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Deterministic control over the periodic geometrical arrangement of the constituent atoms is the backbone
of the material properties, which, along with the interactions, define the electronic and magnetic ground
state. Following this notion, a bilayer of a prototypical rare-earth nickelate, NdNiO3, combined with a
dielectric spacer, LaAlO3, has been layered along the pseudocubic [111] direction. The resulting artificial
graphenelike Mott crystal with magnetic 3d electrons has antiferromagnetic correlations. In addition, a
combination of resonant X-ray linear dichroism measurements and ab initio calculations reveal the
presence of an ordered orbital pattern, which is unattainable in either bulk nickelates or nickelate based
heterostructures grown along the [001] direction. These findings highlight another promising venue
towards designing new quantum many-body states by virtue of geometrical engineering.

DOI: 10.1103/PhysRevLett.116.056801

The intense research activities over the last several
decades on transition metal oxides (TMO) have demon-
strated the successful manipulation of various correlated
electron phenomena, including the metal-insulator transi-
tion, high temperature superconductivity, magnetism,
colossal magnetoresistance, multiferroicity, etc., by chemi-
cal doping and various external stimuli [1–3]. The con-
tinuous advancements in ultrathin film growth techniques
with atomic precision provide additional opportunities for
further control through epitaxial constraint, quantum con-
finement, and heterostructuring with dissimilar layers
[4–8]. To date, the vast majority of the reported work
has been focused on systems grown along the pseudocubic
[001] direction. The idea that a geometrical motif of an
underlying lattice can also be a very powerful tool for
generating new quantummany-body states has been vividly
highlighted by the discoveries of exotic electronic and
topological phases in geometrically frustrated materials
(e.g., spin liquid, spin ice, magnetic monopole, etc.) [9–12].
Following this paradigm, very recently several theoretical
proposals have been put forward to utilize a few unit cells
of a TMO heterostructured along the pseudocubic [111]
directions [13–23]. This geometrically engineered motif
relies on the presence of an artificially buckled honeycomb
(i.e., graphenelike) [14–16] (see Fig. 1), dice lattices [13]
for bilayers, trilayers of ABO3 perovskites, respectively,
and alternating triangular and kagome atomic planes in
A2B2O7 pyrochlore lattices [20]. In spite of these exciting
opportunities, to-date the experimental works on (111)-
oriented thin films have been very limited [24–30] due to

the extreme challenge of stabilizing materials along the
strongly polar [111] direction [31].
Towards the realization of this idea, we have explored

heterostructures based on the rare-earth nickelate NdNiO3.
Over the past few years, following the prediction of high Tc
cupratelike physics in LaNiO3=LaAlO3 heterostructures

FIG. 1. (a) One unit cell of the perovskite structure. A RE ion,
located at the center of the cube, has been omitted for clarity.
(b) Bilayer of NdNiO3 sandwiched between layers of dielectric
LaAlO3 along the pseudocubic [111] direction. (c) Schematic of a
(111) bilayer that forms a buckled honeycomb lattice. The Ni
atoms on the individual (111) plane are highlighted by thin and
thick red circles, respectively. (d) HAADF-STEM image of the
[2NdNiO3=4LaAlO3]x3 superlattice, grown on LaAlO3 (111)
substrate.
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[32,33], a number of artificial quantum structures with rare
earth nickelates RENiO3 (RE ¼ La…Eu, etc.), grown
along the pseudocubic (001) direction have been exten-
sively investigated [34–45]. In the bulk, RE nickelates
exhibit a multitude of interesting electronic phases includ-
ing the metal-insulator transition (MIT), paramagnetic
metallic and insulating phases, and charge ordering with
a strong dependence of the transition temperatures on the
size of the rare-earth ion RE3þ [46]. Magnetically, these
materials demonstrate an unusual E0-type antiferromag-
netic ordering [47].
Because of the markedly different arrangements of atoms

along the [111] direction vs [001], the theoretical calcu-
lations [15–19] for (111) oriented bilayers of nickelates
[Figs. 1(a)–1(c)], predict the emergence of novel quantum
many-body and interacting topological ground states,
which are unattainable in both bulk nickelates and (001)
grown heterojunctions. Intriguingly, in the weakly corre-
lated limit the theory anticipates the emergence of several
exotic topological phases (e.g., Dirac half-metal, quantum
anomalous Hall effect, and ferromagnetic nematic phase)
due to the buckled honeycomb lattice with d7 electrons,
even without spin-orbit coupling which is normally
required to realize the topological states [48]. However,
due to the confinement of electrons along the out of plane
direction, effective electron-electron correlation is
enhanced compared to the bulk nickelates and the model
Hamiltonian calculations in the strongly correlated limit
predict that orbitally ordered states are the lowest energy
phases as compared to the bulklike charge ordered phase
[16–18].
In this Letter, we report on the electronic and magnetic

properties of geometrically engineered [2 uc NdNiO3=
4 uc LaAlO3] (2NNO=4LAO) superlattices (SL) grown
epitaxially on LAO (111) substrates (uc = unit cell in
pseudocubic setting). Synchrotron based X-ray resonant
magnetic scattering (XRMS) measurements showed that
these artificial graphenelike Mott crystals have antiferro-
magnetic correlations. In addition, the combination of
resonant X-ray linear dichroism measurements and first-
principles GGAþU calculations reveal the presence of an
orbitally ordered pattern, which has not been realized
earlier in the rare-earth nickelates. The presence of this
new orbitally polarized ground state is linked to the strong
reduction in the hopping interaction in the buckled honey-
comb lattice geometry combined with the breaking of local
symmetry.
Epitaxial ½2NNO=4LAO�x3 superlattices oriented along

the [111] direction were grown by pulsed laser interval
deposition [49]. In order to avoid the formation of any
oxygen deficient phase due to the interfacial polar dis-
continuity [50], LaAlO3 (111) substrates were used. The
possibility of faceted surface has been excluded by the
streaks in RHEED (reflection high energy electron dif-
fraction) patterns recorded during the growth and after

cooling the film to room temperature [51]. STEM (scan-
ning transmission electron microscopy) experiments
were performed using a spherical aberration-corrected
JEM-ARM200F operated at 200 kVand high angle annular
dark field (HAADF) imaging was performed using the
collection semiangle of about 70–250 mrad. The observa-
tion of clear interfaces between NNO and LAO layers
[Fig. 1(d) and also see the Supplemental Material [51]]
further confirms the desired layer-by-layer growth of the
superlattice. XRMS (x-ray resonant magnetic scattering)
and XLD (x-ray linear dichroism) measurements were
carried out at 4-ID-C beam line of the Advanced Photon
Source (APS) at Argonne National Laboratory. X-ray
diffraction measurements were carried out at 6-ID-B beam
line of APS. Density functional theory (DFT) calculations
were performed using the all-electron, full-potential, lin-
earized augmented plane wave (FP-LAPW) method, as
implemented in the WIEN2k code [52,53]. For the exchange-
correlation potential we used the generalized gradient
approximation (GGA) [54], while the GGAþ U method
[55] was used to take into account static local electronic
correlations. All calculations were carried out using
U ¼ 5 eV, J ¼ 0.7 eV (Ni 3d); U ¼ 8 eV (Nd 4f). The
lateral lattice constant was fixed to the LAO (111) substrate,
while the out-of-plane lattice parameter was optimized.
Octahedral tilts and distortions were fully considered.
In order to map the investigated SL into the theoretically

proposed phase space [15–19], we start with the identi-
fication of the magnetic ground state of the Ni sublattice.
The extremely ultrathin nature of the samples prohibits the
investigation of their magnetic ground state by conven-
tional magnetometry in the background of the large
diamagnetic signal from the substrate. To overcome this,
we determined the magnetic nature of these superlattices by
element resolved XRMS carried out across the Ni L3;2
edges with left (I−) and right (Iþ) circularly polarized light.
For ultrathin films, XRMS is a direct spectroscopic probe to
elucidate magnetic properties of an electronic shell from
a particular atom in multicomponent materials [56].
Figure 2(a) shows the XRMS signal recorded at 25 K in
the presence of �5 T magnetic field. As seen, the opposite
sign of the XRMS signals of the L3 and L2 edge at fixed
magnetic field (H) along with flipping of the XRMS signal
upon reversing the direction of H confirm that the signal is
of magnetic origin and intrinsic to the Ni sublattice. In
addition, the Ni XRMS signal decreases with reduction of
the magnetic field and practically vanishes at 0.1 T (see
Supplemental Material [51]). This result immediately
excludes the presence of any ferromagnetic ordering within
these SLs. To provide further insight, the peak value of
XRMS intensity around 852.8 eV is plotted as a function of
magnetic field (H). As seen in Fig. 2(b), the obtained linear
dependence of the XRMS signal on H implies either a
paramagnetic (PM) or antiferromagnetic (AFM) spin con-
figuration of the bilayer. To select between them, the
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XRMS signal was also measured as a function of temper-
ature in an applied magnetic field of 5 T as shown in
Fig. 2(c). As seen, a linear fit to the 1=XRMS vs T
dependence [Fig. 2(d)] yields a finite value of XRMS at 0 K
(i.e., TCW ≈ −14 K), implying the presence of AFM spin
correlations in the ground state.
Next, we discuss the orbital structure investigated by the

x-ray linear dichroism (XLD) technique. In the past, XLD
has been successfully applied for uncovering different
types of orbital ordering and the symmetry of a specific
orbital state in various transition metal compounds [57–63].
For this, the geometrical arrangement between the sample
and x-ray polarization vector, requires careful consideration
for detecting the presence of orbital ordering. Specifically,
as seen in Fig. 3(a), all the eg orbitals (d3z2−r2 , d3x2−r2 ,
d3y2−r2) are oriented at ϕ ¼ 54.7° with respect to the [111]
growth axis for a NiO6 octahedron. Because of this, the
XLD signal is expected to be very small even for a FOO
(ferro-orbital ordered [51]) state with 100% orbital polari-
zation. In order to maximize the XLD signal, the samples
were mounted on a copper wedge [Fig. 3(b)], which
reorients the Ni-O bonds along vertical polarization V
and in the plane of horizontal polarizationH. To understand
how an antiferro-orbital ordered state gives rise to a finite
XLD signal in this experimental setup, we refer to
Figs. 3(c) and 3(d) showing the orientation of d3z2−r2

and d3x2−r2 orbitals with respect to the polarization direc-
tions H and V for θ ¼ 0° and 45°, respectively. This
specific sample orientation with the wedge aligns the
d3z2−r2 orbitals almost along V polarization giving a finite
dichroic signal. On the other hand, d3x2−r2 orbitals are
almost aligned in the plane of H polarization with a small
but finite angle with respect to the polarization vector H,
resulting in an opposite and strongly reduced dichroic
signal compared to d3z2−r2 orbitals. As a result, instead of
perfect cancellation of linear dichroism, a small finite XLD
is expected to be observed for the antiferro-orbital ordered
(AFO) state analogous to the other well-known AFO
compounds, e.g., YTiO3 [57] and La0.5Sr1.5MnO4 [58].
Figure 3(e) shows resonant Ni L-edge x-ray absorption

spectra (XAS) (IV and IH) and XLD spectra (difference of
IH and IV) obtained in the flat (θ ¼ 0°) and wedge
(θ ¼ 45°) geometries. As seen, the XAS line shape is in
excellent agreement with the expected Niþ3 oxidation state
akin to the bulk NNO. The multiplet structure in the line
shape implies the localized nature of the charge carrier
[35,42] and corroborates the transport results (shown in the
Supplemental Material [51]). In addition, the observation of
the XLD signal for θ ¼ 0° with a derivativelike shape
indicates that the Ni eg orbital degeneracy is indeed lifted in
the (111) heterostructure [34]. As anticipated from the
discussion above, the XLD signal increased strongly when
the measurement was conducted for the θ ¼ 45° geometry.
As expected for the bulk NNO without any orbital ordering
[64], our XLD measurements did not find any significant

FIG. 2. (a) Ni L3;2-edge XRMS spectra for the 2NNO=4LAO
sample recorded in an applied magnetic field of�5 T. (b) XRMS
vs magnetic field. (c) XRMS vs T, (d) 1=XRMS vs T plot. The
feature near 850 eV is a contribution from the intense La
scattering signal and does not flip with �H. To eliminate it,
the differences (divided by 2) of the XRMS spectra obtained for
several positive and negative fields (e.g., �5 T) were used for the
analysis.

FIG. 3. Experimental arrangement for recording the XLD
spectrum for (a) flat (θ ¼ 0°) and (b) wedge (θ ¼ 45°) configu-
rations. θ is the angle between the vertical sample holder and the
(111) plane of the film. The orbital arrangements for the AFO
state with the polarization direction for the two experimental
configurations have been shown in (c), (d). The Ni XAS recorded
(detection mode: total fluorescence yield) at 300 K with V and H
polarized light and their differences are shown in (e) for both
θ ¼ 0°, 45°. The spectra are shifted vertically for clarity. Note,
due to strong overlap of the Ni L3 edge with the LaM4 edge, only
the L2 edge is shown. Because of the experimental limitation all
the measurements were acquired at 45° inclination (instead of
ideal 54.7°) relative to the x-ray beam.
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orbital polarization on a thick NNO (111) film (shown in
the Supplemental Material [51]). This further emphasizes
that the observed XLD in 2NNO=4LAO (111) SL is not a
measurement artifact and the orbitally polarized ground
state is engineered by this buckled honeycomb lattice
geometry. The obtained value of XLD around 9% is quite
large as the finite bandwidth of the eg bands and strong
covalency [17,18,34,65–67] reduce the orbital polarization
from expected value of atomic limit. We also point out that
this large XLD signal observed in the (111) 2NNO=4LAO
system is comparable and even exceeds the values reported
for the well-established examples of orbitally ordered
transition metal compounds [59–63]. It is important to
emphasize that by the nature of the spectroscopic probe,
XLD can only establish the presence of orbital ordering or
orbital polarization but cannot resolve a specific type of the
orbital pattern present in the system.
Threefold rotational symmetry is a key element of a

buckled honeycomb lattice. To establish the type of orbital
pattern responsible for the dichroic effect, we performed
DFT calculations with an on-site Hubbard U term for both
ferromagnetic (FM, ↑↑) and antiferromagnetic (AFM, ↑↓)
spin arrangements of the Ni sites with P3 symmetry. The
relaxation of internal atomic coordinates retains the trigonal
symmetry of the underlying lattice for both FM and AFM
cases. For the hypothetical FM spin configuration, the
structural relaxation yields two inequivalent Ni layers with
magnetic moments of 1.29 and 1.09 μB and opens a small
gap of 90 meV in the formerly Dirac-point semimetallic
band structure [see Fig. 4(a)]. Most importantly, contrary to
the experimental observation, the orbital polarization is
found to be entirely quenched, as shown in the correspond-
ing spin density plot in Fig. 4(b). The AFM state is found to
be less stable compared to the FM state, even though
XRMS measurements confirm absence of ferromagnetism.
The energetic preference of this FM state, is similar to that
obtained for the calculation of bulk nickelates [68,69], and
is attributed to the poor treatment of dynamical screening in
ab initio methods [68]. The issue of the overestimation of
ferromagnetic state requires further investigation. The band
structure for this AFM solution [shown in Fig. 4(c)]
exhibits relatively flat bands with a gap of ∼0.98 eV. In
addition, instead of disproportionating the charge observed
in the bulk RENiO3 [69–71], this AFM solution breaks the
degeneracy of doubly degenerate eg levels by a complex
ordered orbital pattern [spin density shown in Fig. 4(d)].
The overall charge distribution (sum over the six sites of a
buckled honeycomb lattice) for this pattern is approxi-
mately spherical, implying that the expected XLDwould be
vanishingly small.
Since bulk NNO has orthorhombic (Pbnm) structure and

even the ultrathin film of NNO has a strong propensity to
retain this symmetry [72], it is crucial to examine the
possibility of lowering the symmetry for this 2NNO=4LAO
SL grown on rhombohedral LAO. Such symmetry lowering

(to monoclinic) had been also reported earlier for the (111)
growth of orthorhombic SrFeO2.5 (in bulk) on cubic SrTiO3

[25]. Also, we note that while this symmetry breaking is
very unlikely in 2LaNiO3=4LaAlO3 (2LNO=4LAO) SL on
LAO (111) due to the rhombohedral symmetry of both bulk
LNO and LAO, the almost negligible XLD signal for
2LNO=4LAO (111) SL (shown in the Supplemental
Material [51]) strongly suggests the close connection
between local symmetry breaking and orbital polarization.
In order to elucidate this connection, we have carried out
additional DFTþ U calculations on a smaller unit cell of
2NNO=4LAO containing 30 atoms [labeled as 1 × 1 in
Fig. 4(e)] with the AFM arrangement of spins. The
structural relaxation lowers the symmetry to P1 of the
lattice. The spin density plotted in Fig. 4(f) for monoclinic
AFM structure with equal magnetic moments on each Ni
site clearly demonstrates the realization of an antiferro-
orbital ordering with staggered d3z2−r2 orbitals rotated by
90° in subsequent layers, i.e., individual (111) planes
consisting of d3z2−r2 , d3x2−r2 orbitals, respectively. The
band structure shown in Fig. 4(e) also exhibits relatively
flat bands with a gap of ∼1.0 eV with orbital polarization
strongly resemblant of the artificial double perovskite

FIG. 4. Majority (blue) and minority (tangerine) band structures
for (a) ferromagnetic (↑↑) and (c) antiferromagnetic (↑↓) order
for the (

ffiffiffi

3
p

×
ffiffiffi

3
p

) supercell. (e) Band structure for (↑↓) order on
the (1 × 1) supercell. The corresponding spin-density distribu-
tions are shown in (b), (d), and (f), respectively, and also in the
Supplemental Material [51].
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1LaNiO3=1LaAlO3 (111) superlattice, where pronounced
Jahn-Teller-like orbital polarization has been recently
reported [19]. Our first principles calculations thus reveal
that natural reduction of the Ni-O hopping interaction from
the strong decoupling of triangular Ni layers combined
with the breaking of local trigonal symmetry are the
decisive factors in the emergence of this orbitally polarized
Mott ground state in the bilayer of (111) oriented
nickelates.
In summary, by devising bilayers of the rare-earth

nickelate NdNiO3 along the pseudocubic [111] direction,
an artificial graphenelike Mott crystal with magnetic d7

electrons has been realized. The buckled honeycomb lattice
with Mott carriers exhibits antiferromagnetic correlations
with antiferro-orbital order in the ground state, which are
unattainable in either bulk NdNiO3 or in analogous
heterostructures grown along the conventional (001) direc-
tion. These findings open a pathway to exotic Mott and
interacting topological states by means of geometrical
engineering in buckled honeycomb and dice lattice geom-
etry [13,14,21,73] with many other promising strongly
correlated perovskite oxides.
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