Design of Mott and topological phases on buckled 3d-oxide honeycomb lattices
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Digital oxide heterostructures — materials grown layer-by-layer — have demonstrated promise for
electronics and spintronics device applications due to emergent electronic phases, ranging from high
mobility two-dimensional (2D) spin-polarized electron gases to magnetism and superconductivity.
Beyond the heavily studied (001) crystallographic orientation, topological and perhaps more exotic
phenomena are expected in (111)-oriented perovskite bilayers due to the key structural aspect of
a buckled honeycomb (“graphene”) lattice. To identify prospective materials realizations, density
functional studies including on-site Coulomb repulsion render a comprehensive picture of the evo-
lution of ground states versus band filling in (111)-oriented (LaXO)2/(LAO)4 superlattices, with
X spanning the entire 3d transition metal series, incorporating the complexities of multiorbital
open shell cations. We find unanticipated broken symmetry phases to be ubiquitous, with mech-
anisms ranging from Jahn-Teller distortions, to charge-, spin-, and orbital-ordering. LaMnO3z and
LaCoOs3 bilayers, where spin-orbit coupling additionally gaps the Dirac point Fermi surface, emerge
as promising candidates signaling a possible transition between a trivial Mott and a topological

insulator phase.

PACS numbers: 73.21.Fg, 73.22.Gk, 75.70.Cn

INTRODUCTION

Synthesis and characterization of atomically abrupt
transition metal oxide (TMO) heterostructures has re-
vealed a broad platform of unanticipated functionali-
ties and has fueled widespread expectation that such
systems will impact and enhance next generation elec-
tronics and spintronics capabilities by controlling charge,
spin, orbital, and lattice degrees of freedom at the
nanoscale.[1, 2]

The earlier focus on perovskite materials with the
(001) growth orientation - prominent examples here be-
ing e.g. the interface between LaAlOs and SrTiOj
(LAO/STO)[3, 4] or nickelate superlattices [5] - has re-
cently been extended to the (111) orientation.[6, 7] In
the latter, two triangular BOg sublattices form a buckled
honeycomb lattice topologically equivalent to graphene.
The honeycomb lattice itself introduces exotic possibil-
ities. Considering an alternating, next nearest neigh-
bor (nnn) imaginary hopping amplitude, Haldane mod-
eled a quantum spin Hall (QSH) system without explicit
external field.[8] In the Kane-Mele elucidation[9] of the
honeycomb lattice, topological behavior originated from
spin-orbit coupling (SOC) entanglement of band charac-
ter. Later, Raghu et al.[10] proposed that topological
character can be generated by strong interactions (even
in the mean field approximation). Wright generalized
Haldane’s model to a buckled honeycomb lattice in which
magnetic flux, alternating in orientation in neighboring
cells, leads to a Chern (quantum anomalous Hall [QAH])
insulator[11] with topologically protected gapless edge

states. These specific models are, however, challenging
to realize in real materials.

Compared to graphene and common topological insu-
lators (TI), TMOs possess not only larger band gaps,
but offer an enormously richer palette of possibilities due
to several distinctive features: correlated electron behav-
ior causing spin, charge, and orbital instabilities, multi-
orbital configurations on each of the sublattices combined
with relativistic effects, viz. spin-orbit coupling. Below
we extend this already substantial set of possibilities to
include band filling as well, and show that an interplay
of strong interactions and SOC effects, which operate in
the 3d 111 bilayers with their buckled honeycomb lattice,
produce specific spin-fermion systems as candidates for
QSH or QAH systems.

The idea of constructing a (111) bilayer from per-
ovskite TMO was initially introduced by Xiao et al. for
4d and 5d e, systems, pointing to possibilities for “inter-
face engineering of quantum anomalous Hall effects.[12]
Building on this foundation, Yang et al.[13] and Riiegg
and Fiete[14] constructed a tight-binding (TB) model
for (LaNiO3)2/LAO, and demonstrated that in certain
ranges of parameters and magnetic order topological in-
sulating phases can result from ordering involving a com-
plex combination of e, orbitals.[14] Recently, Cook and
Paramekanti[15] suggested double perovskites as a po-
tential system to realize the model Chern insulator, as
proposed by Wright,[11] but experimental verification of
any QAH insulator has been lacking.

Complementary to tight-binding models, material-
specific density functional theory (DFT) is essential to



achieve a fundamental understanding and to predict ac-
tual materials realizations. Besides examples for 5d
systems[16], DFT studies including strong local interac-
tion effects (see below) have recently predicted a Dirac
point Fermi surface for a STO(111)[17] and LNO(111)
bilayers, quantum confined within LAO.[13, 14, 18-20]
In these cases the Dirac point is ‘protected’ by symme-
try; sublattice symmetry breaking leads to gap-opening
charge-disproportionated states.[17, 19]

To identify further promising systems as well as to
elucidate the underlying design principles of functional-
ities, we have explored systematically the effect of band
filling on the electronic ground state in (111) oriented
(LaXOs3)2/(LaAlO3), superlattices, where X spans the
range of trivalent 3d ions Ti-Cu. Despite the fact that
these systems, unlike LAO/STO(111), are nonpolar - i.e.
there is no valence mismatch across the interface, so all
transition metal cations retain X3t configurations - un-
expected phases proliferate. Competition between local
pseudocubic symmetry and global trigonal symmetry as
well as additional flexibility, provided by the magnetic
and spin degrees of freedom of 3d ions, lead to a broad
array of distinctive broken symmetry ground states, offer-
ing a platform to design 2D electronic functionalities.[21]

TRENDS ACROSS THE 3d SERIES

A central aspect in the (LaXOg3)s/(LaAlOg)4(111)
honeycomb bilayers is their strong deviation from their
bulk analogs. Certain recurring features tied to the ta,
and e, distinction can be identified, thus we discuss them
separately.

toy systems

For the t54 subshell the dominating feature is a compe-
tition between local pseudo-cubic symmetry and the un-
derlying threefold+inversion symmetry (“P321”) of the
ideal bilayer. The (111) bilayering reduces the octahedral
symmetry to trigonal and splits the ¢34 orbital triplet into
aig + ey, with the former having zero angular momentum
around the ¢ bilayer axis while the latter orbital doublet
forms a representation for my = £1 angular momentum
with corresponding orbital orientation and shape. Break-
ing this symmetry allows occupation of the cubic dgy,
dy-, or dg, orbitals.

X=Ti%*+ 3d'. The above scenario arises most vividly
for the LaTiOg3 bilayer, which displays the richest behav-
ior among the t3, systems. The ground state, pictured
in Fig. 1a), at apao is a ferromagnetic (FM) orbitally
ordered Mott insulator, displaying staggered d., d,. oc-
cupation and a very narrow (0.2 eV bandwidth) lower
Hubbard band. This is in contrast to bulk LaTiOgz which
is a distorted Pbnm, G-type antiferromagnetic (AFM)

Mott insulator with 1/\/§(dmy + dy; + d.;) orbital or-
der [26, 27]. Consistent with this extremely localized
character, the corresponding AFM state with the same
orbital polarization, shown in Fig. le, is only 4 meV /u.c.
higher in energy, suggesting a weak exchange coupling of
~1 meV.

Constraining the symmetry to P321, thereby keeping
the two Ti ions related by symmetry, results in e’g orbital
polarization with bands touching at K and K’ (Fig. 1f).
This degeneracy protects the system against the Mott in-
sulating gap, presenting an unusual case of strong correla-
tion effects are being rendered ineffectual by an imposed
symmetry. Despite its high energy cost (0.4 eV/Ti), this
state is intriguing due to the unusual direction reversal
of bands in the vicinity of K and K’ points (note zoom-in
of the band structure in Fig. 1g). This intertwining of
the bands suggests topological character.

Inclusion of SOC for magnetization along [001] for this
case leads to a band inversion and a resulting gap (green
line in Fig. 1g). The points K and K’ become inequiv-
alent. This signals the loss of equivalence of the two Ti
ions, reflected in an surprisingly large orbital moment of
one of the ions: 0.11up versus just 0.01up on the other.

Ti orbital polarization is highly susceptible to strain
tuning: Applying tensile strain by imposing the lateral
lattice constant of agro tips the pseudo-cubic/trigonal
symmetry balance, stabilizing occupation of the a4 or-
bital (Fig. 1h). The band structure just below the gap
is comprised of two filled bands with Dirac crossings
at K and K’, similar to the analogous LAO/STO(111)
case.[19] While in the latter case the 3d°-° band filling
puts the Dirac points at Eg, here both bands are fully
occupied.

X =V3+ 3d?. The AFM ground state of the LaVOs3-
bilayer, displayed in Fig. 1b, is gapped due to occupa-
tion of the efq doublet. This is insensitive to strain and
at variance with the bulk G-type di., dy. orbital or-
dering (dzy is occupied on all sites)[27, 28]. Thus in
this LaVOgs bilayer trigonal symmetry splitting domi-
nates over the pseudocubic crystal field. The spin-aligned
FM state (Fig. 1c) with the same orbital polarization is
73 meV/u.c. higher in energy, and has four bands topo-
logically similar to those of the metastable 2LaTiO3 case
(Fig. 1f), with the difference that now the entire set of
bands is filled.

X =Cr?*t 3d%. The Cr bilayer is electronically trivial:
a half-filled ¢54-band (tgfm, S=32), thus no orbital degrees
of freedom, and antiferromagnetic order (Fig. 1d).

eg Systems

Consistent with the tight-binding model of Xiao et
al.[12] a distinctive set of four bands emerges for fer-
romagnetic coupling for an open e, subshell: nearly flat
bottom and top bands interconnected by two dispersive



FIG. 1: Electronic ground (a-d) and selected metastable (e-h) states in (LaXOs)2/(LaAlO3)4(111) for tzy systems X=Ti,
V, Cr. Shown are the band structures with blue/orange denoting the majority /minority bands, and isosurfaces of the spin
density, with majority in blue and minority in red. In cases (a,e,h) the integration range was adapted to emphasize the orbital

polarization. Energies of metastable states are provided in red.

FIG. 2: Presentation as in Fig. 1, but for ey systems X=DMn, Fe, Co, Ni, and Cu. A striking feature is the similarity in band
structure of X=Mn, Co, Ni, despite the formal different band filling: a Dirac point Fermi surface within P321 (a)-(c) and a
gap opening due to symmetry breaking. The ground state results are presented in (d)-(h).

bands, providing a Dirac point crossing at the K and K’
points and quadratic contact with the flat bands at the
I point (cf. Fig. 2a-c,h,]). Band filling together with
the orbital and spin degrees of freedom determine the
position of the Dirac point with respect to the Fermi
level. Equivalence of the two sublattices again becomes
crucial. This symmetry is found to be broken in all e,
system ground states where the Dirac point is initially at
the Fermi level. We identify distinct origins of symmetry
breaking and the resulting gap opening in each system,
as discussed below.

X=Mn3* 3d*. The LaMnOs3 bilayer provides one of
the promising cases where, within P321 symmetry, the
system exhibits a Dirac point Fermi surface within the
ey bands (Fig.2a). The Mn ion (3, ye; ; with the e,-
band quarter-filled) is unstable to Jahn-Teller distortion.
Releasing structural symmetry restrictions leads to an
elongation of the apical Mn-O bond lengths to 2.07-2.11
A and variation of the basal distances between 1.89-1.98
A, associated with alternating dsy2_,2, dsz2_,2 occupa-
tion on the A and B sublattices (Fig. 2e). This symmetry
breaking opens a gap of 0.8 eV and also lifts the quadratic
band touching degeneracy at I'. The Jahn-Teller distor-
tion is also present in the AFM order (Fig. 2i), which is
88 meV /u.c. higher in energy. The much flatter bands re-
flect electronic decoupling of the two sublattices, similar
to the AFM LaNiOjs bilayer (Fig. 2k), discussed below.

X=Fe3t 3d°. The ground state of the LaFeO3 bilayer
is a high spin (HS) AFM band insulator with nearly
spherically symmetric charge and spin density on the Fe
site characteristic of a half-filled 3d band (3 g,TegQJ,T with
S:%, cf. Fig 2d). For comparison, bulk LaFeOs is a
G-type AFM with orthorhombic Pnma structure. The
metastable FM configuration exhibits the previously dis-
cussed set of four bands, albeit now these are fully occu-

pied for the majority spin channel (cf. Fig 21).

X=Co%" 3d°. Bulk LaCoO3 has a low spin (LS) (t5,)
narrow gap insulating ground state, but becomes fer-
romagnetic e.g. as a strained film [29]. A rich set of
(metastable) states with respect to spin degrees of free-
dom can be anticipated and are indeed realized in the
LaCoOg3 bilayer. Constraining symmetry to P321 ren-
ders another case where the Fermi level is pinned at a
Dirac point (Fig. 2b). This state lies 0.21 eV above

the broken symmetry ground state of FM intermediate
spin (IS) (t3,, e;) insulator with a moment of 1.97up
(Fig. 2f). Orbital ordering of the e, electron and ta,
hole drives the breaking of symmetry, analogous to the
case of Mn but with a smaller band gap.

A further metastable state, only 19 meV less favorable,
exhibits a new type of spin state symmetry breaking in
which the two Co sublattices assume IS and LS states
with very flat bands accompanied by (and presumably
caused by) a d,2_,»2 orbital occupation on the IS Co sub-
lattice (Fig. 2j).

X=Ni?t+ 3d”. Bulk LaNiOs is a R3c correlated metal.
[26]. Within P321 symmetry a Dirac point Fermi sur-
face is obtained (cf. Fig. 2c), as previously reported
[13, 18-20] for the LaNiOgs bilayer. However, breaking
the equivalency of the two triangular sublattices opens
a gap of 0.25 eV at the Fermi level (cf. Fig. 2g)[19].
Here the mechanism is disproportionation of the Ni sub-
lattice, expressed in different magnetic moments of 1.30
and 1.08 ug. AFM coupling of the two bilayers results in
flat bands (Fig. 2k), defining a band gap of ~ 1 eV with
orbital polarization at the Ni sites, as recently observed
in a NdNiO3 bilayer.[6] This illustrates how antiferro-
magnetic order provides the necessary decoupling of the
two trigonal bilayers, analogous to the LasNiAlOg dou-
ble perovskite where the single triangular Ni-layers are
separated by Al-layers [19].

X=Cu3t 3d%. This case provides a straightforward
BZ,T S=1 ion at half filling of the e, bands, with large
optical (spin-conserving) gap but with very low energy
spin-flip excitations (Fig. 2h, see also Xiao et al.[12]).
Although Cu?* is uncommon (bulk LaCuOs3 is metallic
and must be synthesized under pressure),[30] it might be
stabilized by non-equilibrium epitaxial synthesis.

Analogies and distinctions. Despite the formal differ-
ence in band filling for X=Mn, Co, and Ni, an unex-
pected analogy occurs in the electronic structure of these
bilayers: a Dirac-point Fermi surface when constrained
to P321 symmetry reverts to a gapped Mott insulator
state, being driven by symmetry breaking forces of dis-
tinct origin: a Jahn-Teller distortion in LaMnQOg; a spin
transition to IS accompanied by orbital order in LaCoQs;
and a charge disproportionation in LaNiOs.

Spin-orbit coupling. Generally no significant SOC is
expected in the 3d series beyond minor band splittings



FIG. 3: Effect of SOC on (LaXOs3)2/(LaAlO3)s a) X=DMn,
magnetization along [100]; b) X=Co, magnetization along
[100).

and small magnetocrystalline anisotropy. However, an
unusually strong effect arises in LaMnOg and LaCoOg:
SOC gaps both the Dirac points at K, K’, as well as
the quadratic band touching at I'. (LaMnOg)2 shows a
stronger influence of SOC, with an in-plane [100] easy
axis (Fig. 3a), while (LaCoQOj3)2 has an out-of plane easy
axis (Fig. 3b). The opening of a gap due to SOC suggests
a topological phase with a possible transition between the
TT state and the Mott insulating state discussed above.
Thus the LaMnOg and LaCoOj3 bilayers emerge as can-
didates for topological insulators.

SUMMARY

Apart from three cases of filled subshells that stabilize
symmetric phases, the buckled 3d honeycomb bilayers en-
counter and succumb to a variety of symmetry-breaking
forces: (1) orbital ordering including competition be-
tween occupation of real pseudocubic orbitals (dyy, dys,
dy. for tog; dy2_,2 and d,» for ey) and their triangular
lattice counterparts; (2) charge disproportionation, (3)
spin-state differentiation, and (4) Jahn-Teller distortion.

Spin-orbit coupling, known to be important in 5d and
even 4d transition metal ions, gaps the Dirac point Fermi
surface in X=Mn and Co. Further broken symmetries
occur, but simply renormalize the gap and redefine the
character of the ground state, sometimes in distinctive
ways, viz. the spin-state asymmetry for the Co case.

This study outlines the variety of possibilities for un-
usual ground states and for topological behavior in this
“3d palette” of two-dimensional oxide honeycomb lat-
tices. These results should stimulate research on the
experimental realization of these phases, which can be
combined into numerous hybrid systems using multilayer
growth techniques. Doping of these materials provides
further possibilities to tune the functionalities for their
intrinsic interest as well as for potential applications.

METHODS

DFT calculations were performed on (111)-oriented
(LaXOs3)2/(LaAlO3)4 superlattices with X ranging
throughout the 3d series Ti-Cu, using the all-electron
full-potential linearized augmented-plane-wave (LAPW)
method, as implemented in the WIEN2k code [22]. For
the exchange-correlation functional we used the gener-
alized gradient approximation (GGA) [23]. Static local
electronic correlations were included in the GGA+U ap-

proach [24] with U =5¢V, J =0.7eV (for all X = Ti-Cu
3d) and U = 8eV (La 4f). Systematic investigations
of the influence of U were performed and have shown
that the results are robust with respect to variation of
the U parameter in a reasonable range of values. Addi-
tional calculations with the modified Becke-Johnson [25]
potential support the obtained electronic behavior.

The lateral lattice constant is fixed to apa0=3.79 A,
corresponding to superlattices grown on a LAO(111) sub-
strate, unless otherwise stated. Octahedral tilts and
distortions were fully taken into account when relaxing
atomic positions, whether constrained to P321 symme-
try or fully released to P1 symmetry. Additionally, the
out-of-plane lattice parameter ¢ was optimized for all su-
perlattices. Spin-orbit coupling (SOC) was treated using
the second-variational method.
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