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Abstract: An extensive series of new LnRuOj; perovskites has
been synthesized at high pressure. These ruthenium(I11)-based
oxides are ruthenium deficient, and high-pressure samples
have compositions close to LnRu,,0; These phases stabilize
ruthenium(IIl) which is very unusual in oxides. X-ray and
neutron powder diffraction studies show that the materials
adopt orthorhombic perovskite superstructures in which the
RuOyg octahedra are tetragonally compressed. These distor-
tions, and the Mott insulator properties of the materials, are
driven by strong spin-orbit coupling.

Ruthenium—oxide perovskites and related materials have
a wide range of unusual electronic and magnetic properties,!!
for example spin-triplet superconductivity in Sr,RuO,,”
magnetic-field-induced quantum criticality in Sr;Ru,0,,F!
band ferromagnetism in SrRuO;,"* and localized magnetism
in Ca,Ru0,.”! Ruthenium usually adopts oxidation states
between +4 and +7 in oxides. Ruthenium(IV) is very
common, for example RuO,, the perovskites ARuO; (A=
Pb, Ca, Sr, and Ba)**” Ruddlesden—Popper materials
A, Ru,0;,.; (A=Ca, Sr; n=1-3), and Ln,Ru,0, pyro-
chlores for lanthanides Ln.®! Ruthenium(V) is also found in
many oxides, such as the double perovskites Ln,LiRuO4,”! the
ruthenocuprate superconductors RuSrz(Ln,Ce)zCuZOm,[m]
and pyrochlores A,Ru,0; (A = Cd, Hg).'"""! The hexagonal
perovskite Ba;NaRu,0, contains ordered ruthenium(V) and
ruthenium(VI) states and KRuO, is an example of
a ruthenium(VII) oxide." In contrast, oxides of ruthenium
in the +2 and +3 states are almost unknown, although
a disordered ruthenium(II) oxide SrFe,sRu,sO, was recently
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synthesized by the topochemical reduction  of
SrFe,sRu, s05.") Herein, we report the syntheses, X-ray and
neutron powder diffraction studies, and magnetic properties
of a new series of simple ruthenium(III) oxides, the LnRuO;
perovskites.

Although no structurally characterized ruthenium(IIT)
oxides are known, there are several reports of LaRuO; and
PrRuO;. The synthesis and potential oxidation catalytic
activity of LaRuO; was reported but the material was not
structurally characterized.'®!”! Preparation of PrRuQO; was
described at 5 GPa pressure and 1400 °C, although an attempt
to prepare NdRuO; under the same conditions yielded the
pyrochlore Nd,Ru,0,."*I No other LnRuO, materials have
been reported.

We have synthesized a series of LnRuO; perovskites, in
which Ln=La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Y, as
polycrystalline powders, with X-ray diffraction patterns as
shown in Figure 1. Perovskite LaRuO; was found to be
accessible at ambient pressure; a stoichiometric mixture of
dried La,O; and RuQO, was heated twice for 12 h at 1150°C
under N, gas, yielding 0.75g of a single-phase LaRuO;
perovskite. However, high pressures were needed to prepare
the other LnRuO; materials, with the highest purity samples
obtained at 10-11 GPa. The materials shown were prepared
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Figure 1. Powder X-ray diffraction patterns of LnRuO; samples using
CuKa as the radiation source. The most intense peak of the perovskite
is expanded at the right. The 20 =31° peak is attributed to the
Ln,Ru,O; pyrochlore in Ln=Dy, Ho, and Y samples. Rietveld powder
data fitting analysis to these data are shown in the Supporting
Information.
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by heating at 1200°C for 15 min at a pressure of 10 GPa for
Ln=Pr, Nd, and Sm, and 11 GPa for Ln=Eu, Gd, Tb, Dy,
Ho, and Y. A stoichiometric mixture of Ru, RuO,, and dried
Ln,O; (ca. 30 mg) was loaded into a platinum capsule and
heated under pressure in a Walker-type module using a
14/8 cell configuration.

Powder X-ray diffraction patterns (Figure 1) show that
Ln=La to Tb samples contain the LnRuOj; perovskite with
small amounts of residual RuO, and Ru as secondary phases.
An increasing amount of the Ln,Ru,O; pyrochlore phase is
seen for the smallest cations (with Ln=Dy, Ho, and Y),
although a trace of the perovskite phase is still evident for
Ln=Y. Hence, the LnRuO; perovskites follow the coordina-
tion rule that increasingly high pressures are required to
stabilize a given structure as cation size decreases. LnRuOj;
perovskites of the smallest Ln=Er-Lu cations may be
accessible at pressures in excess of 11 GPa. The synthesis of
CeRuO; was also attempted, but gave mixtures containing
CeO, with no perovskite-type phase evident.

Rietveld powder data fitting analysis to the powder X-ray
diffraction patterns showed that all the LnRuO; perovskites
adopt the orthorhombic Pnma superstructure at ambient
conditions. This has a /2 x 2 x /2 perovskite supercell
structure owing to the ordered tilts of RuOg octahedra. The
refined lattice parameters of the LnRuQOj series are shown in
Figure 2. The orthorhombic distortion (as shown by the
difference between cell parameters a and c¢) decreases mark-
edly for the largest cation (Ln =La), suggesting that LaRuOj;
may undergo a structural transition to a higher symmetry
perovskite superstructure at high temperatures. This transi-
tion would be in keeping with other perovskite series, such as
LnNiO;, where Pnma symmetry changes to R3c for
LaNiO,.2"

Neutron powder diffraction was used to obtain precise
structure refinements of LnRuOj; perovskites for Ln=La, Pr,
and Nd. Data were collected from the GEM diffractometer at
the ISIS facility for temperatures between 7 and 300 K, but no
further structural distortions or magnetic ordering transitions
were observed. The neutron diffraction data were used to
investigate possible non-stoichiometry of the LnRuO;
perovskites. Rietveld refinements (Figure 3 and Table 1)
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Figure 2. Refned lattice parameters (a, b, ¢) and unit cell volume V (as
(V/f) ) plotted against the Ln** ionic radius for LnRuO; perov-
skites. Errors bars are smaller than the data points.
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Figure 3. Rietveld powder data fitting analysis to neutron diffraction
data for a NdRuO; sample (170 mg) at 300 K (weighted-profile residual
R,,=1.7%). Reflection markers from top to bottom correspond to
NdRuO;, traces of RuO, and Ru, and the vanadium sample container.

Table 1: Refined structural parameters for LnRuO; perovskites (Ln=La,
Pr, and Nd) at 300 K from neutron powder diffraction refinement.

Parameter LaRuO, PrRuO, NdRuO,
alA] 5.6214(2) 5.8577(3) 5.8774(3)
b Al 7.8663(2) 7.7460(4) 7.7064(4)
c[A] 5.5462(2) 5.3726(3) 5.3291(2)
VIAY 245.25(2) 243.78(3) 241.37(3)
Ln Occ 0.909(2) 1.0 1.0

Lnx 0.0428(2) 0.0697(6) 0.0745(3)
Lnz 0.0098(3) 0.9760(8) 0.9755(4)
Ln Uy, [A% 1.15(3) 1.19(13) 0.92(6)
Ru Occ 0.931(2) 0.923(7) 0.886(6)
Ru Uy, [A7] 0.27(2) 0.42(12) 0.35(6)
o) x 0.2945(2) 0.3035(4) 0.3043(3)
oMy 0.4578(2) 0.0483(3) 0.0503(2)
o)z 0.4578(2) 0.6856(4) 0.6845(4)
0O(1) Uy, [AY 0.90(2) 0.79(10) 0.86(5)
0O(2) x 0.4834(3) 0.4685(5) 0.4674(5)
0(2) z 0.9182(3) 0.0968(5) 0.1011(5)
0(2) Uy, [A7 0.94(2) 0.79(12) 1.06(8)

showed that the oxygen sites are fully occupied, however,
Ru sites have 7-11% vacancies in all three structures.
Refinement of the Ln site occupancies showed 9 % vacancies
in LaRuO; but no significant vacancy concentration for Ln =
Pr and Nd, so these occupancies were fixed at 100 % in the
final refinements in Table 1.

The neutron refinements show significant levels of cation
vacancies and the refined compositions for the perovskite
phases are  LayyRu*?",4;0;  PrRu**",0;, and
NdRu*¥* 405, showing that these materials have mixed
Ru**/Ru*" states with an average ruthenium oxidation state in
the range +3.3 to +3.5. Occupancies from X-ray Rietveld
powder fitting refinements are less precise but gave approx-
imately 10% Ru vacancies in all of the LnRuO; samples, in
agreement with the neutron refinements. The ruthenium
states, calculated from Ru—O bond lengths using a standard
bond-valence sum method,?! were +3.3 in all three struc-
tures, and hence are consistent with the refined compositions.

Angew. Chem. Int. Ed. 2014, 53, 83438347
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The formation of cation vacancies evidences an oxidation
mechanism, for example, non-stoichiometric SrRu;_,O; is
formed after heating SrRuQ; perovskite at high oxygen
pressures.”? To investigate the range of non-stoichiometry in
LnRuO; materials, samples with a starting composition
NdRu,_,O;  where  x=0-0.25, corresponding  to
ruthenium oxidation states between +3 and +4, were
prepared under the same reaction conditions (1200°C and
10 GPa). However, the products contained increasing
amounts of RuO, as x increases, the refined Ru-site occu-
pancy of the perovskite phase was always near 90 %, and the
lattice parameters and volume had no systematic variation
with x, as shown in Figure 4. Hence we conclude that the
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Figure 4. X-ray data refined Ru-site occupancies and unit cell volumes
for the perovskite phase in samples with starting composition
NdRu,_,0; (x=0-0.25). Broken line: expected occupancy variation
based on the nominal composition.

range of non-stoichiometry is no more than a few percent and
that the composition of the high-pressure perovskites is close
to LnRu,,O; under the synthetic conditions used. Thus the
ruthenium state is close to + 3, although some Ru*" is also
present. Further phase-diagram studies are necessary to
discover how the non-stoichiometry of LnRuOj; perovskites
varies with pressure and temperature. The presence of
additional La-site vacancies in LaRuOj; probably reflects
the ambient-pressure conditions used to synthesize this phase.
High-pressure synthesis tends to eliminate vacancy defects as
volume is minimized, so the presence of approximately 10 %
Ru-site vacancies in LnRuO; perovskites made at 10-11 GPa
is notable and highlights the tendency of Ru’" in oxide
environments to disproportionate to Ru*" and Ru metal.

Thermal variations of the Ru—O bond lengths and Ru-O-
Ru angles for LaRuO; and NdRuO; from the neutron
diffraction study are given in Figure 5. These results show
that the increasing lattice distortion on replacing La by
smaller Nd is accommodated both by increased octahedral
tilting (Ru-O-Ru angles decrease from 153 to 146°) and
through deformation of the RuOg4 octahedra. The octahedra
are quite regular in LaRuO;, where the three pairs of
inequivalent Ru—O bonds all have bond lengths of 2.02-
2.04 A. However, a pronounced tetragonal compression that
increases on cooling is observed for NdRuO; with two short
(2.01 A) and four long (2.07-2.08 A) bonds.

Jahn-Teller distortion of octahedrally coordinated, low-
spin 4d’ ruthenium(III) centers leads to tetragonal elonga-
tion, so the observed tetragonal compression parallel to the
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Figure 5. Thermal variations of Ru-O-Ru bond angles and Ru—O bond
lengths (Ru—O(1) in the ac plane, Ru—O(2) along the b-axis) for
LaRuO; (open symbols and broken lines) and NdRuO; (filled symbols
and full lines), showing the octahedral compression of NdRuO;.

b-axis is not consistent with orbital ordering. The lack of
orbital order is also in keeping with the ¢ < b/v/2 < a relative
magnitude of the cell parameters of all the LnRuO;
perovskites (Figure 2) which is indicative of the normal
O structure of Pnma perovskites. Octahedral compression is,
however, consistent with significant spin-orbit coupling, and is
further supported by physical-property measurements (see
below).

Four-probe electrical resistivities of ceramic pellets were
measured at 7-300 K for selected LnRuO; materials. All
samples were found to be nonmetallic and the data
(Figure 6a) follow Arrhenius behavior in the 50-300 K
range with activation energies of 22 meV for NdRuO; and
41 meV for GdRuO;, demonstrating that the LnRuO;
perovskites are narrow band gap semiconductors.

Magnetic susceptibilities of LnRuO; samples in Figure 6b
were measured at 2-300K in a 1T field using a SQUID
magnetometer. All samples were found to be paramagnetic
down to 2 K with no evidence of spin-ordering transitions, in
agreement with the absence of magnetic diffraction peaks in
the 7 K neutron diffraction patterns of the Ln=_La, Pr, and
Nd samples. Low-temperature anomalies are observed for the
Ln=Pr, Nd, Sm, and Eu samples, as is evident in the inverse
susceptibility plot for NdRuO; in Figure 6b, but these are
close to the reported transitions of the corresponding
Ln,Ru,0; pyrochlores and so are assigned to small traces of
these phases, below the limit of detection by X-ray diffrac-
tion. [

Inverse susceptibilities were fitted using the expression
y ' =[CI(T—06) +y,]"; the constant term ¥, is required to fit
a slight curvature of y ' as shown for NdRuOj; in Figure 6b.
The Weiss constant, 6, takes negative values for the early
Ln=La, Pr, and Nd, but was found to be insignificant for the
later lanthanides and was fixed at zero. The equation was
fitted to the data for all the LnRuO; samples (Ln=La-Tb)
with the exception of Ln = Eu, where temperature variation
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Figure 6. Variable-temperature property measurements for LnRuO,
materials: a) plot of log,,(resistivity) versus temperature (7-300 K) for
NdRuO; and GdRuO; pellets; b) magnetic susceptibilities for LnRuO;
and fitted inverse susceptibility versus temperature (2-300 K) for
NdRuO,.

of the effective moment precluded a useful fit. Values of the
fitted magnetic parameters are shown in Table 2.

The magnetic properties of the LaRuOj; sample appear to
differ significantly from those of the other LnRuO; perov-
skites. The LaRuO; sample has a u.; value consistent with
a mixture of localized S='/ ruthenium(Ill) and S=1
ruthenium(IV) spins, with strong antiferromagnetic exchange
interactions resulting in a large negative Weiss constant. The
absence of a long-range ordering transition most likely
reflects disorder caused by cation-site vacancies and mixed
Ru**/Ru*" states following the neutron-analyzed composition
Lay o Ru*?*;0;. Estimation of the ruthenium moment is
more difficult for the other LnRuO; perovskites containing
magnetic Ln*" cations. However, the experimental effective
moments for the LnRuO; materials where Ln =Pr, Nd, Sm,
Gd, and Tb are all close to the ideal Ln*" values, so any
contribution from a paramagnetic ruthenium moment is small
(at most approximately 0.8 pg for SmRuO;). These materials

Table 2: Fitted magnetic parameters for LnRuO; samples and derived
moments.”

L O ClemuKmol '] i (sl ter(Ln™) sl %o [emumol ]
La —119(5 0.52(2) 2.04 0 0.0006(1)

Pr —8.38(3) 1.71Q2) 3.69 3.58 0.0001(1)

Nd  —9(3) 1.56(8) 3.53 3.62 0.0014(2)
Sm 0 0.162(3) 1.14 0.85 0.0015(1)

Eu - - 3.2-3.9 0 -

Gd 0 7.68(7) 7.84 7.94 0.0007(3)

Tb 0 10.1(1) 8.97 9.72 0.0027(5)

[a] Effective magnetic moments were obtained from the Curie constants
as v/8C, except for Ln=Eu where the range of values is from /8yT
between 150 and 300 K. Calculated ground J-state Ln** moments are also
shown.
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have small or zero Weiss constants and significant temper-
ature-independent susceptibilities (y,~ 107> emumol ). This
can be indicative of Pauli paramagnetism in metallic systems,
but is also consistent with strong spin-orbit coupling in Mott
insulators.” Europium(III) has a /=0 ground state and the
effective moment often shows a strong temperature depend-
ence as thermally excited states become populated. The
effective moment of 3.2-3.9 pz observed at 150-300 K for
EuRuO; is typical of 4f° Eu** materials, whereas 4f7 Eu*"
would have a large, temperature-independent moment of
approximately 7.9 p. This observation, in combination with
the smooth trend of lattice parameters in Figure 2, confirms
that the charge distribution in this material (neglecting
vacancies) is Eu’'Ru*'O; rather than the alternative ground
state Eu>*Ru**0O,.

Strong spin-orbit coupling effects in heavy transition-
metal oxides, notably iridium oxides based on low-spin d’ Ir*,
are of interest as they can convert these systems from
correlated-metal states into topological Mott insulator
states.’l The strong spin-orbit coupling effect is also sug-
gested by the combination of tetragonal octahedral compres-
sion, a narrow band-gap semiconducting behavior, and small
effective-moment Curie-Weiss paramagnetism with an addi-
tional constant term, as observed for the high-pressure
LnRuO; materials based on low-spin d’ Ru*". Disorder
created by cation deficiency may also contribute to the
insulating behavior.

In conclusion, an extensive series of new LnRuO;
perovskites has been synthesized at high pressure, although
LaRuO; is accessible at ambient pressure. These Ru"'-based
oxides are ruthenium deficient and high-pressure samples
have compositions close to LnRuy,0O;. While perovskite-
related oxides are often used to stabilize high oxidation states
of transition metals,?”! such as +4 to + 6 for ruthenium, our
results and the recently reported SrFe,sRuysO,! show that
Ru*" and Ru*' can also be isolated in perovskites. The
LnRuOj; materials adopt an orthorhombic Pnma perovskite
superstructure with tetragonal compression of the RuOjg
octahedra. This distortion, and the observed narrow band-
gap semiconductivity and small effective-moment Curie—
Weiss paramagnetism, are consistent with Mott insulator
behavior, driven by a combination of strong spin-orbit
coupling and disorder.
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