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Similarities and differences between nickelate and cuprate films grown on a SrTiO; substrate
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The recent discovery of superconductivity in Sr-doped NdNiO, films grown on SrTiOj; started a novel field
within unconventional superconductivity. To understand the similarities and differences between nickelate and
cuprate layers on the same SrTiO; substrate, here based on the density functional theory we have systematically
investigated the structural, electronic, and magnetic properties of NdNiO, /SrTiO; and CaCuO,/SrTiO; systems.
Our results revealed a strong lattice reconstruction in the case of NdNiO, /SrTiOs3, resulting in a polar film, with
the surface and interfacial NiO, layers presenting opposite displacements. To avoid the “polar catastrophe,”
the NiO, surface to the vacuum reconstructs as well. However, for CaCuQO,/SrTiOs, the distortions of those
same two CuO, layers were in the same direction. In addition, we found this distortion to be approximately
independent of the studied range of film thickness for the nickelate films. Furthermore, we also observed a
two-dimensional electron gas at the interface between NdNiO, and SrTiOs, caused by the polar discontinuity, in
agreement with recent literature. For NdNiO,/SrTiO; the two-dimensional electron gas extends over several
layers, while for CaCuO,/SrTiO; this electronic rearrangement is very localized at the interface between
CaCuO; and SrTiOs. The electronic reconstruction found at the interface involves a strong occupation of the
Ti 3d,, state. In both cases, there is a significant electronic charge transfer from the surface Ni or Cu layers to
the Ti interface layer. The interfacial Ni and Cu layers are hole and electron doped, respectively. By introducing
magnetism and electronic correlation, we observed that the ds>_,» orbital of Ni becomes itinerant while the
same orbital for Cu remains doubly occupied, establishing a clear two- vs one-orbital active framework for the
description of these systems. Furthermore, we also observed a strong magnetic reconstruction at the NdNiO,

surface to vacuum layer where magnetism is basically suppressed.

DOLI: 10.1103/PhysRevB.102.195117

I. INTRODUCTION

Since the discovery of superconductivity in the cuprates
[1], two-dimensional (2D) correlated systems with transition-
metal square lattice structures became the focus of research to
study unconventional superconductors and potentially to con-
tinue increasing the critical temperature [2—5]. For this reason,
the recent discovery of superconductivity in the infinite-layer
Sr-doped NdNiO, (NNO) attracted much attention [6—10].
The discovery was reported employing films of NNO grown
on SrTiO; (STO) [6], with a critical temperature 7, ~ 15 K.
NNO displays a typical quasi-two-dimensional square lattice
structure with the space group P4/mmm (No. 123) [6], similar
to the Cu-based CaCuO, (CCO) [11]. Since the 3d electronic
occupied configuration of Ni'* (d°) is isoelectronic with
Cu’" (d°), the superconducting mechanism of infinite-layer
nickelate was expected to be similar to CCO, where supercon-
ductivity was found upon hole doping [11]. Many theoretical
efforts revealed similarities and differences between individ-
ual infinite-layer nickelate and cuprates in bulk form [8,12—
19].

However, recent developments indicate that superconduc-
tivity is absent in bulk Sr-doped NNO [20,21]. These results
suggest that the existence of an NNO/STO interface may
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be crucial to understand the superconductivity observed in
the infinite-layer nickelate film. Moreover, superconductiv-
ity was also reported at the interface between CCO and
STO [22,23]. This is all reminiscent of previous results for
the LaAlO3(LAO)/STO interface, where superconductivity
was observed experimentally and attributed to an interfa-
cial two-dimensional electron gas (2DEG) driven by the
polar discontinuity [24-26]. Related STO perovskite inter-
faces have also been widely studied theoretically, leading to
interesting predictions at those interfaces [27,28]. In addi-
tion, there are many efforts to engineer charge transfer and
orbital polarization in LaTiO3/LaNiO; superlattices to obtain
superconductivity [29-31]. In this superlattice structure, due
to carrier doping, a single 3d,»_,» orbital was obtained at
band edges, providing a general method for designing new
superconductors.

It is surprising that a conducting system would emerge at
the interface of two wide-gap insulating oxides [32,33]. In the
LAO/STO system, it was found that the 2DEG would become
magnetic and superconducting at low temperatures [25,34].
One possible explanation relies on the polar catastrophe that
forces an interfacial reconstruction [33,35]. Furthermore, in
the LAO/STO interface, the Ti 3d,, orbital plays an important
role for the interface ferromagnetism (FM) and supercon-
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ductivity produced by such electronic reconstruction [36,37].
These interesting developments in LAO/STO interfaces, and
the absence of superconductivity in bulk NNO, provides the
framework for the present work, as well as recent efforts
by other groups. Can a similar interesting interfacial phe-
nomenon be crucial for the physics of NNO/STO interfaces?
In particular, do nickelate and cuprate films display similar or
different behavior when grown on a STO substrate?

In the infinite-layer nickelate, the system alternatively
stacks the highly charged (Nd)** and (NiO,)*~ layers along
the [001] direction, while the STO substrate contains charge-
neutral layers (SrO)° and (TiO,)°. This configuration would
produce a net electric field inside the nickelate compo-
nent, resulting from an electric potential that diverges as the
NNO thickness grows. To avoid this “polar catastrophe,” an
electronic reconstruction occurs and hole doping [from Ni'*
(d®) to Ni** (d®)] at the interface could be expected, leading
to an oscillating electric potential that remains finite. The
possibility of “polar catastrophe” physics in the NNO/STO
heterojunction was recently theoretically discussed in
Ref. [38].

To better understand the similarities and differences be-
tween nickelate and cuprate films grown on an STO substrate,
here using density functional theory (DFT) we provide
a comprehensive first-principles study of NNO/STO and
CCO/STO systems. Our main results are as follows: First, we
found a strong lattice reconstruction in NNO/STO systems re-
sulting in a polar nickelate film, with the limiting surface and
interfacial NiO, layers presenting opposite displacements. On
the other hand, in CCO/STO systems the distortions of those
same two CuQO, layers were in the same direction. Within our
accuracy, the atomic reconstruction was basically independent
of the thickness of the NNO films. Second, we also observed
a strong electronic reconstruction for the two systems. Re-
markably, and in agreement with our qualitative expectation,
a 2DEG develops at the interfacial layer between NNO and
STO due to the polar discontinuity. This electron gas extends
over several layers beyond the interface. In CCO/STO sys-
tems, however, the electronic rearrangement was far more
constrained in size and only observed at the interface between
CCO and STO. The hole doping at the interfacial NiO, layer
was observed, but the interfacial CuO, layer was found to
be electron doped. By comparing the unrelaxed and relaxed
slab models, we believe that the 2DEG was indeed induced
by the polar discontinuity. Furthermore, a strong occupation
of the Ti 3d,, orbital was observed at the TiO, interface for
both NNO/STO and CCO/STO systems. At the interfacial
TiO, layer, the Ti 3d,, orbital becomes occupied due to its
energy being lowered by ~—0.58 eV at the I" point. In the
LaAlO3/SrTiOs interface, the Ti 3d,, orbital is important for
the observed interfacial FM and superconductivity [36,37].
Thus, it is reasonable to assume the strongly occupied Ti
3d,, orbital may be associated to the observed superconduc-
tivity of the infinite-layer nickelates as well. By introducing
magnetism in the calculations, the d3,»_,> orbital of Ni be-
comes itinerant, probably contributing to the nonmagnetic
properties of the NNO/STO interface, while the d3,_,» or-
bital of Cu remains doubly occupied and thus not relevant at
the dopings considered experimentally, establishing another
qualitative difference between the two cases. In addition, the

magnetism of the NdNiO, surface layer was basically sup-
pressed.

II. METHOD AND MODEL SYSTEM

In contrast to the insulator cuprates, NNO displays metal-
lic characteristics [6]. Studying the superconducting dome of
(Nd,Sr)NiO;, only a weakly insulating behavior was reported
on both sides of the dome [9]. STO is a wideband semicon-
ductor. To simulate the infinite-layer nickelates and cuprates
grown on STO [001], we constructed the slab models using
(NNO),,/(STO)4 and (CCO), /(STO),4 superlattices (n = 1-8
are the layers of nickelate or cuprate films specifically ana-
lyzed here, corresponding to one to eight unit cells). To match
the STO [001] substrate, the in-plane lattice constants were
fixed as a = b =3.905 A, the STO values. Here, a 1 x 1
lattice in the xy plane was adopted without considering the
octahedral rotations. These rotations could affect the STO
bandwidth and should have an influence on the precise amount
of charge transfer. However, those rotations will not change
the tendency towards charge transfer since this is caused by
the polar catastrophe. Furthermore, the octahedral rotations
almost disappear at the TiO, interfacial layer [39]. Hence, to
save computing resources, we have not introduced octahedral
rotations since we focused on the qualitative phenomenon of
charge transfer rather than on precise values of what amount
of charge is transferred.

In the present study, we perform first-principles DFT
calculations using the projector augmented wave (PAW) pseu-
dopotentials with the Perdew-Burke-Ernzerhof (PBE) format,
as implemented in the Vienna Ab initio Simulation Package
(VASP) code [40-43]. We fixed the atomic positions of two
STO layers to their bulk values [see Fig. 1(a)] while all other
inner atomic positions were fully relaxed until the Hellman-
Feynman force on each atom was smaller than 0.01 eV/A.
The plane-wave cutoff energy was 550 eV and the Nd 4f
electrons are considered frozen in the core [7]. The mesh was
appropriately modified for both the nonmagnetic (NM) and
magnetic calculations to render the k-point densities approxi-
mately the same in reciprocal space (i.e., 15 x 15 x 1 for the
NM configuration).

Before studying heterostructures, we checked the physical
properties of individual NNO, CCO, and STO, respectively
[44]. Based on our structural optimization calculation with
the PBE potential, the optimized crystal lattices of NNO are
a=>b=3.907 A and ¢ = 3.304 A, which are closed to the
experimental bulk values (¢ = b =3.921 A and ¢ = 3.281
A) [6]. We also obtained the lateral lattice constants of STO
(a = b = 3.943 A) that are also in agreement with experimen-
tal values (a = b = 3.905 A) [46]. Moreover, the optimized
crystal lattices of CCO were found to be a = b = 3.874 A
and ¢ = 3.205 A, in good agreement with the corresponding
bulk values (@ = b = 3.855 A and ¢ = 3.181 A) [11].

Then, we also calculated their electronic structures and
found them to be consistent with previous calculations
[7,8,14,18]. The detailed results of bulk electronic structures
can be found in Appendix A. Furthermore, STO is known
to be located at the vicinity between paraelectric and ferro-
electric phases, rendering it sensitive to artificial strain. By
fixing the crystal lattice of STO (a = b = 3.905 A), then the
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FIG. 1. (a) Schematic unrelaxed slab model of (NNO),/(STO),
with the following convention: orange, Nd or Ca; gray, Ni or
Cu; red, O; green, Sr; blue, Ti. Here, we fixed a = b = 3.905 A.
We considered two undistorted STO layers (namely, with atomic
positions fixed) to simulate the effects of the rest of the STO sub-
strate. Schematic relaxed slab model of (b) (NNO),/(STO), and
(c) (CCO)4/(STO),. (d) Electron localization function of the relaxed
superlattice for (NNO),/(STO)4 and (CCO),/(STO),.

relaxation procedure produced a value ¢ = 4.032 A that may
lead to an artificial distortion because STO wishes to expand
its lattice along the ¢ axis. To verify this point, we also fixed
the in-plane lattice to the optimized STO constants (¢ = b =
3.943 A) and we found this procedure does not change the
main conclusions (see Appendix B).

III. RESULTS
A. Atomic reconstruction

As illustrated in Fig. 1(b) for n = 4, both the surface and
interfacial NiO, layers bend after structural relaxation, and the
corresponding Ni ions move towards different directions with
displacements A = 0.296 and —0.189 A. However, because
the displacements are different in magnitude the net result
is a polar film. The displacements of the Ni ions for the
two central NiO, layers are much smaller. Furthermore, the
interfacial Ti ions of the STO substrate show ferroelectric-like
displacements away from the NNO/STO interface with val-
ues A = —0.343 and —0.163 A, respectively. Note that STO
is known to be located at the vicinity between paraelectric
and ferroelectric phases. Thus, the polar displacements of Ti
may be affected by the ferroelectric distortion of STO itself

(this issue deserves further investigation beyond the scope
of this publication). For the CCO/STO system, the Ti atoms
also display similar ferroelectric-like distortions with similar
displacements A = —0.275 and —0.140 A. However, the op-
timized CCO/STO superlattice indicates that the distortions
of each CuQ; layer are in the same direction along the ¢ axis,
as shown in Fig. 1(c). This results in a polar film as well. Polar
distortions similar to those of CCO/STO systems observed
here were also reported for LAO layers grown on STO [001]
[47].

Those atomic displacements are relevant within the so-
called polar catastrophe. When growing the highly charged
(Nd)** and (NiO, )~ layers on the charge-neutral STO sub-
strate, it will induce an ever-increasing dipole strength as the
number of layers grows if the ionic charges are maintained
at its normal value. In this case, a huge linear electrostatic
potential across the NNO layers will cause the so-called polar
catastrophe, as shown in Fig. 2(a). To avoid this phenomenon,
the surfaces are expected to be reconstructed [see Fig. 2(a)].
In particular, an electronic reconstruction from Ni'* (d°) to
Ni** (d®) could be expected at the surface. As a result, the
surface-vacuum polar distortion is induced by the polar field
caused by the charge transfer. Namely, the lattice distortion is
driven by the polar nature of the surface.

To better understand the effect of the film thickness for
NNO and CCO, we fully relaxed the slab model using
different numbers of NNO and CCO layers (n = 1-8, cor-
responding to one to eight unit cells). We observed that the
distortion of the atomic layer reaches a value that is ap-
proximately independent of the film thickness for NNO/STO
systems, at least within the range we studied. For CCO/STO
systems, the distortion at the interfacial CuO, gradually re-
duces its value with increasing the film thickness. Moreover,
as shown in Figs. 2(b) and 2(d), we observed that the thickness
of the NNO and CCO layers does not alter the main qualitative
results: (1) the two relaxed TiO, layers present a uniform polar
distortion direction along the ¢ axis both for NNO and CCO,
and (2) the displacements of the surface and interfacial NiO,
layers are opposite to each other, while the distortions of the
surface and interfacial CuO, layers are in the same direction.
In addition, the values of the displacements do not change
substantially by increasing the film thickness of the NNO and
CCO layers. We summarized the main displacements along
the ¢ axis in Figs. 2(b) and 2(d). Note the prominent difference
between NNO and CCO with regard to the negative ANi; vs
the positive ACu;.

Furthermore, we also calculated the 3d electronic density
for both (NNO), /(STO)4 and (CCO),/(STO)4 superlattices
and compared with the corresponding bulk systems [see
Figs. 2(b) and 2(d)]. For (NNO),,/(STO)4, by comparing with
the bulk, it is clear that the relaxed two Ti sites gathered
additional electrons while the surface Ni sites lost electrons,
indicating the transfer of charge from the Ni surface to the
interface with STO. Based on the DFT results [48], we es-
timate that for the case n = 4 the Ni surface lost charge by
an amount —0.101 e/Ni, while the interface Ti gained about
+0.114 e/Ti.

As described in the next paragraph in more detail, even
the interfacial Ni loses electrons. We reach all these conclu-
sions by comparing with the 3d electronic occupation in bulk
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FIG. 2. (a) Possible polar catastrophe illustration predicted for
(NdNiO,), /SrTiO;. (b) The displacements along the ¢ axis for
the four layers of Ni or Ti atoms corresponding to different su-
perlattices (NNO),/STO (n = 1-8). In Fig. 1(a) the notation AM
(M = Niy, Ni,, Cuy, Cu,, Ti;, and Ti,) was introduced. (c) The
charge transfer of Ni and Ti atoms for different (NNO),/(STO),
(n = 1-8), compared with the corresponding bulk values. (d) The
main displacements along the ¢ axis for Cu or Ti atoms for different
(CCO),/(STO)4 (n = 1-8). (e) The charge transfer of Ni and Ti sites
for different (CCO), /(STO)4 (n = 1-8), compared with correspond-
ing bulk values. In (c) and (e) the subscript “int” (“sur”’) denotes
interface (surface). Note that the single MO, (M = Ni or Cu) layer
is both interface and surface for the n = 1 case.

NNO, in qualitative agreement with other recent theoretical
calculations [39]. It should also be noted that this charge
transfer behavior was also observed in the unrelaxed slab
structure, indicating that the charge transfer is caused by the
polar discontinuity; namely, it is electronic in origin, not due
to the lattice relaxation. Due to the polar discontinuity, an
intrinsic electronic reconstruction was also observed at the
STO/LAO interface [33]. To avoid such polar catastrophe, the
charge transfer occurred from surface to interface, leading to
the observed conductivity [35] and superconductivity [34].
For the (CCO),/(STO), superlattices, we also observed
a hole-doping effect at the CuO, surface layer similar to
the electrons transferred to the Ti interface for the case
NNO/STO [see Fig. 2(e)]. The magnitude of charge trans-
fer is slightly smaller for CCO than in the (NNO),/(STO)4
system: here the surface Cu loses electrons with a net change

—0.072 ¢/Cu while the interface Ti attracts electrons with a
net gain +0.085 e/Ti.

More specifically, let us quantitatively discuss the charge
transfer at the Ni or Cu sites of each layer corresponding to the
four-unit-cell NiO, or CuQO, layers, with respect to their bulk
properties. For the case of NNO/STO systems, all Ni sites
(and corresponding layers) lose electrons. Because electrons
are lost, we use a negative sign in front. From surface to
interface, the lost electrons at each Ni are —0.101, —0.023,
—0.005, and —0.012 e/Ni, respectively. This tendency to-
wards charge transfer is also qualitatively consistent with
previous generalized gradient approximation (GGA) + U cal-
culations [39]. Both the electronic and atomic structures will
affect the charge transfer in oxide interfaces [49,50]. In fact,
we found that the Hubbard U on Ni sites would increase the
charge transfer from the Ni surface, as discussed in Appendix
C. Thus, all Ni layers lose electrons and those electrons move
to the STO portion of the superlattice, primarily to the STO
interfacial layer.

With respect to CCO/STO systems, the modifications in
the number of electrons at the Cu sites from surface to
interface are —0.072, —0.018, +0.004, and +0.018 ¢/Cu,
respectively. The plus sign in the last two means that in
the case of CCO the layers close to the interface gain elec-
trons, the opposite behavior as for the case of NNO. In
summary, for NNO the surface-Ni/interfacial-Ni/interfacial-
Ti system displays hole/hole/electron doping, while for CCO
the surface-Cu/interfacial-Cu/interfacial-Ti system displays
hole/electron/electron doping. This different behavior may
be due to the different bending bond direction of the inter-
facial NiO, and CuQO, layers. The common factor is that in
both cases the surface layer loses electrons that eventually are
transferred in part to the Ti atoms. This behavior is similar to
that reported in the LAO/STO system [36,37,51,52].

B. Electronic reconstruction

To study the movement of electrons due to the interface
and generation of a 2D electron gas [53], we calculated the
electron localization function (ELF) for both NNO/STO and
CCO/STO interfaces [54], a quantity widely used within ab
initio methods to characterize the electronic charge distribu-
tion. As shown in Fig. 1(d), there are extra electrons emerging
at the NNO/STO interface leading to 2DEG characteristics. In
addition, the electronic distribution located at the intermediate
NiO, layers—between interface and surface—resembles the
NNO/STO interface; namely, the 2DEG extends deep into the
NNO region. For the CCO/STO system, we also observed the
presence of extra electrons at the CCO/STO interface, but the
rest of the CCO layers are not much affected.

As shown in Fig. 3(a), for the case without lattice recon-
struction, the active O 2p orbitals shift closer to the Fermi
level. This suggests that unoccupied oxygen 2p states may
be involved in the electronic gas at the NiO, surface layer,
supporting the p-d hybridization picture (namely, oxygen is
not so deep in energy that it decouples). The STO layers
far from the interface display band insulator behavior con-
sistent with bulk STO. However, at the two STO layers near
NNO, the Ti 3d orbital becomes partially occupied, result-
ing in metallic STO layers. Our DOS results clearly show
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FIG. 3. (a—c) Electronic density of states (DOS) of each layer for the case (NNO),/(STO)4, calculated via DFT. The Fermi level is shown
with dashed vertical lines. Results presented are for (a) the unrelaxed slab model, (b) the relaxed atomic positions superlattice model, and
(c) the 20% hole-doped NNO model. For comparison, we also show (d) the DFT electronic DOS of each layer for the case (CCO)4/(STO),
using the relaxed superstructure. The Fermi level is the dashed vertical line.

that a 2DEG emerges at the interface in the NNO films [see
Fig. 3(a)].

By introducing the lattice relaxation, the electronic struc-
tures of both the interface and surface of NiO, are recon-
structed and the p-d hybridization strength is reduced due to
the considerable O-Ni-O bending, in agreement with previous
results [38,39], as displayed in Fig. 3(b). Furthermore, this
panel indicates that the electrons transfer to the STO sub-
strate. Overall, this suggests that the 2DEG at the interface
is caused by the electronic reconstruction due to polar dis-
continuity. In LAO/STO systems, one possible mechanism
relies on the polar catastrophe that plays an important role in
the formation of the two-dimensional electron gas, leading to
superconductivity [35,35,51]. This suggests that superconduc-
tivity in the NNO/STO system of our focus may be related

to an interfacial electron gas as well, as in LAO/STO sys-
tems.

To understand the effect of 20% Sr doping in the
infinite-layer nickelate, we employed the virtual crystal ap-
proximation (VCA) widely used in the electronic structure
context [55,56]. As expected, hole doping can be understood
using the rigid band picture as shown in Fig. 3(c); namely,
the existence of a 2DEG and hole doping at the surface are
not qualitatively affected. Based on the analysis of the Ni 3d
orbital population (not shown), the hole doping at the NiO,
interface is primarily contributed by the Ni d,»_,» orbital.
Similarly as in Fig. 3(d), we also observed the electronic re-
construction and strong p-d hybridization in the CCO layers.
The hole doping at the surface was contributed by the Cu
d,>»_,» orbital, as it occurs for the nickelate.
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Furthermore, we also observed that the Ni e, orbital
polarization in the infinite-layer nickelate films, defined
as P= [I’l(d3zz_r2) — n(dxz_yz )]/[n(d3zz_r2) + n(dxz_yz )], in-
creases from interface Ni (~9%) to surface Ni (~27%), as
in previous results [39]. We also calculated the Ni e, orbital
polarization P for the unrelaxed superstructure and here P
increases from interface Ni (~9.5%) to surface Ni (~25%),
close to the values of the relaxed superstructure. Hence, this
e, orbital polarization is caused by electronic effects, not
structural. In addition, we observed that the Cu e, orbital
polarization is smaller than the Ni e, orbital polarization: P
increases from interface Cu (~7%) to surface Cu (~15%).

Next, let us discuss the charge transfer at the SrTiO3 in-
terface layers. As shown in Fig. 4 [see Figs. 4(a) and 4(b)
compared with bulk, Fig. 4(c) [44]], the Ti d,, orbital starts to
be occupied at the interface due to the charge reconstruction
caused by the polar discontinuity. This is different from bulk
STO where this orbital is unoccupied. More specifically, at the
interfacial TiO, layer, Ti 3d,, lowers its energy approximately
by —0.58 and —0.37 eV at the I" point for NNO/STO and
CCO/STO interfaces, respectively. This implies that electrons
are transferred to the STO substrate from the other compo-
nent of the superlattice. Since STO is a wideband insulator,
not a Mott insulator, the doping by electrons (holes) can be
regarded as Fermi level shifts towards the conduction band
(valence band). The electronic correlation on the Ti site would
not change the charge transfer tendency but can increase
the charge transfer values, as in the GGA+U calculations
in Ref. [39]. In the previously widely studied case of the
LAO/STO interface, also the STO Ti 3d,, orbital plays an
important role with regard to the interfacial FM and supercon-
ductivity, induced by electronic reconstruction [36,37,51,52].
As a consequence, our results indicate that Ti 3d,, becomes
active at the interface and suggest that this orbital may be
important for superconductivity in NNO as well, similarly
as in LAO/STO systems. Experimental work is needed to
confirm our conjecture but our effort points toward many
similarities between LAO/STO and NNO/STO-CCO/STO
systems, as well as a nonpassive role of the STO component.
In CCO/STO systems, a theory indicates that the introduction
of extra oxygen ions at the CCO/STO interface is important
for superconductivity [23].

C. Magnetic reconstruction

Theoretical efforts strongly suggest that Néel (G-type) an-
tiferromagnetism (AFM) has the lowest energy on RNiO;
(R = La and Nd) bulk [57-60]. However, magnetization and
neutron powder diffraction revealed no long-range magnetic
ordering in these compounds, although short-range spin cor-
relations are possible [61,62]. Other explanations have been
proposed [20].

To better understand correlation effects and the possible
magnetism at the Ni ions, here we use an effective Hubbard
coupling (Uegr = 4 eV) [39,63] assuming G-AFM magnetic
order in the NiO;, layers of the superlattice. It should be noted
that the physical description will not change by considering
magnetism and electronic correlations on the Ni sites; i.e., the
ionic reconstruction, charge transfer, and the strong occupa-
tion of the 3dyy state are robust conclusions of our effort.
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FIG. 4. Projected Ti band structure of the SrTiO; layers for the
nonmagnetic state. The Fermi level is shown with dashed horizontal
lines. The weight of each Ti orbital is represented by the thickness
of the lines. Note the dj, orbital, particularly at I, is starting to be
occupied because it is below the Fermi level. The electrons populat-
ing this portion of the Ti band arise from the Ni or Cu oxide films
which, thus, become hole doped. (a) NNO/STO for various layers
[label convention in Fig. 1(a)] and (b) CCO/STO for various layers.
For comparison, in (c) we show the Ti bands of STO (bulk form)
displaying the typical band-insulator gap and with an unoccupied d.y
band, as discussed in the text.

Interestingly, we observed a strong magnetic reconstruc-
tion at the NdNiO, surface layer [see Fig. 5(a)] as compared to
the internal layers, such as Fig. 5(d). The surface is basically
nonmagnetic. Furthermore, based on our DFT results with
G-AFM magnetism and electronic correlation, we estimate
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FIG. 5. Ni and Cu projected local DOS corresponding to the
es, orbital of (NNO),/(STO), and (CCO)4/(STO)4 assuming a G-
AFM-type magnetic configuration. The Fermi level is indicated with
dashed lines. Note that we only show the local DOS of one Ni or Cu
site at each layer.

that the surface Ni lost approximately —0.129 e/Ni while the
interface Ti gained about 0.129 ¢/Ti, as compared with the 3d
electronic occupation in bulk. Thus, the tendency for charge
transfer discussed in Fig. 2(b) was found not to change by
introducing the magnetism and electronic correlation.

By studying the DOS in Figs. 5(b)-5(d), we found that
the magnetic moments of Ni are primarily contributed by the
d,»_\» orbital since the electronic occupation of spin up and
spin down of d5,2_,» are almost equal. In the two NNO layers
near STO, d,>_,» displays a Mott gap while the d5,>_,» orbital
remains metallic, which is close to the theoretical results ob-
tained for bulk NNO [64]. As shown in Fig. 5(b), comparing
with the .10 and L.12 layers, the 3d,>_,» orbital began to shift
across the Fermi level, indicating that the Ni 3d,>_,» orbital of
the L14 layer would also lose some electrons. The hole doping
at the surface reduces the electronic occupation of Ni 3d,2_2,
leading the original Ni'* (d°) to change towards Ni** (d%),
although there is a partial electronic occupation of 3d,>_y. [see
Figs. 5(a) and 5(d)].

Furthermore, we also considered the case of Uss = 6 eV
[65] with the G-AFM magnetic configuration in each CuO,
layer for the CCO/STO structure. In Fig. 5(e), we calculated
that the surface has a moment 0.55ug /Cu. The central CuO,
layers, between surface and interface, still remain insulating
while the surface and interfacial CuO, layers become metallic
due to hole and electron doping, respectively. Different from
NNO/STO systems, the Cu 3d5,2_,2 orbital displays doubly
occupied behavior and for this reason this orbital is not active
for the Cu layers, as widely accepted. In this case, the different

behavior of d;,2_,» between nickelate and cuprate films estab-
lishes another qualitative difference between the two cases.

IV. CONCLUSIONS

In summary, we systematically studied nickelate and
cuprate films grown on an STO substrate by using first-
principles calculations. We observed a strong lattice recon-
struction in both NNO/STO and CCO/STO systems. In the
case of NNO/STO systems, the surface and interfacial NiO,
layers present opposite displacements, although the net ef-
fect still leads to a globally NNO polar film due to different
displacement values. For the case of CCO/STO systems, the
surface and interfacial CuO, layers were distorted in the same
direction, again leading to a globally CCO polar film. More-
over, the atomic reconstruction was basically independent of
the thickness of the NNO or CCO films, at least up to the
eight layers studied here. We also observed a strong electronic
reconstruction for the two systems caused by the growing
internal electric field (polar catastrophe), as in other super-
lattices before. In the NNO/STO system, a 2DEG formed
at the interfacial layer between NNO and STO, extending
over several layers. For the CCO/STO system, on the other
hand, the 2DEG was more sharply localized at the interface
between CCO and STO. Furthermore, a strong occupation of
the Ti 3d,, states was observed at the TiO, interface for both
NNO/STO and CCO/STO systems. In addition, the surface
e, orbital polarization P of Ni was found to be stronger than
the surface e, orbital polarization P of Cu. By introducing
magnetism and electronic correlation, the d32_,» orbital of
Ni, which is near insulating in the absence of Hubbard U,
remarkably becomes itinerant while the d3,._,» orbital of Cu
remains doubly occupied. For this reason, we believe that
the NNO grown on STO requires a two-orbital description as
often employed in nickelates, while CCO admits the canonical
one-orbital formulation standard for cuprates. In addition, we
also observed a strong magnetic reconstruction at the NdNiO,
surface to vacuum layer where magnetism is basically sup-
pressed.
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APPENDIX A: ELECTRONIC STRUCTURE OF BULK
NdNiO, AND CaCuO,

NdNiO; forms a P4/nmm tetragonal crystal structure, sim-
ilar to CaCuO, [see Fig. 6(a)]. As shown in Figs. 6(b) and
6(c), the electronic density near the Fermi level is mainly
contributed by the Cu or Ni atoms. The main difference is
that there is a strong p-d hybridization in CaCuO, but this
hybridization is quite weak in NdNiO, (the latter is contrary
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FIG. 6. (a) Schematic crystal structure of ABO, (electronic den-
sity n = 9) with the following convention: orange, Sr or Nd; gray, Cu
or Ni; and red, O. DOS near the Fermi level using the nonmagnetic
states for (b) CaCuO, and (c) NdNiO,.

to the results for NNO/STO shown in the main text where
the p-d hybridization is larger). In the case of Cu, only one
Cu d,>_,» band crosses the Fermi energy. However, there are
two bands crossing the Fermi level for nickelates, Ni d,>_,»
and Nd dj,2_,2, the latter hybridized with d,,, as displayed in
Fig. 7(a) and 7(b). The 3d,>_,> orbital is more dispersive along
the xy plane than along the z direction due to the Cu-O or Ni-O
antibonding character. The O 2p bands of NdNiO, extend over
a broad range of energy from —10 to 2 eV indicating that
the charge transfer energy is quite larger than for CaCuQO,.
Another interesting result is that the 3d3,_,. orbital of Ni
is more broad than the 3ds,._.» orbital of Cu. This implies
that the 3d5,>_» orbital of Ni may display different behavior
as the same orbital in Cu. Based on the Wannier fitting using
the WANNIER9O0 packages [66], we estimate the charge transfer
energy A = g4 — gp to be 1.7 eV for CaCuO, and 4.2 eV for
NdNiO5,.

APPENDIX B: COMPRESSIVE STRAIN ON THE
EPITAXIAL CONSTRAINT TO STO

Our relaxed crystal lattice constants of cubic STO
are a=b=c=3943 A. If we fix two of them as

(b6) NdNiO
Total 4F
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FIG. 7. Projected band structures of (a) CaCuO, and (b) NdNiO,
for the nonmagnetic state. The Fermi level is shown with horizontal
dashed lines. The weight of each orbital is represented by the thick-
ness of the lines. Fermi surface of (¢) CaCuO, and (d) NdNiO,.

a=b=23.943 A without polar distortion, then the relaxed
lattice constant of the ¢ axis becomes 4.032 A and the strained
STO is still paraelectric. However, if we introduce a polar
distortion along the ¢ axis in a fixed structure, the energy be-
comes lower than the strained STO without polar distortion. In
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FIG. 8. Projected band structures of Ni and interface Ti for the
case (NNO),/(STO), usinga = b =3.905 A anda = b = 3.943 A,
respectively. The Fermi level is shown with horizontal dashed lines.
The weight of each orbital is represented by the thickness of the lines.
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Relaxed (NNO),/(STO), for G-AFM with U= 4 eV

ATi, ATi, ANj ANi,
0.168 0351 0.155 0.260 (all in A)

Vacuum

-0.129 (all in e)

Charge transfer:  0.054 0.129 -0.023

FIG. 9. Schematic relaxed slab model of (NNO), /(STO), for G-
AFM order (Uey = 4 eV) with the following convention: orange,
Nd or Ca; gray, Ni or Cu; red, O; green, Sr; and blue, Ti. Here, we
fixed a = b = 3.905 A. We considered two undistorted STO layers
(namely, with atomic positions fixed) to simulate the effects of the
rest of the STO substrate.

this case, the system then changes to a ferroelectric tetragonal
phase. Since the optimized in-plane lattices of STO (a = b =
3.943 A) are slightly larger than the experimental values
(3.905 A), it would generate a moderate compressive strain.
To better understand this point, we also calculated the two-
layer NdNiO, slab model by fixing the in-plane lattice to
the optimized STO (a = b = 3.943 A). After a full structural
optimization relaxation, the bending behavior of the NiO,
layers do not change. The corresponding Ni ions still move to-
wards different directions with displacements A = 0.279 and
—0.169 A, quite close to the results of n = 2 NNO/STO with
fixed experimental in-plane lattice constants (A = 0.291 and
—0.184 A). Furthermore, the interfacial Ti ions of the STO
substrate still show ferroelectric-like displacements away
from the NNO/STO interface with values A = —0.291 and
—0.145 A, respectively, which is in closer agreement with the
distortions of Ti for a fixed a = b = 3.943 A (A = —0.301
and —0.157 A). In addition, the hole doping at the interface,
charge transfer behavior, existence of a 2DEG, electronic oc-
cupation of the Ti 3d,, orbital, and other physical properties
are consistent with the NNO/STO (n = 2) slab using fixed

TABLE 1. The charge transfer of Ni and Ti atoms for different
Uer = 4 eV based on the optimized GGA structure, compared with
the corresponding bulk values. The subscript “int” (“sur”) denotes
interface (surface).

Tl 1 T12 Niim Nisur
Without Usg 0.065 0.114 ~0.012 ~0.101
Uer =4 eV 0.06 0.114 —0.009 —0.141

experimental STO lattice constants. For the benefit of the
readers, we compared the band structures of Ni, at surface and
interface, and interface Ti for the two cases, as shown in Fig. 8.

APPENDIX C: CHARGE TRANSFER WITH U

To better understand the charge transfer, we performed
DFT+U, calculations using a (NNO),/(STO), slab. On one
hand, we fully relaxed the structure with the G-AFM configu-
ration by using U.sr = 4 eV on Ni sites, since both electronic
and atomic structure will affect the charge transfer. As shown
in Fig. 9, both the surface and interfacial Ni ions move
in different directions, with displacements A = 0.260 and
—0.155 A, which is slightly reduced by comparing with re-
sults of DFT for the NM state (A = 0.296 and —0.189 A).
Based on our calculations, from surface to interface, the lost
electrons at each Ni are —0.129, —0.031, —0.001, and —0.023
e/Ni, respectively, while the Ti; and Ti, captured electrons
are about 0.054 and 0.129 ¢/Ti. In contrast, the results of
DFT of NM are —0.101, —0.023, —0.005, and —0.012 ¢/Ni,
respectively.

On the other hand, we also added U,y = 4 eV directly to
the optimized structure from pure GGA (namely, keeping the
atomic distortions unchanged) since the atomic structure only
slightly changed in the DFT+U, calculations. In this case,
we estimate that the surface Ni lost approximately —0.141
¢/Ni while the interface Ti gained about 0.126 ¢/Ti, as shown
in Table I. Hence, the charge transfer is enhanced by introduc-
ing U
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