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A range of honeycomb Co oxide compounds has been proposed and investigated in the search for a
topological Kitaev spin liquid. Analyzing the quantum chemistry of interacting magnetic moments
in NazCo2SbOg, a representative LS-coupled tggeg magnet, we find that the Kitaev and off-diagonal
I" interactions are sizable and antiferromagnetic but still weaker than the Heisenberg contribution.
Except I, all nearest-neighbor couplings are mainly determined by Coulomb exchange, different
from current representations of anisotropic interaction terms. This highlights the limitations of
existing anisotropic models and the need for systematic wave-function quantum chemical studies to
clarify exchange mechanisms in Kitaev-Heisenberg systems.

Introduction. Mutually orthogonal plaquettes com-
posed of two transition ions (M) and two bridging ligands
(L) provide the playground for anisotropic Kitaev mag-
netic interactions [1]. Such MsLs plaquettes are found
in the rocksalt crystal structure and various rhombo-
hedral derivatives: perpendicular to the 111 direction,
they form triangular magnetic networks out of which
hexagonal configurations can be obtained if certain sites
are removed or occupied by nonmagnetic atomic species.
While Kitaev physics [1] was initially suggested to occur
for LS-coupled tgg transition ions on those types of lat-
tices [2], extensive research is carried out more recently

on Co oxide t3_e2 honeycomb compounds.
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Here we nail down the underlying exchange mecha-
nisms in NagCosSbOg, a honeycomb cobaltate whose
macroscopic magnetic properties indicate substantial
frustration [3-5], presumably arising from sizable,
plaquette-dependent [2, 6-8], anisotropic intersite inter-
actions. We first demonstrate the power of the quantum
chemical methodology through a scan of the many-body
Co-site multiplet structure, benchmarked against exist-
ing inelastic neutron scattering (INS) data [3] and anal-
ysis of X-ray spectra [9]. Focusing then on intersite ef-
fective couplings, we unveil the morphology of Co-Co an-
siotropic exchange: the leading nearest-neighbor interac-
tion mechanism is direct, Coulomb exchange according to
our quantum chemical study. Direct, Coulomb exchange
being completely neglected so far in Kitaev-Heisenberg
electronic models, our work redefines the overall map of
symmetric anisotropic pseudospin interactions in quan-
tum matter.

Co-site multiplet structure. How the magnetic centers
in NagCosSbOg should be visualized is detailed in Ta-
ble I. Here we built on insights gained from quantum
chemical investigations of a series of other cobaltates,
d® [10], d” [11], and d® [12]. Various features concern-
ing the Co-ion ground state and multiplet structure can
be directly compared with info extracted from spectro-
scopic investigations already carried out on NagCosSbOg:

the degree of t3,e2-t5 3 configurational mixing in the
ground-state wave-function [9], the trigonal splitting of
the Co 3d tog levels 0 [9], and the position of the low-
lying ‘LS0’ exciton [3].

To disentangle crystal-field effects, on-site Coulomb in-
teractions, and spin-orbit couplings (SOCs), quantum
chemical calculations (see Supplemental Material, SM,
for computational details) were first performed at the
single-configuration (SC) 3 e level, i. e., excluding other
orbital occupations. This is depicted in the first column
of Table I: the Co 3d to4 levels are split by trigonal and
residual lower-symmetry [13] fields into distinct compo-
nents. Whether the pair of e levels (or e-like, for symme-
try that is even lower than trigonal) is energetically sta-
bilized due to the large pozitive charge within the mag-
netic plane (formally 5+ Sb ions), similar to e. g. the case
of Cdy0s,07 [14], remains to be clarified in a separate
study.

By allowing subsequently for all possible orbital oc-
cupations within the Co 3d shell, which is referred to
as complete-active-space self-consistent-field (CASSCF)
[15, 16], an admixture of 8% t3,e? character is found in
the ground-state CASSCF wave-function, in agreement
with conclusions drawn from the analysis of X-ray spec-
tra [9]. Interestingly, given the low point-group symme-
try [13], the t3,e2-t5,e3 interaction implies also Coulomb
matrix elements that in cubic environment are 0 by sym-
metry: the trigonal splitting within the 4T19 manifold is
consequently reduced from a bare value of 100 meV (SC
results in Table I) to 60 meV (CASSCF data) [17]. Such
physics was not discussed so far in effective-model theory
[3, 9, 18-20]. Significantly heavier ‘dressing’ may occur
in the case of multi-M-site, molecular-like j =~ 1/2 [21]
and j=23/2 [22] spin-orbit states, up to the point where
the picture of ‘dressing’ even breaks down [22].

Upon including SOCs, at either CASSCF or multirefer-
ence configuration-interaction (MRCI) [15, 16] level, ad-
ditional splittings occur. The lowest on-site excitation is
computed at 27.5 meV (see footnote f in Table I), in ex-



TABLE I. Co*" 3d" multiplet structure in NasCo2SbOg. SC stands for a single-configuration (t3,e2) S=3/2 calculation. Each
value in the last two columns indicates a Kramers doublet (KD); all S=3/2 and 20 (out of 50) S=1/2 d” states were included
in the spin-orbit CASSCF and MRCI computations. Only states with relative energies lower than 2 eV are listed. Notations
corresponding to O, symmetry are used, though the actual point-group symmetry is much lower [13].

Relative SC CASSCF* CASSCF” MRCI
energies (eV) +S0C +S0C
“Tig (t3,€2) 0 0° 04 0
0.10 0.06 0.03, 0.07 © 0.03F, 0.07
0.11 0.06 0.13, 0.14, 0.15 & 0.13, 0.13, 0.15
“Tag (tsee3)" 0.85 0.81, 0.82 0.88, 0.89
0.87 0.84, 0.85 0.91, 0.91
0.88 0.86, 0.88 0.92, 0.94
s (t3,€5) 1.83 1.72, 1.72 1.77, 1.83
By (t54e4) 1.93, 1.98 1.85, 1.85

& QOrbitals optimized for the lowest three S=3/2 roots; the SC splittings in the adjacent column are obtained using this orbital basis.
P Orbitals optimized for all S=3/2 and the lowest 20 S=1/2 roots.
¢ 8% t%g eg character, as also estimated by van Veenendaal et al. [9] from the analysis of X-ray spectra.

4 0.33% admixture of excited state configurations through 2nd-order SOCs.

¢ j=3/2 multiplet in cubic symmetry.

£ 27.5 meV, in agreement with the experimentally observed exciton at 28-29 meV [3].

8 j=>5/2 multiplet in cubic symmetry.
b The 4T, (t%geg) levels lie at 2.9-3.05 eV.

cellent agreement with the outcome of INS measurements
[3]. It is seen that, for the lower part of the spectrum,
the MRCI corrections to the CASSCF relative energies
are moderate.

Magnetic interactions. Fits of the magnetic excita-
tion spectra of NazCosSbOg suggest antiferromagnetic
(AF) Kitaev coupling K [3], sizable, AF off-diagonal T
[3, 5], and that an AF K requires ferromagnetic (FM)
Heisenberg interaction with K ~ |J| [4]. A relatively
large FM Heisenberg J is also proposed by analysis of
effective models relying on Co-Co kinetic exchange, Co-
05-Co superexchange, and intersite hoppings extracted
from density-functional computations [19].

For an ab initio quantum chemical perspective, we
scanned the nearest-neighbor interaction landscape at
the SC (i.e., tggeﬁftggeg Co nearest neighbors, no excited-
state configurations considered), CASSCF, and MRCI
levels (see SM for details). This allows to distinguish
between (i) direct, Coulomb exchange (the only available
channel at SC level), (ii) Co-Co kinetic exchange (addi-
tionally accounted for in the CASSCF computation with
all 3d orbitals of the two Co sites considered in the ac-
tive space), and (iii) Co-O2-Co superexchange (physics
considered by MRCI). Remarkably, for J, K, and T, we
find that CASSCF and MRCI bring only minor correc-
tions to the SC values (see Table II), indicating that ki-
netic exchange and superexchange play a marginal role in
Na3Co2Sb0Og. This renders the existing exchange mod-
els [7, 8, 18-20] obsolete and calls for large-scale quantum
chemical studies on Kitaev-Heisenberg magnets.

Also interesting is the effect of on-site excitations, i.e.,

the admixture of tégeg character to the leading Co?*

t3,€2 electron configuration (discussed as well in the pre-
vious section), on IV. As shown on the second line of
TableII, this ‘dressing’ with virtual on-site excitations
reverts the sign of IV, from FM at the SC level to AF in
the SSCAS numerical experiment. The sign of IV remains
then positive (i.e., AF) when including additional elec-
tronic excitations in the CASSCF and MRCI spin-orbit
computations (the lowest two lines in TableII).
Transformed to XX Z frame (see the discussion and
conversion relations in SM), the nearest-neighbor MRCI
coupling parameters change to J;, =—1.29, J, = —0.44,
J+4+ = —0.20, and J,+ =-0.09. Their dependence on the
various exchange mechanisms is illustrated in Table III:
it is seen that J,, is essentially determined by Coulomb

TABLE II. Magnetic couplings (meV) for the C2, Co-Co
link [13] in NagCo2SbOg. The lowest singlet, triplet, quin-
tet, and septet associated with each of the possible (3 x 3)
tggefftggeg orbital occupations were included in the spin-
orbit treatment, which yields 72 KDs; the lowest four were
mapped onto the model of two interacting 1/2 pseudospins,
as described in [23, 24]. SSCAS stands for single-site CAS
(Co-Co hopping excluded); all possible d-d excitations, on-
site + intersite, were considered in CASSCF.

Method J K r T

SC -1.41 0.45 0.55 -0.16
SSCAS —-1.50 0.57 0.47 0.24
CASSCF -1.30 0.54 0.50 0.21
MRCI -1.18 0.53 0.51 0.17




TABLE III. Nearest-neighbor effective magnetic couplings
(meV) for the Ca, Co-Co link [13] in X X Z representation
(see SM or e.g. ref. [19] for conversion relations).

Method Iy J. Ji4 Jex

SC -1.34 -1.11 —0.31 0.12
SSCAS -1.63 -0.68 -0.17 -0.16
CASSCF -1.43 -0.51 -0.19 -0.12
MRCI -1.29 -0.44 -0.20 -0.09

exchange, while for the remaining nearest-neighbor effec-
tive interactions also other contributions are significant,
most of all, the dressing with on-site excitations.

While the discussion has been focussed so far on
the pair of edge-sharing CoOg octahedra displaying Cap,
point-group symmetry [13], a similar fine structure is
found for the excitation spectrum of the lower-symmetry,
C; Co2071p unit: the excitation energies of the lowest
three excited states (defined by the interaction of the
two 1/2 pseudospins) differ on average by 10%. Whether
certain details in the experimental spectra can be ex-
plained by considering two different sets of Co-Co mag-
netic links (i.e., two different sets of nearest-, second-,
and third-neighbor couplings) remains to be clarified in
forthcoming work.

One aspect that deserves elaboration is the possible
role of orbital breathing effects [25] in the case of the
effective magnetic couplings in 3 e2 cobaltates since or-
bital breathing has been found to strongly affect intersite
interactions in d° copper oxide compounds [25]. In this
regard, it is worth to point out that (i) in cuprates, in-
tersite hopping implies changing the occupation of the
‘magnetic’ #2—y? d orbital (separated energetically by 1
eV or more from the other d components) by 1, from 1
to either 0 or 2; for orbitally degenerate, LS-coupled tgg
and t3 963 ions, the average magnetic-orbital occupation
changes by much less, i.e., by either 0.33 (within the to,
subshell) or 0.5 (within the e, sector) & (ii) in Cu?* ox-
ides, the relevant M d — L p orbital overlap is o-type and d-
orbital breathing is therefore strongly coupled to M —L—
M superexchange physics; for tgg and tggeg species, the
relevant M d—L p orbital overlap is w-type and d-orbital
breathing (anyhow already much weaker since the mod-
ification of the average magnetic-orbital charge is much
less dramatic) couples less intensely with superexchange.
Those are likely the reasons for which excellent agree-
ment is found between MRCI couplings and experimental
effective-coupling estimates in ¢3, SroIrOy [23], which is
not the case for MRCI results computed with a minimal
CAS kernel in d° square-lattice cuprates.

Different from tgg SrolrO4 and cuprates with corner-
sharing ML, units, the outcome of experiment-based in-
vestigations on tgge§ honeycomb cobaltates is less clear-
cut. The parameters derived at correlated level in Ta-
ble IT fulfill however the most basic constraints posed

by INS [3, 4], neutron diffraction [5], and magnetom-
etry [5] measurements available for NagCoySbOg: AF
K [3], AF T [3, 5], and FM J [3, 4]. Reproduc-
ing more specific experimental features requires, besides
the computed nearest-neighbor interaction parameters
and AF second/third-neighbor (J2/J3) Heisenberg cou-
plings, cyclic exchange [26-28] and/or farher-neighbor
anisotropies, antisymmetric and/or symmetric. Effects
of the farther-neighbor symmetric anisotropies are briefly
discussed in the following.

The MRCI coupling parameters alone yield a FM
ground state on the extended honeycomb lattice. To
account for the experimentally observed zigzag-like AF
order and the emergence of a structure akin to a 1/3-
plateau in the magnetization curves [5], we analyzed the
role of longer-range pair interactions, isotropic and with
XY Z anisotropy, with the help of exact-diagonalization
computations for clusters of 24 sites with periodic bound-
ary conditions (see, e.g., [24] for similar calculations).
Mapping the ground-state phase diagram, we found that,
in isotropic Jo—Js context, AF zigzag order is stabi-
lized for Jo+J3 2 0.25 [see Fig.1(a)]. Then, the signif-
icant in-plane anisotropy and the 1/3-plateau observed
experimentally can be replicated through XY Z longer-
range anisotropy: with J§ =0.10, JY =0.32, J5 =0.21,
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FIG. 1. (a) Ground-state phase diagram in the Jo—J3 plane
using the MRCI values for J, K, T', and I". (b) Magnetic
susceptibility versus in-plane angle, where 0 and 90 degrees
correspond to the a and b axes, respectively. (c) Magneti-
zation versus magnetic field (solid lines) and its derivative
(dashed lines) using J5 =0.10, J3 =0.32, J5=0.21, J§ =0.32,
JY =0.10, J§ = 0.21, and the MRCI nearest-neighbor cou-
plings. Inset: Experimental data extracted from Ref. 5. (d)
Static structure factor at B=0.



J¥=0.32, JY=0.10, J§ =0.21 (meV), g,=5.3, gp=5.9,
and the nearest-neighbor MRCI couplings, both the an-
gular dependence of the susceptibility and the field de-
pendence of the magnetization curve can be fitted, as il-
lustrated in Figs. 1(b,c). The observed AF wave vectors
(+a’/2, +b/2,0) at zero field can also be nicely repro-
duced. Additional details are provided in SM.

Conclusions. In sum, analyzing the quantum chem-
istry of interacting magnetic moments in LS-coupled
honeycomb cobaltates, we cannot confirm kinetic ex-
change and superexchange as leading mechanisms for
anisotropic intersite effective couplings. Instead, our ab
initio computations reveal Coulomb exchange as main
player, an ingredient not considered so far in existing
models [2, 6-8, 18-20]. As co-mechanism to intersite
interactions, both isotropic and anisotropic, it has al-
ready been pointed out in quantum chemical studies on
hexagonal d® RuCls [29], triangular-lattice d®> NaRuO,
[29, 30], square-lattice d® BaglrOy [31], square-lattice d°
cuprates [32, 33], and d” cuprate chains [34]; spotting it
as driving force in hexagonal d’ cobaltates portrays in
even sharper tones the shortcomings of present Kitaev-
Heisenberg exchange models. In light of the quantum
chemical findings, effective-model electronic-structure in-
vestigations ignoring Coulomb exchange cannot provide
meaningful predictions on material trends, be it bulk or
heterostructures. Our analysis additionally signalizes the
possible role of farther neighbor exchange anisotropies.
The latter may account for the 1/3-plateau observed ex-
perimentally in the magnetization curves [5].
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