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Using ab initio band structure and DFT + dynamical mean-field theory methods we examine the effects of
electron-electron interactions on the normal state electronic structure, Fermi surface, and magnetic correlations
of the recently discovered double-layer perovskite superconductor La;Ni,O; under pressure. Our results suggest
the formation of a negative charge transfer mixed-valence state with the Ni valence close to 1.754. We find a
remarkable orbital-selective renormalization of the Ni 3d bands, with m*/m ~ 3 and 2.3 for the Ni 3z%-r% and
x%-y? orbitals, respectively, in agreement with experimental estimates. Our results for the k-dependent spectral
functions and Fermi surfaces show significant incoherence of the Ni 3z>-r states, implying the proximity of
the Ni 34 states to orbital-dependent localization. Based on our analysis of the static magnetic susceptibility,
we propose the possible formation of the spin and charge (or bond) density wave stripe states in high-pressure

La3NiZO7 .
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I. INTRODUCTION

The recent discovery of superconductivity in the hole-
doped infinite-layer nickelate thin films RNiO, (R = La, Nd,
Pr, Sr, Ca) [1-10] has stimulated intensive efforts in un-
derstanding of the electronic structure, magnetic properties,
and microscopic mechanisms of the high-7, superconductivity
in nickelates [11-15]. Upon various chemical composi-
tions, epitaxial lattice strain and pressure superconductivity
in infinite-layer RNiO, films appears below 7. ~ 31 K. In
RNiO,, Ni ions adopt a nominal Ni* 3d° configuration (with
the planar Ni x?-y? orbital states dominated near the Fermi
level) [16—-18], being isoelectronic to Cu*t in the parent
hole-doped superconductor CaCuO, with a critical tempera-
ture ~110K [19-21]. However, it has been shown that the
low-energy states of RNiO, differ significantly from those
of the hole-doped CaCuO,. In fact, in RNiO, the Ni x2-y?
states experience strong hybridization with the rare-earth 5d
orbitals, resulting in self-doping (with the 5d bands crossing
the Fermi level) and noncupratelike multiorbital Fermi surface
(FS) [22-41].

Moreover, recent experiments (resonant inelastic x-ray
scattering, RIXS) provide evidence for the existence of siz-
able antiferromagnetic correlations (with no static magnetic
order) [42-45]. In addition, based on the resonant diffrac-
tion at the Ni L3 edge, the authors propose the formation of
translational symmetry broken states (charge density wave
stripes) [46-51]. All these imply the importance of strong
electronic correlations in infinite-layer RNiO, [52,53]. In
agreement with this, applications of the DFT + dynamical
mean-field theory (DFT + DMFT) [54,55] and GW+DMFT
[56,57] electronic structure calculations show a remarkable
orbital-dependent localization of the Ni 3d states, complicated
by large hybridization with the rare-earth 5d states [22—41].
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So far, superconductivity has been observed in the epitaxial
thin films of the hole-doped nickelates RNiO, and (undoped)
quintuple-layer square-planar nickelate NdgNisO;, systems
synthesized using soft-chemical topotactic reduction of the
parent perovskite compounds (with metal hydrides). Interest-
ingly, superconductivity sets in the thin films nickelates with
the Ni ions in a mixed-valence average state near to Ni'>*
[1-10]. However, no evidence of superconductivity has been
observed in the bulk samples [58—60], while magnetic suscep-
tibility measurements of bulk RNiO, (with R = La, Pr, and
Nd) show universal spin-glass behavior at low temperatures
[44]. This suggests the crucial role of hydrogen for supercon-
ductivity in the infinite-layer nickelates [61,62].

In this respect, the recently reported by Sun et al. su-
perconductivity in the (bulk hydrogen free) single crystal
double-layer perovskite LazNi,O7 with a high critical temper-
ature ~80 K under pressure between ~14 — 43 GPa [63,64]
has stimulated intensive efforts in understanding of its elec-
tronic structure [65-70]. In contrast to the infinite-layer
nickelates in LazNi,O; (LNO), the Ni ions adopt a nominal
mixed-valence Ni*>* (3d7%) electron configuration. Under
pressure, LNO undergoes a structural transition from the
low-pressure Amam to orthorhombic Fmmm phase above
~15 GPa, which is characterized by a change of the bond
angle of Ni-O-Ni (to 180° along the c axis, with no tilting
of oxygen octahedra) [63,64]. Superconductivity in the high-
pressure Fmmm phase of LNO is found to compete with a
strange (bad) metal phase above 7. and weakly insulating
behavior at pressures below 15 GPa.

Moreover, in recent experiments (resistance, magnetiza-
tion, Raman scattering, and specific heat measurements) LNO
is found to show anomaly in the transport properties near
153 K (at ambient pressure), suggesting the formation of
spin and charge density wave states [64]. These experiments
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also show the importance of effective mass renormalizations
caused by correlation effects, implying the significance of
electron-electron interactions in LNO. While the electronic
state of the high-pressure (HP) phase of LNO has recently
been discussed using various band-structure, GW, DFT +
DMEFT, and GW+DMFT methods [65-70], its properties are
still poorly understood. The fundamental question concern-
ing the mechanism of superconductivity and the impact of
electronic correlations on superconductivity and magnetism
in nickelates remains a subject of intense debates [65-78].

We address this topic in our present study. In our work, we
explore the effects of correlations on the electronic structure
and magnetic state of the normal state of the recently discov-
ered double-layer nickelate superconductor La3Ni,O; under
pressure [63,64]. In particular, we use the DFT 4+ DMFT
approach [79-81] to study the electronic structure, orbital-
dependent correlation effects, Fermi surface topology, and
magnetic correlations in LNO. Our results reveal a remarkable
orbital-selective renormalizations of the Ni 3d states. Our
analysis of the k-resolved spectral functions and correlated
Fermi surfaces suggests significant incoherence of the elec-
tronic Ni 3z%-r states, implying the proximity of the Ni e,
states to orbital-selective localization. Our results propose the
possible formation of spin and charge (or bond) density wave
stripe states, which seems to be important for understanding
of the anomalous properties of LNO.

II. RESULTS AND DISCUSSION
A. Electronic structure

We start by computing the electronic structure and analy-
sis of the orbital-selective behavior of the Ni 3d states. We
perform the nonmagnetic DFT band structure calculations
(within generalized gradient approximation with Perdew-
Burke-Ernzerhof exchange functional) [82] as implemented
in the Quantum ESPRESSO package [83,84] using ultrasoft
pseudopotentials [85,86]. In our calculations we use the ex-
perimentally refined crystal structure (at about 29.5 GPa) and
preform structural optimization of atomic positions with fixed
lattice constants a, b, and ¢. Our DFT results are in overall
agreement with those in Refs. [65—69]. Thus, the partially
occupied bands crossing the Fermi level are of Ni e, character
with strong hybridization with the O 2p states. We note that
the DFT Ni e, bandwidth is about 4.7 and 3.8 eV for the Ni
x2-y? and 3z%-r? orbitals, respectively, while the crystal filed
splitting between these orbitals is ~0.3 eV (for LNO at about
29.5 GPa). It is worth noting that at ambient pressure the
bandwidth of the Ni x2-y? and 3z2-r? orbitals is about 4.2 and
3.3 eV, respectively; the crystal field splitting between these
orbitals is ~0.3eV.

The Ni 1, states are fully occupied and appear at about
—0.5 eV below the Fermi level. The occupied part of the
O 2p bands appears at —8.5 to —2 eV below the Fermi
level. In agreement with previous results, our DFT es-
timate of the charge-transfer energy difference A =¢; —
€p ~ 3.8eV [87,88] is remarkably smaller than that typical
for the infinite-layer nickelates ~4.2 eV [1-15]. This implies
the importance of charge transfer effects in LNO, while the
infinite-layer nickelates are in fact closer to a Mott-Hubbard

regime [2,5,11-15]. The bands originating from the La 5d
states are unoccupied and appear at about 2 eV above EF.

We note however that for LNO with the experimental (un-
relaxed) crystal structure, the La 5d states cross the Fermi
level near the I" point of the Brillouin zone (BZ). Our results
for the unrelaxed LNO are summarized in the Supplemental
Material [89]. This behavior results in self-doping, i.e., in
charge transfer between the Ni e, and La 5d states similar
to that in RNiO,. We note that in RNiO, the rare-earth 5d
states cross the Fermi level near the I and A points of the BZ,
resulting in the appearance of three dimensional FS pockets.
Moreover, structural optimization within DFT results in a
remarkable upshift of the La 5d states by about 1-2 eV above
the Er. As a result, the Fermi surface of the HP LNO (with
optimized structure) consists of two electron pockets with
mixed Ni x%-y? and 3z%-r character, centered at the I and
M points of the BZ—a quasi-two-dimensional cylinderlike
FS at the I point, with small warping along the ¢ axis, and
a more squaredlike FS at the M point—and one hole pocket
due to the Ni 3z2-r2 states at the M point. On the other hand,
our DFT calculations for LNO with the experimental structure
give an additional quasi-2D cylinderlike electron FS of the La
5d character at the I" point, with substantial variation of the FS
cross section along the c axis (see Fig. S1 of the Supplemental
Material).

B. Effects of correlations on the electronic structure

Next, we discuss the effects of electronic correlations
on the electronic structure, Fermi surface, and magnetic
properties of LNO under pressure. In order to treat cor-
relation effects in the partially filled Ni 3d states (La 5d
states are more extended, located above Ep, and to a large
extent can be considered as uncorrelated) we employ the
DFT 4+ DMFT method [54,55]. We use a fully charged
self-consistent DFT 4+ DMFT implementation [79-81] with
plane-wave pseudopotentials [83,84] to compute the orbital
dependent and k-resolved spectral functions of paramagnetic
(PM) LNO. In these calculations we neglect the possible
appearance of spin and charge density wave states in LNO
[46-50,90-100]. For the low energy states we construct a
basis set of atomic-centered Wannier functions for the Ni 3d,
La 5d, and O 2p valence states using the energy window
spanned by these bands [101,102]. This allows us to treat the
electron-electron interactions in the partially filled Ni 3d shell,
complicated by a charge transfer between the Ni 3d, O 2p,
and La 5d states (the O 2p and La 5d states are treated as
uncorrelated on the DFT level within the fully charge self-
consistent DFT + DMFT method).

In our DFT 4 DMFT calculations we employ the
continuous-time hybridization expansion quantum Monte
Carlo algorithm in order to solve a realistic many-body prob-
lem describing the strongly correlated Ni 3d electrons in
LNO [103]. We use the segment implementation of CT-
QMC, in which by construction the pair and spin-flip hopping
terms of the Hund’s exchange are neglected. In agree-
ment with previous applications of DFT 4+ DMFT, to study
infinite-layer and perovskite nickelates [22,22-41] we take
the Hubbard U = 6eV, Hund’s exchange J = 0.95eV, and
the fully localized double-counting correction (evaluated from
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FIG. 1. k-resolved spectral functions of PM La3Ni,O; calculated
using DFT + DMFT at T = 290 K. The calculations are performed
for the orthorhombic Fmmm structure taken at about 29.5 GPa with
optimized atomic positions. The DFT + DMFT spectral functions
are compared with the nonmagnetic DFT results (shown with green
broken lines).

the self-consistently determined local occupations) [104]. In
our calculations we neglect the spin-orbit coupling. In or-
der to compute the k-resolved spectra and correlated Fermi
surfaces we perform analytic continuation of the self-energy
results using Padé approximants. Our DFT + DMFT calcu-
lations are performed for the normal state of PM LNO at a
temperature 7 = 290 K. All the details concerning the DFT +
DMFT method employed in the present study can be found in
Ref. [81] (and references therein).

In Fig. 1 we display our results for k-resolved spectral func-
tions of LNO with the optimized atomic positions obtained
using DFT + DMFT (in comparison to the nonmagnetic DFT
results). The orbital-dependent spectral functions are shown
in Fig. 2. The DFT 4 DMFT results for LNO with the experi-
mental lattice are shown in Figs. S1 and S2 in the SM. Overall,
our DFT + DMFT results agree well with those published
previously [66,67]. Our calculations show the mixed Ni x-y?
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FIG. 2. Orbital-dependent spectral functions of PM La;Ni,O;
as obtained by DFT + DMFT at T = 290 K. The Ni 34 states are
magnified by a factor two for better readability.

and 3z2-r? states crossing the Fermi level. The occupied O

2p states located at —8.5 to —1.9 eV below Er, with strong
hybridization with the partially occupied Ni 3d states. The
Wannier Ni x2-y? and 3z>-r> orbital occupations are close
to half-filling, of ~0.54 and 0.6 per spin orbit, respectively.
This is in remarkable contrast to that for the optimally doped
RNiO, where the Ni 3z%-r? orbital occupancy is considerably
larger, ~0.85 [22—41]. The total Wannier Ni 3d occupation is
about 8.24. Moreover, our analysis of the weights of different
atomic configurations of the Ni 3d electrons (in DMFT the
Ni 3d electrons are seen fluctuating between various atomic
configurations) gives 0.1, 0.55, and 0.32 for the d’, d%, and
d°® configurations, respectively, in accordance with the mixed-
valence Ni 3d% and 3d° configurations of the Ni ions. Our
analysis gives a formal valence state of 1.75+ for the Ni ions
which significantly differ from Ni>>*. Our results therefore
suggest that LNO appears close to a negative charge transfer
regime [105,106] (similarly with the charge-transfer state in
superconducting cuprates), in contrast to the infinite-layer
nickelates. The latter are in fact close to a Mott-Hubbard
regime [2,5,11-15]. Moreover, our estimate for the spin-state
configuration gives 0.65 and 0.35 for the high-spin and low-
spin state configurations, respectively. This suggests strong
interplay of the S =0 and § = 1/2 states in the electronic
structure of LNO (the corresponding weights are 0.23, 0.32,
and 0.32 for the 3d® S = 0,3d% S =1, and 3d° S = 1/2 spin
configurations, respectively), similarly to that in RNiO, [34].

C. Orbital-selective behavior

The electron bands originating from the La 5d states are
unoccupied and appear at 2.2 eV above Ep. Overall, the
physical picture remains similar to that obtained within DFT,
complicated by a remarkable renormalization of the Ni 3d
states and their substantial orbital-selective incoherence (bad-
metal behavior) caused by correlation effects. In fact, the
electronic structure of LNO is characterized by a Fermi-
liquid-like behavior of the Ni 3d self-energies [see Figs. 3(a)
and 3(b)], with a substantial orbital-dependent quasiparti-
cle damping of Im[X(iw)] ~ 0.18 and 0.25 eV for the Ni
x%-y? and 3z2-r* quasiparticle states at the first Matsubara
frequency, at 7 = 290K. The Ni #,, states are sufficiently
coherent, with Im[ X (iw)] below 0.02 eV at the first Matsubara
frequency. Using Padé extrapolation of the self-energy X(iw)
to iw — 0 we obtain 0.08 and 0.11 eV for the Ni x?-y> and
372-r? states at the Fermi energy, respectively.

Moreover, our DFT + DMFT calculations reveal a re-
markable orbital-selective renormalization of the partially
occupied Ni 3d bands. Our analysis of the orbitally re-
solved quasiparticle mass enhancement evaluated as %* =
[l — dIm[X(iw)]/diw]|iw—0 using Padé approximants gives
2.3 and 3 for the Ni x2-y* and 3z>-r? bands, respectively.
The effective mass enhancements of the Ni 7, states is much
weaker, of ~1.3. That is, the Ni 3z2-r? states are seen to
be more correlated and incoherentlike than the in-plane Ni
x2-y?* orbitals. This result is consistent with a narrower DFT
bandwidth of the Ni 3z2-7? orbitals which is by ~19% less
than that for the x%-y” states. Our result for the quasipar-
ticle mass enhancement is in agreement with experimental
estimates from transport measurements for single crystals of
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FIG. 3. Orbital-dependent imaginary part of the Ni 3d self-
energies Im[X(iw)] on the Matsubara axis (a), the imaginary part
of the analytically continued Ni 3d self-energies Im[¥(w)] on the
real energy axis [109] (b), and correlated Fermi surfaces [spectral
function A(k, w) evaluated at w = 0] for different k, (c) for HP
La;Ni,O; calculated by DFT + DMFT at T = 290 K.

the double-layer LNO and three-layer La4Ni3O19, ~2.12 and
2.56, respectively [64]. We also note that the effective mass
enhancement of the Ni 3d states depends sensitively upon
variation of the Hubbard U and Hund’s J coupling values.
Thus, for U = 4eV and J = 0.45eV we obtain m*/m ~ 1.4
and 1.5 for the Ni x?-y? and 3z2-r? orbitals, respectively. For
U=6eV and J =0.45¢eV we find ~1.6 and 1.9, and for
U=4eV and J =0.95eV we find ~ 1.7 and 2.1, respec-
tively. That is, it reveals a strong sensitivity to changes of the
Hund’s J, while dependence of m*/m on the U value is much
weaker. This result is in overall agreement with the results
presented in Ref. [71]. In agreement with our results, the
DFT + DMFT calculations with a remarkably larger Hubbard
U = 10eV and Hund’s exchange J = 1eV give m*/m ~ 5.6
and 6.5 for the Ni x2-y? and 3z2-r? orbitals, respectively [66].
This behavior is also consistent with our analysis
of the orbital-dependent local spin susceptibility x(t) =
(. (7)m;(0)), evaluated within DMFT (see Fig. 4). Thus, our
result suggests the proximity of both the Ni x2-y? and 3z2-r2
states to localization. While the Ni 3z2-r2 orbitals show a slow
decaying behavior of x(7) to 0.06 MZB at T = /2, for the Ni
x?-y? states it is remarkably smaller, ~0.03 u3. Our results
therefore suggest that magnetic correlations in LNO are at
the verge of an orbital-dependent formation of local magnetic
moments, suggestive of Hund’s metal behavior [107,108].
In agreement with this, the calculated (instantaneous) mag-
netic moment of Ni is about 1.3 uz, which is consistent
with a nearly S = 1/2 state of nickel. At the same time, the
fluctuating moment evaluated as p = [kg7 [ x(v)d7]'? is
significantly smaller, 0.55 yg. It is interesting to mention that
our DFT + DMFT calculations for LNO with the experimen-
tal structure give similar estimates of m*/m ~ 2.2 and 2.5, for
the Ni x2-y? and 3z%-7? orbitals at T = 290 K, respectively.
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FIG. 4. Orbital-resolved local spin correlation functions x (7) =
(m,(t)m,(0)) as a function of the imaginary time 7 for the Ni
3d orbitals calculated by DFT + DMFT for the high-pressure PM
La3Ni207 at T = 290K.

D. Fermi surface and magnetic correlations

Next, we calculate the correlated Fermi surfaces [spectral
functions A(k, w) evaluated at @ = 0] within DFT + DMFT
at T =290K. In Fig. 5 we show our results for the in-
plane FSs for different k, (for PM LNO with the optimized
crystal structure). Our results for the FS of LNO with the
experimental (unrelaxed) structure are shown in Fig. S3 of
the SM. The DFT + DMFT calculated FSs are similar to
that obtained within DFT. In fact, it consists of two electron
pockets centered at the I' and M points of the BZ and one
hole pocket at the M point. However, we observe a strong
orbital-dependent incoherence of the FS sheets due to corre-
lation effects. Thus, the two electron FS sheets centered at the
I and M points which are of the mixed Ni x2-y* and 3z%-r>
character show more coherent behavior than the hole pocket at
the M point, originating from the Ni 3z2-r2 states. We note that
this behavior is in overall agreement with our analysis of the
quasiparticle mass enhancements and local spin susceptibility

1 \
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--- 3d total (AMF) |

unrelaxed
2 2

— -y

- 322- r2

—- DFT (x1/2)

0.8+
L (0.30.30)

(0.80.185 0)

x(@) eV

~_~————

0.4r- —
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FIG. 5. Orbitally resolved static spin susceptibility x(q) of
the high-pressure PM LazNi,O; obtained by DFT + DMFT at
T =290K. Our DFT + DMFT results obtained for the around
mean-field double counting scheme are depicted as AMF [104].
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for the Ni x2-y? and 3z2-7? orbitals. Moreover, for LNO with
the unrelaxed lattice we obtain nearly similar FSs with an ad-
ditional (coherent) electron FS sheet, centered at the I" point,
of the La 5d orbital character. Most interestingly, for k, = 0.5
we note a sizable change of the shape of the electron FS sheet
centered at the Z point, caused by the lattice effects, from a
square- (for the relaxed) to hexagonlike (for the experimental
structure). This is suggestive of the Pomeranchuk instability
[110-114], i.e., a change of the FS shape driven by subtle
structural effects. Therefore, this suggests that structural ef-
fects may be important to understand the electronic behavior
of LNO. We conclude that correlation effects mainly result
in the orbital-dependent effective mass renormalizations and
incoherence of the spectral weight of LNO.

Our results show multiple in-plane nesting of the cal-
culated Fermi surfaces of PM LNO. We therefore proceed
with analysis of the symmetry and strength of magnetic
correlations in LNO. To this end, we compute the momentum-
dependent static magnetic susceptibility x (q) in the particle-
hole bubble approximation within DFT + DMFT as x(q) =
—kpT Tr Xy jo, Gk (iw,)G1q(iwy,), Where Gy (iw,) is the local
interacting Green’s function for the Ni 3d states [115,116].

Our results for different orbital contributions in y (q) along
the BZ I'-X-M-I"-Z path are shown in Fig. 5. For both the
DFT and DFT + DMFT results we observe three well-defined
maxima of x (q) at an incommensurate wave vector (0.3 0.30)
on the I'-X branch, (0.80.1850) on the X-M branch, and
(0.6500) on the I'-M branch of the BZ. The first anomaly
has the lowest value of max[x(q)] and seems to be associ-
ated with an electronic spin density wave instability (with a
concomitant charge or bond density wave) characterized by
the (% %O) modulation of the lattice. The most pronounced

instability is associated with the (% 00) modulation, which is
strongly competing with a more complex instability with a
wave vector (% 13—6 0) (according to our interpretation). Our
result is in qualitative agreement with the behavior of x(q)
found in Refs. [65,66], although in both these calculations we
note the absence of a broad instability at the X-M direction at
q = (0.80.1850).

Most importantly, recent experimental studies of infinite-
layer nickelates RNiO, also show the evidence for charge
density wave state (or lattice modulations) with a wave vector
(% 00) [46-50]. In addition, the evidence for charge density
wave states was previously discussed for the ground state of
the hole-doped mixed-valence nickelates (La, Sr),NiO,4 (with
Srx=1/3, Ni>37 jons) and square-planar LasNizOg with
Ni!33* and La;Ni,Og with Ni'>* jons [93-100]. Moreover,
for hole-doped RNiO, (with a hole-doped Ni' state) our
previous DFT + DMFT calculations suggest the possible for-

mation of bond-disproportionated striped phase with similar
behavior [90-92].

Our results suggest complex interplay of spin and charge
stripe states, which can be important for understanding the
anomalous properties of LNO [46-50,64]. This seems to be
consistent with our interpretation of LNO as a negative charge
transfer system with the Ni valence state close to 1.75+.
Moreover, we note that our DFT + DMFT calculations pre-
dict similar x(q) for LNO with the experimental structure.
This implies that this instability is robust and is essentially
unaffected by self-doping effects. This raises the question
about the possible role of stripe spin density and charge (or
bond) density wave states [117,118] to explain the electronic
properties of LNO. This topic calls for further theoretical
and experimental studies of the complex interplay between
charge order, magnetism, and superconductivity established
in nickelate superconductors.

III. CONCLUSION

In conclusion, using the DFT 4+ DMFT method we ex-
plore the normal state electronic structure, orbital-selective
behavior, Fermi surface topology, and magnetic correlations
of the recently discover double-layer nickelate superconductor
La3Ni,O7. Based on our results, we propose that LNO is
a negative charge transfer mixed-valence material, with the
Ni valence state close to 1.75+ (obtained from our analy-
sis of the weights of different atomic configurations of the
Ni 3d electrons). Our results reveal a remarkable orbital-
selective renormalization of the Ni 3d bands, with m*/m ~ 3
and 2.3 for the Ni 3z2-r% and xz-y2 orbitals, respectively, in
agreement with experimental estimates. Moreover, our results
for the k-dependent spectral functions and correlated Fermi
surfaces show significant incoherence of the electronic Ni
3z2-r* states. All these imply the proximity of the Ni 3d
states to orbital-dependent localization. Our analysis of the
momentum-dependent static magnetic susceptibility suggests
the possible formation of the spin and charge (or bond) density
wave stripe states, which seems to be important for under-
standing of the anomalous properties of LNO. We propose that
superconductivity in double-layer nickelates at high pressure
is strongly influenced, or even induced, by in-plane spin fluc-
tuations. Our results suggest the emergence of different stripe
states on a microscopic level, in which interplay affects the
electronic structure and superconductivity of this material.
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