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Possible interaction-driven topological phases in (111) bilayers of LaNiO;
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We use the variational mean-field approach to systematically study the phase diagram of a bilayer
heterostructure of the correlated transition-metal oxide LaNiOs, grown along the (111) direction. The Ni**
ions witha d’ (or e ;) configuration form a buckled honeycomb lattice. We show that, as a function of the strength
of the on-site interactions, various topological phases emerge. In the presence of a reasonable size of the Hund’s
coupling, as the correlation is tuned from intermediate to strong, the following sequence of phases is found: (1)
a Dirac half-semimetal phase, (2) a quantum anomalous Hall insulator (QAHI) phase with Chern number one,
and (3) a ferromagnetic nematic phase breaking the lattice point-group symmetry. The spin-orbit couplings and

magnetism are both dynamically generated in the QAHI phase.

DOLI: 10.1103/PhysRevB.84.201104

Introduction. Artificial transition-metal oxide heterostruc-
tures (TMOHs) are becoming available owing to the recent
development'= in the fields of oxide superlattices and oxide
electronics. In particular, layered structures of TMOHs can
now be prepared with atomic precision, thus offering a high
degree of control over important material properties, such as
lattice constant, carrier concentration, spin-orbit coupling, and
correlation strength. The previous efforts on TMOHs has been
mainly focused on the (001) interface, where a rich variety of
behavior emerges, such as superconductivity and magnetism
(for a review, see Ref. 4). In addition, a recent theoretical
investigation® has pointed out that the bilayer TMOHs grown
along the (111) direction are promising materials, realizing
various topological phases.

The transition-metal ions form a bulked honeycomb lattice
in (111) bilayer structures (Fig. 1). Haldane first proposed
that electrons hopping on a honeycomb lattice could realize
the quantum Hall effect (QHE) in the absence of Landau
levels,® pointing out the possibility of nontrivial topology
in simple band insulators. Such an insulator phase has been
termed as a quantum anomalous Hall insulator (QAHI). Its
time-reversal symmetric generalizations, topological insula-
tors, have attracted much interest, both theoretically and
experimentally (for reviews, see Refs. 7-9). These insulators
all feature a band gap driven by spin-orbit coupling. In
order to realize these physics experimentally, semimetallic
materials are required. The honeycomb lattice is well known
to support semimetallic band structures, for instance, in
graphene. Therefore, TMOHs along the (111) direction are
particularly promising in searching for topological phases.

The perovskite nickelates RNiOs, where R is a rare-
earth atom, have demonstrated rich physics, including metal-
insulator transitions. One very interesting feature of these
systems is a rather complex pattern of charge and spin
orders (for a recent summary of experimental progresses,
see Ref. 10). When R = La, the bulk compound remains
metallic at all temperatures. At low temperature it has a
magnetic ordering pattern with an “up-up-down-down” spin
configuration, coexisting with a “rocksalt”-type charge order.
The charge order has been argued to be a by-product of the
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spin order based on symmetry considerations.!! The magnetic
ordering pattern can be visualized in the following way.'!
When the cubic perovskite LaNiOj is viewed from the (111)
direction, the Ni atoms form layers of a triangular lattice. Each
layer of the Ni atoms is ferromagnetically ordered. When these
layers are stacked along the (111) direction, the periodicity
of the pattern is four, i.e., “up-up-down-down.” Namely, two
adjacent layers are both spin up and the next two adjacent
layers are spin down. After including the orthorhombic
distortion of the three-dimensional (3D) lattice, this magnetic
pattern is consistent with experimental observations.!! Re-
cently LaNiO3; /LaAlOj3 superlattices along the (001) direction
have been actively investigated experimentally and display
unique quantum confinement effects.'?

Motivated by this interesting material, together with recent
experimental progresses in the growth of (111) perovskite
heterostructures (e.g., Ref. 13), we study the possible quantum
phases of a LaNiO; bilayer TMOH grown on insulating
substrates such as LaAlO5 and LaScOs.

Model. Because LaNiO; bulk material is metallic, a
correlated itinerant electronic model would be a reasonable
starting point. The bilayer forms a buckled honeycomb lattice
(see Fig. 1). The two e, orbitals |d3,2_,2),|ds>—,2) are not
split in a trigonal environment. A standard Slater-Koster
construction'* gives the following nearest-neighbor (NN)
tight-binding model (¢ is the ddo bond):

Z Ztabdjag 7,b,o>

(F,F'),0 ab
(1
T4\-v3 3 )

Hrg =

7 Ft

Here 7,7’ label the positions of Ni, a,b label the orbital degrees
of freedom, and o labels spin.

The four bands (two sublattices and two orbitals) are shown
in Fig. 2(a), including two flat bands on the top and bottom
of the spectra, quadratically touching the two dispersive bands
in the middle at the I point. Similar to graphene, the two
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FIG. 1. (Color online) The structure of the (111) bilayer of
RNiO;. (a) The original perovskite structure. (b) The (111) bilayer of
RNiOs3. Here, only Ni sites are shown. (c) Buckled honeycomb lattice
formed in the (111) bilayer.

dispersive bands are linearly touching each other at the K and
K’ points, the corners of the Brillouin zone. For a Ni** ion
with a d” configuration, the f5, is fully filled and the e, is
1/4 filled, so that the Fermi level is positioned at the bottom
quadratic band touching point in the noninteracting limit.

It is well known that spin-orbit coupling in the e, orbitals
is zero at the leading order due to the quenched angular
momentum. Spin-orbit coupling can be introduced in the e,
orbitals by higher-order contgibuiions in a trigonal environ-
ment. But because Hsg = AL - S is weak for the 3d Ni**
ion (A ~ 80 meV),” a simple estimate from the second-order
perturbation shows very small effective spin-orbit coupling
in the e, orbitals, <1 meV. We therefore do not include the
atomic spin-orbit coupling in the tight-binding model.

Since the 3d orbitals are quite confined in space, further
neighbor hoppings are suppressed, and this NN tight-binding
model should be a rather faithful description of the nonin-
teracting electronic structure. In Fig. 3 we present results
from the first-principles generalized gradient approximation
(GGA)~+U calculations of the LaAlO3/LaNiO3/LaAlO3 and
LaSc0O3/LaNiO3/LaScO3 bilayer TMOH. The calculations
were performed by employing the VASP code'® in the context of
density functional theory with the projector augmented-wave
(PAW) method'”'® for the atomic cores and the GGA'
for exchange correlation. The GGA+U method was used
to treat the 3d electrons of Ni with the Hubbard on-
site Coulomb interaction parameter U = 7.0 eV and J =

r K P T K M T
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FIG. 2. (a) The band structure of the NN tight-binding model
Eq. (1): Each band is twofold spin degenerate. The lowest flat band
is fully filled. This band structure can also be interpreted as the one
of majority spin in the spin-polarized DHSM phase found in our
mean-field study, in which case unoccupied minority-spin bands are
not shown and each majority band is nondegenerate. The Fermi level
is at the Dirac point. (b) The band structure of the spin-polarized
QAHI phase at My, = 0.1z. The bands’ Chern numbers are
shown.
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FIG. 3. Results from the nonmagnetic LDA+U calculations of
the (a) LaAlO3;/LaNiO;/LaAlO; and (b) LaScO;3/LaNiO;/LaScO;
TMOHs with a lattice relaxation of the LaNiO; bilayer.

0.65 V.2’ With magnetism suppressed, these band structures
are consistent with the NN tight-binding model, with # ~ 0.6
eV for LaAlO3/LaNiO;/LaAlOs;.

The correlation on the Ni** ions is expected to be
intermediate or strong. We consider the standard form of the
on-site interactions:

wp=1.4
H; = Uzniawiw +J Z d,:[;,,o,d,:rb,ﬂdia,ﬂdib,a

i,a<b

+U D migni +J Y], 1dl, dipydip s +Hee).

i,a<b i,a<b
(2)

U,U’ are intraorbital and interorbital Coulomb repulsions,
respectively, and J is the Hund’s coupling. In our calculations
below, for simplicity, we have set U’ = U — 2J, an equality
in rotational symmetric systems.

The on-site U ~ 6-7 eV has been used in local density
approximation (LDA)~+U calculations for the nickelates (e.g.,
Ref. 21). However, Ni oxides have strong charge-transfer
effects? to the oxygens. Our model H = Hyg + H; should
be treated as an effective model. The values of U, J should be
in a range such that the system has an intermediate-to-strong
correlation.

Symmetries. Here we only consider the inversion sym-
metric case with the same substrate on both sides of the
sample. The full lattice point group is Ds,. Apart from the
translational symmetry, the symmetry group of the system is
D3q x SU2)spin x TR, where TR is time reversal. The band
touching points, both the quadratic ones and the linear ones,
are protected by this group.

Mean-field calculation. We have carried out the variational
mean-field study of the model H = Hrg + H;. After choosing
J/U = 0.2, areasonable ratio, the phase diagram as a function
of U/t is systematically investigated. To be precise, we
introduce the mean-field Hamiltonian

Hyr = Hrg + Z Maﬂyd;[ Talpoy d;, 3)
i,afy

where i labels unit cells, and real numbers M,g,, with
o,B,y =0,x,y,z, are the mean-field parameters. t,uu,0 are
all two-by-two Pauli matrices (the zeroth components are
identity matrices) living in the sublattice, orbital, and spin
spaces, respectively. d; is the eight-component fermion
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FIG. 4. (Color online) The zero-temperature mean-field phase
diagram of H = Hyg + H; with U'=U —2J and J/U =0.2.
Vertical axis: The expectation values of the order parameters (defined
in the figure, where the d; operator is given in the main text) in these

phases. Numerical calculations were performed on a sample with
1292 unit cells.

operator including all these degrees of freedom. The mean-
field ground state of Hyg, |MF), is used to minimize
(MF|H |MF) numerically to determine the phase diagram.

Because our model only has on-site interactions, only those
mean-field parameters involving 7 , are considered. We have
classified these order parameters according to the symmetry
group D3g x SU(2)spin x TR, and find that each irreducible
representation only shows up once. This means that the order
parameters do not have to coexist.

The mean-field phase diagram for J/U = 0.2 at zero
temperature is demonstrated in Fig. 4. As U/t is tuned from
0 to 10, the phases and phase transitions are summarized
as follows. When U = 0 the chemical potential is at the
quadratic band touching point at I point [see Fig. 2(a)]. A
spin-nematic phase (SN) occurs at weak U/t. After a small
region of coexisting with an unsaturated ferromagnetism, a
first-order transition drives the system into a fully polarized
Dirac half-semimetal (DHSM) phase [see Fig. 2(a)], where
four bands of the the majority spin are half filled and the Fermi
points are at the K, K’ points. The spins remain fully polarized
for larger U/t. A second-order transition follows, and a QAHI
phase emerges [see Fig. 2(b) for its band structure]. Finally,
after another first-order transition, the system is in a fully
polarized nematic phase (FPN).

All spin orders are found to be collinear. For the discussion
below, it is helpful to introduce a specific symmetry trans-
formation in such collinear phases. Let us assume the order is
along the S, direction. We define TR* to be a 180° spin rotation
(e.g., around the S, axis), sending S, — —S,, followed by
a TR transformation. A usual collinear order respects TR*
symmetry. In fact, a TR* symmetry breaking immediately
indicates a dynamically generated spin-orbit coupling.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 84, 201104(R) (2011)

These phases are characterized by their order parameters
and symmetry breaking. The SN phase (M . . # 0) breaks
D34, SU(2)spin, and TR symmetries. The DHSM phase
(Mo,o,; # 0) breaks both SU(2),pi, and TR. In the QAHI phase
(Moo,; # 0,My 0 # 0),2 SUQ2)spin. TR, and even TR* are
broken. The QAHI phase is the only phase in the phase
diagram breaking TR* and has dynamically generated spin-
orbit coupling. Finally, the FPN phase (Mo, # 0,M; .0 #
0)** breaks D34, SU(2)spin, and TR.

The QAHI phase, a band insulator with topologically
protected chiral edge metallic modes, is also characterized
by a topological index—the Chern number or Thouless—
Kohmoto—Nightingale-den Nijs (TKNN) index.® The total
Chern number of this phase is one [see Fig. 2(b)], which
dictates quantized Hall conductance oy, = ‘;l—z in the ground
state. Such a dynamically generated QAHI in an SU(2)pin
symmetric Hamiltonian was proposed before.?%?’

We have found a dominant fully polarized ferromagnetic
order over the majority of the phase diagram. This tendency
may be viewed as the residual of the bulk magnetic order “up-
up-down-down” pattern, and can be qualitatively understood
based on the large density of states from the flat band.
Therefore, we believe that it could be a reliable prediction
of this mean-field investigation. The SN phase occurs at
weak correlation and is unlikely to be realized. Note that the
bandwidth of the bilayer system is substantially smaller than
that of the bulk system due to coordination number reduction,
and consequently the correlation in the bilayer should be even
stronger than that of the bulk. This leads us to believe that only
the DHSM, QAHI, and FPN phases are within the reasonable
regime of the real material.

Concluding remarks. We have carried out a systematic
mean-field study of the phase diagram of LaNiO; bilayer
TMOH, grown along the (111) direction. We hope that
this study could encourage the experimental growths and
characterizations of this system. Several interesting candidate
quantum phases are found. Among them, the DHSM phase,
similar to a spinless graphene, hosts symmetry-protected two-
dimensional Dirac cones. This phase has anomalous responses
to an orbital magnetic field and can be detected by, e.g.,
quantum oscillation experiments.

Naively, all the spin-ordered phases could be destroyed at
a finite temperature due to the Mermin-Wagner theorem. But
the correlation length of the O(3) nonlinear sigma model, a
legitimate model describing the magnetic order fluctuations,
diverges exponentially at low temperature. This indicates that
even an extremely small atomic spin-orbit coupling, which
still exists in the LaNiOs, could pin the order direction and
support a rather high-temperature phase.

The tendency of developing a QAH gap in the DHSM
phase can be qualitatively understood. At low energy, the only
two possible gap terms in the DHSM are charge-density wave
(CDW) (M 0,0) and QAH (My y ). The CDW is disfavored
by interorbital repulsion U’ so the natural gapped phase
continuously connected to the DHSM should be QAHL.

The ferromagnetic order in the QAHI could form smooth
textures—the skyrmions, since 75(S?) = Z. The dynamical
generated spin-orbit coupling, which is an additional Z, order
parameter labeling the breaking of the TR* symmetry, also

201104-3



YANG, ZHU, XIAO, OKAMOTO, WANG, AND RAN

could form spatial domain walls. These topological objects
could lead to unique physics. We point out that, similar
to the quantum Hall ferromagnets,”® the skyrmion here is
topologically bound with an electric charge and thus is a
fermion.

We have not discussed the possible Mott-insulator phases
with charge fluctuations completely suppressed. This possi-
bility cannot be ignored, particularly because the bandwidth
of the bilayer is reduced significantly compared with the bulk
LaNiOs. Deep in the Mott regime, our model Hamiltonian is
reduced to the Kugel-Khomskii-type?* model, whose leading
terms favor ferromagnetism on the mean-field level [e.g., see
Eq. (2.7) in Ref. 30]. If the full spin polarization persists in
this regime, a simple #/U’ expansion gives the NN model
of orbital fluctuations Hyion = J )z 4(pul, ; + “[??M?‘H* +

Iy +2)’ where A labels one sublattice, J = 2o 0, and

207
ue = o, ul = —%uz F ?ux.This quantum model of pseu-
dospins 5, somewhat similar to the Kitaev model,?! has been
used to describe multiferroic layered iron oxides®? and has

not been solved in a controlled fashion. In the mean-field-
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type study carried out here, obviously the antialignment of
the orbital pseudospins is preferred, which is exactly the
characteristic of the FPN phase. However, quantum fluctuation
could lead to exotic phases of matter and this forms a subject
of future investigation.

Finally, we remark on some other possible phases at weak
correlation. In fact, the quadratic band touching point is known
to be unstable toward interactions.>® Apart from the nematic
phase found here, this instability could lead to a quantum
spin Hall insulator (where the spin-orbit coupling also comes
from the spontaneous symmetry breaking), or a QAHI with
Chern number two. Our mean-field calculationat J /U = Ohas
found these alternative phases at small couplings (U/t < 2).
Recently, we also became aware of a related work>* focusing
on these interesting phases.
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