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Abstract. In the study of superconducting materials, nickelates have attracted significant attention
due to their crystal structures and electronic properties resembling those of infinite-layer cuprates.
The phenomenon of superconductivity was first discovered in 1911 by Dutch physicist Heike
Kamerlingh Onnes, who observed that mercury exhibited zero electrical resistance near absolute
zero. Subsequently, scientists proposed the BCS theory, formulated by John Bardeen, Leon Cooper,
and Robert Schrieffer in 1957, which successfully explained the microscopic mechanisms of
superconductivity. In 1986, George Bednorz and Alex Miiller discovered the high-temperature
superconductor yttrium barium copper oxide (YBCO), which has a superconducting transition
temperature as high as 92 K. Recently, the synthesis and study of nickelate materials, such as
NdNiO, and Nd,. gSr,. 2NiO,, have shown superconducting transition temperatures ranging from 9
to 15 K, and high-pressure treatment has significantly increased the superconducting temperature.
These advancements suggest that nickelates may possess superconducting mechanisms similar to
those of cuprates, making them a hot topic of research. We chose Pr;Ni,O, as our research subject
and employed density functional theory to calculate its band structure, finding that the d-orbitals of
Ni and O play a crucial role in conductivity, with a substantial number of available electronic states
for conduction.
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1. Introduction

Due to the discovery of unconventional superconductivity in infinite-layer copper oxides, an
increasing number of compounds with similar crystal configurations and electronic structures have
been studied in the field of superconductivity, aiming to reveal the principles of superconductivity
and discover more superconductors [1,2]. A common feature of unconventional superconductors is
the doping-dependent superconducting dome, which is typically close to a competing ordered phase.
Given that the undoped parent compounds of nickelates and infinite-layer copper oxides share the
same nominal transition metal 3d9 configuration and crystal structure [3,4], this suggests that
nickelates should also be unconventional superconducting materials, making the study of nickelate
superconductivity a popular trend. Subsequently, researchers have synthesized NdNiO2 and
Nd0.8Sr0.2NiO2 single-crystal films by employing soft chemical topological reduction to reduce the
perovskite (La327) precursor phase, achieving superconducting transition temperatures ranging from
approximately 9 to 15 Kelvin, experimentally confirming the superconductivity of nickelates. To
further enhance the superconducting temperature (Tc) of nickelate materials, pressure-induced Tc
enhancement methods have been widely applied. For instance, LasNi>O7, which exhibits a Tc of 10K
at ambient pressure compared to infinite-layer nickelates, achieves a Tc of 30K at 12.1GPa, and can
reach approximately 80K at 14GPa [4-6]. Importantly, both single-crystal and polycrystalline
samples of LasNi>O7 have been found to be superconducting and undergo a structural phase transition
from Amam to Fmmm (or 14/mmm) at around 14-15GPa [7-9]. The fundamental electronic structure
of La327 is comprised of nickel-oxygen vertex octahedra, featuring fully occupied t2g orbitals,
bonding-antibonding molecular dz2 states, and nearly quarter-filled itinerant dx2—y?2 states [10]. The
interorbital hybridization between these two orbitals, as well as the hybridization within dz2 itself,
plays a crucial role in the observed superconductivity. Based on this, this paper delves into the
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electronic structure of one of the nickelates, PrsNi2Ov, to investigate and obtain its energy bands and
state densities.

Through systematic band structure calculations, we have revealed the electronic structure
characteristics of PrsNi2O7, which not only deepens our understanding of the superconducting
mechanism in nickelates but also helps clarify the relationship between superconductivity and
electronic state distribution, providing a theoretical foundation for the study of superconductivity in
other nickelates. Furthermore, the clear electronic state analysis points the way towards the discovery
of new nickelate materials with higher superconducting transition temperatures, potentially
stimulating research on other similar compounds and advancing the development of novel
superconductors. Additionally, our research demonstrates the effectiveness of density functional
theory (DFT) in studying the electronic structures of complex materials, particularly in exploring the
electronic properties of unconventional superconductors, providing methodological references for
future related studies. This work offers new perspectives for researchers in materials science,
condensed matter physics, and computational materials science, fostering collaboration and
communication across disciplines. It also contributes new experimental and theoretical data to the
fundamental scientific research of nickelate materials, aiding in the further understanding of their
properties and potential applications.

2. Density functional theory

Density Functional Theory (DFT) is a quantum mechanical computational method based on the
Hohenberg-Kohn theorem, which states that the ground state electron density of a system uniquely
determines the external potential and all physical properties of the system. The core of DFT lies in
transforming complex multi-electron problems into single-electron problems. By solving the Kohn-
Sham equations, DFT approximates the electronic structure, allowing for the calculation of the
system's ground state energy and density.

2.1. Hartree-Fock approximation

Using the adiabatic approximation, the multi-electron Schré&linger equation:

h2 2 1 e2 1 e? _ —~ —~ _
Zi|-zVi - pr— Yi |r_Ri|] t o Yij |ri_rj|}¢ = [XiH; + X Hy]y = Eg 1)

For ease of solving, the Hamiltonian operator is decomposed into single-particle H;and two-
particle T{i]- operators. Ignoring the two-particle operator allows the multi-electron Schré&dinger
equation to be simplified to:

YHY = Ey )
2.2. The Hohenberg-Kohn theorem
The Hamiltonian for an N-electron system is given by:
H=T+U0+V (3)
Where T is the kinetic energy term, U represents the Coulomb interactions, and V,, is the external

potential acting on the electrons, which in solids can be equivalent to the effect of the ionic lattice on
the electrons.

Vext = i Vext (Ii) (4)
_ 1 Z|e2
Vext - 4-1'[80 1 |r_Rl| (5)

Here, Z; is the amount of positive charge associated with the ionic lattice at positionR;. The
corresponding Schrd&linger equation is:
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ﬁlll"(rlrrZJ'--;rN)) = slll"(rlirZJ"'FrN)> (6)
The electron density is defined as:
p(r) = (llj(rll er ey rN)l Zi 8 (r - ri) |llj(r11 er ey rN)> (7)
We can rewrite the external potential asa & function:
Vext = Zlf Vext(r)s(r - I‘i)dl‘ (8)
By combining the above equations,
(P|Vexe| W) = fVext(l')P(l')dl' 9)

We can derive that if the external potential v., or the electron density V.,(r) is known, in
principle, we can obtain the ground state wave function |y} by solving the Schr&linger equation,
allowing us to calculate p(r). This density p(r) can be viewed as a functional of v, (r), which
means:

p(r) = F[Vext(r)] (10)
2.3. Kohn-Sham equation

Replace the kinetic energy functional T[p]with T[p]that of a non-interacting particle, ensuring
both have the same density distribution function. Additionally, assign the non-convertible part of the
difference between T and Ts to an unknown term of E,.[p]. This allows us to obtain a single-particle
wave function. According to the variational principle, we can derive the corresponding Schr&dinger
equation:

hZ
|- V2 + V(D) | (1) = 2i9,(r) (11)
Of which:
2
Vis(®) = 5= [ = p()Ar + Ve (1) + vy (1)
4mey ©  |r-r’|
(12)
= Veoul (N + Vexe () + vy (1)
Exchange correlation expression:
SExc
Ve () = 0] (13)

2.4. Exchange-correlation functional

The Local Density Approximation (LDA) is an effective method used in density functional theory
to calculate exchange-correlation energy. It is based on the uniform electron gas model,
approximating the exchange-correlation energy functional of a non-uniform electron gas by the value
from a uniform system. Although finding an accurate exchange-correlation energy functional is
challenging, LDA has proven to be very successful in many specific calculations due to its simple
expression and practicality. As a result, LDA plays an important role in addressing the ground state
properties of many-electron systems and has become a crucial component of density functional theory.
Under the LDA approximation, E,.[p] can be written as:

Exl[p] = [ drp(Deyclp(0)] (14)

The exchange-correlation potential is expressed in terms of the exchange-correlation energy
densitye,,:

8Exc [p(r)]
8p(r)

Vyc(r,p) = = gc(r,p) +J drp(r’)%‘f"p) (15)
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Obtained using the Local Density Approximation:

dexc(p)

VXC(I', p) = sxc(p) +p dp (16)
3
P= 41'[1‘53 (17)
Expressed as a function of ry:
s deyc(rs)
Vee(ry) = gyc(ry) — 34 (18)

Ignoring the correlation effects in the uniform electron gas results in a relatively simple form for
the exchange-correlation energy density of electrons in a uniform electron gas at the same density

£ = 3e2
¢~ 4Trarg

(19)
Obtain the exchange-correlation potential of the non-uniform electron gas:

4
vx(ry) = 5 x (1) (20)
Clearly, the local density approximation is strictly valid only in the state of a uniform electron gas.

2.5. Solving the Kohn-Sham equations

According to DFT theory, the key to solving the problem lies in how to solve the Kohn-Sham
equations. Typically, a self-consistent iterative method is employed. First, an appropriate initial
electron density functionp;,(r) is chosen, which can be generated randomly. Then, based on this
density function, the effective potential V,(r) in the Kohn-Sham equations is calculated, allowing
for the determination of related values Ve (r), Veou (), Vxc(r) and the single-particle
eigenfunctionse;.Next, the new charge density functionp,,.(r) is computed using the eigenfunctions.
After that, the new and old charge density functions are compared. If the new charge density function
has converged, the total energy is calculated, and the results are output. If it has not converged, the
previous two charge density functions are averaged with weights to generate a new trial density
function, and the next iteration begins, continuing until convergence is achieved.

3. Energy band analysis

To better analyze the electronic structure of PrsNi2O7 in figure 1, we conducted density functional
theory (DFT) calculations. The band diagram reflects the occupation of electronic orbitals, with the
bands below the Fermi level representing the occupied orbitals. In PrsNi2Ov, all 3d orbitals of Nit2>
are occupied, but dy,, dy, and d,, orbitals exhibit relatively lower energies, while the d,2_,. and
d,z orbitals have higher energies. This energy splitting is attributed to the presence of the lattice
structure, which splits the Ni*?> energy levels into two groups: eg and t,g , higher-energy
orbitals(eg)including dy2_,2and dzz, and lower-energy orbitals(t,g)including dy,, dy,, anddyy,
which are fully occupied by electrons. Additionally, the Jahn-Teller effect causes the stretching of
Ni's Z-orbitals, resulting in higher energies for the and orbitals compared to the orbitals. Within the
bilayer structure, a bandgap exists, and the overlap between the Z-orbitals of Ni and O splits the Ni
orbitals into bonding-antibonding molecular d;zstates. The bonding state, having a lower energy, is
fully occupied and forms relatively flat ionic bands along the I'-X and I'-Y directions, which is a
characteristic feature of electronic c-bonds. In contrast, dyz_,2 band remains degenerate and is
quarter-filled. Based on the general assumption of the crucial role of the electronic properties in the
emergence of superconductivity in PrsNi2O7, we hypothesize that applying high pressure (14GPa)
could lead to the metallization of the o-bond bands below the Fermi level through hole doping on
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dz2 orbitals and electron doping ond,_zorbitals. This metallization would potentially enable the
observation of superconductivity in PraNi>Oy7.

1:6 25
Figure 1. Energy Band Diagram

4. Density of states analysis

The state density refers to the number of electronic states within a unit energy range. In the band
structure of solids, different energies correspond to different electronic state densities, and a higher
state density generally indicates better conductivity. In Figure 2, we have utilized density functional
theory to obtain the state densities of different elements in PrsNi2O7 at various energies. The total
state density and the state density of Pr exhibit a high degree of overlap at the Fermi energy level.
Figure 3 further reveals that the state density below the Fermi level is greater than that above it,
indicating that more electrons occupy lower energy states. Consequently, there are relatively more
holes available in the valence band to participate in electrical conduction, enhancing the conductivity
of PraNi»O7 to a certain extent. Moreover, the presence of several peaks and troughs in the state
density below the Fermi level suggests that the distribution of electrons among different energy states
is diverse and complex, reflecting the complex structure of PrsNi2O.

At the Fermi level, the state density exhibits a significant distribution with a pronounced peak,
indicating active electrons and strong electronic correlations. This suggests that PrsNi>O7 possesses a
certain level of conductivity in this state. Among the elements, Ni and O have the highest state
densities at the Fermi level, implying that the conductivity of PrsNi>Oy is primarily determined by Ni
and O. For Ni, the orbitals with higher state densities are dyz_y2, dz2 and dyy,indicating that these

orbitals play a dominant role in the conductivity of PrsNi2O7, consistent with previous molecular
orbital theory analyses.
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5. Conclusion

Through density functional theory calculations, we obtained the band structure and density of
states (DOS) distribution of PrsNi>O7 under high-pressure conditions. These studies reveal its internal
electronic distribution and structural characteristics. The band structure shows that all 3d orbitals are
fully occupied, with the dyz_y2, dzz and dy, orbitals having relatively low energy, while the dyz_y2
and d,2 orbitals have higher energy. This characteristic indicates that the material exhibits
significant electronic o-bonding properties, with bonding electronic states forming relatively flat
ionic bands along the I'-X and I"-Y directions. Analysis of the DOS distribution reveals a high density
of states near the Fermi level for both Ni and O, indicating that the conductivity of PrsNi2O7 is
primarily influenced by these two elements. In particular, for the Ni element, the orbitals with high
density of states include dy, dy,,and d,,, further indicating that these three orbitals play a dominant
role in the conductivity of PraNi2O7. These results are consistent with previous molecular orbital
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theory analyses, reinforcing the critical contribution of Ni and its specific orbitals to the electronic
and transport properties of the material. Based on these findings, we believe that PrsNi.O7 has high
feasibility for applications in electronic devices and superconducting materials. Its unique electronic
properties and good conductivity make it a potential material for quantum computing, efficient energy
transmission, and other cutting-edge technological fields. In practical applications, optimizing the
synthesis methods of PraNi.O7 and adjusting external pressure conditions are expected to further
enhance its conductivity, thereby improving its reliability and efficiency in electronic devices.
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