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Predictions of Delafossite-Hosted Honeycomb and Kagome Phases
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Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831,
USA

(Dated: 5 February 2024)

Delafossites, typically denoted by the formula ABO,, are a class of layered materials that exhibit a wide range
of electronic and optical properties. Recently, the idea of modifying these delafossites into ordered kagome or
honeycomb phases via strategic doping has emerged as a potential way to tailor these properties. In this study,
we use high-throughput density functional theory calculations to explore many possible candidate kagome and
honeycomb phases by considering dopants selected from the parent compounds of known ternary delafossite
oxides from the Inorganic Crystal Structure Database. Our results indicate that while A-site in existing
delafossites can host a limited range of elemental specifies, and display a low propensity for mixing or ordering,
the oxide sub-units in the BO; much more readily admit guest species. Our study identifies four candidate
B-site kagome and fifteen candidate B-site honeycombs with a formation energy more than 50 meV/f.u.
below other competing phases. The ability to predict and control the formation of these unique structures
offers exciting opportunities in materials design, where innovative properties can be engineered through the
selection of specific dopants. A number of these constitute novel correlated metals, which may be of interest for
subsequent efforts in synthesis. These novel correlated metals may have significant implications for quantum
computing, spintronics, and high-temperature superconductivity, thus inspiring future experimental synthesis
and characterization of these proposed materials.

I. INTRODUCTION

The computational design of materials with targeted
properties and functionalities has been a long standing
and ambitious motivation for improving the speed and
accuracy of theoretical methods in materials along many
decades. In a data driven approach a massive number of
existing structures are explored with alternative atomic
compositions. Subsequently, the data set of the struc-
tures studied theoretically, is searched to find the best
properties. While experimental exploration always re-
mains a crucial step, theory can be still highly valuable
removing structures and compositions which are found to
be thermodynamically unstable. In addition, theory can
be used to screen out the ones without desired properties
and reduce further the exploration to a smaller number
that must be finally explored experimentally.

Topological materials' 3, characterized by unique elec-
tronic properties, are emerging as promising candidates
for future quantum technologies due to their robustness

1 This manuscript has been authored by UT-Battelle, LLC un-
der Contract No. DE-AC05-000R22725 with the U.S. Depart-
ment of Energy. The United States Government retains and
the publisher, by accepting the article for publication, acknowl-
edges that the United States Government retains a non-exclusive,
paid-up, irrevocable, worldwide license to publish or reproduce
the published form of this manuscript, or allow others to do
so, for United States Government purposes. The Department
of Energy will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access
Plan (http://energy.gov/downloads/doe-public-access-plan).

to local perturbations. The study of specific lattice struc-
tures is crucial to reveal the different topological phases
of these materials. The honeycomb lattice, as found in
graphene, exhibits intriguing phenomena due to the pres-
ence of two-dimensional Dirac cones. When manipulated
by spin-orbit coupling, these cones can promote topolog-
ically protected edge states, creating a fertile ground for
the study of topological insulators*. On the other hand,
the kagome lattice forms a network of corner-sharing tri-
angles and is known to host exotic phenomena due to
its inherent geometric frustration. The potential host-
ing of localized, topologically distinct electronic bands,
known as flat bands, in kagome lattices provides an ex-
citing avenue for the study of strongly correlated topolog-
ical phases of matter®. Thus, the unique geometries and
quantum mechanical effects within these lattices provide
an opportunity to observe unusual and exotic electronic
behaviors, highlighting the importance of honeycomb and
kagome lattices in topological materials research.

Delafossite compounds®” are naturally occurring min-
erals with a layered structure that is of particular in-
terest to physicists and materials scientists. Their crys-
tal structure forms a triangular lattice, which is one
of the simplest two-dimensional geometries. Triangu-
lar lattices are, in many ways, the starting point for
other two-dimensional structures, such as the honeycomb
and kagome lattices. Recently, it has been proposed® to
modify delafossites (ABO32) to adopt ordered binary in-
tralayer patterns that might host phases with non-trivial
topology, such as the honeycomb or kagome quasi-2D lat-
tices. This approach is promising, since several ternary
delafossite-like compounds that host honeycomb order
on the B-site sub-lattice (ABs/3 B} ;02 ) are known to

exist? 1 for both the dumbbell/linear coordinated and
rocksalt type structures. We are interested in finding
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FIG. 1. The “dumbbell” type delafossite ABO2 structure (left).
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Oxide layers composed of BO2 octahedra are separated by

triangular A layers with A-site atoms aligned linearly with neighboring oxygen. (right) Top view of the Bs,3B] 302 layer in a

B-site honeycomb ordered quaternary delafossite-like crystal.

the material combinations in which a kagome lattice or
a honeycomb lattice can self-assemble.

In this work, we perform a data-driven approach to
ascertain suitable dopants in existing delafossites that
would preferentially order into kagome or honeycomb lat-
tices instead of segregating in separate triangular phases.
This procedure allows us to discard a large number of
material combinations in which the honeycomb or the
kagome lattice is thermodynamically unstable. We also
identify in our search a set of new delafossites that are
predicted to be stable within a standard approximation
of density functional theory??:?! (DFT).

1. METHODS

In order to identify candidate ternary structures, we
considered as potential parent compounds 55 known
ternary delafossite oxide structures from the Inorganic
Crystal Structure Database (ICSD)?2. Among these, 26
displayed the dumbbell-like bonding arrangement on the
A-site (see Fig. 1), while 29 instead adopted an ordered
rocksalt structure. Both structure types share the same
space-group (R3m) and differ primarily in the Wyckoff
position of the oxygen sub-lattice, with dumbbell bonded
and ordered rocksalt crystals having a Wyckoff parame-
ter near 0.11 and 0.25, respectively. For some selections
of A and B elements these two types of local bonding can
compete, with crystals hosting both types of local order
being reported in different layers along the c-axis?3.

From these parent ABOy structures, we formed hypo-
thetical A and B site-ordered honeycomb and kagome
quaternary materials of the form A;_,A’BOy and
AB;, B/ Oy (r = 1/3 for honeycomb and = = 1/4 for
kagome, see Fig. 1). To limit the search to a practical
number, instead of studying all stable elements in the
periodic table, we down-selected the impurities with the
following criterion. Since the set of A and B elements in
the parent compounds are already known to support the
local bonding arrangements expected in delafossites, we

restricted the A’ and B’ elements to be selected from this
same set. Under this restricted search, 2592 quaternary
ordered phases were considered.

Each of the quaternary candidate structures was fully
relaxed within at the PBE?*/PBE+U? level of theory.
The candidate structures were subsequently screened for
stability by considering the ground state energy convex
hull of competitive compounds. These stability calcula-
tions included the total energies E; of (i) elemental solids,
(ii) low energy binary oxides (selected from the Materials
Project?® with the search criteria of having above hull en-
ergies being less than 0.1 eV /atom), (iii) known delafos-
sites, and (iv) hypothetical delafossites with composition
A’BO2 or AB’O; (as these provide an additional bound
on the formation of the quaternary cases).

The lowest energy mixture of phases at a given compo-
sition (convex hull) was found by minimizing the relation

= mcianiEi (1)

subject to the constraints

c; >0 , Nec=f. (2)
In the expressions above, f represents the target com-
position as a vector of atomic fractions, N is a matrix
containing the atomic fractions for each computed com-
pound (N; is a vector of atomic fractions for compound
1), E; is the total energy of each respective compound,
and ¢; is the concentration of each compound present in
the final lowest energy mixture of phases. The (mini-
mum) formation energy of compound j is defined here
as

Erpj = E; — E(Nj) (3)

with the minimization in Eq. 1 excluding compound j
itself. If Er < 0 the compound is stable against all al-
ternatives included in Eq. (1). Conversely, if Er > 0 the
compound is unstable.
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FIG. 2. Calculated formation energies per formula unit (eV/f.u.) of a) ordered rocksalt type and b) dumbbell type delafossite
compounds selected from ICSD. The connecting line is a guide to the eye. The formation energies are computed relative to

competing elemental and binary oxide phases.

The stability of rocksalt and dumbbell delafossites was
assessed relative to decomposition into binary and ele-
mental phases (see Figs. 2 and 3). When considering
the propensity for a given site (A or B) to accept dopant
species (4), the formation energies are also computed rel-
ative to decomposition into lower order phases (elemental
solids, binary oxides, ternary delafossites). The final as-
sessment of stable honeycomb and kagome phases (see
Table T) is performed including the possibility for the
dopant to occupy either site (all quaternary mixed de-
lafossites included as competitor phases in addition to
other lower order phases).

The total energies of all phases were computed with the
PBE functional?* as implemented in the VASP package
version 5.4.427730, For transition metal elements, a Hub-
bard U was added to represent the on-site Coulomb repul-
sion among the localized d-electrons®®. In high through-
put studies, the Hubbard U parameter is often either
neglected®! 33, set to a single value for all species®+3%,
or set to unique values per element®%:37 (often selected
semi-empirically) and then held fixed across compounds.
We follow the former approach. In diffusion Monte Carlo
calculations of correlated oxides, a U value between 2 and
6 eV is often found® ®! with a value near 3 eV occurring
most often, and so we selected U=3.0 €V in all calcu-
lations. In SCF and structural relaxation calculations
a k-point grid of 13x13x13 per ABOs primitive cell (or
finer) was used and relaxed structures were obtained with
1075 eV and 0.01 eV/A tolerances on the total energy
and maximum atomic force, respectively. For the corre-
lated oxides, the Hubbard U was applied consistently to
both the structural relaxation and subsequent SCF calcu-
lations. While the present study focuses on materials sta-
bility, band gap information for parent delafossites may
be found in the supplementary information. For more de-
tailed information on band gaps in the delafossites, the

interested reader is referred to prior theory work®? in this
area.

I1l. RESULTS AND DISCUSSION
A. Formation energies of known delafossites

The calculated formation energies of synthesized de-
lafossites are shown in Fig. 2. The formation energies
are computed relative to competing elemental and binary
oxide phases. All of the rock-salt type delafossites (left
panel) are validated as being stable with large formation
energies. The unusual linear bonding arrangement of the
A-site in the dumb-bell type delafossites (typically At
B?*) and the noble or near noble quality®? of the known
A-site elements results in a lower formation energy for
this class of delafossites, as shown in the right panel of
Fig. 2. While most of the synthesized delafossites are
predicted to be stable by these total energy calculations,
a significant fraction is not. A closer comparison with
the experimental literature shows some of these predic-
tions to be correct. In particular, CuLaO3 is known to be
unstable to Oy exposure at temperatures as low as 280
°C with ready oxidation also being observed for other
lanthanides on the B-site®®, as well as for the chemically
similar CuYO5%. The CulnO, is also very difficult to
synthesize and is assessed to be metastable relative to
other end-member phases®®. The predicted instability of
PdRhO; and three of the AgM Oy phases is incorrect and
may relate to the limitations intrinsic to the approximate
density functional employed here.
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B. Predicted low formation energy delafossites

As part of the search for ordered ternary delafossite-
like oxides, formation energies for large number of pos-
sible end-member delafossites with composition A’BOs
and AB’O, were calculated. Among these, a small num-
ber were shown to be stable against decomposition into
binary oxides and elemental solids. The formation ener-
gies of the predicted stable delafossites is shown in Fig.
3, where we have used a formation energy of 50 meV /f.u.
as a threshold for inclusion.

Among these, a deeper review of the available litera-
ture shows that about half of the predicted stable delafos-
sites are known to form already, with some being synthe-
sized only recently. The Ag-based compounds, AgAlOq
and AgGaO, are commonly grown®57, but were not se-
lected as part of our initial search of the ICSD. The Cu
containing delafossites CuVOs and CuNiOy were thought
not to exist®®, but thin films of CuNiO, have been suc-
cessfully grown via the sol gel technique® and nanoplate
samples of CuVOs have recently been obtained by hy-
drothermal synthesis®. Finally, while few Pt-based de-
lafossites are commonly known to exist®%!, a recent ther-
mal decomposition study®? of Pt and Pd complex salts
of the form [M(NHs)4]CrO4 (M=Pd,Pt) has shown the
presence of both PdCrOy and PtCrO5 phases via XRD
in narrow temperature range around 700 °C.

Out of the predicted stable delafossites, four are met-
als: PdAlO;, PdNiOs, PtCrOs, and PtNiOs. These
phases are of particular interest due to the record
high mobilities observed in related compounds such as
PdCoOs. The Cr and Ni containing compounds might
also host Kondo type physics due to the interaction be-
tween delocalized A-site carriers and localized magnetic
states on the B-sublattice. Recently, PtNiOs has been
predicted to host a topological Weyl metal phase®? and
its stability has also been suggested by another high-
throughput ab initio study®*.

C. Predictions related to miscibility

The formation energies of the quaternary candidate
phases with mixed A or B site composition computed
relative to the lower order (ternary and below) phases
contains information about the propensity for intralayer
mixing. In this setting, a negative formation energy indi-
cates favorable conditions for mixing in general, since the
energies of the currently considered ordered candidate
structures constitute upper bounds on all other ordered
or disordered structures at the same composition.

In Fig. 4 we organize the formation energies of all 2592
calculated ordered honeycomb/kagome candidate struc-
tures organized by parent phase. Mixing on the A and
B sites are considered separately in Figs. 4a and 4b, re-
spectively, and formation energies larger than 0.25 eV are
excluded from the plots. For the case of A-site mixing,
nearly all of the considered candidate mixtures have pos-

4
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PtNiO;
CuVO,
AgAIO,
AgGaO,
PdNiO;
CuNiO,
HgNiO,
CoFeO,
PtCroO,
PdAIO,

FIG. 3. Predicted delafossite compounds (dumbbell ABO;)
identified as theoretically stable, within the PBE+U approxi-
mation, during the high-throughput search. The blue line is a
guide to the eye. Stability is indicated by negative formation
energies (eV/f.u.) relative to competing elemental and binary
oxide phases.

itive formation energies and thus mixing on the A-site is
largely disfavored for the considered ordered structures.
Therefore, unless other ordered structures have signifi-
cantly lower formation energy than those considered here,
realized A-site site mixtures are likely to be disordered.
Further, the majority of favorable A-site mixtures have a
very low formation energy, which implies easy decompo-
sition into competing disordered or lower order ordered
phases upon heating. Taken together, these results in-
dicate that delafossite-like structures with A-site honey-
comb or kagome intermetallic order are quite rare if they
do exist and are unlikely to be synthesized via trial and
error.

In contrast to the A-site, mixing on the B-site is fa-
vored for a much larger range of compounds. Therefore
facile mixing is not uncommon on the B-site of delafos-
sites. However, the propensity for parent delafossites to
host mixed phases is not uniform, with certain ABO,
compounds having the ability to admit many different
dopant species. In particular, AgNiOs and AgFeQO, are
predicted to readily form B-site mixtures. The parent de-
lafossites identified here as readily hosting guest species
may be useful as a starting point for a more in depth
search for ordered B-site phases involving a larger num-
ber of candidate guest elements. We also note that since
the ordered structures considered here have low forma-
tion energy on the B-site, the existence of some ordered
phases involving mixture on this site are more likely. This
assessment is also verified experimentally, as it is consis-
tent with the observation of several ordered B-site hon-
eycomb phases'® 19,
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FIG. 4. Propensity for intra-layer doping/mixing as indicated by formation energies of quaternary mixed delafossites with
ordered kagome or honeycomb phases arranged on a) the A-site (A1_;A;BO2) or b) the B-site (AB1_,B},02). Each horizontal
bar represents the formation energy of a distinct honeycomb or kagome compound. The formation energies (eV/f.u. ABO3) are
assessed relative to lower order phases (elemental solids, binary oxides, and ternary ABO2 phases). The labeled phase denotes
the parent/host ABO; and the color of each column relates to the overall miscibility of the host, with red indicating a larger

number of miscible dopants.

D. Candidate A-site ordered delafossite-like compounds

In a recent dynamical mean field theory (DMFT)
work®, interest was raised in the possibility of A-site
ordered delafossite phases. Here we evaluate possi-
ble kagome (KG - A3/4A’1/4B02) or honeycomb (HC -
A2/3A’1/3B02) ordered lattices on the A-site in terms
of their energetic favorability. This favorability is as-
sessed in terms of the formation energy of a particular
proposed KG or HC phase against elemental solids, bi-
nary oxides, ternary rocksalt and dumbbell delafossites,
and also against the other possible quaternary ordered
HC/KG phases on the A or B site.

On the A-site, we do not find any significant evidence
for honeycomb ordering, with all AA’ pairings resulting
in formation energies above -20 meV /f.u.. We also find
that candidates for A-site kagome order are very rare.
Out of the entire search space, we find only two candi-
dates: Hgs/4Cuy/4SrO2 and Hgs 4L, 4BaOy (see Table
I). These related structures are favored over the parent
delafossites (HgSrO2 and HgBaO,) as well as nearby B-
site ordered competitor phases by about 100 meV. The
acceptable introduction of Cu may be rationalized by the
common 27 oxidation state of Cu, similar to Hg and Sr
themselves. The uptake of Li is less intuitive, but may
relate to facile electron donation from Li as compared to
Hg to stabilize the BaOs unit, which also can exist as
a stable oxide in isolation®. All other structures with
close to zero formation energy involve either mixtures of
known A-site species for the dumbbell delafossites (Cu,
Ag, Pd, Pt, Hg) or the A-site pairing of Cu (majority)
and Li (minority) combined either with indium or group
IIT elements (including lanthanides) on the B-site.

E. Candidate B-site ordered delafossite-like compounds

The search for B-site ordering in delafossites is con-
ceptually similar to the cation ordering in layered cath-
odes where multiple cations are combined to improve
its cyclic properties®®. Compared to cathode materials,
however, long-range kagome and honeycomb ordering in
delafossites place more stringent criteria in our materials
search. Identified candidates are summarized in Table
I. Our search yields only a few kagome ordered delafos-
sites with AgFeOs and AgNiOs parent compounds with
Ca, Ni, Al and Mo dopants. Experimentally, the only B-
site kagome ordered delafossite derived compounds found
are hole-doped with cation deficiencies, YCuO 5% and
LaCuO» 5°* However, our search has predicted a larger
set of honeycomb ordered B-site delafossites, that is con-
sistent with the large number of experimentally observed
honeycomb ordered B-site delafossites® 9.

Stable B-site honeycombs can be divided into mul-
tiple groups with common oxidation states such as
Hg1+{Ca7Sr,Ba}373M05+ 0o, Ag1+Fe§"/%+{Ba, Sr}?%Og

1/3

and Ag't{Rh, Fe, Ni, (h};g{LL Na}ﬁgoz. Ex-
cept for the Hg1+{Ca,Sr7Ba}§73Mo‘;’73Og group, it is a
common feature that the base B-site atom has close
to 44 formal oxidation state.  Among these com-
pounds, AgRhy/3Li;/302 has been synthesized experi-
mentally demonstrating long range ordering of honey-
comb lattice'®. However, it can be argued that 4+ is not
a common oxidation state for Fe, Ni, Cr in their respec-
tive compounds. Nevertheless, these B-site ordered de-
lafossites have metallic band structures that can accom-
modate deviations from a simple valence assignments,
such as hole formation on O-p states could occur. Un-
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less the experimental synthesis conditions are carefully
tailored, it is possible that oxygen vacancies can form
with negative formation energies similar to the Y- and
LaCuOs 5°4?%. Therefore, further investigations may be
needed to understand if oxygen vacancies would form in
an ordered way in the proposed structures to preserve
their honeycomb lattice ordering.

A-site Kagome Er (meV/fu.)

Hg3/4Cu1/4Sr02 -112
Hg3/4Lil/4Ba02 -98
B-site Kagome Er (meV/fu.)
AgF63/4Ni1/402 -215
AgF63/4Ca1/402 -129
AgN13/4M01/402 -128
AgF€3/4A11/402 -072
B-site Honeycomb Er (meV/f.u.)
HgBaQ/gMol/goQ =274
AgF€2/3Li1/302 -207
AgF62/38r1/302 -198
Ath2/3N31/302 -133
HgSr2/3M01/302 -123
AgF62/3Na.1/3OQ -120
AgNig/gLil/goz -104
Ath2/3L11/302 -98
HgCa2/3M01/302 -78
AgNig/gpdl/goQ -67
AgCr2/5L11/302 -67
AgFeg/gBal/goQ -63
CuLag/g,Prl/gOg -62
AgNig/gptl/g,OQ -60
CuLag/gNdl/'g,OQ -59

TABLE 1. A-site and B-site kagome and honeycomb struc-
tures identified as stable during the high-throughput search.
The formation energies are computed relative to competing el-
emental solids, binary oxides, ternary delafossites, and other
quaternary mixed delafossites (including mixing on both A
and B sites).

IV. CONCLUSION

We have performed a high-throughput search for can-
didate honeycomb and kagome delafossite derived crys-
tal phases based on ab initio density functional theory
calculations within the PBE+U approximation. Our
data-driven materials discovery approach was validated
against the stability of known delafossites and gener-
ally showed good agreement with current experimental
knowledge of these phases. We found that the miscibil-
ity of parent delafossites depends strongly on the site of
the introduced guest species. In particular, we found only
two thermodynamically stable structures involving mix-
ing on the A-site. In contrast, we find ready mixing on
the B-site with 15 candidate B-site honeycomb and 4 can-
didate B-site kagome phases with stability greater than
50 meV identified from the high-throughput search. One

6

of the identified phases, AgRhy/3Li; /302, has been syn-
thesized already and we may expect others of the iden-
tified ordered structures to also be synthesizable. A key
consideration in this regard is the stability of the can-
didate phases to lattice disorder. This topic will be the
subject of future work.
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