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Abstract: Open-shell solids exhibit a plethora of intriguing
physical phenomena that arise from a complex interplay of
charge, spin, orbital, and spin-state degrees of freedom.
Comprehending these phenomena is an indispensable prereq-
uisite for developing improved functional materials. This type
of understanding can be achieved, on the one hand, by
experimental and theoretical investigations into known sys-
tems, or by synthesizing new solids displaying unprecedented
structural and/or electronic features. 3-Ag;RuO, may serve as
such a model system because it possesses a remarkable anionic
structure, consisting of tetrameric polyoxoanions (Ru,0 )",
and is an embedded fragment of a 2D trigonal MO, lattice. The
notorious frustration of antiferromagnetic (AF) exchange
couplings on such lattices is thus lifted, and instead strong
AF occurs within the oligomeric anion, where only one
exchange path remains frustrated among the relevant six. The
strong magnetic anisotropy of the [Ru,0,]" ion, and the
effectively orbital nature of its net magnetic moment, implies
that this anion may reveal the properties of a single-molecule
magnet if well-diluted in a diamagnetic matrix.

Doubly negatively charged oxygen is unstable as a free ion,
and thus it can only be incorporated into a chemical environ-
ment if particular mechanisms of stabilization are enabled.
An external positive potential provided by surrounding
cations in a prevailingly ionic crystal is one of the most
obvious options."! Another process giving relief to excess
electron density is catenation with homo-atomic bonds,
forming peroxide, superoxide, or ozonide anions.””! For high
oxidation state oxide materials, electron transfer to the
coordinated cations commonly occurs within some kind of
covalent bonding. This feature of oxygen is one of the
principal reasons for the tremendous wealth of structures and
properties displayed by (multinary) oxides. Among others,
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classes of materials include top performing ferroelectrics,
ferromagnets,'! or superconductors.”! Furthermore, specific
charge, spin, and orbital ordering phenomena give rise to
a wide-ranging spectrum of physical responses. Structural
variety is by no means a less relevant factor, to which the
diversity of bulk properties of oxides can be related. For
instance, antiferromagnetic exchange coupling of electron
spins on a trigonal lattice is frustrated and raises a rich energy
landscape of ordered magnetic states.!! Upon removal of part
of the spin bearing species from such a lattice (for example, by
leaving behind a Kagomé-type pattern), frustrated magnetic
exchange couplings may persist, while further breaking down
the dimensionality leads to monomeric or oligomeric complex
oxoanions, potentially behaving as single molecule magnets.”!
In particular, 2D trigonal lattices continue to be the focus of
solid materials research, in combination with the phenomena
of magnetic frustration and effects that are suited to lift the
phenomenon.!!

Herein, we report on a new oxoruthenate(V) featuring
trigonal geometry. The potentially 2D trigonal spin lattice is
broken down by interrupting the 2D exchange pathways after
insertion of diamagnetic silver.

Single-phase $-Ag;RuO, has been synthesized from Ag,0O
and KRuO, as a coarse crystalline product (Figure 1a), using
hydrothermal conditions. The shiny crystals are insensitive to
water and air, and start to decompose at 400°C, leaving
metallic silver and RuO, as solid residues. [-Ag;RuO,
features an unprecedented crystal structure,® which can be
regarded as a ternary, cation-ordered variant with a NiAs-
type structure: oxygen replaces As in the NiAs structure,
which consequently adopts a hexagonal close packed (hcp)
motif wherein Ag and Ru occupy the octahedral voids in
a fully ordered fashion. In accordance with its well-known
inclination to adopt low coordination numbers, silver is
shifted off the centers of the octahedral voids, resulting in
first neighbor coordination numbers of two and three. In
a structurally related sulfide, LiCrS,,”" alkali and transition
metals segregate into trigonal slabs ([LiS,,] and [CrS,,]) with
the unpaired spins of d*-configured chromium thus residing
on a trigonal lattice. Likewise, the cations in [-Ag;RuO,
separate into layers corresponding to the formula
Ag(Ag,Ru )0, = Ag,[AgRuO,], as displayed in Figure 1b.
In this way the frustration of the antiferromagnetic exchange
coupling on the trigonal sublattice hosting Ru" is lifted.
Interestingly, the ruthenium(V) atoms are not distributed
homogeneously, but segregate into clusters of (Ru,) diamonds
that are separated by diamagnetic silver atoms. The resulting
tetrameric polyoxoanions [Ru,Oy]"", are the most promi-
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Figure 1. a) Light microscope image of 3-Ag;RuQ, crystals. b) and
c) Crystal structure of -Ag;RuO, viewed along different crystallo-
graphic axes. Gray polyhedra in (c) correspond to silver.

nent local structural constituent. As displayed in Figure 1c, its
structure consists of four RuOg octahedra, each sharing two
edges in a cis-position with respect to neighboring octahedra.
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The bond lengths are in the range expected for Ru", and in
accordance with variations in the functions of oxygen atoms
within the crystal structure.

Previously reported a-Ag;RuQ, is based on a ccp arrange-
ment of oxygen atoms and exhibits a polyanionic strand
consisting of cis-edge linked RuOg octahedra.'”! Considering
the tetrameric anion of $-Ag;RuO,, a ring structure, one may
regard the two kinds of complex oxoanions as topologically
equivalent.

The magnetic properties of the compound, represented as
x (magnetic susceptibility) and y7 as a function of temper-
ature in Figure 2, are quite unusual and reflect its cluster

0006
Los
0005
-—
o6
_ 0004 <
5 g
£ ¥
=5 0003 L0o4
g 240 g
= _ ~
0002 4 T =
g o2
- 300.
0001 4 N
200 2% 00
T(K)
0000 — T T 71— 00
0 50 100 150 200 250 300 350
T(K)

Figure 2. Temperature dependence of magnetic susceptibility y (red),
reciprocal susceptibility ' (inset, orange), product T (green) of
B-Ag;RuO, under a field of 50 kOe. Fits of T (see text) with the
constraint J,=/, (dashed magenta line), and without constraints
(black line). Insert picture: rhomb of ruthenium tetramer, the spin
orientation for the ground state is shown.

nature. Above 80 K, that is within the regime of paramagnetic
response, y is reversible (Figure 2, left scale) and is inde-
pendent of the magnetic field applied (Supporting Informa-
tion, Figure S1). The approximately linear part of 1/x(7),
lying between 200 and 300 K, follows the Curie—Weiss
equation with a u.; of 4.01 ug per Ru atom and 6 —390 K
(Figure 2, inset). This value corresponds fairly well to Ru**
ions with § =3/2 (theoretical . = 3.87 ug). Notably, the large
negative 6 indicates that strong intracluster antiferromagnetic
exchange interactions prevail. Around 80 K a pronounced
cusp in the susceptibility evolves, which becomes strongly
dependent on field strength (Supporting Information, Fig-
ure S1), suggesting that a magnetic phase transition occurs.

It is reasonable to assume that the strong magnetic
exchange interaction is limited to [Ru,Oy]"*" tetramers, since
the intercluster interactions will be substantially dampened by
the surrounding Ag* ions. Based on this premise, suscepti-
bility in the range 90-300 K was analyzed using a Heisenberg
model with four equal exchange integrals J, along every side
of the rhomb, and a different J, and J; along the short and long

Angew. Chem. 2016, 128, 4543 —4547


http://www.angewandte.de

GDCh
~~

diagonals, respectively (see Figure 2). The respective Hamil-
tonian is designated by Equation 1.

= 20,8, 218,827, (818 + $18 + $:8, + $,8,)+

A A (1)
BH[gi(S1 +Sy) + g5(S5 + S4)]

On the basis of a reported!! function, dependence
(xT(T)) was fitted with S;=S,=S;=S,=3/2 and g, =g;=¢
(Supporting Information). Since the long diagonal is 5.39 A in
length, that is considerably longer than the other rhomb
dimensions, J; was fixed to 0.

The fitting shows that susceptibility values are mostly
determined by J,, while J, only affects the data slightly.
Although one would expect similar J, and J, values for
geometric reasons, the best fit resulted in exchange param-
eters with opposite signs (J; =—36.732(7) K, J,=28.3(1) K,
g=1.9208(3) with R*=0.99999). Exchange parameters with
opposite signs may be sensible if different local coordination
geometries of ruthenium atoms are considered. Possible
competing ferro- and antiferromagnetic exchange contribu-
tions from different exchange channels may result in a positive
J for one ruthenium pair and a negative J for the other. An
alternate fitting with the constraint J,=J, gave J, =
—31.74(4) K, and g =2.0001(8), with an R? of 0.99976. There-
fore we can only consider with confidence, the J; value lying
between those values obtained using the first and second fit,
while the J, value is not fully relevant.

The ground state of such a tetramer is a spin-singlet, with
two spins down at the long diagonal and two spins up at the
short diagonal (see Figure 2). Here we can see a frustration-
like phenomenon. Although antiferromagnetic coupling
between neighboring Ru’" was expected, spins over the
short diagonal happen to be aligned ferromagnetically
because of an antiferromagnetic interaction with the other
two ruthenium ions along the edges of the rhomb. Statistically,
the latter interaction is thus twice as strong as the one across
the short diagonal, thereby frustrating the expected antifer-
romagnetic coupling.

The susceptibility response below 80 K is peculiar. Field-
cooled (FC) and zero-field-cooled (ZFC) curves almost
coincide under a high field of 50 kOe. On cooling and after
a sharp increase below 80 K, x(7) exhibits a maximum at
about 62-64 K and decreases back to a smaller value. Such
behavior is unusual for an FC curve, which is expected to
show monotonous growth with possible saturation at low
temperatures. This experimental result is fully reproducible,
as was demonstrated on two samples synthesized in different
batches. The temperature dependence of the AC suscepti-
bility, as well as the field dependence of magnetization at
temperatures below the transition temperature, is shown in
Figure 3. Under a zero DC field, both »'(T) and y"'(T) exhibit
a maximum at 69 K and do not depend on the AC frequency.
With an increasing DC magnetic field, the y'(T) peak shifts
only slightly to higher temperatures (1-3 K). The y"(T) peak
fully disappears under a low field of 1kOe, implying that
magnetization becomes reversible under an AC field. Thus,
there is no distinct sign of a magnetization relaxation
behavior that usually characterizes a transition to a spin-
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Figure 3. Magnetic properties of 3-Ag;RuO,. Inset, top left: real (upper
curves) and imaginary (lower curves) parts of magnetic susceptibility
vs. temperature at an AC frequency of 80 Hz, and DC fields H=0
(red), 1 kOe (orange), 10 kOe (green), 50 kOe (magenta), and at an
AC frequency of 450 Hz and H=0 (blue dashes). Main figure:
hysteresis magnetization loops at temperatures T=1.8 K (blue), 30 K
(green), 62 K (orange), 69 K (red), 74 K (magenta). Inset, bottom
right: parts of magnetization loops after field cooling under

H=70 kOe, showing a bias-effect; the bias value is defined as

Hy, = [H.(descending field)—H_(ascending field)]/2; at T=1.8 K (blue),
Hys=0.72 kOe; at T=30 K (green), H,,=0.12 kOe.

glass state. Therefore, the features considered reflect the
transition to a particular magnetically ordered state.

The field dependence of magnetization below the tran-
sition temperature is of non-linear and hysteretic character.
The coercivity (H,.) increases constantly with decreasing
temperature, approaching 10 kOe at 1.8 K. The remanent
magnetization (M,) reaches a maximum value of 0.015 pj at
62 K, decreases to 0.012 pg at 30 K, and remains unchanged
up to 1.8 K, constituting only a small part of the maximum
value of 3y expected for ferromagnetically ordered Ru’*
ions.

At first glance, the weak ferromagnetism encountered
appears to contradict our conclusion about strong antiferro-
magnetic interactions occurring between ruthenium tetramer
anions, leading to a ground state with S=0. A probable
reason for the observed small non-compensated magnetic
moment is the effect of spin-orbit coupling. Recent works
suggest non-negligible orbital moment contribution to mag-
netism of octahedrally coordinated Ru’', in spite of its
orbitally non-degenerate ground state *A,,."” In the centro-
symmetric [Ru,O,4] unit in f-Ag;Ru0,, a small misalignment
angle between initially antiparallel directions of the diagonal
spin-pairs may appear (allowed by symmetry) because of
second order spin—-orbit coupling, thereby forming a small
residual magnetic moment. This provides weak spontaneous
magnetization in the antiferromagnetic state below 80K,
which in fact represents a kind of spin-canted antiferromag-
netism described by antisymmetric exchange interactions."!
The fact that a plot of spontaneous magnetization versus

www.angewandte.de

An dte

Chemie

4545


http://www.angewandte.de

GDCh
~—

4546

temperature shows a cusp is also not surprising. A tiny change
of geometry in the ruthenium tetramer with temperature may
affect the proposed small misorientation angle considerably,
so that the angle and the corresponding residual magnetic
moment decrease with lowering temperature.

This type of canted spin magnetic order can also be
considered as non-compensated antiferromagnetism, which
was recently shown to provide very strong magnetic aniso-
tropy and a giant magnetization bias effect.'! To check the
latter, we measured the magnetization loops after cooling the
sample below the transition temperature under a field of
70 kOe (Figure 3, bottom right inset). A small but distinct
hysteresis bias was observed at 1.8 and 30 K, suggesting that
the magnetic anisotropy field value exceeds 70 kOe at these
temperatures.

In conclusion, a new oxoruthenate(V) complex featuring
an unprecedented tetrameric complex oxoanion [Ru,O4]"*"
embedded in a 2D trigonal slab MO, was presented. The
magnetic studies suggest that strongly antiferromagnetically
interacting spins within the [Ru,0,4]'*” ion result in a formally
spin-singlet ground state. Part of the characteristic frustration
of antiferromagnetic exchange coupling on trigonal spin
lattices persists, even in the tetramer, but is overcome because
only one out of five relevant antiferromagnetic intracluster
exchange paths is frustrated. Furthermore, we suggest that the
formal spin-singlet ground state develops a small net mag-
netic moment because of second order spin-orbit coupling,
and that the magnetic ordering of these net moments at low
temperature provides the observed weak ferromagnetism
with high magnetic anisotropy. The strong magnetic aniso-
tropy of the [Ru,O,¢]"*" ion, as well as the effectively orbital
nature of its net magnetic moment, suggests that this anion
may reveal the properties of a single-molecule magnet if well-
diluted in a diamagnetic matrix.

Experimental Section

Synthesis: The title compound was synthesized from Ag,O (freshly
precipitated from an aqueous solution of AgNO; with KOH) and
KRuO, (Alfa Aesar 97 % ) by applying hydrothermal conditions using
a Teflon-lined stainless steel autoclave. For a typical batch Ag,O and
KRuO, (400 mg, 3:2) were added to deionized water (8 mL).
Subsequently, the mixture was stirred for 10-15 minutes before
placement in a 25 mL autoclave and heating to 190-200°C for
48-72 h. After switching off the heating source the autoclave was
allowed to cool to room temperature. The product formed was
removed by filtration, washed with deionized water and ethanol, and
finally dried in a desiccator.

Thermal analysis: The thermal stability of the title compound was
studied by TGA/DTA (NETZSCH STA 449 C, argon atmosphere,
heating rate 10 Kmin™). The compound started to decompose at
400°C. The weight loss (6.46%) observed during the first step of
decomposition corresponds to the mass of two equivalents of oxygen.
The decomposed product was characterized by PXRD and consists of
metallic silver and RuO,. The decomposition reaction may thus be
represented by Equation 2.

Ag;RuO, = 3Ag + RuO, + O, (2)
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