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ABSTRACT: We present the synthesis and magnetic P 20r > bata

—— ZFS model with D = 85 meV

characterization of a polycrystalline sample of the 6H-
perovskite Ba;CeRu,0,, which consists of Ru dimers based
on face-sharing RuO4 octahedra. Our low-temperature
magnetic susceptibility, magnetization, and neutron powder
diffraction results reveal a nonmagnetic singlet ground state
for the dimers. Inelastic neutron scattering, infrared spectros-
copy, and the magnetic susceptibility over a wide temperature
range are best explained by a molecular orbital model with a
zero-field splitting parameter D = 85 meV for the S, = 1 electronic ground-state multiplet. This large value is likely due to
strong mixing between this ground-state multiplet and low-lying excited multiplets, arising from a sizable spin molecular orbital
coupling combined with an axial distortion of the Ru,Oy units. Although the positive sign for the splitting ensures that
Ba;CeRu,0y is not a single molecule magnet, our work suggests that the search for these interesting materials should be
extended beyond Ba;CeRu,O, to other molecular magnets based on metal—metal bonding.
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B INTRODUCTION magnetic anisotropy with magnitude IDI. These properties
enable an applied magnetic field to induce a net magnetization
that can be maintained for relatively long periods of time once
the field is switched off. Because the energy barrier to the loss
of magnetization is given by U o IDIS? an extremely large,
negative zero-field splitting and/or a high spin ground state are
prerequisites for a long magnetic relaxation time at elevated
temperatures, which is extremely desirable for most SMM
applications. Another important parameter for characterizing

combined effects lead to a mixing of the ground-state multiplet SMMS is the blocking temp erature_ Ty WhiCh_ is. defined as .the
with the excited-state multiplets. In this case, the strength of highest temperature where magnetic hysteresis is observed in a

ZFS is quantified through the two parameters D and E, which plot of the magnetization versus applied magnetic field. Higher
blocking temperatures are obtained by increasing U

The first SMM studied in significant detail was based on the
Mn,, acetate molecule’” with S = 10 and IDI < 0.1 meV, so early
SMM design efforts focused on maximizing S. While this was

accomplished by generating other molecular magnets based on
5,89

Zero-field splitting (ZFS) is a ubiquitous phenomenon leading
to anisotropy in magnetic materials.' This effect lowers the
degeneracy of the energy levels in zero applied magnetic field
for magnetic ions with more than one unpaired electron. For
magnetic ions or molecules with no first-order orbital angular
momentum contribution to the electronic ground state, ZFS
arises from spin—orbit coupling 4 and a symmetry-lowering
structural distortion of the local environment, as these

define its axial and transverse components, respectively. For
magnetic systems based on mononuclear, 3d transition metal
building blocks, typically IDI < $ meV,’ although an
exceptionally large value of ~54 meV has recently been
obtained in a Ni-based magnet with an unusual local

geometry.” large transition metal complexes, it has proven to be
ZFS plays an important role in single molecule magnets extremelymc_ligicult to significantly increase U, with this

(SMMs), a class of materials with potential applications in approach. For this reason, more recent SMM synthesis

nanoscale magnetic devices such as quantum computers and efforts have concentrated on maximizing ID| instead. This

spin transistors.” ° These systems consist of isolated magnetic

ions or molecules with spin S and a bistable ground state Received: March 28, 2019

consisting of the microstates S, = +S arising from an easy-axis Published: May 28, 2019
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strategy has been extremely fruitful, as it has led to the
discovery of several SMMs based on rare earth®'® or transition
metal ions.”'* The blocking temperatures have also been
increasing steadily, with the record now slightly above the
nitrogen liquefaction temperature of 77 K. Despite the
breakthroughs of identifying SMMs that function at elevated
temperatures, it is important to establish design principles to
increase Uy and Ty even further. To this end, molecular
magnets with metal—metal bonding should be considered, as
recent work has shown that IDI > 10 meV can be realized in
binuclear Ru paddlewheel compounds with extremely short
Ru—Ru distances.'™"’

The 6H-perovskites, with the general formula Ba;MA,O,,
may also be interesting in this context. The versatility of the
crystal structure, shown in Figure 1, enables the A site to

Figure 1. (a) Crystallographic unit cell of Ba;CeRu,O,. (b) Local
structure of a Ru dimer, which shows the inequivalent red and blue
triangles composed of O, and O, ions, respectively. These
inequivalent oxygen triangles arise from an octahedral off-centering
of the two Ru ions along the c-axis.

accommodate a wide variety of 4d and Sd transition metals,
which form spin dimers due to the short nearest-neighbor A—
A distance arising from the AOg face-sharing octahedral
geometry. Most previous work on 6H-perovskites with a
magnetic A site has assumed that a single ion, local moment
picture is a valid starting point for understanding the electronic
ground states of the individual dimers.”"”** However, we
recently showed that metal-metal bonding occurs in
Ba;MRu,Oy (M = In, Lu, Y)* due to significant orbital
hybridization, resulting in an S, = 1/2 Heisenberg moment
distributed equally over the two Ru sites. This behavior likely
arises due to the large spatial extent of the Ru 4d orbitals
combined with the extremely short intradimer Ru—Ru
distances (2.54—2.56 A at room temperature).”> These
distances are smaller than the values reported for both Ru
metal and many other members of this family, as indicated in
Table 1.

Intriguingly, Ba;MRu,0, (M = Ce, Pr, Tb)** has eight
valence electrons per Ru dimer and even shorter intradimer
Ru—Ru distances, which likely leads to metal—metal bonding
as well. Large ZFS may play an important role in these
materials, as an S, = 1 electronic ground-state multiplet is
predicted in a molecular orbital scenario.”® Because
Ba;CeRu,Oy consists of well-separated Ru dimers due to
nonmagnetic Ce*" occupying the M site and no evidence for
1on§-range magnetic order was found previously down to 2
K,>* it should be considered a SMM candidate. In this work,
we combine magnetometry, neutron powder diffraction,
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Table 1. Nearest-Neighbor Ru—Ru Distances in Ru Metal
and Selected 6H-Perovskite Ruthenate Compounds at
Room Temperature

4d electrons nominal Ru intradimer
material per dimer valence distance (A) ref
Ru metal 2.65 27
Ba;NaRu,O, 5 55 2.75 28
Ba,LiRu, 0y N S.5 2.77 28
Ba;CaRu, 0, 6 N 2.65 21
Ba;ZnRu,0y 6 S 2.67 29
Ba;CoRu, 0y 6 S 2.68 30
Ba;YRu, 04 7 4.5 2.54 23
Ba,InRu,O, 7 45 2.56 23
Ba;LuRu, 0y 7 4.5 2.55 23
Ba;PrRu, 0y 8 4 2.49 22
Ba,TbRu,0, 8 4 2.49 22
Ba;CeRu, Oy 8 4 2.46 this
work

inelastic neutron scattering, and infrared spectroscopy to
establish the nature of the magnetic building blocks and to
investigate the SMM candidacy of Ba;CeRu,Oq.

B EXPERIMENTAL DETAILS

Sample Preparation and Magnetometry. Polycrystalline
Ba;CeRu,0y was prepared by a solid-state chemistry method using
a stoichiometric amount of the starting materials BaCO;, Ru, and
CeO, (predried at 950 °C overnight) with phase purities of 99.9% or
greater. The starting materials were mixed in agate mortars, pressed
into pellets, annealed in air at 900 °C for 12 h, and then annealed for
another 30 h at 1350 °C with intermediate grinding and pelletizing. X-
ray powder diffraction using a HUBER image-plate Guinier camera
with Cu K, radiation (1.54 A) confirmed the phase purity of the
sample. The magnetization was measured with both a Quantum
Design Vibrating Sample magnetometer and a Magnetic Property
Measurement System in the temperature intervals 2—320 K and 300—
600 K, respectively.

Neutron Scattering. Neutron powder diffraction (NPD) on the
Ba;CeRu, Oy polycrystalline sample was performed using the HB-2A
powder diffractometer of the High Flux Isotope Reactor (HFIR) at
Oak Ridge National Laboratory (ORNL). The sample was loaded in
an aluminum can, and the data were collected at temperatures T =
0.3, 100, and 300 K with a neutron wavelength of 1.54 A and a
collimation of open-21’-12’. Inelastic neutron-scattering (INS)
measurements were performed on the direct-geometry time-of-flight
chopper spectrometer SEQUOIA®" of the Spallation Neutron Source
(SNS) at ORNL, using the same polycrystalline sample loaded in an
aluminum can. Spectra were collected at 4 and 300 K with incident
energies E; = 25, 100, and 300 meV. An empty aluminum can was
measured in identical experimental conditions for a similar counting
time. The resulting background 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.

Infrared Spectroscopy. The infrared response was measured
using a series of Fourier transform spectrometers with an open flow
cryostat (3—100 meV, 20—300 K) on polycrystalline Ba;CeRu,0,
mixed with paraffin or KBr to optimize the optical density. Absorption

was calculated as a(w) = —ﬁ In[T(w)), where T(w) is the measured

transmittance, h is the mass concentration of Ba;CeRu,Oy, and d is
the thickness. Oscillator strength was calculated as

f= 2c

Ru site, n is the refractive index, @

@
5 f *na(w) dw, where N, is the number of electrons per
Nz, oy

is the plasma frequency w,

p
2
22 | ¢ is the electron charge, p is the number of Ru atoms per unit
megy
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Figure 2. (a) Magnetic susceptibility versus temperature for Ba;CeRu,0, measured in an applied magnetic field of 1 kOe between 2 and 300 K. (b)
Low-temperature data only with the best fit to the Curie—Weiss law superimposed as a solid curve. (c) Isothermal magnetization at 2 K (open
symbols) with the best Brillouin function fit superimposed on the data. The small value of the magnetization measured over the entire field range
investigated, which we attribute to a magnetic impurity phase or defects, is consistent with a nonmagnetic spin-singlet ground state for
Ba;CeRu,Oy. (d) The refined neutron powder diffraction pattern with T = 0.3 K. The ticks below the diffraction pattern correspond to the
expected Bragg peak positions for the Ba;CeRu,Og sample and the Al can. The gray arrow identifies the region where the largest impurity peaks are
observed. (e) A rescaled version of the diffraction data over a limited 26 range, which highlights the small impurity peaks.

cell, m is the electron mass, ¢ is the speed of light, and ¢, is the
vacuum dielectric constant.***?

B RESULTS AND DISCUSSION

Low-Temperature Magnetic Properties and Crystal
Structure. Figure 2a shows the magnetic susceptibility y
(plotted as M/H) versus temperature for Ba;CeRu,O,
measured between 2 and 300 K in an applied magnetic field
of 1 kOe. No features indicative of magnetic order are
observed down to 2 K, which is in good agreement with
previous work™ and in sharp contrast to the seven 4d-electron
dimer analogues Ba;MRu,0, (M = In, Ly, Y).”>~*>** The low-
T data between 2 and 20 K, shown in Figure 2b, fit well to the
Curie—Weiss law:

x + %

(1)
where C is the Curie—Weiss constant, € is the Weiss
temperature, and y, is a T-independent contribution. Our
best fit yields C = 0.00351 emu-K/mol-FU (Ba;CeRu,O,
formula unit), # = —0.5 K, and y, = 9.3X 10™* emu/mol-
FU. The large value for y, implies that there are other
contributions to this term beyond the usual core diamagnetism
and van Vleck paramagnetism; this issue will be revisited later
when a more complete model of the magnetic susceptibility
over a wider temperature range is presented. The most
important result from this simple low-temperature fit is that
the Curie—Weiss constant corresponds to an effective moment
of only 0.17 pgp, which is extremely small and possibly
indicative of a nonmagnetic dimer ground state.

To investigate this possibility further, we collected
isothermal magnetization data at 2 K. Figure 2c illustrates
that simple Brillouin function behavior corresponding to a
dense array of paramagnetic spin-1 moments arising from

“T_9¢
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either single ion Ru** (e.g., S = 1, saturation magnetization M,
=2 pp/Ru) or molecular orbital formation (e.g., Seor = 1, My =
2 pg/dimer) was not observed. Although nearly full saturation
at 2 K is expected by 70 kOe, we instead observe a drastically
reduced signal throughout the entire field range investigated.
This small magnetization may arise from impurities and/or
defects in the sample and provides additional support for the
nonmagnetic dimer ground state. We can estimate the molar
fraction f of the magnetic impurities or defects by assuming
that they arise from spin-1/2 moments and then fitting our
magnetization data to the appropriate Brillouin function Bg(x):

MmOI(Hr T) = )(0 (T)H + ﬂ\]A:uBgSBS(x) (2)
where
gSugH
X =
kT 3)

and y,(T) is the field-independent susceptibility of
Ba;CeRu,0q at temperature T, N, is Avogadro’s constant, g
= 2 is the Landé g-factor, ug is the Bohr magneton, and ky is
the Boltzmann constant. Our best fit to this expression, shown
by the solid curve in Figure 2, yields f = 0.29% paramagnetic,
S =1/2 Ru moments (0.58% paramagnetic Ru dimers), which
are consistent with a very small concentration of defects or
impurities.

Previous X-ray diffraction work found that Ba;CeRu,O,
crystallizes in the hexagonal P6;/mmc space group at room
temperature.”> We performed neutron powder diffraction
between 0.3 and 300 K to search for signatures of structural
phase transitions or long-range magnetic order. A representa-
tive diffraction pattern at 0.3 K is shown in Figure 2d. No
magnetic Bragg peaks are observed, which is consistent with
the nonmagnetic ground-state scenario inferred from the
magnetization measurements. Furthermore, no evidence for

DOI: 10.1021/jacs.9b03389
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structural transitions is found in these data, as the diffraction
patterns refine well in the hexagonal P6;/mmc space group at
all temperatures. On the other hand, there are a few extra,
temperature-independent Bragg peaks in these patterns
corresponding to a small amount of impurity. The largest
extra peaks are highlighted in Figure 2e and are best indexed
by ~12(3)% and 1.5(3)% of BaCeO; and 9R-BaRuO,,
respectively; the latter should contribute an extrinsic para-
magnetic contribution to the magnetic susceptibility.*>*°

A schematic of the crystal structure for Ba;CeRu,O, is
presented in Figure la. Face-sharing RuOg octahedra produce
Ru dimers with an intradimer Ru—Ru distance shorter than
that reported for Ru metal.”” The Ru,O, units consist of two
crystallographically inequivalent oxygen ions, which are labeled
O, and O, in Figure 1b. Table 2 summarizes the lattice

Table 2. Lattice Constants and Selected Structural
Parameters for Ba;CeRu,0, at Various Temperatures
Extracted from Refinements of the NPD Data

temp (K)

0.3 100 300
a (A) 5.8804(2) 5.8825(2) 5.8933(2)
¢ (A) 14.6487(S) 14.6481(4) 14.6492(5)
Ba, z 0.9022(3) 0.9024(3) 0.9023(3)
Ru z 0.1654(2) 0.1661(2) 0.1659(2)
0, x 0.4904(8) 0.4908(10) 0.4900(10)
O, x 0.1754(6) 0.1734(7) 0.1732(7)
0,z 0.4121(1) 0.4125(1) 0.4126(1)
R,, (%) 8.33 6.99 7.03
Ru—Ru (A) 2.479(4) 2.458(4) 2.464(4)
Ru-0, (A) 2.023(4) 2.021(4) 2.019(4)
Ru—0, (A) 1.969(3) 1.995(5) 1.999(5)
0,—Ru—0, (deg) 86.4(2) 86.9(4) 86.6(4)
0,—Ru—0, (deg) 90.1(3) 90.0(2) 90.2(2)
0,—Ru—0, (deg) 91.7(2) 91.5(3) 91.6(3)
0,-0; (A) 2.771(5) 2.779(9) 2.770(6)
0,-0, (A) 2.787(6) 2.822(7) 2.832(4)
0,-0, (A) 2.866(4) 2.877(4) 2.879(5)
Ru off-centering (A) 0.050(3) 0.039(3) 0.041(3)

constants, atomic fractional coordinates, refinement quality,
and selected bond lengths and angles at various temperatures.
The short intradimer Ru—Ru distance remains essentially
unchanged down to 0.3 K, and therefore a molecular orbital
scheme may be appropriate for this material over a wide
temperature range. We also note that the Ru,Oq units have a
trigonal elongation along the c-axis and the Ru ions are not
centered in their respective oxygen octahedra. Instead, they are
displaced away from one another along the c-axis due to the
electrostatic repulsion between them, generating inequivalent
Ru—0O; and Ru—O, bonds and producing a size mismatch
between the ab-plane triangles formed by the O, and O,
oxygen ions in this material [see Figure 1b]. The magnitude of
this displacement is presented at various temperatures in Table
2. Table 1 highlights the importance of electrostatic repulsion
throughout this family, as the metal—metal distance increases
systematically as the nominal valence of the Ru site increases.

Spectroscopy Measurements. There are two likely ways
to produce a nonmagnetic dimer ground state in Ba;CeRu,O,:
(1) via antiferromagnetic superexchange between local mo-
ments of the Ru ions, or (2) via significant positive zero-field
splitting (D > 0) of the ground-state multiplet in a molecular
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orbital picture. The temperature-dependence of the magnetic
susceptibility is very different for these two cases, and therefore
it can be used to help distinguish between them. However, the
appropriate fit functions are generally overparameterized, so
first establishing the energy scales of the excited states with
other measurements is desirable. To this end, we used
spectroscopy techniques to identify the possible magnetic
excitations in Ba;CeRu,O,,.

Inelastic neutron scattering measurements were performed
on the SEQUOIA spectrometer with incident energies E; = 25,
100, and 300 meV. Figure 3a—c shows T = 4 K color contour
plots of the dynamical structure factor S(Q,w) multiplied by
the magnetic form factor squared f(Q)* for the E; = 25, 100,
and 300 meV data sets, respectively. The sample spectra are
dominated by Ba;CeRu,04 phonon modes over a wide energy
transfer range up to ~70 meV. This large phonon contribution
makes it extremely challenging to identify weak magnetic
scattering in these color contour plots or in the 4 K constant-Q
cuts of S(Qw) presented in Figure 3d—f. Typically, in this
situation one examines f(Q)ZA{(”(Q,a)) instead, where
27 (Qw) = S(Qw)*[1 — e"/8D] s the imaginary part of
the dynamical magnetic susceptibility and Ay”(Qw) =
X" (Tio) — x"(Thign)- While the single phonon contribution
to ¥"(Qw) should be T-independent, the magnetic compo-
nent generally increases with decreasing T. In this spirit,
constant-Q cuts of f(Q)*Ay”(Q®) with Ty, = 4 K, Ty = 300
K, and E; = 25, 100, or 300 meV are shown in Figure 3g—i.
Several peaks indicated by gray arrows, corresponding to
candidate magnetic excitations, appear in these plots. However,
these features can also arise from an imperfect subtraction of
the single phonon contribution in y”(Q,®) due to the presence
of multiphonon scattering or temperature-independent multi-
ple scattering.’”’® To differentiate between these two
possibilities, we examined the Q-dependence of S(Q,w) for
these excitations and present the results in Figure 3j—1. While
multiple scattering will lead to a Q-independent contribution at
low Q and multiphonon scattering will increase with increasing
Q" the intensity of magnetic modes will increase with
decreasing Q. The 70 and 90 meV peaks are the only ones that
satisfy this third criterion, and therefore they correspond to the
magnetic excitations in these data.

Because the intensity of the magnetic modes observed with
INS is extremely weak, we performed complementary infrared
measurements in an effort to confirm the excitation scheme.
Although this technique cannot reveal the Q-dependence, the
energy resolution is much better than INS. Figure 4a displays
the infrared absorption spectra at 20, 110, 200, and 300 K.
Several features are clearly observed with energy scales
consistent with assignment as either phonons or magnetic
excitations. Examination of the line shape trends reveals subtle
differences between the various structures. The majority of
peaks behave as simple phonons, although the 29, 72, and 85
meV features have a more complex origin. To differentiate
between the two possible assignments, we extracted the
oscillator strength f of each feature and plotted these values as
a function of temperature [Figure 4b]. A peak with a pure
phonon origin may red shift and broaden with increasing
temperature, but the oscillator strength will be conserved.”> On
the other hand, the oscillator strength of a peak with a more
complicated origin (e.g, a mixed mode with both phononic
and magnetic components) may have significant temperature
dependence because the magnetic component is not required
to obey the f sum rule. Our analysis reveals that the oscillator

DOI: 10.1021/jacs.9b03389
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Figure 3. (a—c) Color contour plots of the dynamical structure factor S(Q,w) multiplied by the magnetic form factor squared f(Q)* at T = 4 K for
the incident energy E; = 25, 100, and 300 meV SEQUOIA data sets. The spectra are dominated by Ba;CeRu,0, phonon contributions up to 70
meV, and no magnetic excitations are clearly visible. (d—f) Constant-Q cuts of {Q)?S(Qw) at low Q (integration ranges shown on each panel)
with T = 4 and 300 K for E; = 25, 100, or 300 meV. (g—i) Constant-Q cuts for f(Q)*Ay"(Qw) = AQ)*[y"(4 K) — x”(300 K)] with E; = 25, 100, or
300 meV. The peaks in these plots, indicated by the gray arrows, arise from magnetic scattering or an imperfect subtraction of the single phonon
contribution in y”(Q) due to multiphonon scattering or temperature-independent multiple scattering. (j—1) Constant-E cuts of f(Q)*S(Qw)
(integration ranges shown on each panel) at T = 4 K corresponding to the candidate magnetic excitations in panels (g)—(i). The 70 and 90 meV
peaks in Ay”(Quw) are the only ones with intensity that increases with decreasing Q, and therefore they correspond to the magnetic modes
observed in these data. For simplicity, f(Q)* is not included in the labels of the figure panels.
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strength of the 29, 72, and 85 meV features is not conserved
over the 20—300 K temperature range. This suggests that these
structures cannot be attributed only to phonons. We instead
propose that the 72 and 85 meV features have a magnetic
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component, as their energy scales are in excellent agreement
with the magnetic excitations observed in the INS data. The
absorption difference A(a) = a(20 K) — (300 K), plotted at
the top of Figure 4a, quantifies the magnetic portion of the
spectrum and again provides evidence that oscillator strength is
not conserved. While the behavior of the 29 meV feature is
also in line with expectations for a superimposed phonon and
magnetic excitation, there are no magnetic features revealed by
inelastic neutron scattering in the vicinity. We note that this
energy scale is consistent with an S, = 3/2 magnetic excitation
associated with isolated S, = 1/2 Ru dimers,”® which could
exist at a very low concentration level in Ba;CeRu,0, due to
crystalline defects. There are no signatures of other magnetic
features in the infrared spectra up to energies of 100 meV.
High-Temperature Magnetic Susceptibility. With the
energy scales now established for the two lowest-lying
magnetic excitations in Ba;CeRu,Oy, we turn to magnetic
susceptibility data to try and determine if antiferromagnetic
superexchange between Ru ions or zero-field splitting within a
metal—metal bonding scheme generates the nonmagnetic
dimer ground state in BajCeRu,0,. The expected energy
scale for the spin gap from the spectroscopy measurements is
rather large, which we verified by collecting additional
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susceptibility data up to 600 K and finding that yT shows
significant temperature-dependence over the entire range
investigated (see the Supporting Information). The simplest
scenario to consider in the single ion case is antiferromagnetic
superexchange ] between S = 1 Heisenberg moments. The T-
dependence of the ma%netic susceptibility can be derived from
the van Vleck formula” and is given by

¥ _ NAﬂBZgZ 2x% + 10x°
dimer kBT 1+ 3x2 + sxé (4)
where x = e7/%T. The nonmagnetic spin-singlet state is

separated from the two lowest-lying magnetic excitations by
energies of Ay = 2J (Sie = 1 level) and 6] (S, = 2 level),
respectively. This model was previously considered in ref 22,
where the authors commented that it could not provide a good
description of the temperature-dependence of the suscepti-
bility. We verified this conclusion here by first attempting to fit
our own susceptibility data to this model. This result is
presented in the Supporting Information, where we show that
this model can only be used to fit the data with an unphysical
set of parameters. Our spectroscopy measurements are also not
consistent with this simple Heisenberg model, as it cannot
explain the presence of the two closely spaced magnetic
excitations.

We note that the local moment, spin-only susceptibility
model may not be appropriate for low-spin Ru*" in an
octahedral environment due to the probable first-order orbital
angular momentum contribution to its electronic ground state
and its large spin orbit coupling constant A on the order of
1000 K.* Therefore, the susceptibility may be better-described
by a Hamiltonian that includes both AL-S and exchange terms
instead. While no analytical expression can be derived for the
susceptibility in this case, the temperature dependence can be
calculated through exact diagonalization of the Hamiltonian,
and this has been explored elsewhere.”” Interestingly,
comparable values for A and ] can generate a susceptibility
curve with a broad maximum similar to that observed in the
Ba;CeRu,0, data, but a fit to this numerical model is beyond
the scope of this work. Instead, we considered a simple model
that is an extension of the Heisenberg superexchange case
described above, where ZES of the S, = 1 excited manifold is
now permitted and provides a natural explanation for the two
magnetic excitations we observe. The fitting results for this
model with energy levels consistent with our spectroscopy
measurements are presented in the Supporting Information.
We find that this revised model also fails to provide an
adequate description of the data with a complete set of physical
parameters.

The second scenario is that ZFS within a molecular orbital
picture leads to the nonmagnetic dimer ground state in
Ba;CeRu,0y. This explanation seems more plausible, as
compared to the local moment models described above, due
to the extremely short Ru—Ru intradimer distance in
Ba;CeRu,0q and experimental evidence that molecular orbital
formation occurs in the isostructural materials Ba;MRu,04 (M
=In, Ly, Y)25 with slightly longer intradimer Ru—Ru distances.
Face-sharing octahedral architecture promotes o-bonding of
3z2—* orbitals and z-bonding of a linear combination of the
remaining d-orbitals,**~** which produces the molecular
orbital scheme shown in Figure S.

When there are eight valence electrons per Ru dimer, this
metal—metal bonding scenario leads to an S, = 1 electronic
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Figure S. Molecular orbital diagrams for Ba;CeRu,Oy corresponding
to (a) the electronic ground state and (b) the first electronic excited
state.

ground state with no orbital degree of freedom and a S, = 0
first excited-state multiplet,26 as illustrated in Figure Sa and b,
respectively. An axial zero-field splitting D > 0 can lift the 3-
fold degeneracy of the S,,, = 1 manifold, leading to a S, = 1,
Stot = 0 singlet with a spin gap D to an excited doublet S, = 1,
Stot = 1, and in Ba;CeRu, Oy this splitting can arise from the
combined effects of spin—orbit coupling, the trigonal
elongation of the Ru,Oy complex, and the octahedral off-
centering of the Ru ions.

However, this molecular orbital model cannot explain the
presence of two magnetic modes in the INS data, so some
modifications need to be considered before attempting to fit
the susceptibility data. Although a nonzero E could split the
excited doublet S, = 1, Si,; = =1 into two singlets, our neutron
powder diffraction results provide no evidence for a nonaxial
distortion of the Ru,0Oy complex in Ba;CeRu,O4 over a wide
temperature range, and therefore this possibility can be ruled
out. The second mode may simply represent a low-lying
intermultiplet transition, and this is what we will assume here.
The fitting functions for the magnetic susceptibility then
become the following:

ZNA,uB2 g”2 o~D/kT
X = - —
I kgT 1+ 2e7 P/l 4 o=A kT (5)
and
2 2
2 = ZNA:uBgJ_ 1 - e_D/kBT
L D |1+ 2e70/RT 4 8/kT (6)

where A is the energy gap between the S, = 1, S, = 0 ground
state, and the S, = O excited state and g, and g, are the
components of the g-tensor parallel and perpendicular to the ¢-
axis, respectively, for the S, = 1, S5, = +1 doublet.”> The
order of the S, = 1, ¢, = *1, and S, = 0 modes in the
excitation spectrum depends on the relative strength of D and
A, so there are two parameter sets that are consistent with the
mode energies determined from the spectroscopy measure-
ments: D = 85 meV, A =72 meV or D =72 meV, A = 85 meV.
The energy level schemes for these two models are presented
in Figure 6a and d, respectively.

We tested the validity of these two models by fitting our
susceptibility data to the following expression:

Cl CZ
X :){0 + T — 91 + T — 92 +)(dimer2 (7)
with
1 2
){dimerl = EXH + gﬁ (8)
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Figure 6. (a) Energy level diagram for an S, = 1 molecular orbital model with D = 85 meV and A = 72 meV. (b) Magnetic susceptibility of
Ba;CeRu, O, plotted as open symbols with the best fit to the model described in (a) superimposed as a solid curve. (c) A rescaled version of panel
(b) that highlights the fit quality in the high-temperature regime. The agreement between the data and the fit is excellent. (d) The energy level
diagram for a competing S, = 1 molecular orbital model with D = 72 meV and A = 85 meV. (e) The temperature-dependence of the magnetic
susceptibility for Ba;CeRu,O, is shown again here with the best fit to the competing model described in (d) that yields realistic parameters
superimposed on the data as a solid curve. (f) A rescaled version of panel (e) that highlights the poor fit quality for this model in the high-

temperature regime.

where y, is a T-independent contribution. Upon careful visual
inspection of the full-T dependence of the magnetic
susceptibility, two different Curie—Weiss regimes are apparent.
These contributions were accounted for with the C,, 6, and C,,
0, terms. We find a superior fit, shown in Figure 6b and c, for
the model with D = 85 meV. The other parameters returned by
this fit are as follows: g, = 2.97(1), g, = 1.070(5), C, =
0.046(1) emu-K/mol-FU, 8, = —103(3) K, C, = 0.00299(3)
emu-K/mol-FU, 6, = —0.23(2) K, and y, = —1.7(7) X 107°
emu/mol-FU. On the basis of the fitted values of 8, and 6,, we
attribute the first Curie—Weiss term to a ~2.3(1)% 9R-
BaRuO; impurity and the second Curie—Weiss term to
crystalline defects in Ba,CeRu,0, that generate ~0.8(1)%
isolated S, = 1/2 Ru dimers. This impurity fraction estimate is
in good agreement with our neutron powder diffraction results,
while possible evidence for a small amount of S, = 1/2 Ru
dimers was also found in our infrared spectroscopy data.
Furthermore, these Curie—Weiss parameters are consistent
with the low-T susceptibility fitting described above, as the
term associated with the defects dominates in the 2—20 K
temperature range. On the other hand, our initial attempts at
fitting the data with the D = 72 meV model resulted in an
extremely large value for C, (ie., ~0.33 emu-K/mol-FU) that
is inconsistent with the lack of intrinsic paramagnetism or
extremely small impurity content of our sample. Therefore, we
fixed C, to the realistic value obtained from the fit to the D =
85 meV model and present the fitting result in Figure 6e and f,
which shows that the fit quality in this case is clearly inferior.

The excellent agreement between the susceptibility data and
the D = 85 meV molecular orbital model indicates that metal—
metal bonding is extremely important in Ba;CeRu,0Oy and the
nonmagnetic dimer ground state arises from a large, positive
zero-field splitting D of the S, = 1 multiplet. We note that
ZFS is proportional to A* and inversely proportional to the
energy difference between the ground-state multiplet and
excited multiplets." Therefore, this intriguing result may be
explained by a spin molecular orbital coupling for the Ru
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dimers** that is enhanced relative to the Ru single ion spin—
orbit coupling and the presence of low-lying excited-state
multiplets with an energy scale on the order of 10—100 meV.
The low-lying excited-state multiplets can arise in molecular
magnets”>** due to a delicate competition between spin
polarization (i.e, Hund’s coupling) promoting high-spin
electronic ground states and intersite orbital hopping favoring
metal—metal bonding and hence low-spin electronic ground
states.””*** We note that the magnitude of the ZFS for
Ba;CeRu, Oy is even greater than the largest values of ~30—35
meV previously reported for members of the binuclear Ru
paddlewheel family."*'”"* Molecular magnets based on well-
separated face-sharing octahedra are therefore excellent
candidates for exhibiting SMM properties at high temper-
atures.

In the search for new SMMs with face-sharing octahedral
units, important qualitative criteria include intramolecular
bond lengths comparable to or smaller than the nearest-
neighbor distance in the corresponding elemental metal to
promote molecular orbital formation and the realization of S,
> 1/2 electronic ground states. For the specific case of the 6H-
perovskites where the molecular orbital scheme is known,
careful consideration should be given to the iridates Ba;MIr,O,
where M is a divalent cation and therefore there are eight
valence electrons per Ir dimer,"*” as they seem to meet these
general criteria. Other intrj§uing candidates are based on the
12-L perovskite structure,” =2 which consists of trimers of
face-sharing metal—oxygen octahedra. Recent work has
emphasized the importance of metal—metal bonding in some
of these compounds,””* and the known molecular orbital
scheme®" also supports S, > 1/2 electronic ground states for
several different valence electron counts.

B CONCLUSIONS

We synthesized polycrystalline Ba;CeRu,Oy and investigated
its magnetic properties with a combination of magnetometry,
neutron scattering, and infrared spectroscopy measurements.
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Our neutron powder diffraction results indicate that the
hexagonal P6;/mmc crystal structure and the extremely short
Ru—Ru intradimer distance persist down to 0.3 K, while we
find no evidence for long-range magnetic order or intrinsic
paramagnetism down to low temperatures due to dimer
ground states that are nonmagnetic. Inelastic neutron
scattering and infrared spectroscopy reveal a large spin gap
to the lowest-lying magnetic excitation. Subsequent suscepti-
bility modeling shows that the nonmagnetic dimer states likely
arise from a metal—metal bonding scheme with an extremely
large, positive zero-field splitting (i.e, D > 0) of the Sy, = 1
electronic ground state. Although the positive D ensures that
Ba;CeRu, Oy is not a SMV, it is intriguing that the magnitude
of the ZFS is exceptionally high and even greater than reported
previously for members of the well-studied family of binuclear
Ru paddlewheel compounds with metal-metal bonding,
including [Ru,(0,CMe),]5[Cr(CN)¢] (Me = CH,),>>°
Ru,(but),Cl (but = butyrate),”” and others."*™"" Our work
therefore suggests that a systematic study of materials based on
isolated metal clusters may yield SMMs with exceptionally high
blocking temperatures.
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