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We have performed magnetic susceptibility, heat capacity, muon spin relaxation, and neutron
scattering measurements on three members of the family BazMRu2Og, where M = In, Y and Lu.
These systems consist of mixed-valence Ru dimers on a triangular lattice with antiferromagnetic
interdimer exchange. Although previous work has argued that charge order within the dimers or
intradimer double exchange plays an important role in determining the magnetic properties, our
results suggest that the dimers are better described as molecular units due to significant orbital
hybridization, resulting in one spin-1/2 moment distributed equally over the two Ru sites. These
molecular building blocks form a frustrated, quasi-two-dimensional triangular lattice. Our zero
and longitudinal field uSR results indicate that the molecular moments develop a collective, static
magnetic ground state, with oscillations of the zero field muon spin polarization indicative of long-
range magnetic order in the Lu sample. The static magnetism is much more disordered in the Y

and In samples, but they do not appear to be conventional spin glasses.

I. INTRODUCTION

The 6H-perovskites, with formula BagM A30Oq, have
provided fertile ground for recent discoveries in frus-
trated quantum magnetism. Materials in this family with
magnetic M-sites have been shown to exhibit quantum
spin liquid behavior, in particular 6HB-BagNiSboOg [1-3]
and BagIrTisOg [4] while others, BagCuShyOg [5-7] and
BagZnlraOg [8], exhibit possible quantum spin-orbital
liquids. Furthermore, BagCoSbsOg has allowed for some
of the first studies on the magnetization process of a truly
triangular spin-1/2 antiferromagnet [9-13]. The flexibil-
ity of this crystal structure means that we are also at
liberty to include magnetic 4d/5d transition metal A-
site ions and thereby study spin dimers distributed on
a triangular lattice with significant spin-orbit coupling
and orbital hybridization. In the case of the ruthenates
Basz MRuyOg, where M>1 is non-magnetic, one obtains a
triangular lattice of magnetic, mixed-valence Ru dimers.
A total of seven electrons occupy each dimer and this
leads to the possibility of charge, orbital and spin de-
grees of freedom.

For analogous 3d transition metal-based dimer systems
with more than two electrons per dimer, Hund’s coupling
is usually dominant and therefore needs to be treated be-
fore turning to intersite effects such as electron hopping
and the interdimer Coulomb interaction. However, re-
cent theoretical [14, 15] and experimental [16] work has
shown that this approach can break down in some 4d and
5d transition metal-based dimer systems, where Hund’s
coupling is expected to be significantly weaker due to
the spatially-extended d-orbitals. This more complicated
regime may be realized in the BagMRusOg family, as any

simple picture based on dominant Hund’s coupling can-
not describe all of the known magnetic properties of the
Ru dimers.

More specifically, two different magnetic ground states
for the Ru dimers in BagMRus09 have been proposed
previously that are consistent with dominant Hund’s cou-
pling. Doi et al. [17] first assumed that all seven elec-
trons were localized at particular Ru sites, which leads
to Ru**t/5+ charge order within the dimers and antiferro-
magnetic intradimer exchange. They argued that the lat-
ter should produce dimers with a magnetic ground state
of total spin S = 1/2, which could explain the loss of ef-
fective magnetic moment with decreasing temperature in
their M = In, Y and Lu magnetic susceptibility measure-
ments and an entropy release of RIn(2) in their specific
heat data at the low temperature magnetic phase transi-
tions (T;, = 4.5, 4.5, and 9.5 K for In, Y, and Lu).

However, their model fails to explain the very differ-
ent, monotonic susceptibility in the M = La sample,
as the intradimer exchange interaction would have to
change dramatically, from strongly antiferromagnetic to
strongly ferromagnetic with only a tiny modification of
the crystal structure. Even if that were possible, the
model would imply S = 5/2 dimers in the La compound
which would lead to much larger values of susceptibility
than are measured. Furthermore, subsequent neutron
diffraction measurements of the Y system found no evi-
dence for the required charge ordering within the dimers
down to 2 K [18]. For these reasons, the magnetic ground
state of the Ru dimers has also been discussed more re-
cently in the context of molecular double exchange [18],
but this simple model cannot explain the non-monotonic
T-dependence of the magnetic susceptibility, the low-T'
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FIG. 1: A portion of the crystal structure of BagMRu20g, specifically using parameters for the M =Y sample, showing one
plane of Ru-Ru dimers. (a) A view perpendicular to the c-axis showing the stacking of Ru ions to form dimers. (b) A view
parallel to the c-axis, showing the triangular arrangement of Ru-dimers.

entropy release in the specific heat data, and the small
ordered moment sizes for the Y and La systems found in
neutron diffraction.

This means that there is currently no comprehensive
understanding of the magnetic ground states for single
Ru dimers in the BagMRusOg family. The collective
magnetic ground states of these materials may also be
interesting in their own right, as the interdimer interac-
tions are likely frustrated due to the triangular lattice
geometry of the dimers. For these reasons, we have used
magnetic susceptibility, heat capacity, muon spin relax-
ation (uSR), and neutron scattering to investigate both
the single dimer and collective magnetic properties of the
M = In, Y and Lu systems.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of BagMRusOg (M = In,
Y and Lu) studied here were prepared by the stan-
dard solid state reaction method. Appropriate amounts
of Ba003, IHQOg/YzO3/LU203 (Y203 and Lu203 were
pre-dried at 980 °C overnight), and RuOy were mixed in
agate mortars, compressed into pellets, and annealed for
20 hours in air at temperatures of 900°C, 1200°C and
1300°C, respectively. Magnetic susceptibility and spe-
cific heat measurements were performed using Quantum
Design MPMS and PPMS systems. The DC magnetic
susceptibility was measured with a magnetic field of 1 kG.
AC susceptibility measurements were also performed at
various frequencies (from 333 Hz to 9999 Hz) to look for
evidence of spin freezing.

Neutron powder diffraction (NPD) was performed with
polycrystalline BasMRuyOg (M = In, Y and Lu) using
the HB-2A powder diffractometer of the High Flux Iso-
tope Reactor (HFIR) at Oak Ridge National Laboratory
(ORNL). The Lu sample was loaded in a vanadium can,
and the data was collected at T' = 1.5 K with a neutron

wavelength of 1.54 A and a collimation of 12/-open-12’.
The In and Y samples were loaded in aluminum cans,
and the data was collected at T' = 3.5 K with a neutron
wavelength of 1.54 A and a collimation of 12/-21'-6'.

Complementary elastic neutron scattering measure-
ments were performed on the fixed-incident-energy triple-
axis spectrometer HB-1A of HFIR at ORNL, using
the same polycrystalline samples. A series of two py-
rolytic graphite (PG) crystal monochromators provided
the fixed incident energy F; of 14.6 meV and two-highly
oriented PG filters were placed in the incident beam to
remove higher order wavelength contamination. A PG
analyzer crystal was located before the single He-3 de-
tector for energy discrimination. A collimation of 40'-
40'-40/-80" resulted in an energy resolution at the elastic
line of ~# 1 meV. The elastic scattering was measured
at 1.5 K for all three samples, with higher temperature
background data collected at 20 K for the Lu system and
10 K for the In and Y systems.

Inelastic neutron scattering (INS) measurements were
collected on the direct-geometry time-of-flight chop-
per spectrometer SEQUOIA of the Spallation Neutron
Source (SNS) at ORNL, using the same polycrystalline
samples loaded in aluminum cans. Spectra were collected
at a variety of temperatures by operating in high flux
mode (elastic resolution of ~ 4 % E;) with E; = 50
and 100 meV. The monochromatic incident beam was ob-
tained by using a Fermi chopper rotating at a frequency
of either 180 or 240 Hz for E; = 50 and 100 meV respec-
tively. The background from the prompt pulse was re-
moved with a T chopper operating at 90 Hz. An empty
aluminum can was measured in identical experimental
conditions for a similar counting time. The resulting
spectra were subtracted from the corresponding sample
spectra after normalization with a vanadium standard
to account for variations of the detector response and
the solid angle coverage. This procedure ensured that
temperature-independent scattering was removed from



the spectra before applying the appropriate Bose correc-
tions to calculate f(Q)?x”(Q,w), where x”(Q,w) is the
imaginary part of the dynamic magnetic susceptibility
and f(Q) is the magnetic form factor.

Muon spin relaxation measurements were performed
at TRIUMF, Canada on the M20 beam line with the
LAMPF spectrometer and a He-flow cryostat. Samples
were encapsulated in Ag-coated mylar adhesive and sus-
pended between copper supports in the path of the muon
beam where they were cooled by helium vapour to as
low as ~ 2 K. This style of sample mount and a veto
counter behind the sample allow us to almost completely
eliminate any background asymmetry. Measurements
were taken in zero-field (ZF), longitudinal field (LF), and
weak transverse field (TF) geometries using forward and
backward positron counters to determine the asymmetry,
a(t) = (np —anp)/(ng + anp). « is determined with
weak transverse field measurements in the paramagnetic
phase and a(t) is divided by the initial asymmetry to
obtain the muon polarization, P(t).

TABLE I: Structural parameters for BasMRusOg9 (M = In,
Y, and Lu) extracted from the refinements of the
X\ = 1.54 A neutron powder diffraction data. The lattice con-
stants and bond distances are in A, and the bond angles are
in degrees.

B’ In (35K) Y (35 K) Lu (1.5 K) La (11 K) [18]
a 5.7947(1) 5.8565(1) 5.8436(1) 5.9492
c 14.2738(2) 14.4589(1) 14.3978(2) 14.9981
Bay z 0.9116(2) 0.9075(1) 0.9084(2) 0.8909
Ru z 0.1611(1) 0.1632(1) 0.1620(1) 0.16556
O z 0.4874(5) 0.4879(4) 0.4887(5) 0.4873
Oy 0.1712(4) 0.1758(2) 0.1741(3) 0.17889
0 z 0.4150(1) 0.4124(1) 0.4138(1) 0.40471
Rup 8.82%  627%  618%  6.66 %
Ru-O;  2.001(3) 2.009(2) 2.019(2) 2.030
Ru-O,  1.956(2) 1.936(1) 1.947(2) 1.909
Ru-Ru  2.538(3) 2.511(2) 2.533(3) 2.533

Ru-O;-Ru 78.8(1)  77.4(1)  77.7(1)  77.2

III. SEARCH FOR STATIC CHARGE ORDER

It is important to understand the magnetic ground
state of a single Ru dimer before moving on to a dis-
cussion of these materials’ collective magnetic properties.
As shown in Fig. 1(a), each Ru site is in an octahedral
oxygen environment, and the Ru dimers form via face-
sharing octahedra. It is well-known that all three ma-
terials crystallize in the space group P63/mmc at room
temperature, which ensures that both Ru sites forming a
dimer are crystallographically-equivalent due to the crys-

tal symmetry. However, static charge order is a distinct
possibility for these materials upon cooling due to the
mixed Ru*t/>+ nominal valence, which has been found in
isostructural systems with a mixed Ru®t/6* nominal va-
lence such as BagNaRuzOg [16]. Neutron powder diffrac-
tion (NPD) is a sensitive probe to look for this effect, as
one can investigate the T-dependence of the charge dis-
tribution in the dimers indirectly via Ru-O bond lengths.
Figure 2 shows NPD data collected using A = 1.54 A for
BagMRuy0g9, with T = 1.5 K for the Lu system and
T = 3.5 K for the In and Y analogs. Rietveld refinements
were performed using FullProf [19]. In all cases, we find
that the data is best refined in the room temperature
P63/mmec space group with only one unique Ru site and
no Ru/M site mixing, and therefore we find no evidence
for static charge ordering down to these temperatures.
We also do not detect any magnetic Bragg peaks, which
would be indicative of long-range magnetic order, in this
data. Table I shows lattice constants, atomic fractional
coordinates, and selected bond distances and angles ex-
tracted from the refinements. We note that our Oy z pa-
rameter for the Y system is significantly different from
the value reported in Ref. [18]. Upon careful inspection
their value appears to be somewhat unphysical [20]

IV. MOLECULAR MAGNETISM

Since there is no evidence for static charge order of
the Ru dimers in BagMRuz09 (M = In, Y and Lu),
we now consider other possibilities for the single dimer
ground states that are consistent with the known mag-
netic properties. We first revisit the DC magnetic suscep-
tibility of these materials, as a satisfactory explanation
for the complex T-dependence is still lacking. Our own
results, shown in Fig. 3(c), are very similar to previous
work by Doi et al. [17]. Between ~ 100 K and 300 K,
X is an increasing function of temperature (dy/dT > 0),
suggestive of gapped spin excitations. Below ~ 100 K,
however, x becomes a decreasing function of temperature
(dx/dT < 0), i.e. begins to resemble a Curie-Weiss law.
A logical explanation for this non-monotonic behavior is
a change in spin number with temperature. For example,
the ground state of each Ru dimer may be a .S = 1/2 dou-
blet with a relatively low-lying excited S = 3/2 manifold
(with energy Aq). As T > 100 K, we begin to populate
the S = 3/2 manifold, which naturally has a larger sus-
ceptibility. If we assume that there is also a S = 5/2
manifold with higher energy Ay, a minimal functional
form for the susceptibility [17] can be written as

. C 1+ 10e=21/kBT 4 35e=R2/ksT )
T T+0Op 142 A1/Tks 4 3¢—B2/knT (1)

x(T)

This equation accounts for interactions between dimers
via the Oy, term. Fits of this form provide an adequate
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FIG. 2: Neutron powder diffraction measurements with a
wavelength of 1.54 A for (a) BazInRu:09 (3.5 K), (b)
BasYRu20y (3.5 K), and (c) BagLuRu20yg (1.5 K). The cor-
responding structural refinements (black lines) are superim-
posed on the data points. The extra peaks in the In and Y
patterns arise from the Al sample can.

description of the susceptibility data over a broad tem-
perature range. Without fixing any parameters, these
fits yield A; = 38.9(4) meV (In), 28.6(3) meV (Y) and
34.1(4) (Lu). However, fits of this form are somewhat
over parametrized and a more direct method for explor-
ing the excitation spectrum is desirable.

To this end, we have employed inelastic neutron scat-
tering measurements, carried out on the SEQUOIA spec-
trometer with an incident energy of E; = 100 meV. We
plot f(Q)*x"(Q,w) for BagMRuy0g in Fig. 4(a)-(c) as
a temperature difference f(Q)?Ax” = £(Q)2[x"(5 K) —
x" (225 K)] to isolate the low-temperature magnetic scat-
tering. Two dispersive magnetic modes are visible in the
spectra of each system. The lower modes are located
just above the elastic line and appear more clearly in the
complementary E; = 50 meV datasets shown in Fig. 5.
The finite dispersion of these modes likely arises from sig-
nificant interdimer interactions. Constant-Q cuts taken
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FIG. 3: (a) Energy-level and spin occupation diagram for a
hybridized Ru*®T-Ru*°* dimer with large bonding energy,
which is likely to apply to the In, Y and Lu samples [15]. (b)
Energy level diagram with lower bonding energy as expected
to apply to the La sample. (¢) Magnetic susceptibility of the
In, Y and Lu samples, with the fits using Eq. 1. superimposed
on the data.

from the same datasets with an integration range of [2-
2.5] A=1 are depicted in Fig. 4(d). These cuts indicate
that the higher energy mode is centered about 34(1) meV,
31.5(1.5) meV, and 34(1) meV for the In, Y, and Lu sys-
tems respectively. These excitation energies correspond
reasonably well to the values of Ay obtained from freely
fitting the DC susceptibility.

Ultimately, we have fitted the susceptibility data by
fixing the values of Aj; to those measured with our
INS measurements, resulting in only 3-parameter fits
and eliminating the over-parametrization problem. The
Curie constants C obtained from this fitting give effec-
tive moment sizes, ueg, in the ground state manifold of
1.40(3)up, 1.65(3)up, and 1.53(3)up per dimer for the
In, Y and Lu samples, respectively. These values are
only slightly under the value of 1.73up expected for a
free spin-1/2, and therefore this result is consistent with
our proposal that a single dimer has a total spin S = 1/2
ground state. The Weiss constants, Oy, are found to be
43(3) K, 110(10) K and 113(2) K for the In, Y and Lu
systems respectively, which are indicative of significant
antiferromagnetic interdimer exchange. The S = 5/2
state is found at Ag = 81(1) meV (In), 72(1) meV (Y)
and 80(1) meV (Lu). Despite the high energy of Ao, these
states cannot be ignored in the susceptibility fitting.

This model includes a number of simplifications, most



importantly that the Weiss constant, Oy, is the same
in all manifolds of total spin. This is counterintuitive
since one would expect a higher total spin to yield a
larger Weiss constant, all things being equal, since Oy =
22J8(S+1)/3kp where z is the number of nearest neigh-
bors. The success of this simplistic model, in which Oy is
constant, therefore implies that the interaction strength,
J, between dimers is smaller when they are excited into
their S = 3/2 or S = 5/2 manifolds, compensating for
the increase in spin number.

This single dimer picture supported by our suscepti-
bility and INS measurements can be better understood
by drawing on the work of Streltsov and Khomskii who
have investigated the possibility of covalent bonds form-
ing between 4d/5d ions in various cases [14, 15]. For
the current BagMRu,0Og structure, one should consider
the transition metal Ru ions in the strong crystal field
regime. Since these ions are in an octahedral oxygen en-
vironment, this assumption leads to the usual low energy
tag orbitals and higher energy e, orbitals. A trigonal dis-
tortion, inherent to this family of materials crystallizing
in the P63/mmec space group, then splits the to, orbitals
into an ay, singlet and an e} doublet [21]. The unique
face-sharing octahedral geometry of two neighboring Ru
sites is argued to produce strong orbital hybridization,
with the a1, orbitals experiencing the largest bonding
energy as shown in Fig. 3(a) and (b). If the two Ru
sites are close enough, then the ej orbitals can also par-
ticipate in molecular bonding. The choice of magnetic
ground state for a single dimer in a particular system
depends critically on the ratio of the molecular bonding
energy to Hund’s coupling, as illustrated in Fig. 3(a) and
(b). In the present materials BagMRusOg with M =Y,
In and Lu, the molecular bonding energy appears to be
higher than Hund’s coupling, and therefore the electrons
prefer to occupy the ej bonding orbitals rather than the
eg” anti-bonding orbitals. In other words, three covalent
bonds form and one uncompensated electron is left over.
This situation is illustrated in Fig. 3(a).

This model suggests that the higher-energy dispersive
modes observed in the INS spectra, shown in Fig. 4(a)-
(c) and highlighted in the cuts of Fig. 4(d), can be as-
signed to electron transitions from bonding to antibond-
ing molecular orbitals, which would cause the total spin
of a dimer to change from S = 1/2 to 3/2. The ori-
gin of the lower energy INS modes can also be under-
stood in the context of the molecular magnet model,
as they may simply represent electron transitions be-
tween the antibonding orbitals shown in Fig. 3(a). Any
origin associated with collective magnetic ordering or
spin freezing for these low energy modes can be ruled
out as there was no significant change observed in their
temperature-dependence between 1.5 and 20 K in com-
plementary E; = 50 meV datasets, which is illustrated
for Ba3YRu209 in Flg 5.

On the other hand, the magnetic susceptibility of
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bitrary units) obtained with inelastic neutron scattering for
(a) BagLuRuQOQ, (b) BaglnRuQOQ and (C) BagYRU.zOg as
a function of wave vector and energy transfer. (d) Cuts of
F(Q)?Ax" integrated between Q = 2 and 2.5 A~1.

BagLaRu2Og [17] is consistent with a total spin S = 3/2
dimer ground state, and a S = 1/2 excited state, which
implies that the molecular bonding energy is not as large
and therefore only two covalent bonds form in this case,
as illustrated in Fig. 3(b). This also explains the much
larger magnetic moment observed in neutron diffraction
experiments [18]. It is natural to ask what structural
parameter gives rise to this dramatic difference between
the La sample and the In, Y, and Lu analogs studied
here. Although there is no discernible correlation with
Ru-Ru distance as shown in Table I, the La sample does
have a larger Ru-O(1) distance and smaller Ru-O(1)-Ru
bond angle than the other materials. These parameters
may play an important role in determining the molecu-
lar bonding energy of the ey orbitals, especially since the
O ions form the common octahedral face of the RusOg
units. As can be seen from Fig. 3(b), a smaller bonding
energy leads to the S = 3/2 configuration expected for
the La sample.
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FIG. 5 f(Q)?Ax" = F(Q)*X(T) - F(Q)*\"(225 K) (arbi-
trary units) obtained with inelastic neutron scattering as a
function of wave vector and energy transfer, using a lower in-
cident energy of E; = 50 meV for (a) BasLuRu2Og at T' = 1.5
K (b) BaglnRuQOg at T = 1.5 K and BagYRUQOg at (C)
T=15Kand (d) T =20 K.

V. COLLECTIVE MAGNETIC GROUND STATES

Specific heat, presented in Fig. 6(a), shows peaks at 3.0
K, 5.2 K and 10.5 K for the In, Y and Lu samples, re-
spectively, presumably indicating the onset of long range
order (LRO) or spin freezing. First, it is quite clear that
these materials are highly frustrated as the values of Oy
we have determined are much higher than T,,, with the
frustration likely arising from the triangular lattice geom-
etry of the Ru dimers and the strong antiferromagnetic
interactions between them. More specifically, we find
frustration parameters, f = Oy /T, of 13 (In), 21 (Y)
and 11 (Lu). Note that the suppression of these materi-
als’ transition temperatures, relative to their Weiss con-
stants, may just as easily be driven by low-dimensionality
(that is weak interactions between the triangular planes)
rather than by geometric frustration.

While our results are qualitatively consistent with pre-
vious work [17], there is some variability in transition
temperatures between our samples and those of Doi et
al. [17]. Whereas our M = Lu sample has a peak in
the specific heat C(T') at 10.5 K, their sample seems to
have a 9.5 K ordering transition. The low-T" specific heat

anomaly of our M = Y sample is also somewhat ele-
vated when compared to Doi et al. [17]. Meanwhile, our
M = In sample has a peak in C(T) that is broader and
somewhat lower in temperature. Evidently there is some
sample-dependence of the magnetic properties of these
materials.

Since there are possible indications of magnetic order
or spin freezing in the C'(T') measurements, we performed
elastic neutron scattering on the BagMRuzOg9 (M = In,
Y and Lu) samples using the HB-1A fixed incident en-
ergy triple axis spectrometer at HFIR of ORNL. The
HB-1A experiment was designed to maximize the pos-
sibility of observing a magnetic signal, so this data is
complementary to the HB-2A measurements described
above where magnetic Bragg peaks were not observed.
Specific advantages for the HB-1A experiment, as com-
pared to the HB-2A measurements, are as follows: (1)
The low-T' datasets were all measured at 7' = 1.5 K to
ensure that we were well below the C(T') anomalies in
each case. (2) The signal-to-noise at HB-1A relative to
HB-2A is enhanced due to a double-bounce monochro-
mator and the use of an analyzer for energy discrimina-
tion. Despite these improvements in the experimental
set-up, the HB-1A measurements show no evidence of a
magnetic signal below the C(T") anomalies in each case,
as illustrated in Fig. 7. Although the HB-1A result for
the Y sample appears to be inconsistent with previous
work by Senn et al. [18] using the WISH diffractometer
at ISIS, it is important to note that the magnetic Bragg
peaks observed in the WISH experiment were extremely
weak. In fact, the ordered moment for the Y system re-
ported in Ref. [18] is only 0.5(6)up per Ru site, so there
is a great deal of uncertainty in this value. The apparent
discrepancy with the HB-1A data may simply arise due
to a slightly different signal-to-noise ratio on WISH as
compared to HB-1A, or there may be an extreme sensi-
tivity of the Y magnetic ground state to some form of
disorder.

Ref. [18] also reported the observation of significantly
stronger magnetic Bragg peaks for BagLaRuyOg. An or-
dered moment of 1.4(2)up per Ru site was determined
from the subsequent magnetic refinement, which is con-
sistent with a total spin of S = 3/2 per dimer. Simi-
lar magnetic reflections were observed for both the La
and Y samples, and this finding led the authors to con-
clude that these two materials host the same magnetic
structure. Specifically, they find a (0 1/2 0) propagation
vector which they attribute to a magnetic structure with
ferromagnetic dimers. We note that their assumption of
a ferromagnetic intradimer interaction is not consistent
with our interpretation of the single dimer ground state
for these materials, as discussed above. However, this
discrepancy is resolved simply by replacing the single ion
spins in their work with a single spin-1/2 moment dis-
tributed over each dimer in the case of the Y sample or a
spin-3/2 moment in the case of La. The revised magnetic
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FIG. 6: (a) Specific heat (C) of the samples measured here
with dashed lines identifying the low-T" anomalies as Ty,. (b)
The paramagnetic fraction of the samples as a function of
temperature, obtained by applying a transverse field and as-
sessing the amplitude of the ™ precession generated. (c) Fast
relaxation rates, Ap, for all three samples and the highest os-
cillation frequency in the Lu sample, w1 = 27 f1, as functions
of temperature. (d) Slow relaxation rate, or 1/T%, vs. tem-
perature for all three samples.

structure is then simply a collinear stripe phase, which
has been predicted to arise for the quasi-2D triangular
lattice when the NN and NNN in-plane exchange interac-
tions are antiferromagnetic and comparable in magnitude
[22]. These materials could therefore be considered to be
the molecular magnet equivalents of isostructural com-
pounds (for instance BazCoSbaOg [9-13]) where the M-
site is magnetic and forms a quasi-2d triangular lattice,
albeit with a more important NNN interaction strength.

Since our neutron scattering measurements found no
evidence for magnetic Bragg peaks in the In, Y, and
Lu samples, possibly due to the small ordered moment
sizes, it is natural to study these materials with pSR,
which is one of the most sensitive probes of weak mag-
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FIG. 7: Elastic neutron diffraction data from HB-1A for all
three samples. The open circles are data taken at 1.5 K. Red
points were taken above Tr,, at 10 K (for Y and In) and 20
K for Lu. The Lu data has been shifted downwards by 200
counts / minute for ease of view. No evidence of magnetic
order is observed, possibly because the ordered moment is
extremely small or spread out over an entire dimer.

netism. As can be seen in Fig. 8, the ZF-uSR data of all
three samples show indications of a magnetic phase tran-
sition with greatly increased relaxation at low T'. The In
and Y samples do not show any oscillations of the muon
spin polarization thus the fast relaxation may arise from
static disordered magnetism or slow spin fluctuations. As
shown in Fig. 8(a) and (b), the muon spin polarization
is well-described by the following two-component relax-
ation function

P(t) = (1 —z)e M 4 g~ t/T (2)

where z is close to 1/3 at low T and 1/77 is the spin-
lattice relaxation rate [23]. Assuming that we are in the
quasi-static limit, Ay results largely from inhomogeneities
(disorder) in the static internal fields at the muon site(s),
whereas 1/T7 is caused by residual spin fluctuations.

As shown in Fig. 8(c), clear oscillations of the po-
larization are observed in the low T regime for the Lu
sample. The Fourier transform of this data, illustrated
in Fig. 8(f), shows two distinct frequencies correspond-
ing to rather small internal fields of 6.1(2) and 14.1(1)
mT. The two frequencies are indicative of two distinct
muon stopping sites, which can likely be associated with
the two crystallographically-inequivalent oxygen atoms
in the crystal structure. It is also possible that one crys-
tallographic muon stopping site could give rise to two
distinct frequencies as a result of a complex magnetic
structure. However, the magnetic structure reported by
Senn et al. [18] should only lead to one frequency per
crystallographic site, so in that particular case our spec-
trum would arise from two crystallographically distinct
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FIG. 8: Zero-field uSR asymmetry at various temperatures
for (a) In, (b) Y and (c) Lu, with the corresponding fits su-
perimposed on the 2 K data only. Fourier transforms of the
2 K data, with the fits superimposed, are shown in (d) In, (e)
Y, and (f) Lu . The Lu sample data shows long-lived oscilla-
tions, whereas the data of the In and Y samples shows only
fast exponential relaxation (along with a slowly relaxing 1/3
tail). The narrow zero-frequency peak in the Fourier trans-
forms comes from the T time of the 1/3 tail, and is a measure
of spin fluctuations rather than static internal fields.

muon stopping sites.

The Fourier transform also shows that these two peaks
are superimposed on a broad feature, which is consistent
with the fast exponential relaxation observed in the time
domain. Hence, the Lu data can be fit with the following
equation :

2
P(t)=(1—-2x) Z an cos(27rfnt)e—>‘nt + e t/T (3)

n=0

where fo = 0 and A\g = Ay = 10.9(7) ps~! is the fast re-
laxing exponential component. Despite the fact that the
oscillations in the muon spin polarization are very well-
resolved, our fits reveal that they come from a relatively
small portion of the sample, 15%, with the remainder
of the sample behaving more similarly to the In and Y
analogs. The fitting parameters obtained in ZF at the
lowest temperatures are presented in Table II.

TF-uSR measurements (in a field of ~50 G) were used
to rapidly map out the transitions. The data was fit with

the following equation:
P(t) = femcos(yBrrt + ¢)e N + (1= fom)  (4)

where fpy, shown as a function of temperature in
Fig. 6(b), is the fraction of the sample that remains para-
magnetic (and therefore has oscillations of the muon spin
polarization induced by the applied magnetic field). The
other fraction of the sample hosts either static magnetism
or strong spin dynamics that dwarf the small applied
transverse field. It is interesting to compare the tempera-
ture evolution of the paramagnetic fraction to the specific
heat, the maximum of which can be taken as the transi-
tion temperature, T;,. For the Lu sample, fpy begins to
drop below 100% precisely at T,,,. On the other hand, the
paramagnetic volume fraction deviates from 100% well
above T, for the In and Y samples, which suggests that
there is a broad temperature regime of short-range mag-
netic order.

TABLE II: Various experimental parameters for the three
samples studied. The transition temperature, Tz, is obtained
from the maximum in specific heat. The first energy gap to
the S = 3/2 excited state, A1, is obtained from inelastic
neutron scattering. The magnetic susceptibility, allows for a
determination of the Weiss constant, ©w, the effective mo-
ment, er, and the second energy gap to the S = 5/2 excited
state, As. From pSR, the muon oscillation frequencies, f1
and f2, the corresponding line widths, A1 and A2 and the fast
relaxation rate, Ay, are presented.

Technique Parameter In Y Lu

c T (K)  3.03)  52(1)  10.5(2)

INS A; (meV) 34.0(1.0) 31.5(1.5) 34.0(1.0)

X As (meV) 81(1)  72(1)  80(1)
Ow (K) 43(3)  110(10) 113(2)
pert/mp  1.40(3)  1.65(3) 1.53(3)

uSR Ap (ps™h) 9.9(3)  15.7(6)  10.9(7)
fi (MHz) — - 0.83(3)
A (ps™h) - - 0.7(4)
f2 (MHz) — - 1.91(2)
A2 (pus™h) - 0.74(16)

Performing ZF-pSR measurements as a function of T’
has allowed us to extract the temperature dependence of
1/Ty, as well as the fast relaxation rate, A¢. In the case
of the Lu system, we can also track one of the precession
frequencies, fi, as a function of temperature, whereas
the lower frequency, fs, is only quantifiable at the lowest
temperatures. These results are shown in panels (¢) and
(d) of Fig. 6. f1(T) develops rather sharply at the Lu
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transition temperature and the T-dependence resembles
a standard order-parameter plot. On the other hand, Ay
evolves very gradually for all three samples with no sharp
change at Ty,. 1/T; shows a peak near 4 K in the data
for the Y and In samples, which is typical of critical spin
dynamics. In the case of the Lu sample, there is a much
weaker and broader feature in 1/77.

The two-component exponential relaxation observed in
the Y and In samples can be interpreted in two ways.
First, in a quasi-static picture, the slow relaxation arises
from a so-called 1/3 tail with a weak 1/7) relaxation
rate coming from residual spin fluctuations, and the fast
relaxation is the 2/3 component coming from random
internal fields. Alternatively, one could suspect a dy-
namic, but inhomogeneous, material with two different
T times. Longitudinal field scans at the lowest temper-
ature, shown in Fig. 9, confirm that the fast relaxation is
a result of static inhomogeneities as it is decoupled fairly
quickly. More precisely, in the Y sample, the fast re-
laxation is Ay = 15.7(6) ps™!, implying an internal field
distribution of width AB ~ Xy /v, = 184(7) G. Thus, the
application of a longitudinal field equal to Bprp = 10AB,
should entirely decouple the muon spins from the inter-
nal field and eliminate the fast-relaxing 2/3 component
of P(t) [24]. As shown in Fig. 9(a), this appears to be
the case for the LF = 2000 G spectrum. Furthermore, as
seen in Fig. 9(b), the ZF fast relaxation for the In sam-
ple (A\r = 9.9(3) ps™') is somewhat more easily decou-
pled via application of a longitudinal field, as expected.
It is thus clear that these materials host static magnetic
ground states from the perspective of uSR.

It is tempting to attribute the lack of oscillations in
the ZF muon spin polarization of the In and Y sam-
ples to spin glass physics, especially since a zero-field-
cooled/field-cooled divergence has been previously ob-
served at T}, in the DC susceptibility of the former sys-
tem [25]. Furthermore, many geometrically-frustrated

magnetic materials show a strong sensitivity to tiny
amounts of quenched crystalline disorder which can lead
to a spin glass transition [26-29]. However, we have
also measured the AC susceptibility of these materials
at several different frequencies (ranging from 333 Hz to
9999 Hz) and found no evidence of spin glassiness. More
specifically, as shown in Fig. 10, the position, Tiax, of
the real part of the ac susceptibility, x'(T), is indepen-
dent of frequency, in the frequency range studied. A con-
ventional spin glass will show a maximum in ' at the
freezing temperature, T, which then depends strongly
on the frequency of measurement, with an extrapola-
tion to zero-frequency allowing for a determination of
the true glass temperature, T, [30]. Whereas the In and
Y samples have a single peak in X/, the Lu sample has
a somewhat more complicated susceptibility, with a rel-
atively sharp peak at ~ 11 K, corresponding to the peak
in specific heat and the onset of oscillations in uSR and
a lower-temperature peak, similar to that of the Y sam-
ple, which likely corresponds to the gradual onset of fast
relaxation (Ay) in the uSR spectra. In other words, the
broad, lower temperature peak, is associated with the
disordered portion of the sample. Nonetheless, this peak
does not seem to show an appreciable dependence on
frequency, but simply a very slight increase in magni-
tude at 9999 Hz. These two features end up forming a
rather broad critical temperature regime which is con-
sistent with the broad 1/T} feature observed in our uSR
experiments on the Lu sample. Given our AC susceptibil-
ity results and the fact that magnetic Bragg peaks were
observed in neutron diffraction measurements on a dif-
ferent Y sample [18], it appears that these materials are
not conventional spin glasses and likely have long-range
ordered ground states.

There are several possible origins for strongly-damped
oscillations in the uSR data. We will concentrate on
static origins only, since the well-defined 1/3 tail in our
data indicates that the spins are mostly static, or fluctu-
ating so slowly that they are essentially static from the
point of view of uSR. The two possible static origins of
the strong damping are (1) a large number of inequiv-
alent muon stopping sites and (2) a modulation of the
internal fields by disorder. The first scenario is highly
unlikely given the two well-defined oscillations in the Lu
data, which imply that there are two preferred crystal-
lographic sites for the muons. On the other hand, the
second scenario appears to be compatible with our uSR
and neutron scattering results. An antiferromagnetic,
symmetry-breaking long-range order can coexist with a
large random modulation of the moments. This large
amount of disorder can lead to the loss of oscillations
in the ZF muon spin polarization and a reduced mag-
netic signal in neutron scattering that is not observed in
our measurements. Given the discrepancy between our
results and earlier neutron diffraction work on the Y sys-
tem [18], it is logical to suspect the influence of sample-



dependent disorder on the magnetic ground state.

It is also valuable to consider the implications of the
observed uSR signals for the molecular magnet model
proposed above, notably through the size of the measured
internal fields. Dipolar coupling to point-like dipoles of
0.5up per site (S = 1/2 per dimer) should give rise to
an oscillation frequency of ~ 7 MHz for a u™ stopping
~ 1A away from the O, site. Hence, the fact that we
observe f; = 1.91(2) MHz in the Lu sample implies a
magnetic moment of only 0.14up (0.28up per dimer).
Evidently a model of point-like dipoles on the Ru sites is
highly simplistic. Even so, our results indicate that the
spins are probably very much extended over an entire
RusOg “molecule” which is consistent with the orbital
hybridization picture discussed above. Indeed, the slow
oscillations seen here resemble those observed in molecu-
lar magnets where each spin is distributed over an entire
molecular unit [31, 32]. The ordered magnetic moments
for the Y and In samples appear to be similarly weak,
which is likely why no magnetic signal was detected in
our elastic neutron diffraction measurements.

Finally, we can speculate as to why the Y and In sam-
ples show such a high level of disordered static mag-
netism. As can be seen in Fig. 3(a) and (b), the e} and
eg” orbitals remain degenerate in the Bag M RusQOg struc-
ture. For the Lu, Y and In samples, only one electron
occupies the anti-bonding eg* orbitals and therefore they
are Jahn-Teller (JT) active. Importantly, this degener-
acy is not lifted by the spin-orbit coupling [21]. This may
leave these materials vulnerable to local structural distor-
tions that relieve the degeneracy, but lead to disorder in
the interdimer exchange or the crystalline electric field,
both of which can modulate the size of the ordered mo-
ments. An important parallel can be found in the sister
compound BazCuSbsOyg, which is also based on S = 1/2
moments and Jahn-Teller active [6]. In BagCuSbsOg,
two distinct behaviors are observed, depending on the
precise stoichiometry of the samples [6, 33]. In some off-
stoichiometric samples, the orbital degeneracy is relieved
by an orthorhombic distortion (a collective JT transition)
near 200 K. Ultimately, these orthorhombic samples or-
der magnetically at low temperatures. More stoichiomet-
ric samples manage to preserve their room-temperature
hexagonal symmetry down to much lower temperatures
either through a dynamic JT effect [34] or else local dis-
tortions that nonetheless preserve the global symmetry
of the structure and give rise to a random-singlet mag-
netic ground state [7]. The most recent experimental
results, thermal conductivity measurements, on nearly
stoichiometric single-crystal BagCuSboOg point toward
the local-distortion picture [35] which is consistent with
the random singlet magnetic ground state and excitation
gap [7]. Since a hexagonal to orthorhombic collective
JT transition can be ruled out by the neutron diffrac-
tion results on the materials studied here, similar ran-
dom distortions might then apply, and they may be ex-
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FIG. 10: AC susceptibility (x’) of all three samples at two
different frequencies, 333 Hz and 9999 Hz. The high frequency
data has been normalized so that the peak susceptibilities are
equal, since the frequency response of the PPMS system is
not perfectly flat. Otherwise, the temperature dependence of
the susceptibilities are very similar. In particular, the peak
positions are independent of frequency.

tremely important for understanding the collective mag-
netic ground states and possible sample dependence of
the magnetic properties. Future work should search for
these local distortions, possibly via x-ray absorption fine
structure measurements.

VI. CONCLUSIONS

We have used a wide array of experimental techniques
to characterize both the single dimer and collective mag-
netic properties of the mixed valence Ru dimer systems
BagMRuy09 (M = In, Y and Lu). Our combined neu-
tron powder diffraction, DC magnetic susceptibility, and
inelastic neutron scattering results indicate that the Ru
dimers are best described as molecular units with one
spin-1/2 moment distributed equally over the two Ru
sites. Two dispersive magnetic excitations are observed



in the inelastic neutron scattering spectrum of each sys-
tem. We attribute the lower energy mode to electron
transitions between antibonding orbitals, while the upper
mode is argued to arise from electron transitions between
bonding and antibonding orbitals.

The dimers form a quasi-2D triangular lattice, which
is strongly frustrated due to significant antiferromagnetic
interdimer exchange. Our heat capacity and muon spin
relaxation results reveal that the molecular moments de-
velop a static magnetic ground state in each case, with
clear evidence of long-range magnetic order for the Lu
sample. The size of the static internal fields observed
in uSR at low temperatures are consistent with S =1/2
moments distributed over an entire RusOg dimer, similar
to molecular magnets. Although the static magnetism is
much more disordered for the Y and In samples, they
do not appear to be conventional spin glasses, for exam-
ple. Overall, the current work demonstrates that the 6H-
perovskites BagM A5Og are excellent model systems for
detailed investigations of frustrated quantum magnetism
arising from spin-1/2 molecular building blocks on a tri-
angular lattice. Given the strong theoretical interest in
S = 1/2 triangular-lattice antiferromagnets and the rar-
ity of representative materials, these systems should be
attractive for future studies of the magnetic ground state
and magnetization process, albeit with the added com-
plexity of orbital degrees of freedom. Finally, we note
that our results can likely be directly applied to under-
standing the magnetic properties of the related Ir-dimer
system, BagInlroOg, which also seem to be consistent
with spin-1/2 dimers at low temperature, and moreover
appear to indicate a gapless quantum spin liquid ground
state [36].
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