PHYSICAL REVIEW B 109, 115114 (2024)

Hund electronic correlation in LazNi,O; under high pressure
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By means of density functional theory plus dynamical mean-field theory, we investigate the correlated
electronic structures of La;Ni,O; under high pressure. Our calculations show that LazNi,O; is a multiorbital
Hund metal. Both the 3d, and 3d,>_,» orbitals of Ni are close to being half filled and contribute the bands
crossing the Fermi level. Band renormalization and orbital selective electronic correlation are observed. Through
imaginary-time correlation functions, the discovery of high-spin configuration, spin-frozen phase, and spin-
orbital separation shows that the system is in a frozen moment phase at high temperatures above 290 K and
is a Fermi liquid at low temperatures, which is further confirmed by the calculated spin, orbital, and charge
susceptibilities under high temperatures. Our paper uncovers Hundness in La;Ni,O; under high pressure.
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I. INTRODUCTION

It is well known that a proper description of the electronic
correlation effect is the key to understanding unconventional
high-temperature (high-7;) superconductors. Since the dis-
covery of cuprate superconductors [1], numerous scientists
have tried to reveal the mechanism of high-7, supercon-
ductivity in the past decades. Although the mechanism of
superconductivity in cuprates still remains a puzzle, there are
some essential consensuses for cuprates. The parent material
of cuprates is considered to be a charge-transfer insulator with
strong electronic correlation. Cu atoms have 3d° configura-
tion, and due to the effect of the crystal field 3d,>_,» orbitals
are half filled. By applying hole doping, Cu-3d,»_,> orbitals
hybridize with O-2p,/p, in-plane orbitals, forming the effec-
tive singlet band with zero spin moment which is known as
the Zhang-Rice singlets [2]. And the superconducting pair-
ing mechanism may be related to the antiferromagnetic spin
fluctuations.

Many efforts have been made to search other transition
metal compounds analogous to cuprates. As a neighbor of
Cu in the periodic table, the Ni element was once considered
as a potential candidate to reproduce high-7; superconduc-
tivity. However, no superconductivity trace was observed in
hole-doped nickelate La,_,St,NiOy [3,4], which has the same
structure as La;CuQOy. In 2019, superconductivity was finally
discovered in hole-doped infinite-layer RNiO, thin films (R =
La, Nd). With 20% Sr doing, Ry gSr,NiO, shows supercon-
ductivity with 7, of 9—15 K [5]. Although the superconducting
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T. is much lower than those of the cuprates, a series of phe-
nomena in nickelates such as self-doping effect [6], absence
of long-range magnetic order [7,8], and multiorbital Hund’s
physics [9] provide some new understandings for unconven-
tional superconductivity.

Very recently, superconductivity was discovered in
Ruddlesden-Popper bilayer perovskite nickelate La;Ni,O;
with the maximum 7, of about 80 K under pressure [10].
This is undoubtedly a remarkable breakthrough in the field
of high-T. superconductivity since the discovery of cuprates
and iron-based superconductors. The x-ray-diffraction pat-
terns show that La;Ni,O; possesses the orthorhombic Amam
space group from 1.6 to 10 GPa and transforms to the Fmmm
space group above 15 GPa. And the density functional theory
(DFT) calculations show that applying pressure could metal-
ize the o bond formed by Ni and the apical O, which may
be a crucial clue for superconductivity. For the electronic
structure of high-pressure phase La3Ni,O7, many theoreti-
cal calculations reveal that e, orbitals of Ni and 2p orbitals
of O contribute the bands around the Fermi level [11-19].
Las;NiyO7 is experimentally considered to be a paramagnetic
metal [20], while a large interorbital hopping between 3d,.
and 3d,>_,» via in-plane 2p, or 2p, orbitals of O is found,
which indicates a possible in-plane ferromagnetic tendency in
LasNiyO7 [13]. In addition, a bilayer two-orbital model has
been constructed by Luo et al., and the spin susceptibility
studied by a random-phase approximation method shows that
the magnetic signal mostly comes from the d,» orbitals [11].
Moreover, the superconductivity in LazNi,O7 has been stud-
ied. A possible s+ wave superconducting pairing in La;Ni, O;
has been proposed [21]. The model calculations by functional
renormalization group method [15] and cluster dynamical
mean-field theory [22] both show the pairing tendency of the
s+ wave. Besides, a minimal effective strong-coupling model
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based on local interlayer spin singlets of Ni-3d,. electrons
has been proposed, which highlights the importance of the
bilayer structure of LasNiO; [23]. As a crucial factor to
understanding superconductivity, the electronic correlation in
LasNi Oy is still worth in-depth discussing to figure out the
origin of electronic correlation in La;Ni,O;.

In this paper, we investigated the electronic structures and
correlation of LazNi,O; by means of density functional theory
plus dynamical mean-field theory (DFT4+DMFT). We per-
formed the calculations under different finite temperatures.
Our results show that LazNi,O7 is a multiorbital Hund metal
with orbital selective electronic correlation. The high-spin
states and spin-orbital separation revealed by our calcula-
tions suggest Hundness rather than Mottness in the system.
And the calculated spin, orbital, and charge susceptibilities
under high temperatures confirm that the electronic correla-
tion in LazNiyO5 is attributed to Hund’s physics. Our paper
discovers Hundness in La3Ni,O; under high pressure and
provides an understanding to the origin of its electronic
correlation.

II. METHOD

We performed DFT+DMFT calculations to study the
electronic correlation of La3;Ni>,O; under different finite tem-
peratures. The DFT parts were done by WIEN2K code and
the full-potential linearized augmented plane-wave method
was implemented [24]. The optimized unit cell including 12
atoms was used. The cutoff parameter was RypKmax = 7.0.
The muffin-tin radii for La, Ni, and O atoms were fixed to
be 2.29, 1.86, and 1.60 bohr, respectively. The generalized
gradient approximation with Perdew-Burke-Ernzerhof func-
tional was chosen as the exchange and correlation potential
[25]. The k-point mesh for the Brillouin zone integration was
12 x 12 x 12. The EDMFTF software package was used to
perform the charge fully self-consistent DFT4+DMFT calcu-
lations [26]. A good convergence can be achieved within 50
DFT+DMFT cycles. Each DFT+DMFT cycle contained one-
shot DMFT calculation and maximum 100 DFT iterations.
The convergence criteria for charge and total energy were
1077 eV and 1077 Ry, respectively. We enforced the system
to be paramagnetic. Only 3d,> and 3d,>_,» orbitals of Ni were
treated as correlated, considering that 1, orbitals all are fully
filled. And a single impurity problem was constructed due
to all Ni atoms being equivalent. We chose the Coulomb
interaction parameter U = 5.0 eV, and the Hund’s exchange
parameter Jy = 1.0 eV, which are typical values for nickelates
[9,12,27-33]. And the density-density form of the Coulomb
repulsion was used. We used the projectors with an energy
window from —10 to 10 eV with respect to the Fermi level
to construct the correlated orbitals. The impurity problem
was solved by hybridization expansion continuous-time quan-
tum impurity solver [34] with exact double-counting scheme
for the self-energy function, which was developed by Haule
[35]. The real frequency self-energy function was obtained
by analytical continuation with the maximum entropy [36].
Then it was used to calculate the momentum-resolved spectral
function and the other related physical quantities. A fine k
mesh with 5 x 10° & points is used to obtain spectral functions
A(w).
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FIG. 1. Momentum-resolved spectral functions A(k, w) obtained
by DFT+DMEFT calculations at 7 = 80 K. The DFT band structures
are plotted with orange dashed lines. The Fermi level is set to zero.

III. RESULTS AND ANALYSIS
A. Band renormalization

Figure 1 shows the DFT band structures and momentum-
resolved spectral functions A(k,w) calculated by
DFT4+DMFT at T =80K. Both DFT bands and
DFT+DMFT spectral functions exhibit that three bands cross
the Fermi level. Among them, Ni-3d,._,» and 3d, orbitals
contribute two electron pockets respectively around the I" and
X points and Ni-3d,» orbitals contribute a hole pocket at the M
point. All these electronic bands are consistent with those in
the previous reports. The strong interlayer coupling between
Ni-3d,> and apical O-2p, orbitals leads to the flat bands at
the M point split into a bonding state with lower energy
and a higher-energy antibonding state. Our DFT+DMFT
calculations suggest that those bands around the Fermi level
are strongly renormalized due to the electronic correlation.
The bandwidth of the Ni-3d,: bonding state is compressed
to 0.3 eV and the antibonding state moves to 0.7 eV above
the Fermi level. In addition, we find that the antibonding
state locating above the Fermi level at the M point is blurry.
This is because a finite temperature makes an electronic
incoherent-coherent crossover and a large proportion of
electronic excitations are washed out. Similar behavior can
be observed in those spectra below the Fermi level. When
the temperature is higher, it is expected that the flat band at
the M point will become incoherent. But those bands around
the Fermi level already show good coherence at T = 80 K.

B. Orbital selective electronic correlation

The strong band renormalization suggests electronic corre-
lation in LazNi,O7. It is natural to wonder whether the origin
of electronic correlation belongs to Mottness or Hundness. In
order to study this problem, in Fig. 2, we show the orbital-
resolved spectral functions A(w) and imaginary parts of the
orbital-dependent self-energy at Matsubara axis ImX(iw) and
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FIG. 2. Orbital-resolved spectral functions A(w) and the imaginary parts of self-energy functions at Matsubara axis Im¥(iw) and real axis
ImX(w) obtained by DFT+DMEFT calculations at (a—c) T = 80K and (d-f) T = 290 K. Insets in (c) and (f): The real axis ImX(w) around

w=0.

real axis ImX¥(w). As shown in Figs. 2(a) and 2(d), both 3d,.
and 3d,>_,» orbitals appear around the Fermi level, which
indicates a multiorbital metallic behavior. For each orbital, a
narrow quasiparticle coherence peak appears near the Fermi
level. As the temperature decreases from 290 to 80 K, these
coherence peaks become sharper, which is consistent to the
trend forming a coherent Fermi liquid at lower temperatures
[37]. This peak for the 3d,. orbital is much higher than that of
the 3d,>_,» orbital because, as shown in Fig. 1, the band for
the 3d orbital is very flat.

Then, we show the imaginary parts of self-energy func-
tions at the Matsubara axis Im¥(iw) in Figs. 2(b) and 2(e).
Orbital selective electronic correlation is observed at both
80 and 290 K. Furthermore, we also show the imaginary
parts of real axis self-energy ImX(w) in Figs. 2(c) and 2(f)
to roughly describe a likely phase transition in LazNiyO;.
At high temperature if the system is in a frozen moment
phase, electrons suffering scattering from the moments are
expected so that ImX(w = 0) is equal to a finite value T,
which is corresponding to the intercept Im¥(iw — 0) =
I'sgn(w,) [38,39]. In contrast, the Fermi liquid behavior may
be expected at lower temperatures with a linearly vanishing
self-energy [ImX(iw) ~ ] at small w. Our calculated imagi-
nary parts of self-energy functions at real axis Im%(w) show
such a trend. An intercept Im¥(w = 0) = I" is observed at
T = 290K but disappears at T = 80 K. This finding suggests
that the crossover from the frozen moment phase [37,38] to
the Fermi liquid phase may happen around 80 K.

In order to further characterize the orbital selective elec-
tronic correlation in LasNi,O;, we list the orbital mass

enhancement in Table I, which is a key factor to characterize
the band renormalization, as well as the electronic correlation.
The mass enhancement is defined as

M (iw)

m'm=27"1=1
ow

ey
w—0
Z is the renormalization factor, which can be estimated from
self-energy functions at the Matsubara axis. We find a mass
enhancement difference of 2.5 and 2.0 for the 3d. and
3d,>_,» orbitals at T = 290 K, respectively. Such a difference
becomes more significant when temperature is lower, with
a stronger mass enhancement of 3.4 for 3d. and weaker
mass enhancement of 2.5 for 3d,>_,» at T = 80 K. The mass
enhancement confirms the strong renormalization of band
structures in Fig. 1. And the difference of mass enhance-
ment suggests the orbital selective electronic correlation in
La;Ni, O5. Furthermore, we show the local occupancy number
N,, for the e, orbitals of Ni. According to the nominal electron

TABLEI. The mass enhancement m*/m and the local occupancy
number N,, for the e, orbitals of Ni obtained by DFT+DMFT calcu-
lations under different temperatures.

Temperature (K) 80 150 220 290
m*/m 3d. 3.394 3.019 2.736 2.516
3do_p 2.529 2.333 2.157 2.015

N, 3d 1.140 1.139 1.139 1.139
3da_y 1.056 1.056 1.056 1.056
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TABLE II. Weights of the Ni e, orbital local multiplets obtained
by DFT+DMEFT calculations at temperature 7 of 80 and 290 K,
respectively.

Nr 0 1 2 2 3 4
S, 0 1/2 0 1 1/2 0

Pr(80K) 040% 1241% 23.85% 32.94% 28.10% 2.30%
Pr(290K) 0.39% 12.36% 23.62% 33.28% 28.06% 2.29%

count, a Ni*>>* cation with 3d”> occupancy is expected in
La3Ni,O7. Considering the crystal field of the Ni-O octahedra,
I orbitals are fully filled, and the occupancy number N,
is thus about 1.5. However, as shown by our DFT+DMFT
calculation results, a larger occupancy of 2.2 is found in the e,
orbitals. This result is consistent with a previous DFT+DMFT
study [17]. At other different temperature conditions, the oc-
cupancy of 3d. and 3d,._,» orbitals is close to being half
filled. Both orbital selective electronic correlation and near
half-filled occupancy in 3d,. and 3d,»_, orbitals indicate
possible characteristic multiorbital Hund’s metal behaviors in
La3Ni207.

C. Hundness from high-spin states

Here, we survey the local spin multiplets to demonstrate
the Hund correlation in LazNi;O7. In those strongly corre-
lated materials that exhibit Hundness, the high-spin states are
usually favored [40,41]. In Table II, we list the probability
Pr of all local spin multiplets for given atomic configura-
tions |I"), which are labeled by some good quantum numbers,
such as total spin §, and total occupancy Nr. For the e,
orbitals of Ni, up to four electrons are allowed to be filled
in. Among these atomic configurations under 7" = 290K,
the high-spin state S, = 1 only exists when total occupancy
N,, = 2, which accounts for approximately 33.28%, while the
low-spin state with N,, = 2, S, = 0 possesses a smaller per-
centage of 23.62%. Such a difference indicates the existence
of Hund interorbital correlation in La3zNi,O;. Additionally,
we find the charge fluctuations with 0.39, 12.36, 28.06, and
2.29% multiplets in N = 0, 1, 3, and 4, respectively. Thus,
the averaged occupancy of the e, orbitals (N,,) = ZrNrPr
is about 2.19, which is consistent with N, in Table I and
larger than the nominal occupancy of 1.5 with Ni*>*. And
the atomic configurations under 7 = 80K also show that the
high-spin state possesses a larger percentage. All these results
suggest electronic correlation of Hundness in LazNi, O;.

D. Hundness from imaginary-time correlation

Then, we study the spin-spin correlation function Css(7) =
(S,(7)S,(0)) and orbital-orbital correlation function C,,(t) =
(O(t)0(0)) obtained by DFT+DMFT calculations at dif-
ferent temperatures, where S, is the total spin, and O
means the difference between the orbital occupancy numbers
n(de_y2) — n(dp2). In Fig. 3(a), first, we see that at a finite
temperature of 7 = 1100 K, Ci,(7) decays much slower than
C,o(7) with imaginary time, which indicates spin-orbital sep-
aration [40,42]. In Fig. 3(b), we exhibit a series of calculated
C,s(t) under different temperatures. A large finite value of
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FIG. 3. (a) Imaginary-time spin-spin correlation functions C(7)
and orbital-orbital correlation functions C,,(7) obtained by
DFT+DMFT calculations at 7 = 1100K. (b) Imaginary-time
spin-spin correlation functions C,(t) at different temperatures.
(c) Ci(t = B/2) plotted as a function of temperature. (d) Calcu-
lated Cy(7)/Cys(t = B/4) at different temperatures, where F (1) =

[T/sin(zT/B)P.

Css(t = B/2) is observed above T = 1100 K, which suggests
that the system is in spin frozen phase [38,40]. It should
be noted that here we only want to simulate the behaviors
of the electronic system under high-temperature scales; such
an extremely high temperature is not actually applied to the
real crystal system, but just applied to electrons like external
field to detect the corresponding responses of the electrons.
Both spin-orbital separation and spin frozen phase are key
signatures of Hundness, which have been observed in some
typical Hund metals such as Sr,RuO4 [37]. In Fig. 3(c), a
Cs(t = B/2) ~ T scaling is found above T = 290K and a
Cy(t = B/2) ~ T? behavior is found at low temperatures.
Such scaling behaviors are also found in a three-orbital model
studied by Werner et al. [38]. C(t = B/2) ~ T scaling is
expected to emerge near the phase transition point from a
frozen moment phase to a Fermi liquid phase [38]. Besides,
at a low-temperature Fermi liquid phase, Ci(t) ~ F (1) =
[T/sin(rtT))* for imaginary times 7 sufficiently far from
either 7 = 0 or B and Cy(7) ~ T? at T = /2. In Fig. 4(d),
Cis(t = B/2) at T = 80K shows such a behavior, indicating
that the system is in a Fermi liquid phase at low temperatures.

E. Hundness from susceptibilities

To further elucidate the origin of electronic correlation in
La3;Ni,O7, we now study the static local susceptibilities under
different temperatures. First of all, four temperature scales
are identified, which characterize the onset and completion
of screening of the orbital and spin degrees of freedom as
the temperature is lowered. T°™ and Ts;?]fet mark the onset

orbital
temperatures of the screening for orbital and spin degrees
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FIG. 4. (a) Static local susceptibilities y for spin, orbital, and
charge obtained by DFT+DMFT calculations under different finite
temperatures. (b) T xspin and T Xomica plotted as functions of temper-
ature. Inset in (a): Local charge fluctuation (AN?).

of freedom, respectively. 7,1 and T..'" are defined as the
completion temperatures of the screening [37]. When the tem-
perature is lower than 7°™, the static local orbital and spin
susceptibilities orpitar and xspin deviate from the Curie-Weiss
behavior x ~ % Below T°™ these susceptibilities become
constant, which is known as the Pauli behavior. In a Mottness
system, the screening of orbitals and spins begins almost
simultaneously, as well as the completion (7,00 ~ ng?se‘).
In contrast, a Hundness system possesses a smaller value of
U and a larger value of Jy, which causes the screening of
orbitals to start before the spin screening at a much higher
temperature (T35 > T2, This is the so-called spin-
orbital separation. Usually, such a behavior in a Hundness
system features a broader temperature window than in a Mot-
tness system. And in such a spin-orbital separation phase,
the completely screened orbital degree of freedom shows a
Pauli behavior while xgy, deviates from a Curie behavior.
Meanwhile, a non-Fermi-liquid behavior is observed in this
phase till both the spin and orbital screenings complete. This
is a key signature to identify the Hund electronic correlation
in correlated materials.

In Fig. 4, we show the static local susceptibilities of spin,
orbital, and charge plotted as functions of temperature. The

Xspins Xorbitals and Xcharge are defined as

B
Ko = /0 (S.(1)S.(0) d, P
B
Korbal = /0 (0()0(0) d= — B (0)?, 3)
B
Keharge = /0 NCONO)dr — BN, ()

where O = n(d»_y») — n(d) is the orbital occupancy differ-
ence, and N is the total occupancy of the two e, orbitals.
From a very high temperature of 7 = 10000 K, we find that
Xorbital are almost unchanged when lowering the temperature.
The unchanged xombital Strongly suggests that the screening of
orbitals has completed at an extremely higher temperature
than 7 = 10000 K. However, Xpin and Xorbiai Show obvi-
ously different behaviors when changing temperature. As the
temperature decreases, Xspin generally shows an increasing
trend, while xomwitai remains constant. We then display the
T xspin and T Yompital Curves versus temperature in Fig. 4(b).

03.@ T=6000K | |[(b) T=10000K |
302}
<
0.1
00, % 0 2 44 2 0 2 4
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FIG. 5. Orbital-resolved spectral functions A(w) obtained by
DFT+DMEFT calculations for (a) T = 6000 K and (b) T = 10000 K.
The blue and red lines represent the 3d,» and 3d,._,» orbitals of Ni,
respectively.

We see that the variation of T yomia Keeps a linear behav-
ior, which deviates from the Curie-Weiss law. In contrast,
T xspin shows a Curie behavior above T = 5000 K, which is
approximately constant. When the temperature is lower than
T = 5000 K, the Curie behavior is broken, indicating the on-
set of spin screening. And a broad non-Fermi-liquid phase
appears, which is corresponding to the spin-orbital separation.
Within the process of spin screening, Css(t) decays as the
temperature decreases [Fig. 3(b)]. And a tendency towards a
constant for xgin begins to be observed at T = 80K, which
suggests that the spin screening completes. This finding is
consistent with our previous results, for example, the zero
intercept of ImX(w = 0) and the scaling behavior of C,,(t =
B/2) ~ T? at T = 80K, showing the low-temperature Fermi
liquid phase.

F. Absence of Mottness

In order to check the Mott electronic correlation in
La3Ni, 07, we exhibit the orbital-resolved spectral functions
A(w) at larger temperatures, where the spin screening has not
started. For instance, in V,03, which is an archetypal Mott
correlated metal [37], before the onset of spin screening, a
pseudogap feature is observed. But no pseudogap is observed
in LasNi;O7 under T = 6000 and 10 000 K (Fig. 5). In
addition, we also find that both the local charge fluctuation
(AN?) = (N?) — (N)* and Xcharge are almost unchanged when
the temperature is lower [Fig. 4(a)], while in a Mottness
system (AN?) should have an obvious temperature depen-
dence, manifesting delocalization of electrons [37]. All these
findings suggest that the electronic correlation in La3zNi, O is
attributed to Hund’s physics.

IV. DISCUSSION AND CONCLUSION

Hund’s coupling plays a crucial role in electronic struc-
tures, magnetism, and superconducting pairing mechanisms
in LasNi;O7. The Hund electronic correlation brings strong
band normalization and orbital-selective electronic correla-
tion, which have been widely reported in other DFT+DMFT
electronic structure studies [12,17,18]. Although a long-range
magnetic order has not been observed in LazNi, 07, some the-
oretical model studies suggest that the half-filled d,> orbitals
of two layers can couple via the interlayer antiferromagnetic
superexchange interaction. This superexchange interaction
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can be transmitted to the d,_,» orbitals by Hund’s cou-
pling [22,43,44]. As for the superconducting mechanism, an
sy-wave paring is favored. And the superconducting crit-
ical energy scale increases with Jy, until a spin density
wave begins to win for larger U and Jy [21]. In the doped
case, the superconducting phase diagram becomes richer,
and a time-reversal symmetry breaking s + id-wave pairing
emerges [43], where Hund’s coupling still plays an important
role. There are numerous reports emphasizing that Hund’s
physics has a crucial effect on the physical properties of
La3;Ni,O7. Our paper has exactly revealed qualitatively the
Hund electronic correlation in La3zNi,O; via DFT+DMFT
calculations.

In summary, we have studied the electronic structures
and correlation of LasNi,O; via DFT+DMFT calculations.
The momentum-resolved spectral functions A(Kk, @) show that
LazNiyO7 is a multiorbital metal. The 3d,> and 3d,_,» orbitals
of Ni contribute those bands crossing the Fermi level. The
electronic correlation leads to a strong band renormalization,
where the band width of the bonding state band at the M point
is reduced remarkably. The orbital-resolved spectral func-
tions A(w) show sharp quasiparticle coherence peaks around
the Fermi level. The mass enhancement m*/m derived from
the self-energy functions at the Matsubara axis reveals the
orbital selective electronic correlation. The electronic corre-
lation of the 3d,» orbital is stronger than that of the 3d,._,

orbital. At 7 = 80K, the mass enhancements of the 3d,
and 3d,._,» orbitals are about 3.4 and 2.5, respectively. A
higher percentage of high-spin state suggests the existence of
interorbital Hund electronic correlation within the e, orbitals
of Ni. Moreover, the calculated spin-spin and orbital-orbital
correlation functions show spin-orbital separation and frozen
moments at high temperatures. The scaling behavior of the
spin-spin correlation functions indicates that LazNi,O7 is in
a spin-frozen phase at high temperatures (7" > 290 K) or in
a Fermi liquid phase at low temperatures. The calculated
static local spin, orbital, and charge susceptibilities under high
temperatures also show signatures of Hundness. All these
results show that LazNi,O; is a multiorbital Hund’s metal.
Our DFT+DMEFT calculations uncover the Hund electronic
correlation in La3zNi,O; and also provide a perspective to
understand the origin of electronic correlation in correlated
materials.
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