnMnReOg system up to a limit between
x = 0.5 and 0.75, but with continuous La*"/Ca®" substitution at
the A-site, charge compensated by reduction of Re®" to Re®".
Tuning of magnetic properties is demonstrated as the ferri-
magnetic Curie temperature increases with x while the magne-
tisation and in particular the coercivity fall off. Around 20
isostructural DDPv’s have been discovered through HPHT syn-
thesis in recent years, each of which could also be chemically
doped through aliovalent substitution or other mechanisms,
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so there are clearly many possibilities to discover and tune
electronic and magnetic properties within this emerging family
of materials.
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