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Small-moment paramagnetism and extensive twinning in the
topochemically reduced phase Sr2ReLiOss

Nijat Hasanli,? Nicolas Gauquelin,>¢ Johan Verbeeck,” Joke Hadermann ° and Michael A

Hayward @*

Reaction of the cation-ordered double perovskite SroReLiOs with dilute hydrogen at 475 °C leads to the topochemical
deintercalation of oxide ions from the host lattice and the formation of a phase of composition SrReLiOss, as
confirmed by thermogravimetric and EELS data. A combination of neutron and electron diffraction data reveals the
reduction process converts the —Sr20.—ReLiO4—Sr.0>—ReLiOs— stacking sequence of the parent phase into a —Sr202—
ReLiO3—Sr20.—ReLiO4—, partially anion-vacancy ordered sequence. Furthermore a combination of electron diffraction
and imaging reveals Sr:RelLiOss exhibits extensive twinning — a feature which can be attributed to the large,
anisotropic volume expansion of the material on reduction. Magnetisation data reveal a strongly reduced moment of
Met = 0.505 us for the d' Re®* centres in the phase, suggesting there remains a large orbital component to the
magnetism of the rhenium centres, despite their location in low symmetry coordination environments.

Introduction

There has been much interest in complex oxides
containing 5d transition metals because these phases
can have physical and chemical properties which are
qualitatively different from the more widely studied 3d
systems.” The principal differences between 5d and 3d
transition metal oxides can be attributed to the greater
radial extension of the 5d orbitals which, when they are
incorporated into oxide lattices, leads to the formation of
broad electronic bands with only modest electron-electron
correlation. Furthermore 5d metals experience much
stronger spin orbit coupling (SOC) than 3d systems, so as
a result the on-site coulombic repulsions (U), crystal field
effects (A) and SOC interactions (A) can be of
comparable magnitude. This equivalence of energy
scales can lead to unexpected behaviour, such as the
antiferromagnetic insulating ground state of SralrOs,?
which can be attributed to strong SOC dividing the broad
t2g® band (derived from the Ir 5d orbitals) into a filled
quartet J = 3/, band and a half-filled doublet J = %2 band,
the latter of which is sufficiently narrow that a Mott gap
can be opened by small coulombic repulsions (U).

A further feature arising from the similarity of the energy
scales of U, A and A is that small changes to any one of
these interactions can lead to significant changes to the
electronic and magnetic behaviour of 5d oxides systems.
For example the influence of SOC depends on the degree
to which the dyx, dx: and dy. orbitals are energetically
degenerate, which in turn depends on the local symmetry
at the metal centre. As a result any changes in crystal
symmetry which arise as a function of temperature,
composition or due to electronic instabilities (i.e. a Jahn-
Teller distortion) can modify the influence of SOC and
thus change the magnetic and electronic behaviour of
phases in a complex manner. These effects have been
invoked to explain experimental observations such as the
differing magnetic behaviour of Ba2AReOs and Sr2AReOs

(A = Ca?*, Mg?*) phases,® the apparent observation of Jes
# 0 Ir®*0Os centres,* ° and the ferromagnetism of
Ba:NaOsOs & 7 and they allude to the rich variety of
physical behaviour possible in 5d transition-metal oxides.
The major chemical differences between the heavy and
light transition metals can also be attributed to the greater
radial extent of the 5d orbitals, which in combination with
the 2 radial nodes possessed by this orbital set
(compared to zero radial nodes for the 3d orbitals) lead to
a much greater stabilization of high oxidation states.® As a
result many 5d transition metals are most commonly
found in their diamagnetic (d°) group oxidation states
when located in oxide lattices, with the preparation of
phases containing 5d metals in lower oxidation states
presenting a significant synthetic challenge, especially for
elements early in the transition series.

Double perovskite oxides containing d' Re®* or d? Re®*
centres exhibit interesting physical properties, such as the
apparent spin-singlet state in LazLiReOs or the half-
metallic ferromagnetism of Sro.FeReQOs.% 1° However these
phases require elaborate and precise synthesis
procedures to help stabilize the lower oxidation states of
rhenium with respect to the Re” ‘group’ oxidation state.
Topochemical reduction, via anion deintercalation offers
an alternate route to access the lower oxidation states of
5d transition metals in oxide lattices.'" This approach can
be particularly advantageous, because reactions of this
type operate under conditions in which reaction products
are selected under kinetic control,’" so the relatively poor
thermodynamic stability of the lower oxidation states of
the 5d metals is less of an obstruction to their preparation.
Here we describe the topochemical reduction of the Re’*
double perovskite phase, Sr.ReLiOs,'? to an Re®* phase
Sr2ReLiOss, which exhibits an extremely small magnetic
moment suggesting the rhenium centres experience
strong spin-orbit coupling despite residing in low-
symmetry environments.



Experimental

Synthesis. Samples of SroReLiOs were prepared via a
high-temperature ceramic route. A 2:1:1.25 molar ratio of
SrCO3 (99.994%) : Re metal (99.99%): Li2CO3 (99.998%)
was ground together in an agate pestle and mortar and
then heated in air at 900°C for 12 h to decompose the
carbonates. The resulting material was reground, pressed
into 13mm pellets and reheated in air at 900°C for one
period 24 h. The resulting material was a single phase,
confirmed by X-ray powder diffraction with lattice
parameters in good agreement with literature values.'?
Samples of SraRelLiOs were reduced by heating under a
flow of 5% H2 in N2 as described below.

Characterisation. High-resolution synchrotron X-ray
powder diffraction data were collected using instrument
111 at the Diamond Light Source Ltd. Diffraction patterns
were collected using Si-calibrated X-rays with an
approximate wavelength 0.825 A, from samples sealed in
0.3 mm diameter borosilicate glass capillaries using the
PSD detector. Neutron powder diffraction data were
collected using the GEM diffractometer at ISIS from
samples contained in cylindrical vanadium cans. Rietveld
profile refinements were performed using the GSAS suite
of programs.’® Magnetization data were collected using a
Quantum Design MPMS SQUID magnetometer.
Thermogravimetric measurements were performed by
heating powder samples at a rate of 5 °C min-! under an
oxygen atmosphere, using a Mettler-Toledo MX1
thermogravimetric microbalance. Scanning transmission
electron microscopy electron energy loss spectroscopy
(STEM-EELS) was performed on a Titan 80-300
microscope equipped with an aberration corrector for the
probe forming lens and an electron monochromator
yielding an energy resolution of 100meV with a Gatan
Quantum spectrometer. This setup was used at 80kV
acceleration voltage with an exposure time of
0.2ms/frame integrated for 5s and a dispersion of
0.05eV/pixel to collect the spectrum at the Re O23 edge
(35eV). Electron diffraction patterns were taken on Philips
CM20 and FEI Tecnai microscopes, dark field images
were obtained on the Tecnai microscope. Samples for all
TEM techniques were prepared in a glove box filled with
inert argon by crushing the powder and dispersing it in
ethanol. A few drops of this solution were deposited on a
copper grid covered with a holey carbon film. The
samples were exposed to air for a few minutes at
insertion into the microscope.

Results

Chemical and crystallographic characterisation.
Powder samples of Sr.ReLiOs were heated at 475 °C

under a flow of 5% Hz in N2 for 4 periods of 4 h. X-ray
powder diffraction data collected between heating periods
showed a change in lattice parameters (expansion in a
and c) consistent with the topochemical deintercalation of
oxygen from the material. No further changes were
observed in the diffraction data collected after the third
heating period. Thermogravimetric data shown in Figure 1,
collected during the reoxidation of SroRelLiOe.x back to
SroReLiOs (as confirmed by X-ray powder diffraction),
indicated that the composition of the reduced phase was
Sr2ReLiOss.

Figure 2 shows the EELS spectra of the Re O3 edge of
SroReLiOss (magenta curve) compared with La:ReLiOs
(Re®*),° Sr,ReCo0s (Re®*)'* and Sr:ReLiOs (Re’*)."? For
the Sr containing compounds, it was not possible to use
the sharp Re M4s edge at 1883eV due to the strong
overlap with the Sr L2 3 edge at 1940eV, therefore the Re
0.3 edge was used. This edge, to our knowledge, has
never been measured for different valences of Re and no
reference data is available in literature. Therefore, the
above mentioned compounds were measured, which
allowed us to conclude, by visual comparison of the
shape of the Re O23 edge that the Re oxidation state in
SroReLiOs s appears to be a mixture of Re®* and Re%* with
Re®* being the majority. The discrepancy of the spectrum
for the Sr:ReLiOss compound with the Re®* reference is
due to the absence of the Li K edge at 55 eV for
Sr2ReCoOe. Nonetheless, a linear least squares fitting
using the EELSModel software '° yields a ratio of 80 + 5
% Re®*in SrzReLiOs 5.
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Figure 1. Thermogravimetric data collected during the reoxidation of
Sr2ReLiOs 47(4) to Sr2ReLiOs.
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Figure 2. a) EELS measurement of the Re O3 edge of Sr2ReLiOss (Sample) compared with La;ReLiOs (Re®), Sr.ReCoOs (Re®*) and SrzReLiO® (Re™). For better
visualisation the reference spectra for Re®, Re®* and Re’* were compared separately to the Sample spectrum in panels b, ¢ and d.

Synchrotron X-ray and neutron powder diffraction data
collected from Sr2ReLiOss could be indexed using a
primitive tetragonal unit cell (a = 5.521 A, ¢ = 8.114 A).
Thus a primitive tetragonal structural model (space group
P4/m) was constructed, based on the body-centred
tetragonal structure of Sr.ReLiOs,'? and refined against
the neutron diffraction data. Refinement of the oxide ion
occupancies in the model led to a dramatic improvement
in the fit to the data, with the best fit achieved when the
oxygen vacancies were located in the ‘equatorial’ anion
sites in alternate layers, such that the overall structure
could be described by the stacking sequence: —Sr2O2—
ReLiO3—Sr202—ReLiOs—.

Close inspection of the fit to the data using this tetragonal
model revealed that the intensities of a number of
diffraction peaks were not accounted for satisfactorily, as
shown in Figure 3. To investigate if these intensity
mismatches were due to anion-vacancy order leading to a
geometrically expanded crystallographic unit cell, an
electron microscopy study was performed.

A series of electron diffraction patterns were taken from
several crystals, rotating the crystal to many different

zones. All obtained patterns could be indexed using the
primitive tetragonal cell obtained from the X-ray and
neutron diffraction data, showing that the intensity
mismatches are not due to a supercell. However, there
was a high amount of twinning in all crystals.
Representative patterns along some main zones are
shown in Figure 4. The [110] pattern (Figure 4c) shows
that the twinning occurs on the (112) plane, and involves
a rotation of 90° around the [1 1 Q] direction. This is
schematically shown in Figure 4d. The same twin law
also generates the combination [001]/[110] shown in
Figure 4b. The twinning occurs on a fine scale, as visible
in Figure 4e, showing a dark field image using only the
201 reflection (the approximate size of the aperture is
indicated by a white circle), in zone [1712] twinned with
[2 2 1]. Unfortunately, in the main zones the reflections
were too close together to select individual reflections
with the available apertures. The twin domain sizes varied
from crystal to crystal but were on average between 50-
200 nm.

Given the absence of evidence for an expanded unit cell,
the symmetry of the structural model was lowered from



tetragonal (P4/m) to orthorhombic (Pmmm) in an attempt
to better fit the bulk diffraction data. It should be noted
that there is no direct evidence for a lowering of crystal
symmetry from the diffraction data (there are no split
peaks or
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Figure 3. Observed calculated and difference plots from the refinement of
tetragonal (top) and orthorhombic models (bottom) against neutron powder
diffraction data collected from Sr2ReLiOs 5 at 300 K.

shouldering of peaks) however a lowering of the
symmetry to orthorhombic led to an improvement in both
the visual (Figure 3) and numerical fit to the data (x? =
3.78) indicating that while the lattice parameters of
Sr.RelLiOssare metrically tetragonal, the structure has
orthorhombic symmetry. It was observed that the
displacement parameters of the oxide ions were
significantly larger than those of the cations, so all the
anion displacements were changed to an anisotropic
description. Refinement of these parameters led to the
partially occupied anion site at position (x, y, '2) being
described by a displacement ellipsoid which was highly
elongated in a direction perpendicular to the Re-O-Li
bond vector. This suggested a disordered rotation of the
ReOy and LiOx polyhedra around the z-axis, therefore this
anion site was split into two separate (x, y, '2) sites with
half the occupancy of the original site, with the new sites
described using isotropic displacement parameters. This
model converged smoothly to give a good statistical fit (x?
= 2.97). The occupancies of all the anion sites were
allowed to vary in the final refinement cycles, however the
occupancies of sites O(1), O(2) and O(3) refined to unity

within error, so were set at this value, and the occupancy
of the O(4) and O(5) sites was constrained to maintain
the composition determined by thermogravimetric
analysis. A full description of the refined structure of
Sr2ReLiOss is given in Table 1, with selected bond
lengths in

§110]+[001]

Figure 4. Electron diffraction patterns (a-c) and dark field TEM image (e)
showing extensive twinning of SrzReLiOss particles. Indices of the different twin
components are given in bold versus italic. The schematic representation (d)
visualizes the twins as seen along the [110] zone as in (c), blue and purple
layers represent stoichiometric ReLiOs and reduced ReLiOs layers respectively.
Indices with subscript ‘p’ indicate the lattice vectors of the ‘single perovskite’
lattice. Light and dark bands in (e) indicate domains related by 90° rotation
around the [110] axis, imaged by selecting only the 201 reflection in a [112]/
[221] electron diffraction pattern (inset).

Table 2. Plots of the observed and calculated data are
shown in Figure 3.

Magnetic and physical characterisation. Zero-field
cooled (ZFC) and field cooled (FC) magnetisation data
collected from Sr2ReLiOss in an applied field of 1000 Oe
are shown in Figure 5. The ZFC and FC are exactly
coincident at all temperatures except 5K, where there is a
very weak divergence. The data can be fit by the Curie-
Weiss law (x = C/(T-8) + K) in the temperature range 20 <
T/K < 300 to yield values of C = 0.0319(3) cm® K mol', 6
= -8.6(4) K and K = 2.38(1) x 10% cm® K mol'. The
observed Curie constant is only 8.5 % of the value
expected for a spin-only, S = %2 system, and corresponds
to an effective rhenium moment of pesr = 0.505 ps. It



should also be noted that the temperature independent
moment (2.38(1) x 10* cm® K mol') corresponds to
~70% of the measured magnetisation at 300 K. The data
were fitted over a number of different temperature
intervals to test the robustness of the fit to the Curie-
Weiss law. It was observed that the fitting range

Table 1. Parameters from the structural refinement of Sr:ReLiOss against
neutron powder diffraction data collected at 298 K.

Atom X y z Fraction Uiso (A?)

sr(1) % 0 0.2298(4) 1 0.0117(3)

Sr(2) 0 % 0.2232(4) 1 0.0117(3)

Re(1) 0 0 0 1 0.0059(1)

Re(2) V2 Yo Yo 1 0.0059(1)

Li(1) | 0.553(2) % 0 05 | 0.0136(14
)

Li(2) 0 0 Ya 1 0.0136(14
)

o(1) 0.2514(4) | 0.2291(3) 0 1

0(2) V2 Vo 0.2725(2) 1

0O(3) 0 0 0.2414(2) 1

O(4) | 0.2955(9) | 0.2415(9) Yo 0.376(2) | 0.0242(8)

O(5) | 0.1795(9) | 0.3875(9) Yo 0.374(2) | 0.0242(8)

Arom U14 Uz, Uss U1z

O(1) | 0.0061(3) | 0.0090(3) | 0.0196(6) -0.0063(2)

0(2) | 0.0191(4) | 0.0183(4) | 0.0109(7) -

0(3) | 0.0191(4) | 0.0183(4) | 0.0109(7) -

SraReLiOs s — Space group Pmmm (#47)
Formula mass = 456.37, Z =2
a=55207(5) A, b=55216(5) A, ¢ = 8.1144(7)

Radiation source: Tine-of-flight neutrons (GEM, ISIS)
Temperature: 298 K
X2 =2.978; wRp=4.51 %; Rp = 4.18 %.

Table 2. Selected bond lengths from the refined structure of Sr2ReLiOs.5

Cation Anion length (A)
Re(1) o(1) 1.878(2)
0(3) 1.959(2)

Re(2) 0(2) 1.846(2)
0(4) 1.820(5)

0(4) 1.875(5)

Li(1) o(1) 1.854(7)
o(1) 2.238(8)

0(2) 2.230(2)

Li(2) 0(3) 2.098(2)
0(4) 2.107(5)

0(5) 2.358(5)

Sr(1) o(1) 2.638(3)
0(2) 2.782(1)

0(3) 2.762(1)

0(4) 2.804(4)

0(5) 3.538(4)

Sr(2) o(1) 2.728(3)
0(2) 2.789(1)

0(3) 2.765(1)

0(4) 3.121(4)

o(5) 2.532(4)

had no influence over the values of the parameters
extracted, which appear independent of the temperature
range fitted.

Deviation from the Curie-Weiss law at temperatures
below T ~ 20 K could indicate the onset of magnetic order.
However neutron powder diffraction data collected at 2 K
show no additional features compared to the
corresponding data collected at 300 K and can be fit to
good statistical agreement by the crystallographic model
refined at 300 K.
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Figure 5. Zero-field cooled and field cooled magnetisation data collected from
Sr2ReLiOss in an applied field of 1000 Oe. Inset show fit to Cure-Weiss law in
the temperature range 50 < T/ K 300.

Discussion

The topochemical reduction of Sr:ReLiOs to the Re®*
phase SrRelLiOss results in a 5.2% increase in the
volume of the material. This volume increase occurs in a
highly anisotropic manner, with only a 0.3% increase of
the a and b lattice parameters, but a 4.6% increase in c.
As a result the ‘tetragonality’ of the phase, defined as
c/(N2xa) changes from

0.996 for Sr:ReLiOs to 1.039 for Sr2ReLiOss. The
extensive  crystallographic  twinning observed in
Sr2ReLiOss samples can be attributed to this highly
anisotropic expansion — rotation by 90° around the [110]
axis realigns the largest lattice expansion along the three
principal Cartesian axes of the underlying perovskite
framework to make the expansion isotropic when
integrated over lengths of the order of ~1uym, thus
reducing inter-particle strain. This division of particles into
small domains is consistent with the apparent mismatch
between the orthorhombic crystal symmetry of the phase
and the metrically tetragonal lattice parameters of the



material and the lack of long-range anion-vacancy order
in the material described below.

It has been noted previously that oxides containing the
heavier 4d and 5d transition-metals are hard to reduce
topochemically as they tend to be kinetically unstable with
respect to complete reduction to yield the 4d/5d element.
For example SrRuOs decomposes to form SrO + Ru
under conditions where SrFeOs is topochemically
reduced to SrFe0,."® Likewise SrzIrO4 is reduced to SrO
+ Ir under conditions where LaSrCoOs is reduced to
LaSrCoOs33s."” Typically 3d transition metals need to be
introduced into materials to help stabilize reduced lattice
containing the heavier 4d/5d metals. For example the
introduction of iron can help to stabilize Ru?* and Ir?* in
SrFeosRu0s02 and SroFelrO4 respectively.’® It is therefore

¢
¢ ‘ [ ¢
b

Figure 6. a) The refined structure of Sr:ReliOss viewed in projection
approximately along [100]. b) The anion deficient ReLiOs layered viewed down
[001]. Anion-vacancy ordered arrangements of the ReLiOs layer with c) 4- and
6-fold coordinate metal cations, d) and e) 5-fold coordinate metal cations. Light
grey, dark grey and purple spheres represent Sr, Li and Re cations respectively.
Red spheres represent fully occupied anions sites (O(1)-O(3)), blue and green
spheres represent partially occupied O(4) and O(5) anion sites respectively.

interesting that lithium appears to be playing this role in
the Sr2ReLiOsx system — suggesting a range of novel
topochemically reduced A:MLiOsx (M = 4d/5d transition
metal) phases could be prepared and stabilized in this
manner.

Cation coordination polyhedra. The anion deficient
structure of Sr2ReLiOss consists of alternating oxygen-
stoichiometric ReLiOs layers and anion-deficient RelLiO3
layers, stacked with Sr.O2 sheets, as shown in Figure 6a.
Diffraction data show no evidence for long-range order of

the anion vacancies within the oxygen-deficient layers,
however we can construct locally

ordered structures and thus plausible local coordination
polyhedra, for the Re and Li cations from the partially
occupied oxygen site positions within the oxygen deficient
layers.

The RelLiO3 stoichiometry and disposition of the partially
occupied oxide ions sites within the anion deficient layers
(Figure 6b) gives two plausible coordination possibilities
for the rhenium and lithium B-site cations. Either all the B-
site cations are 5-coordinate (once the apical anions are
considered) as shown in Figures 6d and 6e, or there is a
1:1 ratio of 6- and 4-fold coordinate sites, as shown in
Figure 6c. This latter arrangement is reminiscent of the
structure of Hoo.2Sro.sC002.75."® Calculating bond valence
sums (BVS) for the B-site cations,’® 2° we observe values
of +7.792 and +5.196 for the 6- and 4-fold coordination
rhenium cations respectively in this latter structure. Such
a large difference in BVS for the two rhenium coordination
sites would imply the average Re®* oxidation state had
disproportionated into a Re®/Re’* combination, which is
inconsistent with the EELs data. Thus we can discard
structural models of this type, and focus on models with
5-fold coordinations for rhenium and lithium.

It is possible to construct two sets of plausible 5-fold
coordination polyhedra for the Re and Li cations which
reside on the RelLiOs anion-deficient layers. The metal
cations can either reside within an M[O(2)]2[O(4)]2[O(5)]1
coordination which gives BVS values of Re +6.596 and Li
+0.764 — an ordered array of these coordinations is
shown in Figure 6d. Alternatively M[O(2)]2[O(4)]1[O(5)]2
polyhedra can be constructed, which give BVS values of
Re +6.398 and Li +0.681 - an ordered array of these
coordinations is shown in Figure 6e. The BVS values of
the cations in these coordinations compare with the
values of Re +6.215 and Li +1.139 calculated for the
ReOes and LiOe polyhedra in the anion stoichiometric
layers.

Given that neither neutron or electron diffraction show
any evidence for long range anion-vacancy order, we
propose that the structure of Sr2RelLiOss consists of a
long-range disordered array of these coordinations
connected into apex-linked sheets which respect the
Re/Li cation order of the parent phase. It is likely that
small regions of anion vacancy order such as that shown
in Figures 6d and 6e exist (analogous to the anion
deficient layers present in Ca:Mn20s),?" but the lack of
long range order means we are unable to probe this since
the nanoscale twinning prevents imaging of the short
range order.

Composition-structure relations. The reduction of
Sr2ReLiOs to Srz2ReLiOss leads to dramatic changes to
the cation coordination polyhedra. The Re(1)Os and
Li(1)Os polyhedra which reside within the ‘oxygen
stoichiometric’ layers of the reduced phase expand in a
highly anisotropic manner on reduction. In the case of
rhenium, this extends the axial Re-O bond by 7.9%,
compared to a much more modest 2.2% expansion of the



equatorial Re-O bonds. This anisotropic expansion
changes the tetragonal distortion parameter (Re-Oaxia/Re-
Oequatorial) Of the Re(1)Os unit from -0.92% (compression)
to +4.3% (expansion). It is tempting to attribute the
anisotropic expansion of this polyhedron to an electronic
(Jahn-Teller) distortion associated with the change from
d° Re™ to d' Re®*. However, the expected distortion for a
d' centre would involve a tetragonal compression, leading
to a (dyy)"(dx/dyz)° electronic configuration, rather than an
expansion which does not lift the degeneracy of the
electronic configuration, and instead results in a
(dxz/dyz)'(dxy)° state. We therefore conclude that the large
axial elongation of both the Re(1)Os and Li(1)Os units is a
crystal packing effect which arises from the need to
simultaneously satisfy the coordination ‘requirements’ of
the rhenium cations which are being reduced, and the
lithium and strontium cations which are not. Furthermore,
as described below, many of the large-scale structural
features of Sr2ReLiOss can be attributed to such crystal
packing effects.

The optimum lattice configuration of the topochemically
reduced phase Sr:RelLiOss will lower the BVS of the
rhenium cations, compared to SroReLiOs, whilst
maintaining the sums of the Sr and Li cations, all while
respecting the topochemical constraint that the overall
topology of the lattice is retained — an effect which has
been seen in other systems.?? The ordering of anion
vacancies into alternate anion-deficient and anion-
stoichiometric layers means that, in contrast to Re(2)
(located in the anion deficient layers) which lowers its
BVS by lowering its coordination number, the BVS value
of Re(1) can only be lowered to a value consistent with
reduction to Re®* by expanding the Re(1)-O bond lengths.
An isotropic lengthening of all the Re(1)-O bonds would
lead to an isotropic expansion of the anion lattice which
would also lower the BVS of the Sr and Li cations — an
undesirable outcome. Thus the observed anisotropic
distortion of the RelLiOs layers appears to be a
compromise which lowers the BVS of Re without
significantly affecting those of Li and Sr. In the case of
lithium, the expansion of the Li(1)Os unit is mitigated by
the off-centring of the lithium cation, which raises the BVS
of Li(1) slightly.

As noted above it is possible to construct chemically
plausible coordination polyhedra for both the Re(2) and
Li(2) cations. However, the disorder present in the anion
deficient LiReOs layers of Sr2ReLiOss limits the analysis
of the local Re(2) and Li(2) coordinations. One clear
observation which can be made is that the expansion of
the Re(2)-O and Li(2)-O bonds on reduction is much
more isotropic than the corresponding expansions in the
anion stoichiometric, ReLiO4 layers. This indicates that it
is the highly anisotropic expansion of this later layer
which drives the overall anisotropic expansion of the
material on reduction, and thus the large-scale twining of
the material.

Structure-property relations. The most striking feature of
the magnetic behaviour of Sr2ReLiOs s is the exceptionally
small susceptibility of the phase (C = 0.0319(3) cm® K
mol™). This corresponds to an effective Re moment of e
= 0.505 pe, which is significantly smaller than the spin-
only value of perr = 1.73 ps expected for a d' Re®* centre.
An obvious explanation for the small Re moment is spin-
orbit coupling, however as noted above the reduction of
Sr2ReLiOs to Sr2ReLiOs s lowers the local symmetry of the
ReOx centres significantly, which might be expected to
quench any orbital contribution to the Re moment.

The degree to which the spin-orbit coupling of rhenium is
sensitive to the local symmetry can be estimated by
comparing the magnetic behaviour of Ba,CaReOs,> which
adopts a cubic crystal structure, and thus retains O
symmetry ReOs units, with Sr.CaReOs and Sr.MgReO¢ 2*
24 which adopt monoclinic and tetragonal structures
respectively and thus have distorted ReOs centres. Table
3 lists the effective rhenium moments of these phases,
extracted from high-temperature susceptibility data. While
fits of the Curie-Weiss law to data from these phases
should be treated with caution due to the large 6 values
obtained, it is clear however that the strontium phases
exhibit moments close to the spin-only expectation (1.73
us), while the barium phase exhibits an effective moment
which is

Table 3. Magnetic behaviour and local symmetry of A2M?*Re® O phases.

Space Re-O bond
Group | M (be) | B(K) lengths (A) ref
Ba.CaReOs | Fm-3m | 0.744(2) | -39 2.092(1) 3
SraMgReOs | 14/m | 1.72(9) | -426 | 1.926(8)/1.901(4) | 2
1.899(5)/1.908(4)/ | ,,

SriCaReOs | P21/n | 1.659(6) | -443 L ons()

significantly smaller indicating that while On symmetry
Re®*O¢ centres do exhibit significant spin-orbit coupling,
the modest local distortions present in the ReOs centres
of the strontium phases appear to be sufficient to almost
completely remove these orbital contributions.® Table 3
also lists the different Re-O bond lengths of the
A2M?*Re®*O¢ phases,® 2% 24 and it can be seen by
comparison to Table 2 that the ReOs centres in the
Sr:M?*Re®*O¢ phases are less distorted (closer to On
symmetry) than the ReOx units in Sr2ReLiOss, leading to
the initial expectation that there should not be any orbital
contribution to the magnetism in the anion-deficient phase.
However, the small moment observed for the Re®* cations
in Sr2ReLiOss indicates otherwise and demonstrates that
Re®* can exhibit strong spin-orbit effects even when
residing in lower-symmetry coordination sites. Close
inspection of the Re(1)Os coordination reveals that this
unit has D2q¢ symmetry which retains the degeneracy of
the dxz and dy: orbitals enabling an orbital contribution to
the moment of this centre to be retained. Likewise some
of the possible Re(2)Os coordinations are very close to
Csv symmetry which also retains dx./d,. degeneracy.




Considering the magnetic behaviour of all the Re®*
containing oxide phases it is clear that the influence of
local symmetry on the spin-orbit interaction in Re®* oxides
is more complex than initially stated.

A further way in which the magnetic behaviour of
SroRelLiOss differs qualitatively from that of the
A:M?*Re®*O¢ phases is that the anion-deficient phase
shows no evidence for magnetic order either in
magnetisation data or low temperature (2 K) neutron
diffraction data. In contrast Sro.CaReOes and SroMgReOs
are observed to be spin glasses at low temperature (Torder
= 50 K and 14 K respectively)?® 24 while Ba,CaReOs has
an antiferromagnetic ground state (Tn = 15 K) and
Ba:MgReOs a ferromagnetic ground state (Tc = 18 K).3 25
Thus we can see that a combination of a strongly reduced
moment and lack of low temperature magnetic order
exhibited by Sr2ReLiOss does not fit into the general
scheme of magnetic behaviour observed for other Re®*
double perovskite phases, suggesting the large number
of anion-vacancies and large-scale crystallographic
disorder in the phase leads to qualitative changes in the
magnetic behaviour.

Conclusions

We have demonstrated that topochemical reduction is an
effective method for the preparation of oxide phases
containing 5d ftransition metal cations in paramagnetic
oxidation states. The phase formed, Sr2ReLiOss exhibits
a partially anion-vacancy ordered structure with extensive
microstructural twining which arises to minimize
crystallographic strain. The Re®" centres in the phase
exhibit significantly reduced local paramagnetic moments,
despite their location in reduced symmetry coordination
sites, indicating spin-orbit coupling is not quenched by
small deviations from local On symmetry, contrary to
widespread belief.
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