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Intercalant-mediated Kitaev exchange in Ag3LiIr2O6
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The recently synthesized Ag3LiIr2O6 has been proposed as a Kitaev magnet in proximity to the quantum spin
liquid phase. We explore its microscopic Hamiltonian and magnetic ground state using many-body quantum
chemistry methods and exact diagonalization techniques. Our calculations establish a dominant bond dependent
ferromagnetic Kitaev exchange between Ir sites and find that the inclusion of Ag 4d orbitals in the configuration
interaction calculations strikingly enhances the Kitaev exchange. Furthermore, using exact diagonalization of the
nearest-neighbor fully anisotropic J-K-� Hamiltonian, we obtain the magnetic phase diagram as a function of
further neighbor couplings. We find that the antiferromagnetic off-diagonal coupling stabilizes long range order,
but the structure factor calculations suggest that the material is very close to the quantum spin liquid phase and the
ordered state can easily collapse into a liquid by small perturbations such as structural distortion or bond disorder.
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Introduction. The search for quantum spin liquid (QSL)
in honeycomb lattice systems has triggered intense research
activity in the condensed matter community during the past
decade [1–3]. QSL’s are especially interesting for the field of
quantum computing and information as they exhibit elemen-
tary excitations, which are a characteristic of the Majorana
fermions. The Kitaev model is particularly interesting in this
context as it is known to host QSL ground states [3–5]. The
Kitaev Hamiltonian considers the diagonal part of anisotropic
bond-dependent magnetic interactions between nearest neigh-
bor (NN) spin states on honeycomb lattice [4]. However, in
real-world materials, the Kitaev interaction (K) is often ac-
companied by the competing isotropic Heisenberg coupling
(J) and off-diagonal anisotropic couplings (�). This gener-
alized spin model (commonly referred as the J-K-� model)
is known to have a more complex phase diagram as these
additional parameters can change the ground state depending
on their magnitude and signs.

Extensive investigations have been carried out on hon-
eycomb lattice iridates with the general formula A2IrO3

(A = Na, Li, K, Cu) [3,6–13] and their derivatives [14,15] as
well as α-RuCl3 [1,16,17]. All of these systems have layered
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crystal structures, in which each layer consists of transition
metal (TM) forging edge-sharing octahedra with ligand and
the TM ions form a honeycomb network. The magnitude of
anisotropic as well as isotropic couplings is crucial for sta-
bilizing spin liquid states in these materials. For the known
honeycomb materials, the reported ratio |K/J| ≈ 4 − 8 im-
plies strong anisotropic magnetic interactions [10,14,15,17].
However, a conventional long range magnetic order is realized
instead, due to small but significant NN Heisenberg coupling
(J) as well as longer range Heisenberg exchange interactions.
Additionally, the lower symmetry in these systems allows the
existence of off-diagonal anisotropic couplings, which have
been recently investigated for their effect on the magnetic
ground states in honeycomb lattice systems [10,18,19].

Furthermore, the tunable nature of isotropic and
anisotropic couplings with various factors such as structural
modifications, inter or intra-layer electrostatics and strength
of spin-orbit coupling (SOC) has motivated the search and
investigation of materials realizing the Kitaev model with
favorable ratios of the corresponding magnetic exchange
parameters [20–23]. The recently reported Ag3LiIr2O6 is
being explored in this context [24–26].

In this Letter, we address the exchange interactions be-
tween two Ir sites in Ag3LiIr2O6 using highly accurate
many-body quantum chemistry calculations. Our results ob-
tained at the configuration interaction level of theory show
that the 4d orbitals corresponding to Ag enhance anisotropic
interaction parameters (K and �) by directly participating in
the superexchange process, and significantly increase the ratio
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FIG. 1. Honeycomb network formed by edge sharing IrO6 octa-
hedra in Ag3LiIr2O6. The Ag+ ions are located in such a way that an
interlayer connectivity is realized through linear O-Ag-O chains [23].

of anisotropic to isotropic couplings. Further, we obtained the
magnetic phase diagram as a function of the second (J2) and
third neighbor (J3) Heisenberg exchange parameters using ex-
act diagonalization (ED) for the fully anisotropic Hamiltonian
derived from quantum chemistry calculations. We find that
this system would form a long-range magnetic order of zigzag
antiferromagnetic (AFM) type, as the AFM �yz couplings
tends to counteract the FM Kitaev interactions and drive the
system away from the QSL phase. However, the ED calcula-
tions reveal that the static structure factor for Ag3LiIr2O6 is
quite similar to that of Kitaev spin liquid phase suggesting a
close proximity to the spin liquid phase.

Atomic and electronic structure. The structural details of
Ag3LiIr2O6 were reported by Bahrami et al. [23] and Bette
et al. [27] independently. It is synthesized by chemical sub-
stitution of Li+ ions located between the honeycomb planes
in α-Li2IrO3 by Ag+ ions [23,27]. Ag3LiIr2O6 displays a
layered structure where edge-shared IrO6 octahedra constitute
the planar honeycomb-like network as shown in Fig. 1. A Li+

ion occupies the center of each hexagon, as in the parent com-
pound α-Li2IrO3. The major structural difference comes from
the fact that the interlayer Ag+ ions sandwiched between two
honeycomb planes occupy slightly different positions than the
Li+ ions in the parent compound, giving rise to linear O-Ag-O
bonds. This system is structurally similar to another reported
derivative of α-Li2IrO3, namely H3LiIr2O6, where interlayer
Li+ ions are replaced by H+ ions [21]. However, Ag3LiIr2O6

is unique in the sense that 4d orbitals of the Ag+ ions can
hybrize with the O 2p orbitals and can also participate in
superexchange between NN Ir 5d shells.

The Ir 5d levels are split into eg and t2g states due to the
octahedral ligand field. The t2g states lie at a significantly
lower energy [28], making Ir t5

2g as the leading ground-state
configuration and yielding an effective picture of one hole in
the t2g sector. In the presence of strong spin-orbit coupling,
this can be mapped onto a set of fully occupied jeff = 3/2 and
half-filled jeff = 1/2 states [29–31]. Deviations from a perfect

TABLE I. NN magnetic couplings (in meV) for the two different
bonds B1 and B2 in Ag3LiIr2O6 using the structural data from
Ref. [23]; results of spin-orbit MRCI calculations are shown.

Bond ∠Ir-O-Ir K J �xy �yz= −�zx

B2 (3.06Å) 96.8◦ −11.2 −0.3 −1.3 4.9
B1 (3.05Å) 92.8◦ −10.1 −0.9 −1.0 2.8

cubic environment may lead to some degree of admixture of
these jeff = 1/2 and jeff = 3/2 components.

Similar to the parent compound α-Li2IrO3, two structurally
different types of Ir-Ir links are present in this system [21].
For each of these links, the unit of two NN octahedra displays
C2h point-group symmetry, which then implies a generalized
bilinear Hamiltonian of the following form for a pair of pseu-
dospins i and j

Hi j = J S̃i · S̃ j + KS̃z
i S̃z

j +
∑

α �=β

�αβ

(
S̃α

i S̃β
j + S̃β

i S̃α
j

)
, (1)

where the �αβ coefficients refer to the off-diagonal compo-
nents of the symmetric anisotropic exchange matrix, with
α, β ∈ {x, y, z}. An antisymmetric Dzyaloshinskii-Moriya
(DM) coupling is not allowed, given the inversion center for
each block of two NN octahedra. A local Kitaev reference
frame is used here, such that for each Ir-Ir link the z axis is
perpendicular to the Ir2O2 plaquette.

Calculation of magnetic interactions. The magnetic ex-
change couplings between two NN Ir sites were obtained from
quantum chemistry calculations on embedded clusters with
two edge-sharing octahedra as the central region. The four
adjacent IrO6 octahedra were also included in the calculations
to account for the finite charge distribution in the immediate
neighborhood, while arrays of point charges fitted to repro-
duce the ionic Madelung potential in the cluster region were
used to model the solid-state environment. As a first step, we
obtained multiconfiguration wavefunctions at the complete-
active-space self-consistent-field (CASSCF) level of theory,
where optimized wavefunctions were obtained for an average
of the lowest nine singlet and nine triplet states. In the second
step, the CASSCF wave functions are used in the multirefer-
ence configuration-interaction (MRCI) calculations, allowing
single and double excitations from the Ir 5d (t2g) and the
bridging-ligand 2p valence shells.

The spin-orbit computations were performed in terms of
the low-lying nine singlet and nine triplet states. The low-
est four ab initio spin-orbit eigenstates were mapped onto
the eigenvectors of the effective spin Hamiltonian (1). The
other 32 spin-orbit states in this manifold involve jeff ≈ 3/2
to jeff ≈ 1/2 excitations and lie at a significantly higher en-
ergy [14,28,32]. The mapping of the ab initio data onto the
effective spin Hamiltonian is carried out following the pro-
cedure described in Refs. [17,33,34]. All quantum chemistry
computations were performed using the quantum chemistry
package MOLPRO [35].

Effective magnetic exchange interactions obtained using
the procedure mentioned above are listed for the experimental
structural data reported in Ref. [23] in Table I. Not all six links
connecting Ir-Ir sites are equal, but vary slightly in their length
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(δd = 0.12 Å). For both types of Ir-Ir links, the Kitaev cou-
pling K is ferromagnetic, with K = −11.2 meV for the longer
bond. The |K/J| ratio is high, which in principle indicates that
the system is close to the pure Kitaev limit. However, we also
find that the off-diagonal exchange anisotropy �yz (allowed
due to lower symmetry) has a considerable magnitude. It is
AFM in nature and can counteract the frustration brought in
by FM Kitaev couplings.

Phase diagram and longer-range interactions. From the
NN magnetic interactions in Table I, Ag3LiIr2O6 appears to
be close to realizing the Kitaev model, indicated by the larger
|K/J| ratio compared to other A2IrO3 (A = Li,Na) iridates
and their derivatives considered so far. It is known that in
the A2IrO3 systems, the experimentally observed zigzag or-
dered state at low temperature is stabilized not only by the
residual NN isotropic couplings, but also by the longer-range
magnetic interactions that are present, even if the latter can
be weak [17,22,32]. In order to assess the magnetic ground
state of Ag3LiIr2O6, we obtained the phase diagram using
the NN quantum chemistry coupling parameters as a func-
tion of second-neighbor (J2) and third-neighbor (J3) isotropic
Heisenberg parameters (see Fig. S1 in Ref. [36]). These cal-
culations were performed as ED for a 24-site cluster with
periodic boundary conditions as employed in earlier studies
[3,14,32]. The phase boundaries were determined by the max-
imum positions in the second derivative of the ground-state
energy. For a given set of J2 and J3 parameters, the dominant
order was determined according to the wave number Q =
Qmax providing a maximum value of the static structure factor
S(Q); the QSL state is characterized by the structureless S(Q).
Please see Ref. [36] for the detailed analysis. The phase dia-
gram is quite distinct when compared to other known iridate
counterparts [14,32,37], as the QSL phase is missing from the
diagram. When comparing the magnetic couplings with the
parameters reported for honeycomb systems [14,17,38–40], it
becomes evident that there are two major differences: (i) the
upturn in the |K/J| ratio and (ii) an appreciable increase of the
�yz AFM coupling. The fact that higher |K/J| ratios favour the
QSL phase in the phase diagram suggests that an AFM �yz is
destabilizing the QSL region.

To test this hypothesis, we also mapped out the phase
diagram in the �xy-�yz plane keeping other NN QC parameters
and for J2 = J3 = 0 (assuming smaller long range interac-
tions). The resulting phase diagram shown in Fig. 2 contains
QSL phase for small value of �yz, whereas Ag3LiIr2O6 is
represented by filled square in the zigzag phase. This clearly
shows that the QSL region disappears as a result of AFM �yz

in Ag3LiIr2O6. Experimental investigations also support the
absence of QSL states in this material [23–25]. Furthermore,
it is interesting to note that unlike other Kitaev materials the
zigzag state can be stabilized by the � terms alone without
considering longer-range interaction J2, J3. However, we find
that this zigzag phase is friable. In Fig. 3(b,c), the static struc-
ture factor for Ag3LiIr2O6 is compared to that for Na2IrO3,
which is a typical example of zigzag state stabilized by finite
J2, J3. In Ag3LiIr2O6, the weight spreads over a wide range
of the hexagonal Brillouin zone, although the zigzag oscilla-
tions are dominant. This may suggest that the zigzag state of
Ag3LiIr2O6 is very close to QSL. In order to measure how
close, we compare static structure factors of Ag3LiIr2O6 to

FIG. 2. Magnetic phase diagram in the �xy − �yz plane for
J = −0.3 meV, K = −11.2 meV, J2 = J3 = 0 meV. Possible mag-
netic phases are shown along with schematic drawings of spin
configurations.

that of the Kitaev-Heisenberg (KH) model. The static struc-
ture factors for the zigzag state of the KH model in the vicinity
of the Kitaev SL phase are plotted in Fig. 3(d)–3(f). The

FIG. 3. (a) Brilluion zone, smaller hexagon being the first BZ;
Structure factor plots for (b) Ag3LiIr2O6, (c) Na2IrO3 [32], and
(d)-(f) the Kitaev-Heisenberg model with parameters (in meV) as
indicated; (g), (h) Static structure factor S(Qx = 0, Qy ) for (b),
(d)-(f).
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TABLE II. NN magnetic couplings obtained for the case where
Ag+ ions are represented as point charges. The values (in meV)
correspond to spin-orbit MRCI results for the two bonds B1 and B2
in Ag3LiIr2O6 using the the structural data from Ref. [23].

Bond ∠Ir-O-Ir K J �xy �yz= −�zx

B2 (3.06Å) 96.8◦ −5.1 0.9 −0.5 1.3
B1 (3.05Å) 92.8◦ −4.6 0.8 −0.4 1.0

structure factor for Ag3LiIr2O6 seems to be more similar to
that for |K/J| = 50 than for |K/J| = 10 and |K/J| = 30. To
be more precise, the shape of S(Qx = 0, Qy) is compared in
Fig. 3(g). We thus find that Ag3LiIr2O6 compares well with
|K/J| ratios between 50 and 30 in the KH model. Also, in-
terestingly, the expectation values of the hexagonal plaquette
operator, indicating the closeness to Kitaev limit, are 〈Ohp〉 =
0.2801 for Ag3LiIr2O6 and 〈Ohp〉 = 0.2115 for |K/J| = 50
(Ref. [36]). Since the critical point from zigzag to QSL is
|K/J| = 50.3, Ag3LiIr2O6 would be really proximal to QSL.
Note that the same 24-site symmetric periodic cluster is used
in all the above comparisons since this mapping is performed
by using one-to-one correspondence between the two mod-
els. As shown in Fig. 3(h), a similar mapping using 24-site
symmetric open cluster, which has much smaller finite-size
effects on the stability of magnetic order than the periodic one,
gives an effective ratio |K/J| ∼ 40 for Ag3LiIr2O6 against
the zigzag-QSL critical point |K/J| = 56.3. Further analyses
using various cluster sizes are demonstrated in Ref. [36] and
all configurations support the proximity of Ag3LiIr2O6 to
the QSL phase. Thus, the zigzag state in Ag3LiIr2O6 could
be easily collapsed by small perturbations such as structural
distortion, bond disorder, etc. This is consistent with the recent
experimental observations.

The role of Ag 4d orbitals. It has been observed in a previ-
ous study that Ag 4d orbitals influence NN O 2p orbitals and
could be vital for tuning exchange interactions in Ag3LiIr2O6

[23]. In order to attain a comprehensive understanding of the
role played by Ag+ ions, we perform three different sets of
quantum chemistry calculation. First, we treat the intercalant
Ag+ ions as point charges, such that these ions are not in-
volved in the orbital optimization directly and their role is
limited to providing electrostatic potential for the orbitals
participating in the superexchange process. The magnetic cou-
plings derived in this case are shown in Table II. In the second
step, we include the Ag+ ions in our calculations, allowing
them to contribute to the wave function optimization at the
CASSCF level of theory. However, in this step, the Ag+ 4d
orbitals are not included in the MRCI calculation, which im-
plies that superexchange through the Ag+ 4d orbitals is not
allowed. The Kitaev coupling in this case is slightly increased
to a magnitude of −5.7 meV from −5.1 meV obtained in
step 1 (Table II). An interesting observation on the quantum-
chemistry computational side is the significant enhancement
of the Kitaev interactions as a result of including 4d orbitals
of Ag+ ions in the MRCI calculations in the third step, thus
allowing superexchange through them along with the bridging
O 2p orbitals (results are listed see Table I).

Another noteworthy observation is that magnetic couplings
(in Table II) are weaker when compared to other known
honeycomb iridates. This fact can be attributed to (i) Ir-O-Ir
angles and (ii) the precise location of the inter-layer ionic
species. The Ir-O-Ir angles in most honeycomb compounds
become significantly larger due to trigonal compression of
the oxygen cages. The smaller Ir-O-Ir bond angles imply a
suppressed K , given the earlier estimates of K for angles in
the range of 90◦–100◦ [17,32,37,39]. Additionally, the po-
sition of the inter-layer species directly above the bridging
oxygen atoms have a direct influence on the exchange inter-
actions, as also seen in iso-structural H3LiIr2O6 [14,15,38].
The location of the inter-layer ionic species in Na2IrO3 and
α-Li2IrO3 is such that each O has six equidistant Na or Li
NN, while the Ag-containing material has only one NN for
each O [23,27]. In a purely ionic picture, the positive Ag+ ion
next to a given ligand generates an axial Coulomb potential
that in principle affects the shape of the O 2p orbitals, thus
influencing the in-plane Ir-Ir superexchange. This scenario
was tested for the isostructural H3LiIr2O6 using quantum
chemistry as well as density functional calculations in earlier
studies [14,38]. In other words, the strong reduction of the
in-plane effective couplings in Table II compared to α-Li2IrO3

and Na2IrO3 is also related to the negative effect of the
Ag+ cation Coulomb potential on the Ir-O-Ir superexchange.
But, the direct involvement of the 4d orbitals of Ag+ ion
increases the Kitaev coupling in Ag3LiIr2O6, which shows up
in Table I.

Conclusions. In summary, using many-body quantum
chemistry calculations, we find a large value for the |K/J|
ratio in Ag3LiIr2O6, resulting from the involvement of 4d
orbitals belonging to the interlayer Ag+ cation in the su-
perexchange process between two magnetically active Ir sites.
Furthermore, using ED calculations for the derived mag-
netic couplings, we produced the magnetic phase diagram
as a function of next neighbor coupling which suggests
formation of long-range magnetic order as a result of the
sizable AFM �yz coupling. These results demonstrate that
the strategy of replacing interlayer cations in α-Li2IrO3 with
Ag+ ion acted in favor of enhancing the anisotropic ex-
change interactions; however, the off-diagonal anisotropic
couplings are also lifted and counteract the frustration gen-
erated by Kitaev couplings. The ED calculations also reveal
the proximity of the ground state to a QSL state, and
the easily collapsible nature of ground state then necessi-
tates a further tuning of the off-diagonal couplings. Such
a fine tuning can be achieved as a result of small struc-
tural modifications, for example, by pressure or strain, which
can steer this promising material towards realizing the QSL
ground state.
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