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The discovery of superconductivity in Sr/Ca-doped infinite-layer nickelates Nd(La)NiO; thin films inspired exten-
sive experimental and theoretical research. However, research on the possibilities of enhanced critical temperature by
interface heterostructure is still lacking. Due to the similarities of the crystal structure and band structure of infinite-layer
nickelate LaNiO; and cuprate CaCuO,, we investigate the crystal, electronic and magnetic properties of LaNiO,:CaCuO,
heterostructure using density functional theory and dynamical mean-field theory. Our theoretical results demonstrate that,
even a very weak inter-layer z-direction bond is formed, an intrinsic charge transfer between Cu-3d,>_» and Ni-3d,2_,»

orbitals is obtained. The weak interlayer hopping between Cu and Ni leaves a parallel band contributed by Ni/Cu-3d,»

x2—y?

orbitals near the Fermi energy. Such an infinite-layer heterostructure with negligible interlayer interaction and robust charge
transfer opens a new way for interface engineering and nickelate superconductors.

Keywords: nickelate superconductor, infinite-layer oxide, perovskite heterostructure

PACS: 71.20.-b, 74.70.-b, 75.70.Cn

1. Introduction

Recently, the discovery of superconductivity in Sr-doped
nickel oxide thin films, such as Nd;_,Sr,NiO», "2l La;_(Sr,
Ca),NiO, >4 and Pr;_,Sr,NiO,,>% ushers in the age of
nickel-based superconductivity.[”) The way to synthesize
these nickelate superconductors is topotactic reduction, the
reagent CaH, plays the role of moving the apical oxygen in
perovskite RNiO3 out, then the infinite-layer RNiO, thin film
with cuprate-like Nilt (3d?) valence state is fabricated. Unlike
the bulk materials, thin film materials have the well-known in-
terfacial freedom. The interface engineering in perovskite het-
erostructure can bring about rich physical phenomena, such as
spin, charge, lattice, and orbitals control.['%-13] This manip-
ulation is significantly related with the apical oxygen which
acts as an interlayer bridge that connects the inter-layer d-
orbitals, reshaping the orbital occupations, magnetic and elec-
tronic structures.!'*!71 However, the apical oxygen in per-
ovskite ABOj3 heterostructure is absent in infinite-layer. Thus,
the opening questions are: (i) what is the difference between
perovskite heterostructure and infinite-layer heterostructure,
and (ii) will there be new interface physics in the infinite-layer
nickelate and cuprate superconductors.

Here, we investigate the electronic structure and mag-
netic properties of infinite-layer heterostructure composed
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by LaNiO, (LNO) and its isostructural compound CaCuO,
(CCO), and compare its electronic and magnetic properties
with those of LNO and CCO through density functional theory
plus Hubbard U (DFT + U) calculations. We notice that the
key characteristics of LNO and CCO, such as the self-doping
effect,!”18-221 La-5d and Ni-3d hybridizations,?>~2! compet-
ing magnetic phase!?’! in LNO, d—p hybridization,!?®! Emery
picture,?°! in-plane antiferromagnetic coupling in CCO, 39321
and most importantly the quasi-two-dimensional (2D) Ni/Cu-
3dx2,y2 band near crossing Fermi level (Ef), are preserved in
LaNiO,:CaCuO; heterostructure (LNO:CCO HS). The quasi-
2D characters of 3d,>_» band of Ni/Cu are reserved due to
the negligible inter-layer hopping along the out-of-plane di-

rection, leaving parallel 3d,>_,,

> band groups at Er. However,
an intrinsic charge transfer is induced by the potential differ-
ence between Cu-3d and Ni-3d. To consider the strong cor-
relation effects in both Cu-3d and Ni-3d, electronic structures
are computed using the dynamical mean-field theory (DMFT),
the DFT observed parallel band structure of pure Cu-3d,2_,»

and Ni-3d»

2_y2 states as well as the charge transfer effects

With the ef-
fective inter-layer doping effect induced by charge transfer
between Ni and Cu, the heterostructure LNO:CCO interface
is expected to host superconductivity without additional hole

are strongly renormalized under correlations.
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doping. These features of infinite-layer heterostructure will
offer new perspectives for understanding and tuning the su-
perconductivity in nickelates.

2. Methods
2.1. DFT

We performed the DFT calculations within the gen-
eralized gradient approximation Perdew—Burke—Ernzerhof
(GGA-PBE) functional and the projector augmented wave
(PAW) method as implemented in the Vienna ab initio simula-
tion package (VASP).[33-35 To avoid artificial results from dif-
ferent DFT codes, we also used the WIEN2K code with plane
wave and full-electron potential method as double check.
Structural relaxations were performed by spin-polarized calcu-
lations with ferromagnetic configuration to include spin split-
ting and magnetic effect. To include the electronic correla-
tions, we used DFT + U method with U = 5.0 eV for Ni-3d,
U =5.0¢eV for Cu-3d and U = 2.0 eV for La-5d. The relaxed
lattice constants were a = b = 3.94 A and ¢ = 3.33 A for LNO,
a=b=387 A and c =3.34 A for CCO, a =b=3.89 A
and ¢ = 6.44 A for LNO:CCO HS, as shown in Fig. 1(a).
To determine the magnetic ground state, we considered sev-
eral possible magnetic orders, including typical ferromag-
netic (FM) (0,0,0), G-type antiferromagnetic (AFM) (7,7,7)
(V2 x v/2 x 1 supercell), C-type AFM (7,7,0) (v/2 x V2 x 1
supercell), and other complex configurations are shown in
Fig. 1(b). To guarantee the convergence of calculations, the ki-
netic energy cut-off was set to 500 eV. The Brillouin zone was
sampled with 13 x 13 x 15 (bulk LNO and CCO), 13 x 13 x 8
(LNO:CCO HS), and 8 x 8 x 12 (v/2 x v/2 x 1 supercell)
Monkhorst—Pack k-grids. For simplicity, we used the virtual
crystal approximation (VCA) as implemented in VASP to sim-
ulate the doping cases.[*®! In order to calculate the orbital
occupations and analyze the intra- and inter-site hybridiza-
tions between each orbital, we projected La-5d and Ni/Cu-3d
bands onto maximally localized Wannier functions®*”! to ob-
tain the tight-binding model Hamiltonian using WANNIER90
package[®8 and have also been checked by WIEN2WaNNIER
interfaces. [*!
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Fig. 1. (a) Crystal structure of LNO:CCO HS and (b) the corresponding
magnetic configurations.

2.2. DMFT

The WIEN2K bands around the Fermi level are pro-
jected onto maximally localized Wannier functions and sup-
plemented by local on-site Hubbard interaction U = 3.2 eV.
Here, we project Wannier functions onto the Ni/Cu-3d,2_,»
derived orbital that crosses the Fermi-surface in the NiO»
and CuO; sheets.
nian has subsequently been solved within DMFT at 8 =

The low-energy effective Hamilto-

38.68 eV using continuous-time quantum Monte Carlo sim-
ulations in the hybridization expansions*”! implemented in
W2DYNAMICS. #1421 The maximum entropy method*3#41 is
employed for an analytic continuation of the spectra.

3. Results
3.1. Electronic structure

First, we calculate the orbital projected electronic struc-
ture and the projected density of states (PDOS) of LNO:CCO
HS and their counterparts, LNO and CCO, by DFT + U
method. As shown in Fig. 2(a), CCO displays the single
band feature in its band structure, specifically contributed by
3d,2_,» band of Cu, which is the starting point of the cuprate
superconductivity theoretical mechanism.!*~#"1 As the PDOS
of CCO shows, the energy dispersion of Cu-3d,2_,» ranges
from —1 eV to 2 eV, and part of them hybridizes with O-
p orbitals as shown in the range of —1 eV to —3 eV. In
Fig. 2(b), LNO exhibits roughly two different band character-
istics from CCO. One is the larger energy splitting between
Ni-3d,»_» and O-p orbitals, as shown in Fig. 2(b). Such
difference is the typical characters of cuprate charge-transfer
insulator*8] (U > A: A is the charge transfer energy) and nick-
elate Hubbard system!*! (U < A). Another feature of nick-
elate is the overlap between La-5d and Ni-3d orbitals. The
La-5d > and La-5d,, bands, which are represented by red dots
in Fig. 2(b), cross the E¢, leading to electron occupation in
La-5d. This occupation results in the so-called self-doping ef-
fect, and also gives rise to the discussion on single- vs. multi-
band model debates, ['8-21-3] however, the current experimen-
tal and theoretical results evidence the effectiveness of single-
band model in nickelate ANiO, superconductors.?>->4! There-
fore, the opening question is whether such self-doping effect
in LNO:CCO HS is reserved, and do other d bands need to be
taken into account in the minimized model? To answer this we
next investigate the electronic structure of LNO:CCO system.

Figure 2(c) depicts the band structure of LNO:CCO HS,
we can see that the parallel bands near the Fermi level are
formed. Through the orbital projection and PDOS analysis,
we find that the energetically higher band is from Ni-3d,>_,»
orbital while the lower band is from Cu-3d,>_» orbital. For
the Ni-3d,>_ > band, there exists a self-doping effect due to the
overlap between La-5d bands and Ni-3d bands at M-point. The
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energy gap between Ni-3d > » and O-p is 2.76 eV. As for the

2
Cu-3d,2_,» band, the hybridi)zation between Cu-3d,>_;
O-p orbitals becomes weaker than that in CCO, which is obvi-
ously evidenced by comparing the DOS of LNO:CCO HS and
CCO bulk in Fig. 2(a), leading to a rather pure 3d,»_,» state
band near Ef. Thus, the main features of LNO and CCO are
maintained in LNO:CCO HS, and a parallel band structure is

formed at Er. To investigate the hybridization of the parallel

> and

band, we project Ni/Cu-3d

2_,» bands onto maximally local-

® Ni-d._,» ® Cu-d,2_,2 ® Ni-d others

® La-d O-p

ized Wannier functions. The obtained hopping terms between
Ni and Cu are close to zero (t = 0.05, the corresponding Wan-
nier function is shown in Fig. S1), suggesting these two quasi-
2D bands are weakly hybridized. We also find the PDOS peak
of Ni-3d,>_ > rises from —0.4 eV in LNO to 0.1 eV in the
heterostructure, and the PDOS peak of Cu-3d,>_» drops off
observably, indicating an intrinsic charge transfer from Ni to
Cu.

Ni/Cu-d,._,» Wannier bands

Y

(a) CaCuO, \ 1

/ \V

O N W

Enlergy (eV)
—
™~

Z 0123
DOS (states/eV)
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4 -
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2
T 1'/ —
% Ol//l a—
e
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N 2
-3 {
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Fig. 2. Orbital projected electronic band structures of (a) bulk CCO, (b) bulk LNO and (c) LNO:CCO HS. The corresponding Wannier projected
bands are shown by orange dots, and the projected density of states is on the right side of each band structure.

3.2. Charge transfer

To investigate the driving force of the charge transfer and
self-doping effect in LNO:CCO HS, we first check the rele-
vance of charge transfer to the U interaction. As shown in
Figs. S2 and S3, with the increase of U (from 0 eV to 6 eV),
the others Ni/Cu-3d orbital and O-p orbital bands energetically
shift down by ~ 1.3 eV, the parallel band’s structure near E¢
is reserved. Moreover, the band gap between Ni-3d,>_,» and
Cu-3d»

2_y2 slightly increases from ~ 1.0 eV (U =0 eV) to
~1.5eV (U = 6 eV), demonstrating larger charge transfer at
larger U. So that the charge transfer is significant no matter
U is large or small and it only varies slightly under different
value of U, which indicates that the driving force of charge
transfer effect can not be simply attributed to Hubbard inter-
action. Another possible way to modify this charge transfer
is the substrate strain. As shown in Fig. S4, we simulate the
in-plane strain in an experimentally reasonable region of —5%
to 5%. With increasing strain, the parallel band barely moved,

meaning the charge transfer is not suppressed obviously. In

a word, we propose that the interface of LNO:CCO induces

a robust charge transfer between Ni-3d,2_y» and Cu-3d,2_

x2—y
orbitals.

In order to estimate the amount of the transferred
charge, we performed the Wannier projection to calculate their
occupations.3!! The calculated tight-binding hopping param-
eters of the parallel bands are —0.39 eV and —0.44 eV for
the nearest-neighbor (R;09/010) hopping of Ni and Cu-3d,>_»
orbitals, respectively, the second nearest-neighbor (R;19) hop-
ping parameters are 0.10 eV for both Ni and Cu, and the on-
site hopping (Rpoo) energy are 7.93 eV for Ni and 6.70 eV for
Cu. Based on these tight-binding model Hamiltonian, we com-
puted the occupations at Ni/Cu-3d,2_ > orbitals by integrating
the DOS of Wannier bands. We denoted the occupied electrons
of band Ni-3d,>_,» as n; and Cu-3d,>_,
and 3(b) show the computed occupation number of Ni-3d,2_ >
is 0.58 and Cu-3d,2_,» is 1.40 in LNO:CCO HS. Due to the
omission of the distribution of d—p hybridization part (below

—2.5 eV as shown in Fig. 2(a) PDOS), 1.40 electrons at Cu-

> as np. Figures 3(a)
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3d,2_,» might be overestimated. The orange lines in Figs. 3(a)
and 3(b) show the function between doping concentrations and
ny/n; in LNO and CCO, respectively. In undoped LNO, n; is
0.78, which is close to the previous DFT results,>! and n,
is ~ 0.97 in parent CCO. Therefore, the LNO:CCO HS can
be described by a two non-hybridrized parallel band structure
model with electronegativity-induced charge transfer, which is
about 0.20 per Ni to Cu.

0.8 1.8
(a) Ni-d,2_,» 16 (b) Cu-d,2_,2
0.7 ’
. = 14[LNO/CCO HS..®
0.6 o LNO/CCO HS 1.2
0.5 10
205 —0.4 —0.3 —0.2 —0.1 0 0 01 02 03 04 05
Electron number (f.u.”!) Electron number (f.u.”')
’:EIU()LN‘O 297 (d) CaCuO
£ c) LaNiO: 0.6 aCuO,
209 2 205 :
Zos g o4
2 LNO/CCO HS 2 0.3JLNO/CCO HS
07 201
0.6 “ 0

o

01 02 03 04 05
Electron number (f.u.7!)

=0.5 =04 -0.3 -0.2 -0.1 0O
Electron number (f.u.™!)

Fig. 3. The function between doping concentrations and occupation num-
ber of 3d~\.27y2 orbital in (a) LNO and (b) CCO calculated by Wannier
bands, the electron and hole doping are represented by positive and nega-
tive doped electrons, respectively. The magnetic moment of Ni/Cu in the
ground state (c) LNO (FM) and (d) CCO (AFM) at different doping con-
centrations. The green and blue hexagons represent the occupation and
moment of Ni and Cu in LNO:CCO HS, respectively.

3.3. Magnetism

We next study the magnetic properties of LNO:CCO HS
using DFT 4+ U method. The DFT calculations indicate that
the magnetic ground state of LNO and CCO is very sensitive
to the doping. The parent cuprate is a stable G- or C-type
AFM order while the intra-layer AFM coupling can be sup-
pressed by either electron or hole doping. Due to the compet-
ing magnetic phase in nickelate, the FM interaction will be en-
hanced by hole doping,>”] meanwhile, the AFM order is sta-
ble in weakly electron doped CCO. Based on the above facts,
we hence predict that the LNO:CCO HS with inter-layer Ni—
Cu charge transfer will converge to FM-AFM state, which is
composed by hole doped LNO layer and electron doped CCO
layer.

To confirm this we computed the total energies of dif-
ferent possible magnetic states of LNO:CCO HS, the results
are summarized in Table 1. The most stable magnetic order is
FM-AFM, which represents the FM in LNO layer and AFM in
CCO layer. The calculated magnetic moment of Ni and Cu is
0.75up and 0.29ug, respectively. The small magnetic moment
at Cu is resulted from that in CCO layer parts the moment is
mainly located at O sites due to the Cu—O d—p hybridization.
Additionally, as mentioned above, the estimated n; and n; in
LNO:CCO HS is 0.58 and 1.40, i,e., the filling at Cu-3dx2,yz is
larger than half-filling, the externally doped electrons also play
a role in reducing its moment. We calculate the correspond-
ing magnetic moment in LNO and CCO through DFT + U

method as shown in Figs. 3(c) and 3(d) with n; = 0.58 (effec-
tively 0.37 f.u.”! hole doped in LNO) and n, = 1.40 (effec-
tively 0.30 f.u.~! electron doped in CCO), the corresponding
moment is about 0.76up for Ni and 0.22upg for Cu. These
two estimated values are close to the DFT calculated values
in Table 1, which indicates that the magnetic properties of
LNO:CCO HS can be approximated as a combination of LNO
and CCO. This conclusion is confirmed by plenty of facts. For
example, the moment of Cu in FM and A-type AFM is close
to zero, suggesting the FM in CCO layer can not be stabilized,
which is consistent with the electron doped CCO.!*®! Mean-
while, the energy difference between AFM and NM is small
when the electron concentrations increase in CCO,?”! and the
energy different between FM and FM-AFM in LNO:CCO HS
is only 15 meV. Comparing the energy of G-type AFM and C-
type AFM, the energy difference is 9 meV, so we deduce that
the magnetic interaction between Cu and Ni is neglectable.
Figure 4 shows the PDOS of the magnetic ground state of
LNO:CCO HS, and that of LNO and CCO with the same oc-
cupation number in Ni/Cu-3d,>_ > orbitals. Focus on Fig. 4(a),
we notice that the FM magnetic moment is contributed by Ni-
3dx2,y2 orbital, and the AFM magnetic moment is contributed

Table 1. The total energy and magnetic moment of different magnetic
orders (refer to Fig. 1), the energy of non-magnetic state is set to zero.

Type FM A-type AFM FM-AFM G-type AFM C-type AFM
Energy (meV) —447 —447 —464 —259 —250
Moment (ug/Ni) 0.71 0.71 0.75 0.76 0.74
Moment (ug/Cu) 0.02 0.02 0.29 0.39 0.37
1.0

—Cu-d,»_,» — La-d

o
o

DOS (states/eV)
S
o o
—

(a) /J‘ ' UUM I i—Ni-d,LyQ —O-p
|
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Fig. 4. The projected density of states for (a) FM-AFM LNO:CCO HS,
(b) AFM CCO with 0.30 electron doping per Cu, and (c) FM LNO with
0.37 hole doping per Ni.
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by Cu-3d,» 2 orbital, this is consistent with LNO and CCO as
shown in Figs. 4(b) and 4(c). It can be approximated thought
that the PDOS of FM-AFM LNO:CCO HS is a superposition
of FM LNO and AFM CCO, which indicates that the magnetic
properties of each layer block in LNO:CCO HS are preserved,
and the magnetic interaction in z direction is weak.

3.4. Robust parallel bands under correlation

We compute the DMFT k-resolved spectral function and
display it along a high-symmetry path in the Brillouin zone to-
gether with the DFT bands (white lines) as shown in Fig. 5(a).
One can readily observe two features. First, we can notice
a charge transfer, which partially counteracts the values pre-

dicted by DFT. That is, 0.13 electrons relocate back from the
copper site to the nickel orbital, which makes a total occu-
pation at Ni of 0.78 and 1.22 at copper. The Fermi surface
is displayed in Fig. 5(c), with blue and red lines for the Ni
and Cu sites, respectively. Aside from the different occupa-
tions, one can also readily see the slightly larger k, dispersion
in Ni, which has already been reported previously.’? Sec-
ondly, the bands are renormalized due to the onsite interaction
and display lower and upper Hubbard bands, visible in the
k-integrated spectral function at +3.2 eV. Together with this
on-site interaction drove renormalization, an increase in the

effective mass m* /m of 2.4 for Ni and 1.8 for Cu also comes.

o

(c) b.=

(a) A(k,w)
6

Energy (eV)

Energy (eV)

r z

/2

—7/2

- Ni

0

. . -Cu
0.5 1.0

Fig. 5. (a) DMFT spectral function A(k,®) and (b) k-integrated spectral function A(®), bottom shows a zoom in around the Fermi surface.
Panels (c) and (d) are Fermi surface as obtained by DMFT at k, = 0 and k; = 7. Blue marks the nickel orbital, while red is for copper.

Occupation

3 4 5 6 3 4 5 6

U (eV) U (eV)

Fig. 6. Evolution of the (a) occupation and (b) effective mass with the
interaction value U. Between U = 5 eV and 6 eV the system undergoes a
Mott metal to insulator transition.

Here, we discuss the evolution of the system with increas-
ing on-site coulomb interaction U. For simplicity we restrict
ourselves to the case where the on-site Coulomb interaction is
the same on the Ni and Cu sites. In Fig. 6, we show occupation
and effective mass as a function of interaction value U. Let us

note that the system undergoes a Mott metal to insulator tran-
sition between U = 5 eV and 6 eV. In the Mott insulating state,
both sites have equal occupation of one electron per Ni/Cu or-
bital and infinite effective mass. As already discussed above,
we observe a charge transfer that restores half filling for both
sites when the Mott insulating phase is reached. Here it seems
the transfer is simply linear in U. The effective mass increases
with increasing interaction, which is generally to be expected.
However, we note that for lower interaction values, the Ni site
is more correlated, while this is reversed at higher ones.

4. Discussion and conclusion

Benefiting from the discovery of infinite-layer nicke-
late superconductors, interface engineering with infinite-layer
structure will offer new opportunities for HS design. Taking
LNO:CCO HS as an example, we perform the DFT + DMFT
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Chin. Phys. B 32, 087105 (2023)

methods to systematically study the features of LNO:CCO HS.
Through electronic and magnetic analysis, we notice that the
characteristics of two different layers, such as d—p hybridiza-
tion in CCO layer and self-doping bands in LNO layer are
preserved in the LNO:CCO HS. The magnetic properties of
intralayer cuprate and nickelate are also retained in their HS
due to the disappearance of interlayer super-exchange inter-
A pure parallel band contributed by Ni/Cu-3d

action. 22
orbitals with a charge transfer is found. In conclusion, we
highlight that the intrinsic doping in infinite-layer HS induced
by charge transfer can control the concentration in each layer
without the breaking of the original electronic and magnetic
properties of its counterparts. This work opens a new way for

interface design in infinite-layer LNO:CCO HS.
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