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Very recently a quantum liquid was reported to form in H;Lilr,Og, an iridate proposed to be a close
realization of the Kitaev honeycomb model. To test this assertion we perform detailed quantum chemistry
calculations to determine the magnetic interactions between Ir moments. We find that weakly bond
dependent ferromagnetic Kitaev exchange dominates over other couplings, but still is substantially lower
than in Na,IrO5. This reduction is caused by the peculiar position of the interlayer species: removing
hydrogen cations next to a Ir,O, plaquette increases the Kitaev exchange by more than a factor of 3 on the
corresponding Ir—Ir link. Consequently, any lack of hydrogen order will have a drastic effect on the
magnetic interactions and strongly promote spin disordering.

DOI: 10.1103/PhysRevLett.121.197203

Introduction.—Quantum spin liquids (QSLs) are states
of matter that cannot be described by the broken sym-
metries associated with conventional magnetic ground
states [1]. Whereas there is a rich variety of mathematical
models that exhibit QSL behavior, finding materials in
which a QSL state is realized is an intensely pursued goal in
present day experimental condensed-matter physics [2—4].
Of particular interest is the Kitaev Hamiltonian on the
honeycomb lattice [5], which is a mathematically well-
understood two-dimensional model exhibiting various
topological QSL states. Its remarkable properties include
protection of quantum information and the emergence of
Majorana fermions [5,6].

The search to realize the Kitaev model of effective spin-
1/2 sites on the honeycomb lattice was mainly centered
until recently on honeycomb iridate materials [7,8] of the
type A,IrO5, where A is either Na or Li. Also of interest is
ruthenium trichloride, RuCl; [9], for which Raman and
neutron scattering measurements suggest that this 4d°
halide honeycomb system is close to the Kitaev limit
[10-12]. However, in all these compounds long-range
magnetic order develops at low temperatures, for all known
different crystallographic phases [13—17]; computational
investigations suggest that the QSL regime is preempted by
sizable residual Heisenberg couplings, nearest-neighbor
(NN) or of longer-range nature [18-21]. Very recently,
however, it was reported that a Kitaev QSL state of
pseudospin-1/2 moments forms in the honeycomb iridate
H;Lilr,Og. In particular, this material does not display
magnetic ordering down to 0.05 K, in spite of magnetic
interaction energies in the range of 100 K [22].

Here we present results of quantum chemistry electronic-
structure computations for the NN magnetic inter-
actions between Ir moments and compare these to other
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honeycomb iridates. This is done for the crystal structure
recently proposed on the basis of x-ray diffraction data [22]
and also for atomic positions optimized by density-
functional calculations. We find that the Kitaev exchange
K is ~10 meV, substantially smaller than in Na,[rO5 [23],
but in contrast only weakly bond dependent [20] and, most
importantly, the residual NN Heisenberg J is significantly
weaker relative to K. The ab initio calculations show that
the smaller absolute K values are related to the peculiar
position of the interlayer species, with a single H site
neighboring each O ion [22]. Exact-diagonalization (ED)
computations using the quantum chemistry NN couplings
augmented with longer-range Heisenberg interactions show
the presence of a QSL state, which is, however, very
susceptible to the formation of long-range order for only
weak longer-range exchange, a situation that is reminiscent
of the A,IrO; (hyper)honeycomb materials. In this context,
the presence of hydrogen vacancies and stacking faults
is very interesting: removing H cations coordinating
the bridging ligands on a Ir,O, plaquette increases
the Kitaev exchange by more than a factor of 3 for the
corresponding Ir—Ir link. This suggests that the tendency
toward the formation of long-range magnetic order in
H;Lilr, Oq is very strongly counteracted by H-ion disorder.

Basic (electronic) structure.—The spin-orbit-driven
Mott insulator H3Lilr,O¢ displays a layered structure in
which IrOg octahedra form a planar honeycomblike net-
work by sharing O—O edges (see Fig. 1). Within this
honeycomb lattice, one Li ion is present at the center of
each hexagon. As compared to the related iridate a-Li,[rO5,
the Li ions sandwiched between two honeycomb planes are
replaced by H species in this recently discovered system.
For the stacking pattern proposed in Ref. [22], interlayer
connectivity is realized through linear O—H—O links. The
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FIG. 1. Layered honeycomb network of IrO¢ octahedra in
H;Lilr,Og. For the stacking pattern proposed in Ref. [22],
interlayer connectivity is realized through linear O—H—O links
(top); the different types of magnetic couplings on a given
hexagonal ring are also shown (bottom).

octahedral ligand field splits the Ir 5d levels into e, and 7,
states, with the latter lying at significantly lower energy

[24]. Given the large 1,,-¢, splitting, the leading ground-

5
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of one hole in the 7,, sector. In the presence of strong spin-
orbit coupling, this can be mapped onto a set of fully
occupied j. = 3/2 and magnetically active j.; = 1/2
states [7,25,26]. Deviations from a perfect cubic environ-
ment may lead to some degree of admixture of these j.; =
1/2 and j = 3/2 components.

Similar to the parent compound a-Li,IrO;, two struc-
turally different types of Ir—Ir links are present in this
system [22], which we denote as B1 and B2. For each of
these links, the unit of two NN octahedra displays C,,
point-group symmetry, which then implies a generalized
bilinear Hamiltonian of the following form for a pair of
pseudospins Si and S It

state configuration is Ir 75 , which yields an effective picture

" — 8.8 7§ Salh | Pla
M =S8+ S; + K88+ (8087 + 8759), (1)
atp

where the I coefficients refer to the off-diagonal com-
ponents of the 3 x3 symmetric-anisotropy exchange
matrix, with a,f € {x,y,z} [20]. An antisymmetric
Dzyaloshinskii-Moriya 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 Ir,O,
plaquette.

Calculation of magnetic interactions.—To derive mag-
netic exchange couplings between two NN Ir sites, quan-
tum chemistry calculations were performed on embedded
clusters having two edge-sharing octahedra as the central
region. To describe the finite charge distribution in the
immediate neighborhood, the four adjacent IrOg octahedra
were also included in the calculations, while the farther
solid-state surroundings were modeled by large arrays of
point charges fitted to reproduce the ionic Madelung
potential in the cluster region. In the first step, complete-
active-space self-consistent-field (CASSCF) computations
[27] using an active space of six 7,, orbitals (belonging to
two NN Ir sites) and ten electrons were carried out for an
average of the lowest nine singlet and nine triplet states,
essentially of 7 -3, character. By construction, 73,13,
configuration state functions describing intersite 5d-5d
hopping contribute, however, with finite weight to the
CASSCF wave functions. Single and double excitations
from the Ir 5d (1,,) and bridging-ligand 2p valence shells
were accounted for in the subsequent multireference
configuration-interaction (MRCI) calculations [28,29]. To
obtain localized orbitals and select for the MRCI treatment
only 5d and 2p orbitals on the Ir,O, plaquette, we used a
Pipek-Mezey algorithm [30]. A similar computational
strategy was successfully adopted in earlier quantum
chemistry studies [20,31-34].

The spin-orbit computations were performed in terms of
the low-lying nine singlet and nine triplet states. The
resulting lowest four ab initio spin-orbit eigenstates were
then mapped onto the eigenvectors of the effective spin
Hamiltonian Eq. (1). The other 32 spin-orbit states in this
manifold involve j. ~ 3/2 to j. ~ 1/2 excitations and lie
at significantly higher energy [20,24]. The mapping of the
ab initio data onto the effective spin Hamiltonian is carried
out following the procedure described in Refs. [31,33,35].
All quantum chemistry computations were performed using
the quantum chemistry package MOLPRO [36].

Effective magnetic couplings obtained by such a pro-
cedure are listed for the experimental structural data
provided by Kitagawa et al. [22] in Table I. On both
types of Ir—Ir links the Kitaev K is ferromagnetic, with
K~ —12 meV. The bond “asymmetry” is only 5% and
residual Heisenberg interactions are weak; the ratio |K/J| is
K/J| > 6, which puts the system relatively close to the
“pure” Kitaev limit. The additional exchange anisotropies
I" can even exceed J in magnitude but being frustrating they
do not act towards long-range magnetic order.

To test the stability of the lattice and the effect that
small variations of the atomic positions might have on the
magnetic coupling constants, we also performed structure-
optimization calculations in the frame of density-functional
theory (DFT). We employed the Perdew-Burke-Ernzerhof
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TABLE I. Nearest-neighbor magnetic couplings (meV) for the
two different bonds, B1 and B2, in H3Lilr,Og; results of spin-
orbit MRCI calculations. The structural data provided in Ref. [22]
were used for this set of calculations.

Bond ZLIr—O0—1Ir K J ry TIy,=-T;
B2 (3.10 A) 99.8° -120 18 =02 -3.2
B1 (3.05 A) 99.0° -126 15 -18 -0.7

(PBE) variant [37] of the generalized gradient approxima-
tion (GGA) with scalar relativistic corrections as imple-
mented in the FPLO code [38,39]; the lattice parameters
were fixed to the values derived from x-ray diffraction
measurements [22]. The DFT relaxed structure corresponds
to forces < 1 meV/A for each atom. The most significant
difference between the two sets of atomic positions con-
cerns the location of the ligands relative to the Ir sites,
which then affects, somewhat, the Ir—O bond lengths and
Ir—O—Ir angles. For the computationally optimized geom-
etry we also find slight deviations from linear arrangement
for one of the O—H—O links, consistent with the space
group symmetry [22]. The Ir—Ir distance changes only
marginally, < 0.3% (see Supplemental Material for details
[40]). As shown in Table II, the Kitaev interactions are
slightly smaller but still dominant in the relaxed structure as
well. Also in this case |K/J| > 6 but the differences
between the two types of Ir—Ir links are somewhat larger.
Interestingly, in earlier quantum chemistry calculations for
idealized lattice configurations of Li,IrO; and Na,IrO;
where all distortions beyond trigonal compression were
neglected, it has been found that J tends to zero for
Ir—O—Ir bond angles of approximately 98° [21]. Even if
the Ir—O—1Ir bond angles are reduced from 99°-100° [22] to
somewhat lower values in the computationally optimized
lattice, we still obtain nevertheless finite J values by MRCI.

In addition to intersite couplings, we also calculated the
Ir 5d° g factors, by spin-orbit MRCI computations having a
single IrOg4 octahedron as reference unit. The active space
in the reference CASSCF calculation includes in this case
all 5d Ir orbitals. The g factors obtained for the C2/m
structure of Ref. [22] are at the MRCI level g,, = 1.83,
gpp = 1.98, and g,, = 2.30, where g,, corresponds to an
axis perpendicular to the Ir honeycomb plane and gz
corresponds to the crystallographic b axis, parallel to the

TABLE II. Nearest-neighbor magnetic couplings (meV) for the
two different bonds B1 and B2 in H;Lilr,Og; results of spin-orbit
MRCI calculations. The structural data used for this set of
calculations were obtained by DFT lattice optimization.

Bond LIr—O0—Ir K J r, I, ,=-I,
B2 (3.10 A) 98.6° -88 08 04 2.7
B1 (3.05 A) 96.4° -66 09 -22 -0.9

shorter Ir—Ir bonds. The anisotropy displayed by these
components is moderate, far from the highly anisotropic
structure found in the honeycomb Kitaev-Heisenberg
system RuCly [33,46,47]. Also different from RuCl; is
the fact that g,, > g4, gpp in H3Lilr,Og. Test calculations
in which the positive H NNs above and below the reference
IrO¢ octahedron (six adjacent H sites in total) are simply
removed and their charge redistributed within the embed-
ding matrix lead, however, to values featuring the pattern
found in RuCl;, with g, < g4, 9gps suggesting that
through polarization of the ligand p orbitals the interlayer
cations may significantly affect the structure of the g tensor.
Effects of similar nature were found in square-lattice
iridates [31].

Phase diagram and longer-range interactions.—From
the values and bond asymmetry of the NN magnetic
interactions, H;Lilr,Oq appears to be closer to a pure
Kitaev model than any other A,IrO; iridate (A = Li, Na)
considered so far. It is known, however, that in the A,IrO;
systems it is not the residual NN couplings that cause, at
low temperatures, the experimentally observed zigzag
ordered state, but the longer-range magnetic interactions
that are present as well, even if the latter can be weak and of
the order of 1 meV [15,20,33,48]. To test the situation for
H;Lilr,Og4, we computed a generic phase diagram by using
the NN quantum chemistry coupling parameters from
Table I plus farther-neighbor isotropic Heisenberg J’s,
second-neighbor (J,) and third-neighbor (J3). These cal-
culations were performed as ED for a 24-site cluster with
periodic boundary conditions, in analogy to earlier studies
[8,20,21,33]. The phase boundaries were obtained from the
maximum positions in the second derivative of the ground-
state energy. For a given set of J, and J3 parameters, the
dominant order was determined according to the wave
number Q = Q.. providing a maximum value of the static
structure factor S(Q). The QSL state is characterized by a
rapid decay of the spin-spin correlations; a gapless exci-
tation is found here. More details on this analysis are
available in the Supplemental Material [40]. The resulting
phase diagram for variable J, and J5 is shown in Fig. 2.
Four ordered commensurate (FM, Néel, stripy, zigzag)
phases, an incommensurately ordered (IC), and a QSL
phase are identified. Representative spin configurations for
the ordered phases are also displayed in the figure.

We find that the QSL phase is quickly destabilized by
farther-neighbor interactions of Heisenberg type. If in
H;Lilr,O4 the values for J,, J; are similar to the ones
in the A,IrO; family, long-range magnetic order of zigzag
type is expected for the NN effective couplings computed
on the basis of the crystal structure proposed by Kitagawa
et al. [22]. A possibility for QSL ground state remains only
when J, +J3 < 1.2 meV. If such is indeed realized in
H;Lilr,Og, the question arises why the farther-neighbor
magnetic interactions in this material are so much smaller
than estimates made for the A,IrO; systems.
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FIG. 2. Phase diagram obtained by ED for the effective spin
model (1). The ab initio NN interactions listed in Table I and
variable second- and third-neighbor isotropic couplings J, and J3
were used. Schematic spin configurations are also shown.

Position of H cations and effect on in-plane
interactions.—One peculiar prediction on the quantum
chemistry computational side is an enhancement of the
Kitaev interaction for large values of the Ir—O—Ir bond
angles [21]. The latter are 90° for cubic edge-sharing
octahedra but in most honeycomb compounds become
significantly larger due to trigonal compression of the
oxygen cages. The largest Ir—O—Ir bond angles so far have
been actually reported for HsLilr,O4. However, given the
earlier estimates for K for angles in the range of 98°-100°
[20,21], the K wvalues listed in Tables I and II look
surprisingly small.

Comparing the presently known honeycomb iridate
compounds, one notable structural difference concerns
the precise position of the interlayer ionic species: in
Na,IrO; and a-Li,IrO3, for example, the stacking of
honeycomb layers is such that each interlayer Na or Li
site has six O nearest neighbors; on the other hand, in the
H-containing material the available crystallographic data
suggest linear interlayer O—H—O paths with only two
O NNs for each H [22]. In a simple ionic picture of
H;Lilr,Og, the positive H ion next to a given O ligand
generates an axial Coulomb potential that may in principle
affect the shape of the O 2p orbitals, thus influencing the
in-plane Ir—Ir superexchange. Obviously, the latter
involves the O 2p states. To test this scenario, we carried
out a numerical experiment in which two H cations, in
particular, those H nuclei directly coordinating the bridging
O ligands on a given Ir,O, plaquette, were removed from
the atomic fragment treated by quantum chemistry methods

TABLE III. NN magnetic couplings (meV) for bonds B1, B2 in
H;Lilr,Og, using structural data from Ref. [22]; results of spin-
orbit MRCI calculations where the two H ions next to the O
ligands of a Ir, O, plaquette were removed and their formal ionic
charge redistributed within the embedding.

Bond K J Iy Iy, =-I
B2 (3.10 A) -38.1 5.9 5.0 —11.1
B1 (3.05 A) —-40.0 4.6 79 -14.0

but their associated ionic charge was redistributed within
the embedding background. Remarkably, we find in this
case an enhancement by a factor of ~3 of the Kitaev
interactions, up to huge values of 40 meV, see Table I1I. The
other effective magnetic couplings between NN Ir sites are
also enhanced. The larger J values, in particular, indicate
that both direct exchange (5d-5d) and O-mediated super-
exchange processes contribute to the isotropic coupling
constant. To additionally check how appropriate an ionic
representation of the symmetric linear O—H—O links is, we
also derived effective coupling parameters for embedded
clusters in which the H NNs of the bridging O sites (one H
cation next to each of the bridging ligands) were repre-
sented as 1+ point charges. The results obtained for this
material model show only minor differences as compared to
the case in which basis functions are used for the H species
(see Supplemental Material [40]), indicating that an ionic
picture constitutes a rather good approximation for linear
O—H—O0 links and median H positions. In other words, the
strong reduction of the in-plane effective couplings for
stacking implying linear O—H—O groups is mainly related
to the destructive effect of the H-cation Coulomb potential
on the Ir—O—Ir superexchange. Such anisotropic, axial
fields are not present when the ligands have several
interlayer adjacent sites as in a-Li,IrO; and Na,IrO;.

Conclusions.—From the calculations and discussion
above it is clear that the configuration of hydrogen cations
next to a Ir—Ir link very strongly affects the magnetic
interaction on that link. Consequently, structural hydrogen
disorder will introduce very strong magnetic bond disorder.
Any form of hydrogen disorder thereby counteracts the
tendency to form long-range ordered states that are driven
by longer-range magnetic couplings. Experimental inves-
tigations into the role of hydrogen disorder on the for-
mation of a spin-liquid state in this material would therefore
be of prime interest to disentangle the effects of NN Kitaev
interactions, that drive the formation of a topological spin-
liquid state, and the effect of hydrogen disorder which
induces strong local spin disorder. In this respect, an
experimental study of the magnetic and structural proper-
ties of H3Lilr,Og4 as a function of hydrogen concentration
might provide valuable insights.
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