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Using ab initio wave-function-based calculations, we provide valuable insights with regard to the magnetic
exchange in 5d and 4d oxides with face-sharing ligand octahedra, BalrOz and BaRhOgs. Surprisingly strong
antiferromagnetic Heisenberg interactions as large as 400 meV are computed for idealized iridate structures with
90° Ir-O-Ir bond angles and in the range of 125 meV for angles of 80° as measured experimentally in BalrOs.
These estimates exceed the values derived so far for corner-sharing and edge-sharing systems and motivate
more detailed experimental investigations of quantum magnets with extended 5d/4d orbitals and networks of
face-sharing ligand cages. The strong electron-lattice couplings evidenced by our calculations suggest rich
phase diagrams as function of strain and pressure, a research direction with much potential for materials of this

type.

INTRODUCTION

The interest in the preparation and characterization of 5d
oxides and halides goes back to the 1950°s but some of the ma-
jor implications of having a strong spin-orbit coupling (SOC),
at least for certain 5d"™ electron configurations, have been only
recently realized. The work of Kim et al. on the square-lattice
5dP iridate SroIrOy [1, 2], for example, led to the concept of a
spin-orbit driven (Mott-like) insulator while Jackeli and Khal-
iullin [3] brought to the forefront of oxide research the hon-
eycomb 5d° iridates, as possible hosts for Kitaev physics [4]
and novel magnetic ground states and excitations [5]. Both
types of these iridate structures — square and honeycomb lat-
tices — have been the topic of extensive investigations in recent
years. The honeycomb compounds display edge-sharing lig-
and octahedra and advanced electronic-structure calculations
indicate that the Kitaev exchange is indeed the largest inter-
site magnetic coupling [6, 7]. Remarkably large anisotropic
interactions were also found for corner-sharing ligand cages
in SraIrOy, in that case of Dzyaloshinskii-Moriya type, with
strengths in the range of 10-15 meV [3, 8].

In contrast to the cases of corner- and edge-sharing co-
ordination, little is known with respect to the magnitude of
the effective coupling constants for adjacent octahedra con-
nected through a Og facet. Representative materials of the
latter type are the canted antiferromagnet BalrO3 [9-14], the
putative spin-liquid BasInlroOg [15], the spin-gapped system
Ba3Bilr,Og [16], BaRhO3 [17], and BaCoOg [18]. Here we
provide ab initio results with regard to the strength of facet-
mediated superexchange for IrOg (RhOg) octahedra as found
in the 5d (4d) tg 4 System BalrO3 (BaRhO3). We predict re-
markably large antiferromagnetic (AFM) Heisenberg interac-
tions in the range of 100 meV for Ir-O-Ir angles of about 80°
as found experimentally in BalrOs [17]. Moreover, for bond
angles >85° the Heisenberg J even exceeds 200 meV in our
simulations. So strong AFM superexchange has been found so

far only in one-dimensional corner-sharing cuprates [19, 20].
Our findings point to a picture of unusually large, AFM cou-
plings within the face-sharing octahedral units of BalrOs. The
strong dependence on bond angles of the effective magnetic
interactions further resonates with available experimental data
on BalrOg [10, 13, 21-23] and BagBilryO3 [16], that indicate
subtle interplay between the electronic and lattice degrees of
freedom.

MATERIAL MODEL

BalrOg features a distorted hexagonal structure with both
face-sharing and corner-sharing IrOg octahedra [24]. Those
connected by one single ligand form honeycomb-like planes;
the linkage of adjacent honeycomb layers is ensured by inter-
layer Ir ions located such that blocks of three face-sharing oc-
tahedra are formed along the c axis, see Fig. 1(a). Since for
any pair of nearest-neighbor (NN) octahedra the actual point-
group symmetry is very low, we focus in our study on an ide-
alized material model displaying Ds;, symmetry: [IroOg]'0~
units as depicted in Fig. 1(b) around which we additionally
considered, for keeping overall charge neutrality, three Ba
sites within the plane of the median O3 facet and two extra Ba
ions along the z axis. Although this material model is some-
what oversimplified, it should rather well describe the essen-
tial short-range electron interactions, as confirmed by similar
investigations of edge-sharing 5d® compounds [7].

One feature of 5d transition-metal (TM) ions is that their
valence orbitals are much more diffuse as compared to first-
series TM species. The ligand field is therefore more effec-
tively felt and for instance the Ir** ions tend to adopt low-
spin tgg configurations. The more extended nature of the
5d functions further gives rise to large intersite hoppings and
large superexchange, as in e.g. Sr2IrO4 [3, 8] and CalrOs
[25]. Under strong octahedral crystal fields (CFs) and spin-
orbit interactions, with one single unpaired electron (S5=1/2)



in the 5, manifold (orbital angular momentum L=1), the 5d°
(4dP) valence electron configuration of Ir*t (Rh**t) in BalrOs
(BaRhO3) yields an effective j=1/2 Kramers-doublet ground
state [3, 26]. Deviations from a perfect cubic environment
may lead to some degree of admixture between the j=1/2
and lower-lying j=3/2 spin-orbit states [26]. In BalrO3 and
BaRhOs, in particular, the trigonal distortion of the oxygen
octahehra plays a quite important role in this regard, as illus-
trated in Appendix A through simple analytical expressions
based on an effective ionic model. To estimate the strengths
of the exchange interactions in BalrOs and BaRhOj3, both
isotropic and anisotropic, we here employ many-body ab ini-
tio techniques from wave-function-based quantum chemistry
(QC), then map the magnetic spectrum obtained in the QC
calculations onto an appropriate effective spin Hamiltonian,
the form of the latter being dictated by the symmetry of the
material model.

MAGNETIC INTERACTIONS

For the idealized M2QOg cluster (M=Ir, Rh) of face-sharing
octahedra (Fig. 1(b)) the overall symmetry is Dsj. Each par-
ticular superexchange path M;-O,,-M; (n=1, 2, 3) implies a fi-
nite Dzyaloshinskii-Moriya (DM) vector D7, since there is no
inversion center for the MoOg unit. However, given the Ds,
symmetry, these DM vectors lie within the plane of the Os-
facet and are related to each other through rotations around the
Cj5 axis. This yields a vanishing DM coupling D;; =" D
=0. For a pair of NN 1/2 pseudospins S; and Sj with this type
of linkage, the most general bilinear spin Hamiltonian can be
then cast in the form

where J;; is the isotropic Heisenberg exchange and I';; is
a symmetric traceless second-rank tensor that describes the
symmetric exchange anisotropy. Considering the three-fold
rotational symmetry around the M-M link, it is convenient
to have one of the coordinates along the line defined by the
two M sites. We therefore use the local frame indicated in
Fig. 1(b), with both Ir ions on the z axis. In this coordinate
system the T tensor is diagonal and, for symmetry reasons,
can be written as

o o
or o |. 2
0 0 —2I'

=
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The eigenstates of such a two-site S=1/2 system are the sin-
glet [Us) = (|14) — [41))/A/2 and the three triplet compo-
nents [01) = (IT)) + [L1)V2, [B2) = (1) + H)V2
|T3) = (|11) — [1))A/2. The corresponding eigenvalues are

3 1 1
Es = -1, Ey=-J--T,
4 4 2
1 1 1 &)
Ey=-J+T FEs=-J—-T.
2= + L, 37 5

ii

Expression (1) can be then simplified to

Hij = JS;-S; +TS;S;, (4)
where J = J +Tand ' = —3T.

The first step in the actual QC calculations is defining a rel-
evant set of Slater determinants in the prior complete-active-
space self-consistent-field (CASSCF) treatment [27]. For two
IrOg (RhOg) octahedra, an optimal choice is having five elec-
trons and three (to,) orbitals at each of the two magnetically
active Ir (Rh) sites. The self-consistent-field optimization was
carried out for an average of the lowest nine singlet and low-
est nine triplet states associated with this manifold. Subse-
quent multireference configuration-interaction (MRCI) com-
putations were performed for each spin multiplicity, either
singlet or triplet, as nine-root calculations. All these states
entered the spin-orbit treatment [28], in both CASSCF and
MRCI. Within the group of 36 spin-orbit eigenvectors associ-
ated with the 3, —3, manifold, the lowest-lying four “mag-
netic” states are separated by a significant energy gap from
the other 32 states. The latter correspond to on-site j ~ 3/2
to j ~1/2 transitions, and are therefore left aside in the actual
mapping procedure. In other words, given the strong SOC and
large j ~=3/2 to j = 1/2 excitation energies, the initial 36x36
problem can be smoothly mapped onto a 4 x4 construction as
defined by the effective Hamiltonian (1).

All computations were carried out with the MOLPRO
quantum-chemistry software [29]. In the MRCI treatment,
single and double excitations from the six Ir (Rh) ¢34 orbitals
and from the 2p shells of the bridging O ligand sites were
taken into account. The Pipek-Mezey localization module
[30] available in MOLPRO was employed for separating the
metal 5d (4d) and O 2p valence orbitals into different groups.
To derive the magnitude of direct exchange, we additionally
performed calculations in which the active space is again de-
fined by ten electrons and six orbitals but intersite to,—%2g
excitations are forbidden by restricting to maximum five the
number of electrons per TM site. We refer to these results as
rAS (restricted active space, maximum one hole per site).

[Ir209] unit

Effective magnetic couplings for IroOg fragments of two
face-sharing IrOg octahedra are listed in Table I, for an Ir-Ir
interatomic distance dy = 2.63 A and ligand coordinates that
provide Ir-O-Ir angles 6y = 80°. These structural parameters,
obtained by averaging the bond lengths and bond angles in
the experimetally determined lattice configuration of BalrOs
[17], correspond to slightly elongated octahedra. For cubic
(undistorted) octahedra, 6. ="70.52°.

Results at three different levels of approximation are
shown: spin-orbit rAS (rAS+SOC), CASSCF (CAS+SOC),
and MRCI (CI+SOC). The rAS data account for only direct
d—d exchange. For dy = 2.63 A and 6, = 80°, the rAS J
is —14.9 meV while the anisotropic I' is —0.7 meV when in-
cluding SOC. The magnitude of the ferromagnetic (FM) rAS



FIG. 1.
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(a) Crystal structure of BalrO3, with both face-sharing and corner-sharing IrOg octahedra. Ba atoms are shown as large green

spheres. (b) Material model used for the calculation of magnetic interactions between two NN TM sites with face-sharing connectivity of the

O octahedra. The point-group symmetry is Dsj,.

TABLE I. Energy splittings for the lowest four spin-orbit states of
two face-sharing NN IrOg octahedra and the corresponding effective
coupling constants at different levels of approximation, for dg =2.63
A and 6y = 80° (all values in meV). The J values without SOC by
rAS, CAS, and Cl are —1.2, 27.4, and 35.4 meV, respectively.

rAS+SOC CAS+SOC CI+SOC

Us=(I1}) —UMV2 152 0.0 0.0

o =(|11) + [H)NV2 0.4 72.0 1233

U =(11) — H))V2 0.0 74.0 126.5

Ty = (1) + V2 0.0 74.0 126.5
J,T —14.9,-0.7 72.0,4.1 1233,63

J is similar to that computed in square-lattice 3d° Cu oxides
[31-34] and in the corner-sharing iridate BasIrO4 [35]. The
anisotropic I is also FM at the rAS level and its magnitude is
slightly larger as compared with the AFM rAS T of the corner-
sharing iridate BasIrO4 [35]. By CASSCF and MRCI, the
singlet Wg becomes the ground state, well below the “triplet”
components ¥, WUy, and 5. This indicates that the isotropic
Heisenberg exchange .J (J > 0) defines now the largest energy
scale. In the CASSCF approximation, only to,—1, intersite
excitations are accounted for, i.e., tzﬁg—tz“g configurations. The
J value extracted by CAS+SOC, 72 meV, is twice as large as
compared, e.g., to the CASSCF J’s in layered 3d° cuprates
[31-34] and in the corner-sharing iridate BasIrOy4 [35]. In the
configuration-interaction treatment, which includes TM t, to
eg and charge-transfer O 2p to Ir 5d excitations as well, J is
123.3 meV, about 70% larger as compared to the CAS+SOC
result. By accounting for correlation effects, the symmet-

ric anisotropic coupling I is also significantly enlarged, from
—0.7 meV by rAS+SOC to 6.3 meV by spin-orbit MRCI.

In the case of face-sharing ligand octahedra, the TM ions
often form dimers, trimers, or chains [17]. This type of low-
dimensional packing usually results in sizable distortions of
the ligand cages. It is known that the effective spin interac-
tions are strongly dependent on structural details such as bond
angles [36-39] and bond lengths [40]. For better insight into
the dependence of the NN magnetic couplings on such struc-
tural parameters, we performed additional calculations for dis-
torted geometries with all ligands pushed closer to (or farther
from) the Ir-Ir axis, which therefore yields larger (or smaller)
Ir-O-Ir bond angles while keeping the overall D3}, point-group
symmetry. The resulting MRCI+SOC data are provided in Ta-
ble II. The overall trends for the magnetic couplings J and T
are illustrated graphically in Fig. 2(a). It is seen that the angle
dependence for both J and T can be rather well reproduced

TABLE II. Energy splittings for the lowest four spin-orbit states and
the corresponding effective coupling constants for variable Ir-O-Ir
angle, MRCI+SOC results (meV). The NN Ir-Ir distance is dp=2.63
A. The Ir-O-Ir angle @ is listed for each geometry; distances between
Ir and the bridging O’s, d(Ir-O), are provided within brackets.

70.5°(2.27A) 75°(2.16A) 80°(2.04A) 85°(1.94A) 90°(1.86A)

Wg 0.0 0.0 0.0 0.0 0.0

Wy 58.2 73.9 123.3 225.8 417.5
U 73.4 81.8 126.5 226.9 418.5
W3 73.4 81.8 126.5 226.9 418.5
J,I' 582,303 739,159 123.3,63 2258,2.1 417.5,2.0
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FIG. 2. Dependence on structural details of the NN effective magnetic couplings for Ir2Og and Rh2Og fragments of face-sharing octahedra,
spin-orbit MRCI results. (a, ¢) Variations as function of the Ir-O-Ir bond angle # and Rh-O-Rh bond angle 6’ when fixing the Ir-Ir distance to
do=2.63 A and the Rh-Rh distance to dj, =2.58 A . Ligands are radially displaced in planes perpendicular to the z axis. Curves were drawn
as a guide to the eye; a simple fit is not possible for I in the case of 4d magnetic sites. (b, d) Variations as function of the TM-TM interatomic
distance when keeping unchanged the positions of the ligands. The latter are at distances of o = 1.57 A (Ir20q) and r§ = 1.54 A (RhyOg)

from the z axis.

with parabolic curves. The Heisenberg .J displays a steep in-
crease with larger angle, i.e., from 58 meV at 70.5° to 417
meV at 90°. On the other hand, the anisotropic coupling T
shows a rapid decrease, from a remarkably large value of 30
meV at 70.5° to 2 meV at 90°.

We further analyzed the dependence on the Ir-Ir interatomic
distance d(Ir-Ir) of the magnetic interactions. In this set of
calculations, the distance between the O ligands and the z axis
(along the Ir-Ir bond) was fixed to 1.57 A, while d(Ir-Ir) was
either increased or reduced by up to 5% with respect to the
reference Ir-Ir separation d=dy=2.63 A. As shown in Fig. 2(b)
(see also Appendix B, Table A2), both J and I' have again
pronounced parabolic dependence on d(Ir-Ir). In contrast to
the variations as function of angle displayed in Fig. 2(a), here
J and T follow the same trend. More specifically, both .J and
I rapidly increase with decreasing d(Ir-Ir).

We also performed calculations in which the six O ligands
not shared by the Ir ions were displaced as well along the z
axis, such that each Ir site remains in the center of the respec-
tive octahedron. We found that the differences between the .J
values obtained from these computations and the correspond-
ing .J’s in Fig. 2(b) are rather small, not more than 15%.

The face-sharing linkage and additional distortions applied

to the two-octahedra clusters split the 54 levels into a4 and
ey components. For all Ir5Og units considered here, we find
that the a4 sublevels lie at lower energy and that the 54 hole
has ey character without accounting for SOC. The a;, or-
bitals belonging to NN sites have substantial direct overlap
[see Fig 3(a)], much larger than in the case of eg orbitals [see
Fig3(b)]. The rather small AFM Heisenberg J derived from
the calculations without SOC (see caption of Table I) is there-
fore the result of (relatively) weak direct exchange involving
the higher-lying e7 states. By accounting for spin-orbit inter-
actions, however, the Heisenberg J is enhanced to impressive
values that are up to three times larger than the results ob-
tained without SOC (72 vs 27 meV at the CASSCEF level, 123
vs 35 meV by MRCI, see Table I). This strong increase of the
Heisenberg J is the consequence of mixing a4 character to
the spin-orbit ground-state wave-function.

[RhQOg] unit

In order to make a informative comparison between 5d and
4d oxides, we also performed calculations for the effective
magnetic couplings on [RhyOg] fragments consisting of two



face-sharing RhOg octahedra, with a Rh-Rh interatomic dis-
tance djy=2.58 A and Rh-O-Rh bond angles ), =80°. As for
the material model of face-sharing 5d° octahedra, the struc-
tural parameters of the RhoOg cluster were chosen according
to the average bond lengths and bond angles of the BaRhOg
compound. We used in this regard the crystallographic data
reported in Ref. [17]. QC results are presented in Table III. In-
terestingly, the .J value obtained by spin-orbit rAS is the same
as for the IroOyg cluster (Table I). However, the J’s obtained
by CAS+SOC and CI+SOC are significantly smaller as com-
pared with those in Table L. Still, .J remains much larger than
the magnetic couplings in the edge-sharing 4d®> compounds
LioRhO3 and a-RuCl3 [37, 38].

Energy splittings within the group of the four low-lying
d°—d° states and the resulting effective coupling constants for
different Rh-O-Rh angles are listed in Table IV. Furthermore,
the dependence of .J and I" on the Rh-O-Rh bond angles and
on the Rh-Rh interatomic distances are illustrated in Fig. 2(c)
and Fig. 2(d), respectively (for more details see Appendix B,
Table A3 and Table A4). As indicated in Fig. 2(c), .J displays
nearly linear behavior with variable angle, increasing from 1.5
meV at 70.5° to 164 meV at 90°. T' changes sign from AFM
to FM coupling close to 75°, with a minimum of —6 meV at
85°, and then changes back to AFM values for larger angles.
On the other hand, with variable d(Rh-Rh) [Fig. 2(d)], T is
always FM, with a minimum of —2.8 meV at 2.56 A, and J
features a similar trend as for Ir sites in Fig. 2(b).

DISCUSSION

We analyze in more detail in this section the relative values
of the different contributions to intersite exchange, i.e., direct
tag—t24 exchange, to5—14 electron/hole hopping, and indi-
rect hopping via the bridging oxygens. In first place, it is clear
that a systematically small portion of FM potential exchange
to the overall .J is here of secondary importance. The contri-
bution coming from direct hopping can be straightforwardly
estimated from the CASSCF J since only intersite M(tz4)—
M(t24) excitation processes (S g—té o polar configurations) are
taken into account at the CASSCEF level. In the CI treatment,

TABLE III. Energy splittings for the lowest four spin-orbit states
of two face-sharing NN RhOg octahedra and the corresponding ef-
fective coupling constants at different levels of approximation, for
dy =2.58 A and 6}, = 80° (all in meV). The J values without SOC
by rAS, CAS, and CI are —0.9, 19.0, and 29.4 meV, respectively.

rAS+SOC CAS+SOC CI+SOC

Us=(1}) — V2 160 0.0 0.0
Ts=(I11) — [L)HV2 00 25.4 54.0
T =1+ IMH)V2 0.0 25.4 54.0
To = (1) + [)NV2 1.1 26.5 55.5
J,T —14.9,—23 265,22 55.5,-28

TABLE IV. Energy splittings and the corresponding effective cou-
pling constants for variable Rh-O-Rh angle, MRCI+SOC results
(meV). The NN Rh-Rh distance is 2.58 A. The Rh-O-Rh angle ¢’
is listed for each geometry; distances between Rh and the bridging
O’s, d(Rh-0), are provided within brackets.

70.5°(2.23A) 75°(2.12A) 80°(2.04A) 85°(1.91A) 90°(1.824)

Us 0.0 0.0 0.0 0.0 0.0

Uy 3.7 15.0 54.0 135.7 173.4
Iy 3.7 15.0 54.0 135.7 173.4
Uy 1.5 15.2 55.5 137.8 164.0
J,I' 15,44 152,—-04 55.5,—2.8 137.8,—4.3 164.0,18.8

superexchange paths including the bridging-ligand 2p and TM
eg4 orbitals are also added on top of direct hopping, providing
a more comprising description of intersite exchange mecha-
nisms. In the case of BalrOs, for instance, when the Ir-O-Ir
bond angle is 80°, the exchange calculated at the CASSCF
level (without SOC), J = 27.4 meV, is already 77% of the CI
result, 35.4 meV (see Table I). While this fraction is signif-
icantly reduced if the Ir-O-Ir bond angle is modified towards
90° (see Table A1), indicating that the d—p—d superexchange
contribution starts to rise as a result of shorter Ir-O bonds, the
data computed for 80° bond angles show that, given the large
direct-hopping integrals, the direct AFM d—d superexchange
may surpass the d—p—d superexchange. The two mechanisms
should be considered in any case on equal footing for high-
quality estimates. In the context of recent discussions on the
role of the various types of intersite exchange [41, 42], our
QC data provide a more quantitative picture on the different
contributions.

Given the facet-sharing geometry, the direct d—d elec-
tron/hole hopping between a1, orbitals is considerable. This
hopping interferes with the indirect hopping via the bridging-
oxygen O3 group, providing a total transfer integral ¢. Since
the exchange coupling J is mainly controlled by the square
of t (J ~ t2/U, where U is the on-site Coulomb repulsion),

(a) (b)

FIG. 3.  Natural orbitals of a1, (a) and ¢; (b) type for a Ir2Og
fragment of face-sharing octahedra, as obtained by CASSCF calcu-
lations. The former have strong o-type overlap.



TABLE V. Angle dependence of the trigonal CF splitting A; (eV)
obtained from MRCI calculations for Ir,Og and Rh>Og fragments of
face-sharing octahedra. The a14 level is for all angles the lowest in
energy.

0/6' Al AR

70.5 ~0.86 ~0.69
75 ~0.89 ~0.67
80 ~0.71 ~0.53
85 ~0.43 ~0.29
90 ~0.20 ~0.10

a large J value of up to ~400 meV (see Table Al and A2)
is not surprising. Both the direct (~t??) and indirect (~t%%)
transfer processes can occur trough the eg and a;, channels
independently. As discussed in Appendix A, the total transfer
integral ¢ can be then decomposed as t = w,t, + wqt,, Where
tea = 124 4 t97¢. The corresponding channel weights, w,
and w,, are controlled by the ratio A;/\, with X\ being the
spin-orbit coupling, 0.47 eV for Ir and 0.15 eV for Rh [43];
the dependence of the trigonal splitting A; on bond angles
is illustrated in Table V. The different terms entering the to-
tal transfer integral ¢ are expected to behave differently when
varying the geometry of the M-O3-M structure. The large di-
rect overlap between two NN a4, orbitals suggests that the di-
rect hopping t9¢ contributes significantly to t,, as evidenced
in Fig. 3. In contrast, the ey orbitals are tilted with respect to
the z axis, thus giving rise to weaker direct overlap and more
significant d—p—d couplings (see Fig. 3(b)), i.e., a more im-
portant role of t%7? in ¢.. It is the interplay between these
processes, d — d and d — p — d superexchange, that is mainly
responsible for the strong variations as function of bond an-
gles and bond lengths. From a wider perspective, it is clear
that the equilibrium geometrical configuration and the asso-
ciated J value depend on interactions and degrees of freedom
that also involve the extended crystalline surroundings. An in-
teresting aspect to be considered is inter-site couplings within
the entire M3012 block of three face-sharing octahedra along
the c axis (see Fig.1(a)). One question concerns the possibil-
ity of cooperative M—M dimerization as driving force for the
charge density wave observed in BalrOs [10]. Two-site bond
formation on three-center units with a spin 1/2 at each mag-
netic site and long-range ordering of these ‘dimers’ has been
earlier proposed in the quasi-1D system NaV2O5 [44, 45].

To summarize, we employ quantum chemistry methods to
provide valuable insights on the effective magnetic interac-
tions in 5d and 4d oxides with face-sharing oxygen octahe-
dra, BalrO3 and BaRhO3. The same methodology has pre-
viously been used to derive magnetic coupling constants in
good agreement with experimental estimates in the perovskite
iridate CalrOgs [25, 46], in square-lattice BasIrO4 [35] and
SroIrOy [8], and in pyrochlore iridates [39]. The large AFM
Heisenberg interactions computed here for face-sharing octa-
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hedra are remarkable since they exceed the values computed
so far for corner-sharing [20, 25, 33, 35] and edge-sharing
systems [36]. One peculiar exception with regard to edge-
sharing 4d®> NN ligand cages is RuCls under high pressure
[47], where a strong stabilization of the singlet state is also
found for certain Ru—Ru bonds. The present findings on face-
sharing octahedra as encountered in BalrO3 and BaRhO3 and
recent results on RuCls [47] only provide additional motiva-
tion for even more detailed electronic-structure calculations
on both edge- and face-sharing compounds, with main focus
on the subtle interplay among strong spin-orbit interactions,
direct d — d orbital overlap and bonding, and couplings to the
lattice degrees of freedom.
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Appendix A: Effective spin model

To put in perspective the general trends obtained in the QC
calculations for the isotropic exchange coupling .J, an effec-
tive two-site model is analyzed here. Two different mecha-
nisms are considered: (a) direct to, — to, hopping ~t9¢ and
(b) indirect processes via the bridging oxygens, ~t%?¢. The
three bridging oxygens within the median xy mirror plane are
denoted as O,, with n € {1,2,3}. For each metal ion at
sites | = A, B, the trigonal CF term Hcg; splits the ¢y, or-
bital states into a two- and an one-dimensional subspace with
basis states |e1;), |ea;) and |a; ), respectively [48]. In what fol-
lows, these hole states are denoted as |¢,,;), with ¢ = 1,2 for
le1,2), i = 3 for |a), and the creation (annihilation) operator
(bLl,a (¢u1,0), where the spin variable 0 = £1/2 is added.
Restricted to this low-energy orbital space, a single hole is de-
scribed by the effective orbital angular momentum operator
L =1 [48] in the spin-orbit term Hgo = )\Zl L;S;; here, S
is the spin-1/2 operator and \ >0. Altogether, relevant intra-
atomic interactions are collected in the effective Hamiltonian
Ha = Hcert + Hso + Hy, where

A
Her,e + Hso = ?t Z Z(@u + 02 —

HAD D L]

pp' oo’

Here, L],y = (¢u|Li|¢un) while A, is the trigonal CF
splitting between |e; 2) and |a) ‘local” states. As stated in
the main text, without SOC the calculated hole ground state of
Ir**+/Rh** ions is of e-orbital character, which means A; < 0.
The term Hy includes the leading on-site Coulomb interac-
tion

26,8)8} 5 But.o

Sl o'a (bul U¢u’l ol (A1)

E § § Nul,oMu'l,o’s

up' oo’

(A2)

where n,;, = ¢Ll,0¢#l’g. The approximation of assuming
the Coulomb U in the above expression to be independent of
the orbital indices i and p’ simplifies the calculation of the
isotropic exchange J but excludes obtaining an estimate for
the weaker anisotropic exchange I'.

Within the one-hole sector and in the cubic limit A; — 0,
Hae is reduced to Hgo. As well known [48], the ‘original®
six L = 1 atomic states |L, = 0,+1;0 = +1/2) are split
by Hso into the Kramers doublet |[j = 1/2;m = +1/2)
and the quartet |j = 3/2;m = £1/2,+3/2), whose eigen-
values are —\ and \/2, respectively; here, the site index [
is omitted for brevity. When lowering the CF symmetry to
trigonal, i.e., A; # 0, states with the same m(= +1/2),
|7 = 1/2;m) and |j = 3/2;m), are admixed. By solving
the corresponding 2x2 problem, the resulting doublet wave-
functions are |1 (m = £1/2)) = ¢1]1/2;m) £ ¢2|3/2;m)
and |2(m = £1/2)) = Fco|1/2;m) + ¢1|3/2;m), where

o= [1/20+ A/VATT B2  and A = 3 -6, B =
21/26, § = 2A,/3\. The corresponding eigenvalues are
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Eio = (=)A/4) [1 +35+£34/1—-2§/3+ 52} and, since
A > 0, By < FE,. The energy of the remaining doublet,
[ths(m)) = |7 = 3/2;m = £3/2),is B3 = \/2.

In general, the initial and new basis states are related by an
unitary transformation with the rotation matrix Uk, o (here,
the site index [ is restored):

|¢ul; U> = Z ‘wkl(m»Ukm,pﬂ"

k,m

(A3)

Close inspection of the above expressions for the Ej en-
ergy levels (k = 1,2, 3) shows that the ground-state doublet
(k = 1) is well separated from the excited ones (k = 2, 3) for
any A;; the low-energy magnetic properties of the system are
therefore described by pseudospin-1/2 states |11;(m)). Pro-
jection on the low-energy subspace consists in retaining in
Eq.(A3) the term k£ = 1 only, which reads with the replace-
ment m — s as

la;;0 = £1/2) — Fcosy |P1(s = £1/2)),

L singy (s = £1/2)),

ley;o0 = +1/2) — ﬁ (A4)
leat; o = £1/2) — ié siny [vu(s = F1/2)),

where cosy = (¢;—v/2¢2)/v/3 and siny = (v/2¢1+¢2)/V/3.
In the following, the creation (annihilation) of state |¢)1;(s))
is associated with the operator wL < (W11,5). Projected onto
the pseudospin-1/2 subspace, the Coulomb interaction Hu
takes the Hubbard-like form Hy = U Y, nypniy,y. Ac-
tually, the unitary transformation (A3) yields > Lo
Zk m Tkl,m» Where only the term k = 1 is kept.

In case of face-sharing octahedra, the relatively short M4 —
Mp distance dictates inclusion of the direct t5;, — 2, hopping
term

Nyl,e =

hop Z tuu /LA ad)ﬂB ot H.c. ) (AS)

The precise structure of ’Hﬁgp is determined by symmetry ar-
guments that require that (a) the off-diagonal hopping is zero,
ie., tui 0 if u # p' and (b) there are two independent
hopping integrals, namely, t{¢ = t4¢ = ¢4 and ¢3¢ = tdd.
Projection onto the low-energy subspace then leads to

Hild, =t (W], s+ Hee), (A6)

where 194 = t9sin? v + 39 cos? . Obviously, variation of
the M4 —Mp distance dypy gives rise to strong variation of
the hopping integral ?¢. The a-channel contribution ~2¢ is
expected to be most sensitive to varying dyv. For instance,
according to [49] tgd ~ dl\_,li,[ .

The treatment of indirect hopping processes via the bridg-
ing oxygens is a challenging problem. The M-O3-M unit
should be viewed as a complex molecular-like structure,
where superexchange couplings must be analyzed in terms
of symmetry-adapted molecular orbitals of the O3 bridging



group. A detailed analysis shows that in the low-energy sub-
space the indirect hopping term HZ’O)Z has the same struc-

ture as Hﬁ‘f)p, Eq.(A6), with the replacement ¢ — tdrd —

tdrdsin® v + %4 cos?y. The hopping integrals t?2¢ due
to second-order processes that occur through intermediate
ligand-hole states in the e- and a-channel, respectively, can be
expressed in factorized form as t%¢ ~ [(t%)? / Act]Fe o (6).
Here, t% and Acr define the characteristic p — d hopping
and charge-transfer energy scales. While the factor F, ,(0)
is strongly dependent on the angle 6, the parameter t% is
most sensitive to the metal-oxygen distance dyp. Accord-
ing to [49], t%P ~ dl\_,[g/ ®. Transitions of first-order (thfle)
and second-order type (th{’ed) contribute in each sector inde-
pendently to give the total transfer integral ¢t = t,sin~y +
tq cos® v, where te, = t%% + ¢t The resultant hopping
Hamiltonian #,,, takes the same form as in Eq.(A6), but
with the replacement t%¢ — t. The weight factors of the e-
and a- channels are w, = sin?~ and w, = cos? 1, respec-
tively. As discussed above, these factors are controlled by the
ratio Az /.

It is seen that the generic Hamiltonian H = Ha: + Hpop
derived above takes the form of an effective ‘single-orbital’
Hubbard model operating in the pseudospin-1/2 subspace of
NN metal ions. It can be treated perturbatively in the strong
correlation regime ¢/U <1, meaning that excited polar states
with two holes on the same metal ion are well separated from
the low-energy magnetic excitations. In this regime, one im-
mediately obtains as second-order estimate for the isotropic
exchange J = 4t?/U.

Appendix B: Intersite magnetic couplings

All computations were performed with the MOLPRO quan-
tum chemistry package [29]. Energy-consistent relativistic
pseudopotentials were used for the Ir [50] and Rh [51] ions.
For the Ir/Rh sites, the valence orbitals were described by ba-
sis sets of tripe-zeta quality supplemented with two f polar-
ization functions [50, 51]. For the ligand O’s bridging the two
magnetically active Ir (Rh) ions, quintuple-zeta valence basis
sets and four d polarization functions were applied [52]. The
other O’s were modeled by triple-zeta valence basis sets [52].
The five Ba ions were modeled by Ba?* ‘total-ion’ pseudopo-
tentials (TIP’s) supplemented with a single s function [53].
We used interatomic distances as derived by E. Stitzer et al.
[17].

The mapping of the ab initio quantum chemistry data onto
the effective spin model defined by (1) implies the lowest four
spin-orbit states associated with the different possible cou-
plings of two NN pseudospins-1/2. In order to safely identify
the singlet and triplet components [8], we also consider the
Zeeman coupling

H = " mp(li+gS)-H
I=A,B

(AT)
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TABLE Al. Energy splittings for the lowest four spin-orbit states
of two face-sharing NN IrOg octahedra and the corresponding effec-
tive coupling constants obtained from rAS+SOC, CAS+SOC, and
MRCI+SOC calculations. For each geometry the Ir-Ir distance was
fixed to 2.63A. For 6=90°, for instance, the J values without SOC
by rAS, CAS, and CI are 0.04, 64.7, and 116.4 meV, respectively.
Distances between the Ir sites and the bridging O’s, d(Ir-O), are pro-
vided within brackets. The data are presented as complementary to
those in Table II (all values in meV).

6, d(Ir-0) rAS+SOC CASSCF+SOC MRCI+SOC
70.5° (2.27A):
Vs 9.9 0.0 0.0
U, 0.0 24.8 58.2
T 0.5 34.9 73.4
U3 0.5 34.9 73.4
J,T -99,1.1 24.8,20.3 58.2,30.3
75° (2.16A):
g 12.8 0.0 0.0
U, 0.0 36.3 73.9
N 0.0 41.6 81.8
Ty 0.0 41.6 81.8
J, T —12.8,0.0 36.3, 10.5 73.9, 15.9
80° (2.04A):
g 15.2 0.0 0.0
U, 0.4 72.0 123.3
U, 0.0 74.0 126.5
U3 0.0 74.0 126.5
J,T —14.9, -0.7 72.0, 4.1 123.3,6.3
85° (1.94A):
Ug 16.2 0.0 0.0
U, 0.3 149.4 225.8
U, 0.0 150.1 226.9
U3 0.0 150.1 226.9
J,T —159,-0.6  149.4,13 225.8,2.1
90° (1.86A):
Uy 17.0 0.0 0.0
U, 0.0 293.6 417.5
U, 0.3 2942 418.5
U3 0.3 294.2 418.5
J,T —17.0,0.7 293.6,1.2 417.5,2.0

where L; and S; are angular-momentum and spin operators at
a given Ir/Rh site, while g, and up stand for the free-electron
Landé factor and Bohr magneton, respectively. Each of the
resulting matrix element computed at the quantum chemistry
level is assimilated to the corresponding matrix element of
the effective spin Hamiltonian. This one-to-one correspon-
dence between ab initio and effective-model matrix elements
enables a clear assignment of each magnetically active spin-
orbit CASSCF/MRCI state and determination of all couplings
constants [8]. Effective coupling constants at the rAS+SOC,
CAS+SOC, and CI+SOC levels are listed in Table A1, Ta-
ble A2, Table A3, and Table A4, complementary to tables and
figures in the main text.



TABLE A2. Energy splittings for the lowest four spin-orbit states
of two face-sharing NN IrOg octahedra and the corresponding effec-
tive coupling constants obtained from rAS+SOC, CAS+SOC, and
MRCI+SOC calculations. The relative distances from the O ligands
to the z axis were fixed to 1.57 A. The data are presented as comple-
mentary to those in Fig. 2(b) (all values in meV).

d(Ir-Ir) rAS+SOC CASSCF+SOC  MRCI+SOC
2.50A:

Us 22.0 0.0 0.0

T, 0.5 188.6 329.7

Iy 0.0 198.1 345.0

Uy 0.0 198.1 345.0

J,T —21.5-0.93 188.6, 18.9 329.7,30.5
2.56A:

Uy 18.3 0.0 0.0

T, 0.4 106.7 187.2

A 0.0 111.2 194.3

Uy 0.0 111.2 194.3

J,T —17.9,-0.8 106.7, 8.9 187.2,14.2
2.63A:

Uy 15.2 0.0 0.0

T, 0.4 72.0 123.3

A 0.0 74.0 126.5

Uy 0.0 74.0 126.5

J,T —14.9, -0.7 72.0, 4.1 123.3,6.3
2.69A:

Uy 12.6 0.0 0.0

U, 0.3 54.7 90.5

T, 0.0 55.5 91.7

Uy 0.0 55.5 91.7

J,T —12.4, -0.54 54.7,1.7 90.5,2.2
2.76A:

Uy 10.4 0.0 0.0

U, 0.2 44.5 72.1

U 0.0 44.8 72.4

Uy 0.0 44.8 72.4

J,T —10.3, —0.4 44.5,0.6 72.1,0.5

iX

TABLE A3. Energy splittings for the lowest four spin-orbit states of
two face-sharing NN RhOg octahedra and the corresponding effec-
tive coupling constants obtained from rAS+SOC, CAS+SOC, and
MRCI+SOC calculations. For each geometry the Rh-Rh distance
was fixed to 2.58 A . Distances between the Rh sites and the bridging
O’s, d(Rh-0), are provided within brackets. The data are presented
as complementary to those in Table IV (all values in meV).

0, d(Rh-O)  rAS+SOC CASSCF+SOC  MRCI+SOC
70.5° (2.23A):
Uy 10.4 6.5 0.0
U3 0.0 1.0 3.7
U 0.0 1.0 3.7
U, 0.6 0.0 1.5
J,T —-99 —1.1 —6.5,2.0 1.5,44
75° (2.124):
Ug 13.3 0.0 0.0
U3 0.0 0.1 15.0
U 0.0 0.1 15.0
U, 0.8 0.4 152
J,T —12.5,-1.7 0.4, —0.6 15.2, —0.4
80° (2.06A):
Vg 16.0 0.0 0.0
U3 0.0 25.4 54.0
U 0.0 25.4 54.0
Uy 1.1 26.5 55.5
J,T —14.9, -23 26.5, —2.2 55.5, —2.8
85° (1.91A):
Vg 17.7 0.0 0.0
U3 0.0 82.4 135.7
U 0.0 82.4 135.7
U, 1.3 84.0 137.8
J,T —164, —2.6 84.0, —3.2 137.8, —4.3
90° (1.82A):
Uy 16.5 0.0 0.0
U3 0.0 165.4 173.4
2 0.0 165.4 173.4
W, 0.9 190.5 164.0
J,T —15.6,—1.8 190.5, —50.2 164.0, 18.8




TABLE A4. Energy splittings for the lowest four spin-orbit states
of two face-sharing NN RhOg octahedra and the corresponding ef-
fective coupling constants obtained from rAS+SOC, CAS+SOC, and
MRCI+SOC calculations. The relative distances from the O ligands
to the z axis are fixed to 1.54 A. The data are presented as comple-
mentary to those in Fig. 2(d) (all values in meV).

d(Rh-Rh) rAS+SOC CASSCF+SOC  MRCI+SOC

2.45A:
Ug 22.0 0.0 0.0
U3 0.0 49.5 157.6
U 0.0 49.5 157.6
U, 1.6 50.0 158.1
J,T —204 —3.2 50.0, —1.1 158.1, —1.1
2.51A:
Ug 18.8 0.0 0.0
U3 0.0 30.1 73.2
U 0.0 30.1 73.2
U, 1.4 31.1 74.5
J,T —17.5, =2.7 31.1, —2.1 74.5, =2.5
2.58A:
Uy 16.0 0.0 0.0
U3 0.0 25.4 54.0
2 0.0 25.4 54.0
U, 1.1 26.5 55.5
J,T —14.9, -23 26.5, —2.2 55.5, —2.8
2.64A:
Uy 13.6 0.0 0.0
U3 0.0 23.8 47.0
T 0.0 23.8 47.0
U, 1.0 24.7 48.3
J,T —12.6,—-1.9 247, -2.0 48.3, -2.6
2.71A:
Ug 11.5 0.0 0.0
U3 0.0 22.6 4.6
T 0.0 22.6 42.6
Uy 0.8 23.5 43.7

J,T —10.7, —1.6 23.5, —1.7 437, -22
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