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Vacancy-ordered halide double perovskites hosting 4d/5d transition metals have emerged as a distinct
platform for investigating unconventional magnetism arising out of the interplay of strong atomic spin-orbit
coupling (SOC) and Coulomb interactions. Focusing on the d? system Cs, WClg, our ab initio electronic structure
calculation reveals very narrow electronic bands, fulfilling the necessary condition to realize exotic orders. Using
this input, we solve the many-body spin-orbit coupled single-site problem by exact diagonalization and show that
the multiplet structure of Cs, WClg hosts ground non-Kramers doublets on W, with vanishing dipole moment and
a small gap to an excited magnetic triplet. Our work provides the rationale for the observed strong deviation from
the classic Kotani behavior in Cs, WCl, for the measured temperature dependence of the magnetic moment. The
non-Kramers doublets on W exhibit nonzero quadrupolar and octupolar moments, and our calculated two-site
exchange supports the dominance of intersite octupolar exchange over quadrupolar interactions. We predict
ferro-octupolar order with 7. ~ 5 K, which may get somewhat suppressed by quantum fluctuations and disorder;
this could be tested in future low-temperature experiments.
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I. INTRODUCTION

Compounds crystallizing in the perovskite structure with
the general formula ABX;, where A is an alkali or alkaline
metal, B is a transition metal, and X is oxygen, nitrogen,
or halogen, are among the materials most intensely studied
by condensed matter physicists and solid-state chemists due
to their fascinating physical and chemical properties [1-6].
Ordered double perovskites A, BB’ X have structures derived
from the perovskite structure, formed when exactly half of
the B site cations are replaced by another B’ cation and a
rocksalt ordering between these two is achieved [7]. Oxide-
based double perovskites (DPs) with a 3d transition metal at
the B site and a 4d /5d transition metal at the B’ site have been
studied for the intriguing properties arising out of the interplay
of strong correlation and strong spin-orbit coupling (SOC) [8].
To realize unconventional magnetic properties that include
exotic spin-orbit coupled ground states, e.g., quantum spin
liquids, or to enhance magnetic frustration, it is often desirable
to reduce the electronic bandwidth, which thereby amplifies
the role of local strong correlations as well as SOC effects.
In this context, for instance, 5d* compounds like Ba,; YIrOg
with Ir’* have been studied [9] by putting a nonmagnetic
cation like Y at the B site, which leads to a reduced bandwidth
compared with perovskites such as SrlrO3. Nevertheless, the
properties of such DPs remain debated; while some stud-
ies have argued for a nonmagnetic insulator in Ba,YIrOg,
with proximity to excitonic magnetism or impurity-induced
magnetism [10-12], ab initio and dynamical mean-field the-
ory studies instead have found evidence of a considerable
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bandwidth, which can lead to long-range magnetic order [13]
or, at the very least, to fluctuating local moments in the ground
state [14]. Experiments on 5d I DPs, such as Ba;NaOsOg with
Os’* [15,16] and Ba,MgReO, with Re®" [17-20], have also
revealed unusual forms of “multipolar magnetism,” which
refers to the formation of higher-order multipoles such as
quadrupoles and octupoles, thus going beyond conventional
dipolar magnetism. This, in turn, reflects the role of atomic
SOC and the correlation effect at the single-site level. While
multipolar magnetism has also been proposed and actively
investigated in certain cubic 54> osmate DPs [21-27], such as
Ba;MgOsO, and Ba;Zn0OsOg, conclusive evidence of multi-
polar order in these 54> oxide DPs is lacking.

In this backdrop, vacancy-ordered DPs in which the sec-
ond B’ site is vacant, resulting in isolated BX¢ octahedra
bound electrostatically by A site cations, appear to be an
ideal platform to investigate unconventional forms of mag-
netism. Vacancy-ordered DPs with the K, PtClg structure type
were discovered way back in 1834 [28-30]. In recent times,
vacancy-ordered DPs with a monovalent cation at the A site
and a halide anion at the X site along with transition metal
ions at the B site have been synthesized [31]. These halide
DPs can also incorporate organic ligands and are of potential
interest as photovoltaics [28]. The creation of a vacant site at
B’ as well as the introduction of a halogen instead of oxygen
leads to the expansion of the lattice parameter by ~20%—25%.
One would then expect these compounds to be as close to the
atomic limit as possible for a crystalline system. Transition-
metal-based vacancy-ordered DPs may thus be thought of
as model narrow-bandwidth systems to study exotic prop-
erties arising from strong correlation and atomic SOC. The
vacancy-ordered DPs with Os** or Ir** ions at the B site tend
to support this conjecture [32,33]. In addition to d* and d°
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FIG. 1. (a) Structure of Cs,WClg vacancy-ordered double-perovskite halide in the F m3m (225) cubic space group. (b) Distribution
of lattice parameters of double-perovskite oxides (top) and vacancy-ordered double-perovskite chlorides (bottom) showing the significant
lattice expansion in the latter class of compounds. For fair comparison only double-perovskite oxides with space group Fm3m are

included.

compounds based on late transition metals, vacancy-ordered
DPs with early transition metals like W, Mo, and Ta have
also been reported, which makes compounds with d' and d>
filling also accessible for investigation [34—-36]. Compounds
with d filling with the possible formation of a J = 2 moment
are special since they are isomorphic to a d-orbital state with
angular momentum L = 2.

DPs such as Cs;WClg which have been synthesized
through the solid-state route [37] and hydrothermal synthesis
[38] have been reported to show differing colors, suggesting
that its properties show strong sample dependence and de-
pendence on the synthesis method. A recent report claimed
to have synthesized phase pure Cs;WClg under anaerobic
and anhydrous conditions [39]. Remarkably, the magnetic
characterization of this compound revealed peculiar temper-
ature dependence of its magnetic susceptibility, at odds with
the well-known Kotani model [40]. In this study, we focus
on Cs;WClg, with 5d? filling on W, and show that such
vacancy-ordered DPs are ideal candidates to host multipolar
magnetism, with the unusual nature of magnetic susceptibility
arising from non-Kramers doublets on W. We make predic-
tions for future experiments to verify our conclusions.

II. CRYSTAL STRUCTURE

Vacancy-ordered halide DP Cs, WClg crystallizes in a fcc
crystal structure [39] with space group F m3m (225). Cs and
W occupy the high-symmetry 8c and 4a Wyckoff positions
with coordinates (0.25, 0.25, 0.25) and (0, 0, 0), while Cl
atoms sit at 24e Wyckoff positions with (x, 0, 0) coordinates,
with x being a free parameter. Each W atom is surrounded by
Cl atoms in perfect octahedra, and Cs atoms reside in the hol-
low between the [WClg] octahedra, with 12-fold coordination
of Cl atoms, as shown in Fig. 1(a).

Full geometry optimization, with fixed crystal symmetry,
shows the important role of the exchange-correlation func-
tional in density functional theory (DFT). With the choice

of the Perdew-Burke-Ernzerhof (PBE) and PBEsol (PBE
solid) exchange-correlation functionals, the optimized vol-
ume is found to show a deviation of ~9.5% and ~1% from
the experimentally measured volume, respectively, indicat-
ing the superiority of PBEsol over PBE. In subsequent DFT
calculations, we thus used the PBEsol exchange-correlation
functional. For DFT computational details see the Appendix.
The W-CI bond length in optimized geometry turned out to
be 2.377 A, in comparison to W-O bond length of 1.955 Ain
SrpCrWOg. The optimized lattice parameter turned out to be
10.32 A, which is significantly larger than that of Sr,CrWOg
(7.8200 A) [41]. In this context, it is interesting to note that
the generally studied oxide DPs have substantially smaller
lattice parameters compared to those of chlorides due to the
smaller ionic radius of the O atom. This is evident in Fig. 1(b),
where the distribution of the lattice parameters of known ox-
ide DPs and vacancy-ordered chloride DPs, both having space
group symmetry Fm3m, is plotted. While the lattice parameter
values for oxides lie in the range 7.8-8.8 A, the correspond-
ing values for vacancy-ordered chloride DPs lie in the range
9.6-10.6 A.

III. ELECTRONIC STRUCTURE

For first-principles modeling of the compound, it is
appropriate to use non-spin-polarized electronic structure,
with magnetism being described at a model level, in-
cluding spin-orbit coupling and electron correlation. This
is expected to capture the multiplet physics and possi-
ble formation of a J =2 moment with a vanishing dipole
moment.

Figure 2 shows the non-spin-polarized band structure and
the corresponding orbital projected density of states in the
wide energy range of —0.5 to 4 eV around the Fermi energy
Er. The W d states are crystal field split into triply degenerate
I, (xy, yz, zx) and doubly degenerate e, (322-r2, x>-y?) states
in the octahedral crystal field of Cl atoms. With d? occupancy
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FIG. 2. Left: Non-spin-polarized band structure (solid black
lines) together with the tight-binding bands (dashed red lines) plotted
along the high-symmetry path of the Brillouin zone. The inset shows
the t,,-¢, crystal field splitting. Right: The density of states projected
on W d (solid black lines) and Cl p (green shading) states. The inset
shows the 1, (x*-y?) and e, (xy) Wannier functions, with lobes with
different signs colored differently.

of W**, the Fermi level is crossed by 1, states admixed with
Cl p due to finite W-CI hybridization. The Cl p-dominated
states lie far below Er, outside the range of the plot. W 1,,
bands are found to possess a very narrow bandwidth of ~1 eV,
compared with the W bandwidth of ~2 eV in Sr,CrWOg [42].

Starting from this DFT electronic structure, we obtain
the W d-only model through Nth-orbital muffin-tin orbital
(NMTO) downfolding [43], in which all degrees of freedom
other than W d are downfolded. The real-space representation
of this Hamiltonian in the Wannier basis of W d provides in-
formation on the on-site matrix and thus the #,,-¢, crystal field
splitting and on the W-W hopping integrals. The #,, (xy) and
e, (x*-y?) W Wannier functions constructed through NMTO
downfolding is shown in the inset of Fig. 2. While the central
parts of the Wannier functions are shaped according to the
respective symmetries of the W d orbitals, the tails residing
in the Cl atoms are shaped like p, showing the formation
of W-Cl 7 and o bonding for #,, and e, Wannier functions,
respectively.

The 1,-e, crystal field V¢ splitting turned out to be
~3.0 eV, significantly smaller than that found for correspond-
ing 5d transition metal oxides, which is about 5 eV [12],
arising from the significantly smaller W-CI bond length vis-a-
vis that in oxides. The resultant smaller value of V¢ can further
enhance the role of #,,-¢, interactions in determining the low-
energy physics, as discussed in Sec IV. The narrow bandwidth
of W d suffices for the nearest-neighbor (NN) tight-binding W
d-only Hamiltonian to faithfully represent the full DFT elec-
tronic structure, as shown in Fig. 2 by superimposing the NN
tight-binding bands (red) on the full band structure (black).
Table I lists the hopping matrix, obtained with the NMTO
downfolding calculation, between two nearest-neighbor W
atoms with a connecting vector (0.5, 0.5, 0) in the xy plane.
With cubic symmetry, the corresponding matrices in the other
planes can be obtained via C; transformations about the
[111] axis.

TABLE I. Hopping matrix, obtained with the NMTO downfold-
ing calculation, between two nearest-neighbor W atoms with the
connecting vector (0.5, 0.5, 0). All the energies are in eV.

Orbital Xy Xz vz 22 x2-y?
Xy —0.0458 0.0 0.0 —0.0223 0.0
Xz 0.0 0.0109 0.0111 0.0 0.0
vz 0.0 0.0111 0.0109 0.0 0.0
z —0.0233 0.0 0.0 —0.0337 0.0
x2-y? 0.0 0.0 0.0 0.0 0.1089

IV. PSEUDOSPIN HAMILTONIAN

Armed with this DFT input, we next solve the many-body
spin-orbit entangled W d Hamiltonian in terms of its multiplet
structure and pseudospin representation.

A. Single-site model

The local single-site Hamiltonian for the d? configuration
which incorporates the interplay of crystal electric field (CEF)
splitting, atomic SOC, and interactions is given by

Hyoc = Hcgr + Hsoc + Hing, ()

where Hcgr is the octahedral f,,-e, splitting, Hsoc cap-
tures the atomic SOC, and Hj,; encapsulates electron-electron
interactions.

We work in the orbital basis, labeling the ,, orbitals by
£ = {1, 2, 3} and e, orbitals by £ = 4, 5. The octahedral CEF
term is then given by

Hcer = Vet Z ZW,S, 2

(=45 s

where s =7, |, is the spin. V¢ captures the on-site difference
between e, and 1,, arising due to the larger ligand repulsion of
e, levels compared to #5,.

The SOC term is
Hsoc——ZZ (L) - (slols) clepys  (3)
L0 5,8

where o is the vector of Pauli matrices and L are the d-orbital
angular momentum matrices. The Kanamori interaction is
given by

J,
Hy =U ZWM(&H‘(U - 7H> Znenz' 4)
4

>0

—Jy ZS( -S¢ +Jy ZCZTczicf’lC[T’
oy )

where U and U’ are the intraorbital and interorbital Hubbard
interactions, respectively, and Jy is Hund’s coupling. S, =
1/ 2)czycrs,s/ ¢, denotes the spin operator for orbital ¢, while
the number operator n, = ng4 + ng, counts the total number
of electrons in orbital £. Assuming spherical symmetry of the
Coulomb interaction, U’ = U — 2Jy [44].
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FIG. 3. Schematic diagram of the J = 2 multiplet weakly split
into a non-Kramers doublet and gapped magnetic triplet. The weak
splitting A is induced by #,,-¢, interactions which can be captured by
a Stevens operator (see text).

Diagonalizing Hy,., we find a low-energy manifold with
five states. These five low-energy states form part of a J = 2
total angular momentum manifold, which is weakly split in
the octahedral environment: a ground state non-Kramers dou-
blet and an excited triplet which is split from the doublet by
a small energy gap A ~ A%Jy /Vis [23]. This is schematically
depicted in Fig. 3. The next set of excited levels, J = 0 and
J =1, is split by a large energy gap ~A; we ignore these
high-energy states for discussing the spin susceptibility and
entropy at moderate temperatures. In the limit of f,,-e, crystal
field splitting V¢ — oo, the gap A — 0, and the two-electron
ground state of Hj,. is a fivefold-degenerate J = 2 multiplet
obtained from spin-orbit coupling of L.z = 1 and Seir = 1 of
two electrons in the #,, orbital.

We fix the parameters A=0.35eV, U =2.5eV, and Jy =
0.25eV. It is worth mentioning at this point that, while
the general picture of a J =2 ground state multiplet that
splits into a low-energy non-Kramers doublet and an ex-
cited triplet is a robust qualitative result independent of the
precise choice A and Jy, the quantitative value of the triplet-
doublet splitting does depend on A and Jy. In the absence
of precise and accurate estimates, we use the values ob-
tained from the fit of experimental data like resonant inelastic
x-ray scattering (RIXS). At this point, we have not found
RIXS data for Cs; WClg since this is a relatively newly syn-
thesized compound. We have thus referred to the closely
related vacancy-ordered halide double perovskite K,OsClg.
Our choice of A and Jy reproduces the peaks seen in RIXS
measurements on K,OsClg up to a scale ~1.2eV [45]. 1
and Jy, being atomic properties, are expected to be similar
between two 5d transition-metal-based compounds. Our ex-
pectation is further supported by the fact that A and Jy in
K,0sClg are found to be similar to those of oxide double
perovskites based on 5d transition metals [12,46]. Using our
ab initio estimate of Vi &~ 3.0eV, a single-site exact diago-
nalization yields A &~ 7 meV. However, the single-site model,
as used in the present study, is an effective model only for
the low-energy physics of the WClg octahedra with seven
sites. Thus, the DFT-estimated V¢ can get renormalized in the
context of the single-site model [45], and it may be considered
a tuning parameter. Decreasing Vs = 1.7eV, for example,
increases the low-energy doublet-triplet splitting of the J = 2
multiplet to A &~ 15meV while leaving the rest of the spec-
trum up to ~1.2 eV nearly unchanged. Indeed, the correct

thing to do at low energy is to write an effective Hamiltonian
for the / = 2 multiplet in terms of Stevens operators [47], with

A
Hs = ——— (0 + 504), 5
S 120( 40 + 5044) Q)

O = 35 —[30J(J + 1) — 2517 + 3J°(J + 1)*
—6J(J + 1), (6)
Ou = LU +U%), ™

which splits the J = 2 multiplet, leading to the doublet-triplet
gap A [23,25]. In this spirit, in the following, we will use
A as a fitting parameter to explore the consequences for the
spin susceptibility and entropy. We would further like to add
that the overestimation of Vs by DFT is a well-known feature
which arises due to the neglect of d-p Coulomb interaction
between the transition metal and the ligand, affecting the d-p
charge transfer energy and thus influencing V¢ in the metal-
only model. This issue has been studied using dynamical
mean-field theory in the context of high-T, cuprates [48].

In terms of J, eigenstates, the wave functions of the
pseudospin-1/2 non-Kramers doublet ground state are given
by (see Fig. 3) [49]

1
—=(12) +1-2)),

[Vgr) = NG [Vg.y) = 10), ®)
while the excited state triplet wave functions are given by
1
[Wex1) =1 1), |Yeo) = E(IZ) —1=2). ©))

B. Spin susceptibility and effective moment: Breakdown
of the Kotani result

Using these wave functions and the energy gap A, the spin
susceptibility can be computed as

8 2 _ 8)o—A/T]
+ e
x(T) = (gup)’| & 2(:. 3eAA)/T (10
We define u2(T) = g%X(T)T, which leads to
(8 4 (2 _ 8),—A/T]]
+ ( )e
ugff(T) = upT| > ) _T_ 3e—AA/T (1D

To make a comparison with the published experimental data
[39], we plot this in units of 3, setting yesr = et/ ip, SO that
8 4 (2 _ 8),AT
+ e
yéffm:T[A ) ] (12)

2 4 3¢ AT

We note that our result in Eq. (12) is valid for only 7/} < 1
since we do not account for higher spin-orbit levels which are
split off by scales comparable to A. These high-energy states
will give rise to a background Van Vleck contribution [40,50].
We can account for such a constant background susceptibility
via a phenomenological additional constant v, which leads to

8 (2o 8T

2 _ A N
Yar(T) = T[ 24 3¢ AT

:| +oT. (13)
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FIG. 4. Comparison of experimental and calculated temperature
dependence of the effective magnetic moment fer in units of wp
for Cs,WClg. The black solid circles represent experimental data,
while the blue, red, and green curves are obtained using Eq. (13) for
different values of A and « as indicated.

We will use this functional form to fit the experimental data,
assuming that single-site physics dominates, with A and o
being treated as fit parameters. We ignore residual impurity
effects arising from traces of O in place of Cl [39] which might
lead to an additional Curie contribution to x (7') at the lowest
temperatures.

Figure 4 shows the effective magnetic moment (in units of
wup) corresponding to various values of A and «, plotted as
a function of temperature, in comparison to the experimen-
tal data [39]. In all cases, we find that the low-temperature
moment drops to zero, consistent with the experimental trend
and at odds with the Kotani result [39,40]. To choose A and
«, we first used A = 7meV, obtained on the basis of our ab
initio estimate of V. with ¢ = 0, which ignores all higher-
energy levels split off by a scale ~A as well as the possible
contribution of impurities. To explain the linear slope at higher
temperatures, we find it is important to include the Van Vleck
contribution, given by a nonzero value of «. We show the case
with A =7meV and a = 1.8 x 1073 K~! as an example,
where A is still constrained. The best fit to experimental data
is obtained using A = 15meV and & = 2.6 x 107> K~!. The
computed data capture the measured temperature variation
over almost the entire temperature range. We note that, up to
some factors, the scale of @ is O(1/1).

C. Single-site entropy

In the low-energy limit, the single-site entropy from the
non-Kramers and gapped triplet is given by

S 3(A/T)
kg~ 3+ 2eAT

This exhibits a plateau at S = kzpIn2 for T < A/4. To esti-
mate values for Cs; WClg, if we set A ~ 15meV, which fits
the effective moment data reasonably well, as shown above,
this entropy plateau should occur for 7 < 40 K. This entropy
will get quenched at low temperature once the non-Kramers
doublets develop intersite correlations and form a long-range
ordered state. We next estimate these intersite interactions
between the non-Kramers doublets.

+1n(2 + 3¢ 2/, (14)
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FIG. 5. Classical Monte Carlo simulation results for (a) the spe-
cific heat per spin C as a function of temperature showing a phase
transition at 7. &~ 5.5 K and (b) the ferro-octupolar order parameter
(s”) as a function of temperature, showing its onset for 7' < T..
Simulations are for the model Hamiltonian Hyy, with parameters
given in the text, and system sizes N = 6%, 123 spins.

D. Pseudospin interactions and multipolar order

We define the pseudospin-1/2 operators which act on the
non-Kramers doublet in terms of the J = 2 angular momen-
tum operators as

s* = (J2-J2) /43, (15)
s = I, J./23/3, (16)
s° = [302-J( + D]/12, (17)

with the overline denoting symmetrization. On symmetry
grounds, the most general pseudospin-1/2 exchange Hamil-
tonian for nearest neighbors is given by

Hypin = Z[K)slv 55+ (K cos’ i+ K sin’ ¢ )s} s’
(i.))
+(K, — K;) sin ¢;; cos ¢;; (sfsj + sfs)j‘)
+ (K, sin® ¢ + K. cos” ;)sis5], (18)

where ¢;; = {0, 27 /3, 4m /3} correspond to nearest neigh-
bors (i, j) in the {xy, yz,zx} planes. Here, K, and K, are
quadrupolar couplings, K, is the octupolar coupling, and
the spin operators (s*,s”,s%) act within the non-Kramers
doublet space [24,25,27,51]. Using the single-site Hamilto-
nian and hopping matrices from our ab initio calculations,
with Hubbard U = 2.5¢eV in the Kanamori interaction, we
employ an exact Schrieffer-Wolff method to extract the
two-site exchange couplings [24]; we find (K., K|, K;) ~
(—0.04, —0.56, 0.24) meV. We note that the largest exchange
interactions are of order 0.5 meV, which is < A. The dom-
inant ferro-octupolar exchange K, suggests that the ground
state of Cs, WClg should have ferro-octupolar order.

Figure 5 shows results from the classical Monte Carlo
simulations of Hgpy, treating the pseudospin-1/2 operators
as classical vectors (of length =1/2) with anisotropic and
bond-dependent interactions; we used 4 X 104 sweeps for
equilibration and measurements on system sizes with N = 63
and N = 123 spins. The specific heat peak in Fig. 5(a) signals
a phase transition at 7. ~ 5.5 K, and from Fig. 5(b) we find
the development of ferro-octupolar order for T < T.. In ex-
periments, 7, may be somewhat suppressed by the effects of
quantum fluctuations and possible weak disorder.

184416-5



PRADHAN, PARAMEKANTI, AND SAHA-DASGUPTA

PHYSICAL REVIEW B 109, 184416 (2024)

V. SUMMARY AND DISCUSSION

Vacancy-ordered halide DPs having 4d or 5d transition
metals at the B site are a unique class of compounds in
which a small bandwidth and strong SOC can lead to inter-
esting physics. Understanding the local physics of this class
of materials is the first step in exploring the wide range of
phenomena which might be realized in future experiments.
Taking this first step, we showed that the d? DPs in this
category can realize multipolar magnetism. In particular, the
low-energy physics of these materials may be described in
terms of a non-Kramers doublet split off from a gapped mag-
netic triplet. At the single-site level, this explains the puzzling
strong deviation from the Kotani plot, as found in a recent
experiment [39]. We found that there are weak interactions
between the non-Kramers doublets which stem from the very
flat bands and weak intersite hopping found in our ab initio
calculations. Such intersite interactions, which we computed,
are expected to lead to long-range ferro-octupolar order with
T. ~ 5.5 K. The existence of non-Kramers doublets and their
consequences for magnetism were previously proposed and
partially explored in 5d2 osmate DPs such as Ba,MgOsO; and
Ba;Zn0s0g, but there is no conclusive evidence for this yet
[21-25,27]. Our findings for Cs; WClg thus take an important
step forward by expanding the set of candidate 5d quan-
tum materials which may exhibit unconventional multipolar
magnetism.

Recently, we came across a preprint by Li ez al. [52] which
explores these halide DP compounds using a combination
of DFT, exact diagonalization, and cluster diagonalization.
At the single-site level, their theory for Cs;WClg leads to
results which are largely in agreement with the Kotani plot
and at odds with our results. We attribute this to the fact that
the original work by Kotani [40] and the work by Li et al.
[52] consider a f,,-only model, completely ignoring the effect
of e, orbitals, while we show that taking into account the
effect of the e, orbitals either via microscopics or via effec-
tive Stevens operators is important in splitting the fivefold
J = 2 multiplet and thereby stabilizing a non-Kramers dou-
blet as a ground state. It should be noted that due to the sub-
stantially larger metal-ligand bond length in vacancy-ordered
halides in comparison to oxides, the crystal field splitting is
generally smaller than that in commonly considered oxides,
which might be further renormalized to smaller values within
an effective single-site metal-only model. Such renormaliza-
tion of high-energy parameters in single-site models versus a
full octahedral cluster was also noted for modeling RIXS in
K,0sClg [45].

The implications of this difference are quite important. For
instance, the paper by Li et al. [52] found effective moments
WUest(T) which are in agreement with experiments only when
they studied a two-site model. However, such a two-site clus-
ter kills the magnetic moment by forming a nearest-neighbor
singlet. It is unclear whether this picture of valence bond sin-
glet formation is the appropriate description of magnetism on
the full lattice. In our work, by contrast, the effective moment
vanishes due to the formation of a single-site non-Kramers
doublet which has no magnetic dipole moment degrees of
freedom. Furthermore, our computed exchange interactions

show that this material might host ferro-octupolar order on
the fcc lattice rather than the Li ef al. [52] proposed sce-
nario of singlets formed from J = 2 moments on neighboring
sites.

Turning to concrete proposals which can serve to exper-
imentally distinguish our proposal from the proposal of Li
et al. [52], we suggest specific heat and inelastic neutron scat-
tering measurements. The proposed ferro-octupolar transition
temperature is 7. ~ 5.5 K, which, however, may be somewhat
suppressed by disorder and quantum fluctuations. In light
of this, low-temperature measurements like specific heat and
muon spin resonance measurements [23,53—-57] may be able
to explore this hidden phase, although further probes would
be needed to distinguish such a transition from ordinary mag-
netic order. Inelastic neutron scattering measurements [21]
could be used to detect a spin gap ~A in the intermediate-
temperature regime 7. < T < A, which would bolster the
case for our scenario and also serve to extract A. We expect
that the magnetic entropy per spin will show a plateau S ~
kg In2 at intermediate temperatures in the window T, < T <
A /4, where the uncorrelated non-Kramers doublet physics is
expected to survive. Finally, ¥CI, ¥’Cl, and '**Cs NMR mea-
surements could potentially be used to look for more detailed
local signatures of magnetism at low temperatures, as was
done using 23Na in certain oxide-based DPs [15,16,26,27].
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APPENDIX: COMPUTATIONAL DETAILS

The first-principles DFT calculations were performed
using the projector augmented-wave [58] pseudopotential
method in the plane wave basis, as implemented within
the Vienna Ab-initio Simulation Package (VASP) [59]. We
considered the exchange-correlation functionals within the
generalized gradient approximation (GGA) of PBE [60] and
PBEsol [61]. A plane wave energy cutoff of 600 eV and Bril-
louin zone sampling with 8 x 8 x 8 Monkhorst-Pack grids
were found to be sufficient for the convergence of energies
and forces. For structural relaxations, ions were allowed to
move until atomic forces became less than 0.0001 eV /A°.

For the extraction of a few-band tight-binding Hamiltonian
out of a full GGA calculation which can be used as the input
to the many-body Hamiltonian, Nth-orbital muffin-tin orbital
(NMTO) downfolding calculations were carried out [43]. The
consistency of results obtained in the plane wave and linear
muffin-tin orbital (LMTO) bases was cross-checked in terms
of the density of states and band structures. Starting from
a full DFT calculation, the method arrives at a few-orbital
Hamiltonian in an energy-selected, effective Wannier function
basis by integrating out the degrees of freedom that are not of
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interest. The NMTO technique, which is not yet available in
its self-consistent form, relies on the self-consistent poten-
tial parameters obtained out from LMTO calculations [62].

The obtained tight-binding parameters were found to be in
good agreement with maximally localized Wannier function
calculations [63].
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