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Spin-orbit entangled j = 1/2 moments in Ba,CelrQg — a frustrated fcc quantum magnet
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We establish the double perovskite BasCelrOg as a nearly ideal model system for j=1/2 moments, with
resonant inelastic x-ray scattering indicating that the ideal j = 1/2 state contributes by more than 99 % to the
ground-state wavefunction. The local j =1/2 moments form an fcc lattice and are found to order antiferromag-
netically at 7'x = 14 K, more than an order of magnitude below the Curie-Weiss temperature. Model calculations
show that the geometric frustration of the fcc Heisenberg antiferromagnet is further enhanced by a next-nearest
neighbor exchange, and a significant size of the latter is indicated by ab initio theory. Our theoretical analysis
shows that magnetic order is driven by a bond-directional Kitaev exchange and by local distortions via a strong
magneto-elastic effect. Both, the suppression of frustration by Kitaev exchange and the strong magneto-elastic
effect are typically not expected for j=1/2 compounds making Ba;CelrOg a riveting example for the rich

physics of spin-orbit entangled Mott insulators.

I. INTRODUCTION

Spin-orbit entangled Mott insulators stand out in the grow-
ing family of quantum materials with strong spin-orbit cou-
pling for their correlation-driven phenomena [1]. Of partic-
ular interest are materials with partially filled 4d and 5d or-
bitals, such as the iridates, in which the formation of local
j=1/2 moments is an iridescent source of rich physics [2].
The spin-orbit entangled wavefunction of these Kramers dou-
blets gives rise to fundamentally different types of exchange
interactions depending on the geometric arrangement of the
elementary octahedral IrOg building blocks [3H5]. Corner-
sharing octahedra yield isotropic Heisenberg exchange, which
has been explored as a potential source of spin-orbit assisted
superconductivity [6H10] in the context of SroIrO,4 [L1} [12],
an isostructural analogue of the high-T. parent compound
LayCuO,4. Edge-sharing octahedra, in contrast, give rise to
Kitaev-type bond-directional exchange, which has initiated an
intense search for spin-orbit driven frustrated quantum mag-
netism in so-called Kitaev materials [13]] such as the honey-
comb iridates NasIrOg, a-LisIrOs, and H3LilroOg [14H16]
and the related a-RuCls [[17]. Possibly the most spectacular
experimental result in this realm is the recent claim of a quan-
tized thermal Hall effect in a-RuClg [[18]], a direct signature
of the long sought-after Kitaev spin liquid [[19]].

In this paper, we first demonstrate experimentally that
the double perovskite BayCelrOg is a nearly ideal realiza-
tion of a j=1/2 Mott insulator, forming a model system
for frustrated quantum magnetism on the fcc lattice. Our
x-ray diffraction results show a global cubic F'm3m struc-

ture, while resonant inelastic x-ray scattering (RIXS) reveals
a small non-cubic distortion resulting in a ground-state wave-
function which overlaps by more than 99 % with the ideal cu-
bic j=1/2 state. The magnetic susceptibility shows an anti-
ferromagnetic ordering temperature 7’ = 14 K which is sup-
pressed by more than an order of magnitude compared to the
Curie-Weiss temperature |©cw|, resulting in a large frustra-
tion parameter f=|Ocw|/Tn = 13. Employing a combina-
tion of density functional theory and microscopic model sim-
ulations, we address the minimal model for Ba;CelrOg and its
phase diagram. The system shows a particularly high degree

FIG. 1. a) Cubic double-perovskite structure as observed in x-ray
diffraction. Small green (large blue) octahedra are centered around
the Ir*™ (Ce?™) sites. Light gray (red) spheres depict Ba>T (027)
ions. Each Ir moment is coupled to 12 nearest neighbors (orange and
black lines in c)) and to 6 next-nearest neighbors (along the edges of
the cube in c)), enhancing the frustration. Our RIXS data reveal lo-
cal distortions from cubic symmetry. Assuming that the distortion is
tetragonal, as schematically illustrated in b), we find a massive bond-
dependent variation of the nearest-neighbor exchange constants be-
tween Ir moments as depicted in c), where couplings indicated in
orange and black have different strength, reducing the frustration.



of frustration, since the geometric frustration of antiferromag-
netic nearest-neighbor Heisenberg exchange on the fcc lattice
is augmented by next-nearest-neighbor Heisenberg coupling,
yielding a wide window of a quantum spin liquid ground state.
However, an antiferromagnetic Kitaev-type bond-directional
exchange is found to counteract this geometric frustration and
turns out to be instrumental in stabilizing long-range magnetic
order — in contrast to the common wisdom that Kitaev inter-
actions in j=1/2 compounds enhance frustration and induce
spin liquid physics.

It is also common wisdom that the j=1/2 wavefunction
does not show orbital degeneracy and hence is not Jahn-
Teller active. Commonly, this is interpreted as a protection
of j=1/2 physics against lattice distortions, and small devi-
ations from cubic symmetry with the concomitant change of
the wavefunction are typically neglected. We challenge this
point of view and provide theoretical evidence for a strong
magneto-elastic effect. Our theoretical analysis shows that
even small deviations from the j=1/2 wavefunction, asso-
ciated with small lattice distortions, yield a massive bond-
dependent variation of the nearest-neighbor exchange con-
stants, as illustrated in Fig. [Tk), effectively lifting the strong
magnetic frustration. This dramatic magneto-elastic coupling
is of general importance in the quest for exotic spin liquids
based on j=1/2 compounds.

II. SYNTHESIS AND STRUCTURE

Single crystals of BayCelrOg of about 1 mm3 size were
grown by melt solution growth (see Appendix A). X-ray
diffraction shows a well ordered double perovskite with Ce-
Ir order as illustrated in Fig. [Th. The cation order can be ex-
plained by the notably different bond lengths of 2.20 A for
Ce-0 and 2.04 A for Ir-O. For 5d° Ir**, the formation of ideal
j=1/2 moments requires a cubic crystal field. Thus far, devi-
ations from cubic symmetry were reported for all 5d° iridate
compounds [2} [13]], as discussed in more detail in the section
on RIXS below.

For BayCelrOg, our powder diffraction peaks — measured
using a Stoe Stadi MP 198 powder diffractometer — are very
well described in the cubic space group F'm3m with a lattice
constant of 8.47A at 300 K. However, we find a clear broad-
ening of Bragg peaks in particular for large diffraction angles
26 > 80°. Such broadened Bragg peaks may explain a pre-
vious claim of tiny (< 0.2 %) monoclinic distortions of the
metric in polycrystalline BasCelrOg [20]]. Note that the issue
of cubic or non-cubic symmetry is often discussed controver-
sially in double perovskites, for instance for the closely related
BayPrIrOg [20, 21]].

To resolve this issue, we collected single-crystal x-ray
diffraction data. Our results strongly support a cubic struc-
ture of Ba;CelrOg. We employed a Bruker X8 Apex diffrac-
tometer, a sample with octahedral shape ({111} faces), and a
distance to the center of 12.5 um. At room temperature (100
K) 32921 (13274) Bragg reflection intensities were recorded,
yielding 198 (205) independent reflections in space group
Fm3m. The single-crystal data do not yield any evidence for

significant superstructure reflections with respect to F'm3m,
neither at room temperature nor at 100K (see Appendix A).
From this and the description of the powder diffraction pat-
tern with the cubic lattice we must conclude that the average
structure of BayCelrOg is cubic.

However, the atomic displacement parameters shown in ta-
ble I provide evidence for local distortions since they are (i)
larger than expected for a purely dynamical displacement,
(i1) very similar at 300 K and 100K, and (iii) similar for the
heavy Ba ions and the lighter O ions. The large values ob-
served for O perpendicular to its bond at room temperature
reflect the general instability of a perovskite against tilting.
But the small difference in the room-temperature and 100 K
displacement values in general indicates some local distor-
tions. Moreover, a normal dynamical effect cannot explain
the fact that the atomic displacement parameter of the heavy
Ba is of the same magnitude (a root mean square displace-
ment of the order of 0.1 A) as the one of the much lighter
O. Fits of the data in space groups with the same translation
lattice but reduced symmetry do not yield significant improve-
ment. However, a split model in which the Ba ions are statis-
tically distributed over sites slightly displaced by dp, against
the cubic (0.25,0.25,0.25) position results in dp, =0.13(1) A
and 0.14(2) A at 300K and 100K, respectively. The statisti-
cal character may be related to the existence of about 5 % of
vacancies on the Ir sites.

One example for structural distortions that were first sensed
by enlarged atomic displacement parameters is KHyPO,, a
prototype ferroelectric material that exhibits highly enlarged
atomic displacement parameters above its ferroelectric tran-
sition of order-disorder character [22]. Another example is
Laj g5S19.15CuQy4, in which enhanced atomic displacement
factors are observed in samples which do not show long-range
tilt order [23]. In BayCelrOg, the presence of local distor-
tions from cubic symmetry is supported by our RIXS data,
see below. This can be reconciled with the observation of a
global cubic structure in x-ray diffraction by assuming a neg-
ligible correlation length of the distortions. We conclude that
BasCelrOg is cubic on average but exhibits small local distor-
tions.

This result is in contrast to an earlier report on a mono-
clinic structure of Ba;CelrOg in Ref. [20] which was based

TABLE 1. Results of structure refinements with single-crystal X-ray
data obtained at room temperature and 100 K. In space group F'm3m
Ba occupies an 8c site at (1/4,1/4,1/4), Ce a 4a site at (0,0,0), Ir a
4b site at (0,0,1/2), and O a 24e site at (z,0,0). Thermal parame-
ters are given in 107°A2, and only the O parameters are anisotropic.
The weighted R values for the structure factor amount to 4.22 % and
3.96 % at 300K and 100K, respectively, and refining occupations
reduces them to 2.57 % and 3.11 %, respectively. The occupation of
Ba and O was fixed. For the occupation of Ce and Ir we find 99.6%
(99.1%) and 94.6% (95.0%) at 300 K (100 K), respectively, with an
uncertainty of roughly 1%.

TXK) UBa) UCe) Udr) xz(0) Unu©) Uxn(©)

300 1299(8) 740(8) 475(6) 0.2592(3) 1230(140) 2390(110)
100 1087(13) 738(18) 585(12) 0.2590(7) 1100(300) 2200(200)



on powder data and a tiny monoclinic distortion of the met-
ric (a/b=1.0016 [20]) that can result from the broadening of
Bragg peaks. Combining the typical rotation of octahedra in
the GdFeOs structure type of a perovskite ABO3 with the
doubling of the unit cell in the double perovskite results in
a monoclinic distortion, P2 /¢. One may examine the possi-
ble instability of BaaCelrOg by calculating the Goldschmidt
tolerance factor for perovskites

P ra+To0
P V2(rg +70)

with the ionic radii r;. For an ideal cubic perovskite, ¢, =1.
For the hypothetic perovskites BalrO3 and BaCeOs this yields
t,=1.06 and 0.94 not indicating sizable bond-length mis-
match. The same analysis for distorted SroCelrOg yields
t,=0.90 and 0.80. Alternatively, one may consider the tol-
erance factor ¢4, for an ordered double perovskite A, B B'Og
with r5 in Eq. (I) to be replaced by (rg + r5/)/2. A mono-
clinic structure is favored for ¢4, < 0.96 while values close
to 1 point towards a cubic structure [24]]. For BasCelrOg, one
finds t4, =0.991, supporting a cubic structure.

6]

III. MAGNETIC SUSCEPTIBILITY

To explore the magnetism of the local moments in
BasCelrOg we measured the magnetization and the magnetic
susceptibility x(7"). We used an assembly of 20 small single
crystals in order to enhance the magnetic signal. The crystals
were not aligned because an isotropic magnetic susceptibility
is expected in the paramagnetic phase of the (global) cubic
structure. As shown in the lower inset of Fig.[2] we observe a
field-linear magnetization. The main panel of Fig. 2] shows
x(T'). TIts high-temperature behavior essentially follows a
Curie-Weiss behavior from 300 K down to about Ty =14 K,
where a distinct drop in x(7") signals antiferromagnetic or-
dering. For the quantitative analysis we use

o T Xos 2

where N4 and kp denote Avogadro’s and Boltzmann’s con-
stant, respectively, Ocyy is the Curie-Weiss temperature, and
the constant xo=Xdia + Xovv represents core diamagnetism
Xdia = —1.7 - 10~* emu/mol and van Vleck paramagnetism
Xvv >0, which are expected to be of the same order of mag-
nitude [25]]. A fit based on Eq. @) describes the data above
TN very well, see red line in Fig. |2} and yields the parameters
Xo=1.2-10"* emu/mol, pef =1.41 pp, and Ocw =—184 K.
Very similar values, pog=1.3 up and Ocw =—177K, were
reported in a previous study on polycrystalline BasCelrOg
[20]. To estimate the reliability of our result, we compare
with a fit assuming xo =0, which shows Curie-Weiss behav-
ior above about 120K (blue line in Fig. @), Lo =1.69 pp and
Ocw =—263K, i.e., an even larger value of |©cw|. Thus,
both fits result in an effective magnetic moment that is mod-
erately reduced from peg =1.73 g expected for j =1/2 mo-
ments in an ideal cubic crystal field [26]] and indicate substan-
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FIG. 2. Magnetic susceptibility of Ba;CelrOgs, measured on an
assembly of 20 single crystals with 21 mg total mass in a field of
1T. The red curve denotes a Curie-Weiss fit which yields xo=1.2 -
10~* emu/mol, while the blue curve corresponds to a fit restricted to
xo0=0. The upper inset shows the same data plotted as 1/(x — xo).
The lower inset displays the linear field dependence of the magneti-
zation, using T=20K as a representative example.

tial frustration with a frustration parameter f =|Qcw| /TN >
13.

IV. RIXS

BayCelrOg indeed realizes nearly ideal local j=1/2 mo-
ments, which can be inferred from our RIXS results. In cubic
symmetry, a single 5d° Ir'* site with a ¢35, configuration is
expected to show a local j=1/2 ground state and a j=3/2
excited state, the so-called spin-orbit exciton, at 1.5 A with
A=0.4-0.5eV. The effect of a non-cubic crystal field is de-
scribed by the single-site Hamiltonian

Hingle = AS - L+ AcrL?, 3)

which shows a crystal-field splitting of the j=3/2 quartet
and a mixing of j=1/2 and 3/2 wavefunctions in the ground
state, [0) = |3, %) + 8|2, 3) in the |5, 5.) basis. With
a=(sin @++v/2cos#)/+/3 and tan 20 =/8/(1—2A¢cr /M) [5]
we can readily infer the ground state wavefunction by measur-
ing Acr.

To do so, we performed RIXS measurements at the Ir L3
edge, the most sensitive probe for the corresponding intra-to,
excitations. For Acp/A < 1, the experimentally observed
peak splitting amounts to Aeyp, = %ACF. Thus far, all experi-
mental results on the spin-orbit exciton in iridates show a finite
non-cubic crystal-field splitting [2} [13, 27H31]]. The small-
est values Agxp=0.11-0.14eV were reported for RbyIrF,
NasIrOs, and Sr3lrOy4 [27529]]. In RbyIrFg, F-Ir-F bond an-
gles vary from 87° to 93° [29]], while Sr2IrO,4 shows distorted
IrOg octahedra with Ir-O bond lengths of 1.98-2.06 A and Ir-
O-Ir bond angles of 157° [32]. Despite the substantial dis-



tortions, these compounds are widely accepted as realizations
of the 7=1/2 scenario. In contrast, strong deviations from
the j = 1/2 model are reported for Sr3CulrOg and CalrO3 with
Aexp=0.23eV and 0.6 eV, respectively (30, 31]].

For Ba,;CelrOg, we measured RIXS data on a polished
(0 0 1) surface at the ID20 beamline at ESRF using an incident
energy of 11.215keV with an overall resolution of 25 meV
[33, 134]. The incident photons were 7 polarized. Our data
offer a textbook example of the spin-orbit exciton by show-
ing two narrow RIXS peaks on a negligible background, see
Fig.|3l Similar RIXS spectra with a slightly larger peak split-
ting were reported for RbyIrFg [29] and BasTis 71rg 309 [35]],
two compounds with well separated Ir** ions. In compari-
son, 5d° iridates with stronger hopping such as NayIrO3 and
Sr3IrO4 show more complex RIXS features [27, 28] with, e.g.,
further peaks, broader line widths, and/or a continuum contri-
bution. In BayCelrOg, the peaks are located at about 0.61 eV
and 0.71 eV, both at 10K and at 300 K. The observation of
two peaks signals non-cubic local distortions in agreement
with our analysis of the x-ray diffraction data. A fit using
two peaks with the Pearson VII line shape [36] that mim-
ics a convolution of an intrinsic Lorentzian line shape and
a Gaussian profile with the experimental resolution yields a
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FIG. 3. RIXS data of Ba;CelrOg. a) RIXS peaks at 0.61eV and
0.71 eV correspond to excitations to j =3/2 states which are split by
a non-cubic crystal field. Data at 300K show a slightly enhanced
peak width but the same splitting as at 10 K. b)-d) Dispersion along
high-symmetry directions at 10 K. The dashed line denotes the peak
energy at the I' point, 0.61eV. The largest dispersion is observed
from I" to L, i.e. along (h h h). All RIXS spectra were measured in
the Brillouin zone around (0 O 10) to achieve a scattering angle 20
close to 90° which suppresses the contribution of the elastic line at
zero energy loss.

splitting Acyp = (100 £4) meV, the smallest splitting reported
thus far in L edge RIXS for the spin-orbit exciton in iridates
[27H31, 135]. The peak values of 0.61eV and 0.71eV allow
for two different solutions of Eq. with A=0.43eV and
Acrp=0.17¢eV or -0.15eV, which correspond to elongation
or compression, respectively. This results in a ground-state
wavefunction
11 31
|O>—O.991‘2,2> 0.130‘2,2> G))
in the |4, j.) basis for elongation, while for compression the
coefficients are 0.995 and 0.100, respectively. Note that both
solutions deviate by less than 1 % from the ideal j =1/2 case.
To probe the intersite hopping interactions, we have mea-
sured the dispersion via RIXS for q along different high-
symmetry directions. Data along I'-K and I'-L paths reveal
a finite dispersion of up to 15-20meV, while peak energies
are nearly independent of q along I'-X, see the lower pan-
els of Fig.[3| The corresponding delocalization of the j=3/2
excited state is a clear signature of microscopic hopping pro-
cesses and intersite interactions that are closely related to the
magnetic exchange interactions between localized j = 1/2 mo-
ments [28] 37]]. Roughly, this common microscopic origin is
reflected in the common energy scale of 15-20meV of the
spin-orbit exciton dispersion and the Curie-Weiss tempera-
ture, which also is a measure of the size of magnetic exchange
interactions.

V. MICROSCOPIC MODEL
A. fec lattice with cubic site symmetry

A symmetry analysis [38-H40]] of exchange interactions on
the undistorted fcc lattice shows that the most general nearest-
neighbor spin Hamiltonian allows for Heisenberg coupling .J5,
Kitaev coupling K, and symmetric off-diagonal exchange I'.
We estimate the coupling constants using density functional
theory (GGA+U+SOC) for different magnetic configurations
and t/U perturbation theory for an effective tight-binding
model (see Appendix B). Both approaches consistently yield
an antiferromagnetic J; ~ 5 — 7meV and two subdominant
couplings K ~ Jy ~ 0.2 J;, where Js denotes a next-nearest
neighbor Heisenberg coupling. We find that T'/J; < 0.05
is negligible. The corresponding Curie-Weiss temperature
Ocw=—(3J1 + K + 3J3/2) =~ —200K to —280K agrees
with the experimental x(7'); see Fig. 2] Note that we find
an antiferromagnetic Kitaev coupling, in contrast to the ferro-
magnetic ones inferred for the honeycomb-based iridates and
a-RuCls [41]. The ferromagnetic Kitaev coupling of the latter
arises from Hund’s coupling in the virtually excited interme-
diate state with two holes on the same site, favoring parallel
hole spins. For the honeycomb materials with a 90° Ir-O-Ir
exchange path, this translates into a ferromagnetic coupling of
7 =1/2 pseudo-spins. In BasCelrOg, exchange proceeds via
an Ir-O-O-Ir path with a different combination of orbitals in
the virtual state. Again, Hund’s coupling favors parallel spins
of the two holes, but for the relevant orbitals this translates to
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FIG. 4. (a) Phase diagram for the J1-J>-K model. We find ordered phases with ordering wavevectors (100) (red), (5 3 ) (green), and (150)
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(blue), an incommensurate spiral phase (yellow) whose ordering wavevector continuously varies within the phase, and a spin liquid regime
(gray). The lines indicate the phase boundaries of the classical model for comparison. White and black circles mark high-degeneracy points
of the classical model (see text), their corresponding sets of q vectors are shown in b) and c), respectively. The star indicates the parameter set
obtained for Ba;CelrOg. (d) The frustration parameter f=|@cw|/Tn shows the suppression of ordering tendencies caused by the interplay

of geometric and exchange frustration. Gray: spin liquid regime.

antiferromagnetic coupling of j =1/2 pseudo-spins (see Ap-
pendix C).

To study the competition of geometric and exchange frus-
tration, we explore the minimal microscopic model

H=T1) 8-8§+KY §8+hYy 88, 6
(6,4) (6,50~ (&.7))

where (i, j)-, denotes nearest-neighbor pairs in the plane per-
pendicular to axis v (=x,y,2), ({i,j)) runs over next-nearest-
neighbor pairs, and the spin operators S refer to j=1/2 mo-
ments. We have calculated its rich phase diagram using
a pseudofermion functional renormalization group (pf-FRG)
approach [42]. This numerical scheme combines elements
from 1/ expansion [43] and 1/N expansion [44} 43], allow-
ing it to capture both magnetic order and spin-liquid ground
states. There are four magnetically ordered phases, one of
them showing incommensurate spiral order, see Fig. [h).
These phases can be readily understood in the classical limit
of model (3) via a Luttinger-Tisza approach [46, 47], with
the classical phase boundaries also indicated in Fig. ). The
quantum model additionally exhibits a spin-liquid phase with
no magnetic order. Its origin is revealed by two points of spe-
cial interest in the classical model, see white and black circles
in Fig.@p): (i) J = K =0, the fcc nearest-neighbor Heisenberg
antiferromagnet. It exhibits a degenerate manifold of copla-
nar spin spiral ground states [48]]. The corresponding set of
q vectors is shown in Fig. ip). (i) J,=J1/2, K =0, where
three ordered phases meet in the classical model. This point
features an even larger set of degenerate coplanar spin-spiral
ground states, depicted by the surface of q vectors in Fig. Ak).
The presence of a considerable (but still subextensive) mani-
fold of (nearly) degenerate low-energy states appears to give
rise to an extended spin liquid regime in the quantum model,
centered around the classical high-degeneracy point [49].

To further investigate the interplay of geometric and ex-
change frustration, we calculate [S0]] the dimensionless frus-
tration parameter f=|Ocw|/Tn, see Fig. [i{), using esti-
mates of ©cw and T obtained from fits of the magnetic

susceptibility numerically obtained by FRG calculations. The
frustration parameter diverges in the spin liquid regime due
to the absence of finite-temperature order. Furthermore, f is
particularly large along the phase boundary between the (1%0)
and (311) phases, where both J> and K are substantial and
antiferromagnetic. This boosts |©cw | while Ty is small close
to the phase boundary. Close to the spin-liquid regime for the
parameter set estimated for BayCelrOg (cf. star in Fig. Ekl)),
we also find large values of f. However, moving away from
the spin-liquid regime the frustration is quickly reduced with
increasing strength of the Kitaev coupling. This is consistent
with a previous classical Monte Carlo study [38},139], although
such a classical analysis by itself is not reliable in the deep
quantum limit of j = 1/2. Our results show that the Kitaev
coupling, in competition with the geometric frustration of the
Heisenberg exchange, indeed induces magnetic order for the
system at hand - in striking contrast to a number of j=1/2
materials where the Kitaev coupling is primarily considered a
source of frustration [2} [13]].

B. Distortions

The strong frustration in BayCelrOg boosts the importance
of magneto-elastic coupling. We find theoretically that even
small local distortions severely affect the exchange couplings,
although the ground state wavefunction remains close to the
j=1/2 limit, see Eq. (@). The precise character of the local
distortions cannot be determined from our x-ray diffraction
results, which show global cubic symmetry. A putative tetrag-
onal distortion of strength Acp gives rise to a strong spatial
anisotropy, which can be rationalized as follows. Focusing,
e.g., on the dominant contribution to exchange within the xy
plane, we find J;'¥ to depend quadratically on the occupa-
tion probability of the xy orbital. Comparing cubic Acp =0
with the distorted case Acr/A ~ 0.4 derived above, the xy
occupation is strongly enhanced from 1/3 to 0.46 and as a re-
sult the nearest-neighbor Heisenberg exchange J;¥ increases
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FIG. 5. Frustration parameter as a function of the tetragonal distor-
tion Acr. Colors indicate different types of magnetic order, with
respective structure factors, calculated using the pf-FRG scheme,
shown to the right. The abbreviation ICS denotes the incommen-
surate spiral phase.

by about a factor of two, which corresponds to a dramatic
magneto-elastic effect. In particular, Acp > 0 strengthens
(weakens) Ji, Jo, and K in the xy plane (yz and xz planes),
while Agr < 0 has the reverse effect. This strong spatial
anisotropy of the couplings is sketched in Fig. [It). Note that
a change of the 2y occupation sin® # has a much more pro-
nounced effect on the exchange, J; sin* @, than on the
coefficient av=/1/3sin 6 + 1/2/3v/1 — sin” 0 of the |1, 1)
contribution to the ground state wavefunction. The compara-
bly small change of « indicates a small deviation from a cubic
charge distribution and a concomitant small energy cost for
lattice distortions, while the larger change of .J; and in partic-
ular its spatial anisotropy yield a significant gain of magnetic
energy, particularly in the presence of frustration.

To analyze the effect of a global tetragonal lattice distor-
tion, we have simulated a variant of the J;-J>-K model,
cf. Eq. (5), with anisotropic coupling strengths, enhanc-
ing/reducing the couplings as described above and illustrated
in Fig. 1c). Specifically, we have modeled the dependence of
the coupling parameters on the distortion Acy as

xy plane, ©)
J1 —6J(Acr), yz, xz planes,

7 { Ji + 6.0 (Acr),
and, analogously, for Jy and K. For Acp=0 this cor-
responds to the parameter set indicated by a star in Fig.
4d), i.e. Jo=K=0.2J;, while for Acp=AgE*=160meV
we have the enhanced zy couplings J7¥ =2.J1, J5¥ =1.2J5,
and K*¥=12K for simultaneously reduced parameters
J75Y5=0.6J1, J37Y*=0.7J5, and K7*Y*=0.8K in the zz
and yz plane. The function §J(Acr) is well-approximated as
a linear interpolation

Acr

(SJ(ACF) — W
CF

(J(AZE) — J(Acr =0)). ()

Results for pf-FRG calculations are summarized in Fig. [3]
showing the frustration parameter f = |Ocw|/In as a func-
tion of the distortion Acy. As clearly visible, the frustration is

strongly suppressed by the distortions, it quickly approaches
a non-frustrated regime f < 5 for distortions of the order of
|Acr| &= 40meV, independent of the sign of the distortion.
Additionally, the data indicate a potential change of magnetic
order, for instance to (100) order, depending on the sign and
the strength of Acp. These results agree with the small f < 2
reported for the globally distorted monoclinic 5d° double per-
ovskites LasZnlrOg and LaoMglrOg [39]. However, this re-
sult for a global distortion is significantly smaller than the
value of f > 13 measured in BasCelrOg. This suggests that
the statistical distribution of local distortions along different
tetragonal axes, in contrast to a global distortion, is important
in order to recover the experimentally observed large frustra-
tion.

The existence of a weak (but unavoidable) magneto-elastic
effect was recently discussed for SroIrOy4 [S1]. The strong ef-
fect of the magneto-elastic coupling in BayCelrOg, however,
is due to an additional mechanism arising from an interplay
of distortions and magnetic frustration, which is not present
in SroIrO4, but will be relevant, e.g., in tetragonal bilayer
Sr3Ir,O7 and in the 3D honeycomb iridates.

VI. CONCLUSIONS

The spin-orbit entangled j = 1/2 wavefunction has proved
to be a versatile source for novel states of quantum matter. Its
experimental realization in the double perovskite BasCelrOg
deviates less than 1% from the ideal theoretical scenario
for a cubic system and is one of the most pristine j=1/2
incarnations reported so far in the literature. Combining
structural analysis, magnetic susceptibility measurements,
and RIXS with ab initio and functional renormalization group
calculations for the obtained microscopic model Hamiltonian
we find that the collective magnetism of this fcc compound
is governed by a competition of geometrical frustration,
Kitaev-type bond-directional exchange, and magneto-elastic
coupling. In striking contrast to the honeycomb-based Kitaev
materials, the Kitaev exchange is antiferromagnetic and in
fact stabilizes long-range magnetic order in proximity to a
spin liquid phase. Importantly, the exchange couplings turn
out to be highly sensitive to small deviations from cubic
symmetry, giving rise to a dramatic magneto-elastic coupling.
This should be contrasted with the common notion that j =1/2
moments are not Jahn-Teller active, as the orbital degeneracy
is lifted by spin-orbit coupling. The strong magneto-elastic
coupling resurrects the prominent role of lattice distortions
on the low-energy properties of 7 =1/2 compounds.

Note added: After submission of our manuscript, Aczel
et al. reported similar experimental results on polycrystalline
samples of BayCelrOg [52]. They find (100) magnetic order,
in agreement with our calculations for negative Acpr. Fur-
thermore, Khan et al. [S3] reported on the realization of cubic
site symmetry in K5IrClg based on x-ray diffraction data; a
spectroscopic proof of this claim is still missing.
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Appendix A: Single-crystal growth and characterization

We have grown single crystals of BasCelrOg by melt solu-
tion growth using BaCls as melt solvent and BaCO3 (Merck,
p-a.), IrO5 (Chempur, 99.9 %) and CeO2 (Auer Remy, 99.9 %)
as educts for the crystals. Due to the moderate solubility of
metal oxides in halide melts [S7], a ratio flux/crystal of 15/1
was used to achieve sufficient dissolution of the oxides. The
crucible was sealed with a lid to prevent evaporation of BaCly
from the melt solution. Within three weeks single crystals of
about 1 mm? size were obtained. The black single crystals
were separated from the flux by dissolving the flux in deion-
ized water and analyzed by energy-dispersive x-ray scattering.

Our single-crystal x-ray diffraction data strongly support a
cubic structure of BayCelrOg, as explained in the main text.
Figure [AT] shows the distribution of the observed peak inten-
sities I divided by their error bars o (I) for all reflections that
are not allowed in space group F'm3m. The width of the dis-
tributions is approximately 1, which is an indication for mean-
ingful statistical errors of the intensities. Both at room tem-
perature and at 100 K, we find a Gaussian profile peaking at a
value of I /o (I) close to zero or much smaller than 1, i.e., the
intensities of forbidden peaks are negligible within the exper-
imental error bars.

The excellent agreement of the RIXS spectra shown in Fig.
3 with the expectations for the spin-orbit exciton provides an
unambiguous fingerprint of the Ir** valence state. RIXS spec-
tra for 5d* Ir°* are distinctly different, as reported for, e.g.,
the double perovskites Sro YIrOg and Bas YIrOg [58L159]. In
Ba,yCelrOg, the Ir*t valence means that also the Ce ions are
tetravalent, as claimed before [20] based on the dependence
of the lattice parameters on the ionic radius of the lanthanide
ions Ln in Bag LnIrOg.

The Mott-insulating character of BasCelrOg is demon-
strated by the very low value of the optical conductivity in the

100 K

center: 0.03
width: 0.94

room temperature

center: 0.32
width: 1.03

un
vl
=3
o
w
=]
]

1000 A 200 4

v
=]
o
=
o
o

number of reflections
number of reflections

-5.0 -25 0.0 2.5 5.0 -5.0 -25 0.0 25 5.0
I1o(l) Ifal(l)

FIG. A1l. Results of single-crystal x-ray diffraction. Histogram of the
intensities of peaks forbidden in F'm3m divided by their respective
error bars. Left: T'=100K. Right: room temperature. Blue lines:
Gaussian fits. Note that negative values of the intensities arise due to
the subtraction of a small overall background. The data do not yield
any significant evidence for reflections of a non-cubic structure.
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FIG. A2. Optical conductivity of BasCelrOg, showing the onset of
excitations across the Mott gap.

mid-infrared range, o1 (w)~1(Qcm)~?, see Fig. Using a
Bruker IFS 66/v Fourier-transform infrared spectrometer, we
measured the transmittance on a single crystal with a thick-
ness of (30£5) um. On the low-frequency side, the accessible
frequency range is cut off by strong phonon absorption sup-
pressing the transmittance. The steep edge in o7 (w) at about
0.1eV corresponds to the upper limit for single phonon ab-
sorption, while the weak features up to about 0.2eV can be
attributed to multi-phonon absorption. On the high-frequency
side, the transmittance is suppressed by electron-hole excita-
tions across the gap, giving rise to the increase of o1 (w) above
about 0.2 eV.

Appendix B: Derivation of microscopic model

Ab initio calculations.— In order to calculate Heisenberg-type
and Kitaev-type exchange constants, we used the projector
augmented-wave (PAW) method [60] as realized in the pseu-
dopotential VASP code [61]. The exchange-correlation poten-
tial was chosen in the form proposed by Perdew, Burke, and
Ernzerhof [62]]. Electronic correlations and spin-orbit cou-
pling were considered in the framework of the GGA+U+SOC
formalism [63] with U—J g =2.0eV [11], where U and Jy de-
note the on-site Coulomb repulsion and intra-atomic Hund’s
exchange, respectively. The integration was performed on a
7 x 7 x 7 mesh of the Brillouin zone. We calculated total en-
ergies of three magnetic configurations (FM, AFM type I and
type II) to extract nearest and next-nearest neighbor exchange
constants J; and Jo. The Kitaev coupling K was computed
via the difference of the total energies of two AFM type I con-
figurations with spins pointing along a and ¢, respectively.

Perturbative approach.— For the perturbative calculation of
exchange couplings, we use one-hole and two-hole eigen-
states and energies obtained by numerical diagonalization of
the single-site Hamiltonian

U 5JH
Hgite = zf z eenmdmdmﬁa ﬁJr nfot Z N,y
Zmn 244

_2JH Z 52 . 55/ + JH Z d;TdhdZ/ldf/T’
o< LA

(AD)
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with A=0.43 eV deduced from our RIXS data, Hund’s cou-
pling Jir =0.25eV [58]] and U =2.25¢eV as a typical estimate
for the Hubbard repulsion (which leads to U — Jg =2.0eV
as in the ab initio calculations). For the inter-site Hamilto-
nian, we use Hhop = i df, - T,; - d;,. with d' rep-
resenting the creation operators for the three ?5, orbitals,
(di.,d}.,d},). For the hopping amplitudes ¢, g between a
pair of orbitals («, ) on nearest-neighbor sites (i,7 + & + §),
we retain only the by far dominant one ¢, _,, ~ —150 meV,
which is an order of magnitude larger than ¢,._,. which
again is larger than ¢,,_,, =t,._,., while others vanish by
symmetry. For second-neighbor pairs (i,i + 2%), we em-
ploy try—ay =tzz—z. ~ 30meV, while other hopping am-
plitudes vanish by symmetry. For the cubic fcc lattice, the
corresponding hopping amplitudes between all other nearest-
neighbor or next-nearest neighbor pairs are determined by
symmetry. To extract the two-site exchange Hamiltonian, we
carry out second-order degenerate perturbation theory in t/U,
evaluating matrix elements numerically using exact single-site
eigenfunctions and energies. The resulting exchange Hamil-
tonian has dominant nearest-neighbor Heisenberg exchange
interaction J; with subdominant Kitaev and second-neighbor
Heisenberg terms as listed in the main text and a negligible
I' £ 0.05J; exchange term.

Appendix C: Antiferromagnetic character of Kitaev coupling
The j =1/2 wave function is given by

300) = = (=) +iles )+ o) . (AD

We address superexchange interactions between two sites A
and B in the zy plane. For comparison, we first consider
edge-sharing geometry with 90° Ir-O-Ir bonds [3] as approx-
imately realized in the honeycomb iridates. In this case, the
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hopping ¢35 ., between 234 and xyp via an intermediate O

ligand vanishes by symmetry. There are two finite hopping
contributions, between xz4 and yzp and between yz4 and
xzp. The Heisenberg interaction vanishes due to destructive
interference between these two. This destructive interference
originates from the phase factor ¢ in the j=1/2 wavefunc-
tion, see Eq. (AT). In contrast, Kitaev exchange remains finite
and is ferromagnetic. The ferromagnetic character arises from
the virtual intermediate state with two holes on the same site
occupying the xzz and yz orbitals. The energy of this inter-
mediate state is lower for parallel spins in zz and yz, which
corresponds to parallel j =1/2 pseudo-spins, see Eq. (AT).

The same ferromagnetic contribution to Kitaev exchange is
present on the fcc lattice as well where the Ir-O-Ir hopping of
edge-sharing geometry has to be replaced by Ir-O-O-Ir hop-
ping. However, the size of this ferromagnetic contribution to
Kitaev exchange is negligibly small on the fcc lattice due to
the very small hopping between xz and yz orbitals. In con-
trast to the edge-sharing geometry discussed above, the hop-
ping xy4 — xyp via the two intermediate O ligands does
not vanish on the fcc lattice, it is in fact the dominant hop-
ping term within the zy plane. For parallel pseudo-spins
|3, up)a |5, up) g, the configuration |y, 1) |yz, )5 in or-
bital/spin basis carries finite weight, see Eq. (AT). Hopping
rzyas — ayp then yields the doubly occupied virtual state
|zy, 1) B lyz, ) B, and a second hopping process xyp — Ty
brings us back to the ground state without any spin flip. This
exchange will lead to an Ising-like S%S% term. Equivalent
to the case discussed above, the lowest energy in the vir-
tual doubly occupied state is realized for two parallel spins,
|zy, ) B |yz, 1) B, which for this combination of orbitals cor-
responds to antiparallel pseudo-spins, see Eq. (AT). As a re-
sult, pure xy4 — 2yp hopping within the xy plane in combi-
nation with Hund’s coupling generates a small antiferromag-
netic Kitaev coupling K o J; - Jg/U. By symmetry, it cou-
ples the z (x, y) component of the moments for two nearest-
neighbor sites within the zy (yz, zz) plane.
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