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Disorder stabilisation of high pressure Mn,..Co,ScSbO¢ double
perovskites with complex magnetic properties

K. Ji,*2b F. Denis Romero,? C. Ritter,cJ. Paul Attfield,* and Y. Shimakawa?

High-pressure synthesis provides a powerful route to stabilise metastable oxides with unconventional structural and
magnetic properties. Here we show that Mn,,Co,5cSbOs (x = 0.5, 1 and 1.5) solid solutions synthesised at 6 GPa pressure
form double perovskites (space group P2:/n) whereas the previously-reported x = 0 and 2 end members adopt the
corundum-derived NisTeOs structure-type (R3) at comparable pressure. This behaviour is consistent with disorder
(configurational entropy) assisted stabilisation of the A,BB’Os double perovskite phase under the reported high-pressure
synthesis conditions, and neutron diffraction reveals substantial cation disorder with approximate distribution (Mn,..ScosCox-
0.5)(SCo.5C00.5)Sb06 for 0.5 < x < 1.5. The long range antiferromagnetic order previously reported for x = 0 at Ty = 22 K is
increasingly suppressed by Co-doping. The x = 0.5 sample also orders antiferromagnetically (Ty = 18 K) with ordered
moments rotated and reduced in magnitude relative to x = 0, but x = 1 and 1.5 exhibit probable spin-freezing transitions (at
Tg = 15 and 8 K respectively) without observed long-range magnetic order. This study demonstrates that interesting new
magnetic materials may be accessed through a combination of high pressure synthesis and disorder-stabilisation of mixed-

cation phases.

Introduction

Complex transition metal oxides have long attracted attention
for emergent phenomena arising from the strong coupling
between charge, spin, orbital, and lattice degrees of freedom.2
Their remarkable structural adaptability enables the
stabilisation of multiple competing frameworks, most notably
perovskite and corundum-derived types, which can host distinct
electronic and magnetic ground states.3* High-pressure high-
temperature (HPHT) synthesis provides an effective route to
access such metastable oxides beyond ambient condition
limits.> Recent discoveries, including high-Tc half-metallic
ferrimagnetism CaCusFe;Re;01;, NaCusFe;0s,012,%7 charge-
transfer-driven colossal negative thermal expansion in
LaCusFes012, BiNiO3,%° and the pressure-stabilised polar
corundum phases such as InVO3;, Mn,MnSbQg,1%11 exemplify
the power of HPHT techniques in revealing new compounds
with unconventional functionalities. Among these, double-
perovskite (DPv) and polar corundum-derived NisTeOs-type
(NTO) frameworks stand out as versatile hosts for transition-
metal cations. The rock-salt ordered B/B’ sublattices of DPv
oxides supports diverse electronic and magnetic states, from
insulating antiferromagnets to ferrimagnets and half-metals;*?
16 whereas the NTO-type lattice, with a pronounced sensitivity
to cation size and valence, gives rise to exotic spin
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configurations, multiferroicity, and field-induced magnetic
transitions.'”18 Both frameworks are highly responsive to
pressure, temperature and chemical substitution, offering
fertile ground to explore how structural distortions mediate
electronic and magnetic reconfigurations. *°

Mn,ScSbOs (x = 0 in the Mn,.xCoxScSbOsg series) shows several
polymorphs with increasing pressure. At ambient pressure it
crystallises in a cation disordered corundum-related structure
(MgsTeOs-type, R-3) with no long-range magnetic ordering.?°
Under HPHT synthesis at 5.5 GPa, a polar NTO-type polymorph
(R3) forms, displaying ferrimagnetic ordering below 42 K,
whereas at higher pressure (12 GPa), a B-site ordered DPv phase
(P21/n) is obtained, in which the larger Mn?* cations occupy the
8-coordinate A-sites, while Sc3* and Sb>* order over the
octahedral B/B’ sublattices. This DPv polymorph exhibits
antiferromagnetic ordering of Mn spins below Ty = 22 K.21 In
contrast, Co2ScSbOg (x = 2) adopts only the NTO-type polar
structure (R3) at 6 and 12 GPa pressure. Interesting magnetism
is observed below Ty = 60 K as the strong single-ion anisotropy
of Co?* gives rise to a long-period locked-in helical spin structure
coexisting with a ferrimagnetic phase.?? Thus, in Mn;ScSbOs,
high pressure stabilises two polymorphs that host distinct
magnetic ground states, whereas Co0,ScSbOs crystallises solely
in the NTO-type phase with complex anisotropy-driven
magnetism.

These contrasting structural and magnetic behaviours raise
important questions about intermediate compositions. Do they
preferentially stabilise one structural motif over the other, or
can hidden metastable states emerge across the solid solution?
And how magnetic ground states are affected once solid
solutions are formed? Addressing these questions will clarify
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how cation substitution mediates polymorph stabilisation and
governs the potential new magnetic ground states across the
solid solution system. Here we report the high-pressure
synthesis and characterisation of Mn,.CoxScSbOg solid
solutions, in which the DPv polymorphs is unexpectedly
stabilised at low pressure, enabling direct comparison of
structural and magnetic evolution across the full composition
range.

Experimental

Polycrystalline specimens of Mn,.,CoxScSbOg (x = 0.5, 1 and 1.5)
were synthesised under HPHT conditions. Stoichiometric
amounts of MnO, CoO, Sc,03 and Sb,0s were ground together,
packed into Pt capsules and loaded into a cubic-type press. The
synthesis condition was selected to be 6 GPa and 1100 °C for 30
minutes, followed by rapid cooling and decompression to
ambient conditions. The precursor of x = 1 was also heated to
1100 °C at ambient pressure (AP) using a conventional solid-
state synthesis.

Phase purity and crystal structures were characterised by
Rietveld refinement?® against powder X-ray diffraction (PXD)
data collected on a Bruker D8 diffractometer using Cu Ka1
radiation (A = 1.5405 A) in Bragg— Brentano geometry. The
diffractograms were collected between 10° and 80° with a step
size of 0.04°.

Magnetic susceptibility measurements were performed using a
Quantum Design MPMS-XL SQUID magnetometer with Zero-
Field-Cooled (ZFC) and Field-Cooled (FC) conditions in the
temperature range 2 K< T < 300 K under an applied field of 0.1
T.ZFC and FC data under applied fields of 0.01 and 1 T were also
collected for x = 1. Magnetisation data as a function of the
applied magnetic field were collected at 5 and 300 K.

Neutron powder diffraction (NPD) data were collected from the
HPHT samples using the D20 diffractometer at the ILL facility;
with the high-resolution mode (A = 1.54 A, take-off angle 90°) at
300 K, 80 K and 1.5 K for crystal and magnetic structural
determination for all solid solutions. Additional high flux mode
(A=2.41 A, take-off angle 42°) data were used for x = 0.5 to help
identify the magnetic peaks. Variable temperature data in 1 K
steps were collected for x = 0.5 up to 80 K. The nuclear
structures were refined using Rietveld analysis?® through the
FullProf package and the magnetic symmetry analysis was
performed by means of the program Baslreps?*.

Results and Discussion

Room temperature PXD data show that all Mn,.4Co,S5cSbOg (x =
0.5, 1 and 1.5) solid solutions synthesised at 6 GPa crystallised
in a double perovskite DPv structure in monoclinic P21/n space
group, confirmed by the presence of the characteristic DPv
peaks highlighted in Fig. 1a. This is in sharp contrast to the end-
member compositions (x = 0 and 2) which under the same
synthesis conditions adopt NTO-type structures.?22 Ambient
pressure synthesis of x = 1 was also carried out and this yielded
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Fig. 1 (a) XRD patterns for HPHT-synthesised Mn,.,CoxScSbOg
samples with nominal composition as shown. Peaks
characteristic of the monoclinic P21/n DPv structure are indexed
on the lower pattern. (b) Rietveld fit to 300 K high resolution
NPD data for x = 0.5. DPv-phase (80(1)%), NTO-phase (8(1)%),
Scs.5Sb15012 (8(1)%) and (Mn/Co)O (4(1)%) are denoted by

black, red, blue and green tick marks, respectively.

an R-3 distorted-Mgs;TeOg type structure (Fig. S1), which is not
corundum-derived but is analogous to that of the x = 0 parent
synthesised at AP.2° An attempt to prepare the x = 2
composition at ambient condition however gave a mixture of
C0,.335bo6704 and other phases.??

Neutron powder diffraction data were collected from the Mn,.
xC0xScSbOg (x = 0.5, 1 and 1.5) samples synthesised at 6 GPa in
order to determine the cation site occupancies and oxide anion
positions. High resolution data collected at 300 K from x = 0.5 in
Fig 1b and x=1and 1.5 in Fig. S2 (ESI) confirmed the main phase
is DPv P2;/n structure (¥80%), with small amounts of an NTO-
type polymorph (~8%), Scs.5Sb1.5012 and (Mn,Co)O as secondary
phases. The refined lattice parameters in Fig. 2a decrease with
increasing Co content x, consistent with substitution of larger
Mn?Z* by smaller Co?*.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) (b) Lattice parameters including monoclinic angle 8
and octahedral tilting angle @ changes with increasing Co-
content x. Data are from 300 K NPD refinements. (c) Crystal
structure of the DPv phase with @ labelled. Red, green, orange
and black spheres denote A = (Mn/Co/Sc), B = (Sc,Co), B’ = Sb
and O, respectively, in the A,BB’O¢ double perovskite structure.

In the monoclinic A;BB’Os Mn,.4CoxScSbOg DPv structures
(which have aac* octahedral tilts in Glazer notation?®), Sc, Sb
are six-fold coordinated and ordered in a rock-salt arrangement
on the B/B’-sites, whereas Mn occupy the highly distorted
cuboctahedra voids at the A sites. A small Mn-Sc cation
inversion was reported in a previous NPD study of the x = 0
structure?!. NPD data for the present Co-substituted samples
show that substantial cation disorder is present at both the A
and B sites of the A;BB’O¢ DPv structure, although B’ was found
to be occupied only by Sb in all samples. The neutron scattering
lengths (Mn/Co/Sc = -3.73/2.78/12.1 fm) provide good
scattering contrast, but the populations of the three metals
over their two sites cannot be determined uniquely without
imposing constraints on composition. The relative cation sizes
(6-coordinate (high spin) ionic radii for Mn2*/Co?*/Sc3* are
0.83/0.745/0.745 A) show that Co?* should more easily
substitute for Sc3* than for Mn?*, and furthermore Co?* gains
crystal field stabilisation at the octahedral B-site, hence we have
assumed that Co?* initially substitutes for Sc3* at the B-sites,
with displaced Sc3* mixed with Mn?* at the A-sites, i.e.
distribution (Mn2.Scx)(Sc1«Cox)SbOs for 0 < x < 1. Refining
Mn/Sc and Co/Sc populations at the A and B sites respectively
gives composition (Mng.748(3)SC0.252(3))2(C00.460(7)SCs40(7))SbOs for
the x = 0.5 sample, in good agreement with this simple model,
and the overall refined composition of
Mn1.50(1)C00.46(1)SC1.04(1)Sb 06 is in excellent agreement with the
ideal stoichiometry. Mn?* and Co?* charges are assigned based
on charge balance of this composition. Oxygen site occupancies
were refined in initial neutron diffraction analysis, but no
significant oxygen deficiency was found. For compositions with
1 < x < 2, the above model would predict the B-site to be
occupied only by Co, and with Mn, Sc and Co mixed at the A-
site, i.e. (Mn2ScCox.1)(Co)SbO¢ for 0 < x < 1. However, NPD
refinement revealed Sc occupancy at the B-site for x = 1.0 and
1.5 samples, and so these were refined with Mn/Sc/Co at the A-
site and Co/Sc at the B-site, constrained to the ideal
stoichiometry. B-sites were found to have near 50:50
populations of Co and Sc as shown in Fig. 3a and 3b, so the
cation distribution may be written as approximately (Mny-
x5€0.5C0x-0.5)(S€0.5C00.5)SbOs for 0.5 < x < 2. The corresponding

This journal is © The Royal Society of Chemistry 20xx
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average A and B site to O distances across the serigs, are in-Fig.
3c and 3d. A systematic shortening of the(A10 bgHa/lengthOrith
increasing x is observed, consistent with replacement of Mn2*
by smaller Co?* and Sc3*, and this also leads to increasing
monoclinic 8 angles and in-phase rotation of the (Sc/Co)/SbOs¢
octahedra along the c axis (c* tilt) as shown in Fig. 2b. Results
for the refined crystal structures are in Table S1-S3 in ESI.
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Fig. 3 Refined and theoretical (dashed lines) cation occupancy
variations for (a) A-sites and (b) B-sites with x in A;BB’Og Mn,-
xC0xScSbOg double perovskite structures. Average metal to
oxide bond distances are shown for (c) A-sites and (d) B-sites.

Zero-field cooled magnetic susceptibility data from the three
Mn3.xCo,xScSbOg samples (x = 0.5, 1 and 1.5) under an applied
magnetic field of 0.1 T are shown in Fig. 4a, b, c. All samples
show a Curie transition at T¢c = 50 K which NPD data below show
is due to an NTO-type secondary phase. The x = 0.5 sample also
shows a prominent transition consistent with antiferromagnetic
(AFM) order at Ty =18 K, corresponding to the long-range A-site
AFM order of the DPv phase as found from NPD below. This
transition broadens and shifts to lower temperature with
increasing x at 1 and 1.5, indicating increasingly short-range or
glassy magnetic behaviour, consistent with the later NPD
results, although AC susceptibility measurements would be
needed to confirm a spin glass transition. As well as the NTO-
type secondary phase, the refinements reveal ScssSb15012 and
rocksalt type (Mn/Co)O impurities, but as the former is non-
magnetic and the latter order magnetically at much higher
temperatures, they do not account for the observed low-
temperature anomalies. The weak broad anomaly with a small
field dependence observed in the heat capacity (Fig. 4d,e) are
also consistent with a probable spin freezing transition in the x
=1sample.

Magnetisation-field (M-H) loops at 5 K for all samples are shown
in Fig. 4f. The nearly linear variations and lack of saturation in
the M-H loop of x = 0.5 is consistent with predominantly
antiferromagnetic interactions in the DPv phase. The
ferromagnetic hysteresis with small remanent magnetisation

J. Name., 2013, 00, 1-3 | 3
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(M, = 0.11 pg) and coercive field (Hc = 0.10 T) likely arise from
the secondary NTO polymorph phase. For x = 1 and 1.5 M-H
loops, the nearly linear combinations of magnetisation and
applied magnetic fields with negligibly small M. and H. are
consistent with short-range spin ordering. Room temperature
M-H results are summarised in Fig. S4 in ESI.
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Fig. 4 Magnetic susceptibilities collected at 0.1 T after zero-field
cooling (ZFC, black points) and field cooling (FC, red points) for
HPHT-synthesised Mn,.«CoxScSbOg samples; (a) x = 0.5, (b) x =
1.0, (c) x = 1.5. Curie-Weiss fits to the high temperature inverse
FC susceptibilities are shown in (b) and (c). Values of the Curie
transition Tc from NTO-type secondary phases and intrinsic
antiferromagnetic (Tn) or probable spin glass (Tg) transitions are
also shown. (d) Heat capacity (Cp) as a function of temperature
for the x = 1 sample, and (e) the derived low temperature Cp/T
variations under 0 and 5 T fields. (f) Magnetisation-field (M-H)
hysteresis loops at 5 K with the low field region expanded in the
inset. x=0.5 shows a weak hysteretic component superimposed
on a largely linear M-H response at 5 K, whereas x =1 and 1.5
exhibit glassy magnetic behaviour consistent with spin-freezing.

Low temperature NPD data were collected from the three DPv
Mn3.4CoxScSbOg samples (x = 0.5, 1 and 1.5) at temperatures
between 1.5 and 80 K (Fig. S5) to investigate low temperature
spin ordering. Variable-temperature NPD data of x = 0.5 in Figs.
5a and S6 show additional magnetic peaks below 50 K at 29 =

4| J. Name., 2012, 00, 1-3
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31° and 33°, and further reflections at 28 = 25° and, 45 belaw
18 K. The magnetic peaks appearing beloW50K!8p8/idéxed Bh
the cell of the 8% NTO-type secondary phase, where spin
ordering with propagation vector k = [0 0 0] gives magnetic
intensities on top of the nuclear reflections. Magnetic peaks
emerging below 18 K are indexed on the DPv phase as denoted
in Fig. 5a. The magnetic structure was fitted to 1.5 K high
resolution NPD data for x = 0.5 as shown in Fig.5b. Magnetic
peaks from the rocksalt (Mn,Co)O impurity were also fitted.
DPv-Mn,ScSbOg (x = 0) was previously found to have a k= [0 0
0] A-site antiferromagnetic spin order with Mn?* spins oriented
in the ac-plane with component along the c-axis of 4.26(1) ps
and along the ag-axis of 1.58(1) us, resulting in a total moment
of 4.54(1) ps, as shown in Fig. 5c.2! This spin structure is
characterised by strong (010) and (100) magnetic NPD
intensities. The magnetic reflections for x = 0.5 are also indexed
with the propagation vector k = [0 0 0], but magnetic (100)
intensity is absent indicating that the spin orientation is
different to x = 0. NPD fits showed that the magnetic structure
can be described as an antiferromagnetic arrangement of spins
parallel to the a-axis with a moment of 2.92(3) us, as exhibited
in Fig.5c. The A-site moment reduction from the spin-only
expectation of 3.75 g for (Mn2.4Scy)(Sc1-xCox)SbOs with x = 0.5
reflects disorder from dilution of Mn?* by non-magnetic Sc3*. No
long-range order of the B-site Co-spins was observed,
presumably because these are more highly diluted. Refined
crystal and magnetic parameters are shown in Table 1.
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Fig. 5 (a) Variable temperature NPD data and difference
patterns (30 K—80 K and 1.5 K—80 K) showing the two magnetic
transitions. Magnetic peaks with grey/pink tick marks represent
the DPv/NTO-type phases, respectively (b) Rietveld fit to the
NPD data of x = 0.5 at 1.5 K. The tick marks from top to bottom
represent DPv-nuclear, DPv-magnetic, NTO-nuclear, NTO-
magnetic, ScssSbis012, (Mn,Co)O-nuclear, and (Mn,Co)O-
magnetic phases, respectively. (c) Magnetic structures of DPv-
Mn>.xCoxScSbOsg (x = 0, 0.5) with propagation vector k = [0 0 0]
and antiferromagnetic ordering.
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Table 1 Crystal structure and magnetic parameters for DPv MnxCoxScSbOg, showing synthesis pressure, monoclinic lattice parameters,
antiferromagnetic and spin-freezing transition temperatures (Ty and T), the magnetic frustration factor (f), Weiss temperature(d) and
effective moment (Lef) obtained from Curie-Weiss fits, and the ordered A-site moment. Data for x = 0 is from ref. 19.

x P a(A) b (A) c(d) 6(°) T f G(K)  pers M
(GPa) Tg* (K) (He)  (pa)

0 12 5.2909(3) 5.4698(3) 7.7349(5) 90.165(6) 223 4.2 -94 7.8; 4.54(1)

05 6 5.2804(5) 5.4443(2) 7.7221(3) 90.284(4) 18 2.92(3)

1 6 5.2661(3) 5.4160(2) 7.7032(4) 90.412(3) 15* 7.2 -108 8.1

1.5 6 5.2524(2) 5.3811(2) 7.6861(3) 90.571(3) 8* 26.6 -213 9.4

Note: The Curie-Weiss equation could not be reliably fitted to data for x = 0.5 data due to magnetic impurity.

No magnetic reflections are observed in NPD data collected
from the x = 1 and 1.5 samples down to 1.5 K (Fig. S7),
demonstrating an absence of long-range magnetic ordering. For
x =1, comparison of the NPD patterns collected at 1.5 K and 80
K reveals a broad low-angle scattering enhancement centred
around 29 = 18°, consistent with short-range magnetic
correlations. However, the corresponding comparison for x =
1.5 shows no low-angle feature, suggesting that magnetic
correlations are further suppressed in this composition.
Together with the ZFC/FC bifurcation, these observations
suggest a glass-like magnetic ground state in the x =1 and x =
1.5 samples, most likely involving spin freezing within these
cation-disordered DPv phases. Rietveld fits for x =1 and 1.5 to
1.5 K NPD data are presented in Fig. S8 in ESI.

The results above demonstrate that Co-doped A,BB’O¢ double
perovskites Mn,.,Co,ScSbOg have been synthesised for x = 0.5,
1 and 1.5 at 6 GPa pressure. The decrease in unit-cell
parameters with increasing x (Fig. 2a) confirms that Co?* has
been incorporated into the lattice in place of Mn?*. The outline
P-T phase diagram in Fig. 6 highlights the stabilisation of the DPv
phase at pressures ~6 GPa: The x = 0 composition Mn,ScSbOsg
adopts the NTO structure at 5.5 GPa and transforms to DPv at
12 GPa,?! while Co,ScSbOg (x = 2) shows only an NTO-type phase
with no DPv structure observed at 12 GPa synthesis pressure?2,
In contrast, all of the intermediate Mn,,CoxScSbOg
compositions investigated here (x = 0.5, 1, 1.5) form a majority
DPv phase at 6 GPa synthesis pressure. This behaviour is
consistent with entropy (disorder) stabilisation of the DPv phase
arising from substantial cation mixing and configurational
complexity. While configurational entropy is likely to be
important in governing phase stability, variations in kinetic
trapping from HPHT synthesis conditions and structural effects
may also influence the observed phase selection. Perovskites in
general are known to be compositionally flexible, and here the
DPv structure can accommodate Mn?2*/Co?*/Sc3* cations at both
the cuboctahedral A-site cavities and the octahedral B sites.
Although there is some tendency for Co?* to occupy the B-site
based on size and crystal field factors, it is notable that the

cation populations for the three investigated samples all have
near 50:50 Co:Sc occupancy of the B-site, and with remaining
cations the A-site networks according to
stoichiometry, i.e. cation distribution ~(Mny,ScosCox-
0.5)(S€0.5C00.5)SbO¢ for 0.5 < x < 1.5. The 50:50 mix of Co2?*/Sc3*
cations (of identical ionic radius) gives maximal configurational
entropy without strains induced by changing the average B-
cation size, while mixing of two or three cations at the A-sites
provides further disorder entropy for x = 0.5, 1 and 1.5. This
configurational disorder stabilises the chemically complex DPv
at a relatively low synthesis pressure of 6 GPa for x = 0.5, 1 and
1.5. Formation of Mn,.,CoxScSbOg (0.5 < x < 1.5) at 6 GPa thus
represents a notable example of a high-pressure DPv system
whose stabilisation is consistent with a substantial cation
disorder (entropy) contribution.

mixed at

12¢

DPv (P2,/n) /

=]
T

Synthesis pressure (GPa)

6 .— \\ L] L ] @ /f [ ]
\\\ I/
\\ /,
\\ //
NTO (R3)

o4 Distorted MgSTeO(,-type + other phases

0.0 0.5 1.0 1.5 2.0

Mn X Co

Fig. 6 Schematic summary of the phases obtained for Mn,.
xCoxScSbOg under the pressure-temperature synthesis
conditions explored. Red/blue/black symbols show samples
that predominantly contained DPv/NTO-type/MgsTeOe-type
and other phases.
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Disorder from mixing two magnetic cations with different d-
electron configurations plus dilution with non-magnetic Sc3*
cations at both A- and B-sites disrupts the long-range spin
antiferromagnetic order previously reported for x = 0.2 This is
evidenced by decreasing Néel or freezing transition
temperatures and increasing magnetic frustration factors with
increasing x as shown in Table 1. The x = 0.5 sample is found to
retain the antiferromagnetic k = [0 0 0] spin structure of the x =
0 material, but with magnetic moments reduced in magnitude
and rotated by ~70° to lie parallel to the a-axis. Upon further Co
substitution (x = 1 and 1.5), magnetic Bragg diffraction is
suppressed and the broad low-angle feature observed for x =1
is consistent with short-range or glassy magnetic correlations.

Conclusion

This investigation of the Mn;.,CoxScSbOe system at 6 GPa
synthesis pressure has shown that, unexpectedly, a double
perovskite phase is stabilised across the 0.5 < x < 1.5 range,
despite the x = 0 and x =2 members forming a different, NTO-
type, structure at comparable pressure. This behaviour is
consistent with disorder (entropy) stabilisation of the
intermediate compositions under the reported HP synthesis
conditions, and neutron diffraction studies reveal substantial
disorder at both the A and B sites of the A,BB’Os double
perovskite structure following approximate composition (Mna-
XSCQsCOX.o‘s)(SCo_sCOo,s)SbOs for 0.5 < x < 1.5. The Iong range
antiferromagnetic order previously reported for x = 0 is
increasingly suppressed by Co-doping. The x = 0.5 sample
exhibits long-range antiferromagnetism with ordered moments
rotated and reduced in magnitude relative to x = 0, whereas x =
1 and 1.5 show low-temperature glassy magnetic behaviour
associated with spin-freezing, without observed long-range
magnetic order. This study thus demonstrates that interesting
new magnetic materials may be accessed through a
combination of high pressure synthesis and entropic
stabilisation of cation-disordered phases.
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