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We study the exchange interactions and resulting magnetic phases in the honeycomb cobaltates. For a
broad range of trigonal crystal fields acting on Co** ions, the low-energy pseudospin-1,/2 Hamiltonian is
dominated by bond-dependent Ising couplings that constitute the Kitaev model. The non-Kitaev terms
nearly vanish at small values of trigonal field A, resulting in spin liquid ground state. Considering
Na3;Co,SbOg as an example, we find that this compound is proximate to a Kitaev spin liquid phase, and can
be driven into it by slightly reducing A by ~20 meV, e.g., via strain or pressure control. We argue that, due
to the more localized nature of the magnetic electrons in 3d compounds, cobaltates offer the most

promising search area for Kitaev model physics.
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The Kitaev honeycomb model [1], demonstrating the key
concepts of quantum spin liquids [2] via an elegant exact
solution, has attracted much attention (see the recent
reviews [3-7]). In this model, the nearest-neighbor (NN)
spins § = 1/2 interact via a simple Ising-type coupling
S;S. However, the Ising axis y is not global but bond
dependent, taking the mutually orthogonal directions
(x, v, z) on the three adjacent NN bonds on the honeycomb
lattice. Having no unique easy axis and being frustrated, the
Ising spins fail to order and form instead a highly entangled
quantum many-body state, supporting fractional excitations
described by Majorana fermions [1].

Much effort has been made to realize the Kitaev spin
liquid (SL) experimentally. From a materials perspective,
the Ising-type anisotropy is a hallmark of unquenched
orbital magnetism. As the orbitals are spatially anisotropic
and bond directional, they naturally lead to the desired
bond-dependent exchange anisotropy via spin-orbit cou-
pling [8]. Along these lines, 5d iridates have been sug-
gested [9] to host Kitaev model; later, 4d RuCl; was added
[10] to the list of candidates. To date, however, the Kitaev
SL remains elusive, as this state is fragile and destroyed by
various perturbations, such as small admixture of a conven-
tional Heisenberg coupling [11] caused by direct overlap
of the d orbitals. Even more detrimental to Kitaev SL are
the longer range couplings [12], unavoidable in weakly

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.

0031-9007/20/125(4)/047201(6)

047201-1

localized 5d- and 4d-electron systems with the spatially
extended d wave functions. We thus turn to 3d systems
with more compact d orbitals [13].

While the idea of extending the search area to 3d materials
is appealing, and plausible theoretically [15,16], it raises an
immediate question crucial for experiment: is spin-orbit
coupling (SOC) in 3d ions strong enough to support the
orbital magnetism prerequisite for the Kitaev model design?
This is a serious concern, since noncubic crystal fields
present in real materials tend to quench orbital moments and
suppress the bond dependence of the exchange couplings
[8]. In this Letter, we give a positive answer to this question.
Our quantitative analysis of the crystal field effects on the
magnetism of 3d cobaltates shows that the orbital moments
remain active and generate a Kitaev model as the leading
term in the Hamiltonian. In fact, we identify the trigonal
crystal field as the key and experimentally tunable param-
eter, which decides the strength of the non-Kitaev terms in
3d compounds.

Our main results are summarized in Fig. 1, displaying
various magnetic phases of spin-orbit entangled pseudospin-
1/2 Co** ions on a honeycomb lattice. The phase diagram is
shown as a function of trigonal field A, in a window relevant
for honeycomb cobaltates, and a ratio of Coulomb repulsion
U and the charge-transfer gap A ,; [17]. From the analysis of
experimental data, we find that Na;Co,SbOg [18-20] is
located at just ~20 meV “distance” from the Kitaev SL phase
(see Fig. 1), and could be driven there by a c-axis compres-
sion that reduces A. This seems feasible, given that A
variations within a window of ~70 meV were achieved
by strain control in a cobalt oxide [21].

We now describe our calculations resulting in Fig. 1.
In short, we first derive the pseudospin exchange inter-
actions from a microscopic theory, as a function of various
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FIG. 1. The calculated magnetic phase diagram of honeycomb
cobaltates. The Kitaev SL phase is surrounded by ferromagnetic
(FM) states with moments in the honeycomb ab plane and along
the ¢ axis, zigzag-type states with moments in the ab plane (zz1),
along Co-O bonds (zz2), and in the ac plane (zz3). Vortex- and
stripy-type phases take over at smaller U/A ;. The color map
shows the second-NN spin correlation strength (leading eigen-
value of the correlation matrix (S;’S‘f ) normalized by §? = 1/4),
which drops sharply in the SL phase. The star indicates the rough
position of Na;Co,SbOg.

parameters, and then obtain the corresponding ground
states numerically by exact diagonalization.

Exchange interactions.—In an octahedral environment,
Co™" ion with 73 e configuration possesses spin § = 3/2
and effective orbital moment L = 1, which form, via spin-
orbit coupling, a pseudospin § = 1/2 [14]. Over decades,
cobaltates served as a paradigm for quantum magnetism,
providing a variety of pseudospin-1/2 models ranging from
the Heisenberg model in perovskites with corner-sharing
octahedra [22,23] to the Ising model when the CoOg
octahedra share their edges [24].

A microscopic theory of Co** interactions in the edge-
sharing geometry has been developed just recently [15,16],
assuming an ideal cubic symmetry. Here we consider a
realistic case of trigonally distorted lattices, where 15,
orbitals split as shown in Fig. 2(a). Our goal is to see if
such distortions leave enough room for the Kitaev model
physics in real compounds. This is decided by the spin-
orbital structure of the pseudospin § = 1/2 wave functions;
in terms of |S,,L,) states (the trigonal axis Z||c is
perpendicular to the honeycomb plane), they read as:
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FIG. 2. (a) Splitting of 1, -electron level under trigonal crystal
field. (b) Schematic of the spin-orbital exchange channels for d’
ions. (¢)—(f) Exchange parameters K, J, I', and I'"" (red solid lines)
as a function of A/4, calculated at U/A,, = 2.5 and Hund’s
coupling Jy = 0.15U. On each panel, dashed lines show indi-
vidual contributions of #,,-1,, (black), 1,,-¢, (blue), and e, -¢,
(green) exchange channels. The couplings J, ', and I” nearly
vanish in the cubic limit A = 0.

A =0, one has (C,C,,C3) = (1/\/5,—1/\/3 1/\/6), and
all the three components of L are equally active. A positive
(negative) A field tends to quench Ly (Ly/y).

The next step is to project various spin-orbital exchange
interactions in cobaltates [15] onto the above pseudospin-
1/2 subspace. The calculations are standard but very
lengthy; the readers interested in details are referred to
the Supplemental Material [26]. At the end, we obtain the
§ = 1/2Kitaev model K 75", supplemented by Heisenberg
J and off-diagonal anisotropy I', I terms; for y = z type NN
bonds, they read as:

() _ k354 J8. - § 8185 + 5783
M = K8i85 4+ U8, - §; + D(3:8) + 815%)
x T Tz ¢x 4 QT Tz QY
+TV(5355 + 8% + 8785 + 8557). (2)

Interactions Hl(.]ﬂ fory = x, y type bonds follow from a cyclic
permutation among S%, S’}V , and S’j

While the Hamiltonian (2) is of the same form as in d°
Ir/Ru systems [5,34], the microscopic origin of its param-
eters K,J,I,T" is completely different in d’ Co com-
pounds. This is due to the spin-active e, electrons of

Co(tggeﬁ) ions, which generate new spin-orbital exchange
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channels 7, -¢, and e -¢,,, shown in Fig. 2(b), in addition to
the 1,,-1,, ones operating in d® systems with thg-only
electrons. In fact, the new terms make a major contribution
to the exchange parameters, as illustrated in Figs. 2(c)-2(f).
In particular, Kitaev coupling K comes almost entirely
from the 7,,-¢, process. It is also noticed that #,,-¢, and
e,-e, contributions to J, I', and I" are of opposite signs and
largely cancel each other, resulting in only small overall
values of these couplings.

Figure 2 shows that the trigonal field A, which acts via
modification of the pseudospin wave function (1), has an
especially strong impact on the non-Kitaev couplings J, I,
I". As a result, the relative strength (J/K, etc.) of these
“undesired” terms is very sensitive to A variations. This
suggests the orbital splitting A as an efficient (and
experimentally accessible) parameter that controls the
proximity of cobaltates to the Kitaev-model regime.

Another important parameter in the theory is the U/A 4
ratio. In contrast to Ir/Ru-based Mott insulators with small
U/A,q ~ 0.5, cobaltates are charge-transfer insulators [17],
with typical values of U/A,; ~2-3 depending on the
material chemistry. Including both Mott-Hubbard U and
charge-transfer A ,; excitations, we have calculated [26]
the exchange couplings as a function of U/A ,; and A/4.
Figure 3(a) shows that Kitaev coupling K is not much
sensitive to U/A ,; variations. On the other hand, the non-
Kitaev terms, especially Heisenberg coupling J, are quite
sensitive to U/ A4, see Figs. 3(b)-3(d). However, their
values relative to K remain small over a broad range of
parameters.

Phase diagram.—Having quantified the exchange
parameters in Hamiltonian (2), we are now ready to address
the corresponding ground states. As Kitaev coupling is the
leading term, the model is highly frustrated. We therefore
employ exact diagonalization (ED) which has been widely
used to study phase behavior of the extended Kitaev-
Heisenberg models (see, e.g., Refs. [11,35-39]). In par-
ticular, by utilizing the method of coherent spin states
[38,39], we can detect and identify the magnetically
ordered phases (including easy-axis directions for the
ordered moments). When non-Kitaev couplings are small
(roughly below 10% of the FM K value), a quantum spin-
liquid state is expected. Reflecting the unique feature of the
Kitaev model [1], this state is characterized by short-range
spin correlations that are vanishingly small beyond nearest-
neighbors [11].

The resulting phase diagram, along with the data
quantifying spin correlations beyond NN distances, is
presented in Figs. 3(e) and 3(f). The main trends in the
phase map are easy to understand considering the variations
of non-Kitaev couplings with A/4 and U/A ;. As we see
in Figs. 3(c) and 3(d), I exactly vanishes at the A = 0 line,
and I" is very small too. Thus, in the cubic limit, the model
(2) essentially becomes the well-studied K — J model, with
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FIG. 3. (a)Kitaev coupling K (in units of #*/U), and (b)—(d) the

relative values of J/|K|, ['/|K|, and I"/|K| as a function of A/
and U/A,,. For convenience, specific values of parameters are
indicated by contour lines. (e)—(f) The corresponding phase
diagram obtained by ED of the model on a hexagon-shaped
24-site cluster. As in Fig. 1, the color maps quantify the strength
of (e) second-NN and (f) third-NN spin correlations, which drop
sharply in the SL phase (small but finite values are due to
deviations from the pure Kitaev model [11]).

large FM Kitaev K term, and J correction changing
from AF J >0 to FM J <0 as a function of U/A .
Consequently, the ground state changes from stripy AF (at
small U/A,;) to FM order at large U/A 4, through the
Kitaev SL phase in between [35]. In the SL phase, spin
correlations are indeed short-ranged and bond-selective: for
z-type NN bonds, we find (§75%)/5% ~0.52 (as in the
Kitaev model), while they nearly vanish at farther dis-
tances, see Figs. 3(e) and 3(f).

As we switch on the trigonal field A, the I term comes
into play confining the SL phase to the window of |A|/4 <
1 (where |I"/K| < 0.1). In the FM phases, the sign of I"
decides the direction of the FM moments. On the left-top
(left-bottom) part of the phase map, where Heisenberg
coupling J is AF, the stripy state gives way to a vortex-type
[34] (zigzag-type) ordering, stabilized by the combined
effect of I" and I" terms.

047201-3



PHYSICAL REVIEW LETTERS 125, 047201 (2020)

To summarize up to now, the nearest-neighbor pseudo-
spin Hamiltonian is dominated by the FM Kitaev model,
which appears to be robust against trigonal splitting of
orbitals. Subleading terms, represented mostly by J and T”
couplings, shape the phase diagram, which includes a
sizeable SL area. While these observations are encourag-
ing, it is crucial to inspect how the picture is modified by
longer range interactions, especially by the third-NN
Heisenberg coupling J5S; - S j» which appears to be one
of the major obstacles on the way to a Kitaev SL in 5d and
4d compounds [5,12]. We have no reliable estimate for J3,
since long-range interactions involve multiple exchange
channels and are thus sensitive to material chemistry
details. As such, they have to be determined experimen-
tally. We note that |J3/K| ~0.1 was estimated [40,41] in
the 4d compound RuCls; in cobaltates with more localized
3d orbitals [13], this ratio is expected to be smaller.

Adding a J5 term to the model (2), we have reexamined
the ground states and found that the Kitaev SL phase is
stable up to |J3/K| ~ 0.06 [26]. The modified phase dia-
gram, obtained for a representative value of J; = 0.15¢%/
U ~0.04|K|, is shown in Fig. 1 [42]. Its comparison with
Fig. 3 tells that the main effect of J3 is to support the
zigzag-type states (with different orientation of moments)
at the expense of other phases. Note also that the SL area is
shifted to the right, where FM J and AF J; tend to frustrate
each other. The phase diagram in Fig. 1 should be generic
to Co’>* honeycomb systems, and will be used in the
following discussion.

Honeycomb lattice cobaltates.—A number of such
compounds are known: A3Co,SbOg (A = Na, Ag,Li)
[18-20,43,44], Na,Co,TeOq [18,45-47], BaCo,(XOy,),
(X = As, P) [48-51], CoTiO; [52-54], CoPS; [55,56].
They are quasi-two-dimensional magnets; within the ab
planes, zigzag or FM order is most common.

Traditionally, experimental data in Co>* compounds is
analyzed in terms of an effective S = 1/2 models of XXZ
type [48,50,54,57-59]. As S = 1/2 magnons (~10 meV)
are well separated from higher lying spin-orbit excitations
(~30 meV), the pseudospin picture itself is well justified;
however, a conventional XXZ model neglects the bond-
directional nature of pseudospin S = 1/2 interactions. A
general message of our work is that a proper description of
magnetism in cobaltates should be based on the model of
Eq. (2), supplemented by longer-range interactions. We
note in passing that the XXZ model also follows from
Eq. (2) when the Kitaev-type anisotropy is suppressed [34];
however, such an extreme limit is unlikely for realistic
trigonal fields, given the robustness of the K coupling,
see Fig. 3.

As an example, we consider Na;Co,SbOg which has low
Néel temperature and a reduced ordered moment [20].
Analyzing the magnetic susceptibility data [20] including
all spin-orbit levels [26], we obtain a positive trigonal field
A ~38 meV and 1 ~ 28 meV; these values are typical for

Co’t ions in an octahedral environment (see, e.g.,
Ref. [54]). With A/ ~ 1.36, we evaluate S = 1/2 doublet
g factors g,, ~4.6 and g, ~3, from which a saturated
moment of 2.3up, consistent with the magnetization data
[20], follows.

Zigzag-ordered moments in Na;Co,SbOg are confined
to the ab plane [20]; this corresponds to the zz1 phase in
Fig. 1. The easy-plane anisotropy is due to the I" term,
which is positive for A > 0, see Fig. 3(d). Regarding the
location of Na;Co,SbOg on the U/A,,; axis of Fig. 1, we
believe it is close to the FM//ab phase, based on the
following observations. First, a sister compound
LizCo,SbO¢ has ab-plane FM order [44] (most likely
due to smaller Co-O-Co bond angle, 91° versus 93°,
slightly enhancing the FM J value). Second, zigzag order
gives way to fully polarized state at small magnetic fields
[18,20]. These facts imply that zz1 and FM//ab states are
closely competing in Na;Co,SbOg.

Based on the above considerations, we roughly locate
Na;Co,Sb0Og in the phase diagram as shown in Fig. 1. In
this parameter area, the exchange couplings are K=~
-3.61>/U, J/|K|~—0.14, T/|K| ~—0.03, and I"/|K|~
0.16, see Figs. 3(a)-3(d). The small values of J,I', T imply
the proximity to the Kitaev model, explaining a strong
reduction of the ordered moments from their saturated values
[20]. As a crucial test for our theory, we show in Fig. 4 the
expected spin excitations. The large FM Kitaev interaction
enhances magnon spectral weight near ¢ = 0 and leads to
its anisotropy in momentum space, see Figs. 4(a) and 4(b).

@ 5 -

— -

spectral weight

r Y Tr K X

FIG. 4. Spin excitation spectrum expected in Na;Co,SbO¢. The
parameters K = —3.6, J = —0.5, ' = —0.1, I’ = 0.6 (in units of
1>/U) follow from our theory, while J5 = 0.15 is added “by
hand” [63] to stabilize the zigzag order. (a) Magnon dispersions
and intensities from linear spin wave (LSW) theory. (b) The
energy-integrated magnon intensity over the Brillouin zone. The
intensity is largest around T, i.e., away from the Bragg point Y.
(c) Exact diagonalization results for hexagonal 24- and 32-site
clusters. Plotted is the trace y”(q, ) of the spin susceptibility
tensor [26], which comprises the low-energy magnon peak and a
broad continuum.
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The ED results in Fig. 4(c) show that, as a consequence of the
dominant Kitaev coupling, magnons are strongly renormal-
ized and only survive at low energies, and a broad continuum
of excitations [41,60] as in RuCl; [61,62] emerges. Neutron
scattering experiments on Na;Co,SbOg are desired to verify
these predictions.

If the above picture is confirmed by experiments, the
next step should be to drive Na;Co,SbOyg into the Kitaev
SL state. As suggested by Fig. 1, this requires a reduction of
the trigonal field by ~20 meV, e.g., by means of strain or
pressure control. At this point, the relative smallness of
SOC for 3d Co ions comes as a great advantage: while
strong enough to form the pseudospin moments, it makes
the lattice manipulation of the § = 1/2 wave functions (and
hence magnetism) far easier than in iridates [64].
Monitoring the magnetic behavior of Na;Co,SbOg and
other honeycomb cobaltates under uniaxial pressure would
be thus very interesting.

To conclude, we have presented a comprehensive theory
of exchange interactions in honeycomb cobaltates, and
studied their magnetic phase behavior. The analysis of
Na;Co,SbO¢ data suggests that this compound is proxi-
mate to a Kitaev SL phase and could be driven there by a c-
axis compression. A broader message is that as one goes
from 5d Ir to 4d Ru and further to 3d Co, magnetic d
orbitals become more localized, and this should improve
the conditions for realization of the nearest-neighbor-only
interaction model designed by Kitaev.
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