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In a cubic environment, the ground state of spin-orbit coupled 54 ions is a non-Kramers E, doublet, which
hosts quadrupole and octupole moments. A series of 54> osmium double perovskites Ba,MOsQg (M = Mg,
Ca, Zn, Cd) have recently been proposed to exhibit multipolar orders. We investigate the structural properties
of these materials using ab initio calculations and find that the cubic structure is unstable for the Cd compound
while the Mg, Ca, and Zn materials retain Fm3m symmetry. We show that Ba,CdOsOg favors a rhombohedral

R3 structure characterized by a~a~a~ octahedral tiltings as indicated by unstable 7;, phonon modes. Trigonal
distortions split the excited T, triplet into an E; doublet and an A, singlet, which may cross energy levels with
the E, doublet and suppress the multipolar physics. We find a window where E, remains the lowest energy state
under trigonal distortion, enabling the emergence of multipole phases in noncubic crystal environments.

DOLI: 10.1103/PhysRevB.108.045149

I. INTRODUCTION

Strongly correlated materials feature many distinct phases
often classified by different order parameters associated with
their broken symmetries. A textbook example is the magnetic
order described by various arrangements of magnetic dipole
moments. The magnetic order parameter can be probed using
several experimental techniques such as neutron scattering,
and its onset would accompany thermodynamic phase tran-
sitions. Under certain conditions, the dipole moment is absent
yet higher-rank moments may transition into an ordered state.
However, due to their multipolar nature, they can be “hidden”
from some experimental probes [1]. A physical framework
encompassing these cases motivates studying the ordering
mechanisms of states with nontrivial multipolar moments.

The f-electron systems have been a natural platform to
explore multipolar physics, as the rare-earth ions carry total
angular momentum J via strong spin-orbit coupling (SOC)
[2,3]. Examples include the 4 f2 Pr materials where the Pr3*
ions carry a J = 4 multiplet [4-9]. The ninefold degeneracy
is lifted by octahedral or tetrahedral crystal electric fields
(CEFs) and yields a doublet where the Kramers degeneracy
does not apply due to the even number of electrons. The
resulting non-Kramers doublet lacks a dipole moment yet
carries quadrupole and octupole moments. A Landau theory
for Pr’* 1-2-20 materials has been developed in recent years
[10-13] and it suggests that the hidden octupole moment can
be revealed within magnetoelastic experiments by applying a
[111] magnetic field [14].

The situation in d-electron systems is more subtle. In the
3d Mott insulators, the light magnetic ions carry a much
weaker SOC so that the orbital angular momentum is often
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quenched by CEFs. In the case where the orbital degrees
of freedom may yet fluctuate, such as for one hole or one
electron in e, states (e.g., 3d° or low-spin 3d’, respectively),
then orbital ordering is usually found via the Kugel-Khomskii
mechanism [15]. The resulting orbital ordering is equivalent
to a motif of charge quadrupoles and can be accompanied by
a structural transition via the cooperative Jahn-Teller effect
[16]. The ordering of higher multipoles, including octupolar
moments, is difficult to achieve in the lighter transition metals.

However, higher-rank multipoles may be relevant in the
heavier transition metal compounds such as the 5d4' and
5d? double perovskites (DPs) A;BB'Og [17]. The combina-
tion of strong SOC, large separation between magnetic B'Og
octahedra, and high cubic symmetry satisfies the necessary
preconditions for local multipolar physics [17-23]. A promis-
ing platform for octupolar ordering lies within the 54> DPs,
where the magnetic B’ ion features a J =2 SOC multiplet
that is split into a low-lying non-Kramers doublet (£,) and an
excited triplet (75,) via orbital f,,-e, mixing [24,25]. Similar to
the 4f 2 case, the non-Kramers E, doublet carries multipolar
moments with interactions obtained by projecting d orbital
hopping channels onto the E, doublet to form an effective
pseudospin-1/2 model. These include compass quadrupole
and Ising octupole interactions [26] where the strength (and
sign) of these terms depends on the details of each material
under consideration [27].

The 542 barium osmate DPs with Ba,MOsOg and M €
{Mg, Ca, Zn, Cd} have been proposed as a series of com-
pounds which features multipolar orderings [28—31]. These
materials exhibit at most a single transition at temperature
T* that does not coincide with a reduction of cubic sym-
metry. Various candidates for the ordering observed in these
materials include antiferro-quadrupolar [26], ferri-octupolar
[32], and ferro-octupolar [27,33-35]. The octupolar order
hypothesis is favored for the Mg, Ca, and Zn compounds,
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FIG. 1. (a) Os®* ions (yellow) enclosed in oxygen octahedral
cages (gray) arranged in the fcc structure. The crystallographic xyz
coordinate system is shown along with fcc nearest-neighbor bonds of
type x (green), y (blue), and z (red). The MOgq octahedra and BaO,,
cuboctahedra are not shown. (b) The single-ion level scheme for 5d°
electrons in an octahedral CEF, where the low-lying E, doublet is
separated from the excited 75, triplet by a residual CEF splitting
A ~ 10 meV. The corresponding E, and T, states are shown, with
regions of red and blue denoting nonzero spin density. [Reproduced
from Fig. 1(b) in Ref. [36].]

as the ordering at 7* ~ 30-50 K coincides with the onset
of muon-spin relaxation (uSR) oscillations, signaling a loss
of time-reversal symmetry [29,30]. On the other hand, the
Cd compound does not feature thermodynamic anomalies or
SR oscillations down to T* = 0.47 K [30], and its low-
temperature structural properties are yet to be determined
by the high-resolution synchrotron x-ray diffraction as in
Ref. [31]. Thus, a set of questions arise naturally which we
aim to resolve in this work: Is the cubic structure of the 54
Os DPs Ba;MOsOgq stable at low temperatures, and if not,
what is the fate of the multipolar physics in the low-symmetry
environment?

The paper is organized as follows. In Sec. II we briefly
review how the E, doublet arises out of the J =2 states
and discuss challenges in identifying the crystal structure in
some 5d DPs. In Sec. III we investigate the phonon spectrum
of each compound using ab initio density functional theory
(DFT) simulations, and find that the Cd compound favors a
rhombohedral structure characterized by a set of octahedral
tiltings. In Sec. IV we evaluate how the E; and 75, states
are modified in the rhombohedral structure where each OsOg
octahedron is trigonally compressed along the [111] direction.
We conclude with a summary of our findings and their impli-
cations, as well as avenues of future work.

IL E, AND T, STATES IN 542> OSMIUM
DOUBLE PEROVSKITES

The 5d? Os DPs Ba,MOsOg form a rocksalt pattern of
alternating M Og and OsQOg corner-sharing octahedra that en-
close Ba®* ions. The Os®" ions carry the relevant magnetic
degrees of freedom and form an fcc lattice [see Fig. 1(a)].
The octahedral CEF lifts the electronic d orbital degeneracy
into irreps of the octahedral group Oy, as I'j—> = t, @ €, with
the low-lying t,, triplet separated from the excited e, doublet
by energy gap 10Dg. The two f,, electrons form a high-spin
configuration with § = L = 1 via Hund’s rules.

The strong SOC —|A|L - S of the 5d ions with |A| < 10Dg
favors a total J = 2 multiplet with magnetic moment M =
—L +2S = J/2 with magnitude ~1.25up [17]. However,

heat capacity, ©SR, and inelastic neutron scattering exper-
iments find a low-lying doublet separated from excitations
by a gap of A ~ 10 meV with a small magnetic moment of
O(0.1up), in apparent contradiction with the J = 2 picture
[30,31]. Some mechanisms for a residual CEF that generates
a low-lying E, doublet and an excited T3, triplet as shown in
Fig. 1(b) have been proposed to lift the J = 2 degeneracy,
including f,,-e, mixing via SOC and Hund’s coupling, or
nonspherical Coulomb interactions in a #;,-only model [24].
Defining |m) = |J = 2;J° = m) wherem € {2, 1,0, —1, -2},
the E, and T, states in the cubic harmonic basis are lin-
ear combinations of the states shown in Fig. 1(b), and are
given by

1 i
=—(]-2 2)), T.) = —(|-1 1)),
1) ﬁ(l y+12), T ﬁ(l ) +11)
1
=|0), T,) = —(|—1) — |1)),
) =10) |7) ﬁ(l ) — 1)
i
T,) = —(-2) —|2)). 1
IT;) ﬁ(l y—=12). @)

The E, doublet is of non-Kramers type and has vanishing
dipole moments <7328J7DE¥> = 0 where Pg, = Zwe{m} |w){w]
projects onto the E, states. Three higher-rank multipoles
retain a finite moment: The quadrupole operators Q. =
%(3‘]12 —J?) and Qp_yp = sz —Jf, and the octupole op-

erator Ty,, = @.I,(JyjZ where the overline symbol denotes
symmetrization [2]. These multipolar operators have the
same matrix elements as the Pauli matrices within the E,
doublet and can be considered as effective pseudospin-1/2
operators. Microscopic models of the E, doublets fea-
ture a variety of multipolar-ordered ground states including
antiferro-quadrupolar (AF Q) and ferro-octupolar (FO) orders
[26,27,32-35]. The lack of an observed structural transition
for the Mg, Ca, and Zn compounds seems to imply that AFQ
is unlikely to be the low-temperature phase. On the other hand,
the predicted antiferro-distortions tend to generate tiny struc-
tural deformations which can be missed in some diffraction
experiments.

For example, consider the 5d I pp Ba,MgReO, [37,38]
which features a joy = 3/2 pseudospin on each Re®* ion and
two thermodynamic anomalies at temperatures 7, > T,, where
T, = 33 K (T, = 18 K) corresponds to the onset of quadrupo-
lar (dipolar) order [39—42]. In Ref. [39] the £ SR data suggests
that there are two inequivalent oxygen sites which hints at
an underlying tetragonal distortion, yet no such effect is de-
tected via neutron diffraction. On the other hand, a very small
cubic-to-tetragonal distortion below 7, was detected using
the high-resolution synchrotron x-ray diffraction on a sample
with high crystallinity, and is predominantly associated with
the ordering of alternating Q,>_,» quadrupoles near 7T, [41].
This highlights the challenges faced in the accurate structural
determination of DPs, especially the detection of quadrupolar-
induced antiferro-distortions in 54 materials [21,41]. It is also
worthwhile to note that in the case of CeBg (4f!) there is no
change in Bg positions despite the established AF quadrupole
order [43-45].

While the lack of a structural transition in the BayMOsOg
for the M = Mg, Ca, Zn compounds has been verified using

045149-2



FATE OF MULTIPOLAR PHYSICS IN 54> DOUBLE ...

PHYSICAL REVIEW B 108, 045149 (2023)

synchrotron x-ray diffraction [31], it is worthwhile to examine
the stability of the high-symmetry cubic structure. Note that
the non-Kramers doublet degeneracy is sensitive to general
structural deformation which may result in the loss of multipo-
lar physics. Furthermore, the situation regarding the M = Cd
material is not yet fully determined. In the next section we
investigate the phonon spectra of the four 54> Os DPs to
examine the stability of the cubic structure.

III. STRUCTURAL PROPERTIES OF 54* OSMIUM
DOUBLE PEROVSKITES

Early approaches to analyze perovskite structural proper-
ties include Goldschmidt’s tolerance factor, which is adapted
for DPs A, BB'Og as

_ (ra +ro)
\/E(m;rs’ + rO) ’

where r; is the radius of ion /; t = 1 would then correspond to
the high-symmetry cubic structure with space group symme-
try Fm3m (No. 225) for the rocksalt formation [see Fig. 2(a)]
[46,47]. Deviations from ¢ = 1 indicate a mismatch between
the size of the A and B/B’ ions, inducing structural distortions
that lower the crystal symmetry. The Ba,M OsOg materials we
consider fall into two doppelgédnger pairs since the radii of
the Mg?*/Zn?* (0.72/0.74 A) and Ca®*/Cd>* (1.00/0.95 A)
ions are roughly equivalent, resulting in tolerance factors of
Img,zn ~ 1.04 and tc, cq ~ 0.985 [48]. As a result, one may
expect the structural properties within each pair of doppel-
gingers to be equivalent.

We test this hypothesis by investigating the phonon dis-
persion of each material in its electronic ground state, which
can be calculated using DFT. We first perform a structural
optimization where the ions are relaxed from the initial Fm3m
structure. The fcc conventional unit cell has Os at represen-
tative Wyckoff position 4a = (0, 0,0), M at 4b = (%, % %),
Ba at 8¢ = (3, 1. 1), and O at 24e = (w, 0, 0), with w ~
0.23-0.24 depending on the choice of M. We relax the prim-
itive unit cell which has lattice constant a ~ 5.7-6.0 A and
contains one formula unit, i.e., ten atoms. Once the optimized
structure is obtained, we calculate the interatomic force con-
stants using density functional perturbation theory (DFPT)
[49,50], which, after Fourier interpolation, yields the dynam-
ical matrix at nonzero . Diagonalization of the dynamical
matrix then yields the dispersion w;(q) for a given phonon
branch s = 1, ..., 30. The computational details of this three-
step procedure are given in Appendix A.

The phonon dispersion for the Ca/Cd doppelgénger pair
in the Fm3m structure is shown in Fig. 2; the Mg/Zn pair
are given in Appendix A for completeness. We will use cal-
ligraphic font to distinguish phonon irreps from the states
in Eq. (1), i.e., the E, spin-orbital doublet vs the &£, phonon
mode. At the " point the 27 optical phonon modes decom-
pose into irreps of Oy as A, @ E D Tig D 272, ® 471, D
Tou [51]. The clearest difference among the Ca/Cd pair is
the 7i, mode which takes on an imaginary frequency at
the T' point for the Cd compound [see Fig. 2(d)]. This
occurs when the phonon spectrum is computed about an
unstable structural equilibrium [52]; in this case, our ab ini-
tio DFT analysis suggests that the ideal cubic structure of
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FIG. 2. (a) Ba,MOsOg in the ideal rocksalt structure with space
group Fm3m, where OsOg (light brown) and MOy (fuschia) corner-
sharing octahedra alternate in an fcc pattern surrounding Ba ions
(green). (b) First Brillouin zone of the fcc primitive reciprocal lattice
vectors along with points of high symmetry. Low-energy phonon
spectrum for (c) Ba,Ca0sOg and (d) Ba,CdOsOg in the Fm3m struc-
ture as calculated by the ab initio approach detailed in Appendix A;
the phonon irrep at the I point is indicated in gray. The k path tra-
versed is indicated in (b). The presence of unstable 7;, modes for the
cubic M = Cd material (dashed red) signals a structural distortion
instability induced by octahedral tilting at low temperatures.

Ba,CdOsOg with Fm3m symmetry is unstable and undergoes
a structural transition to a state with lower symmetry at low
temperatures.

The correct structure for Ba,CdOsOg is obtained by dis-
placing the atoms according to the three unstable eigenvectors
associated with the 7;, modes. This corresponds to fixing
the positions of the Ba, Cd, and Os atoms while rotating the
oxygen ions about the [111] direction. The resulting structure
is shown in Fig. 3(a) and consists of uniformly staggered
octahedral canting, i.e., a”a~a~ in Glazer notation with space
group R3 (No. 148) [53,54]. The tilting reduces the Cd-O-Os
bond angle to ¢ = 148.3° as shown in Fig. 3(a). While the
space group symmetry is lowered, the primitive unit cell still
contains one formula unit and maintains its shape; i.e., rhom-
bohedral with o = 60°. We repeat the ab initio analysis for
Ba;CdOsOg in the low-symmetry structure and find that all
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FIG. 3. (a) Crystal structure of the a"a~a~ distorted Ba,CdOsOg¢
with space group R3, where each OsOs octahedron undergoes a
uniform tilting in size and orientation. The Cd-O-Os angle is given by
Y = 148.3°. (b) First Brillouin zone of the rhombohedral primitive
reciprocal lattice vectors along with points of high symmetry; the
rhombohedral setting is used. (c¢) Low-energy phonon spectrum for
the crystal structure shown in (a) calculated by ab initio techniques.
The k path traversed is indicated in (b). The lack of imaginary phonon
frequencies indicates that the R3 structure is dynamically stable at
low temperatures for the M = Cd compound.

optical phonon modes carry nonzero frequency [see Fig. 3(c)],
indicating that the R3 structure is stable.

IV. E, AND T,, STATES UNDER TRIGONAL DISTORTION

In the previous section we argued that the stable structure
for Ba;CdOsOg has space group R3, which breaks most Oy,
point-group operations at each Os®" ion yet retains the Cs
symmetry about the [111] axis. This is compatible with trigo-
nal deformation of the OsOg octahedra; for Ba,CdOsOg we
find a compression of the OsOq cage along the [111] axis
(see Fig. 6 in Appendix B). In the trigonal environment the
I, orbital degeneracy is reducible into t, = a, ® eé irreps of
Se6. The E, non-Kramers doublet arising from J = 2 is not
protected by the time-reversal symmetry and may be sensitive
to the breaking of cubic crystalline symmetries. However, as
the trigonal distortion preserves C3 symmetry, the multipolar
physics of the E, doublet may yet survive if the excited 7>,
states (which decompose as T5; = A, @ E, in analogy with 75,
orbitals) do not cross energies with the E, doublet.

We investigate the fate of the multipolar physics by mod-
eling the trigonal CEF and using exact diagonalization (ED)
to solve for the single-ion spectrum of the electronic 5d°
configuration. The CEF Hamiltonian is given by

Hcgr(8) = 10Dg Y [E*/(8) ® Loo1d),dpsr,  (3)

ao;fo’

where d]  creates a single electron with spin o € {+, —}ind
orbital or, and 10Dg = 4 eV as is typical for the materials of
interest [27]. § is an angle parametrizing the degree of trigonal
distortion with § > 0 (§ < 0) corresponding to trigonal elon-
gation (compression) (see Fig. 6); the relaxed structure for
Ba;CdOsOg obtained in Sec. III has § = —2.87°, equivalent
to a reduction of Os-O bonds by ~2%. The orbital level
scheme is dictated by the 5x5 matrix E which we estimate
within the point-charge approximation in Appendix B. The
local physics is also governed by SOC

Hsoc =& Y 1/ s,01d},dpo, “)

wo;Bo’

where 1 and s are angular momentum operators of [ = 2
and s = 1/2, respectively, and & is the single-particle SOC
strength, and the Kanamori-Hubbard interactions

Hy,.=U Z Ny4+Ng— + U’ Z Ny Ng—
o a#p

+ (U/ _JH) Z Nao NBo

a<fB,o

—Ju Y (d} do-d_dgy +dj dp_dj dg.). (5)
a#p

where n,, = d;”dm,, Jy is Hund’s coupling strength, and
U (U =U —2Jy) is the intraorbital (interorbital) Hubbard
parameter. For a given § the local Hamiltonian Hiy + Hsoc +
Hcgr(8) can be diagonalized within the basis of (%)) = 45
possible d? states with 10Dg =4eV,U =2.5eV,&€ =04¢eV,
and finite Jy. At § = O the five lowest states are the £, doublet
and T, triplet and we choose Jy = 0.2U so that the E,-T5,
splitting is A ~ 10 meV. For our choice of U this corresponds
to Jy = 0.5 eV, which is a reasonable upper bound for the
Hund’s coupling in the 5d series [55]. The result for finite § is
given in Fig. 4; within the set of parameters considered the five
lowest eigenvalues are gapped from the rest of the spectrum.

Unlike the tetragonal case, trigonal distortions do not split
the non-Kramers E, doublet due to the presence of C3 sym-
metry, while the excited triplet decomposes as To, = A, @ E;.
The E,-E, doublets undergo level repulsion with the E; states
lower in energy for all §. On the other hand, the A, singlet
is the lowest eigenvalue at larger distortions, crossing the E,
doublet and suppressing the multipolar physics within. In the
case of elongation, A, is lower in energy than Eé and the
singlet crosses the E, doublet at a relatively small distortion
of 6 ~ 4-0.18°. The case of trigonal compression is more in-
teresting, as the E, doublet remains the state of lowest energy
until § ~ —2.1°.

The asymmetry between compression and elongation can
be traced back to filling the a, and e; single-electron orbital
states. Trigonal elongation lowers the ¢, doublet and the re-
sulting two-electron state has its orbital degrees of freedom
quenched. On the other hand, trigonal compression lowers
the a, singlet, and the two-electron state is predominantly
composed of (a) the filled singlet and (b) the state where both
a, and e; are singly occupied. Thus there is a competition
between the distortion and Hund’s coupling, with the latter
seeking to eliminate orbital fluctuations. This frustration man-
ifests itself in the relatively small energy difference between
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FIG. 4. ED calculation of the five lowest eigenvalues of H;y +
Hsoc + Hcgr(6) as 8 is varied with 10Dg =4 eV, U =2.5¢eV,Jy =
0.5eV,and £ =0.4eV.§ > 0 (§ < 0) corresponds to trigonal elon-
gation (compression). At § = 0 the T, triplet is separated by a gap of
A ~ 10 meV from the E, doublet (red) and splits into an A, singlet
(blue) and E; doublet (green). The shaded region corresponds to the
range of distortion where the E, doublet remains the lowest energy

level. The purple star corresponds to the distortion in Ba;CdOsOg of
8 = —2.85°

the E; and A, states when § < 0 (see Fig. 4), and is finally
resolved in the limit of strong distortions by stabilizing the
A, singlet. The trigonal compression in Ba;CdOsOg is given
by § = —2.85°, which is just beyond the A,-E, crossing.
This suggests that the multipolar physics in rhombohedral
Ba,CdOsOg is likely to be revealed in pressure-tuned experi-
ments by approaching the cubic limit.

V. SUMMARY AND DISCUSSION

In summary, we investigated the structural properties of
four 5d?> Os DPs Ba,MOsQg using an ab initio calculation
of the phonon spectrum. We found that while the M = Mg,
Zn, Ca compounds have a stable cubic structure with space
group Fm3m, the M = Cd material forms the rhombohedral
R3 structure at low temperatures. The transition to the low-
symmetry state is indicated by softening of the 77, phonon
modes which results in out-of-phase tilting of the oxygen
octahedra in each of three crystallographic directions, i.e.,
a~a~a~. The rhombohedral structure generally allows for
trigonal distortion of the OsOg octahedra, which modifies the
physics of the J = 2 states by splitting the excited 75, triplet
into an E; doublet and A, singlet. There exists a finite window
where the E, doublet is the lowest energy level, allowing for
the ordering of various multipolar orders. A strong enough
deformation stabilizes the A, singlet and suppresses the E,
doublet’s multipolar magnetism.

It is interesting to note that while rc, > rcq by only 0.05 A,
Ba;Ca0sO¢ remains cubic at low temperatures despite having
a lower tolerance factor than Ba;,CdOsOg. This is likely due
to the nonionic nature of DPs which cannot be accounted
for by the tolerance factor calculated from tabulated ionic
radii [21]. One likely explanation for the difference between
the Ca and Cd compounds is the number of d electrons

present on the M>* ion, i.e., d° and d'°, respectively. The
capacity for m bonding in Ba,CdOsOg favors the reduction
of the Cd-O-Os bond angles, while the lack of such for
Ba,Ca0sOg results in linear Ca-O-Os bonds [56-58]. While
Eq. (2) provides a good first approach to the classification
of perovskite structural properties, the fact that Ba,CaOsOg
and Ba,;CdOsOg form a doppelgénger pair but have different
low-temperature structures motivates the need to go beyond
the tolerance factor by considering each compound’s chemical
properties.

The presence of trigonal distortion allows for new in-
terorbital exchange pathways including xy-xz/yz hopping
(parametrized by #4 in Ref. [27]) for bonds parallel to the
xy plane. The parameters of the E, pseudospin-1/2 effective
model are modified in the weak hopping limit, and the de-
pendence on #4 in 5d%> DPs with small trigonal distortion is
an interesting subject left for future study. We find that the
distortion in Ba,CdOsOg is large enough to place the material
outside the region where the effective E, model is valid. Since
the singlet crosses the doublet and becomes the lowest state
separated by a small gap from the E,, the intersite exchange
interaction may become important in Ba,CdOsOg. While the
singlet itself has no moment, the intersite exchange interaction
may induce a magnetic moment.

Our first main conclusion is that Ba,CdOsOg should
feature a cubic-rhombohedral structural transition at low tem-
peratures. Investigation of this scenario can be determined
using high-resolution synchrotron x-ray diffraction, a reli-
able technique for detecting antiferro-distortions in 5d DPs
[31,41]. The cubic-rhombohedral structural transition has not
been considered in previous studies of the 5d? Ba,MOsOg
series yet is common in other DPs, for example the stron-
tium osmate Sr,CrOsQOg [59-61] and a series of strontium
antimony oxides SrpB”SbOg [62-64]. The structural prop-
erties of these materials have been explored using x-ray
and neutron powder diffraction measurements, and display
a series of structural transitions (monoclinic — rhombohe-
dral — cubic) as temperature is increased. In particular, the
R3 — Fm3m transition is observed to be of second order
as predicted by Landau theory [54] and corresponds to the
suppression of the cubic (642) peak below the ordering tem-
perature [62—65]. Similar observations in the low-temperature
phase of Ba,CdOsOg would serve as experimental evidence
for rhombohedral symmetry in this material. Another sig-
nature of the symmetry lowering would be the splitting of
triplet phonon modes 7,5, at the I' point into irreps of Sg as
Tig2e = Ay ® &,. InFig. 3(c) we see that the A,-E, splitting is
roughly 5 meV; such an energy difference can be resolved via
Raman scattering. Moreover, inelastic scattering experiments
can reveal signatures of strong vibronic coupling in the exci-
tation spectrum as recently demonstrated for K,IrClg [66]. In
this case, the spin-orbit-lattice entangled vibronic state does
not result in static structural distortions due to dynamic Jahn-
Teller considerations; we leave this scenario open for future
research and analysis. Our findings highlight the importance
of considering the interplay between crystal structure and
electronic states when exploring the magnetic properties of
5d spin-orbit coupled magnets.

The second main conclusion is that multipolar physics can
survive in 54 materials with trigonal distortions. The E,
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doublet does not split under trigonal distortions and there
exists a window of finite distortion where it remains the lowest
energy level, especially for the case of trigonal compressions.
This suggests that multipolar physics can be found in struc-
tures with lower symmetry such as R3. Interestingly, this
space group is common amongst several honeycomb com-
pounds including Crl; [67]. A recent proposal has suggested
that 5d honeycomb compounds could host exotic ordered and
disordered multipolar phases, including the Kitaev multipolar
liquid [36]. The identification of a 5d*> honeycomb material
with, e.g., R3 symmetry and small trigonal compression is an
excellent first step to the realization of the Kitaev multipolar
liquid and forms an interesting direction for future work.

Note added. Recently, we became aware of the study by
Voleti et al. [68] which also features the phonon dispersion
for the M = Ca material in the Fm3m structure. Our results
match those of Ref. [68] and include the M = Mg, Zn, Cd
materials in addition.
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APPENDIX A: AB INITIO CALCULATIONS AND PHONON
DISPERSIONS FOR M = Mg/Zn

The DFT calculations are performed using the Vienna
Ab initio Simulation Package (VASP) with the Perdew-Burke-
Ernzerhof exchange-correlation functional and cutoff energy
of 600 eV [69,70]. The crystal structures of all four materi-
als considered in this work are obtained from the Materials
project [71]. Structural relaxation of the primitive unit cell in
the initial Fm3m structure is performed using a I'-centered
8x8x8k mesh with maximum force/atom of 10~* eV/A.
In the ionic relaxation all degrees of freedom are varied in-
cluding ionic positions, cell shape, and cell volume; care is
taken to eliminate artifacts associated with the Pulay stress by
repeated re-relaxation of the intermediate ionic positions. We
then used VASP to calculate interatomic force constants using
DFPT simulations on a 2x2x2 supercell with a I'-centered
4x4x4 k mesh and an energy convergence threshold of
103 eV. The supercell contains 8 f.u. and has a (super)lattice
constant of roughly 12 A; a large supercell is chosen to
eliminate artifacts arising from long-range forces. Finally,
phonopy performs the diagonalization of the dynamical ma-
trix at q commensurate with the supercell and the Fourier
interpolation at general q [72,73]. In Fig. 5 we present the
phonon dispersion for the Mg/Zn doppelginger pair. VASPKIT
was used to prepare the VASP simulations such as in creation
of the position and ionic relaxation/DFPT input files [74].
Crystal structures shown in Figs. 2(a) and 3(a) were visualized
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FIG. 5. Low-energy phonon spectrum calculated via an ab initio
approach for the (a) Ba,MgOsO, and (b) Ba,ZnOsOs materials in
the Fm3m structure, with symmetry points shown in Fig. 2. The
phonon irrep at the I' point is shown in gray. The lack of imaginary
phonon frequencies indicates the stability of the Fm3m structure at
low temperatures for the M = Mg, Zn compounds.

using VESTA [75]. The Brillouin zones in Figs. 2(b) and 3(b)
were generated using the ATOMIC SIMULATION ENVIRONMENT
package [76] with symmetry points labeled according to the
HPKOT convention [77].

APPENDIX B: CONSTRUCTION OF THE TRIGONAL CEF

We can estimate the effect of trigonal distortion on
electrons in the 5d shell by constructing a trigonal CEF
Hamiltonian in the point-charge limit. We will only consider
trigonal compression and elongation of the OsOg cage, but
other deformations are allowed in principle [78]. The oxygen
positions can be parametrized as

b
r = —X+ f(é)e,

«/5 ry = —ry,
b . N
r, = Ey + f(6), r5s=-r,
b, R
r; = ﬁz+f(8)c, Ig = —I3, (B1D)

where ¢ = %(f( + ¥ +Z), b is the length of the octahedron
edge in the ideal limit, and

£6) = Z[m(@O + %) - tan<600>}, (B2)

where § > 0 (6 < 0) corresponds to the case of trigonal elon-
gation (compression) (see Fig. 6). For Ba,CdOsO¢ we find
that b =2.94 A and 8§ = —2.85°, equivalent to a reduction
in Os-O bonds by ~2%. Note that the xyz coordinates in
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FIG. 6. Geometry used to derive the CEF in the case of trigonal
compression (8 < 0), where the [111] and [111] faces (shaded) are
pressed towards each other. In Ba,CdOsOyg the three oxygen ions at
r 2,6 form an isosceles triangle (blue) with base b = 2.94 Aand§ =
—2.85°. The xyz coordinates in this figure (i.e., the local octahedral
coordinates at each Os atom) differ from the xyz coordinates shown
in Fig. 3(a) (the crystallographic directions) by a rotation about the
[111] direction due to the octahedral canting in the R3 structure.

Eq. (B1) refer to the local octahedral coordinates at each
osmium atom, which differ from the crystallographic xyz
coordinates by a rotation about the [111] direction. This is
due to the octahedral tilting within the R3 structure which
affects all OsOg octahedra uniformly. With this in mind, we
will continue to use the xyz symbols to simplify notation.

The potential energy of the 54 electrons in each Os®* ion
in the presence of the O~ point charges can be written in a
multipole expansion given by

6

o K 4 A Y, (0i, 1)
3> rk[2k7:—12 e

k=0 p=—k i=1

(B3)

for r = |r| < |r;| [79]. The proportionality constant A > 0 is
fixed so that the t,4-¢, splitting at § = 0 is 10Dg = 4 eV. We
then evaluate matrix elements of Eq. (B3) between hydrogenic
wave functions R,—s;—>(r)Y;—2 (6, ¢). Since [ = 2 we may
restrict the k summation to k < 4 and we further ignore the
k = 0 contribution as it does not carry an angular dependence.
When § # 0 the 1,, degeneracy is lifted and it becomes more
appropriate to write the trigonal CEF in the following basis of
single-electron creation operators [80]:

. 1 . .
T t i
dag - ﬁ(dxy + d)iz + dxz)’
1
T T 2 gt T
de;,’ = ﬁ(d)(y + w dyz + a)dxz),
-1 .
dj? = %(d;y + od], + o’d}),
i =Ll 5 id! B4
g = E( 2 T xz,yz)a (B4)

where w = exp(2mi/3) and the spin index is suppressed. For
8 = —2.85° as in Ba;CdOsOg we find that the trigonal CEF is
given by

—0.197 0 0 0 0
0 0.0406 0 0.145 0
2P (8) = 0 0 0.0406 0 0.145 |,
0 0.145 0 1.058 0
0 0 0.145 0 1.058
(B5)

and the numerical values are in units of 10Dq. By diagonal-
izing Eq. (B5) one can check that the trigonal compression
8 < 0 yields a low-lying a, singlet whereas elongation § > 0
prefers the lowering of the e;, doublet. Equation (B5) demon-
strates the mixing of e, and e’g states of the same parity under
trigonal deformations.
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