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Transition-metal ions with 5d? electronic configuration in a cubic crystal field are prone to have
a vanishing dipolar magnetic moment but finite higher-order multipolar moments, and they are
expected to exhibit exotic physical properties. Through an investigation using resonant inelastic
X-ray scattering (RIXS), Raman spectroscopy, and theoretical ligand-field (LF) multiplet and ab
initio calculations, we fully characterized the local electronic structure of Ba;CaOsOg, particularly,
the crystal-field symmetry of the 5d? electrons in this anomalous material. The low-energy multiplet
excitations from RIXS at the oxygen K edge and Raman-active phonons both show no splitting.
These findings are consistent with the ground state of Os ions dominated by magnetic octupoles.
Obtained parameters pave the way for further realistic microscopic studies of this highly unusual
class of materials, advancing our understanding of spin-orbit physics in systems with higher-order
multipoles.

2 I. INTRODUCTION s tupole [5-9]. This is contrasted with 5d' systems, where
3 the 5d ion has an electric quadrupole and Jahn-Teller dis-

2 5d transition-metal oxides exhibit various exotic phys- # tortionis induced [1, 2, 4, 7, 10]. As a staggered octupolar
» ical properties arising from the strong spin-orbit cou- order has been predicted theoretically for quarter-filled
 pling (SOC) that competes with Hund’s coupling and * manganites [11], one may conceive disordered octupoles
2 Jahn-Teller effect and strongly influences the exchange # Or & quantum octupole liquid under particular conditions
x interaction [1-3]. Particularly attractive have been the # i manganites or other materials.

2 Mott-insulating Ir*+ (5d°) compounds with effective an- s  The B-site-ordered double perovskite BasAOsOe,
2 gular momentum Jog = 1/2 and the Kitaev quantum- where A is an alkali-earth metal, is one of such 5d? (Os%*)
spin-liquid candidate of Ru?t (4d%) honeycomb lattices. + systems. The face-centered cubic (fcc) lattice formed
Especially exotic are localized 5d? electrons in a cubic < by the Os ions may induce geometrical frustrations be-
crystal field. A d? ion coordinated by ligand atoms in # tween the multipoles, and may lead to intriguing quan-
the octahedral (Op,) environment is expected to be Jahn- s tum magnetism predicted theoretically [5-9]. For exam-
Teller active, but many cubic crystals with 5d? ions re- = ple, Ba;CaOsOg shows a cusp-like anomaly in the mag-
main undistorted, probably due to the strong SOC of = netic susceptibility at 7™ ~ 50 K, signaling a magnetic
the 5d electrons [4]. Such a 5d? ion in the Op-symmetry s transition, and muon-spin rotation (u-SR) has revealed
crystal field has a non-Kramers doublet ground state that s a small magnetic moment of ~ 0.2 up [12] or ~ 0.05 pup
supports either an electric quadrupole or a magnetic oc- s per Os ion [13] whereas neutron scattering has detected
s no magnetic Bragg peaks below T* [12]. (According to
sv Ref.[13], the small magnetic moment may be induced by
ss impurities and may not be intrinsic.) According to X-
ray diffraction, the crystal remains cubic down to the
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FIG. 1. Energy diagrams of the Os®* (5d?) ion in the cubic
(On) crystal field. (a) One-electron energy diagram. Arr is
the t2g-€4 splitting. Spin-orbit coupling (SOC) further splits
the toq4 level into jeg = % and Jeg = % levels separated by %g,
and the jer = 3 level is occupied by two electrons. (b) Two-
electron energy diagram. The tgg part of the d? multiplet
is shown whereas the tage, part is located at higher energies
separated by ~ Arp. Due to the ligand field (LF) of cubic
symmetry, the Jeg = 2 ground state is split by a ‘residual’
cubic splitting A into the non-Kramers Ey doublet and the
T>g triplet. The first Jog = 0 excited state appears AE ~ 0.4
eV above the ground state, and the first Jeg = 1 excited state
~ 0.065 eV above it.

e retically, exchange coupling between neighboring Os ions
es favors ferro-octupolar order in the fcc lattice [6].

e In an Op-symmetry crystal field, the one-electron Os
7 bd level is split into the ty, and e4 levels separated by
s Arp [Fig. 1(a)]. The strong SOC splits the o4 level into
60 the jeg = % and jeg = % sublevels, and the latter is oc-
70 cupied by the two electrons of the Os®* ion. In the two-
n electron energy diagram [Fig. 1(b)], the ground state has
2 the total effective angular momentum of J.g = 2. Un-
7 der the O symmetry, the ‘residual’ cubic crystal-field
7 splits the Jeg = 2 quintet into the ground-state £, dou-
7 blet and the triply-degenerate Ty, excited states with a
76 separation A, [14, 15]. The E, ground state is a non-
7 Kramers doublet consisting of |¢,4) = |JZ% = 0) and
© (g 1) = %(\ % 2) + |J = —2)), whereas the
1 Ty excited states consist of | 1) = [JZ = £1) and
w0 [te0) = %(\ 2 = 2) — |J% = —2)). In the ferro-
a1 octupole-ordered state, all the Os ions are in one of the
52 two eigenstates, 1)y +) = %(W’gﬂ + if1)g,,)), of the oc-

ss tupole operator T, o< J*JYJ#, where the overline de-
s notes symmetrization.

s While the magnetic properties of Bag AOsOg double
s perovskites have been widely studied and microscopic
ez models to explain observed anomalies have been pro-
s posed, their electronic structure remains unexplored ex-
s perimentally. The present paper aims to fill this gap.
o In particular, we studied Ba;CaOsOg by X-ray absorp-
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tion spectroscopy (XAS) and resonant inelastic X-ray
scattering (RIXS) at the O K edge. RIXS studies of
5d transition-metal oxides have so far been performed
mainly at the transition-metal Ls 3 edge since one can
directly study the spin and orbital excitation of the 5d
states [16-19]. However, owing to the strong SOC of the
5d electrons, RIXS at the O K edge can also be used to
study spin excitations [Fig. 1(b)][20-24]. O K-edge RIXS
has the advantage of having higher energy resolution than
transition-metal L, 3-edge RIXS, allowing us to study
low-energy electronic excitation and electron-phonon in-
teraction. We have also utilized Raman scattering to
detect possible local lattice distortion that induces low-
symmetry crystal fields. None of the above measure-
ments have indeed shown evidence for the lowering of the
cubic symmetry, favoring the scenario that the Os ions
have dominantly octupolar moments in BayCaOsOg.

II. RESULTS AND ANALYSES

We performed O K-edge RIXS on high-quality poly-
crystalline samples with the energy resolution of ~30
meV using 7 polarized X-rays and 90° scattering angle
(see Methods). The O K-edge XAS spectrum is shown in
Fig. 2(a). Figure 2(b) shows the RIXS intensity map in
the Ein-Fioss plane, where Ey, is the energy of incident X-
ray and F)ug is the energy loss of scattered X-rays. The
same data are plotted in the Fi,-Fen plane in Fig. 2(c),
where Fep, is the energy of emitted X-ray. RIXS spectra
are plotted in Fig. 2(d). In the figure, above Ei, ~ 529
eV, some spectral features start to shift to higher FEjogs
with increasing FEji,, indicating a cross-over from Raman-
like to fluorescence-like.

Splitting due to ligand field and spin-orbit coupling

In O K-edge RIXS, the excitation of the O 1s core
electron into empty states followed by the electron tran-
sition from the non-bonding O 2p band to the O 1s core
level leaves a hole in the non-bonding O 2p band and an
electron in the empty states. The resulting final state is
equivalent to that of the O 2p — Os 5d charge-transfer
(CT) excitation, which measures the unoccupied part of
the O 2p partial density of states (PDOS). Because the
energy position of the non-bonding O 2p band is located
near the top of the O 2p band, we assumed it located ~2
eV below the Fermi level (Eg), based on the occupied O
2p PDOS deduced from fluorescence spectra as discussed
below. Thus one finds the e, band 4-6 eV above Ep, the
Jeft = % band ~1 eV above Ep, the empty and occu-
pied parts of the jeg = % band just above and below FEg,
respectively.

The occupied part of the O 2p PDOS can be measured
by the fluorescence component of the O K-edge RIXS.
We have taken spectrum k in Fig. 2(d) as the represen-
tative fluorescence spectrum. The Fr position for the
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FIG. 2. X-ray absorption spectroscopy (XAS) and resonant inelastic X-ray scattering (RIXS) spectra of Ba;CaOsOg at the
oxygen K edge recorded at 25 K. (a) XAS spectra. Top: XAS spectrum measured using the total fluorescence-yield method.
The broad absorption band at 532-536 eV consists of transitions to the empty e, states (blue dashed curve) as well as to the
Ba 5d- and Ca 3d-derived conduction-band states. The blue dashed curve is the partial fluorescence-yield spectrum measured
at Eem = 528 eV. Bottom: Spectrum calculated using ligand-field (LF) multiplet theory. See Methods. (b) & (c) Colored
intensity maps of scattered X-rays: (b) as a function of incident X-ray energy FEi, and energy loss Floss. Solid lines mark the
positions of constant Eioss. Dashed lines indicate those of constant Fem, (c) Scattered X-ray intensity map plotted against Ein
and emission energy Fem. Dashed lines indicate constant Eenm’s, corresponding to fluorescence from occupied states to the O
1s core level. (d) RIXS spectra measured for various Ei,’s indicated by vertical bars at the top spectrum of (a). The shaded
parts mark transitions from O 2p — Os 5d charge-transfer (CT) excitation. (e) LF multiplet calculation to simulate the RIXS
spectra. The red curves show spectra arising from d-d excitation for a series of Eji,’s indicated by vertical bars in the calculated
O K-edge XAS spectrum shown at the bottom of (a). The dashed blue curves show O 2p — Os 5d CT excitation simulated
by 5d® — 5d* multiplet calculation. The black curve is the measured RIXS spectrum for Ei, = 528.5 ¢V [spectrum d in panel
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13 fluorescence spectrum has been fixed under the assump-
s tion that Fg, = 528.2 eV is the excitation threshold of
1s the O K-edge XAS [photon energy c in Fig. 2(a)]. The
combined occupied and unoccupied parts of the O 2p
PDOS thus derived are plotted in Fig. 3(a).

The obtained O 2p PDOS is compared with the DOS
calculated by DFT (see Methods) in Fig. 3(b). One can
see good one-to-one correspondence between the exper-
imental and calculated structures in the O 2p PDOS.
In particular, the assumed non-bonding O 2p-band posi-
tion well agrees with the peak position of the calculated
non-bonding O 2p band. Nevertheless, the conclusion of
the present paper will not altered by the magnitude of
the band gap unless it collapses and the system becomes
metallic.
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158 Low-energy multiplet and phonon satellites

In order to examine the effect of electron-phonon cou-
pling and possible low-symmetry crystal field, an en-
larged plot of the RIXS spectra in the low-energy region
is shown in Fig. 4(a). The “elastic” peak at Fjoss = 0 €V
is a superposition of the genuine elastic scattering (which
should be very weak for the present 7 scattering geome-
try) and low-energy (0-20 meV) elastic and quasi-elastic
scattering between the nearly degenerate five components
of the Jogr = 2 ground state [see Fig. 1(b)]. The sharp
peak at Fjoss ~ 0.4 €V is due to excitation from the Jog =
2 ground state to the Jeg = 0 and 1 excited states. The
latter excitation is also observed by Raman scattering as
described below. The weak peak at Fjoss ~ 0.8 eV is
an excited state of the 3, multiplet having the quantum
number Jog = 2 [Fig. 1(b)]. Unfortunately, the residual
cubic splitting A, of the Jog = 2 state [Fig. 1(b)] is too
small to be resolved in the RIXS spectra. Each of the
quasi-elastic, Fjoss ~ 0.4 eV, and ~ 0.8 eV peaks are
accompanied by sub-peaks with ~80 meV intervals on
the higher-energy side. These sub-peaks are attributed
to phonon replicas, as described below.
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Analyses using ligand-field multiplet theory

180

The magnitude of the SOC of the Os 5d states can
be estimated from the O K-edge XAS [Fig. 2(a)]. X-ray
absorption into the empty t25 state observed at 528-530
eV is split into double peaks separated by %C ~ 0.7 eV.
15 Note that for the effective angular momentum operator
16 legr, the SOC constant (’, defined through the SOC en-
187 ergy ('log -s, is given by (' = —( because log = —1 for the
18 tog electrons [26], where 1is the bare angular momentum
180 operator. The cubic ligand-field (LF) splitting Ay g of the
w Os 5d level into toy and e, [Fig. 1(a)] can also be esti-
10 mated from the O K-edge XAS. From the broad absorp-
12 tion feature at 532-536 eV, the e, component could be
103 isolated by monitoring the RIXS intensity of the Jog = 2
10 (tag?) = toge, energy-loss feature at Ejogs ~5 eV [marked
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FIG. 3. O 2p partial density of states (PDOS) derived from
experiment and theory. (a) Experimental O 2p PDOS. The
empty part is derived from the O 2p — Os 5d CT excitation
in the RIXS spectrum [Ei, = 528.2 €V, c in Fig. 2(d)], and the
occupied part from the fluorescence component of the RIXS
spectrum [Ein, = 534.6 €V, k in Fig. 2(d)]. The shaded part
marked by “d — d” arises from tgg — togey transition, and is
unrelated to the O 2p PDOS. (b) PDOS of the nonmagnetic
state obtained by the GGA4+U~+SOC calculation with U —
JH =25¢eV.

Energy (eV)

by a solid line in Fig. 2(b)] as a function of Ej,: Thus
obtained intensity plotted by the blue dashed curve at
the bottom of Fig. 2(a) gives the e, component, allowing
us to obtain Arp ~ 4 eV.

To interpret the RIXS spectra quantitatively, LF mul-
tiplet calculations were performed and their results are
shown in Fig. 2(e). (For details, see Methods.) The cal-
culated d? multiplet (red curves) reproduces the observed
loss peaks at Ejoss ~0.4 and 0.8 eV (tgg part), and those
at Elogs ~4 €V (to4€, part). The RIXS spectra in the blue
shaded parts, Eloss >~ 2-4 and 6-7 eV, cannot be repro-
duced by the d? multiplet. We attribute these features to
O 2p — empty Os 5d CT excitation, and simulate the CT
excitation spectrum by d? — d® multiplet calculation of
inverse-photoemission leaving a hole in the non-bonding
O 2p band. By assuming that the non-bonding O 2p band
is located ~ 2 eV below EFp, as indicated by the DFT cal-
culation, and by ignoring the p-band width, we could re-
produce the CT spectrum from the Jog = 2 ground state
and plotted it by dashed blue curves in Fig. 2(e). The
Eloss ™~ 24 eV region arises from O 2p — to, excitation
and the Foe >~ 6-7 eV region arises from O 2p — e, CT
excitation.

Note that there are no features in the RIXS spectra
219 that indicate the lowering of the cubic symmetry: If the
20 LF symmetry were lower than the cubic one, the Jeg = 2
2z ground state, which is split into the doublet E, and the
22 triplet Ty, [Fig. 1(b)], would be further split into multiple
223 states as shown in Fig. 4(b) for cubic (O, )-to-tetragonal
2¢ (Dyp) symmetry lowering, and the low-energy part of the
25 RIXS spectra would be significantly different from the ex-
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FIG. 4. Low-energy excitations measured by O K-edge RIXS.
A is the ‘residual’ cubic splitting of the Jeg = 2 ground state
defined in Fig. 1(b). (a) RIXS spectra in the low energy-loss
region at different temperatures across the magnetic transi-
tion at T ~ 50 K for the incident photon energy of 528.5 eV.
The d-d excitation shown in Fig. 1(b) is seen. The energy-loss
peaks as well as the quasi-elastic peaks are accompanied by
multiple phonon satellites. The splitting Ac ~ 20 meV is not
resolved in the spectra. Details of the line-shape analysis are
given in Supplementary Note 1 with Supplementary Figure 1
and Supplementary Table 1. (b) Energies of low-lying excited
states of the Os®" (5d%) ion as functions of the low-symmetry
Dy, LF parameter 6Cp [25], the splitting of the o4 level. The
Op LF parameter Apr is set to 4.1 eV. |6Cp| ~ 0.15 repro-
duces the low-energy excitation in the O-K RIXS spectra of
the 5d* double perovskites [22, 23].

perimental ones in Fig. 4(a). If the tetragonal distortion
were comparable to that of the 5d' double perovskites
BayNaOsOg [22] and BagMgReOg [23], which show peak
at Floss ~0.1 eV in the O K-edge RIXS spectra, the
tetragonal crystal field 6Cp, which is equal to the tetrag-
onal splitting of the o4 level [25] should be as large as
+0.15 eV, and the quasi-elastic Jog = 2 — Jog = 2 peak
would be split into a few peaks over an energy range
of ~0.1 eV in addition to the phonon satellites. The
absence of temperature dependence in the spectral line
shapes across the magnetic transition at 7% ~ 50 K sug-
gests that the magnetic transition does not involve any
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appreciable structural change. Furthermore, there are no
spectral features that can be attributed to magnons nor
bi-magnons, consistent with the absence of spin order in
BayCaOsOg.

The octupolar nature of the ground state of the Os6+
ion in the Oy, field can be demonstrated by LF multi-
plet calculation with a weak magnetic field in the (1,1,1)
direction as a time-reversal symmetry-breaking perturba-
tion that splits the non-Kramers E; doublet into |tg )
and [y _). For B = 10 T, we obtained octupolar mo-
ment Ty, = (J*JYJ?) ~ 1.2 with a tiny dipole mag-
netic moment of ~ 8 x 10~3up induced along the (1,1,1)
direction on top of the octupolar ground state. For a
smaller field of B = 1 T, the induced dipolar moment
was as small as ~ 7 x 107%ug. Generally, for a small
field B <« A./uB, the induced magnetic dipole moment
along the direction of B (~ ugB/A.) is proportional to
B. While ordering with the finite magnetic octupolar
or electric quadrupolar moment can occur within the E,
ground state, the appearance of a finite magnetic dipolar
moment requires hybridization between the E, and 75,
states. Thus, to obtain a stable magnetic dipole order by
the exchange interaction, a molecular field of ugB > A,
at least is required.

Phonon Raman scattering

To further confirm the absence of low-symmetry crys-
tal field, we employed Raman scattering spectroscopy, a
sensitive probe of lattice symmetry. Figure 5(a) shows
one-phonon Raman spectra of a BasCaOsOg polycrystal
taken at 80 K with two polarization geometries (|| and
L; for technical details, see Methods). There must be
phonons of Ay + Ey 4+ Ty + 2154 + 511y + T2, symme-
tries at the Brillouin-zone center in case of cubic Fm3m
structure, out of which four (4,4, Ey, and 275,) phonons
are Raman-active.

To obtain information about the symmetry of the ob-
served excitation, polarization measurements were per-
formed in two geometries - with parallel (]|) and with
mutually perpendicular (L) polarizations of the incident
and scattered light. We utilized the rules that in isotropic
or cubic systems the depolarization ratio p = I, /I does
not exceed 0.75 for totally symmetric modes, while it is
close to 0.75 for non-totally symmetric ones [27]. One can
see that the line at ~796.5 cm~! obviously dominates in
the || spectrum and can be assigned to the A;, mode,
while the phonons at frequencies 102.5, 375, and 495
ecm~! are observed in both polarized || and depolarized
L spectra and are assigned to Thg, Ty, and E, modes,
respectively, with the help of the non-magnetic DFT cal-
culation of phonon modes as described in Supplementary
Note 2 with Supplementary Figure 2. The broad peak at
720 cm~! has a fairly low depolarization ratio (~0.2),
which suggests its A;, symmetry. While its origin is not
clear, the symmetry lowering cannot split the A;, mode
without the increase of the unit cell. (Note also that
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FIG. 5. Raman spectra in two scattering symmetries: || (red)
and L (black) are presented. (a) Frequency range with a
one-phonon excitations. (b) Extended frequency range where
the high-order phonon processes (blue arrows show features
originating from the A, branch, black - another weak two-
phonon features) and electronic excitation are seen. Latest
are seen in the range from 3000 to 5000 cm ™!, as shown in
the inset, most probably due to the Jeg = 2 ground state to
the Jeg = 1,0 excited states seen by RIXS (Fig. 4).

the second intensive T, mode remains unsplit.) The ap-
pearance of this low intensity A;, peak can be, e.g., due
to imperfections of the crystal structure (e.g. there are
indications of anti-phase boundary defects with disorder
at the B sites and other types of defects [28-31]) or a
two-phonon repetition of 375 cm™! vibration. Thus, our
Raman experiments do not detect any direct evidence of
the symmetry lowering in the cubic BayCaOsOg.

To examine the possible lattice distortions across T ~
50 K, we measured spectra at 10 K with better resolu-
tion and found only minor changes in the spectrum, such
as further hardening and narrowing of the A;4 mode at
~796.5 cm~!. Interestingly, the frequency and unique
line width of the low-frequency 75, mode did not change
in the whole temperature range of 10-300 K.

The higher frequency range from 800 to 3000 cm ™! pre-

sented in Fig. 5(b) shows several peaks dominating in the
|| geometry and hence of the Ay, symmetry. The weak
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peaks at 870 and 1055 cm~! indicated by black arrows
are probably two-phonon features. The peaks at 1450,
1540 and 2310 cm~! shown by blue arrows can be as-
sociated with double and triple phonon scattering from
the A;, phonon branch. At higher frequencies (>3000
ecm™ 1), two broad peaks are observed. They are clearly
seen in both polarization geometries (]| and L), as well
as upon excitation by both used laser lines (532 and 633
nm, see Methods), which indicates Raman scattering by
electron excitations of Ty, or Ey; symmetry. Their en-
ergies agree well with the Jog = 2 — Jog = 0,1 RIXS
peaks (Fig. 4).

Typically, in the case of 5d? double perovskites, the
effect of tetragonal distortions on the ground state is
considered due to their stronger coupling with electronic
structure [32]. Interestingly, Rayyan et al. [33] included
the trigonal distortions in their analysis and demon-
strated that, while these distortions are unable to split
the E, doublet due to symmetry constraints, they can
lift the degeneracy of the higher-lying 75, triplet. Under
trigonal distortions, some of these 75, states go to a lower
energy. However, as shown in [33] there is a rather wide
range of trigonal distortion under which the non-Kramers
E, doublet remains the ground state. This doublet may,
therefore, survive as the ground state under a small lat-
tice distortion. It is also possible that distortion is sub-
stantially reduced due to dynamical Jahn-Teller effect.
Whether the £, doublet hosts an electric quadrupole or a
magnetic octupole or both depends on the type of broken
symmetry (spatial symmetry or time-reversal symmetry)
and the strength of the mean field from neighboring Os
ions.

Electron-phonon coupling effects on RIXS

In the low-energy RIXS spectra shown in Fig. 4, the
quasi-elastic peak and the peak at Ejoss ~ 0.4 €V are ac-
companied by sub-peaks separated by ~80, 160, and 240
meV with decreasing intensities. We attribute the sub-
peaks to phonon replicas created by the simultaneous
excitation of optical phonons. The one-phonon energy of
~80 meV is somewhat lower but in a similar range as
the Raman A;, mode energies 720 cm~! = 88 meV and
796.5 cm~! = 99 meV. The replica energies are close to
those observed in the RIXS spectra of BaaNaOsOg [22].
From the replica intensities, the dimensionless electron-
phonon coupling constant is estimated to be M/wy 2 1,
where M is the average electron-phonon coupling matrix
element and wq is the phonon energy [34]. In spite of
the moderately strong coupling, Jahn-Teller distortion is
suppressed in BayCaOsOg due to the strong SOC and
dynamical Jahn-Teller effect, suggesting that Os-Os ex-
change interaction is strong enough to stabilize the mag-
netic octupole over the electric quadrupole. Here, it
should be noted that sub-peaks similar to the phonon
replicas may appear in the RIXS spectra if dynamical
Jahn-Teller effect [35] exists, as reported for the 5d' sys-



TABLE I. Parameter values for the Os 5d electrons hybridized
with O 2p orbitals in BaxCaOsQOg derived in the present XAS
and RIXS spectra.

Parameter Symbol Value (eV)
ligand-field splitting ALr 4.1
Spin-orbit coupling for the 5d shell ¢ 0.47
Spin-orbit coupling for the to, shell ¢’ -0.47
Hund’s coupling for the 24 shell Ju 0.27

s tem BagCaReOg [18, 19]. Whether such an effect also
se7 exists in 5d? systems or not is an interesting question to
w8 be pursued in future studies. Considering the different
se0 time scales of RIXS ( on the order of 0.01 fs) and Raman
w0 scattering (> 10 fs), it is possible that dynamical Jahn-
sn Teller effect was seen in RIXS as the “phonon replicas”
s2 but not in Raman scattering.

III. DISCUSSION

373

su  We have investigated the electronic structure of
a5 BagCaOsOg by XAS, RIXS, and Raman scattering ex-
36 periment as well as DFT calculation, focusing on ex-
s tracting reliable parameters characterizing the systems,
38 as summarized in Table I, and on the confirmation of the
sr9 local cubic symmetry of the Os ions that favors the oc-
30 tupolar state as the origin of its ‘hidden order’. We have
also confirmed the octupolar nature of the non-Kramers
E, doublet ground state (|S,| = 0 and |L,| = 0 under
an infinitesimally small magnetic field) by LF multiplet
calculation.

Owing to the hybridization between the O 2p and Os
5d orbitals, electronic excitation within the 5d% multiplet
and charge-transfer excitation from the occupied O 2p to
the empty Os 5d states could be identified by the O K-
edge RIXS. From comparison of the XAS and RIXS line
shapes with the LF multiplet calculation, the absence of
splitting of low-energy RIXS peaks as well as the lack of
additional lines in Raman scattering spectra we conclude
that no crystal field lower than the cubic one can be iden-
tified, consistent with the small (~20 meV) residual cubic
splitting of the J.g = 2 ground state. The present results
obtained by different types of X-ray and optical spec-
troscopy, which are typically very sensitive to a local en-
vironment of transition metals, substantially strengthen
previous findings, in particular diffraction data demon-
strating the absence of non-cubic distortions [14].

There are two possible mechanisms working hand-in-
hand in suppressing the Jahn-Teller distortion expected
for the OsT ion with the d? configuration. In both
mechanisms, the strong SOC is involved. One is an
on-site effect related to the stabilization of electrons
not at cubic harmonics as the crystal field (i.e. Jahn-
Teller effect) would prefer, but rather on entangled spin-
orbitals [4, 36]. Our RIXS measurements clearly resolved
w09 phonon replicas of the Jog = 2 — 1,0, 2 excitation peaks.
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a0 This allowed us to estimate the electron-phonon cou-
ann pling strength, which turns out to be moderately strong,
s> M /wg 2 1 and, therefore, may not be sufficiently strong
a3 to recover the Jahn-Teller distortion but might induce
ss dynamical Jahn-Teller effect. On the other hand, there
is also inter-site effect — the energy gain due to exchange
interaction between the octupoles, which are formed by
SOC. Further spectroscopic and theoretical studies are
necessary to identify the octupolar order and its micro-
scopic origin.
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METHODS

420

421 Materials preparation

Polycrystalline Bay;CaOsOg was synthesized through
a solid-state reaction using fine powders of BaOs (99%
purity, Kojundo Chemical Laboratory Co., Ltd.), CaOq
(prepared in the laboratory [37]), and Os (99.95% pu-
rity, Nanjing Dongrui Platinum Co. Ltd.) in a ratio
of 2:1:1.1. Approximately 200 mg of the mixed materi-
als were placed into an alumina crucible. The mixture
was then heated in air to 1000°C for 7 hours, followed
by a 1-hour dwell time, and subsequent cooling to room
temperature over a span of 7 hours. After re-mixing and
pressing, the sample was annealed at 1000°C for 24 hours.
The resulting product is a grey sintered pellet, possessing
sufficient solidity to be manipulated with tweezers. Pow-
der X-ray diffraction analysis was performed using Cu
Ko radiation within the 5° < 26 <65° range at 293 K.
The measurements were conducted with a MiniFlex600
diffractometer (Rigaku, Tokyo, Japan). The acquired
data, shown in Supplementary Figure 3, exhibited good
agreement with simulations based on the crystallographic
data of BagCaOsOg [12], confirming the single-phase na-
ture of the product.
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Resonant inelastic X-ray scattering

s All resonant inelastic X-ray scattering (RIXS) and X-
ray absorption spectroscopy (XAS) measurements at the
O K edge were performed using the AGM-AGS spec-
trometer of beamline 41A at Taiwan Photon Source
of National Synchrotron Radiation Research Center
(NSRRC) [38]. This beamline is based on the energy
compensation principle of grating dispersion [39]. The
energy bandwidth of incident X-ray was 0.2 eV (0.1 eV
for XAS measurement) while keeping the total energy
resolution of RIXS as 30 meV at the incident photon
energy of 528.5 eV. The sample surface was cleaned by
scraping with a diamond file in the Ar glove box before
the measurement and was transferred into the measure-
ment chamber without exposure to the air. The base
sss pressure of the measurement chamber was < 1 x 1073
sso Torr. The sample was cooled down to 25 K with liquid
wo helium during the measurements. Both RIXS and XAS
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measurements were carried out using linear horizontally
() polarized X-rays. The XAS spectra were measured
with a normal-incident X-ray in the total fluorescence
yield mode. For the RIXS measurement, the incidence
angle was fixed at 20°, and the scattering angle was fixed
at 90°. The combination of the w-polarized X-rays and
the 90° scattering angle makes the RIXS signals purely
magnetic. The same geometry also allowed us to reduce
the elastic peak and to study low-energy excitation effec-
tively.

Ligand-field multiplet calculation

Ligand-field multiplet (LF) calculations were per-
formed by using the XTLS 8.5 package [40]. In the calcu-
lation of the O K-edge RIXS spectra, we assumed that
the excited states of the 5d® multiplet can be reached
by O K-edge RIXS through the strong Os 5d-O 2p hy-
bridization and could be simulated by the calculation of
Os Ly 3-edge RIXS by setting the 2p-5d Slater integrals
and the Os 2p core-level SOC to zero. While this simu-
lation would give the energy positions of RIXS features
correctly, it would not give correct intensities because
relevant transition-matrix elements are not used. The
O K-edge XAS [Fig. 2(a)] was also simulated by the Os
Lo 3-edge XAS in the same manner.

In general, the Slater integrals F’s and G’s (anisotropy
of Coulomb interaction) and the SOC coupling constant
¢ in solids are smaller than those of isolated atoms, be-
cause the wavefunctions are more spatially extended due
to hybridization. In order to model this effect, the atomic
Slater integrals and ¢, deduced from Hartree-Fock cal-
culations [41, 42], were multiplied by constant factors
Rgater and Rsoc (0 < Rglater < 1, 0 < Rgoc < 1),
respectively. These factors Rsjater and Rsoc and the
cubic LF splitting Apr and were treated as adjustable
parameters. For O K-edge RIXS, ( = 0.50 eV and
Apr = 4.1 eV were used, and the Slater integrals be-
tween the Os 5d orbitals were reduced to 35% of the
atomic Hartree-Fock values. Hund’s coupling Jy; between
two d electrons (Table I) is related to Slater integrals
through Jy = 5 F% + 2L F* [43]. The value Jy = 0.27
eV in the table is smaller than Jg = 0.5 €V used for the
DFT+U+SOC calculation because the former is for the
Os 5d-O 2p anti-bonding orbitals while the latter for the
Os 5d atomic orbitals. The reduction of Jy from 0.5 eV
to 0.27 eV suggests that the atomic orbitals consisting of
the antibonding ¢2, band have the weight Os 5d: O 2p ~
70%: 30%.

In the calculation of the RIXS spectra, the same geom-
etry as the experiment was adopted: The incident and
scattered X-rays were set parallel to the cubic [001] and
[100] directions, respectively. Taking the [001], [100], and
[010] directions as the z, x, y axes, respectively, the linear
polarizations of the incident and scattered X-rays were
set to be (z,y) and (z, z), and the spectra for these two

s15 polarization sets were averaged.

516

517

518

519

520

521

52,

]

523

52:

i

525

526

527

528

529

53

S

53

=

53,

b8}

53,

@

53

r

53!

o

53

=3

537

53

&

53

©

540

54

=

54

9

543

544

545

546

547

548

54

©

55

S

551

55

)

55,

@

55:

X

555

556

557

55

©

55!

©

560

561

562

563

56

X

56!

o

561

>

The calculated spectra were broadened by a Voigt func-
tion, which is the convolution of a Lorentz function and
a Gauss function. The widths (half width at half maxi-
mum, HWHM) of the Lorentz functions were determined
from the natural lifetime of the core holes: 0.05 eV for
the O K-edge RIXS [44]. The widths (standard devia-
tion) of the Gauss functions were assumed to be 0.01 eV.
The XAS and RIXS spectra were calculated for the five
lowest states [the lowest Jo.g = 2 state in Fig. 1(b)] as
the initial state and were summed up according to the
Boltzmann distribution of the initial states.

Raman spectroscopy

Raman measurements in the 10-300K range were per-
formed in backscattering geometry from the polycrys-
talline sample using an RM1000 Renishaw microspec-
trometer equipped with a 532 nm solid-state laser and
633 helium-neon laser. Very low power (up to 1 mW)
was used to avoid local heating of the sample. A pair of
notch filters with a cut-off at 60 cm™! were used to sup-
press light from the 633 nm laser line. To reach as close
to the zero frequency as possible, we used a set of three
volume Bragg gratings (VBG) at 532 nm excitation to
analyze the scattered light. The resolution of our Raman
spectrometer was estimated to be 2-3 cm™!.

The temperature dependence of the two narrow lines in
the spectrum [Fig. 5 (a)] turned out to be opposite. The
fully symmetric line softened from 797.5 to 788.5 cm ™!
with an increase in the temperature range from 10 to 300
K, and its width increased from 6.5 to 12 cm™!, which
can be explained by anharmonicity effects. In contrast to
this behavior, the energy and width of the low-frequency
T54 phonon line remains constant within the measure-
ment error (w ~102.5 cm™ and T' ~1.5 em™!) when
heated from 10 to 300 K. Unfortunately, the tempera-
ture behavior of the two broad lines - T, at 375 cm ™!
(I' ~ 20 cm™') and E, at 495 cm™" (I' ~ 60 cm™!) - is
difficult to study due to their weak intensity. However,
despite the large width of the lines, we did not find any
signs of their splitting.

Density-functional-theory calculation

The generalized gradient approximation (GGA) in the
form proposed by Perdew, Burke, and Ernzerhof [45]
as realized in VASP code [46] was used for the density
functional theory calculations. Phonon spectra shown in
Supplementary Figure 2 were calculated by the frozen
phonon method [47] with 5 x 5 x 5 mesh of the Bril-
louin zone of the 2 x 2 x 2 supercell in non-magnetic
GGA. Planewave cut-off was set up to 500 eV. The struc-
ture was relaxed until convergence in energy of 1076 eV
in electronic subsystem and 107° eV in ionic one was
achieved.
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