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In this communication we describe the crystal structure and un-
usual magnetic properties of La;0s30:g, a new layered osmate
with structurally discrete (non-corner-sharing) octahedra contain-
ing Os°* with S = % and strong spin-orbit coupling. Investiga-
tions through powder X-ray diffraction, magnetometry and heat
capacity measurements demonstrate that the material undergoes
an antiferromagnetic ordering transition at Ty =43+ 1 K, with a
further broad overturn in susceptibility at 7 ~ 14 K indicating low
dimensional short range magnetic ordering. Curie-Weiss fits give
an effective moment of u,rr = 3.26 up per 0s°* and Weiss con-
stant of By ~ -92 K. Heat capacity data reveal that it is the low
temperature feature with which the majority of the magnetic en-
tropy is associated. However between our lowest temperature of
2 K and well above Ty we find only approximately half of the ex-
pected magnetic entropy to be released. Magnetisation versus field
measurements at 2 K reveal a hysteretic metamagnetic transition
above 5 T further indicating that the magnetism below Ty is non-
trivial in nature.

In comparison to 3d transition metal oxides, 5d compounds
offer access to more spatially extended d orbitals and greater
spin orbit coupling, which scales with atomic number Z between
72 and Zz*12, These considerations frequently lead to physical
properties that differ substantially from related compounds of the
lighter transition metals, driving substantial research interest in
the field.

Of the 5d metals, the osmates have remained relatively under-
studied due to the practical implications of the toxicity of OsQy.
However, discoveries of polar metallicity in LiOsO3=, charge or-
dering in Srs0s30,3# and superconductivity in the f-pyrochlores
AOs,O¢ (A = K, Rb, Cs)[5]'lZI have demonstrated the diversity
of thermodynamic phases accessible through osmium chemistry.
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Such states are supported by the variety of structures accessible
when multiple oxidation states (+4, +5, +6, +7, +8) can be
stabilised, and even mixed.

Amongst the osmates described in the literature, there are few
with isolated OsOg octahedra. Those which have been studied,
such as LisOsOg and Caz0sOg, tend to occupy the higher +6 and
+7 Os oxidation states and thus have a smaller effective moment
on each Os site. In this study we present the basic structural, mag-
netic and thermodynamic properties of the compound La;0s3013g,
which has isolated octahedrally coordinated Os>* sites within a
complex layered crystal structure.

Initially La;0s301g was identified as an impurity during the
synthesis of polycrystalline samples of other lanthanum osmates,
but was subsequently isolated, and could be made using sev-
eral different sets of conditions. Note that caution is required
when handling osmium and its compounds because highly toxic and
volatile OsOy is produced at elevated temperatures and under oxi-
dising conditions. All handling of osmium and its compounds was
carried out within an argon glove box or in a manner suited to air
sensitive samples. The starting reagents (OsO,, min 83% Os, and
La; 03, > 99.9%) were ground together and pressed into a pellet
which was then sealed under vacuum in a quartz ampoule, along
with a small quantity of AgO as an oxidising agent. AgO decom-
poses in two steps at approximately 200 and 400 °C to yield O,
and was kept separate from the pelleted reagents by encasing it
in Pt foil. Significant excesses of OsO, were used (up to 5 times
the stoichiometric quantity in the most extreme case) in order to
counteract the loss of Os to OsO4 which occurs readily at temper-
atures in excess of 500 °C. The sealed ampoules were heated in a
tube furnace at temperatures between 800 and 950 °C for times
ranging from 4 to 48 hours. Full synthesis details for each sample
can be found in the Supplementary Information.’

The structure of La;0s301g was identified by comparison with
powder diffraction data from La7RU3013@], which adopts space
group R3c. The related structure type of SrsRe,0;,%0 was found
to yield a worse fit to the data, with La occupancies on the ad-
ditional site refining to zero. Detailed structural analysis was
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Fig. 1 A view of the structure of La;0s30:g along the a-axis, with unit
cell in black, OsOg¢ octahedra in blue and La in yellow. There are two
principal layer types, each with two arrangements, pictured individually
along the c-axis on the right. The ABab stacking sequence emerges
when considering the structure in its entirety, and relates to the double
hexagonal close packed ABAC sequence from osmium positions alone.
Visualised using VESTAE.

carried out using Mo K, powder X-ray diffraction measured
in Debye-Scherrer mode at room temperature with the sample
sealed in a 0.3 mm diameter quartz capillary. No absorption cor-
rection was applied. A good fit to the data could be achieved
via Rietveld refinement (see Supplementary Information®), giv-
ing a = 9.8639(5) A, ¢ = 56.3934(19) A, R,,, =0.05412, x> =2.07
(see Supplementary Figure S17), with little change in structural
parameters from those of the ruthenate analogue. The bond va-
lence sum gives 4.91, 4.54 and 4.42 for the three symmetry-
inequivalent osmium sites, consistent with a 5+ oxidation state. 11
An impurity was identified as LaClO, with a refined phase fraction
of 3.9 % for a representative sample. The Cl in this phase was
found to come from an impurity in the OsO, starting reagent. La-
CIO is not magnetic and its contribution is negligibly small to the
results we report here.

The structure adopted by La;O0s304g is quite intricate with an
unusually large unit cell (see Figure . Considering only the
Os positions, a distorted double hexagonal close packed structure
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emerges. The double hexagonal close packing sequence is ABAC,
however in La;0s30+g, a distortion is applied to the A layer, dis-
placing the Os ions slightly from the plane. The resulting undula-
tions produce a far more complex stacking sequence that expands
the unit cell by v/3a and 3c. This subcell-supercell relationship
was previously observed in precession images from single crystal
X-ray diffraction data by Mons and colleagues, working on the
related structures of SrsRe;0;, and Ca5Re2012.

By considering the OsOg octahedra, it becomes clear that there
are two principal types of layer in the material; one makes up
the undulating layer A of the distorted double hexagonal close
packed structure, the other making up both layers ‘B’ and ‘C’.
Layer A has OsOg octahedra arranged with faces aligned with the
ab plane, this layer having two of the three crystallographically
inequivalent Os sites (panels A and a in Figure[T)). The remaining
Os site is located in the other layer type and has OsOg arranged
without coplanar faces (panels B and b in Figure.

Lanthanum atoms are present in both layer types, located
above and below the Os sites. Incorporating the lanthanum po-
sitions into the description of the structure leads to a more com-
plete, though more complex, picture. The two layer types stack
alternately, however every second occurrence of each layer has
a transformation applied, leading to an ABab stacking sequence
where layer a is equivalent to layer A with a twofold rotation
about the a axis and layer b is equivalent to layer B after inver-
sion through the centre of the unit cell. Layers B and b make up
the B and C positions of the double hexagonal ABAC stacking of
Os sites described above. The unit cell contains three of these
stacks of four layers with the ABab sequence, each stack of four
translated by 1/3 in ¢ and —1/3 in b.

Layer A/a (see Figure [1) has a La:Os ratio of 2:1 and is thin-
ner than layer B/b which has a La:Os ratio of 2%:1. There are
three crystallographically distinct La positions, two occurring in
the relatively La rich layer B/b and one in the relatively La poor
layer A/a. Aside from the ruthenate analogue other examples of
this structure type exist, though it is relatively rare12114, Recently
tungstates in this class have garnered interest within the lumines-
cent materials community for their separation of WOg octahedra
and stability to dopants15H17,

Magnetic properties were investigated under an applied field
UoH = 1 T (Figure [2) using the VSM options for the Quantum
Design MPMS 3 and PPMS. The behaviour was consistent across
samples synthesised under varying conditions. The susceptibility,
M/H, of La;0s30,g has paramagnetic behaviour at high temper-
atures, down to a transition temperature of Ty = 43 +1 K (with
the uncertainty indicating the degree of variation between differ-
ent samples), where there is a maximum consistent with antifer-
romagnetic ordering. A second maximum is also observed cen-
tred on T = 14 K. The field cooled and zero field cooled data di-
verge below the higher temperature transition. These three prin-
cipal features of the susceptibility were quantitatively and quali-
tatively reproducible across samples of varying quality, indicating
that they are intrinsic, which suggests further complexity in the
magnetic structure beyond simple collinear antiferromagnetism.
Further measurements at low applied fields (ugH = 0.01 T, see
Supplementary Figure $27) show an additional feature at T = 37
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Fig. 2 Upper panel: Polycrystalline magnetic susceptibility data, for
an applied field ygH =1 T. Dots indicate zero field cooled and crosses
indicate field cooled data. Lower panel: Heat capacity divided by tem-
perature for the same temperature interval, with the integrated entropy
plotted on the right axis.

K and a greater divergence between the zero field cooled and field
cooled data. These features at low fields were also reproducible
(see Supplementary Information’).

A Curie-Weiss fit of further variable temperature magnetic stud-
ies carried out at ypH = 1 T, with inclusion of a temperature-
independent Van Vleck term and a core diamagnetism correction
of -144 pemu mol-Os~'18(Supplementary Figure S37), yields 6 ~
-92 K, indicating relatively strong antiferromagnetic interactions,
and moderate but not remarkable frustration. The effective mo-
ment is 3.26 up per Os>*, lower than the expected spin only value
of 3.87 up for S = %, likely the result of spin-orbit coupling, and
the Van Vleck contribution 35743 pemu mol-Os~!'. Measure-
ments of magnetisation versus field (Figure [3) reveal a metam-
agnetic transition in high field with hysteresis, resulting in a dou-
ble hysteresis loop. In addition, a smaller hysteresis loop is also
present at lower fields at 10 K (see inset, Figure [3).

In the case of La;0s304g, there is an isostructural ruthenate
analogue, La;Ru3013”1%, which is also a spin-3 system with
Uery =3.49 up/Ru’t, and 6y = —58 K. The ruthenate was found
to undergo an antiferromagnetic ordering transition at 7y = 14 K,
significantly lower than in La;O0s30,g and the authors observed
field dependence, with the transition temperature suppressed as

ChemComm

View Article Online
DOI: 10.1039/D5CC06230F

applied field was increased.

To investigate the intriguing findings of the susceptibility mea-
surements further, and to confirm that these features arise intrin-
sically from La;0s304g, zero field heat capacity measurements
were conducted on two polycrystalline samples of La;0s30:g
from 303 K to 1.8 K using the heat capacity option of a Quan-
tum Design PPMS. These data were fitted between 49.4 and 303
K with a Debye-Einstein model in order to estimate and subtract
the phonon contribution to the specific heat. It should be noted
that the subtraction of phonon specific heat in the absence of a
non-magnetic isostructural phononic reference sample is not triv-
ial. Our data is well described by a roughly equal combination
of one Debye and one Einstein mode with characteristic temper-
atures Op = (262+3) K and Tg = (586 £7) K respectively, with
the remaining optical modes at too high an energy to contribute.
We note that this widely used model does violate the total phonon
mode count and we discuss alternatives for modelling the phonon
specific heat in the Supplementary Information’. The resulting
magnetic contribution to the heat capacity is shown in Figure
The data show a sharp peak at 42 K and a broad crossover cen-
tred around 8.3 K, with a plateau between the two features. The
peak at 42 K corresponds to 7'y from the susceptibility data, while
the crossover centred on 8.3 K is associated with the temperature
where there is the maximum change in the susceptibility as the
temperature drops below the broad peak at 14 K. This crossover,
with its characteristic behaviour in susceptibility and heat capac-
ity, is potentially indicative of low-dimensionality driven short-
range ordering??. The small peak in low-field y at T = 37 K is
located in the plateau region of the magnetic heat capacity data.

From the C/T data, it becomes clear that the majority of the
magnetic entropy is associated with the lower temperature, broad
crossover. Integration yielded a magnetic contribution to the en-
tropy of the system which approaches S = 4.6 J mol~! K~! for
both peaks. The expected value for a § = % system calculated
by Rin(2S+1) is 11.5 J mol~! K~!, more than double what we
observe, indicating the potential for incomplete magnetic order-
ing within this system (see Supplementary Information’). This
magnetic entropy depends relatively weakly on the low tempera-
ture cut-off of the fit (20% at the extreme ends of the range)"L.
When considering the various possible models for describing the
phonon background this magnetic entropy at 60 K is at most 70 %
of RIn(2S + 1) per mole osmium'. The same phonon fit was sub-
tracted from data for another sample, yielding a value for mag-
netic entropy which approaches § = 5.0 J mol~! K~!.

Taken together, the multiple magnetic transitions as a function
of temperature, sharp metamagnetic transition with double hys-
teresis loop, and residual low-T entropy indicate a complex mag-
netic phase diagram with potential interplay between competing
interactions. These features suggest a richer phase space than in
the ruthenate analogue. The higher Néel temperature and greater
Weiss constant compared to the ruthenate points to stronger an-
tiferromagnetic interactions within La;Os301g, likely arising due
to the more spatially extended Os d-orbitals. The broad peak we
observe in the susceptibility data of La;0s30,g at 14 K and as-
sociated crossover in the heat capacity data constitute a marked
departure from the ruthenate analogue, and taken together sug-

Journal Name, [year], [vol.], 1%] |3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc06230f

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 10:03:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

gest the possibility of two interwoven magnetic sublattices, with
one having low dimensionality. These surprising findings high-
light the unusual phases which can emerge when Os, a 5d metal
with strong spin-orbit coupling, is incorporated into complex ox-
ide structures. Our findings motivate further studies on both
La;0s301g and LajRu30;g, in either case magnetic studies us-
ing single crystals would offer insights on the unusual magnetic
properties observed. In the case of La;0s30:g, neutron powder
diffraction will be used to shed light on its magnetic phase dia-
gram.
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Fig. 3 Measurements of magnetisation versus field for a sample of

La;0s30:5 at 2 K, 7.5 K and 10 K. A distinctive hysteretic field in-
duced magnetic phase transition is observed at 7.5 K and 10 K but is
beyond the range of fields measured at 2 K. The inset shows a smaller
hysteresis loop in the low-field data at the higher temperature points. A
plot of the derivatives is available in the Supplementary Informationt.
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