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A supposedly nonmagnetic 5d' double perovskite oxide is investigated by a combination of
spectroscopic and theoretical methods, namely, resonant inelastic x-ray scattering, x-ray absorption
spectroscopy, magnetic circular dichroism, and multiplet ligand-field calculations. We found that the large
spin-orbit coupling admixes the 5d 1,, and e, orbitals, covalency raises the 5d population well above the
nominal value, and the local symmetry is lower than O),. The obtained electronic interactions account for

the finite magnetic moment of Os in this compound and, in general, of 5d" ions. Our results provide direct
evidence of elusive Jahn-Teller distortions, hinting at a strong electron-lattice coupling.
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The field of spin-orbit-coupled Mott insulators has been
thriving since the notion that spin-orbit interaction can
induce unexpected behaviors in solids was put forward
more than a decade ago [1,2]. In particular, 5d transition
metal compounds provide a platform to explore the rich
physics stemming from the strong spin-orbit interaction and
the relatively large spatial extension of atomic orbitals: The
former admixes orbitals of different symmetry and gives rise
to entangled spin and orbital magnetic moments; the latter
attenuates electronic correlations and promotes covalency.
Their combination produces an intricate network of inter-
actions, comparable in strength, that connects all electronic
degrees of freedom [3]. So far, much of the work has
concentrated on the study of entangled spin-orbital states in
systems with different band fillings and on multiple bond
geometries motivated by the number of exotic electronic and
magnetic interactions they give rise to [4—7]. However, little
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attention has been paid to other, equally intriguing effects,
such as the coupling of electronic degrees of freedom to the
lattice [8—10]. A number of theoretical predictions suggests
that electron-lattice coupling is relevant for spin-orbit Mott
insulators, particularly in cubic 5d' systems: Indeed, in the
limit of a very large crystal field, high-energy e, states do not
mix in, and otherwise degenerate 1, states are split by spin-
orbit coupling into an empty j.; = 1/2 Kramers doublet
and a singly occupied j. = 3/2 quartet, consisting of rwo
Kramers doublets; the extra double degeneracy leads to
Jahn-Teller (JT) instabilities and generates strong quantum
effects [10]. In the specific case of double perovskite
Ba,NaOsOg [11], it was theoretically predicted that elec-
tron-lattice coupling results in entangled spin-orbital-lattice
states [12] featuring multiferroic effects [13].

The electronic structure of Ba,NaOsOg is mostly deter-
mined by molecular orbitals of weakly interacting, alleg-
edly undistorted OsOg octahedra, the Os ions having
nominal Os’* (5d') and local O, site symmetry [14].
Density-functional theory (DFT) calculations show that
electronic correlation cannot sustain an insulating behav-
iour by itself unless assisted by a sizable spin-orbit
coupling, thus confirming the spin-orbit-coupled Mott
insulating nature of Ba,NaOsOg [15-17]. Noticeably,
despite the magnetic moment for the single 5d' electron
occupying the j. = 3/2 states should be zero by virtue of

Published by the American Physical Society


https://orcid.org/0000-0002-3625-880X
https://orcid.org/0000-0003-4659-4329
https://orcid.org/0000-0003-2496-0455
https://orcid.org/0000-0003-1508-2363
https://orcid.org/0000-0001-8645-3163
https://orcid.org/0000-0002-5788-595X
https://orcid.org/0000-0002-6982-9066
https://orcid.org/0000-0001-9293-0595
https://orcid.org/0000-0001-8934-2282
https://orcid.org/0000-0002-3441-2148
https://orcid.org/0000-0003-0867-7748
https://orcid.org/0000-0002-7990-2984
https://orcid.org/0000-0002-9703-3903
https://orcid.org/0000-0002-4077-5076
https://orcid.org/0000-0002-9744-9976
https://ror.org/05etxs293
https://ror.org/00w6r1881
https://ror.org/01nffqt88
https://ror.org/01111rn36
https://ror.org/01111rn36
https://ror.org/042tfbd02
https://ror.org/02550n020
https://ror.org/01js2sh04
https://ror.org/05gq02987
https://ror.org/00rs6vg23
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.066501&domain=pdf&date_stamp=2024-08-05
https://doi.org/10.1103/PhysRevLett.133.066501
https://doi.org/10.1103/PhysRevLett.133.066501
https://doi.org/10.1103/PhysRevLett.133.066501
https://doi.org/10.1103/PhysRevLett.133.066501
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 133, 066501 (2024)

the exact cancellation of its spin and orbital angular momenta
[18-20], Ba,NaOsOyg features an effective magnetic moment
Uer = 0.6up in the paramagnetic phase [14,21] and a net
moment of 0.2up in the long-range ordered canted anti-
ferromagnetic (cAFM) phase below Ty = 6.8 K [11,14].
Recent DFT calculations show that this exotic magnetic
order is understood and originates from the anomalous
Dzyaloshinskii-Moriya interaction generated by JT distor-
tions [22]. But, why is Ba,NaOsOg magnetic at all to start
with? More DFT and ab initio calculations suggest that
the sizable magnetic moment found experimentally
could be explained by strong Os 5d-O 2p hybridization
[12,16,23] and/or by the JT effect [12,13,15] but are not
backed up by experiments: NMR [21,24], specific heat,
and magnetization [25] data evidence a broken symmetry
phase up to only a few degrees Kelvin above the magnetic
transition, while x-ray [14] and neutron [26] diffraction
and EXAFS experiments [27] show that the space group
symmetry of Ba,NaOsOg (Fm3m) is cubic at higher temper-
atures, with no evidence of JT distortions. The sole exper-
imental hint about a possible room temperature splitting of
the j.; = 3/2 quartet into two Kramers doublets comes from
specific heat measurements [14]. The mismatch between
theoretical predictions and experimental evidence calls for
further investigations.

In this Letter, we address the question related to the origin
of magnetism in Ba,NaOsOg by spectroscopic methods
sensitive to the bulk electronic structure and magnetic state
of the Os ions, namely, resonant inelastic x-ray scattering
(RIXS), x-ray absorption spectroscopy (XAS), and mag-
netic circular dichroism (XMCD). The analysis of our
experimental results, supported by multiplet ligand-field
theory (MLFT) calculations, shows that covalency increases
the occupancy of the 5d states well beyond the nominal d'
configuration and provides solid experimental evidence of a
JT distortion in this system already at room temperature. In
order to reconcile our and previous results, a dynamic
mechanism for the JT distortion is proposed.

The synthesis of powder samples of Ba,NaOsOg is
described in Ref. [27], while single crystals are the same
as in Ref. [24]. Os L; edge RIXS measurements were
collected at beam line ID20 [28] at the FEuropean
Synchrotron Radiation Facility (ESRF), O K edge RIXS
measurements at 121 beam line [29] at the Diamond Light
Source (DLS), and Os L,; edge XAS and XMCD
measurements at beam line P09 [30,31] at PETRA III at
DESY. MLFT calculations on an OsOg cluster were carried
out with QUANTY [32-34], which explicitly takes into
account the full atomic multiplet, including spin-orbit
coupling, and crystal field splitting acting on the metal
and on the ligand ions, as well as their hybridization.

Figure 1(b) shows the Os L3 edge RIXS map of powder
Ba;,NaOsOg at 300 K, measured with a low-energy-reso-
lution, high-throughput setup over a large range of incident
and emitted photon energies in order to obtain a broad
overview of the RIXS response in this system. The RIXS
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FIG. 1. (a) Experimental (thick) and simulated (thin lines) Os
L5 edge RIXS spectra of powder Ba,NaOsOg at 300 K measured
at selected incident photon energies, as extracted from the RIXS
map of (b) and (c), respectively, at incident photon energies
corresponding to the white dashed lines. Calculations of the
excitation energies, vertical lines in the bottom of (a), and
intensities were performed by MLFT, as explained in the text.

map is very rich, and, besides the elastic line at zero energy
loss, a number of Raman-like excitations are clearly visible,
resonating at incident photon energies roughly correspond-
ing to the two peaks in the XAS profile [black curve in
Fig. 3(a)]. The main excitations (labeled B, C, D, and E) are
better appreciated in the two spectra in Fig. 1(a), obtained
by cutting the RIXS map at constant incident photon
energies. We note that (i) peaks B (0.51 £0.02 eV) and
C (4.86 £ 0.21 eV) are relatively weak, compared to peaks
D (6.55+0.11 eV) and E (11.05 £ 0.10 eV)—however,
their energy separation (4.35 and 4.50 eV, respectively) is
very similar; (ii) peaks B and D resonate at 10.8734 keV,
while peaks C and E resonate at 10.8778 keV, i.e., 4.40 eV
higher in energy; (iii) the energy separation between peaks
D and B and between peaks C and E (6.04 and 6.19 eV,
respectively) is also very similar. The natural interpretation
of all these features is in terms of ligand-field transitions; in
particular, we assign peaks B and C to transitions within the
Os 5d states, involving #,, and e, states, respectively, while
peaks D and E to transitions from O 2p to Os 5d states,
again involving 7,, and e, states, respectively. We term the
former d-d and the latter charge-transfer (CT) excitations
and note that, unlike other compounds, e.g., cuprates [35],
the fact that CT overwhelms d-d transitions suggests a
strong covalent nature of the Os—O bond in Ba,NaOsOg.

Simulated RIXS spectra for optimal values of the
parameters [36] are shown in Fig. 1(c) after convolution
with the instrumental energy resolution for an appropriate
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comparison with the experiments. The simulations repro-
duce the experimental data remarkably well, including the
energies of the various excitations, their relative intensities,
and the differences in their resonant behavior. In particular,
MLFT calculations confirm the assignment above: In
analogy to K,TaClg and Rb,TaClg [37], peak B is
associated to the j.; = 3/2-to-j.; = 1/2 transition, whose
energy is primarily set by the spin-orbit coupling constant,
while peak C to 1,,-to-e, transitions and its energy
corresponds to the effective splitting of the #,, and e,
orbitals (10 D™ = 4.9 eV), resulting from both the ionic
and covalent nature of the bonding. Information on the
degree of covalency of the system is best extracted from CT
transitions (peaks D and E); their energies and intensities
are mostly influenced by the strength of the Os 54-O 2p
hybridization and the CT energy: We find charge-transfer
energy A = —4 eV, classifying Ba,NaOsOg¢ as a negative
charge-transfer system [38,39]. Remarkably, in order to
reproduce the relative intensities of d-d and CT excitations,
it has been necessary to expand the MLFT ground state
wave function to include configurations with up to four
ligand holes, i.e.,

5
¥) = Zaibd"y—l% (1)

where L denotes a ligand hole and >°3_, |a;|> = 1. We find
that the nominal 5d' configuration is negligible (0.01%),
while the 54°L (8.5%), 5d°L?* (29.0%), 5d*L> (41.6%),
and S54°L* (20.9%) configurations are dominant.
Ultimately, the number of electrons effectively populating
the Os 5d states is ny = Y 3, ila;|> = 3.75, meaning that
almost three electrons are transferred from the O ligands to
the central Os ion. This significant transfer of charge is
consistent with DFT calculations, which report an even
higher population of the Os 5d states, i.e., n; ~ 5-6 [17].

Figure 2(a) shows the Os L; edge RIXS spectra of a
Ba,NaOsOgq single crystal at 300 K, measured with a low-
throughput, high-energy-resolution setup as a function of
momentum transfer in a small energy range close to the
elastic line at 10.8734 keV incident photon energy. Both the
elastic line and peak B are slightly asymmetric, and peak B
shows no momentum transfer dependence. The latter
observation is consistent with the assumption that the
electronic structure of Ba,NaOsOg is mostly determined
by molecular orbitals of weakly interacting, OsOg octahe-
dra [14], thus justifying the use of MLFT calculations to
perform a quantitative analysis of the experimental RIXS
spectra and extract significant physical parameters.

So far, our experimental results support the notion that
the electronic structure of Ba,NaOsOg is mostly deter-
mined by the molecular orbitals of undistorted OsOg
octahedra. The main challenge to this paradigm comes
from O K edge RIXS and Os L, ; edge XMCD measure-
ments. Figure 2(b) shows O K edge RIXS spectra
of a Ba,NaOsOg single crystal, collected at various
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FIG. 2. (a) Os L3 edge RIXS spectra of Ba,NaOsOg single
crystal at 300 K as a function of the transferred momentum along
the (104 £,0,0) r.l.u. direction in reciprocal space. The thin
black line shows the simulated RIXS spectrum in the experi-
mental geometry corresponding to (10.5,0,0) r.l.u. momentum
transfer. (b) O K edge RIXS spectra of powder Ba,NaOsOg as a
function of the temperature. Calculations of the excitation
energies, vertical lines in (a) and (b), were performed by MLFT,
as explained in the text. The inset in (b) shows the energy diagram
of 1,, states split by spin-orbit coupling in O;, and D, symmetry.

temperatures in the range 21-302 K. Peak B is visible
and accompanied by a weak satellite at higher energy; in
addition, we find a sharp excitation at 0.095 £ 0.004 eV
(labeled A), which shows neither systematic temperature
nor momentum transfer dependence (see [40]), therefore
excluding its magnetic or phononic origin. Peak A lies on
top of a broad distribution of spectral weight extending
from the elastic line up to approximately 0.4 eV, which can
possibly arise from multiphonon excitations resonating at
approximately 1 eV higher incident photon energy with
respect to peak A (see [40]). Its most plausible interpre-
tation is in terms of a d-d excitation and implies the
breaking of the octahedral (O)) site symmetry and the
lifting of the j. = 3/2 degeneracy into two doublets,
between which RIXS transitions can occur [inset in
Fig. 2(b)].

In order to further assess the nature of peak A and test the
hypothesis of the breaking of the Os site symmetry to lower
than octahedral, e.g., tetragonal (Dy,), we performed
XMCD measurements in both the cAFM and paramagnetic
phase. Os L,3; edge XAS and XMCD data measured at
3.5 K in a 5 T magnetic field are reported as continuous
black lines in Figs. 3(a) and 3(b). The spectra at 40 K (see
[40]) are qualitatively similar but with reduced intensity.
We highlight the unusual simultaneous occurrence of two
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FIG. 3. Os Lj (a),(c) and L, (b),(d) edge XAS and XMCD

curves at 3.5 K. The thick black and thin colored lines correspond
to experimental and simulated curves, respectively, normalized to
the maximum of the L5 absorption edge. The vertical dashed lines
in (a) and (c) correspond to the incident photon energies used to
measure and simulate the RIXS spectra in Fig. 1(a). The inset in
(d) shows compressed, undistorted, and elongated OsOg octahe-
dra, which refer to the simulated yellow, red, and blue curves,
respectively. Note that the blue and orange curves almost
perfectly overlap in (c).

features: First, the XMCD signal is negative at both L5 and
L, edges. The identical sign of XMCD at both edges
suggests that the strength of the orbital magnetic moment
contributes substantially to the total moment [44]. A similar
effect has also been seen in the XMCD spectra of another
5d' double perovskite material, Ba,ZnReOg [26]; second,
most of the XMCD intensity is at the L, absorption edge. A
similar behavior has been observed by Veiga et al. in
Ca,FeOsOg4 and Sr,FeOsOg, where the (negative) XMCD
signal at the L, edge is stronger than the (positive) XMCD
signal at the L; edge [45]. In our case, the (negative)
XMCD signal at the L, edge is much (approximately 15
times) smaller than the (negative) XMCD signal at the Lj
edge. The analysis of XMCD data based on sum rules
[46,47] reveals a L/2S.y ratio of —0.369 (see [40]),
implying that the orbital and spin magnetic moments have
opposite sign but different magnitude, thus preventing the
cancellation of the magnetic moment, which remains finite.
In order to clarify the origin of this behavior, we then
performed MLFT calculations with the same parameters
used to simulate the Os L; edge RIXS data above but

varying the tetragonal crystal field Ai[‘z’g, which results in an

effective splitting of the 7, states of Afzfg (see [40]). In the

case of 0, symmetry [A% = A" =0, red curves in

2g 29

Figs. 3(c) and 3(d)], the simulation predicts a strong
XMCD signal at the Os L3 edge and a weak one at L,,
in stark contrast to the experiments. Only the introduction
of a negative tetragonal crystal field changes qualitatively
the shape of the XMCD curves and considerably improves
the agreement between simulated and experimental spectra
(see [40]): The best agreement to the L, edge XMCD signal
is obtained for AZl =—0.095eV (A]S) = —0.25 eV),
which nicely matches the energy of peak A in O K edge
RIXS [Fig. 2(b)]. It corresponds to a tetragonal compres-
sive distortion of the OsOg4 octahedra along the z axis,
which, in the absence of spin-orbit coupling, would lower
the energy of the xy orbital to below that of the yz and zx
orbitals. It is important to note that the simulated intensity
of peak A for the proposed tetragonal distortion is too weak
to be detected by Os L; edge RIXS [thin black line in
Fig. 2(a)].

In essence, O K edge RIXS and Os L, 3 edge XMCD me-
asurements provide compelling evidence that Ba,NaOsOg is
JT active at all temperatures. On the one hand, our results
agree with heat capacity measurements (JT distortions split
the j. = 3/2 states into two Kramers doublets, hence the
integrated entropy through the magnetic phase transition of
RIn2) [14], quantitatively reproduce the temperature
dependence of the magnetic susceptibility in the para-
magnetic phase (see Fig. 4), and support theoretical calcu-
lations for Ba,NaOsOg [12,13]; on the other hand, they
seemingly contradict x-ray diffraction [14], NMR [24,48],
and EXAFS [27] studies, although a tetragonal distortion
could not be ruled out by neutron diffraction [26]. In order to
reconcile our and previous experiments, we speculate that
Ba,;NaOsQyg is subject to a dynamic JT effect: The system
resonates between equivalent minima of the adiabatic
potential energy surface (corresponding to different direc-
tions of the distortions), such that the average crystal

structure remains undistorted, explaining why such
6000 ‘
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FIG. 4. Experimental (open triangles, from Ref. [14]) and
simulated (continuous lines) inverse magnetic susceptibility of
Ba,NaCaOsOg as a function of the temperature.
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distortions could not be observed directly by structural
probes [49]. Moreover, its dynamical nature makes the JT
distortion invisible to slow spectroscopic probes [49], such
as NMR. Recently, signatures of dynamic JT effect were also
found in the A,MgReOg (A = Ca, Sr, and Ba) family, i.e.,
the Re analog of Ba,NaOsOgq [50].

Next, we calculate the expectation values of the magnetic
moment (u) at T =20 K (paramagnetic phase) within
MLFT (see [40]) to clarify the role of the various
interactions in determining the magnetic properties of
Ba,NaOsOq. In O, symmetry, we find that for 10 Dg°f =
oo the L,/28, ratio is —1.00, meaning that the spin and
orbital angular momenta are equal in size and have opposite
sign, such that none of the j; = 3/2 states are magnetic
(u, = 0); but for a realistic, although large value of
10 D™ (4.9 eV), a strong spin-orbit coupling mixes the
Jett =3/2 (m; = £3/2) and the e, inducing a finite
magnetic moment (u, = 0.007up). Covalency causes a
partial suppression of the orbital angular moment, so that
the magnetic moment reduces to y, = 0.004up. Lowering
the symmetry from O, to Dy, due to a finite value of Af%
(—0.095 eV) has an important effect: The xy plane
becomes an easy plane of magnetization, and the magnetic
moment is increased with respect to the O, case to y, =
0.014up in the presence of covalency. Also, the calculated
value for L/2S. is —0.375, which perfectly matches the
experimental estimate from sum rules analysis of XMCD
data (see [40]).

The simulation of the small XMCD signal at the Os L;
edge remains unsatisfactory at this stage but can be
improved, as explained in the following. The tetragonal
compressive distortion of the OsOg octahedra [sketched in
the inset in Fig. 3(d)] favors the alignment of the magnetic
moments in the xy plane, consistent with the magnetic
structure proposed in Ref. [24]. It turns out that in this case
the XMCD signal at the Os L5 edge is very sensitive to the
presence of magnetic couplings between the Os ions; in
particular, a fairly good agreement can be obtained by
introducing an exchange field H,, that mimics at a mean
field level the weak antiferromagnetic coupling between
nearest-neighbor magnetic moments. The best simulation is
obtained for —0.2 meV [dashed purple curves in Figs. 3(c)
and 3(d)], which roughly compares to the ordering temper-
ature (kgTy = 0.6 meV) [14], thus strengthening the intu-
ition that the reduced Os L; edge XMCD intensity
originates from Os-Os magnetic interactions.

In summary, our spectroscopic investigations provide a
quantitative estimate of the relevant electronic interactions
in Ba;NaOsOg; all together, they account for its finite
magnetic moment and solve the puzzle concerning the
origin of magnetism in this material. In particular, spin-
orbit coupling and dynamic JT effects, which RIXS is
sensitive to [51], entangle the spin, orbit, and lattice degrees
of freedom and could give rise to exotic magnetic (and
vibronic) orders [52]. Beyond the specific case of

Ba,NaOsQOg, our results are relevant for several (anti)
ferromagnetic double perovskites with nominal 4d'
[53,54] and 5d' [37,54-57] electronic configuration, as
well as other systems with exotic magnetic ground states
[58-60].
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