Chemical tuning between triangular and honeycomb structures
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We report structural studies of the spin-orbit Mott insulator family K;Ir,O2, with triangular

layers of edge-sharing IrOg octahedra bonded by potassium ions.

The potassium content acts

as a chemical tuning parameter to control the amount of charge in the Ir-O layers. Unlike the
isostructural families with Ir replaced by Co or Rh (y = 1), which are metallic over a range of
potassium compositions x, we instead find insulating behaviour with charge neutrality achieved
via iridium vacancies, which order in a honeycomb supercell above a critical composition z.. By
performing density functional theory calculations we attribute the observed behaviour to a subtle
interplay of crystal-field environment, local electronic correlations and strong spin-orbit interaction
at the Ir*" sites, making this structural family a candidate to display Kitaev magnetism in the
experimentally unexplored regime that interpolates between triangular and honeycomb structures.

I. INTRODUCTION

Mott insulators with strong spin-orbit interactions,
as realized in 5d oxides, are attracting much interest
as candidates to display novel cooperative magnetic be-
haviours such as quantum spin liquids with exotic quasi-
particles, anisotropic spin fluctuations with momentum-
dependent polarization, and unconventional magnetic or-
ders such as counter-rotating incommensurate antiferro-
magnetism (for recent reviews see references 1 and 2).
Such physics is stabilized by strong frustration effects
from bond-dependent anisotropic (Kitaev) interactions
between spin-orbit entangled magnetic moments. Exper-
imental evidence for such interactions has been found in
the layered honeycomb materials a-LisIrO33, NaglrOs?,
a-RuCls®, and the three-dimensional harmonic honey-
combs - and 7-LisIrO3%®. Rich physics stabilized by
Kitaev interactions is also expected on other lattice ge-
ometries, in particular on the 2D triangular structure
incommensurate magnetic vortex crystals and spin ne-
matic orders have been theoretically predicted®!9, but
are yet to be experimentally realized. Notable examples
of triangular structures composed of edge-sharing octahe-
dra (i.e. a similar transition-metal bonding environment
to the above honeycomb structures) are Na,CoOq!l,
K,Co005'2714 and K,RhO5'%16. These materials show
metallic behaviour for a range of compositions, x, with
the transition metal adopting a non-integer valence state
+(4 — x). Here, we report a structural study of the re-
lated family, K,Ir,O2, which in contrast show insulat-
ing behaviour below room temperature (Sec. IIIC). We
attribute this fundamental difference to the presence of
much stronger spin-orbit interactions combined with elec-
tronic correlations and crystal-field effects'” that stabi-

lize a spin-orbit Mott insulator with Ir in a 44 oxidation
state — a scenario consistent with magnetic susceptibil-
ity measurements that observed a large moment on the
iridium sites'®. This property makes this family a poten-
tial platform to explore Kitaev magnetism in a structural
framework that we show interpolates between triangular
and honeycomb structures.

We propose the conceptual structural phase diagram
shown in Fig. 1. As noted above, we adopt the hypothe-
sis that strong spin-orbit coupling (SOC) combined with
electronic correlations and crystal-field effects favor the
4+ oxidation state for Ir atoms. In this case, charge
neutrality for different potassium compositions is main-
tained by iridium vacancies. Under these constraints we
re-write the chemical formula as K, Ir;_; /402, such that
the phase diagram (Fig. 1) spans the range of compo-
sitions from z = 0 (KoIrOs) to « = 4/3 (equivalent to
KsIrOj3). Consider triangular layers of edge-sharing IrOg
octahedra, separated by layers of potassium ions. Such
a structure is well established for the related materials
Na,CoO5'!' and K,CoO»'2, where Na/K also occupy tri-
angular substructures located between successive CoO9
layers. At x = 0 we obtain a hypothetical end-member,
IrOs. In reality IrO5 adopts a different crystal structure,
in part because a finite amount of potassium is required
to facilitate inter-layer bonding in the proposed layered
KoIry_; /402 structural framework, nonetheless this hy-
pothetical end member serves as a useful reference. Upon
adding potassium and concomitantly removing some irid-
ium ions (one Ir for every four K added), vacancies are
introduced at random on the nominal Ir sites and the
end-member crystal symmetry is maintained on average.
However, at some critical composition (grey vertical band
in Fig. 1) one might expect a structural phase transi-
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FIG. 1. Proposed conceptual phase diagram for KIr;_, /402
as a function of the potassium composition z. The top dia-
grams indicate the two structural models for the iridium-oxide
layer discussed in the text: Type I, where the Ir vacancies are
uniformly distributed on all sites (blue spheres) of a triangular
layer, and Type II, where Ir vacancies only occupy the cen-
tres (light blue spheres) of a honeycomb structure of filled Ir
sites. The vertical grey bar at . = 0.82 4+ 0.02 indicates the
DFT predicted boundary between the two structure types.
In the bottom diagram, the blue dashed and solid green lines
show the variation of the iridium and potassium compositions,
respectively. The solid grey shaded region for z € [1,4/3]
indicates potentially unphysical bonding of potassium in the
honeycomb centres. The two representative compositions dis-
cussed in detail in the main text are indicated by open and
filled red stars on the horizontal bottom axis.

tion associated with the iridium vacancies forming an
ordered superstructure on the triangular structure. A
natural candidate is a tripling of the unit cell when the
vacancies are located preferentially at the centres of a
honeycomb structure. We consider the simplest case of
complete preference of the vacancies to occupy the centre
sites, with the surrounding honeycomb structure being
fully occupied. On further increasing the potassium con-
tent we reach a second reference composition at = = 1
(KIrg.7502), where the K layer forms a fully-filled trian-
gular layer and the Ir void sites are 1/4 occupied. Further
increasing x beyond 1 would require placing potassium
in the honeycomb centres. However, this appears to be
energetically unfavourable, as it would require a signif-
icant distortion of the oxygen environment around the
honeycomb centre. The structures with x < 1 refined
below were found to have metal-oxygen bond lengths at
the honeycomb centre of about 2.1 A. These lengths are
much shorter than typical K-O bond lengths, for exam-
ple, in honeycomb K;PbOg3 the K-O bond length for K in
the honeycomb centres is 2.76 A at room temperature!®.
Despite this, for the purpose of discussion we include in
Fig. 1 compositions with 1 < & < 4/3, with the high end
limit corresponding to the case where all honeycomb cen-
tres are filled with K instead of Ir (nominal composition

equivalent to KoIrOs).

In the following, we present a combined single crys-
tal x-ray diffraction (SXD) and density functional the-
ory (DFT) study of the crystal structures adopted by
KaIry_4/402. We show that for 0 < 2 < 1 two phases
exist that form either triangular or honeycomb struc-
tures, consistent with the structural framework intro-
duced above. Our DFT calculations show a relatively
sharp transition at x. = 0.82 £ 0.02 between triangular
and honeycomb phases, demonstrating that the K:Ir ratio
in K Ir;_; /402 may act as an effective tuning parameter
between the two distinct regimes.

The rest of this paper is organised as follows. In
Section II we describe all experimental and theoretical
methods used, in the Results sections (IIT A and IIIB)
we present the experimental determination of the trian-
gular and honeycomb structures, in the Discussion sec-
tion (IV) we give theoretical support to the above, hypo-
thetical structural phase diagram and demonstrate that
the K Ir;_, /402 family are candidates to display Ki-
taev magnetism, and finally we summarise our results in
the Conclusions section (V). The appendices include a
symmetry analysis of the triangular to honeycomb struc-
tural phase transition, |Fyps|? plotted against | Fia|? for
triangular and honeycomb structural refinements, and
structural details on a theoretically proposed KoIrO3 end
member compound.

II. METHODS

Single crystals of K,Ir,Oo (with intended nominal
composition z = 4/3 and y = 2/3) were grown from
metallic K and Ir starting materials placed inside Al;O3
crucibles in air, similar to the method used recently for
the crystal growth of a—LipIrO32°. Ir metal powder was
placed at the bottom of the growth crucible, above which
Al;O3 fragments were placed to allow nucleation of crys-
tals at sharp edges. K metal was then placed on top of
the Al,O3 fragments and the crucible heated to 1070 °C
in 12 hrs and left there for 70 hrs before cooling to room
temperature over 12 hrs.

SXD experiments were performed at room tempera-
ture using a laboratory based Oxford Diffraction Super-
nova diffractometer fitted with a Mo K, x-ray source.
Over thirty crystals (with an approximate diameter of 50-
100 pm) from different synthesized batches were screened
to test for consistency in the diffraction patterns. The
data sets measured for structural refinement using FULL-
PROF?! contained approximately full spheres of diffrac-
tion peaks in reciprocal space, giving between 2000 and
10000 statistically significant diffraction intensities de-
pending on sample size.

Variable temperature resistance measurements were
performed using a Quantum Design Physical Properties
Measurement System. A 2-point contact method was
employed using ~ 200um long, parallel silver paint elec-
trodes on the surface of a flat-plate single crystal. The



average distance between electrodes was ~ 230um, and a
100pA excitation current was used at all temperatures.

Complementary ab-initio density functional theory
structural relaxation calculations within the proposed
structural framework (Fig. 1), and with variable potas-
sium compositions x, were performed using the Vi-
enna Ab—initio Simulation Package (VASP)?2 24 adopt-
ing the Perdew-Burke-Ernzerhof generalized gradient ap-
proximation (GGA)?® and the projector augmented wave
method?®. In order to study fractional occupancies in
KgIry /402 with the possibility of also describing Ir
and K vacancies, we used the virtual crystal approxima-
tion (VCA). In this approach the crystal structure is kept
with the primitive-cell periodicity, but it is composed of
fictitious ‘virtual’ atoms that interpolate between the be-
havior of the Ir (or K) atoms and vacancies. The valid-
ity of such an approximation for simulating possible va-
cancy effects has been tested in the past?” and we have
performed supercell calculations for some computation-
ally feasible cases such as x = 1. The structural re-
laxation calculations were performed assuming no space
group symmetry constraints on the atomic coordinates
in the unit cell. The condition for stability of a crystal
structure was then obtained by converging the forces on
the atomic positions to be zero. After carefully check-
ing the convergence of the results with respect to the
cutoff energy and the number of k-points, we adopted a
cutoff energy of 520 eV and k-points generated by a 12
x 12 x 6 Monkhorst-Pack grid. The density of states
for theoretically proposed KsIrOsz within GGA includ-
ing relativistic effects were performed with the linearized
augmented plane wave (LAPW) method implemented in
WIEN2k?® with a mesh of 1000 k points in the first Bril-
louin zone and RK,.x was set to 8. The exchange pa-
rameters were estimated using the exact diagonalization
method of Ref. 29.

III. RESULTS

The SXD diffraction patterns from a range of samples
fell into two distinct types: Type I, which could be
indexed by a hexagonal unit cell with similar lattice
parameters to K,;CoO5'2, and Type II, which showed
additional super-cell peaks attributed to a V3 x V3
in-plane supercell. Below we present for each case the
key features of the diffraction pattern, the structural
refinement analysis, and a detailed comparison with
ab-initio structural relaxation calculations.

A. Type I: Triangular Structure (z = 0.61)

A high quality set of Type I diffraction data mea-
sured from a representative single crystal (with a refined
composition of z = 0.61, see below) (open red star in
Fig. 1) was selected for quantitative analysis. Over 99%

of the diffraction peaks could be indexed using a primi-
tive hexagonal unit cell with parameters a = 3.0909(2) A
and ¢ = 13.720(2) A. Figures 2a) and c) show the diffrac-
tion patterns in (h, k,0) and (h,h + 1,1) reciprocal lat-
tice planes, respectively, where wavevector components
are expressed with reference to the above hexagonal unit
cell metric. The key features can be naturally explained
by having triangular layers of edge-sharing IrOg octahe-
dra successively stacked with a 180° rotation around c,
which forms the basic two-layer structural framework of
K,CoO'2. In this structural model, the main diffraction
peaks (I=even) have the dominant contribution from the
triangular transition metal substructure, and the weak
peaks at [ odd and h — k = 3n + 1 or 3n + 2, n integer
(see Fig. 2¢) are due to the 180° rotation of the oxygen
octahedra between successive layers. In this structural
framework potassium ions can be located between lay-
ers bonded to the oxygens above and below, either with
a trigonal prismatic coordination as in K,CoO3'2, for
which there are two symmetry inequivalent triangular
substructures (labelled K1 and K2, see dark and light
green spheres in Figure 3b, respectively), or with a lin-
ear coordination forming a third possible triangular sub-
structure (labelled K3) similar to O-Ag-O in delafossite
2H-AgNiOy3Y.

To test if the data could be described by the same
P63/mme structural model as K,CoOy data reduction
was performed within the respective 6/mmm Laue class.
This yielded R;,; = 5.12%, showing this space group to
be in excellent quantitative agreement with the diffrac-
tion pattern symmetry. The crystal structure model was
first tested assuming all sites were fully occupied (test
composition KIrOs, with potassium on one of the K1, K2,
or K3 triangular substructures). In each case 7 free pa-
rameters were refined: the z fractional coordinate of oxy-
gen, 2 anisotropic (in-plane and out-of-plane) atomic dis-
placement parameters (a.d.p.) for each cation, 1 isotropic
a.d.p. for oxygen, and a global scale. The case where
potassium was linearly coordinated (K3) could be imme-
diately ruled out. Rietveld refinement of the model with
potassium located on either K1 or K2 gave similar results
with reasonable goodness-of-fit parameters (Rpz = 5.3%,
wRp2 = 7.6%, Rp = 4.2%). However, the anisotropic
a.d.p.s for potassium always indicated significant delo-
calisation within the ab-plane.

Occupation factors were then introduced as free pa-
rameters for the Ir site and the two potassium sub-
structures (K1 and K2), which led to an excellent fit
(Rp2 = 3.4%, wRp2 = 4.3%, Rr = 3.2%), and indicated
a partial but equal occupation of both K1 and K2 sub-
lattices and a composition consistent with iridium (also
partially occupied) being in a 4+ oxidation state. We
note that partial occupation of the K1 and K2 sublattices
was also found in K;CoOs, suggesting a common feature
of this structural framework. A final model was refined
against the data, in which the potassium partial occupa-
tion x was varied freely but constrained to be the same
on both K1 and K2 sublattices, and the iridium occupa-



(€,6,0) in 4.07A1

(€,£,0) in 4.07A1
0

(£,6+1,0) in 4.07A!

(£,641,0) in 4.07A!

-1 0 1 -1 -1 0 I -1 0
a) Experiment b) Calculation ¢) Experiment d) Calculation  «
° o o - \ o ° 8
. Type I: (h k 0) 5 & Type I: (h h+1 1) o 6
| 1 ° [} ° o o . . -
< 0 ) v o o 47
2 . . . . =<
b o b ° ° 0 0 Vo ° 2 &
1<} (=]
= 09 o o o Q 0 ' o o 0 o
= -
< o & ° ° { ? (NS : 23
o o 0 1| o ) 4 S
Ladoe o o | o o . ~
o o ’ o o -6
o Q © © - o ‘ & é 8
¢) Experiment f) Calculation g) Experiment h) Calculation « . .
o o . ° . . ° [ ° v ] B . ) . 8
Vo ' ' . Y Vo - . . .
Type II: (' k' 0) - ! " Type IL: (2" 1' I') . ° . ole
D 119 o . . o o . ) \ ] ] . . . . _
ot} o o . ] . °oFr4
o0 % . . . . . . . o]
2 o . b . o o I . Z ! 1) ° . . ° . ° 2 g
= . - . . - O'
= 0] o . i . ol o o o) [ ‘ 0| o : : ° : : o t0 E
< 0| o . . ° . ot 25
7 o ASER A - o ° I g | SO S =
&If 0| o . o o -4 9;
1{ o [} . ol o o o | L} ] . . . .
o o o o . o °ot-6
| | | . . . . . .
o Q ° ° o o | o . ) o -8

-1 0 -1

0
(€,£,0) in 4.12A71 (€,£,0) in 4.12A71

(£,6+1,0) in 4.12A°1 (£,64+1,0) in 4.12A!

FIG. 2. Side-by-side experimental vs. calculated x-ray diffraction patterns in two orthogonal reciprocal lattice planes for the
Type I (top row) and II (bottom row) crystals described in the text. To facilitate comparison between the two diffraction
pattern types the Type II patterns are indexed in the hexagonal “parent” cell. The unprimed symbols in the reciprocal plane
labels correspond to the Type I structure (P63/mmec in Fig. 3) and primed ones to the Type II structure (P6322 in Fig. 4).
The reciprocal space unit cells in the two cases are indicated by the blue and green lines in a) and e).

tion constrained to satisfy charge neutrality for valence
4+. The goodness-of-fit (Rp2 = 3.5%, wRp2 = 4.4%,
Rr = 3.3%) was comparable to the fully unconstrained
refinement above, indicating that these constraints ade-
quately describe a minimal model for the Type I crystal
structure, as detailed in Table I and shown in Figure 3.
The resulting cation-oxygen bond lengths are also given
in Table I. The good agreement between the experimen-
tal and calculated diffraction pattern is illustrated for
the (h, k,0) plane in Fig. 2a) and b), for the (h,h + 1,1)
plane in Fig. 2¢) and d), and for all measured reflections
in Figure 8 of Appendix B.

We note that no diffuse scattering is apparent in the
diffraction pattern indicating a well-ordered structure
with no stacking faults, which are quite common in other
layered structures. In the present case the absence of
stacking faults may be due to the particular stacking se-
quence where any in-plane shift would involve a change
in the inter-layer bonding geometry.

DFT calculations were employed to test the Type I
structural model, which was found to be stable for the
refined composition. Relaxation of the atomic fractional
coordinates within the experimentally determined unit
cell metric gave a small shift in the oxygen z coordinate
from the empirical value of 0.074(1) to 0.05896.

To summarise, the Type I crystal structure adopted by
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FIG. 3. The Type I crystal structure of KzIr;_;/402 (z =
0.61) supporting triangular Ir layers. a) A single unit cell
drawn with black lines, b) the K1 (dark green spheres) and
K2 (light green spheres) potassium triangular substructures
at z = 1/4, and c) the Ir;_, /4O triangular layer at z = 0.
Iridium and oxygen ions are shown as blue and red spheres,
respectively, and IrOg octahedra are shaded grey.
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the K, Ir; ;402 solid solution is composed of triangular
layers of edge-sharing Ir;_,/4O¢ octahedra, where every
iridium site is partially occupied and equivalent by the



TABLE I. Refined RT crystal structure parameters of the
Ko.61Ir0.8502 triangular structure (Rp2z = 3.5%, wRp2 =
4.4%, Rr = 3.3%).

Cell parameters

Space group: P6s/mmc (#194)

a,b,c (A) 3.0909(2) 3.0909(2) 13.720(2)
Volume (A%) 113.52(2)

Atomic fractional coordinates

Atom  Site x Y z Occ.
Ir 2a 0 0 0 0.847(8)
K1 2b 0 0 1/4  0.307(8)
K2 2d 2/3 1/3 1/4  0.307(8)
O  4Af 1/3 2/3  0.074(1) 1

Atomic displacement parameters (AQ)
It Uy = Uy = 0.0076(7) Uss = 0.0161(7)
K1 Ui = Uge = 0.16(3) Usz = 0.03(1)
K2 Ui = Uy = 0.16(3) Uss = 0.03(1)
O Uiso = 0.010(4)

Selected bond lengths (A)
KI1(K2) -0  3.01(1)
-0  2.050(7)

Data reduction (Rin: 5.12%)

# measured reflections: 2277

# independent reflections (I > 1.50): 88
# fitted parameters: 8

translational symmetry of the lattice. Successive layers
are stacked with a 180° rotation around ¢, and potassium
ions fill the inter-layer space with an equal, partial occu-
pation of two offset triangular substructures. Finally, the
K:Ir composition ratio was found to be consistent with
an Ir** valence.

B. Type II: Honeycomb Structure (z = 0.85)

A Type IT SXD data set measured from a representa-
tive sample (with a refined composition of z = 0.85, see
below) (filled red star in Fig. 1) was selected for anal-
ysis. The diffraction patterns show all the features of
Type I, but with additional peaks clearly observed at
(h,k,1)+(1/3,1/3,0) positions with [ = 2n + 1, h, k, n
integers, as shown by comparing Fig. 2¢) and g). The
additional diffraction peaks indicate a tripling of the unit
cell in the ab plane. In this case the diffraction data can
be indexed with a v/3 x v/3 x 1 super-cell with respect
to the “parent” Type I hexagonal cell, and refinement
against the diffraction data gave the lattice parameters
o’ =5.2823(2) A and ¢ = 13.5437(7) A (primes are used

throughout to reference the triple-cell metric). The triple
cell diffraction peaks are sizeable in intensity compared to
the main triangular structure peaks, indicating that they
originate from atomic ordering of iridium ions, which are
the dominant scatterer with 77 electrons compared to K
(19 electrons) and oxygen (16 electrons). The triple cell
can be naturally explained if the iridium vacancies are no
longer randomly distributed on all sites of the triangular
structure, but are located only at the centres of a honey-
comb structure of fully-filled iridium sites, as indicated
schematically in Fig. 1 top right. The above triple cell
metric contains two honeycomb layers, where the honey-
comb centres can be stacked either eclipsed (straight on
top), or staggered (with an in-plane offset). The presence
of strong triple-cell peaks at odd [ indicates a staggered
arrangement, as eclipsed stacking would only give triple
cell peaks with even [. We find that such a structure
can be described in the P6322 space group, which is a
triple cell super-space group of the triangular structure,
P63 /mme (in Appendix A we show that this is a unique
solution based on symmetry arguments and physical con-
straints). This structural model is illustrated in Fig. 4.
We note that, compared to the P63/mmc “parent” in
Fig. 3, the unit cell is rotated by 30° around ¢ and the
unit cell origin is shifted by [0,0,1/4]. There are now
three symmetry-distinct iridium sites, Irl (Wyckoff posi-
tion 2b), Ir2 (2¢) and Ir3 (2d). Within the P6322 sym-
metry, Irl has eclipsed stacking whereas Ir2 and Ir3 have
staggered stacking. Having established that the diffrac-
tion pattern is consistent with staggered honeycomb cen-
tres, we therefore place the iridium vacancies at the Ir3
(2d) site (choosing the Ir2 2¢ site leads to an equivalent
description of the final structure).

The respective 622 Laue class was used in the data re-
duction, giving good agreement (Rj,; = 6.35%). A full
structural model was parameterised as given in Table IT
and refined against the data. A good agreement with the
data was achieved (shown in Figure 9 of Appendix B)
with reliability parameters Rp: = 7.0%, wRp= = 9.3%,
and Rp = 4.4%. The resultant structure is summarised
in Table IT (including cation-oxygen bond lengths), and
is shown in Figure 4. As before, the cation occupations
were constrained to impose uniform partial occupation of
potassium sites (K11 and K12 form one triangular sub-
structure, K2 the other), as well as the 44 oxidation
state of iridium, while allowing the K:Ir ratio to vary.
The occupations of Ir sites that compose the honeycomb
structure (Irl and Ir2) were fixed to one, whilst the site
in the honeycomb centre (Ir3) was allowed to adopt a
partial occupation. Relaxing these constraints did not
significantly improve the fit, showing again that iridium
adopts the 4+ oxidation state, which then dictates the
iridium occupation of the honeycomb centres for a given
amount of potassium in the (K11,K12) and K2 triangu-
lar substructures. Comparison between the experimental
and calculated diffraction patterns is illustrated for the
(W', k’,0) plane in Fig. 2¢) and f), and for the (h',1’,1’)
plane in Fig. 2g) and h). All features are well reproduced,



TABLE II. Refined RT crystal structure parameters of the
Ko.851Ir0.7902 honeycomb structure (Rp2 = 7.0%, wRp2 =
9.3%, Rr = 4.4%).

Cell parameters

Space group: P6322 (#182)

o\ b,¢ (A): 5.2823(2), 5.2823(2), 13.5437(7)
Volume (A%) 327.28(3)

Atomic fractional coordinates

Atom Site T Y z Occ.
Irl 2b 0 0 1/4 1
Ir2 2 1/3 2/3 1/4 1
Ir3 2d 2/3 1/3 1/4 0.35(8)
K11 2a 0 0 0 0.43(3)
K12 4f 1/3 2/3 -0.006(4) 0.43(3)
K2 6g 0 0.341(9) 0 0.43(3)
o) 12i 0.319(5)  0.334(5)  0.1733(9) 1

Atomic displacement parameters (A2)

Irl Uy = Uy = 0.011(1) Uss = 0.022(3)
II“2 U11 = U22 = 00044(6) U33 = 0.011(1)
Ir3 Uieo = 0.021(3)

K11, K12 Up; = Us = 0.13(2) Uss = 0.059(9)
K2 Uy = 0.13(2), Uz = 0.08(3) Uss = 0.059(9)

o) Usso = 0.004(3)

Selected bond lengths (A)

K11-0  2.91(2) Irl-0  2.02(2)
KI12-0  2.92(5) Ir2-0  2.01(2)
K2-0  2.90(3), 2.93(3), 2.97(3) Ir3-0  2.11(3)

Data reduction (Rint: 6.35%)

# measured reflections: 9755

# independent reflections (I > 1.50): 234
# fitted parameters: 8

with the exception of the diffuse scattering which occurs
between successive triple cell peaks along [. This diffuse
scattering could be naturally understood as arising from
faults in the stacking of the honeycomb centres, i.e. if ev-
ery so often the honeycomb centre would randomly shift
from the nominal position to one of the other neighbour-
ing iridium sites. Since this involves no change in the
inter-layer bonding geometry this stacking fault would
be expected to have a very small energy cost.

The composition of this sample was refined to
Ko.g5Irg.79002. We note that, compared to the Type I
sample reported above, the increased potassium content
is consistent with the contraction of the ¢ lattice param-
eter through greater inter-layer bonding (the same ef-
fect is observed in Na,CoO,!!). Furthermore, the ab
plane was found to contract upon formation of the hon-

FIG. 4. The Type II crystal structure of KgIr;_,,402
(z = 0.85) supporting honeycomb Ir layers. a) A single unit
cell drawn with black lines, b) the K11, K12 (dark green
spheres) and K2 (light green spheres) potassium triangular
substructures at z = 0, and c) the IrO2 triangular layer at
z = 1/4. Iridium, partially occupied iridium, and oxygen ions
are shown as blue, light blue, and red spheres, respectively,
and fully occupied IrOg octahedra are shaded grey. For com-
parison, the lattice basis vectors of the triangular structure
are drawn as faint dotted lines.

eycomb layers. DFT calculations were used to test the
P6322 structural model, which was found to be stable
for the refined composition. Relaxation of the atomic
fractional coordinates within the experimentally deter-
mined unit cell metric gave small shifts (< 30) in all but
one of the freely varying atomic fractional coordinates.
A significant shift in the K12 z coordinate, located di-
rectly above or below the honeycomb centre, was found
to be strongly dependent upon the iridium occupation of
the honeycomb centre (Ir3) site. A DFT relaxation per-
formed on model structures with extremal compositions
K0_11r0.97502 (0925 Ir3 occupation) and K11r0_7502 (025
Ir3 occupation) gave K12 z coordinates of -0.015 and -
0.058, respectively, clearly indicating that in theory the
K12 potassium ion relaxes towards the honeycomb centre
in the absence of an Ir3 ion. It was therefore surprising
to find that the experimental K12 z coordinate was re-
fined to -0.006(4), despite the relatively low occupation
of the Ir3 site. This discrepancy can be reconciled by con-
sidering the preferential occupation of (K11,K12) or K2
triangular substructures for both extremes of Ir3 occupa-
tion. Further DFT relaxations demonstrated that the K2
site is preferentially occupied when the Ir3 occupation is
low, and that the (K11,K12) sites are preferentially oc-
cupied when the Ir3 occupation is close to one. Although
we have to consider an average occupation of potassium
sites in the SXD data analysis, it is unphysical for both
to be (partially) occupied in the same unit cell. A more
realistic picture is one in which extended regions of the
sample have potassium located in either the (K11,K12)
or the K2 sites. If the former region also has an Ir3 oc-
cupation close to one, as indicated by DFT, the K12 ion
never has the opportunity to relax into the honeycomb
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FIG. 5. The resistance of a Type II K;Ir;_,,4O2 sample

(exact value of = is unknown) measured as a function of tem-
perature at the surface of a single crystal sample (~ 230um
separation between ~ 200um long parallel contacts). The in-
set shows the resistance plotted on a logarithmic scale against
inverse temperature.

centres and its z coordinate will refine to ~ 0 on average,
independent of the average Ir3 site occupation.

In summary, the Type II crystal structure adopted
by the K, Ir;_,,4O2 solid solution is composed of hon-
eycomb layers of edge-sharing Ir*+Og octahedra, where
every iridium site of the honeycomb is fully occupied, but
the honeycomb centre has a reduced iridium occupation.
Neighbouring honeycomb layers are related by a 180° ro-
tation. Potassium ions fill the inter-layer space with an
equal, partial occupation of two triangular substructures
such that for a given K:Ir compositional ratio iridium
maintains a 44 oxidation state.

We note that the Type II structure is different to that
of other structures of stacked honeycombs of edge-shared
IrOg octahedra. In particular, in the layered iridates
NayIrOz%3! and a-LiaIrOs? successive honeycombs are
stacked with a constant in-plane offset perpendicular to
an Ir-Ir bond, leading to an overall monoclinic (C2/m)
structure, with a typical spacing between adjacent layer
centres of 5.3 A and 4.8 A, respectively. To the contrary,
in honeycomb K,Ir, O, successive honeycomb centres are
stacked with an alternating in-plane offset parallel to an
Ir-Ir bond, resulting in a two-layer hexagonal structure
(P63A227 Fig. 4), with a spacing between layer centres of
6.8 A.

C. Resistivity

The DC electrical resistance at the surface of a Type
IT K, Ir;_, /402 single crystal was measured as a func-
tion of temperature (Figure 5). The resistance was found
to rapidly increase upon cooling, clearly demonstrating
insulating behaviour, and hence directly supporting our

— =12

10k — Jx=3/2 i

Density of states
=N
T
1

O 1 1
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FIG. 6. Density of states (DOS) for theoretical K2IrOs ob-
tained within GGA+SOC projected onto the jeg basis.

previous hypothesis that the K,Ir;_,/,02 materials are
Mott insulators. The inset to Figure 5 shows the same
resistance data on an Arrhenius plot. The non-linearity
indicates a departure from conventional activated be-
haviour, as was observed for the related spin-orbit Mott
insulator NayIrO332. An anomalous drop in the resis-
tance above ~ 255K is visible in the Figure 5 inset near
1/T = 0.004 K=!. This anomaly does not appear to
have a structural origin, as the x-ray diffraction patterns
at 100 and 300 K on this very sample looked rather sim-
ilar. We also note that no such anomaly was observed
in NapIrO332, which may indicate a cross-over between
two different conduction processes, and that the partial
occupation of potassium sites may introduce significant
ionic conductivity in KgIr;_; /402,

IV. DISCUSSION

In order to further substantiate our proposed phase
diagram (Fig. 1) we performed a series of DFT calcula-
tions to explore the boundary between Type I and Type
IT structures, as well as the structures of the end systems
(IrO4 and the hypothetical K3IrOs). For the former case,
we carried out structural relaxations of K, Ir;_, /4,02 at
various fractional occupancies between x = 0.616 and
0.868 within the VCA approximation as described in Sec-
tion II. While for z < 0.80 the calculations converge
into a Type I structure, for x > 0.84 the relaxed struc-
tures are compatible with a Type II structure establishing
z. = 0.82£0.02 as the phase boundary between the two
structural models. Interestingly, the transition region at
z. is close to equal amounts of Ir and K.

The analysis of the end compounds in Fig. 1 brings
a few new aspects into our study. For IrOs we found
that the most frequently adopted rutile structure®?® is
only about 224.4 meV/atom (in GGA+SOC calcula-
tions) lower in energy than the (hypothetical) Type I



structure consisting of triangular layers of Ir. Actually,
similar conclusions were drawn by a recent study on a
two-dimensional variant of IrO534. Our observation sug-
gests that a structural phase transition between the Type
I structure and the rutile structure is to be expected
at very low x values. On the other hand, for the far
right hypothetical end compound KsIrOsz, DFT struc-
tural relaxation calculations suggest that the honeycomb
structure is locally stable (for the predicted structural
parameters see Table VI in Appendix C) even though
relatively small K-O bond lengths of 2.45 A at the hon-
eycomb centre are found (for comparison, the K-O bond
length at the honeycomb centres in KoPbOs is 2.76 A at
room temperature'?). While this structure may not be
realizable at ambient conditions, it could be explored by
high-pressure synthesis techniques. The electronic prop-
erties of the theoretically-proposed K5IrOg3 reveal a simi-
lar spin-orbit-assisted-Mott-insulator behavior to the lay-
ered honeycomb materials a-LipIrO33°, NaglrO336 and
a-RuCl3®7. Fig. 6 shows the relativistic (GGA+SOQ)
density of states to be dominantly jeg = 1/2 with a small
contribution from jeg = 3/2 at the Fermi level. Addition
of a small onsite Coulomb repulsion (Ueff = 2.4 €V) in
our GGA4+U+SOC calculations assuming a Neel order
configuration resulted in a bandgap of around 420 meV.

Based on the relativistic basis, we calculated the effec-
tive S = jer = 1/2 model for the Z-bond

Hij = JS; - S+ KS;S; +T(S7SY + 5/S7)
+T(S7S; + SYS7 + 8797 +.575Y), (1)

and found (J, K, T, ') ~ (-3.2, -23.2, -1.6, 9.7) meV.
Remarkably, these values situate this system near the
Kitaev limit. Although the above calculations were per-
formed for the putative end member x = 4/3 of the
phase diagram in Fig. 1, very recent theoretical work>*
suggested that the magnetism of the other end mem-
ber, hexagonal IrO2 (x = 0), is also described within a
Jef = 1/2 picture with significant Kitaev interactions.
Furthermore, we have verified that for the compositions
corresponding to the experimentally reported structures
of type T and IT (xz = 0.61 and 0.85, respectively) the mag-
netic ground state of the Ir ions is also captured within
a Jof = 1/2 picture with substantial Kitaev exchanges,
suggesting that this is the relevant picture throughout
the compositional phase diagram in Fig. 1.

Finally, as discussed in Section I1I, our relativistic DF'T
calculations for K,Ir;_, /402 for all x values are compati-
ble with the assumption of a Ir** oxidation state and the
presence of vacancies. In this case, previous model calcu-
lations'” including spin-orbit coupling, electronic corre-
lations and crystal-field effects show that these systems
are in the regime of spin-orbit Mott insulators.

V. CONCLUSION

In summary, we have reported structural studies of
recently-synthesized single crystals of K, Ir,O2, with
potassium intercalating triangular layers of edge-sharing
IrOg octahedra. We have proposed that the strong spin-
orbit coupling of iridium cations disfavours fractional Ir
valence and metallic conductivity (as observed in the iso-
structural families with Ir replaced by Co or Ru), but in-
stead stabilises a spin-orbit Mott insulator with all Ir
sites in the 4+ oxidation state. In this case, charge
neutrality for different potassium compositions, z, is
achieved via the introduction of Ir vacancies, y = 1—x/4.
We have presented structural relaxation calculations that
predict that the vacancies are randomly distributed over
the triangular Ir substructure up to a critical concentra-
tion, x., above which they order at the centres of a honey-
comb structure of fully-occupied Ir sites. The two struc-
tural models either side of z. were refined against rep-
resentative x-ray diffraction data sets, which were both
found to be in excellent quantitative agreement with ab-
initio calculations. Our results suggest that K,Ir;_, /4,02
may realize a platform to explore Kitaev magnetism of
strong spin-orbit coupled magnetic moments in a struc-
tural framework that interpolates between triangular and
honeycomb structures.
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Appendix A: Symmetry Analysis

In this Appendix we present a symmetry analysis of
the phase transition from the parent triangular struc-
ture (Type I) to the honeycomb super-structure (Type
IT), based on symmetry-adapted modes of atomic site
occupations, and we conclude that the proposed P6322
space group is the unique solution to describe the Type
IT structure. The analysis calls upon two results drawn
directly from the diffraction data presented in the main
text. Firstly, the triple cell peaks can be indexed using
the propagation vector k = £(1/3,1/3,0), defined with
respect to the parent hexagonal lattice. Secondly, the
intensity of the triple cell peaks is of a similar order of
magnitude to the main diffraction peaks, indicating that
their origin lies in a modulation of iridium site occupan-
cies.

We define the occupation of iridium site j as

Oj = Z AnVnhj

where A,, is the amplitude of mode n, v, ; is the scalar
value of mode n at site j, and the sum is taken over all
modes. There are 6 iridium sites in the v/3xv/3x 1 super-
cell, for which there are 4 physically real, linearly inde-

(A1)



pendent symmetry-adapted modes for k = (1/3,1/3,0),
and 2 linearly independent symmetry-adapted modes for
k = (0,0,0), as calculated using 1SODISTORT*4! and
given in Table III.

We can assume that the phase transition between tri-
angular and honeycomb structures is driven by a primary
order parameter (OP) associated with an irreducible rep-
resentation (irrep) of k = (1/3,1/3,0). This primary OP
may couple to secondary, structural OPs associated with
other k = (1/3,1/3,0) or k = (0,0,0) irreps (i.e. cou-
pling to the totally symmetric representation, I‘f, is al-
ways allowed by symmetry). The K-point (1/3,1/3,0)
reducible representation for the atomic occupation of the
iridium sites (Wyckoff site 2a in the parent space group
P63 /mmc), decomposes into two 2D irreducible repre-
sentations, Kj and Ks. Similarly, the I'-point (0,0,0)
reducible representation decomposes into two 1D irre-
ducible representations, T'{ and T'4.

Using 180DISTORT*?4! we have determined all super-
space groups of the parent P63/mmc structure that cor-
respond to the symmetry-distinct directions of the pri-
mary OPs in the space spanned by the K7 and K5 irreps
(Table IV). In all cases the V3 x V3 x 1 super-cell is
defined using the basis [2,1,0],[—1, 1,0], [0,0, 1] with re-
spect to the parent. For all super-space groups there
is no origin shift, except for P6322 where the origin is
shifted by (0,0,1/4) with respect to the parent. For each
super-space group listed in Table IV we give the irrep. of
the primary symmetry breaking OP and the respective
symmetry-adapted mode(s). We also list the secondary
modes (and their irreps., given in parenthesis), which are
symmetry allowed within the given super-space group
and can couple to the primary order parameter. We note
that if the phase transition involves secondary modes it
will necessarily be of first order.

As shown in the main text, the Type II honeycomb
structure can be identified by additional diffraction peaks
when compared to the diffraction pattern of the parent,
Type I structure. These additional peaks satisfy the re-
flection conditions h'—k’ = 3n+1 or 3n+2 and I’ = 2m+1
(n,m integers) where, as in the main text, primed in-
dices indicate that the wavevector components are de-
fined with respect to the V3 x/3x1 super-cell. Cor-
responding diffraction reflection conditions derived from
structure factor calculations of the symmetry adapted
modes are given in Table V. We find that the observed
reflection conditions are only consistent with either v3 or
v4 being the primary OP mode. We can rule out v as it
corresponds to an unphysical imbalance in the total irid-
iuim occupaction of neighbouring layers, and hence we
find this symmetry analysis to be in full support of the
experimentally determined Type II honeycomb structure
with space group P6322 presented in the main text.

We can now construct a symmetry-based model for
the occupation of the iridium sites that fully captures
the structural evolution of K, Ir;_,,402 as a function of
x, from the parent Type I P63/mmc phase to the lower
symmetry, Type II P6322 phase, as hypothesised in the
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FIG. 7. Schematic representation of the order parameter, €,
for iridium vacancy ordering, as a function of potassium con-
centration, z, for two generic cases (blue solid and red dashed
lines). Below the phase transition at z., iridium vacancies
are uniformly distrbuted on the triangular structure (e = 0).
Above z., € may jump to its maximum allowed value for a
given z (solid blue line, € = z), corresponding to a fully occu-
pied honeycomb structure with partially occupied honeycomb
centres. The red dashed line illustrates another possible sce-
nario where € increases gradually corresponding to a structure
with a finite but not complete preferential vacancy occupation
at honeycomb centres. The solid black line passing through
the origin (e = x) marks the limit above which (grey shaded
region) iridium site occupations are unphysical (> 1).

Introduction. Consider the linear combination of vy, vy,
and vs modes,

X €
0; = (1 - *) vsj + 7 (v1,; £ 3va5)

1 1 (A2)

where the parameter z is the potassium composition.
The amplitude (1 — z/4) describes the average iridium
site occupation, and € is the order parameter describing
the Type I to Type II structural phase transition (the
+ leads to two equivalent descriptions of the Type II
structure related by an origin shift). The prefactor of
the second term is chosen such that € < x (see below).
In the Type I phase ¢ = 0, and the iridium sublattice
is uniformly depleated. Just above a critical composi-
tion, ., the parameter € # 0 and a phase transition to
the Type II structure occurs. This parameter space is
summarised in Figure 7. It is required that ¢ < z to
avoid unphysical site occupancies > 1 (grey shaded re-
gion Figure 7). Immediately above z., € may jump to
its maximium value and continue to grow as ¢ = x. In
this case the honeycomb structure is always fully occu-
pied, with all iridium vacancies located at the honeycomb
centres (blue solid line in Figure 7). Alternatively, ¢ may
grow gradually (red dashed line in Figure 7), giving a uni-
formly depleated honeycomb structure, but with vacan-
cies preferentially located at the honeycomb centres. In
both cases the phase transition is first order, but weakly
so in the latter. We note that the x-ray diffraction data
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TABLE III. Symmetry-adapted modes of the occupation of the six iridium sites in the v/3 x v/3 x 1 super-cell.

Fractional Coordinates k = (1/3,1/3,0) modes k = (0,0,0) modes
Site Parent P6322 super-cell V1 Vo V3 V4 Us Vs
Irl_1 0,0,0 0,0,1/4 1 0 1 0 1 1
Ir2.1 0,1,0 1/3,2/3,1/4 -1/2 -1/2 -1/2 -1/2 1 1
Ir3_1 1,1,0 2/3,1/3,1/4 -1/2 1/2 -1/2 1/2 1 1
Irl.2 0,0,1/2 0,0,3/4 1 0 1 0 1 1
Ir2.2 1,1,1/2 2/3,1/3,3/4 -1/2 1/2 1/2 -1/2 1 -1
Ir3.2 0,1,1/2 1/3,2/3,3/4 -1/2 -1/2 1/2 1/2 1 -1
s

TABLE IV. Super-space groups of the parent P63/mmc x610 . . . .
structure that correspond to the symmetry-distinct directions
of the primary OPs in the space spanned by the K; and K> sl i
irreps, and the active symmetry-adapted modes. The irre-
ducbile representations of the symmetry allowed secondary

modes are given in parenthesis. ar ; i
Space Irreducible Primary  Secondary L:é 3r 1
group representations modes modes

P63/mem| K (T7) V1 Vs T ]
P6c2 K1 (T) V3 V1, Us 1k .
P6322 K> (Kl, Ff—) V4 Vi, Us

P31lm Ky (K1, T, T3) v Vi, Us, Vs OO ‘1 é é AIL é P
P312 Ky (K0, TH, T v, Vi, Vs, Us, Vs F P x10°

TABLE V. Diffraction reflection conditions for the symmetry-
adapted modes, defined with respect to the reciprocal lattice
of the v3 x v/3 x 1 super-cell.

Mode Reflection conditions (n,m integers)
V1 MW —kK =3n+1lor3n+2 ' =2m
Vs W —k =3n+1lor3n+2 ' =2m
V3 -k =3n+1lor3n+2 U!'=2m+1
Vs MW —kK =3n+1lor3n+2 U!'=2m+1
Us R —k =3n ' =2m
Ve K —k =3n I!'=2m+1

cannot distinguish between the two scenarios, so for con-
creteness in the analysis presented in the main text we
assumed that iridium vacancies are located only at the
honeycomb centres (blue line scenario in Fig. 6) at site
Ir3, which corresponds to the minus sign in the second
term of Equation A2.

Appendix B: X-ray diffraction goodness-of-fit

In this Appendix we show the measured, Lorentz-
corrected x-ray diffraction intensities, |Fyps|?, plotted
against calculated values from the Rietveld refinement
of the Type I (Figure 8) and Type II (Figure 9) struc-

FIG. 8. Lorentz-corrected x-ray diffraction intensities, | Fops|?,
plotted against calculated values, |Fcalc|2, from the Rietveld
refinement of the Type I triangular structure. The solid red
line indicates 1:1 agreement between |Fops|? and |Fealc|*.

tural models described in the main text. In both figures
the ‘parent’ diffraction intensities are plotted as black
circles, and the triple-cell peaks of the Type II honey-
comb structure are shown in the inset to Figure 9 (blue
squares). The average amplitude (square root of |Fyps|?)
of the triple cell peaks is approximately 30% of the av-
erage parent peak amplitude, indicating that their origin
lies in a super-structure modulation of the strongly scat-
tering iridium sublattice.
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FIG. 9. Lorentz-corrected x-ray diffraction intensities, \Fobs|2,
plotted against calculated values, |Feaic|?, from the Rietveld
refinement of the Type II honeycomb structure. Parent in-
tensities are shown as black circles in the main pane, and
the triple-cell super structure intensities are shown as blue
squares in the inset. The solid red line indicates 1:1 agree-
ment between |Fops|? and |Feac|*.
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TABLE VI. Parameters of the theoretically predicted K2IrOs3

honeycomb structure.

Cell parameters

Space group: P6322 (#182)

a b, ¢ (A): 5.282, 5.282, 13.544
Volume (A%) 327.25

Atomic fractional coordinates

Atom  Site x y z Ocec.
Irl 2b 0 0 1/4 1
2 2 1/3 2/3 1/4 1

K3(Ir3) 2d 2/3 1/3 1/4 1
K2 6g 0 0.34107 0 1
@) 129 0.26870  0.33275  0.15667 1
Selected bond lengths (A)
K2-0 2.5654, 2.8580, 2.9000 Ir1-0O 2.0511
K3-0 2.4515 Ir2-0 2.0550

Appendix C: Theoretical K2IrO3 crystal structure

In this Appendix we tabulate crystal structure param-
eters for the theoretically proposed end-member compo-
sition K5IrO3. Note that the previously named ‘Ir3’ site
is relabelled ‘K3’ as for this structure it is solely occupied

by potassium.



