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We investigate the magnetic ground state of single crystals of the ruthenium-dimer-based hexagonal perovskite
Bas;ZnRu,0y using magnetic susceptibility and resonant inelastic x-ray scattering (RIXS) measurements. While
a previous study on powder samples exhibited intriguing magnetic behavior, questions about whether the spin
state within a Ru,Oy dimer is a conventional S = 3/2 dimer or an orbital-selective S = 1 dimer were raised.
The RIXS spectra reveal magnetic excitations from Hund’s intraionic multiplet and intradimer spin-triplet
transitions. The observed transition energies of the Hund’s intraionic multiplets align with the S = 3/2 ground
state, contrasting with the theoretically proposed orbital-selective S = 1 dimer state. High-temperature magnetic
susceptibility analysis confirms the realization of the spin § = 3/2 dimer state, and the extracted intradimer
coupling is consistent with the spin-triplet transition energy observed in the RIXS spectra. These results
highlights the ability of “spectroscopic fingerprinting” by RIXS to determine the magnetic ground states of

complex materials.
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I. INTRODUCTION

Hexagonal perovskites have served as an intriguing plat-
form for quantum magnetism [1]. Unlike cubic perovskites,
where metal-oxygen octahedra share corners, hexagonal per-
ovskites are characterized by their face-sharing octahedral
frameworks, which can result in the formation of dimers,
trimers, tetramers, or even longer chains. The metal-metal
distances in such networks are generally shorter (and the
overlap of metal d-orbitals correspondingly larger) than those
in networks of corner-sharing octahedra. This can lead to
unusual magnetic quantum correlations [1,2].

Within this family, ruthenium-dimer-based hexagonal per-
ovskites BazMRu,09 (M = cations), featuring Ru, Og dimers,
have been extensively studied. The oxidation state of M plays
a crucial role in determining the valence state of the Ru atom,
leading to a variety of magnetic states.

Magnetic cations such as Ni2*, Co**, and rare-earth metal
R3* ions induce long-range magnetic order [3—12]. Notably,
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in systems with rare-earth metal ions, Ba;RRu,0q exhibits
unusual magnetoelectric couplings [9,10,12]. On the other
hand, nonmagnetic cations can also lead to diverse magnetic
states in the RuyOg dimer. For instance, when M is a nonmag-
netic divalent cation such as Mg>*, Ca®*, Cd**, or Sr**, the
Ru;09 dimer adopts a gapped nonmagnetic singlet state with
a total spin of Siy = 0 [13]. In contrast, when M is a nonmag-
netic trivalent cation such as Y3*, In®t, Lut, or La’*, the
Ru; 09 dimer exhibits either a molecular spin Sy, = 1/2 state
[14] or an orbital-selective Sy, = 3/2 state [15].

Among these, Ba;ZnRu,0g, characterized by the non-
magnetic divalent 7Zn%* ion, stands out as one of the most
intriguing dimer-based hexagonal perovskites [16,17]. Its
crystal structure is almost hexagonal with the space group
P63 /mmc [3], but slight distortions lower the symmetry to
monoclinic (space group C2/c) [18]. In this structure, the
Ru,O9 dimers are separated by ZnOg octahedra and form a
triangular lattice in the crystallographic ab plane, as illustrated
in Fig. 1(a). The Zn*" ions lead to the Ru’" valence state
with a 4d? electronic configuration. Electrical resistivity mea-
surements confirm that BazZnRu, Oy is highly insulating [16].
Notably, Ba;ZnRu,;0O9 shows no evidence of long-range mag-
netic order or spin-singlet-gapped behavior down to 37 mK
[16], which contrasts with its analogs Ba;MRu,09 (M = Mg,
Ca, Cd, and Sr) showing a singlet gapped behavior [13]. This
observation indicates that the magnetic state of the Ru,Og
dimer in BazZnRu,0y may be unconventional.

However, the magnetic state of the isolated Ru;Og dimer
in Ba;ZnRu,0Og remains unresolved. Figure 1(b) outlines two
possible scenarios for the energy levels of the dimerized tgg-tgg

electron configuration of the Ru> ions in a cubic crystal
electric field with trigonal distortion. The electronic structures
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FIG. 1. (a) Crystal structure of Ba;ZnRu,0y with hexagonal
space group P6;/mmec. (b) Energy levels of the tfg electron config-
urations for the Ru>" ion dimer, depicting the cases of the S = 3/2
state (left) and the S = 1 state (right), as discussed in the text. The
Ru’* spins couple antiferromagnetically (AFM) within the dimer. Jy
denotes the Hund coupling. (c) Typical BazZnRu,0y single crystals
used in this work. The typical mass of a crystal is approximately
1 mg.

can be characterized by the Hund’s intraionic multiplets [19].
In Ba3zZnRu,0y, the trigonal distortion splits the #,, orbitals
into doubly degenerate E, orbitals and a nondegenerate Ay,
orbital. In the conventional high-spin t23g state, each of the
three spins occupies a separate orbital for the ground state,
resulting in the high-spin “A, multiplet with S = 3/2, namely
the S = 3/2 spin dimer state [see the left panel of Fig. 1(b)].
The associated low-spin excited states, (>}, 2E) and 7>, with
S =1/2, appear at energies of ~3Jy and ~5Jy above the
ground state, where Jy is the Hund coupling. Alternatively, a
theoretical study [20] proposes an orbital-selective S = 1 spin
dimer state in Ba3ZnRu,Oy. In this scenario, strong hybridiza-
tion of the Ay, orbitals in the dimerized Ru’* jons can induce
a singlet pair of spins per dimer in the lowest bonding orbital
state, reducing the spin moment of each Ru>* ion to S = 1 at
the 3A| multiplet, thus yielding the S = 1 spin dimer [20,21]
[see the right panel in Fig. 1(b)]. Accounting for the remaining
doubly degenerate E, orbital and two spins, the associated
low-spin excited multiplets include an 'E state with § = 0 at
~2Jy and an 'A; state with S = 0 at ~4Jy above the ground
state.

To determine the magnetic state of the RuyOg dimer in
Ba3;ZnRu,;09, we undertake a comprehensive investigation

of the magnetic properties of single crystals using magnetic
susceptibility and resonant inelastic x-ray scattering (RIXS)
measurements. The high-temperature magnetic susceptibility
and the RIXS spectra provide evidence supporting the S =
3/2 dimer rather than the S = 1 dimer scenario.

II. EXPERIMENTAL DETAILS

Hexagonally shaped single crystals of BaszZnRu,Oq
[Fig. 1(c)] were grown using the typical PbO flux method
(see the Appendix for more details). The crystal quality
was characterized by x-ray diffraction (XRD) and electron-
dispersive x-ray (EDX) measurements, which identified the
presence of an impurity phase, the metallic hexagonal per-
ovskite 4H-BaRuOj3 [22] (see the detailed characterization in
the Appendix).

RIXS measurements were performed at beamline PO1 at
the PETRA-III synchrotron at DESY, Germany, using the
IRIXS spectrometer [23]. All RIXS spectra were collected
at T =296 and 15 K with an effective energy resolution of
AE =75 meV (full width at half-maximum) and a scatter-
ing angle of 90°. The RIXS studies were carried out in the
(H, 0, L) scattering geometry. The momentum coordinates are
quoted in terms of reciprocal lattice units (r.l.u.), based on the
lattice constants listed in Table I of the Appendix.

Magnetic characterization was conducted using a
vibrating-sample magnetometer (VSM) within a Quantum
Design Magnetic Property Measurement System (MPMS).
High-temperature magnetic susceptibility measurements
(T > 400 K) were conducted with a Quantum Design oven
option.

III. RESULTS AND DISCUSSION
A. RIXS

Figure 2(a) shows RIXS spectra of a BazZnRu;0y crystal,
with the incident photon energy varied across the Ru L3-edge.
Distinct resonance peaks are observed at approximately 1
and 3 eV, which are attributed to dd excitations. Two sharp
features at 0.8 and 1.2 eV [Fig. 2(b)] correspond to the Hund’s
intraionic multiplet transitions within the #,, orbital mani-
fold as discussed further below. The enhanced feature near
3.3 eV [Fig. 2(b)] is attributed to f,, — e, excitations, similar
to prior observations in other ruthenates, Ca,RuQO,4 [24] and
Ca3zRu,07 [25]. Notably, these sharp orbital excitations indi-
cate the presence of a highly insulating state, contrasting with
electronic continuum excitations observed in metallic systems
such as Sr,RuQy4 [26] and CazRu,O5 [25]. Thus, the measured
RIXS spectra predominantly reflect the primary insulating
BasZnRu,09 phase [16], with no evidence for contributions
from the metallic impurity phase of 4H-BaRuOj; [27]. As the
RIXS penetration depth is below 1 um, this is consistent with
the observation that the near-surface region of the crystals is
composed of the Ba;ZnRu,O¢ majority phase, whereas the
impurity phase is concentrated in the crystal interior (see the
Appendix).

Figure 2(c) shows the RIXS spectra with an incident pho-
ton energy at the Ru L3 edge (2839 eV). The two prominent
peaks at 0.80 and 1.22 eV correspond to Hund’s intraionic
t23g multiplet transitions. Based on the transition energy ratio
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FIG. 2. (a) RIXS intensity map of the Ba;ZnRu,0Oy crystal for
incident photon energies varied across the Ru L;-edge, taken at
0 =45° and at T =296 K. (b) RIXS spectra for incident photon
energies of 2839 and 2841 eV. The data are horizontally offset for
visibility. (¢) Ru L3 RIXS spectra at T = 15 and 296 K, measured
with an incident angle 8 = 45°. The incident angle 6 is defined as the
angle between the incident photon k; and the sample surface. Arrows
in (b) and (c) indicate the t,, — e, excitation and Hund’s intraionic
multiplet excitations discussed in the text.

1.22/0.80 = 1.53, these peaks are assigned to the ~3Jy and
~5Jy transitions from the *A, multiplet, rather than the ~2Jy
and ~4Jy transitions expected from the 3A, multiplet, as de-
picted in Fig. 1(b). These high-energy excitations thus provide
clear evidence for the S = 3/2 spin state as the ground state
in the Ruy,Og dimer of Ba3;ZnRu,Og. The estimated Hund
coupling, Jg ~ 0.25eV, agrees with the value reported in
another Ru>t compound, SrRu,Og¢ [28].

A noticeable peak is also observed in the quasielastic re-
gion below 0.05 eV [see Fig. 2(c)]. This peak displays clear
resonance behavior as a function of the incident photon energy
[Fig. 2(a)], and its center shifts to higher energies at low
temperatures [Fig. 2(c)], indicating an inelastic origin. The
observed inelastic signal can be, in principle, attributed to
either phonons or magnetic excitations. However, phonons
typically couple more strongly with the e, orbital resonance
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FIG. 3. (a) Incident angle 6 dependent RIXS spectra at 15 K.
The spectra were acquired from 6 = 10° to 50° with a 5° step.
(b) Color map of the RIXS intensities in (a). Yellow circles denote
peak positions extracted by Gaussian fitting. (c) Measured positions
of the RIXS spectra in reciprocal lattice units (H, 0, L).

than with the #,, orbital resonance, as seen in cuprates [29],
because e, orbitals extend towards ligands, and their energies
are expected to be approximately T -independent. Since we
selected the f,, orbital resonance and observed a pronounced
blueshift upon cooling, phonon contributions are expected to
be minimal. Thus, the inelastic peak is primarily attributed to
magnetic excitations, and the observed shift at 15 K suggests
the development of spin-spin correlations in BazZnRu,Oy.
To investigate potential dispersive magnetic excitations, we
measured the incident-angle 6 dependence of the RIXS spec-
tra at 15 K, as shown in Fig. 3(a). Resolution-limited peaks
are observed in the 30—45 meV energy range, with an average
value of 37(13) meV, which we can now assign to a conven-
tional spin-triplet excitation in the antiferromagnetic § = 3/2
dimer system. In the spin-triplet excitation, the central en-
ergy of the band typically reflects the intradimer coupling
[30], allowing us to estimate the strength of this coupling
in BasZnRu;09 to be approximately 37(13) meV. As re-
sult, the observed Hund’s intraionic multiplets and spin-triplet
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excitations indicate that the magnetic state in Ba3ZnRu, Oy is
characterized by the S = 3/2 dimer configuration.

A dispersive feature of the excitation is not clearly dis-
cernible in our experiment [see Fig. 3(b)] even though the
measured incident angles cover a wide range in the mo-
mentum plane (H, 0, L) [Fig. 3(c)]. This suggests that the
interdimer coupling is relatively weak, as expected in view of
the large spatial separation of the dimers [Fig. 1(a)]. A more
detailed analysis would require high-resolution spectroscopic
measurements, such as inelastic neutron scattering.

B. Magnetic susceptibility

Figure 4(a) shows the temperature dependence of the mag-
netic susceptibility in the Ba3ZnRu,Og single-crystals. Below
100 K, pronounced anisotropic upturns with temperature hys-
teresis are observed, likely due to the freezing of free spins
within the sample and/or the isolated Ru spins occupying Zn
sites [17]. This behavior indicates that the low-temperature
susceptibility is heavily influenced by disorder such as a site-
mixing between the Ru and Zn atoms, as observed in the
single-crystal XRD (see the Appendix). Thus, we focus on the
high-temperature magnetic properties, which are unaffected
by weakly coupled spins, to elucidate the intrinsic magnetic
state in Ba3;ZnRu,Oy.

Figure 4(b) shows the magnetic susceptibility of
Bas;ZnRu,;09, measured up to 800 K. Above 400 K,
measurements were conducted only for the H | c
configuration, since the susceptibility becomes isotropic
above 100 K [see Fig. 4(a)]. A broad maximum appears
around 400 K, followed by a steady decrease at higher
temperatures, indicating a crossover from developing
antiferromagnetic spin correlations to a paramagnetic Curie
tail in the high-temperature regime.

To distinguish between the primary BaszZnRu,;O¢ and
impurity 4H-BaRuOj3; phases, we subtract the magnetic
contribution of 4H-BaRuOs, accounting for the 4:1 vol-
ume fraction extracted from the XRD measurement on the
pulverized crystals [see Fig. 5(a) in the Appendix]. The
metallic 4H-BaRuO; phase exhibits exchange-enhanced Pauli
paramagnetic behavior at low temperatures, and its sus-
ceptibility weakly decreases at high temperatures due to
weakening exchange interactions between conduction elec-
trons [27]. As a first-order approximation, we assume that this
susceptibility decline is minimal, and we extrapolate a
constant Pauli paramagnetic value, xpaui = 6.58 % 102
emu/mol(BaRuOs3) [27], to higher temperatures. The cor-
rected susceptibility data [dark-blue symbols in Fig. 4(b)]
agree well with single-phase powder data at high temperatures
[green symbols in Fig. 4(b)], with a minor offset that may be
attributable to diamagnetic effects.

The magnetic state in the Ru,Og dimer is analyzed using
the corrected susceptibility. We calculate the susceptibility
based on an isolated Heisenberg antiferromagnetic spin dimer
model. In an antiferromagnetic spin dimer with § = 3/2,
the magnetic states within a dimer are labeled by the to-
tal spins Syt = 0, 1, 2, and 3. Their energies are given by
E = %[Stm(Stot + 1) —25(S + 1)], where J is the intradimer
coupling. The uniform magnetic susceptibility per dimer is
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FIG. 4. (a) Magnetic susceptibility measured with a 0.1 T mag-
netic field applied along the a, a*, and ¢ axes, with both axes on
logarithmic scales. Open and filled circles denote zero-field-cooling
(ZFC) and field-cooling (FC) data, respectively. Arrows indicate ZFC
and FC processes. Note that a kink around 10 K in the ZFC data for
the H || a and a* might be an extrinsic effect related to a change in
the temperature sweep rate at 10 K. (b) High-temperature magnetic
susceptibility measured with a 0.1 T magnetic field. Yellow symbols
represent the raw susceptibility of the Ba;ZnRu,0q single crystal
with the field applied along the ¢ axis, while the dark-blue symbols
show the susceptibility after subtracting the constant Pauli param-
agnetic contribution from the 4H-BaRuOj; impurity phase. Green
symbols correspond to the susceptibility of Ba;ZnRu,0¢ powder.
The red and blue curves represent the calculated susceptibilities
of the antiferromagnetic (AFM) spin dimer models as described in
the text.
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where N, is Avogadro’s number, g is the g-factor, and ug is a
Bohr magneton. For simplicity, we fix g = 2 and refine the in-
tradimer coupling J. Additionally, we introduce a diamagnetic
term yo for a constant background in the fitting. Assuming
that the contribution from free-spin paramagnetic impurities
is weak and T '-independent in the high-temperature limit, we
fit the data above 400 K. The resulting curves are in good
agreement with the high-temperature susceptibility data for
the single-crystal sample [solid red curve in Fig. 4(b)] and the
phase pure powder sample [dashed red curve in Fig. 4(b)]. The
refined parameters are J = 277(37) K and xo = —0.65(28) x
10~3 emu/mol for the crystal, and J = 270(27) K and yo =
—0.58(6) x 10~ emu/mol for the powder. The antiferromag-
netic J value of 277(37) K [= 24(3) meV] reasonably aligns
with 37(13) meV obtained from the RIXS measurement in
Sec. IIT A within the error of the measurements.

Similarly, we compare the susceptibility data with the anti-
ferromagnetic spin S = 1 dimer, where the magnetic states are
labeled by S,y = 0, 1, and 2. The calculated susceptibility is
given by

e_J/kBT + Se—3j/kBT

1+ 3e//kT 4 5e=3//keT

2N,

YA 2
T (guB)

‘= @

The reference curve for the S = 1 dimer susceptibility with
J =277 K and x9 = —0.65 x 1073 emu/mol [blue curve
in Fig. 4(b)] shows a more pronounced decrease at high
temperatures, inconsistent with the observed susceptibility
trend. Consequently, the high-temperature magnetic suscep-
tibility data support the conclusion that the magnetic state in
Ba3ZnRu,0y is well described by the S = 3/2 dimer rather
than the § = 1 dimer.

IV. CONCLUSIONS

Our magnetic and RIXS measurements provide additional
insights into the magnetic ground state of the ruthenium-
dimer-based hexagonal perovskite Ba;ZnRu,Og. RIXS spec-
tra reveal the Hund’s intraionic multiplets and the spin-triplet
excitation associated with the S =3/2 dimer, providing
strong evidence for the realization of the S =3/2 spin
dimer in BazZnRu,;Og rather than the theoretically proposed
orbital-selective S = 1 dimer. Our high-temperature magnetic
susceptibility analysis confirms the presence of the antiferro-
magnetic S = 3/2 dimer. For future perspective, improving
the quality of the single crystals will be crucial for exploring
the low-energy magnetic properties in more detail, as the
current sample is affected by site-mixing between Zn and Ru.

More generally, our study illustrates the power of RIXS
to elucidate the ground state of individual magnetic ions in
complex solids by “spectroscopic fingerprinting.” At the same
time, the resolution of modern RIXS spectrometers (includ-
ing the IRIXS spectrometer for 4d-electron compounds used
here) suffices to determine the sign and strength of exchange
interactions between magnetic ions in a wide variety of ar-
rangements, including simple dimers in the current case and
magnetic lattices giving rise to collective magnon excitations
in other compounds.
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APPENDIX: CRYSTAL CHARACTERIZATION

Single-crystal samples of Ba;ZnRu,O¢ were synthesized
by the following PbO flux method. Initially, Ba;ZnRu;Oq
powder was synthesized from starting materials, BaCOs,
Zn0O, and RuO,. Stoichiometric amounts of these materials
were mixed and heated at 1200 °C for over 54 h. A mixture
of 0.5 g of Ba;ZnRu,09 powder and PbO flux in a mass ratio
of 1: 15 was placed in a platinum crucible, which was then
enclosed in an alumina crucible. The crucible was heated at
1100 °C for 10 h and slowly cooled to 900 °C for 96 h.
To grow larger crystals, this process was repeated at least
four times, with additional PbO flux to compensate for its
evaporation. The flux was subsequently removed using KOH
solutions.

Single-crystal x-ray diffraction (XRD) measurements were
conducted at 296 K using a SMART APEX-I CCD x-ray
diffractometer (Bruker AXS) with monochromated Mo K«
radiation (A = 0.71073 A). The structure was refined using
full matrix least-squares fitting with the SHELXTL software
package [32,33]. Structural parameters of the BazZnRu,;0q
crystals were determined by single-crystal XRD. Note that
we refined all the reflections using the space group P63/mmc
because the monoclinic distortions are very subtle [18]. We
tested for site-mixing at the Zn site with the Ru atom. The re-
finement results are presented in Table I. Although the refined
structural parameters are consistent with the previous report
[3], 9% site mixing at the Zn site is observed. Including the

TABLE I. Structural parameters at 296 K from the single-crystal
x-ray diffraction measurement. The data were refined using space
group P6s/mme with a = b = 5.7682(7) A, c = 14.188(3) A, a =
B =90° and y = 120°. An agreement factor S of the refinement is
S =141.

X y z Occupancy
Bal 0 0 1/4 1
Bal 1/3 2/3 0.91045(3) 1
Znl 0 0 0 0.91(2)
Rul 0 0 0 0.09(2)
Ru2 1/3 2/3 0.15577(4) 1
(0] 0.4849(5) 0.9698(9) 1/4 1
02 0.1702(4) 0.3404(8) 0.4164(2) 1
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FIG. 5. (a) Powder XRD pattern of pulverized Ba;ZnRu,;0g
crystals. A solid black line is the fit obtained from a Rietveld refine-
ment, which includes the Ba;ZnRu,0q phase (upper blue symbols)
and a minority 4H-BaRuOj phase (lower green symbols). Asterisks
mark the most notable Bragg peaks of the latter phase. (b) EDX
spectra obtained from the surface (blue) and the interior (yellow) of
an as-grown Ba;ZnRu, 0y crystal. The insets show SEM images of
the crystals.

site-mixing parameter slightly improves the agreement factor
S of the refinement from § = 1.43 without the site-mixing to
S = 1.41 with the site-mixing.

Powder XRD measurements on pulverized Ba;ZnRu;0Oq
were conducted using a Rigaku Miniflex diffractometer with
Cu K« radiation. The data were analyzed using the Rietveld
method using FULLPROF software [34]. The powder XRD
results reveal the presence of additional disorder within the
single crystal. A hexagonal perovskite phase, 4H-BaRuO3
[22], is identified [Fig. 5(a)]. 4H-BaRuO; crystallizes in
the space group P63/mmc and consists of RuyOg¢ dimers

102 | Ba,ZnRu,0,
F crystal

*
E
< 10%F
UQ.

1072 ¢ HH=0T 4

107" 10° 10°

T (K)

FIG. 6. Specific heat of Ba;ZnRu,0O¢ in zero magnetic field,
plotted on logarithmic scales for both axes. The solid curve rep-
resents the phonon contribution, measured using the nonmagnetic
reference Ba;ZnSb,0y powder sample.

similar to those in Ba3;ZnRu,Og. The volume fraction of
Bas;ZnRu,09 and 4H-BaRuOj; is estimated to be approxi-
mately 4 : 1 based on the diffraction pattern. Note that the site
mixing observed in the single-crystal XRD is not resolvable
from the powder XRD data.

Energy-dispersive x-ray (EDX) measurements were per-
formed using a NORAN System 7 (NSS212E) detector in
a Tescan Vega (TS-5130MM) scanning electron microscope
(SEM) to compare the chemical compositions between the
surface and interior of the Ba;ZnRu, Oy crystals. Figure 5(b)
shows EDX spectra from both the crystal surface and inte-
rior. The spectrum taken from the crystal surface shows a
stoichiometry of Bas j(1yZng.o(1)Ru2.2(1)Os.9¢2), which aligns
perfectly with Ba;ZnRu;QOg. In contrast, the spectrum from
the crystal interior reveals a suppression of the Zn peaks and
enhancement of the Ru peaks, resulting in a stoichiometry
of Ba3_2(1)ZH0_1(1)RU3_1(1)08_6(2). This suggests that the Crys-
tal surface is predominantly composed of the primary phase
BazZnRu,0y, while the impurity phase 4H-BaRuOj3 is more
concentrated within the crystal interior.

Heat capacity was measured by standard relaxation
calorimetry. The measurements were conducted using a Quan-
tum Design Physical Property Measurement System (PPMS)
for temperatures above 2 K and using a *He - “He dilution
refrigerator for temperatures below 2 K. The specific heat data
across a wide temperature range at zero magnetic field are
shown in Fig. 6. Above 10 K, the data closely align with those
of the nonmagnetic reference material Ba3ZnSb, 0y, while the
magnetic contribution becomes apparent below 10 K, consis-
tent with the previous powder study [16].
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