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Landscape of coexisting excitonic states
in the insulating single-layer cuprates and nickelates

Christopher Lane»?* and Jian-Xin Zhu'2 ¥

! Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mezico 87545, USA
2 Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los Alamos, New Mezico 87545, USA
(Dated: April 27, 2020)

We present an ab initio study of the excitonic states of a prototypical high-temperature super-
conductor LasCuQO4 and compare them to the isostructural single-layer nickelate LaaNiO4. Key
difference in the low-energy electronic structure leads to very different excitonic behavior. Excitons
in LapCuQy4 are delocalized and can freely move in the CuOs plane without disturbing the antifer-
romagnetic order. In contrast, in LasNiO4 we find the low-lying excitonic states to be extremely
localized, producing a nearly flat dispersion. The theoretically obtained excitonic dispersion and
behavior are in excellent agreement with RIXS observations. To classify the excitons we project the
electron-hole coupling onto each atomic site including the full manifold of atomic orbitals. We find
the excitons to be composed of a linear combination of exciton classes, including Mott-Hubbard,
d — d, and charge-transfer. The implication of these excitations to the high-T. pairing mechanism

is also discussed.
I. INTRODUCTION

A long standing problem in the phenomenology of
strongly correlated transition-metal oxides (TMO) is the
nature of the insulator-metal transition and its close con-
nection to the character of the electronic band gap. The
parent insulating phase typically falls into one of two
categories: Mott or charge-transfer. In Mott insulators,
the band gap is formed by the upper and lower Hub-
bard bands, since the on-site potential U is less than the
charge-transfer energy characterized by the ligand oxy-
gen 2p levels. In contrast, the electronic gap in a charge
transfer insulator is formed by oxygen 2p states and the
upper Hubbard band. Physically, these two cases give
rise to very different scenarios upon carrier doping; one
where the carrier sits on the transition-metal atom or the
other where it sites on the oxygen sites.

The classification of the gap alone, however, does not
dictate the overall nature of doped state. For example,
LayCuO4 (LCO) and LagNiO4 (LNO) are isostructural
Ruddlesden-Popper transition-metal perovskites gener-
ally regarded as charge-transfer insulators, but they ex-
hibit wildly different properties. LCO is a prototypical
high-temperature superconductor with active itinerant
carriers setting in around z ~ 0.05,' while no supercon-
ductivity has been reported in LNO with metallic be-
havior arising near x = 0.8.2 The relationship between
these two materials is made even more intriguing by the
recent discovery of superconductivity in the infinite-layer
nickelate.?

To capture the nature of the occupied and unoccupied
states, recent advances in high resolution resonant inelas-
tic x-ray scattering (RIXS) provide a window into the en-
ergy and dispersion of elementary electronic excitations.
Therefore, it provides a means to confront the low-energy
elementary electronic excitations with theoretical predic-
tions of electronic structure and dynamics. Of particular
interest, RIXS measurements reveal opposing behaviors

in the electronic excitation spectrum of LCO and LNO.
In LCO, low energy excitonic bound states are found to
be highly mobile displaying a parabolic energy dispersion
from Brillouin zone center to zone edge.*® However, LNO
exhibits completely localized electron-hole pairs, showing
no energy dispersion as a function of momentum.*

An accurate first-principles treatment of the ground
state electronic and magnetic structure of correlated ma-
terials is a fundamental challenge, and predicting emer-
gent excited states further increases the complexity. The
complete failure of the local density and generalized
gradient approximations within the Hohenberg-Kohn-
Sham®7 density functional theory (DFT) in LagCuOy
ushered in the common belief that the density func-
tional theory framework was fundamentally limited. Out
of this void, many ‘beyond’ DFT treatments, such as
DFT+U 8! quasiparticle GW,'? and various dynami-
cal mean-field theory (DMFT) based schemes!3™° were
constructed to rationalize the low-energy spectra of
LasCuO4 and many other correlated materials. How-
ever, these methodologies introduce external parameters,
such as the on-site Hubbard U, to tune the correla-
tion strength, which fundamentally limit the predictive
power.

The theoretical investigation of excitons in strongly
correlated matter has a long history starting around
the time of BCS theory. Questions regarding exciton
condensation, %22 propagation,?®2?* electron-hole pair-
ing pathways,2> 3% and their possible link to the mecha-
nism of high-termperature superconductivity'-31-3% have
been pursued. In particular, several calculations have
been put forth classifying the excitons as charge-transfer,
where the electron and hole sit on neighboring Cu and
O sites, along with justifying their dispersive nature in
LayCu0y4.2%:26:28 Additionally, Mott and d — d excitons,
where electron and holes originate from the Cu-d,2_,:
bands and the d,2_,2/d.> orbitals, respectively, have also
been suggested.?’ However, a detailed characterization of
the dispersion and nature of the excitons — Mott vs. d-d



vs. charge-transfer — in the real materials requires ap-
proaches that are not restricted to simple bases-sets and
limiting cases.

Recent progress in constructing advanced density-
functionals presents a new path forward in address-
ing the electronic structures of correlated materi-
als at the first-principles level. In particular, the
strongly-constrained-and-appropriately-normed (SCAN)
meta-GGA exchange-correlation functional,®® has been
used to accurately predict many key properties of the
undoped and doped Las;CuO4 and YBasCu304.572? In
LagCuOy4, SCAN correctly captures the magnetic mo-
ment in magnitude and orientation, the magnetic ex-
change coupling parameter, and the magnetic form factor
along with the electronic band gap, all in accord with the
corresponding experimental values. Recently, by treat-
ing the charge, spin, and lattice degrees of freedom on
the same footing in a fully self-consistent manner the
SCAN functional stabilizes 26 competing uniform and
stripe phases in near-optimally doped YBayCuzO7 with-
out invoking any free parameters.?” These results indi-
cate that SCAN correctly captures many key features of
the electronic and magnetic structures of the cuprates
and thus provides a next-generation standard for inves-
tigating missing correlation effects.? We note that the
transferability of SCAN to the wider class of transition-
metal oxides has been demonstrated in Refs. 41 and 42.

In this article, we show that the excitonic dispersion in
LasCuOy4 and LagNiOy4 can be captured within the DFT
framework. Our first-principles, parameter-free magnetic
ground state reproduces the key experimentally observed
excitonic properties of LagCuO4 and LayNiO4. By pro-
jecting the electron-hole coupling matrix on to atomic-
sites using the full manifold of atomic orbitals, we find the
excitons to be composed of a linear combination of states,
including Mott-Hubbard, d—d, and charge-transfer. Fur-
thermore, we comment on the role these excitations may
play in the superconducting pairing mechanism.

II. COMPUTATIONAL METHODOLOGY

Ab initio calculations were carried out by using
the pseudopotential projector-augmented wave (PAW)
method*? implemented in the Vienna ab initio simula-
tion package (VASP)*4° with an energy cutoff of 500
eV for the plane-wave basis set. The GW PAW po-
tentials released with VASP.5.4 were used. Exchange-
correlation effects were treated using the SCAN meta-
GGA scheme.?® A 9 x 9 x 1 I'-centered k-point mesh
was used to sample the Brillouin zone. For LasCuQOy4
and LasNiO4 we used the low-temperature orthorhom-
bic (LTO) and low-temperature tetragonal (LTT) crys-
tal structure of Bmab and P4s/nem symmetry, re-
spectively, in accord with the experimentally observed
structures.*47 All sites in the unit cell along with the
unit cell dimensions were relaxed using a conjugate gra-
dient algorithm to minimize energy with an atomic force

tolerance of 0.008 eV/ A. A total energy tolerance of 106
eV was used to determine the self-consistent charge den-
sity. The theoretically obtained structural parameters
are in good accord with the corresponding experimental
results. As shown in Fig. 1(c), the LTO structure can be
viewed as being a v/2 x /2 body-centered-tetragonal su-
perlattice of I4/mmm symmetry in which ' ~ b’ ~ v/2a;
the CuOg octahedra are rotated along the (110) and
(110) directions in alternate layers. The LTT struc-
ture (Fig. 1(d)) is similar to the LTO structure, except
a’ = = v/2a and the NiOg octahedra are rotated along
the (100) and (010) directions in alternate layers.

The response functions and exciton eigenvalue calcu-
lations were carried out using the screened interaction
W and Bethe-Salpeter equation (BSE) as implemented
in VASP. Following Liu et al., we adopted the single-
shot Wy variant of the fully self-consistent screened in-
teraction commonly employed in the GW approximation
due to its reasonable computational performance, while
maintaining robust results.*® For the calculation of the
response functions at the Wy level, 125 frequency points
and 600 virtual orbitals were used with an energy cut-
off equal to half of the plane-wave cutoff. Ergénenc et
al.*® demonstrated by a systematic analysis of the con-
vergence of GoWj results for a representative dataset of
3d, 4d, and 5d TMO perovskites that 600 virtual orbitals
are sufficient to obtain well converged results.

Since we wish to obtain excitons of zero and finite
center-of-mass momentum, Q, the BSE was solved be-
yond the Tamm-Dancoff approximation (TDA), includ-
ing resonant-antiresonant coupling,

S, S,
(Eck+Q - Evk AUC(I? + Z chk v c’k’ )Av’gk’ (]'a’)
v'c'k’
AB S, S, S,
+ Z chk,v’c’k’(Q)Bv ch’ Q QAUCS’
v'c'k!
S,
(Eck+Q - E’Uk vck + Z chk v’/ ¢ k’ )Av’gk’ (lb)
v’ 'k’
S, S, S,
+ Z chkvc’k’ )Bv gk’ = -0 QB’UCS’
v'c'k!

where Q%Q is the S*" excitonic energy with center-of-
mass momentum Q and Afég (chg) is the resonant
(antiresonant) electron-hole coupling coefficient. More-
over, W, was used as a starting point for the construc-
tion of the screening properties in the interaction kernel
chk,v’c’k’ -50

SCAN is constructed within the generalized Kohn-
Sham (gKS) scheme® where the exchange-correlation
potential is formally constructed to be orbital dependent
and thus is “non-multiplicative,” in contrast to the “mul-
tiplicative” potentials constructed within the LDA and
GGA KS approaches. As a consequence, the gKS band
gap is equal to the fundamental band gap in the solid,
which is defined as the ground-state energy difference
between systems with different numbers of electrons.??
In line with this result, recent SCAN-based studies ob-
tain band gaps in the high-temperature cuprates and 3d
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FIG. 1. (color online) (a) and (b) Electronic band structures (blue lines) along the high-symmetry lines in the Brillouin zone
for LasCuO4 and LazNiO4 in the AFM phase. Contribution of dxz_y2, d,2, and dg, orbitals are highlighted with red, green,
and purple dots, respectively. For the corresponding oxygen contributions in LCO see Ref. 37. The sizes of the dots are
proportional to the fractional weights of orbital species. A schematic diagram of the AFM and reference tetragonal Brillouin
zones with the path followed in presenting the band structures is shown on the right. (c¢) and (d) Theoretically predicted AFM
state of LapCuQO4 and LazNiOy4 in the LTO and LTT crystal structure, respectively. The related AFM structure is highlighted
by coloring the octahedra in Lay;CuOy4 blue (pink) and in LapNiOy silver (brown) for spin-up (down). The in-plane oxygen
atoms have no net magnetic moment for either compound. The black lines mark the unit cell.

transition-metal perovskite oxides in accord with exper-
imental observations.?”:38:4953 This enables us to avoid
the GW quasiparticle corrections and use directly the
generalized Kohn-Sham band energies as the eigenvalues
of the electrons (E.x+q) and holes (E,k) in the BSE
Hamiltonian, where only seven conduction and seven va-
lence bands were considered.

III. GROUND STATE ELECTRONIC AND
MAGNETIC STRUCTURE

Figure 1(a) and 1(c) show the electronic band struc-
ture (blue lines) and crystal structure of LagCuQy in the
LTO phase for the antiferromagnetic (AFM) phase. The
site-resolved atomic projections for d,2_,2 (red dots), d,2
(green dots), and dg, (violet dots) are overlaid. Since
the copper atoms have an oxidation state of 2%, only
the dy2_,2 is half-filed. Due to an intermediate electron-
electron interaction (U a2 4.846 eV)37, a moment of 0.487
pp is produced in the dg2_,2 orbital, with very little con-
tribution from the rest of the d manifold-of-states.”* As a
result of the AFM order, a 1.0 eV band gap is formed in
the dy2_,2 dominated band, with concomitant splitting

around —7 eV. For more details and a thorough study
of the ground state magnetic and electronic structure of
LayCuO4 employing the SCAN functional please refer to
Refs. 37 and 38.

The magnetic and electronic structure LasNiOy4
[Fig. 1(b) and(d)] is similar to that of LapCuQOy4, except
for a few key points. An antiferromagnetic order is sta-
bilized on the Ni atomic sites with a magnetic moment
of 1.516 pp. Breaking the magnetic moments into their
orbital components we find the Ni dy2_,2, d,2, and ty,
have a moment of 0.7070 upg, 0.7749 up, and 0.0364 up,
respectively. The apical oxygen atoms exhibit a 0.054 up
moment collinear to the nickel atom at the center of the
octahedron. The in-plane oxygen sites are polarized, but
display no net moment. The shading of the octahedra in
Fig.1(c) follows the (mw,7) AFM ordering.

The AFM phase opens a 1.64 eV electronic band gap.>®
The band gap develops in the half-filled d;2>_,» and d.-
dominated bands by splitting the up- and down-spin anti-
bonding level. A “mirrored” splitting occurs around —6.5
eV in the bonding band, which breaks its spin degener-
acy. The splitting at -6.5 eV occurs along the ' — M —T
cut in the Brillouin zone producing a gap of 0.5 eV. In-
terestingly, the electronic spectrum is not fully gaped out
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FIG. 2. (color online) (a) and (c) excitonic dispersion (blue dots and lines) along the high-symmetry lines in the Brillouin zone
of momentum transfer for LaoCuO4 and LasNiOy in the AFM phase. (b) and (d) The contribution of each momenta k in first
Brillouin zone to the energetically lowest exciton at each high-symmetry Q-point. See text for details.

due to the presence metallic bands along I' — I" primarily
of strong O p, + p, character. Using the scheme pre-
sented in Ref. 37 the on-site Hubbard potental on the
dy2_y2 and d,2 orbitals is estimated to be 4.752 eV and
5.481 eV | respectively, along with a Hund’s coupling of
0.519 eV.

Since we are mainly interested in examining the exci-
tonic behavior of LasCuO4 and LasNiOy4, we concentrate
our comparison of electronic structure to the states at the
valence and conduction band edges. In LCO, the valence
band is composed of d,2_,2 and d,2 character bands. The
relatively narrow d.,2 bands are spread throughout the
Brillouin zone, except for significant hybridization with
dy2_,2 around M and a pure d,2_,» rising band along
I' — T". The presence of d,» character states at the va-
lence edge is driven by Hund’s coupling (Jy =~ 1.248 eV)
present on the copper sites.?” The conduction band is
highly dispersive and is composed of pure d,>_,2 orbital
character. In contrast, the valence in LNO is comprised
of narrow intertwining d;2_,» and d,, character bands.
The dg2_,> and d;, states do not appear to hybridize
with one another, suggesting the valence is an even mix-
ture of both orbitals. The conduction band is essentially
completely flat and of pure d,» character, forcing any
electron carriers to be extremely localized with a diver-
gent effective mass. The offset in energy between dg2_,
and d,= bands is driven by the tetragonal splitting of the
ey levels and the presence of the d,, band is facilitated
by Hund’s coupling. We further emphasize that, due
to the sizable d.» and d;, contribution to the valence
states in LCO and LNO, respectively, the conventional

one-band model of the cuprates is of limited reach®®, as
is the classification of the cuprates and nickelates within
the Zaanen-Sawatzky-Allen®” scheme.

IV. EXCITONIC PROPERTIES

Figure 2(a) and 2(c) shows the energy dispersion of
the first 100 excitonic states®® along the high symme-
try directions in the first Brillouin zone of LayCuO,4 and
LasNiQy, respectively. For LCO, there is a finite splitting
between the lowest mode and the doubly degenerate pair
of excitons 100 meV higher in energy at I". These three
excitons are quite dispersive throughout the Brillouin
zone and are separated in energy from the rest of the
bands sitting at 0.7 eV and above. Along the I'— X path,
the three lowest energy states follow a parabolic line
shape in agreement with reported RIXS observations.*?
At the X point, the bands are separated by 20 meV,
but continuing along the X — M path, the bands become
nearly degenerate at M.5° Finally, the states are again
split along M — I". Overall, the excitons in LCO appear
to be quite mobile despite the background AFM order.

In LNO the excitonic states display very different be-
havior. Figure 2 (c) shows a series of nearly flat bands,
similar to atomic levels, with more dispersive bands star-
ing at 1.5 eV. Each set of flat bands is triply degener-
ate, in contrast to the finite splitting found in LCO. The
flat, non-dispersive nature of the excitonic states is in
good accord with RIXS experiments.* The origin of flat
bands is a direct consequence of the extremely localized
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FIG. 3. (color online) Heat map of the atomic-site projected
electron-hole coupling amplitude, \C’T |?, for the lowest en-
ergy exciton in LagCuQO4 and La2N104 The positions of the
various atoms in the unit cell are given in Table IT of Ap-

pendix A.

d,2 band at the conduction edge of the ground state elec-
tronic structure, where the divergent effective mass of the
electron effectively pins the exciton.®°

To elucidate the band features and gain more insight
into the localization of these lowest energy electron-hole
pairs, we break down each exciton state into its compo-
nent transitions. That is, the exciton wave function can
be written as a linear combination of electron-hole pairs

> 2558 |cvokQ) (2)

kcvo

59) =

where S indexes the excitonic state, v (¢) index the oc-
cupied (unoccupied) bands, o is the spin of the electron
population, k (Q) is the (center-of-mass) crystal momen-
tum in the first Brillouin zone, and ZiakQ electron-hole
amplitude, or equivalently an eigenvector of the excitonic
Hamiltonian defined in Ref. 61 which combines both res-
onant and antiresonant components of the ’super’ vector
(A%, B%).

Figure 2(b) and 2(d) show the contribution of each
momenta k in first Brillouin zone to the energetically
lowest exciton at each high-symmetry Q-point. The size
and color of each dot goes as Y., |Z59|%, where the
contribution of each band (valence and conduction) and
electron spin is integrated out. In LCO [Fig. 2 (b)], the
dominant crystal momentum of lowest energy exciton
is centered on (w,7) for Q = (0,0). For Q = (=,0),
the momentum of the electron and hole is centered on
(r/9,7) with a slightly decreased spread as compared
to Q = (0,0). Moreover when Q = (,7), the momen-
tum distribution of the electron-hole pairs is significantly
spread out from the (0,0) center. Overall the excitons in
LCO are tightly localized in k-space, implying they are
delocalized in real space on the order of charge-transfer
or Wannier excitons. Therefore, they are quite mobile
in the CuOs layer, consistent with their dispersion. The
momentum distribution of exciton two and three are vir-
tually identical to the lowest energy exciton.

In contrast, the momentum distribution associated
with the lowest energy exciton in LNO [Fig. 2(d)] is
more uniformly spread throughout the Brillouin zone,
admitting only slight peaks at (7/4,7/4), (7, 7/3), and
(r/3,7/3) for Q at T', X, and M, respectively. The mo-
mentum distribution can be thought of as two distribu-
tions superimposed: one a uniform background driven
by the flat d.» conduction band and another with slight
inhomogeneities from the narrow valence bands. Due to
the dominance of the uniform momentum distribution,
these excitons are very localized in real space and effec-
tively immobile, reflecting their dispersion.

Important to classifying excitons, and the phenomenol-
ogy of a strongly correlated electron system in general,
is to ask on which atomic sites the electrons and holes
sit within the material system. To address this ques-
tion, we project Z59 % onto each atomic site including the
full mamfold of atomic orbitals corresponding to the par-
ticular atomic species. To project Z5%, we define the
change-of-basis transformation, P, between band space
and the atomic-site-orbital space by writing the Kohn-
Sham wave functions as a linear combination of a set of
projected localized orbitals®?

=N VL) (Vo) = > PRV, (3)

Tlm Tlm

‘¢kno>

where 7 indexes the site, Im specify the real spherical
harmonic Y;,,, and Pfﬁ,;’ is the transformation between
bases. Further details of the local projections are given
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in the Appendix. Substituting into Eq. (2),
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we arrive at the electron-hole amplitude in the atomic-
site-orbital basis,
SoQ SoQ pk+Qco k
CTlm T''m’ Z chk P‘rlm P*/l’r’[))’g' (5)
kcvo

Since we only find one active orbital per atomic site, we
further simplify the discussion by integrated out the spin
and orbital degrees of freedom, Cf (3, Table I gives the
relevant electron-hole pairing pathways with their corre-
sponding orbital character.

Figure 3(a) shows a heat map of |C’SQ %12 for the low-
est energy exciton in LagCuQy,, where the horizontal and
vertical axes are the atomic sites of the holes and elec-
trons, respectively. Here and thereafter, we will distin-
guish the in-plane oxygen atoms from the apical oxy-
gen atoms as O and O, respectively. Firstly, we notice
there is a clear asymmetry about the diagonal, indicat-
ing a difference in localization of the electron and hole.
For example, the hole has a higher probability of sit-
ting on the various apical oxygen sites as compared to
the electron which displays relatively negligible weight

on those atoms. Overall, the copper-copper sector ex-
hibits the largest amplitude, with lesser weight on the
in-plane and apical oxygen atoms. Within the copper-
copper sector, the highest probability for exciton forma-
tion is along the diagonal. That is, the electrons and
holes tend to coexist on the same copper atomic site.
The next highly weighted pairing arrangement comes be-
tween copper atoms with the same magnetic polarization,
but on different CuQOs layers, suggesting the existence of
interlayer d — d excitons in LCO. Lastly, excitons may
form between copper atoms of differing magnetic polar-
ization giving rise to Mott-Hubbard excitons. The non-
zero weight in the Cu-O and Cu-O, sectors is due to the
strong hybridization between copper and oxygen within
the CuOs plane and generate charge-transfer electron-
hole pairs.

Figure 3(b) shows the same as (a) except for LagNiOy.
In this case, the weight in all sectors is reduced or close
to zero except for the Ni-Ni, Ni-O, and O.-Ni matrix
elements, indicating the enhanced localization in LNO.
The Ni-Ni zone is the highest weighted, displaying a
clear two toned ‘checkerboard’ pattern. Similar to LCO,
electron-hole pairing between A-A and B-B magnetic
sublattices is highly favored, whereas exciton formation
within the NiOg plane between A and B sublattices is
weak. Moreover, inter-layer and intra-layer excitons are
found to be equally probable. Due to the orbital struc-
ture at the valence band edge, LNO does not exhibit any



Mott-Hubbard type excitons. This difference is the re-
sult of tetragonal distortion of NiOg octahedra, which
buries the occupied d.2 orbital band below the Fermi
level [Fig. 1(b)], making it irrelevant in the low-energy
physics. A variety of weak charge-transfer excitons are
predicted facilitated by strong nickel-oxygen hybridiza-
tion. Table I summarizes the various types of excitons
predicted along with their orbital character.

LaCuOy
Sublattice ‘ Hole Electron Type
A-A (B-B)| Cud,2 |Cu dy2_,2 d-d
A-B Cud,2_,2|Cud,2_,2 | Mott-Hubbard
- O pz +py | Cu d,2_,2 | Charge-Transfer
A-A (B-B)| O:p. |Cud,2_,2|Charge-Transfer
- Cud,2 | O pg+ py | Charge-Transfer
LasNiOy
Sublattice ‘ Hole Electron Type
A-A (B-B)| Nidgy Ni d,2 d-d
A-B Nidy2_,2 Ni d,2 d-d
- Ops+py| Nid, |Charge-Transfer
A-B Ni dgzy |O: pa + py| Charge- Transfer
A-A (B-B)| Nidgy O. p. | Charge-Transfer
A-A (B-B)|Ni d,2_,2 |O; p: + py| Charge-Transfer
A-B Nid,2_,2 O, p- Charge-Transfer

TABLE 1. Dominant electron-hole pairing channels in
LasCuO4 and LagNiO4. Inter- and intra-layer pairing con-
figuration are found for each exciton type.

To gain further insight into the real space extension
of the excitons in LasCuO,4 and LasNiOy4, we plot the
excitonic wave function associated with the lowest en-
ergy exciton. The excitonic wave function in real space
is obtained by projecting |SQ) [Eq. 2] onto the spatial
coordinates of the electron and hole, yielding

TRre,rs) = Y Zo32baciq(re)din(rn) . (6)

kcvo

where r. and rj;, are the real-space electron and hole co-
ordinates and ¢ is the SCAN-based Kohn-Sham wave
functions. To represent the six-coordinate function, we
fix the hole (electron) position and we plot the resulting
electron (hole) density, e.g., |¥9(r.,r, = R)[%.

Figure 4(a)-(c) shows the excitonic wave function
within a CuQOs5 plane for various fixed electron locations.
In panel (a), the electron is fixed to the lower corner of
the unit cell with the corresponding hole density concen-
trated on the copper and oxygen sites. The hole density
at the corner site resembles a d.» orbital, while at the
center of the plane it is of d;2_,2 character. If the elec-
tron is moved to the center atom [panel (b)] the orbital
character switches between atomic sites. Moreover, if the
electron is placed on a planar oxygen [panel (c)] both cop-
per atomic sites appear to be a linear combination of d 2

and dy2_,2. The density surrounding the oxygen sites
seems to be driven mainly by strong Cu-O hybridization.
As aresult, the in-plane oxygen atoms develop a hole den-
sity of s £p, (s+p,) symmetry. Moreover, halos of hole
density are found surrounding the apical oxygen atoms.
Finally, Figure 4 (d) shows the corresponding electron
density for a hole fixed to the corner of the unit cell.
Here, the density is almost equivalent to the magnetic
density obtained in Ref. 37, where each copper atomic
site has a d,2_,2 orbital and the oxygen atoms are com-
posed of pure p,(p,) orbitals. The orbital character of
electron and hole density directly follows the conduction
and valence band characters of the ground state elec-
tronic structure.

Figure 4(e)-(h) is the same as (a)-(d) except for the
NiO; plane. The hole density exhibits the same behavior
as LCO but displaying dg2_,2 and d, orbital characters
on the nickel sites. Panel (h) shows the electron density
highly localized to the nickel atoms, resembling a pure
d,> state, as expected from the band structure.

V. DISCUSSION

The atomic-site-orbital resolved exciton coupling am-
plitude of LCO and LNO displays a rich landscape of
excitonic pairing configurations, including local intra-
atomic, semi-local intralayer and non-local interlayer
excitons. These excitonic modes go beyond single or
three-band models, which are limited to Mott or charge-
transfer type excitations.?® Interestingly, we find two
dominating fundamental types of electron-hole pairs:
Mott-Hubbard and d — d. The Mott-Hubbard type con-
sists of pairing between transition-metal sites of opposite
magnetic polarization. In this scenario, an electron on
site A is promoted to the empty conduction orbital of
site B, described by

|SMott> =

Z C’meBn [CLAaanBo'n + c.c.} |AFM) |O), (7)

ko
where 7 is the d,2_,2 orbital and |[AFM) |O) represents
the spin and orbital configuration of the ground state.
This process is identical to doublon-holon production.
Previous works'®28 have shown that doublon-holon bind-
ing is easier than hole-hole binding due to additoinal ex-
change processes and favors a d-wave state. Additionally,
doublon-holon pairing has been recognized to produce a
rich array of novel phases including an exciton checker-
board crystal and exciton superfluid phases.'® Recently,
Imada and Suzuki have proposed a link between doublon-
holon condensation and the psudogap phase. They also
argue that high-temperature superconductivity can be
driven by dipole attraction of the Mott-Hubbard exci-
tons.' Therefore, the presence of intra- and inter-layer
Mott-Hubbard excitons in LCO, though weaker than the
d — d excitions, suggests the existence of hidden excitonic
phases and a possible excitonic origin of the pseudogap.



It has been customarily thought that excitons within
strongly correlated materials could not be localized at the
same atomic site because of the large on-site Coulomb
interaction.?” However, we find strongly localized d — d
exciton formation to be highly favored. In the d—d chan-
nel, electron-hole pairs are formed on the same transition-
metal sites or interlayer sites of equivalent magnetic po-
larization. In this process an electron makes an transition
between two orbital levels, schematically given by,

|Sa—a) =

Z Clizn,Aﬁ I:C]TcAanckAUﬁ +c.c. |AFM> |O> ’ (8)
ko

where 7 () denotes the d.» (d,-,2) orbital. There-
fore, the d — d exciton pairing is identical to orbiton
creation. Orbital excitations have a rich history, com-
plimented by their intimate connection to Jahn-Teller
physics.®3 6% Theoretical studies of two-band models re-
vealed an interesting interplay between spin and orbital
degrees of freedom, producing orbital quasiparticles that
propagate analogously to that of a hole in the AFM back-
ground.%¢-% Furthermore, spin and orbital interactions
can promote bound states with a dispersion similar to
the low-lying excitonic states found in Fig. 2. Signatures
of these delicate new excitations have recently been re-
ported on SroCuO3%? and SroIrO4.7° Within this picture,
the difference in exciton dispersion between LCO and
LNO can be interpreted as a sensitive balance between
electron hopping, on-site repulsion, and Hund’s coupling.
The similarity of the excitonic dispersion and atomic-site-
orbital breakdown, suggest a new ab initio approach to
modeling these exotic quasiparticles.

At present, there remain many divergent views regard-
ing the nature of both the normal and the superconduct-
ing states as well as the origin of the pairing mechanism
in the high-Tc cuprates. Many proposals of pairing glues
have been put forth, including spin-fluctuations,” 7
plasmons,”* 7% and excitons,'?313% each capturing vari-
ous aspects of the cuprate phenomenology. However, the
view that spin-fluctuations play a central role in deter-
mining the physical properties of the cuprates has been
gaining increasing support. Complimenting the spin-
fluctuations, we find nearly degenerate d levels in both
LCO and LNO at the valence band edge giving rise to
a dominant d — d exciton. This is indicative of strong
low lying orbital excitations, which have been shown to
strongly enhance spin-fluctuations.”” Suggesting possible
synergistic cooperation between spin and orbital degrees
of freedom could play a role in the anomalous nature of
the cuprates.

Finally, we wish to comment on the classification of
LCO and LNO as charge-transfer or Mott insulators.
Within the Zaanen-Sawatzky-Allen®” scheme two com-
peting energy scales are compared: the on-site Hub-
bard interaction U and the charge-transfer energy A. If

U < A, the lowest energy excitations are obtained by
transferring one electron from one transition metal ion to
anther —a Mott insulator—. On the other hand, if U > A,
the lowest energy excitations are from the ligand atoms to
the transition metal —a charge-transfer insulator—. How-
ever, our electronic structure shows a deviation from this
scheme. Due to the significant presence of filled d-states
at the valence band edge, under the influence of Jy, not
U, the classification becomes ambiguous. As illustrated
by the electron-hole pairing channels seen in Fig. 3 and
listed in Table I, the position of the excited hole is di-
verse, exhibiting both Mott and charge-transfer behav-
ior. Interestingly, our results suggest that the electronic
gap is predominately of d — d type, where lowest energy
excitations are obtained by transferring an electron from
one orbital of the transition metal ion to anther. Further
suggesting the presence of non-negligible orbital degrees
of freedom.

VI. CONCLUDING REMARKS

In conclusion, our study demonstrates how excitonic
excitations of complex correlated quantum materials can
be addressed on a first-principles basis without the need
to invoke ad hoc parameters or to restrict the orbitals
included in the underlying Hamiltonian. Our finding of
a myriad of different electron-hole pairing pathways, il-
lustrates that the classification of correlated systems is
more nuanced than the proposed Zaanen-Sawatzky-Allen
criteria. Moreover, our study opens up a new pathway
for examining the excited states of cuprates and other
complex materials and their evolution with pressure and
doping.
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Appendix A: Local Projection Details

On each site a full set of real hydrogen-like functions s,
p, and d were employed using the default main quantum
number of the hydrogen radial function. Details of the
sites, on which the local projections defined in Eq. (2) are
centered within the crystal structure of LTO LayCuQOy4
and LTT LayNiOy, are given in Table II.



LaCuOy4| x y z LasNiO4| x y

Cu (0) 0 0 Ni (0) 0 0 0
Cu(l) |0 |o5]o05||Ni(@) |05] 0 |05
Cu (2) 05| 0 0.5 Ni (2) 0 0.5 | 0.5
Cu (3) 05| 0.5 0 Ni (3) 0.5 | 0.5 0
O (4) 0.25] 0.25 |0.011]| [|O (4) 0.25 | 0.25 {0.989
0 () [0.750.75 [0.9%9][ |0 (5) | 0.25|0.25 |0.485
O (6) 0.75] 0.75 |0.489|| [|O (6) 0.75 1 0.75 |0.516
O (7) 0.25( 0.25 |0.511|| [|O (7) 0.75 | 0.75 |0.016
08 |0.75/0.25 0511 [0 (8) |025]0.75| 0
0 (9) 0.25( 0.75 |0.489| [|O (9) 0.7510.25| 0.5
O (10) ]0.25|0.75 |0.989]| [|O (10) [0.75|0.25| O
0 (11) |0.75]0.25 |0.011|[ |0 (11) [0.25|0.75 | 0.5
0. (12) 0 10.944]0.186(| ||O~ (12) |0.031{0.031|0.117
0. (13) 0 10.056|0.814(||O (13) |0.469|0.031|0.677
0. (14) 0 ]0.444|0.314| |0 (14) |0.031|0.469|0.677
0. (15) | 0 |0.556/0.686 0. (15) [0.531[0.969|0.323
O (16) | 0.5]0.944|0.686|(||O- (16) |0.969]0.531]0.323
O (17) |0.5(0.056/0.314|| [|O, (17) [0.469|0.469|0.177
0. (18) |0.5|0.444|0.814| | 0. (18) [0.531|0.531|0.823
0. (19) |0.5]0.556/0.186|(||O- (19) [0.969|0.969|0.823

TABLE II

The sites on which the local projections are cen-

tered within the crystal structure of LTO La;CuO4 and LTT
LasNiOy4 in units of the lattice vectors.
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