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SrRuOj; heterostructures grown in the (111) direction are a rare example of thin film ferromagnets. By
means of density functional theory plus dynamical mean field theory we show that the half-metallic
ferromagnetic state with an ordered magnetic moment of 2 pp/Ru survives the ultimate dimensional
confinement down to a bilayer, even at elevated temperatures of 500 K. In the minority channel, the spin-
orbit coupling opens a gap at the linear band crossing corresponding to % filling of the #,, shell. We predict
that the emergent phase is Haldane’s quantum anomalous Hall state with Chern number C = 1, without an

external magnetic field or magnetic impurities.
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The discovery of topological states of matter [1-3] has
significantly broadened and advanced our understanding of
solid state physics. The historically first topological phe-
nomenon is the quantum Hall effect [4] observed in a two-
dimensional electronic system exposed to a strong external
magnetic field. The quantum Hall effect manifests itself in
the quantized transverse conductance (Hall conductance)
stemming from nontrivial Berry curvatures of the filled
Landau levels [5-7] in an otherwise insulating state with a
vanishing longitudinal conductance. As a result, a dissi-
pationless edge mode appears along the boundary between
the quantum Hall system and the vacuum.

In his Nobel prize winning work, Haldane [8] realized
that neither a magnetic field nor Landau levels are actually
required, but only the breaking of time-reversal symmetry
(TRS) and a nontrivial topology of the electronic structure.
Arguably, the easiest way to break TRS without a magnetic
field is through a spontaneous magnetization, inducing a
quantized version of the conventional anomalous Hall
effect, which is now known as the quantum anomalous
Hall (QAH) effect. Such insulating bulk systems are also
called Chern insulators, as their topological edge states are
characterized by the first Chern number, which is defined as
an integral of the Berry curvature of the filled bands over
the Brillouin zone.

Recent research on quantum spin-Hall (QSH) insulators
[9-11], which can be viewed as two copies of a QAH state
with equal but opposite magnetic moments, delivered an
impressive number of candidate materials. In contrast, the
search of QAH systems is far from being comprehensive
owing to the strict conditions for realizing them, i.e.,
realizing the spontaneous magnetization and the nontrivial
Berry curvatures. One straightforward route is to mag-
netically dope a QSH insulator, where the presence of
the magnetic impurity breaks the TRS and, thus, lifts the
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Kramers degeneracy of the QSH insulators to reach the
QAH states [12,13]. However, experimentally such extrin-
sic impurities are difficult to control, and these need to
generate a sufficiently strong magnetic moment while
keeping the topology of the system unaffected. Thus, it
is of more fundamental interest to have a genuine magnetic
system that hosts the QAH state intrinsically.

In this context, heterostructures of transition-metal
oxides are a most promising material class. These artificial
materials exhibit a plethora of interesting behaviors driven
by electronic correlations and the dimensional confinement
[14—17]. Grown perpendicular to the body diagonal of a
perovskite lattice structure, i.e., along the [111] direction,
bilayers of perovskite transition-metal oxides form a
honeycomb lattice. The d electrons in such bilayers can
show a fascinating variety of electronic, magnetic, as well
as topological [18,19] phases. Some heterostructures such
as LaAuO;-LaCrO; heterostructures were suggested as a
realization of the QAH state [20]. However, the fabrication
of such heterostructures is at best challenging, because bulk
LaAuOj is not of the perovskite structure [21]. For another
class of QAH candidate materials, freestanding monolayers
of, e.g., NiCl; and OsCl; [22,23], the necessity of an
appropriate substrate is a serious limiting factor. Against
this background, actual material realizations of Haldane’s
QAH state remain a great challenge.

In this Letter, we investigate the electronic structure of
(111)-oriented StTRuO; (SRO) bilayers sandwiched between
SrTiO; (STO). This heterostructure can be routinely fabri-
cated by advanced pulsed laser [24] or metal-organic aerosol
[25] deposition, and thin SRO (111) films already exist and
are ferromagnetic [26-30]. Using density functional theory
(DFT) and dynamical mean field theory (DMFT) calcu-
lations, we show that SRO (111) bilayers remain ferromag-
netic half metals with a moment of 2u;/Ru and a Curie
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FIG. 1. Crystal and electronic structure of 2SRO:7STO (111)

superlattices. (a) Octahedral perovskite cage in bulk StRuO;. The
gray and red balls denote Sr and O atoms, the blue and black ones
are Ru atoms in two honeycomb sublattices. (b) (111) bilayers
of SRO form a honeycomb lattice. (c) High-symmetry points
of the first Brillouin zone of the honeycomb lattice: I'(0, 0, 0),
M(0,7/a,0), and K(2z/3a,2z/3a,0). (d) Spin-polarized
minority currents develop at the edge of the bilayer, and originate
from the topological states between the valence band (VB) and
the conduction band (CB) illustrated on the left and right,
respectively.

temperature 7 exceeding room temperature. The band
structure of the minority channel features a linear band
crossing at % filling of the #,, shell, which becomes gapped
due to the spin-orbit coupling (SOC). By simulating the
respective microscopic Hamiltonian, we find a QAH state
and the Chern number C = 1. This result is further corrobo-
rated by a direct numerical solution of the full tight-binding
Hamiltonian on a long cylinder, which shows topological
edge modes in the gap. We propose the change of the
substrate (LaAlO; instead of SrTiO;) and substitutional
engineering at the interface (Rh instead of Ru) as a viable
route to enhance the band gap and shift it to the occupied part
of the spectrum, and in this way alleviate the experimental
observation of the C = 1 QAH state.

Before presenting the results of our DFT + DMFT
calculations, we briefly explain how the unit cells are
constructed. In the hypothetical cubic perovskite structure
of SrRuO; [Fig. 1(a)], we consider layers stacked along the
body diagonal [111] of the cubic lattice. By cutting out two
neighboring SRO monolayers [Fig. 1(b)], we obtain a
bilayer whose Ru atoms form a honeycomb lattice. To
comply with the periodic boundary conditions and to
ensure a sufficient separation of individual SRO bilayers,
we interleave them with seven layers of STO. The resulting
2SRO:7STO superlattice with 45 atoms in the unit cell has
a pseudocubic structure described within the space group
P3m1 (164) with an inversion center in between the SRO
monolayers. Please note that the Ru honeycomb in
SRO (111) is buckled, i.e., the blue and grey atoms in
Fig. 1(b) are at a different (out of plane) height.

The smaller lattice constant of STO exerts a compressive
strain of ~0.45% on the SRO bilayers [32]. To account for
strain effects, we relax the ¢ unit cell parameter and the
internal atomic coordinates within the generalized gradient
approximation (GGA) [33] as implemented in VASP-5.12
[34,35]. All further electronic structure calculations were
performed for this optimized structure using the
WIEN2K-14.2 [36] code.

The nonmagnetic GGA band structure of 2SRO:7STO
(111) is shown in Fig. 2(a). The manifold crossing the
Fermi level comprises six Ru 7,, bands. The higher-lying ¢,
states (not shown) are empty and can be excluded from the
correlated subspace. As a necessary preparatory step for
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FIG. 2. (a) Nonmagnetic scalar relativistic GGA band structure
of 2SRO:7STO (solid lines) in comparison with the Fourier-
transformed Wannier projections (circles). The arrow indicates
the position of the Dirac point near the M point and along the
I'-K line. (b) Spin-up and (c) spin-down DMFT spectral
functions at 300 K. (d) Density of states of nonmagnetic and
magnetic GGA calculations in comparison with the DMFT
spectral function. Inset in (b): ferromagnetic moment of bulk
SRO (red) versus the SRO (111) bilayer (green) as calculated by
DFT + DMFT.
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DMFT calculations, we project the Ru #,, bands onto
maximally localized Wannier functions [37] using the
WIEN2WANNIER code [38].

DMEFT calculations were performed using the continu-
ous-time quantum Monte Carlo (CT-QMC) solver imple-
mented in the code w2DYNAMICS [39]. The interaction
parameters, the Coulomb repulsion U = 3.0 eV, and the
Hund’s exchange J = 0.3 eV are adopted from Ref. [40].
We use the rotationally invariant form of the Hamiltonian,
which implies an interorbital interaction U’ = U — 2J. For
the analytical continuation of the resulting self-energy
Y(iw,) onto the real frequency axis ®, the maximum
entropy method [41] was used.

DMFT reveals strong similarities between 2SRO:7STO
(111) superlattices and bulk SrRuOs: both are ferromag-
netic [see the inset of Fig. 2(b)] and conducting in the
minority channel [see Fig. 2(b) for the superlattice, not
shown for the bulk]. This ferromagnetic half-metallic
behavior is in sharp contrast to (001) SRO thin films,
which are insulators and lack ferromagnetism [40,42]. This
difference stems from the spatial confinement that acts
differently in (001) and (111) systems: slicing in the [001]
direction lowers the on-site energy of the xy orbital
compared to the xz and yz orbitals [40], favoring anti-
ferromagnetism within the half-filled xz and yz orbitals. In
contrast, the degeneracy of the #,, manifold is not affected
by (111) slicing, and the on-site orbital energies are similar
to bulk SrRuO;. And yet, the spatial confinement is
important: DMFT indicates that the ferromagnetic state
of the 2SRO:7STO (111) superlattice survives up to
~500 K [inset of Fig. 2(b)], which is remarkably higher
than the Curie temperature of bulk SRO (160 K). Since
DMEFT accurately reproduces the latter [40], this result is
trustworthy, and it opens a route to long-sought-after ultra-
thin layers that are ferromagnetic at room temperature [43].

Next, we evaluate the DMFT self-energy Z(w) on the
real frequency axis and calculate the k-resolved spectral
function A(k,®) [Figs. 2(b) and 2(c)]. The effect of the
k-independent self-energy is twofold: the real part shifts the
bands and renormalizes the bandwidths, while the imagi-
nary part gives rise to broadening. The latter is particularly
pronounced in the majority channel: there is a broad
incoherent continuum in Fig. 2(b) terminated by a nearly
flat feature around 0.2 eV below the Fermi level. In
contrast, the k-resolved spectral function for the minority
channel [Fig. 2(c)] largely resembles the GGA band
structure [Fig. 2(a)]. The most prominent effect of elec-
tronic correlations here is the reduction of the bandwidth
down to ~0.8 eV, which is much narrower than in the GGA
(1.5 eV) and in the bulk SRO (3.2 eV). Altogether, the
DMEFT self-energy essentially corresponds to a bandwidth
quasiparticle renormalization of Z ~ 0.5 and a reduction of
the spin-splitting from 0.88 eV in the GGA to 0.47 eV in
DFT + DMFT; otherwise, the electronic structure and its
topology is not affected.

A remarkable property of A(k,w) in the minority
channel is the linear band crossing (at % filling of the 7,,
shell) near the M point and along the I'-K line. This feature
inherited from the band structure [Fig. 2(a)] is resilient to
electronic correlations [Fig. 2(c)]. But if the SOC is taken
into account, a gap opens at the band crossing: the full
relativistic treatment within the modified Becke-Johnson
potential [46] yields a tiny band gap of ~1 meV. Assuming
the chemical potential is placed into the gap, the system
becomes insulating at low temperatures. Topological prop-
erties of this envisaged insulating state are characterized by
the Chern number C of the occupied bands: zero or nonzero
for a trivial state and the QAH state, respectively.

To determine C, we employ the full tight-binding
Hamiltonian parametrization of the Wannier functions.
The neighboring SRO bilayers are separated by seven
SrTiO; layers; hence, we can restrict our analysis to a 2D
model (couplings between the bilayers are well below

1 meV and hence can be neglected). The |¢n(lg)> eigen-
vectors of the respective tight-binding Hamiltonian are

calculated on a fine kK mesh of 120 x 120 points and are
used to calculate the Chern number C [47]:

2;:1221“] (KU, (k + Aky) U, (k + Ak, U, (K),

(1)

where U, = arg (¢, (k)|¢, (k + Ak,)) are link variables

[47] connecting the neighbors in the k mesh along the x
direction (analogously, for U, in the y direction), and N is
the number of bands below the gap. In this way, we find
C =1 for the bands below the SOC-induced gap; hence,
the QAH state is realized.

To visualize this state, we recast our 2D Hamiltonian into
mixed boundary conditions of a cylinder: periodic along
one direction and open along the other. Spectral functions
A(k, w) are obtained using the iterative Green’s function
approach [48], by successively doubling the cylinder length
until the coupling between the two opposite edges becomes
negligibly small, leading to an effectively semi-infinite
cylinder. The resulting edge A(k, ) [Figs. 3(a) and 3(b)]
reveals, besides the presence of trivial edge states that
originate from the conduction (valence) band and rebound
back to the conduction (valence) band in Fig. 3(b), also the
topological edge states connecting the valence band and the
conduction band. The number of “right moving” (R,,) and
“left moving” (L,,) states differ by unity, in accord with
C =1 in our Chern number analysis. Let us also note
that for the C =1 state, the consideration of the full
microscopic model is needed: restricting the model to
first-neighbor or first- and second-neighbor couplings only
yields unbalanced topological states as well, but with
different Chern numbers.
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FIG. 3. Topological edge states in the spectral functions A(k,,w) of (111) bilayers as calculated on semi-infinite cylinders.

(a) 2SrRuO;:7SrTiO5 along the full 1D k, path I'-X-T

[as defined in Fig. 1(c)] and (b) enlargement around X,

(c) 2SrRu05:7LaAlOs, and (d) 2SrRhO;:7LaAlO5. Right (left) moving edge states are labeled with R; (L;). The Chern number
corresponds to the difference between the number of left- and right-moving edge states in the gap.

For an experimental observation of edge states, the size
of the SOC-induced band gap plays a crucial role. The gap
size of ~1 meV in 2SRO:7STO (111) and its position in
the spectrum [~0.5 eV above the chemical potential, see
Figs. 3(a) and 3(b)] confines the prospective QAH state to
low temperatures and impedes its experimental observa-
tion. But oxide heterostructures are artificial materials with
an inherent chemical flexibility, which is particularly
advantageous for tuning the physical properties. Here,
we explore the possibility of substitutional engineering
to shift the band gap to lower energies and enhance its size.

A natural way of tuning a superlattice is the alteration of
the substrate. Here, we replace SrTiO; with another
commonly used substrate, LaAlO3, and repeat our DFT-
based analysis of Chern numbers as well as the momentum-
resolved spectral function A(k, w). In this way, we obtain
a topological gap with C =1 above the Fermi level
[Fig. 3(c)]. The larger gap of 30 meV is very advantageous
for a broad range of experimental techniques, as it mitigates
the temperature and resolution constraints. For example,
such a QAH state can be observed by angular resolved
photoemission spectroscopy after laser pumping, as, e.g.,
demonstrated in Ref. [49] for other topological surface
states.

Further improvement can be achieved by substituting the
transition metal atoms within the bilayer. In particular,
replacing Ru with Rh changes the occupation of the d level
and shifts the topological gap below the Fermi level
[Figs. 3(d)], so the resulting edge states can be detected
in angular resolved photoemission spectroscopy.

In summary, we have shown that bilayers of StfRuO; on a
SrTiO; substrate in the [111] direction emerge to be a
candidate of long-sought-after room-temperature ferromag-
netic half metals with an ordered moment of ~2up per Ru.
The spin-orbit coupling opens a gap in the unoccupied part
of the spectrum, which gives rise to a QAH state with the
Chern number C = 1. We show that the toplogical band gap
can be enhanced up to 30 meV and placed below the Fermi
level by switching to a different substrate (LaAlO5) and
substitutional engineering at the interface (Rh instead of
Ru), respectively.
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