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We report resonant inelastic X-ray scattering (RIXS) measurements on ordered double perovskite
samples containing Re® and Ir°T with 5d* and 5d* electronic configurations respectively. In par-
ticular, the observed RIXS spectra of BagYReOg and SroMIrOg (M=Y, Gd) show sharp intra-tag
transitions, which can be quantitatively understood using a minimal ‘atomic’ Hamiltonian incorpo-
rating spin-orbit coupling (A) and Hund’s coupling (Jg). Our analysis yields A = 0.38(2)eV with
Ju = 0.26(2)eV for Re®™, and A = 0.42(2)eV with Jg = 0.25(4)eV for Ir’". Our results provide
the first sharp estimates for the Hund’s coupling in 5d oxides, and suggest that it should be treated
on equal footing with spin-orbit interaction in multi-orbital 5d transition metal compounds.

PACS numbers:

I. INTRODUCTION

Hund’s coupling, Jg, represents the local spin ex-
change interaction for electrons in multiorbital systems,
and it is responsible for a variety of interesting phenom-
ena in solids. For example, Hund’s coupling is responsi-
ble for spin-state transitions as a function of temperature
in certain insulating 3d transition metal compounds' ™.
More remarkably, Hund’s coupling has two distinct and
contrary effects in multiband metals®. On the one hand,
it suppresses the atomic charge gap, making it ener-
getically unfavorable for electrons to be localized and
become a Mott insulator. On the other hand, it pro-
motes strongly correlated bad-metal behavior by render-
ing Fermi liquid quasiparticles incoherent. This dichoto-
mous role played by Jy is now recognized to be impor-
tant in the widely studied iron pnictides” 3, as well as
in ruthenates like CagRuQO,'415.

In recent years, there has been an increasing interest
in complex 5d oxides. In these systems, there is an intri-
cate interplay of electronic correlation, Hund’s coupling,
spin-orbit coupling (SOC) A, and electron kinetic energy,
which leads to novel ground states'®. This underscores
the need to accurately determine these energy scales,
which has important ramifications for magnetism, bad
metal behavior, and Mott transitions in 5d oxides. For
example, density functional theory calculations predict
the honeycomb material (Na,Li)2IrO3 to exhibit a large
bandwidth and weakly correlated behavior!”'®. How-
ever, experiments show that it is better described as
a Jog = 1/2 Mott insulator!® 2! in agreement with a
recent exact diagonalization study which accounts for
local correlation effects??. Similarly, d* systems with

strong SOC have been predicted to behave as local-
ized Jog = 0 insulators, with magnetism induced by
exciton condensation®® 26 or impurity effects®”, while
band theory?® provides an itinerant magnetism expla-
nation for the observed Ir magnetic moment in A5 YIrOg
(A=Ba,Sr)?"29. Incorporation of correlation effects ap-
pear to be necessary to resolve the controversy in un-
derstanding magnetism in d* double perovskites. The
interplay of SOC and Hund’s coupling is also clearly im-
portant in understanding the electronic ground states in
multi-electron 5d? rhenates and 5d® osmates3%-3'. While
Hund’s coupling is irrelevant for the single-hole atomic
configuration of Mott insulating 5d® iridates, it is im-
portant for superexchange processes which involve in-
termediate 5d* configurations (two-hole states). This
determines the strength of the conventional Heisenberg
interaction relative to the unconventional Kitaev ex-
change which can drive an exotic quantum spin liquid
in honeycomb-based materials?%:21:32-40

Remarkably, despite this wide interest in complex 5d
oxides and the importance of the Hund’s coupling for un-
derstanding their magnetic properties, there has been no
direct and accurate experimental determination of Jg
in these systems. The values for Jy used in numeri-
cal calculations on 5d oxides vary widely, ranging from
Jir=0.2eV to 0.6eV1822:27:4142 ' while analytical studies
typically focus on the simple limits Jg > A or Jg < .

In this paper, we use resonant inelastic X-ray scat-
tering (RIXS) to explore local spin-orbital excitations in
Ir5* (5d*) and Re®* (5d?) double perovskites. Use of
the two complementary 5d insulating oxides modeled by
an effective ‘atomic’ Hamiltonian allows us to determine
these important energy scales, Jy and A with high preci-



sion. We find A(Ir) =0.42(2)eV with Jg(Ir) =0.25(4)eV,
and A(Re)=0.38(2)eV with Jy(Re)=0.26(2)eV. The Jg
values obtained here represent the first measurements for
rhenates and iridates.

II. EXPERIMENTAL METHODS

In our study, we choose to work with ordered dou-
ble perovskite (DP) compounds AsBB’Og (B=Ir, Re)
which offer two distinct advantages. In BasYReOg and
SroYIrOg, the Re/Ir octahedra form a rock-salt struc-
ture with adjacent octahedra centered around inert Y3+
ions. The intervening electronically inactive YOg octa-
hedra ensures that the overlap between the neighboring
Re/Ir orbitals is small, leading to extremely narrow spec-
tral bandwidths as shown in our RIXS data. This allows
us to focus on the local physics, and justifies our use of
an ‘atomic’ Hamiltonian to model the data. The sec-
ond benefit of using DPs has to do with suppression of
the Jahn-Teller (J-T) instability. In a perovskite struc-
ture with octahedra formed by d? or d* ioms, there is a
tendency for a cooperative J-T effect, in which neighbor-
ing octahedra distort in a complementary manner which
strongly breaks the local octahedral symmetry. However,
if the J-T active octahedron is surrounded by octahedra
containing non-J-T ions (such as Fe3™ or Y3T), this in-
stability is suppressed*3. As a result, although the ReOg
and IrOg octahedra in the DP structure may undergo
small rotations, they lead to very weak deviations from
an ideal local octahedral environment.

Two different experimental setups were used for the
RIXS experiments at the Advanced Photon Source. For
the Ir Ly (Re L) edge RIXS experiments carried out
at the 9ID (27ID) beamline, the beam was monochro-
matized by Si(844) [Si(400)] crystals. A spherical (1-
m-radius) diced Si(844) [Si(773)] analyzer was used to
select final photon energy. In order to minimize the
elastic background intensity, measurements were carried
out in a horizontal scattering geometry, for which the
scattering angle 260 was close to 90 degrees. The over-
all energy resolution of about 40 meV (FWHM) for Ir
and 100 meV for Re was obtained. The Re-DP sam-
ples used in our measurements, Bas YReOg, BasFeReOg,
and CasFeReOg, were all polycrystalline powder samples
pressed into pellets. For Ir-DP measurements, we used
single crystals of SroYIrOg and SroGdIrOg. The synthe-
sis and characterization of these samples have been previ-
ously reported??44 48 and all samples show high degree
of B/B’ order due to the valence difference.

III. EXPERIMENTAL RESULTS

Incident energy (E;) dependence of BagYReOg RIXS
spectra are shown in Fig. 1. One can resolve three main
features with fiw $2.5eV (feature A), 4eVS fiw S6eV
(feature B) and 6eVS fiw S8eV (feature C). Both fea-
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FIG. 1: Incident energy (E;) dependence of BaaYReOg RIXS
spectra. The RIXS intensity is plotted as a function of inci-
dent energy E; (vertical axis) and energy transfer hiw (hori-
zontal axis). An arbitrary intensity scale is used where blue
(red) denotes higher(lower) intensity.

tures A and C show enhancement when F; is tuned near
the resonance energy of E; ~11.961keV, whereas feature
B resonates at slightly higher E; ~11.965keV. RIXS fol-
lows a second order process (dipole transition from 2p to
5d and another transition back to 2p) with an interme-
diate state consisting of a 2p core hole and an excited
electron in either ty4 or e, states. Different resonant en-
ergies thus reflect different intermediate states in these
transitions. This allows us to assign A and C as intra tog
and charge transfer (CT) excitation from the surround-
ing ligands to ty, states, respectively, and B as o, — ¢4
transition. The intermediate states of both intra-to, and
CT excitation are 2pt§g, where the underline denotes a
2p core-hole. On the other hand, the intermediate state
for to4 — €4 tramsition is @tgge;, which occurs at higher
energy than 2pt§’g. The difference in resonant energies
thus corresponds to the to, — e4 splitting. As discussed
earlier, the spatial extent of the 5d orbital leads to a
large to4-e4 splitting, while the to, orbitals are further
split by Jg and A as shown in the figure. We note that
strong fluorecence features were observed around 10 ¢V in
the study of metallic rhenate samples ReO and ReO3*?,
which is absent in our E;-dependence study of insulating
BasYReOg. Qualitatively similar incident energy depen-
dence has been reported for iridate samples in the past®®

Room temperature RIXS spectra of all DP samples
are shown in Fig. 2. Wide-range scans are shown in in-
sets of panels (a) and (b), for Ir-DP and Re-DP, respec-
tively. The low-energy region below 2.5eV are zoomed in
and shown in the main panels. All samples are found to
exhibit qualitatively similar excitation spectra: a set of
sharp peaks in the low energy range < 2.5¢V (the sharp
hw = 0 peaks are due to elastic background and repre-
sent instrumental resolution), and two broader peaks in
the high energy 4-8eV range. Despite the similarity in the
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FIG. 2: RIXS spectra of (a) Ir double perovskites and (b) Re double perovskites.
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Main panels show details of intra-tag

excitations in the energy range hw < 2.5eV, while full RIXS spectra covering wide range of energy transfer iw <10eV are
shown in insets. Incident energy E;=11.215keV and E;=11.961keV with fixed Q near 26 = 90° were used to obtain spectra in
(a) and (b) respectively. The scans are vertically offset for visual clarity, and the intensity scale is arbitrary. The arrow in (a)
indicates the weak ~2eV feature (see text). The thick blue line in (b) is a fit to the BasYReOg spectrum as described in the
text. Contributions from individual peaks are shown as black solid lines. Dashed line indicates the sloping quartic background.

peak positions, we find a systematic difference in the peak
widths when comparing different samples. In particu-
lar, metallic BagFeReOg and semimetallic CasFeReOg
exhibit very broad features, clearly contrasting the other
(insulating) samples, which exhibit well-resolved peaks.
We thus focus below on the spectra of only the insulat-
ing samples in order to extract quantitative information
from the peak positions.

As shown in Fig. 2 (a), the Ir-DP samples display sharp
features that are resolution limited. The three inelastic
peak positions in both SroGdIrOg and SroYIrOg can be
read directly from their spectra: 0.39(2)eV, 0.66(2)eV,
and 1.30(6)eV. No momentum dependence was found for
these features (See Appendix). In addition, there is a
very weak feature at ~ 2eV in both iridates. We note
that the crystal structure of these two compounds are
different; SroYIrOg and SroGdIrOg crystallize, respec-
tively, in monoclinic and cubic symmetry??. In addition,
the IrOg octahedra are slightly flattened along the apical
direction in SroYIrOg, with distinct Ir-O bond lengths
1.9366A (apical), 1.97984, and 1.9723A. However, the
octahedra in SroGdIrOg are almost undistorted?®. The
lack of momentum dependence of the inelastic features
and the fact that we observe almost the same peak po-
sitions in these two systems suggest that the electronic
structure is determined by local physics such as A and Jy,
and is unaffected by the global symmetry or the presence
of a small distortion.

In contrast to the Ir-DPs, the spectral features in the

Re-DPs are much broader, partly because of coarser
energy resolution. In addition, metallic samples are
expected to exhibit large peak width resulting from
stronger damping due to particle-hole continuum as well
as powder averaging effect, as is seen for BasFeReOg
and CasFeReOg. However, for insulating Bas YReOg, we
find three peaks that can be clearly resolved on top of
a broad continuum, so we focus on only this rhenate in
our analysis below. The low energy continuum is mod-
eled with a quartic background - as discussed later, we
tentatively attribute this background to coupled multi-
phonon/magnon contributions. To extract peak posi-
tions, the low energy spectrum from 0.15-2.5eV is fit-
ted with 3 Lorentzians as shown in Fig. 2(b). From
these fits, we extract peak positions 0.49(3)eV, 0.83(4)eV
and 1.85(5)eV. The corresponding FWHM are 0.13(4)eV,
0.22(8)eV, and 0.29(8)eV, respectively.

IV. THEORETICAL MODEL

We next turn to a theoretical modelling of our
data. We begin by noting that the sharp, momentum-
independent, inelastic peaks found in our RIXS measure-
ments suggest that a local Hamiltonian is appropriate
for understanding these excitations. Furthermore, the
two sets of compounds in our RIXS study are particle-
hole conjugates, with the rhenates being at a filling of
2-electrons while the iridates are at a filling of 2-holes.



While the local atomic interactions are particle-hole sym-
metric, SOC breaks this symmetry. As a result, pro-
jecting to the ta4 orbitals, both sets of materials can be
described by the same Kanamori Hamiltonian,

Ji =

Ho = =25 = L2 M0 -8+l %) (1)

where +(—) with the 2-hole (2-electron) picture applies

for the d*(d2) configuration, and L and S refer to the to-
tal orbital and spin angular momenta respectively of the
two particles. For Jy < A, the eigenstates are obtained
by perturbing around the noninteracting limit which cor-
responds to occupying the jog = 1/2 and jeg = 3/2
multiplets arising from SOC®!. For large J H the eigen-
states should be understood as arising from S and L be-
ing locked together by SOC. In either limit, the d? (d*)
case exhibits a ground state with Jeg = 2 (Jeg = 0). The
d? vs d* difference arises due to the opposite signs of the
effective SOC. While we expect Jgy and A to be similar
for Ir and Re, we do not demand that they be identical.

To extract A and Jg, we plot the calculated excitation
energies for the two cases (Ir and Re) as a function of
Ju /A for different choices of A, as shown in Fig. 3, and
superpose on this the observed peak positions. For the
correct choice of A, the computed curves should inter-
sect all the observed peaks at a common value of Jg /A,
allowing us to extract both A and Jg /.

Figs. 3(a-c) show the theoretically computed spectra
for the Ir-DPs as a function of Jy /A for increasing val-
ues of SOC: A = 0.39eV, 0.42¢V, and 0.45eV respec-
tively. We also show on these plot the three experimen-
tally observed modes as thick colored lines (pink), with
the width indicating the experimental uncertainty. For
A = 0.39¢V in Fig. 3(a), we find that the central mode
does not intersect the computed spectra for any choice
of Jg /A, while the highest and lowest energy modes in-
tersect for 0.65 S Jy/A S 0.9 and 0.45 S Jy/A S 0.7
respectively. For A = 0.42eV in Fig. 3(b), we show that
there is a range 0.5 < Ju /X S 0.7, demarcated by the
green shaded region, over which all observed modes in-
tersect the theoretical curves. Note that Fig. 3(b) also
marks the location of the weak ~ 2eV mode with an ar-
row showing that this also occurs in the correct regime
of Ji/A; however, given the low intensity of this mode,
it should only be viewed as a consistency check. Finally,
for even larger SOC, A = 0.45eV in Fig. 3(c), we find
that while the central mode intersects the computed spec-
tra over a wide range of Jg /A, the highest and lowest
modes now intersect the theoretical curves for nonover-
lapping regimes Jg/A S 0.5 and 0.7 S Jg/A S 1.05
respectively. Thus, there is no single choice of Jg /A
which would explain all the observed modes for the cases
in Fig. 3(a) and (c), while A = 0.42¢V in Fig. 3(b) is
a viable choice for the SOC. We show a similar plot
for the Re-DP in Fig. 3(d) for a choice A = 0.38eV,
where we find a small common intersection window near
Ju /A = 0.7. Using this procedure, we conclude that the
range of A values over which such common intersections

occur provides an estimate of the SOC, while the window
of the common intersection region yields an estimate of
Ju/A. A least squares fit to the peak positions allows
us to determine Jy and A with remarkably high preci-
sion: A(Ir) = 0.42(2)eV with Jy(Ir) = 0.25(4)eV, and
A(Re) =0.38(2)eV with Jg(Re) =0.26(2)eV. Our result
for A(Ir) is consistent with previous experiments on the
single-hole 5d° iridates®? 5°. Further, since Re (Z=75) is
close to Ir (Z=77) in the periodic table, we expect sim-
ilar values for A\ and Jp, with a smaller \ for Re given
its lower Z, as is borne out by our analysis. Our work
highlights the need to treat Jg and A on equal footing in
complex 5d oxides.

Interestingly, our model also leads to a simple expla-
nation for why the higher energy peaks in the RIXS data
in the 1-2eV range (Fig. 2) have much smaller spectral
weight than the two lower energy inelastic peaks. As
seen from the theoretical plots in Fig. 3, at Jg/A=0, the
iridates (rhenates) have two sets of excitations, which
correspond to exciting one or two holes (electrons) from
Jet = 1/2 = 3/2 (Jer = 3/2 — 1/2). These occur at
excitation energies 3A/2 and 3\ respectively. However,
the latter two-particle excitation is not accessed within
the RIXS process at Jy/A =0, and thus has zero spec-
tral weight. Turning on a small Jg > 0 modifies this
result in two important ways: (i) it splits these excita-
tions into multiple branches as seen from Fig. 3, and (ii)
it leads to a small nonzero spectral weight ~ (Jg/\)? for
the higher energy peaks from interaction-induced mixing
between the jog=1/2 and jeg =3/2 levels. We have con-
firmed this picture with a theoretical calculation of the
RIXS spectrum for the iridate samples.

V. THEORETICAL CALCULATION OF RIXS
SPECTRUM

The Kramers-Heisenberg expression for the two-
photon scattering cross section is given by

w (f1TT[n)(n|T|3)
dew - Z ZE E, +hw+ile 3
X 6(E17Ef+ﬁw—ﬁw). (2)

Here, i, n, f refer to initial, intermediate, and final states
respectively with energies F;, E,, E;, and I'y, is the in-
verse lifetime of the intermediate state with a core-hole.
w,w’ are the incoming and outgoing photon frequencies.
The transition is induced by the dipole operator T' ~ é-r,
where € denotes the photon polarization. Here, we focus
on the d* iridates at the L3 resonance within the hole pic-
ture, for which the initial and final states come from the
two-hole eigenstates on Ir with spin-orbit coupling and
Hund’s interaction, while the intermediate state corre-
sponds to a single core hole in the atomic 2P;,, manifold
and a single hole in the jog = 1/2 manifold. On reso-
nance, with w’ &~ w (since the energy transfer is much
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FIG. 3: Calculated excitation energies as a function of Jg /A are plotted as solid black lines, for Ir (a-c) and Re (d) double
perovskites for indicated A values. Experimentally determined excitation energies (Ir-DP: 0.39(2)eV, 0.66(2)eV, and 1.30(6)eV;
Re-DP: 0.49(3)eV, 0.83(4)eV, 1.85(5)eV) are plotted as horizontal colored bands (pink), whose widths reflect the experimental
uncertainty. States involved in these transitions are labelled using nomenclature in the Jg > X limit as 2°*' L ;. (a,c) and (b,d)
show incorrect and correct choices of A as described in the text, which are indicated by x and 4/ respectively. Green shaded
regions in (b) and (d) illustrate Jg /A values for which all the observed modes intersect the calculated curves. Red arrow in (b)
denotes position of the weak feature ~ 2eV in the Ir-DPs which would correspond to the highest computed excitation energy.
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where E,,T,, are the average energy and inverse lifetime
of the intermediate states.

We can further simplify the transition matrix element
as

(n|Tli) = € (nlph,dug, i) (4)
(1T ) = e (fld],pip,e|n) (5)

where we have restricted attention to parity-allowed
nonzero dipole matrix elements. Here p[ creates a 2P
core-hole in orbital a (i.e., ps, py,p.) with spin o, while
dlﬁa creates a d-hole in the to, orbital (i.e., dy., d s, dzy)
with spin 0. Based on the experimental set-up, we fix the
incoming polarization to be along the cubic z-axis, and
average the outgoing polarization within the yz plane
since the scattering geometry fixes €, - oy = 0. Us-
ing exact diagonalization for the Hilbert space consisting
of 15 states for the two-hole problem with the Hamil-
tonian in Eq. (1), and the single-hole eigenstates of the
2P55 and jeg = 1/2, we obtain the theoretical RIXS
spectrum. Fig. 6 below shows an example of the theo-
retical spectrum obtained by convolving the above the-
oretical expression with a Lorentzian resolution function
with an experimentally determined width ~ 40meV, for
a choice A = 0.42¢V and Jyg = 0.25¢V. We find that

> I ) (n|T i)

the cross section simplifies to

2
§(E;—Ej+hw — hw') (3)

the two lower energy peaks have a strong intensity since
they emerge from the allowed single-particle transition
across the spin-orbit gap 3A/2, while the two higher en-
ergy peaks have a much lower intensity which scales as
~ (Jp /A)? for small interactions since they emerge from
exciting two holes across the spin-orbit gap which is for-
bidden in the absence of hole-hole interactions arising
from Hund’s coupling. The resulting spectral intensities
are in good agreement with our experimental results.

VI. DISCUSSION

Despite the excellent agreement between theory and
experiments in Fig. 3, there are two unresolved issues.
(i) For Re®*t, the lowest energy peak is expected to be
at ~ 0.4eV. Although this peak is not observed as dis-
tinct from the 0.49e¢V peak in our data, it is possible
that there are two nearby peaks which are not resolved
in our experiment. (ii) For the Re-DPs, there is consider-
able spectral weight in the low energy continuum below
~ 0.3 eV. The significant inelastic scattering intensity
that was treated as sloping background in our fitting for
BasYReOg (Fig. 2(b)) remains even after subtracting off
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FIG. 4: RIXS spectrum computed for d* iridates with A\ =
0.42eV, Jg = 0.25eV.

the non-resonant background (see Appendix). While we
can rule out magnon or phonon excitations for energies
2 100meV based on neutron scattering results®®, multi-
phonon excitations or some collective excitations of cou-
pled degrees of freedom could exist in this energy range.
Future measurements with much higher energy resolution
could address these issues.

In conclusion, our RIXS experiments on local spin-
orbital excitations in Re and Ir double perovskites, to-
gether with a well-justified local model Hamiltonian, al-
lows us to reliably extract the SOC A~ 0.4eV and Hund’s
coupling Jy ~ 0.25eV for rhenates and iridates. We
note that a recent study of the 5d® osmate BayYOsOg
reported a smaller A = 0.32(6)eV, and a larger Jy =
0.3(2)eV®7. Although large error bars make these val-
ues consistent with our results, it will be interesting to
examine whether the discrepancy represents a real differ-
ence between d® and d?/d* systems. Finally, our results
are qualitatively consistent with a Jog =0 (Jog =2) for
the ground state of the d* iridates (d? rhenates); how-
ever, our finding that Jg < A might require revisiting
theories of exotic magnetism in d? systems based on a
strong coupling Jg/A>1 approach®’.
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Appendix A: Background subtraction
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FIG. 5: RIXS spectrum of BasYReOg at resonant
(Ei=11.961keV) and non-resonant incident energy (summed
from E;=11.969keV to E;=11.971keV). The spectra have been
scaled to have the same intensity at zero energy transfer. The
blue dashed line is fit to the spectrum at non-resonant energy
and is used as the background. Inset: Inelastic features ob-
tained by subtracting the background off the resonant spec-
trum. Clear spectral weight is observed for energy transfer
hw <0.3eV.

Since intensities of the low energy resonant inelastic
features are greatly reduced for E; 211.969keV, we can
use the spectra in this F; range as non-resonant back-
ground and subtract from our raw data to study the low
energy excitations in Bay;YReOg®®. The non-resonant
energy spectrum is obtained by summing over the spec-
tra with E;=11.969keV-11.971keV, and subtracted off
from the spectrum at resonant energy (E;=11.961keV)
as shown in Fig. 5.°® The background subtracted spec-
trum shown in Fig. 5 inset clearly reveals the presence of
significant spectral weight for fiw <0.3eV. This contin-
uum, which exist in both metallic BasFeReOg and insu-
lating BagYReOg, is not captured in our atomic model,
and will require consideration of multiphonon or other
collective excitations.

Appendix B: SraYIrOg: Q-dependence

We show SroYIrOg RIXS spectra measured at two dif-
ferent Q vectors, separated by approximately a quarter
of the Brillouin Zone, in Fig. 6. The inelastic features
remain sharp and show no Q dependence, indicating the
local nature of these excitations.
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FIG. 6: RIXS spectra of SraYIrOg at Q=(7.40,0,0) and
Q=(7.40,0.26,0) respectively. E;=11.215keV was used in ob-
taining both spectra. An arbitrary intensity scale is used and
the spectra have been shifted for visual clarity.
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