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A range of honeycomb-lattice compounds has been proposed and investigated in the search for a
topological Kitaev spin liquid. However, sizable Heisenberg interactions and additional symmetry-
allowed exchange anisotropies in the magnetic Hamiltonian of these potential Kitaev materials
push them away from the pure Kitaev spin-liquid state. Particularly the Kitaev-to-Heisenberg
coupling ratio is essential in this respect. With the help of advanced quantum-chemistry methods,
we explore how the magnetic coupling ratios depend on strain and pressure in several honeycomb
compounds (NapIrOs, 8-Li2IrOs, and a-RuCls). We find that the Heisenberg and Kitaev terms are
affected differently: for strain, in particular, the Heisenberg component decreases more rapidly than
the Kitaev counterpart. This provides a scenario where strain can stabilize a spin liquid in such

materials.

Introduction. The realization of quantum spin liquids
(QSLs) in spin-orbit driven correlated materials is an in-
tensively pursued goal in the condensed matter commu-
nity, both experimentally and theoretically. In a QSL
strong fluctuations prevent long-range magnetic order
even at the lowest temperatures and instead a nontrivial
ground state forms with long-range quantum entangle-
ment between spins [1-3]. Of particularly great promise
in this context is the Kitaev Hamiltonian on honeycomb
lattices, which exhibits various topological spin-liquid
phases [4]. The paramount attention given to such states
can be understood by the fact that they are topologically
protected from decoherence [5], display fractional excita-
tions with non-Abelian exchange statistics, and therefore
hold promise in the field of quantum information and
quantum computation.

The quest for the physical realization of the Kitaev spin
liquid for effective spin-1/2 sites took a big stride forward
with the proposal of the honeycomb 5d° iridate materials
as host of the Kitaev-Heisenberg model [6, 7]. The lat-
ter describes the interactions between spin-1/2 moments
with the help of two competing nearest-neighbor (NN)
couplings, i.e., an isotropic Heisenberg term (.J) assumed
to mainly arise from direct exchange between Ir-ion d or-
bitals and an anisotropic Kitaev component (K) which
stems from superexchange along the Ir-O-Ir paths.

Certain materials, in particular NaoIrOgs, LioIrO3, and
a-RuCl;3, have been extensively studied experimentally
in this context[8-19] as well as within the electronic-
structure computational field, by either quantum-
chemistry [20-23] or density-functional-based [24-28]
methods. However, it turns out that the anticipated
QSL regime is precluded in these honeycomb compounds,
most likely due to the presence of reasonably strong NN
Heisenberg interactions, longer-range spin couplings, or
the combination of both these factors: so far, all the mea-

surements indicate magnetic long-range order at low tem-
peratures and zero external magnetic field. None of these
systems however exhibits the conventional Néel state al-
though the magnetic ions form bipartite lattices in all
of them. It has been suggested that these materials are
still located in the phase diagram in close vicinity to the
spin-liquid regime [13, 14, 16, 18, 19]. This has then in-
spired rigorous experimental effort to test their proper-
ties under strain or pressure [13, 29-34]. In particular,
there have been claims for finding the evidences of spin-
liquid states under applied pressure in 8-LipIrOgz [13, 29],
~-LioIrO3 [30], and «-RuCls [31]. It is worth noting
that even more complex strain experiments have been
suggested [35, 36]. Very recently, the observation of a
QSL has been reported in a hydrogen-intercalated iri-
date, with the QSL phase replacing the complex mag-
netic order of the parent compound [37].

Here we explore the effects of strain and pressure on
the NN isotropic and anisotropic interactions by employ-
ing ab initio quantum-chemistry methods. We find that
strain is more promising than pressure, in the sense that
strong enhancement of the K/J ratio is obtained when
expanding the in-plane lattice constants. In the case of
hyperhoneycomb LisIrO3, we also find strong variations
of the symmetric off-diagonal I' couplings: |I'y, | becomes
significantly larger under pressure and might play an im-
portant role in shaping the magnetic properties of this
material, as discussed in Refs. [33, 38]. Looking at such
trends gives a profound insight into the different compet-
ing processes coming into play for different compounds
or structures and can provide guidelines or direction for
further experimental investigations.

Qualitative analysis. The Kitaev-Heisenberg Hamil-
tonian [7] originally proposed as a minimal model for the
honeycomb-lattice iridates takes the following form on a



given bond of NN’s i, j:
HY =JS,-S;+ K857, (1)

where S; and Qj represent pseudospin-1/2 operators for
the ground-state Kramers doublets of Ir** (or Ru®")
ions, the first and second terms correspond to the
isotropic Heisenberg interaction and the anisotropic Ki-
taev coupling, respectively, and v € {z,y, z} labels the
three inequivalent bonds and the corresponding Carte-
sian components of the pseudospins. Depending on the
K/J ratio, the model (1) is known to host a rich phase
diagram containing the Kitaev spin liquid and a variety
of ordered states [7, 39].

For a qualitative description of pressure effects on the
effective coupling constants K and J, we assume that un-
der uniform pressure all interatomic distances rescale in
the same way and consider only the leading contributions
to the exchange interactions. A perturbative analysis es-

4
timates that J ~ t‘%‘i and K ~ —i’;dd‘(]]—% [6, 7], with
the Heisenberg term predominantly related to direct ex-
change while the Kitaev interaction is mostly due to su-
perexchange processes along the Ir-O-Ir paths. Here, t44
and t,q stand for the hybridisation amplitudes between
d-orbitals of neighboring Ir ions and between Ir d and
O p states, respectively, and Apq is the charge-transfer
energy. The interaction parameters U and Jy corre-
spond to the on-site Coulomb repulsion and the Hund
coupling, respectively. In the simplest picture, the hy-
bridisation amplitudes scale with the interionic distance
7 as tgq ~ 72 and t,g ~ r~7/? [40]. This, in turn, gives

-10
a rescaling of the coupling constants J = Jy (%)

—14
when the characteristic interionic

and K = K, (i)
length scale changes from ag to a under uniform pressure
or strain.

The above estimates are based on the dominant sub-
set of possible exchange processes and are thus rather
rough in character. They suggest that the strengths
of the NN isotropic and anisotropic coupling con-
stants get differently renormalized under uniform pres-
sure. In order to test this quantitatively we have
performed electronic-structure calculations using many-
body quantum-chemistry methods for variable interionic
distances within a family of potential Kitaev spin-liquid
materials. The trends found by ab initio quantum chem-
istry calculations indicate in fact more subtle physics
as compared to the simplified effective superexchange
model.

Electronic-structure calculations. The transition-metal
(TM) ions show octahedral ligand (L) coordination and
frame a honeycomb (NagIrO3 and a-RuCls) or hyperhon-
eycomb lattice (8-Li2IrO3) in the oxides and the chloride
discussed here, as shown in Fig.1. The key structural
difference between the honeycomb and hyperhoneycomb

e B1l bond
«== B2 bond

FIG. 1. (top) Ru-ion honeycomb lattice (blue) with Cl-ligand
octahedral coordination (green sites) in RuCls. (bottom) Ir-
ion hyperhoneycomb lattice in 8-Li2IrOs. The local environ-
ment of the Ir sites remains similar to the 2D honeycomb
network.

structures is that the Ir sites display a truly 2D network
in the former while they form a slightly more complicated
3D arrangement in the latter, with alternate rotation of
two adjacent B2 bonds around the B1 link [13] (see Fig
1(b)). In both NasIrOs and a-RuCls, a block of two
NN octahedra displays Ca point-group symmetry [41],
which then allows a generalized bilinear Hamiltonian of
the following form for a pair of pseudospins ¢ and j:

HY = J8;8;+ K515+ Tap(5080+875), (2)
a#f

where the I',g coefficients refer to off-diagonal com-
ponents of the symmetric anisotropic exchange matrix,
with «, 8 € {z,y,2}. An antisymmetric Dzyaloshinskii-
Moriya (DM) interaction is not allowed, given the inver-
sion center. On the other hand, a block of two NN octa-
hedra in the hyperhoneycomb structure may display two
different types of point-group symmetry: the ab initio
data is mapped on the Hamiltonian (2) for the so called
B2 bonds since the deviations from Coj, point-group sym-
metry are tiny, while bond B1 features Dy point-group
symmetry and allows DM antisymmetric anisotropic ex-
change in the effective spin Hamiltonian [21, 33]. The



latter can be then written for bond B1 as:

HY = J8;8,+ K575+ T4, (57 5¢+5757)+D-§; xS;.

(3)
A local Kitaev reference frame is used here, such that for
each TM-TM link the z-coordinate is perpendicular to
the TMsLs plaquette (D=(D, D, 0) in this frame).

Mapping of the ab initio data onto an effective spin
Hamiltonian is carried out following the procedure ear-
lier employed in Refs. [22, 42, 43]. Experimental lat-
tice positions were used as reference in the many-
body quantum-chemistry calculations, as reported for
NagIrOs, 8-LioIrOg, and a-RuCl; in Refs. [11, 13, 44].
Structural data corresponding to —1.5%, —3%, —5%,
and +2% modification of the bond lengths were addi-
tionally considered: for simplicity, we assumed here that
the unit-cell parameters and all inter-atomic distances
rescale the same way, except the case of +2% change,
implying tensile strain. In order to realistically model
strain, while stretching the in-plane lattice parameters
(a,b) we simultaneously reduced by the same percent-
age the out-of-plane lattice constant (c¢). A similar ap-
proximation provides quantum-chemistry data in good
agreement with the experiment for the Heisenberg J in
strained cuprates [45].

Hydrostatic pressure corresponding to the considered
bond-length reductions seems to be feasible. For RuCls,
a reduction of the Ru-Ru bond length by 5% requires
pressure of 4 GPa[32]. We further assumed that the
required pressure for NasIrO3 will be similar as for a-
LisIrO3 (not considered in this paper), where 2.5 GPa
was reported to yield 5% bond-length reduction [46]. For

TABLE I. NN magnetic couplings (in meV) for bond Bl in
NagIrOgs for variable Ir-Ir bond length a; the relative change
is da = a/ap — 1. Results of spin-orbit MRCI calculations are
shown.

da a(A) K J

Doy Te=—Ty. |K/J|

+2% 3.20 -18.8 3.8 0.2 1.8 4.94
Exp. 3.14 -20.8 5.2 -—-0.7 0.8 4.00
-1.5% 3.09 -24.6 5.9 -13 1.1 4.17
—-3% 3.04 -28.9 6.8 -23 1.5 4.25
—5% 298 -34.7T 7.7 -34 2.1 4.51

TABLE II. MRCI NN magnetic couplings (meV) for bond B2
in NaglIrOg for variable Ir-Ir bond length a.

da a(A) K J  Tuy T.o=—Ty,. |K/J|
+2% 319 -124 1.0 —-03 —3.0 12.40
Exp. 313 -15.6 2.2 —11 —08 7.09
-1.5% 3.08 -18.2 3.1 —-14 —0.9 5.87

—3% 3.04 -21.0 3.7 —-18 —1.3 5.68

5% 297 -25.6 4.8 —25 —1.7 5.33

TABLE III. MRCI NN magnetic couplings (meV) in RuCls
for variable Ru-Ru bond length a.

da a(A) K J  Tuy Tap=-Ty. |K/J|
+2%  3.52 -4.5 0.7 —1.0 —0.3 6.43
Exp. 3.45 -5.6 1.2 —12 —0.7 4.67
—1.5% 3.40 -7.1 1.8 —13 —0.9 3.94
—3%  3.35 -8.7 2.3 —1.6 —1.2 3.78
—5% 328 -11.4 2.8 —20 -1.8 4.07

B-LioIrOg3, a somewhat slightly stronger pressure of 10.6
GPa is required to obtain the desired reduction of the
bond lengths [29].

Results.  We start our qualitative discussion with
NagIrO3. NN magnetic couplings as derived from spin-
orbit multireference configuration-interaction (MRCI)
calculations [47] are listed in Tablel. For bond Bl, K
increases from —20.8 meV for the experimental crystal
structure at ambient pressure to —34.7 meV on 5% re-
duction of the Ir-Ir bond length. J, on the other hand,
displays a rather modest enhancement, from 5.2 to 7.7
meV. This translates in an increase of the |K/J| ratio
from 4.0 to 4.5. 'y, and I, also gain significant strength
with rising pressure but remain nevertheless one order of
magnitude smaller than K.

As earlier reported [20, 23, 48], the effective couplings
on bonds B1 and B2 may differ significantly. The main
distortion in honeycomb iridates and RuCls is trigonal
compression of the ligand cages. However, in addition
to trigonal squashing, other types of (smaller) distor-
tions and atomic displacements are present (the precise
details are material-dependent): rotations of the ligand
octahedra with respect to each other, slight “dimeriza-
tion” for part of the TM-TM links, displacements of the
bridging ligands along the corresponding TM-TM con-
tacts etc. Therefore, even if the lattice parameters and
interatomic distances are rescaled by the same percent-
age, given the slightly different environment seen by ions
within the B1 and B2 types of two-octahedra units, var-
ious matrix elements may be affected in a different man-
ner. Consequently, we find for bond B2 a somewhat dif-
ferent behavior: while K evolves in a similar fashion as
for bond B1, J becomes here twice the value at ambient
pressure for the shortest Ir-Ir bond length considered.
|KK/J| decreases then with interatomic distance reduc-
tion (see Table II). However, the |K/J| ratio jumps from
7 at ambient pressure to 12.4 for 2% elongation of the Ir-
Ir bond. Such increased bond lengths could be realized
under tensile strain. The steep rise of the |K/J| ratio
can be understood as a result of the rapid downturn of
the Heisenberg J towards 0. In fact, the decreasing trend
in J suggests that it would completely vanish with fur-
ther slight elongation of the bonds, resulting in a purely



anisotropic Hamiltonian.

The variations of the NN magnetic exchange interac-
tions for a-RuCls, as obtained by spin-orbit MRCI calcu-
lations, are listed in Table III: K remains ferromagnetic
and increases in magnitude to —11.4 meV on 5% reduc-
tion of the Ru-Ru distance, as compared to the value of
—5.6 meV at ambient pressure; J changes to 2.8 meV
from a value of 1.2 meV at normal pressure. An inter-
esting point to note is again the reduction of J towards
zero with 2% elongation of the Ru-Ru bond. Also in this
material, the |K/J| ratio reaches therefore the largest
value for stretched bonds. A strong dependence on in-
teratomic distances is further displayed by I'y, and I'.,
but these effective parameters are never larger than 25%
of K in RuCls. In contrast, in 8-LisIrOs, I'y, becomes
as large as half the value of K and twice the value of
J for the shortest Ir-Ir distance considered for bond B2
(see Tables IV and V). This large I';, stands out while
comparing trends with other honeycomb systems.

All NN magnetic couplings computed for 8-LioIrOg are
listed in Tables IV and V. For the case of B2 links in (-
LisIrOs, K rises to —17.7 meV on 5% cutback in the
Ir-Ir distance, an increase by nearly 50% as compared to
—12.2 meV at ambient pressure. J, on the other hand,
changes from —2.1 meV at ambient conditions to a value
of —3.8 meV. Similar to the other compounds, the |K/J]|
ratio is maximal for positive bond-length increments. J
even changes sign for 2% increase of the Ir-Ir distance
for bond B1, which suggests that applying a very modest
amount of tensile strain might also in this case bring the
system close to the J=0 limit, where only the anisotropic
couplings are finite. Vanishing |J/K| ratios were also
predicted to occur in honeycomb iridates by adjusting the
Ir-O-Ir bond angles [23]; similarly, vanishing J/D ratios

TABLE IV. MRCI NN magnetic couplings (meV) for bond B1
in B-LizIrOg for variable Ir-Ir bond length a. D=(D, D, 0).

da  a(A) K J D Tey |K/J|
+2% 3.04 —12.21 0.20 0.27 —1.50 61.05
Exp. 298 -14.78 -0.26 0.35 —2.08 56.85
—3% 2.89 —17.01 -0.41 045 —3.48 41.49
—5% 2.83 —20.72 -0.60 0.56 —4.80 34.53

TABLE V. MRCI NN magnetic couplings (meV) for bond B2
in B-Li2IrO3 for variable Ir-Ir bond length a.

Sa a (A) K J Toy Tow=—Ty. |K/J]|
+2% 3.03 -11.7 -0.8 -32 0.7 14.63
Exp. 297 -12.2 -21 —41 -10 5.81
-1.5% 293 -14.1 2.7 —-49 -11 5.22
3% 288 -15.6 -3.2 61 —1.3 4.88
5% 2.8  -17.7 -3.8 —-81 —1.7 4.66
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FIG. 2. NN couplings for variable TM-TM bond length, fitted
to functions of the type A = Ag 2™ with = a/ao; plots for a-
RuCls (top) and for link B1 in NazIrOs (bottom). Analogous
plots for link B2 in NasIrOgs are provided in the supplemen-
tary material [49].

were predicted for particular bond angles in pyrochlore
iridates [43].

It is worth noting that the negative I'’s shown here
are consistent with the positive I'’s obtained by other
approaches [28, 50], as the frames used to express these
couplings differ by a rotation of 180° about the = axis.
Density functional calculations also suggest a dominant
K for -LioIrO3z but provide somewhat larger I'y, val-
ues [33] as compared to the quantum-chemistry data.

To determine the order of the exponential dependence
of K as a function of changes in the TM-TM distance,
the trends shown in the tables were fitted to the function
K = Kpa", where Ky represents the Kitaev exchange
amplitude at ambient pressure and n refers to the expo-
nent of fractional change in the TM-TM distance, i.e.,
x = afag = 1+ da. The plots shown in Fig.2 display
the variations of K, J, and I'y, in NaIrO3 and a-RuCl;
(shown together with the corresponding fits). The expo-
nents obtained by such approximate fits over the whole
da range in a-RuClg are not far from the values predicted
by the qualitative superexchange model; looking however
at a smaller scale, it is seen (TableIII) that the K/J ra-
tio has a more subtle evolution. The lower n values for
NagIrOs and B-LizIrOs point again to the changing na-
ture of the exchange processes with slight modification



of the surroundings, such as having different bond angles
and ligand charges.

The all-important question is now whether these
changes can stabilize the Kitaev spin liquid. Although K-
J-T" models are extensively studied, only very few works
have accounted for bond inequivalence [20, 48]. Nonethe-
less, to obtain an approximate answer we matched the
changes of the coupling constants with the phase diagram
of Rau et al.[24] and checked how the ground state of a
model with B1 (B2) bonds only would change. Quite gen-
erally, we find that whenever |K/J| increases the ground
state appears to be much closer to the QSL phase. For
NayIrOgz, we actually find that bond B2 under 2% strain
might be even located within the QSL phase and bond
B1 very close to it.

Summary. ~ We have employed advanced quantum-
chemistry methods to model the effects of uniform pres-
sure and strain on the exchange couplings in iridium and
ruthenium compounds with honeycomb and related lat-
tices. The obtained results demonstrate that the Ki-
taev, Heisenberg, symmetric off-diagonal, and antisym-
metric anisotropic magnetic interactions stemming from
the different exchange processes renormalize differently
under volume change. By introducing external pressure
or strain on actual materials one could therefore experi-
mentally explore the rich theoretical phase diagram com-
posed of the quantum-spin liquid, collinear, as well as
noncollinear ordered states. For the honeycomb com-
pounds, we find that moderate values of strain are most
promising for pushing the ground state into the Kitaev
spin-liquid region. We believe that the present results
will motivate further strain experiments on Kitaev ma-
terials.
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