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Motivated by recent experiments, we use the +U extension of the generalized gradient approxi-
mation to density functional theory to study superlattices composed of alternating layers of LaNiOgz
and LaMnOs. For comparison we also study a rocksalt ((111) double perovskite) structure and bulk
LaNiOg and LaMnOg. A Wannier function analysis indicates that band parameters are transferable
from bulk to superlattice situations with the exception of the transition metal d-level energy, which
has a contribution from the change in d-shell occupancy. The charge transfer from Mn to Ni is
found to be moderate in the superlattice, indicating metallic behavior, in contrast to the insulating
behavior found in recent experiments, while the rocksalt structure is found to be insulating with a
large Mn-Ni charge transfer. We suggest a high density of cation antisite defects may account for
the insulating behavior experimentally observed in short-period superlattices.

I. INTRODUCTION

The sensitive dependence of correlated electron proper-
ties on electron concentration and crystal structure has
motivated the exploration of new systems that provide
access to different regimes of the structure/concentration
phase space. Oxide superlattices involving components
with correlated electron properties are of particular inter-
est because they present the possibility of controlled syn-
thesis of correlated materials with specifically designed
properties.! Efficient exploitation of the new materials
fabrication capabilities to establish a broadly effective
“materials by design” capability will be enhanced by the
development and validation of theoretical methods and
physical/chemical understanding of the relation between
structure and correlated electron properties. Improved
understanding of “transferability” — the extent to which
parameters established by study of simpler system may
be carried over to the description of a second, more com-
plicated, situation—is important to this process, because
to the extent that parameters are transferrable, intuition
obtained from studies of model system and simple bulk
compounds can be used to guide synthesis and ab initio
studies of complex structures.

In this paper we address the validation and trans-
ferability issues in the context of combinations of per-
ovskite manganite (LaMnOjz; or LMO) and nickelate
(LaNiOg or LNO) materials into superlattices. Individ-
ually these transition-metal oxide based materials ex-
hibit remarkable physical properties related to the in-
terplay of magnetic, charge, orbital, and structural de-
grees of freedom, including colossal magnetoresistance,
metal-insulator transitions and orbital and spin-ordered
states?. Chemical doping, pressure and magnetic and
electric fields have been employed to tune manganites
and nickelates from one phase to another? 2. Gibert et.
al,®, Piamonteze and co-workers? and Hoffman et al®

have studied interfaces between LNO and LMO experi-
mentally. Gibert and co-workers® presented some density
functional plus U studies of magnetic moments in (111)
superlattices and Lee and Han? studied charge trans-
fer and magnetism. In related work, Zhong, Zhang and
Held!? performed a MLWF analysis of SrVO3/SrTiO3
superlattices with the aim of constructing a model Hamil-
tonian to interpret the results of Yoshimatsu et altl-2,
These authors did not address the issues of parameter
transferability. Our study builds on these works, pre-
senting new results related to parameter transferability
and the physics of electron transfer in superlattices.

The present work is specifically motivated by re-
sults of Hoffman et al*3, who fabricated superlattices of
the chemical formula (LaNiOs),,(LaMnO3),, and showed
transport and optical evidence of a metal-insulator tran-
sition occurring as n was decreased from 3 to 2. These
authors further used X-ray spectroscopy to show a
thickness-dependent transfer of electrons from Mn to
Ni. Specifically, for a (LNO)2/(LMO)2 superlattice the
cations exhibit spectra consistent with Mn*t and Ni?*
oxidation states, very different from the nominal Mn3*
and Ni3T oxidation states observed in the corresponding
bulk materials, and associated the electron transfer with
the insulating behavior.

In this paper we report results of density functional
theory and density functional theory plus U (DFT+U)
calculations performed to help understand the behav-
ior of these materials and transition metal oxides more
generally. While DFT+U is a mean field method that
does not capture the full complexity of correlated elec-
tron materials, it does provide reasonable estimates of
basic physics such as charge transfer, allows for struc-
tural relaxation, and permits a detailed analysis of pa-
rameter transferability. We consider superlattices simi-
lar to those studied experimentally and for comparison
also present results for the cubic ABOj3 perovskite and



the rocksalt AsBB’Og ((111) double pervoskite. We deal
with idealized situations to get a sense of parameters
and transferability and comment on the consequences of
including more realistic details of the crystal structure.
Maximally localized Wannier functions (MLWFs) are
employed to fit the band structures of the bulk com-
pounds to tight-binding models which parametrize the
Hamiltonian description of each compound. Comparison
of parameters obtained from the Wannier fits indicates
that the on-site energy and intersite hopping parameters
are transferable (meaning that they take the same value
as in the bulk parent compounds), with one exception:
the transition metal electronegativity is not transferable,
but instead depends on the degree of charge transfer.
A related point was very recently made by Zhong and
Hansmann!® who introduced a model involving a combi-
nation of alignement of oxygen states and charge transfer.
We discuss the relation of this work to ours in more de-
tail below. These results indicate that insights from bulk
materials can to a very large degree be carried over to
the superlattice situation (making appropriate allowance
for superlattice-induced changes in structure), but un-
derscore the importance of an improved understanding
of charge transfer and of the on-site energetics of the
transition metal ions.

Our results have implications for the interpretation of
the experiments of Hoffman et al'2. In the layered sit-
uation the calculated charge transfer is much less than
the one electron per Mn found experimentally, even af-
ter accounting for possible lattice relaxation; however the
charge transfer found for the rocksalt structure is closer
to the experimental value, suggesting that the structures
fabricated by Hoffman et al have a high concentration
of transition metal antisite defects, as predicted by pre-
vious work ¢ so that the actual experimental situation
may correspond more closely to the rocksalt structure.

The rest of this paper is organized as follows. Section
[ presents the systems to be investigated and outlines
the basic physics, section [IIl presents the model and
calculational methods. Section [[V]the energy bands that
are the basic result. Section [Vlpresents an interpretation
of the results. Section [VII]is a summary and conclusion.

II. MODEL

The systems studied are shown in Fig. [I We con-
sider the ideal cubic perovskite version of the bulk “par-
ent compounds” LaNiO3 and LaMnOs (panels (a) and
(b)), a slightly idealized version of the superlattices stud-
ied experimentally (panel (c) of Fig. [I), and a rocksalt
(111 double perovskite) structure with interpenetrating
Mn and Ni sublattices (panel (d) of Fig. ). For most
of our calculations we idealize the structures to mini-
mize the number of parameters describing the electronic
physics, thus enabling a straightforward interpretation of
the computations.

We begin by describing the bulk ”parent compounds”
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FIG. 1. Model representation of the structures studied in
this paper. a) cubic LaNiOs or LaMnOgs, b) multilayer of
[LaMnOs]; /[LaNiOs]1, and c¢) rocksalt structure of LaMnOs
and LaNiOs. In panel (c) where the octahedra represents the
six-fold coordination of the metallic cations.

LaNiO3 and LaMnOgj. LaNiO3 (Figure [[h) is the only
one of the rare earth nickelate perovskites that remains
metallic and non-magnetic down to the lowest temper-
atures (substituting another rare earth for La produces
materials that have a low temperature insulating phase
characterized by a two-sublattice breathing distortion
and by antiferromagnetism). LaNiOg forms in a slightly
distorted version of the ideal ABOg3 perovskite structure,
characterized by R3c symmetry and a pseudocubic lattice
parameter of 3.83 A. Here we approximate the structure
as the simple cubic ABOj3 perovskite. Because we wish
to compare to films grown on SrTiO3 substrates we will
choose the lattice constant to be equal to the SrTiOg
pseudocubic lattice constant 3.95 A. The relevant elec-
tronic states in LaNiO3 are antibonding combinations of
Ni-d and O 2po orbitals. From the formal valence point
of view, the Ni configuration is d” (t,-e}) making the
material a representative spin-1/2; orbitally degenerate
material. However the highest-lying oxygen states are in
fact believed to lie slightly higher in energy than the Ni e,
levels, placing the material in the “negative charge trans-
fer” class of materials’” 2% so that the actual electronic
configuration is closer to d®L, with Ni in the high-spin
(t9,-¢2) state and one hole on the oxygen (ligand) net-
work.

Bulk LaMnOj3 is an antiferromagnetic insulator. For-
mal valence and Hund’s coupling arguments indicate the
Mn configuration is high-spin d* with half-filled fully spin
polarized to4-symmetry orbitals contributing an electri-
cally inert S = 1 “core spin” and the quarter filled e,
manifold adding a potentially mobile s = 1/2 carrier
whose spin is strongly aligned to the core spin®21:22 | In
bulk LaMnO3,2324 Jahn-Teller distortions involving al-
ternating Mn-O bond lengths and GdFeOs-type checker-
board tilting of the oxygen octahedra lift the orbital de-
generacy of the e, manifold, leading to an insulating
ground state. Hole doping of LaMnOs3 reduces the ten-
dency to Jahn-Teller order and the fully hole-doped end
member SrMnQOj3 is a cubic perovskite. Because we are
interested situations in which charge transfer occurs, and
because the Jahn-Teller ordering is in many cases sup-
pressed in manganite films??, we study the cubic symme-
try crystal structure (Figure[Ih); again for comparison to



films we use the bulk SrTiOj3 lattice constant of 3.95A.

IIT. METHOD

A layered (LaNiOs),,/(LaMnOs;),, heterostructure may
be formed by the periodic stacking of n two-dimensional
layers of both LaNiOz and LaMnOj in the ideal per-
ovskite (001) direction. Figure[Ib shows the n =1 case,
which we focus on in this paper for simplicity of inter-
pretation. We note that this structure should show max-
imal charge transfer effects. To account for the strain
induced by the substrate on which the experimental het-
erostructures were grown, the in-plane lattice parameters
are fixed to the calculated bulk SrTiO3 lattice constant of
3.95 and the out of plane lattice parameter to 2x 3.95A.
Rotation of the transition metal-oxygen octahedra was
not allowed. We considered three cases for internal coor-
dinates: the apical O atoms at the same distance between
the Mn and the Ni atoms, and displaced 0.2 and 0.4 A
towards the Mn.

Finally we studied a A3;BB’Og double perovskite
(rocksalt) structure (Figure [Ik) in which the six near-
est cations to each Mn are Ni and conversely. The Mn-
Ni distance was again taken to be equal to the SrTiOs
pseudocubic lattice constant of 3.95A. This structure is
chosen to provide extra insight into the dependence of
charge transfer on structure and also serves as a compu-
tationally tractable proxy for a superlattice with a very
high density of cation antisite defects.

We use the density functional +U (DFT+U) method,
in which density functional band calculations are sup-
plemented with on-site interactions among the transition
metal d-orbitals. While DFT+U is a mean field method
that does not fully capture the complexities of correlated
electron physics, it does adequately represent the basic
energetics of materials, in particular capturing correctly
the basic energetics associated with charge transfer. An
important issue in this method is the choice of interac-
tion parameters U and J and the corresponding double
counting correction. According to previously reported
results2®, an on-site intra-d interaction term Uz, =4 eV
and Jy;,=1.0eV, provides an adequate description of
LaMnOs; , successfully separating the higher-lying local
minority spin to, states from the local majority e, bands
above a band gap which is likewise increased. When used
with the experimental low temperature Pbnm structure
this Ujpyz, produces results consistent with experiment.
The on-site interaction term for Ni has been chosen to
Uni=6.0 eV Jn;=1.0 eV comparable to values used in
the literature2?.

The fully localized limit (FLL) double-counting cor-
rection was employed. This double counting correction
in effect compensates the Hartree shift of the transition
metal d orbital, fixing the relative electronegativities of
the transition metal and oxygen orbitals at about the
values found in the density functional calculations.

The spin-polarized DFT calculations were performed

using the projector augmented-wave method?® and the
PBE-GGA exchange-correlation functional?? with +U
corrections in the Dudarev et al. scheme3! as imple-
mented in the VASP code3! 32, The rotationally invari-
ant method with an effective Ugpp = U — J was em-
ployed. The electronic wave-functions were described us-
ing a plane-wave basis set with an energy cutoff of 500
eV. Atomic positions were fixed in the cubic or super-
cell geometries described in the previous section, with a
lattice parameter of 3.95 A. A 10x10x10 k-point sam-
pling in I'-centered cubic cells was used. The number
of k-points was decreased proportionally as the num-
ber of cells increased in the supercell. The method of
Methfessel-Paxton of order 1 was employed with a smear-
ing value of 0.2. When atomic positions were fully relaxed
residual forces were lower than 0.02 eV/A.

The calculations presented here consider ferromagnetic
ground states, because the small unit cell size enables a
clear interpretation of the band structure. To analyze
the band structures we fit the bands using maximally lo-
calized Wannier function!? methods. Wannier functions
were obtained using the Wannier90 code3* provided by
the VASP package to project the VASP bands onto local-
ized orbitals. We chose an energy window encompassing
the p-d band complex and projected the Bloch functions
onto p-symmetry orbitals centered on the O sites and d-
symmetry orbitals centered on the transition metal sites
then minimized the MLWF spread. The resulting Wan-
nier bands were in excellent agreement with the VASP
bands. From the Wannier fits we then obtained on-site
energies for the transition metal d and oxygen p levels,
as well as d-p hopping amplitudes.

We determined the charge transfer by comparing the
integral of the valence band charge density (from the
VASP output file CHGCAR) over the volume of each
cubic sub-cell of the heterostructure to the correspond-
ing values obtained from obtained on the individual LMO
and LNO cells in the cubic and rocksalt structures.

IV. RESULTS: ENERGY BANDS AND
DENSITY OF STATES

The four panels of Figure [2 show the majority-spin
energy bands of cubic LaMnOs, cubic LaNiOs,the 1/1
(001) superlattice and the rocksalt (double perovskite)
LagMnNiOG.

Cubic LaMnOg is found to be metallic (obtaining in-
sulating behavior requires including both the Jahn-Teller
distortion and octahedral rotations). The bands that
cross the fermi level are about 4 eV wide and are of pri-
marily Mn e, origin (hybridized with O,, orbitals lying
about 2eV below the Fermi level). These bands con-
tain one electron shared between the two orbitals. In
LaNiO3 a similar situation occurs, but the rare earth
perovskite nickelates are “negative charge transfer mate-
rials” in which the Oy,, orbitals lie in fact at a slightly
higher energy than the Ni e, orbitals implying, as will
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FIG. 2. Minority (left sub-panels) and majority spin (right sub-panels) bands of cubic LaMnOs, LaNiOs, the (001)

(LaNiO3)1/(LaMnOs3); superlattice and the rocksalt (111) LasMnNiOg double perovskite. All calculations are performed
for ferromagnetic ground states using the GGA+U method as described in the text. The bands are plotted along the high-
symmetry lines ' - X — R — ' = M — X of the Brillouin zone.

be seen in more detail below, that the bands crossing
the Fermi level are p-d ey-symmetry hybrids with major-
ity p character. The calculated band structure for the
superlattice reveals a metallic state with two relatively
wide bands that cross the Fermi level. As will be seen
in more detail below, one of these bands arises from the
Mn dg2_,2 eg4 state and the other from the Ni p-d hybrid
state of the same symmetry. Also visible just above the
fermi level is an unoccupied band mainly derived from
the Mn-Ni antibonding combination of dg,2_,2 e, sym-
metry states (the bonding combination lies several eV
below the Fermi level and is obscured by the many other
orbitals in this energy range).

The metallic behavior of the superlattice may be un-
derstood as arising because the in-plane bands are only
weakly affected by the superlattice formation. The wide
energy range over which the bands disperse inhibits com-
plete charge transfer. In fact, the net charge transferred
from the Mn plane to the Ni plane is 0.4 e/unit cell.
The calculated bands for the rocksalt structure reveal an
insulator, essentially because in this structure both e,
orbitals on the Mn site mix strongly with the e, orbitals
on the Ni site, allowing splitting of all bands. The nar-
rower bandwidth also promotes a larger charge transfer,
approximately 0.7 e/unit cell.

To elucidate the physics revealed by our calculated
band structures we consider the electronic density of
states, projected onto given symmetry states of individ-
ual atoms. Fig. Bl shows the orbitally projected densities
of states for the cubic parent materials. From the top
two rows we see that in LaMnQOs3 the near Fermi surface
states are e, symmetry antibonding d-p hybrids, with
majority d character. The corresponding bonding states
are visible as the peak centered at ~ —7eV. Compari-
son of the relative amplitude of bonding and antibonding
states in the d and p partial DOS confirms that the e,
d-states lie above the p-states in this material. The to4-
symmetry states are fully filled, and couple less strongly
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FIG. 3. Projection of the majority spin density of states of
ferromagnetic cubic LaMnO3 and LaNiOs onto the transi-
tion metal (Mn or Ni) d orbitals and onto oxygen p orbitals.
The eg-symmetry and t24-symmetry orbitals are plotted sep-
arately (color online) as are the oxygen p, (hybridizing with
the transition metal e4) and pr (not hybridizing with the
transition metal ey orbitals).
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FIG. 4. Projection of the majority spin density of states
of the ferromagnetic (LaNiOs);/(LaMnOs); superlattice onto
the transition metal (Mn or Ni) d orbitals and onto oxygen
p orbitals. The two ey orbitals are plotted separately, but
all three to4 orbitals are added up together. The oxygen po
(hybridizing with the transition metal e4) and pr (not hy-
bridizing with the transition metal e, orbitals) distinguished.

to the oxygen orbitals, as revealed by their smaller peak
width and smaller bonding-antibonding splitting.

Turning now to the lower two panels we see that for
LaNiOj3 the Ni p-d manifold is somewhat narrower in en-
ergy than the p-d manifold in the Mn compound, reflect-
ing a weaker p-d hybridization in the Ni material. We
also see that most of the e -symmetry d density of states
lies far below the fermi level indicates that in LaNiOs
the material is in the ‘negative charge transfer’ class of
materials in which the d-states lie lower than the oxygen
states and are further pushed down by p-d hybridization,
as expected from the greater electronegativity of Ni rel-
ative to Mn and amply documented in the literature. As
in the Mn compound the Ni ¢y, states are fully filled and
rather less strongly hybridized to the oxygen than the e,
states.

We now turn to the density of states of the superlat-
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FIG. 5. Projection of the majority spin density of states of
ferromagnetic rocksalt A3BB’Og onto eg and ta4 orbitals are
plotted separately. The oxygen p, (hybridizing with the tran-
sition metal ey) and pr (not hybridizing with the transition
metal e, orbitals) distinguished.

tice, shown in Fig.[d The top panel shows the density
of states projected onto the oxygen states lying in the
Mn — O plane, and the second panel shows the DOS
projected onto the Mn states. Comparison to the corre-
sponding panels of Fig. Bl shows that the superlattice-
induced changes to the Mn-plane O orbitals and the
Mn d,2_,2 orbital are negligible. A splitting of the Mn
d3.2_,2 orbital is evident (leading e.g. to the suppressed
DOS at the Fermi level) with corresponding shifts to the
“apical” (in-between Mn and Ni planes) oxygen orbital.
Similarly, examination of the projection of the density of
states onto the Ni and Ni-plane O orbitals reveals neg-
ligible changes to the planar orbitals; the small weight
of the Ni d orbitals near the fermi level makes changes
in the Ni d3,2_,2 orbitals difficult to discern + These re-
sults confirm that one of the bands that crosses the Fermi
level is primarily of Mn d,2_,» character and the other
primarily of O character but within the Ni — O plane,
with the antibonding portion of the Mn d3,2_,2 orbital
and the O, orbital split, with one portion pushed up
in energy above the Fermi level by backscattering associ-
ated with the breaking of translational symmetry in the
superlattice.

Finally, in Fig. we show the partial densities of
states for the rocksalt structure. The Mn d orbitals are
now to a large degree pushed up above the Fermi level
and the Ni d orbitals and oxygen orbitals are submerged
below, leading to insulating behavior and a larger degree
of charge transfer.



V. PARAMETER TRANSFERABILITY:
WANNIER ANALYSIS

The panels of Fig. Rlshow that as the unit cell becomes
larger, the number of energy bands increases, as does
the band overlap, so the physics becomes more difficult
to analyse. The bands would become even more com-
plicated if octahedral rotations or antiferromagnetism
were considered. For this reason, an important issue
in analysing the physics of nontrivial situations is pa-
rameter ‘transferability’: specifically, whether one can
use parameters obtained in simpler situations to model
more complicated ones. We have examined the transfer-
ability issue in the systems we consider by performing
a Maximally Localized Wannier Function (MLWF) anal-
ysis of our calculated bands for each of the structures.
The MLWF analysis can be thought of as an unbiassed
determination of tight-binding parameters; comparison
of the parameters obtained for different situations then
provides an estimate of transferability.

We find that the hopping amplitudes (inter-orbital ma-
trix elements of the DFT+U Hamiltonian) between Mn
or Ni and the co-planar O are the same within a few per-
cent for all structures (e.g. the Mn ey-O2p, hopping is
1.7 and the Ni e,-O2p, hopping is 1.3eV). We conclude
that the hopping parameters are transferable.

The on-site energies (orbital-diagonal matrix elements
of the DFT+U Hamiltonian) exhibit variation among
systems. One contribution to the variation is changes
to the combination of Madelung energies associated with
different chemical environments as well as any electric
fields arising from charge transfer (this is essentially the
intrinsic contribution to the work function difference that
gives rise to band-bending at interfaces). For example,
the photoemission data reported by Yoshimatsu et al for
SrV0O3/SrTiO3 quantum wellst12 indicates a ~ 0.9V
shift in the oxygen energy from the one material to the
other. A second contribution to the variation is a change
of physics, in particular a variation of the p-d energy
level splitting, which plays a crucial role in the physics
of transition metal oxides32:36,

TABLE I. Orbital energies obtained from Maximally Local-
ized Wannier analysis for majority spin band structures com-
puted with Upr, = 4, Un; = 6 €V. J = 1eV and measured
relative to the Fermi level.

Orbital |LaMnOsz|SL RS LaNiOs
Mn, > 22 |-17-11 -
Mngs_,2 | -22 [-20-14 -
O:Mn-plane| -4.6 |-3.8 -2.3 -
O:Apical -4.6 |-3.4-3.0 -2.8
Ni,2 ~ |42-40 16
Nig2_,2 - -39 -40 1.6
O:Ni-plane — -3.0 -2.3 -28

TABLE II. Orbital energies obtained from Maximally Local-
ized Wannier analysis for minority spin band structures com-
puted with Upyrp, = 4, Un; = 6 €V. J = 1leV and measured
relative to the Fermi level.

Orbital |LaMnOg|SL RS LaNiOs
Mn,2 -0.8 |23 1.2 -
Mn,2_ 2 -0.8 2.6 1.2 —
O:Mn-plane| -3.6 |-4.1 -2.2 -
O:Apical -36 |-45-3.2 -2.8
Ni,2 - 1.3 34 1.6
Nigz_ o2 - 1.6 4.4 1.6
O:Ni-plane - -3.0 -3.1 -2.8

Table [ presents the energies of the Mn and Ni e, sym-
metry orbitals as well as the energies of the p, orbitals
on different oxygen sites, distinguishing (for the layered
structure) between oxygen states in the Mn or Ni plane
and the apical oxygen sites that bridge the Mn and Ni
planes. The ‘band-bending’ or work function differences
are clearly visible as differences between the energy of the
O in the MnOs and NiO; planes. In addition, a change
in the relative energies of the oxygen p and transition
metal d levels is apparent.

For cubic LaMnOjs we have Eé‘j" — Egm ~ 2.4eV

while for LaNiO3 we find E* — ES),, ~-0.9 eV, reflect-
ing the negative charge transfer nature of the Ni com-
pound. In the rocksalt structure we find EM" — EO R
1.6 eV, about 0.6eV less than in bulk LaMnOg whlle
EN ’ E ~ -1.0 eV, essentially unchanged from bulk
LaNlog In the superlattice we see that the energy differ-
ence between the average of the energies of the two Mn
orbitals and the energy of the in-plane oxygen o orbital
Eé\g‘[" — EQOPU ~ 2.0 eV. We thus conclude that the charge
transfer energy is not transferable. The fact that the
change is larger in the rocksalt than in the superlattice
structure suggests that the d-valence makes an important
contribution to the p-d level splitting.

Interestingly the p-d splitting on Ni site is almost ma-
terial independent. We attribute this to the negative
charge transfer nature of the material, which implies (as
can be seen from the density of states plot) that the near
Fermi surface states are of primarily oxygen character.
Thus in the approximation used here the actual charge
density on the Ni sites changes only slightly (loosely
speaking the Ni-O plane goes from d®L to d® as charges
are added) and the mean valence of each of the 3 oxygens
changes by less than e/3, so the oxygen Hartree shift is
minimal, explaining why the €4—e¢, changes only slightly.

Zhong and Hansmann!® studied the dependence of the
key €4 — €, parameter on charge transfer, focussing on
compounds involving early and middle transition metal
oxides. Their observation that the ionization/affinity en-
ergies of transition metal ions depend on the occupancy
and thus affect band offsets and charge transfer is impor-



tant. However our results indicate that the statements
in Ref12 that the p-d splitting scales with the product of
the on-site U and charge transfer is not always correct.
We find clear differences between the shifts on the Mn
layer and the Ni layer, presumably related to the neg-
ative charge transfer nature of perovskite nickel oxide.
Further, we find, in agreement with previous literature,2¢
that the double counting correction to a large degree
eliminates the Hartree shift so within the formalism used
here the connection between charge transfer, p-d splitting
and U cannot be as simple as that proposed by Zhong et.
al. Perhaps for this reason Eq. 3 of Ref. [15 relating the
shift of p-level energies to charge transfer is not consis-
tent with the data in Table [ either for the Mn site or the
Ni site. As a more minor point we note that different d-
level states and different oxygen ions behave differently:
restricting attention to “the [presumably orbitally aver-
aged] d-level energy” and “oxygen energy” may gloss over
important physics.

VI. COMPARISON TO EXPERIMENT

The essential features of the experiment of Hoffman
et all3 are that for (LaMnO3),,/(LaNiO3),, superlattices
with n < 2 the ground state was insulating and an al-
most complete charge transfer of one electron occurred
from the Mn to the Ni. These behaviors are not repro-
duced by the calculations, which predict that even for
the n = 1 superlattice we have metallic behavior with
~ 0.4e charge transfer. The two effects are closely re-
lated: the planar orbitals (d,2_,2 and in-plane p,) are
only minimally affected by superlattice formation, and
the resulting bandwidths are so large that the moder-
ate Mn-Ni electronegativity difference cannot empty out
the Mn d-bands. While our calculations are based on
the DFT+U approximation, a Hartree approximation to
a complicated many-body situation, we believe that cor-
recting the deficiencies of this approximation are unlikely
to change the basic theoretical prediction because the
conclusion arises from eV-scale energetics of different va-
lence states, which are well captured by DFT/Hartree
approximations.

The results presented here were derived from idealized
cubic-type structures, however we have also investigated
the consequences of changing the structure. Changing
the lattice parameter of the cells to those of LNO or
LMO only changes the dispersion of the electronic states.
Modifying the spin orientation on the Mn and Ni sites to
the anti-ferromagnetic coupling does not open a full band
gap in any of the heterostructures considered: the d,2_,»
band remains metallic in all cases. For the model (1,1)
superlattice presented in the previous section, all inter-
nal coordinates were fully relaxed with VASP, keeping
the unit cell parameters fixed. The initial condition was
taken to be the ideal tetragonal structure cell. In the re-
laxed structures all forces were less than 1 meV/A. The
physics of the relaxed structures was not materially dif-

ferent from the physics of the unrelaxed structures with
moderate charge transfer and wide metallic bands de-
rived from the e, orbitals crossing the Fermi level.

Another possibility is that the electron transfer and
differing hybridization strengths will cause motion of the
apical oxygen away from the Ni and towards the Mmn.
However relaxing the internal coordinates only leads to
a ~ 0.1A shift in the apical O position, too small to
change the energetics significantly. We also investigated
variant structures in which the apical O is displaced by
0.2A and 0.4A toward the Mn. The charge transfer in-
creases to 0.53 and 0.7 electrons respectively, but the
dg>_,2-derived orbitals remain partially occupied and the
superlattice remains metallic.

Interestingly, the rocksalt structure has a similar 0.7e
charge transfer, but is insulating, essentially because
the backscattering associated with the Mn-Ni alternation
opens a band gap. We conclude that the insulating be-
havior requires disruption of the in-plane Mn-O and Ni-
O networks and speculate that a high density of Mn/Ni
atisite defects in the near interface layers could disrupt
the in-plane networks as well as promoting larger charge
transfer, thus producing physics similar to that found
in the calculations of the rocksalt structure. In this re-
gard it is interesting to note that evidence of substantial
Ni-Mn intermixing, especially for the near-substrate lay-
ers, has been very recently reported in a closely related
superlattice 27

Finally we consider the (LaNiO3)s/(LaMnOs)s super-
lattice with a 2x2x4 computational unit cell, which al-
lows for two sublattice charge and Jahn-Teller order on
the Mn and Ni layers. All internal degrees of freedom
were fully relaxed with VASP until forces were less than
1 meV/A. We started from two initial conditions: the
pseudo-cubic structure considered above, and a struc-
ture in which the LMO has the bulk LMO two sub-
lattice Jahn-Teller order and the LNO has no order.
For both sets of initial conditions and all U-values, we
find that there are also modest octahedral rotations and
a weak tow-sublattice Jahn-Teller-like structural distor-
tion, but the hybrid structure remains metallic with nu-
merous bands crossing the Fermi level. A projected DOS
analysis (see Figure[Bk and d) demonstrates that in this
structure the metallic behavior arises primarily from the
wide dg2_,2 bands of both the Mn and Ni sublattices.

Other attempts to reproduce the experimental band
gap starting with different geometries and +U values
were also conducted. Two different sets of +U parame-
ters were considered: Uy, = 2, Un; = 4, and Uy, = 8,
Upn; = 6. In both cases, a 2x 2 x 2 cubic supercell of
LNO was placed on the top of an already relaxed 2x 2
x 2 supercell of LMO with appropriate Jahn-Teller dis-
tortions yielding a metallic band diagram. Geometries
were allowed to fully relax, leading to final structures
rather similar to the one in Figurdfl for both sets of +U
parameters. In both cases the LNO sublattice followed
the distortion of the LMO, which in turn did not change
to a cubic geometry, as reported in experiments. Energy



band diagrams displayed in Figurd of the Appendix.
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FIG. 6. a) Schematic representation of the relaxed cubic
(LaNiO3)2/(LaMnOs)2 heterostructure. b) Band structure
of the majority spin. The projected DoS (PDoS) onto the d
orbitals of the two types of nonequivalent Mn atoms is plotted
in ¢) and d).The bands are plotted along the high-symmetry
linesI' - X - R— 1T — M — X of the Brillouin zone.

VII. CONCLUSIONS

First-principles calculations of model LaMnOj3; and
LaNiOj structures reveal that the basic physics of the su-
perlattice situation is controlled by geometry, which de-
termines hopping amplitudes and thus band structures,
and by relative electronegativity of the transition metal
ions, which determines charge transfer. Our calculations
strongly suggest that in the ideal superlattice, the wide
dg>_,» symmetry bands are essentially unaffected by su-
perlattice formation and remain metallic because the Mn-
Ni electronegativity difference is smaller than the band-
width, so the Mn-derived bands remain partly occupied
and the Ni-derived bands remain partly empty. This
should be contrasted to LaTiOs/LaNiOs superlattices
studied previously. Theoretical calculations predict2®
and experiment confirms3? that in LaNiO3/LaTiO3 su-
perlattices, one electron is transferred from the LaTiOg
layer to the LaNiOgs layer, hanging the formal valence
to a configuration similar to that of rocksalt NiO, a well

known Mott/charge transfer insulator and producing in-
sulating behavior. In this system this happens because
the Ti-Ni electronegativity difference is large enough and
the Ti d,, band is narrow enough that nearly complete
charge transfer occurs. We also note the SrVO3/SrTiOs
superlattices modelled by by Zhong et all? where there
is essentially no charge transfer and the physics is of di-
mensionality reduction and confining potentials.

An analysis based on maximally localized Wannier
functions demonstrates that transition metal /oxygen hy-
bridization amplitudes and oxygen site energies are
“transferable”, so that parameters derived from calcula-
tions performed in simple geometries can be used in phe-
nomenological models of more complex situations. How-
ever, the transition metal d-oxygen p level splitting is not
transferable: it is found to depend on the charge transfer,
essentially because the transition metal electronegativity
depends on d-occupancy.

For the LMO/LNO system that motivated our study,
we found that within our theoretical framework the only
viable explanation for the observed insulating behavior
of thin superlattices was a large concentration of antisite
defects, essentially because of the partial charge transfer
leading to partial filling of the relatively wide planar (x2-
y2-derived) bands. Note that our structural relaxations
indicate that octahedral reotations are far from being
large enough to narrow the bands and eliminate band
overlap. Some experimental evidence for antisite defects
has recently been reported3”. As a possible alternative,
we note that it is conceivable that some other mechanism
(e.g. thermal fluctuations at higher temperatures) might
lead to octahedral rotations of much larger amplitude
than considered here, perhaps reducing the bandwidth
in the layered structures enough to eliminate the overlap
between bands, thereby allowing a larger charge transfer
leading to insulating behavior. Experimental investiga-
tion of antisite defects and of octahedral rotations would
be valuable.

We suggest directions for future theoretical research.
First, the charge transfer depends on the differ-
ence in electronegativity as also noted by Zhong and
Hansmann®?® (although as explained above the details of
our findings are not in complete agreement with theirs).
The DFT+U approach used here provides an approxi-
mation to the electronegativity difference. The issue also
relates to basic questions of the double counting in the
‘+U’ methodology. Further studies of these issues by
other methods would be valuable. Second, here param-
eter transferability has been investigated in one partic-
ular material system. We conjecture that the main re-
sult (transfer of all parameters except for the p-d level
splitting) will extend to all transition metal oxides het-
erostructures, but further investigation would be desir-
able. Perhaps most importantly, it appears from our re-
sults that the difference between the energies of the p and
d orbitals of the Mn cation is not transferable between
structures and that change in the p-d splitting in late
transition metal oxides (e.g. the Ni compound we stud-



ied) may be different than in the early transition metal
ions.
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IX. APPENDIX: WANNIER ANALYSIS

To obtain model Hamiltonians we resort to the the

maximally localized Wannier functions (MLWFs)44, ob-
tained using the Wannier90 code3? from the first-
principles ground state obtained with VASP. By project-
ing onto p and d orbitals and minimizing the MLWF
spread, the band structure obtained using the first-
principles approach compared to the Wannier interpo-
lation were in excellent agreement. Fig. [ shows a com-
parison for the 4 structures of interest.
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FIG. 7. Comparison of the first-principles obtained band
structure with the Wannier90 interpolated band structure for
cubic LaMnOs, cubic LaNiOs, (LaNiOs):/(LaMnOs); het-
erostructure, and ferromagnetic rocksalt.
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FIG. 8. Minority (left sub-panels) and majority spin (right
sub-panels) bands of 2 x 2 x 4 (LaNiO3)2/(LaMnOs3)2 het-
erostructure for different sets of +U values (J=1). a) Unrn =
6, Un; =8, Unmn = 2, Un; = 4. The bands are plotted along
the high-symmetry lines I' - X — R — I' = M — X of the
Brillouin zone.
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