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Electronic structure of ACuzCo40;; (A =Y, La, Bi): Synthesis, characterization, core-level
spectroscopies, high-pressure application, and ab initio calculation
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We present a comprehensive experimental and computational study on A-site ordered perovskite oxides
YCu;3Co0,40,, LaCu3Co,40;,, and BiCu3;Co40,, including synthesis, transport, and magnetic characterization,
high-pressure application, K- and L-edge x-ray absorption spectroscopy (XAS), Co 2p core-level x-ray pho-
toemission spectroscopy and density-functional theory (DFT) calculations combined with dynamical mean-field
theory (DMFT) and +U scheme. An insulating behavior with a valence state of A**Cu;?**Co;**0?; is found
for the three compounds at ambient and high-pressure conditions (up to ~55 GPa). A DFT calculation for
YCu3Co40;; uncovers the energetics of the Cu—O and Co-O bonding formation and crystal-field splitting,
leading to a narrow-gap electronic structure with a hybrid orbital and element character near the Fermi energy.
The stable low-spin configuration of the Co ion is studied in comparison to a canonical perovskite cobaltite
LaCoO;. A DFT + DMFT analysis of the Cu spin-correlation function indicates that the Zhang-Rice singlet
description for the CuQ, plaquette is valid, while a hybridization with the Co 3d orbitals also contributes to
the Cu spin screening. The presence of the hybridization between the Co and Cu orbitals is shown by the
DFT + DMFT analysis for the Co L, 3 XAS experimental spectra that exhibit unusual broad line shape. An
increasing behavior of electrical resistance at elevated pressures is observed in all compounds and is interpreted
based on a DFT + U simulation.
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I. INTRODUCTION

A-site ordered perovskite oxides AA’3B4O1; host a variety
of physical properties ranging from colossal magnetore-
sistance, negative thermal expansion, and metal-insulator
transition [1-4]. In canonical perovskite oxides ABOj, the
A-site ion such as alkaline-earth or rare-earth element is an
inactive space filter and carrier donor. In A-site ordered ones
AA’3B40y,, the A’-site ion plays an active role, adding dy-
namic charge and spin degrees of freedom to the low-energy
physics. In the ACu3B40;, (see Fig. 1 for the crystal struc-
ture), a divalent Cu®t (3d°) ion serves as a fluctuating spin
of § = % which couples with the B-site spins, leading to a
variety of long-range magnetic orderings [2,3,5] or rarely a
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Kondo effect [6,7]. When the Cu ion is trivalent (3d®), the
Cu 3d xy state (Fig. 1) strongly hybridizes with the nearest-
neighboring O 2p states, positioning its Cu—O antibonding
level near the Fermi energy Er. Then, the Cu-O antibond-
ing level receives electrons from the B site, depending on
the d level energies. Thus, this peculiar setup may cause
a valence transition with a charge transfer between the Cu
and B sites, which was absent in parent ABO3 perovskites
and other cuprates. Such an example is LaCu3Fe O;, that
shows a charge transfer at T = 393 K from Fe to Cu ions:
3Cu*t 4 4Fe’t = 3Cu?t + 4Fe*’>" accompanied by a
negative thermal expansion, metal-to-insulator and magnetic
transition [2,8,9].

©2023 American Physical Society
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FIG. 1. Crystal structure of ACu;Co40;, (space group: I m3) vi-
sualized by VESTA [10]. The indigo blue, blue, green, and red spheres
represent A (=Y, La, Bi), Cu, Co, and O atoms, respectively. Single
CuO; unit and the Cu xy orbital shape are schematically shown.

In this paper, we examine ACu3CosO01; (A = Y, La,
Bi) including synthesis, transport, and magnetic characteriza-
tion, high-pressure application, x-ray absorption spectroscopy
(XAS), x-ray photoemission spectroscopy (XPS) measure-
ments, and density-functional theory (DFT) calculations.
YCu3Co40;; (YCCO) is a nonmagnetic insulator with a nar-
row gap and valence state of Y3*Cu3*Co}"0?;, which was
studied in Ref. [11] and recently in Refs. [12,13]. A hole
doping by replacing Y+ with Ca>* injects the carriers into the
Co (Co*™ — Co*?*), while the Co ions remain in the low-
spin state (S = 0). This is in contrast with typical low-spin
perovskite cobaltities, e.g., La;_,Sr,CoOj3, where a hole dop-
ing often leads to Co spin-state transition from the undoped
low-spin to a doped high-spin (S = 2) or an intermediate-spin
(§ = 1) state [14—17]. In low-spin perovskite cobaltities, e.g.,
LaCoO3, the ionic (semiconducting) gap between the filled
Co 3d t, and e, states is usually small [18,19]. However,
an electron doping to YCCO by substituting Y3+ — Ce*"
changes the Cu valence (Cu*t — Cu™®/3%) [13] but it does
not alter the Co valence nor its spin state. This implies that the
Cu-0 antibonding level is positioned close to Er and serves as
an active carrier acceptor. This asymmetry in the electron and
hole doping as well as the robust Co spin state highlights the
unique electronic structure of this Cu—Co complex perovskite.
These observations pose a question about the element and
orbital character as well as the energetics on the low-energy
electronic structure near Er, and a possible charge transfer
physics in the ACu3;Co40,, family.

Furthermore, the Zhang-Rice singlet physics can be ex-
plored in this Cu—Co complex system. The Zhang-Rice singlet
many-body state, a hole on the Cu site (d°) is coupled
antiferromagnetically with a doped hole on the ligand site
(denoted as L), was introduced as a natural quasiparticle in
hole-doped cuprates [20]. The Zhang-Rice singlet is stable
across a wide doping range in the superconducting cuprates
[21]. It is also important for understanding the first ioniza-
tion state in undoped cuprates [22]. It was proposed that the
Zhang-Rice singlet state is stabilized on the CuOy4 plaquette in
the ACu3Co0401; system [23,24]. Previous Cu L3-edge XAS
for CaCu3Co040;, [24] and XPS studies for CaCu3;Co040;,
and YCCO [23] suggest a d’L character of the ground
state. To further support the formation of the Zhang-Rice state,
a theoretical study of the Cu spin dynamics as well as the

hybridization effect of the Cu with the Co 3d states will be
valuable since the hybridization with Co may dissociate the
Zhang-Rice singlet from the CuOj4 plaquette.

In this work, we newly synthesize LaCu3;Co40,, (LCCO)
and BiCu3CosO1; (BCCO). We perform transport mea-
surements at ambient and high-pressure conditions up to
~55 GPa, and magnetic susceptibility measurements for
YCCO, LCCO, and BCCO. The Co and Cu K-edge and
L-edge XAS, and Co 2p XPS spectra are collected to
study the valence state and the Co spin state. We present a
computational simulation for the electronic structure using
ab initio methods: DFT with local density approximation
(LDA) method and LDA plus dynamical mean-field theory
(DMFT) method. The energy levels of the Cu—O and Co-O
bonding states are determined by a tight-binding model-
ing of the LDA bands. This also allows us to examine the
crystal-field excitation energy in the ACu3Co401; system. The
LDA + DMFT calculation exhibits the role of the electronic
correlation. We calculate the spin-correlation function of the
Cu using the LDA + DMFT method and discuss the Zhang-
Rice singlet physics in YCCO.

This paper is organized as follows. In Sec. II, we sum-
marize the experimental method including sample synthesis,
and technical details of our computational simulations. In
Sec. IIT A, the results of sample characterization, magnetic
susceptibility, electrical resistivity, and x-ray absorption near-
edge structure measurements at the Cu and Co K edges are
shown. In Secs. III B and III C, we present LDA and LDA +
DMEFT calculations, and examine the electronic structure and
the Zhang-Rice singlet physics in the studied compounds. In
Sec. III D, we discuss Cu and Co L;3-edge XAS and Co
2p XPS spectra. In Sec. IIIE, the pressure dependence of
the electrical resistance is investigated. LDA + U calculations
are performed to interpret the experimental result at elevated
pressures. Finally, we summarize our results in Sec. V.

II. METHODS

A. Experimental method

A precursor in synthesis of LCCO and BCCO sam-
ples was obtained using polymerized complex method [25].
La(N03)3 . 6H20 (999%) or Bi(NO3)3 . 5H2O (999%) was
mixed with Cu(NO3); - 3H,0 (99.9%) and Co(NO3), - 6H,O
(99.9%) with a stoichiometric ratio of (La/Bi): Cu:Co=1:
3 : 4 and then was dissolved in a nitric acid solution. A five-
fold excess citric acid and a onefold excess of 1, 2-ethanediol
was added to the solution, followed by heating to 423 K with
stirring and maintained at this temperature for 30 min to dry.
The dried powder was fired using a furnace at 673 K for 1 h,
and at 973 K for 12 h in air with occasional grindings. The
afforded precursor was mixed with an oxidizing agent KClO4
(99.9%) in mass ratio of 4:1 to compensate the oxygen
content. The mixture was sealed off in a Pt capsule. The Pt
capsule was placed into a (Mg, Co)O pressure-transmitting
medium and compressed up to 12 GPa using a Walker-type
high-pressure apparatus. The sample was subsequently heated
to 1273 K in 15 min, maintained at this temperature for
30 min, and quenched to the room temperature. During the
heat treatment, the applied pressure was retained. YCCO

073401-2



ELECTRONIC STRUCTURE OF ...

PHYSICAL REVIEW MATERIALS 7, 073401 (2023)

sample was synthesized following Refs. [11,13]. Synchrotron
x-ray powder diffraction (SXRD) data for LCCO and BCCO
were collected using a Debye-Scherrer camera at the BLO2B2
beam line of SPring-8 [26]. The powder sample was put into
a Lindemann glass capillary tube with an inner diameter of
0.2 mm. The wavelength of 0.500 11 and 0.500 20 A for
LCCO and BCCO was used. Structure parameters were re-
fined by the Rietveld method with the RIETAN-FPprogram [27].
X-ray absorption near-edge structure (XANES) spectra at Cu
and Co K edges were collected at room temperature using the
transmission method at the BL14B2 beam line in SPring-8.

Soft XAS data were collected at the Institute for Quantum
Materials and Technologies (IQMT) beam line WERA at the
KIT light source KARA (Karlsruhe, Germany). The photon
energy resolution was set to 150, 300, and 350 meV at the
O K, Co L, 3, and Cu L, 3 edges, respectively. All spectra
were measured with linearly polarized light, and the degree
of linear polarization of the incident light was ~99%. To re-
duce contribution of a surface contamination, the Co L; 3 and
Cu L, 3 XAS were not only recorded in total-electron-yield
(TEY) mode, but also in bulk-sensitive fluorescence-yield
(FY) and inverse partial-fluorescence yield (IPFY) mode si-
multaneously. The O K XAS was collected in FY mode. FY
and IPFY are both bulk sensitive, yet “direct” FY usually
suffers from the strong self-absorption and saturation effects
[28], especially at the intense “white line” of transition-metal
L edges. The weak self-absorption of the O K is corrected
[29]. However, for the Co L, 3 and Cu L, 3 edges, these self-
absorption and saturation effects may change spectral shapes
and energy positions significantly. The correction at the Co
and Cu L edges, hence, is less reliable. In order to record
the correct Co and Cu XAS we have therefore applied IPFY
which is intrinsically free from self-absorption and saturation
distortions. An energy-resolving four-element silicon drift de-
tector (SDD) was used for collecting the FY and IPFY data
[30,31]. The angle between the incident light and the SDD
was set as 30°. Single-crystal NiO was also measured before
and after each measurement to serve as an energy reference
for calibrating the incident photon energy at all edges, with
accuracy better than 30 meV for all XAS measurements.

The Co 2p XPS was carried out at the ASPHERE III end
station at the Variable Polarization XUV Beam line P04 of the
PETRA III storage ring at DESY (Hamburg, Germany). All
XPS data were collected at a sample temperature of 300 K and
in ultrahigh vacuum <3 x 107! mbar. The incident photon
energy was set to 2 keV, and the overall energy resolution was
set to ~300 meV.

Magnetization measurements were conducted using a
superconducting quantum interference device (SQUID, Quan-
tum Design MPMS3) between 5 and 300 K under external
magnetic fields up to 50 kOe. Electrical resistance under
ambient pressure was measured using the physical property
measurement system (PPMS, Quantum Design) between 5
and 300 K with the dc four-terminal method. Dense pellets of
LCCO and BCCO were prepared by compressing the powder
sample using the Walker-type high-pressure apparatus. High-
pressure electrical resistance data were obtained between 10
and 300 K up to a pressure of ~55 GPa using a diamond anvil
cell. The electrical resistance of each sample was measured
using the ac four-probe method between 8 and 300 K, up to a

maximum pressure of ~55 GPa. Prior to the measurements, a
fine anhydrite powder was pressed onto the gasket surface to
provide electrical insulation, and both the sample powder and
the Pt electrodes were placed on this insulation. The applied
pressure was determined by fluorescence manometry using
ruby chips positioned around the sample. In the electrical
resistance measurements, the initial cross-sectional area of
the specimen was approximately 40 um x 30 um, and the
distance between the probes was approximately 30 um.

B. Computational details

We perform DFT calculations for the experimental crystal
structure at ambient pressure of the studied compounds using
the WIEN2K package [32] within the LDA for the exchange-
correlation potential. For a comparison, we calculate the
LDA bands of a canonical perovskite cobaltite LaCoO3; with
a low-temperature experimental lattice parameter (Tjagice =
5 K) [33]. To include the electronic correlation effects, we
perform LDA + DMFT calculations [34-36], where the Cu
3d, Co 3d, and O 2p bands in the LDA results are mapped
onto a tight-binding lattice model using the WANNIER90 and
WIEN2WANNIER packages [37,38]. Then, the tight-binding
model is augmented by the onsite interactions on the Cu and
Co 3d shells with Hubbard U and Hund’s J parameters are
(8.5 eV, 0.98 eV) for the Cu and (6.0 eV, 0.8 eV) for Co
site [7,33]. The continuous-time quantum Monte Carlo (CT-
QMC) method with the hybridization expansion formalism
[39—41] is used to solve the auxiliary Anderson impurity
model (AIM) in the DMFT self-consistent calculation. Only
density-density terms in the onsite interaction are taken into
account in the CT-QMC calculations for computational effi-
ciency. This approximation is valid for the Cu impurity with
only single xy orbital active. It also represents the atomic
multiplet of the Co site reasonably well and was used to
study the Co spin states in perovskite cobaltites [33]. We
follow Refs. [42,43] for determining the double-counting cor-
rection on the Cu and Co 3d orbitals. The valence density of
states on the real frequency axis are obtained with the local
self-energies analytically continued to the real-frequency axis
using maximum entropy method [44,45]. The LDA 4+ DMFT
calculations are performed at 7 = 300 K. Weights of the Cu
atomic states given as the partial traces of the reduced den-
sity matrix and the imaginary-time local spin-spin correlation
function xepin(T) = (S;(7)S;(0)) are measured directly in the
CT-QMC simulation for the AIM of the Cu site [39,46,47].
To find equilibrium atomic positions at reduced lattice param-
eters to examine the electronic structure change at elevated
pressures, we use a computationally cheap LDA 4 U scheme
implemented in the WIEN2K package [32]. In the LDA + U
calculations, effective U values (U = U — J) are set to
Ues = 2.0 and 7.0 eV for Co and Cu sites, respectively.

To simulate Co L, 3-edge XAS and 2p XPS, we calculate
the core-level spectral intensities within the LDA + DMFT
scheme. This consists in postprocessing of the LDA + DMFT
calculations for the valence electrons described above, where
the AIM with the LDA + DMFT hybridization densities A(w)
is extended to include explicitly the Co 2p core orbitals and
Co 2p-3d core-valence Coulomb multiplet interaction. Our
computational details for calculating the core-level spectral
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FIG. 2. Observed SXRD patterns and Rietveld refinement results
for (a) LaCu3Co40;, (LCCO) and (b) BiCu3;Co040;, (BCCO). The
circles (black) and solid lines (red) are observed and calculated
patterns, respectively. The difference of the observed and calculated
patterns is shown at the bottom (blue). The vertical marks (green:
ACCO, orange: CuO) indicate the Bragg reflection positions.

intensities of the LDA + DMFT AIM using a configuration-
interaction impurity solver can be found in Refs. [48-50]. We
also calculate the Co L, 3 XAS spectra using a conventional
CoOg cluster model which implements the same Co intra-
atomic Hamiltonian with the LDA + DMFT AIM, while the
continuous DMFT hybridization densities A(w) are replaced
by discrete levels composed of the nearest-neighboring ligand
2p orbitals. Thus, differences in the simulated spectra of the
LDA + DMFT AIM and the CoQg cluster can be attributed
to long-distance hybridization effects beyond the single CoOg
unit [51].

III. RESULTS AND DISCUSSION

A. Structural characterization, magnetic susceptibility,
electrical resistivity, and XANES measurements

Almost single-phase samples of LCCO and BCCO were
synthesized in the high-pressure and high-temperature con-
ditions. Figure 2 shows the SXRD pattern and the Rietveld
refinement result. The cubic A-site ordered perovskite struc-
ture (space group: Im3, Fig. 1) was used to fit the Bragg
reflections of the primary phase, though the impurity phase
of CuO (< 5.0 wt.%) was also detected. The structure param-
eters obtained from the final Rietveld refinement are listed in
Table I, giving a reliable result with small reliability factors
R and goodness-of-fit indicator S. The lattice constant, M—O
bond lengths, and bond valence sums (BVSs) for YCCO,
LCCO, and BCCO are also summarized in Table I. The in-
crease from A = Y to La or Bi of the lattice constant and
the M—O bond length is consistent with the extension of the
A-site ions; Shannon effective ionic radii are 1.019, 1.16, and
1.17 A for Y>*, La**, and Bi** in the eight coordination [55].
The BVSs for the Cu and Co ions are almost identical in the
studied compounds.

TABLE I. Structure parameters for ACu;Co,O;, at room tem-
perature from the Rietveld refinement. The space group is Im3 (No.
204) for all compounds with atomic sites: A 2a (0,0,0), Cu 6b (1/2,
1/2,0), Co 8c (1/4,1/4,1/4), O 24¢g (x, y, 0), and with lattice con-
stant a. The BVSs were calculated using the following parameters:
by = 0.37A for all atoms, ry = 2.019A for Y**, r, = 2.172A for
La**, ry = 2.094A for Bi**, r, = 1.735A for Cu**, and ry = 1.637A
for Co** [52-54]. The occupancy factors for all atoms were fixed to
the unity. These structure parameters are used as input for the DFT
calculations.

A=Y A=Lla A =Bi
a(A) 7.12393(2)  7.18716(4)  7.18332(3)
x 0.3041(2) 0.3115(3) 0.3089(2)
y 0.1726(2) 0.1780(3) 0.1777(3)
Uso(A) x 103 (A2) 2.0(1) 1.7(1) 6.8(1)
Uso(Cu) x 103 (A2)  2.3(1) 3.4(1) 2.4(1)
Uio(Co) x 103 (A2)  0.7(1) 1.5(1) 2.6(1)
Uso(0) x 103 (A2) 3.4(3) 4.5(4) 7.9(5)
A-O (x12) (A) 24910(13)  2.578(3) 2.5599(17)
Cu-0 (x4) (A) 1.8601(12)  1.8632(19)  1.8741(17)
Cu-0 (x4) (A) 2.7180(14)  2.682(3) 2.6918(18)
Co-0 (x6) (A) 1.9037(4) 1.9214(7) 1.9168(6)
BVS[A] 3.35 4.05 3.41
BVS[Cu] 3.13 3.05 3.05
BVS[Co] 2.92 2.81 2.82
Ryyp (%) 3.29 7.13 6.11
Ry (%) 3.35 4.17 2.43
S 1.092 1.045 1.021

Figure 3(a) shows the temperature dependence of the
electrical resistivity. Although the absolute values cannot be
compared between the polycrystalline pellet samples, the
resistivity of all three compounds displayed an insulating
behavior, exhibiting a decrease in p with the temperature
increased. The insulating behavior is consistent with previous
reports for YCCO [11]. Figure 3(b) shows a fitting result
of the electric conductivity (o) using the Arrhenius equation
Ino = —(E,/kgT) + C, where E,, kg, T, C denote the activa-
tion energy, Boltzmann constant, temperature, and a constant
term, respectively. The activation energy E, extracted in the
high-temperature region (orange) shows a systematic increase
for the smaller ionic radii as 51 meV in BCCO, 123 meV in
LCCO, and 344 meV in YCCO. The E, extracted in the low-
temperature region (blue) is 25.8 meV in BCCO, 39.5 meV in
LCCO, and 68.1 meV in YCCO. Thus, the trend of E, is the
same as that in the high-temperature region.

Figure 4 shows the field-cooling (FC) magnetic suscep-
tibilities of LCCO and BCCO. A 1-kOe external field was
applied in the measurement. The zero-field-cooling measure-
ments (not shown) give a nice agreement with the FC data.
No signature of a magnetic transition is detected in the studied
temperatures. The susceptibilities contain a Curie-Weiss—type
(CW) response due to magnetic impurities admixed in the
high-pressure synthesis. A CW fitting for the magnetic sus-
ceptibility was performed as x = Cew /(T — 6w) + xo (see
Fig. 4), where Ccw is a Curie constant, 6y is the Weiss tem-
perature, xo is a constant term independent of the temperature,
which gives Cew of 0.687 and 0.452 emu K/mol for LCCO
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FIG. 3. (a) Temperature dependence of the electrical resistivity
p and (b) the electrical conductivity in a logarithm scale (Ino) for
inverse temperature (7~') for YCu3Co40;, (black), LaCu3Co40,
(red), and BiCuzCo,40, (blue).

and BCCO, respectively, in proximity to 0.560 emu K/mol
for YCCO [11]. The Weiss temperature 6y is estimated as
—125.42, —24.54, and —26.85 K for YCCO, LCCO, and
BCCO, respectively, indicating antiferromagnetic impurities
are present in the ACCO samples. The inset of Fig. 4 shows
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FIG. 4. Temperature dependence of the magnetic susceptibility
for (a) LaCu3Co,40;, and (b) BiCu3;Co40,, measured in an external
field of 1 kOe on FC. The black line (100-300 K) represents the
fitting result using the Curie-Weiss law. The inset shows isothermal
magnetization curves at 5 K and 300 K.
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FIG. 5. XANES spectra of (a) Cu K edge and (b) Co K edge for
ACu;3C0401;. The spectra are measured at room temperature.

the isothermal magnetization (M—H) curves at 5 and 300 K
for LCCO and BCCO. Both exhibited no spontaneous mag-
netization at 5 K, excluding the possibility of a ferromagnetic
transition. This is similar to the magnetic property of YCCO.

Figure 5 summarizes the XANES spectra of the stud-
ied compounds. In the previous study [13], the XANES
spectra of YCCO were compared with those of reference
Co and Cu compounds, and the valence state is proposed
as YCu3"Co;"0Oj,. LCCO and BCCO show similar ab-
sorption energies both at the Co and Cu K edges with
YCCO, suggesting the valence state of LaCu;*"Co, "0y,
and BiCu;>*Co,10),.

B. LDA and LDA + DMFT simulation
for the electronic structure

The experimental results above suggest the valence model
of A¥*Cu;*"Co,°"07, for the studied compounds at am-
bient pressure. No clear signature of a spin-state transition
of the Co ion or insulator-to-metal transition was observed.
To find the energetics of the Cu—Co-O system (covalent
bonding, crystal field, and electronic correlation), we first
calculate the electronic structure of YCCO as a representa-
tive of ACu3zCo40O1; using two ab initio methods, LDA and
LDA + DMFT. The former represents noninteracting bands
and is used to study the crystal-field d-orbital energies, and
Cu-O and Co-O bonding properties. The DMFT provides
dynamical correlation effects within the Co 3d and Cu 3d
shells to the noninteracting LDA bands.

Figure 6(c) shows LDA density of states resolved for the
Co 3d, Cu 3d, and O 2p orbitals. The Co 3d (e,, 1) and
Cu xy states are positioned near the Fermi energy Er. The
Co 1y, states split into a singlet (a;,) and a doublet (eg;) due
to a trigonal distortion of the CoOg octahedra. We average
the aj, and ey, states in the spectra and results below for
simplicity of the presentation. To study the Cu—-O and Co-O
bondings, Figs. 6(a) and 6(b) present the spectra calculated
for the Cu3 Oy, and Co40O1; sublattices separately. The former
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FIG. 6. The LDA density of states for (a) CuzO,, (no Co) sublattice and (b) Co4O,, (no Cu) sublattice in YCCO, and (c) YCCO. The inset
of (b) shows the LDA density of states for LaCoO; as a reference of perovskite cobaltite. The low-energy region of the LDA spectra is zoomed
in the inset of (c). (d) LDA + DMFT density of states for YCCO. The Wannier functions for the antibonding state of (¢) Cu xy and (f) a Co
I states. (g) Sketch of the energy diagram for the relevant d states. The hybridization of atomic Co d,,, d,, and Cu d,, orbitals with the O
2p orbitals lead the antibonding Cu ny and Co d, 2 J,zg states. The energies of the atomic orbitals are taken from the diagonal elements in the
tight-binding Hamiltonian constructed from the LDA bands (spanning the Co d, Cu d, and O 2p bands). The energy levels of the antibonding
Cu dNX,, and Co d}g, c?,zg states are computed by the same procedure but for a tight-binding model obtained by projecting low-energy antibonding

states (of Cu xy and Co 3d orbital symmetries).

(latter) is obtained by eliminating the Co (Cu) orbitals in the
tight-binding Hamiltonian constructed from the LDA bands.
A formation of the Cu—O and Co-O bonding and antibonding
states is illustrated in Fig. 6(g). In the Cu30, sublattice [see
Fig. 6(a)], the Cu xy state pointing to the nearest-neighboring
ligands strongly hybridizes with the O 2p states via the o -type
bonding, resulting in the well-split bonding (~— 6 eV) and
antibonding (~0.3 eV) states. The antibonding Cu xy-O 2p,
state has large weight on the four O atoms [see the Wannier
function in Fig. 6(e)]. The antibonding state shows a sharp
peak in Fig. 6(a) since each CuQ4 plaquette is orthogonal and
isolated to each other in the crystal structure, Fig. 1. Due to
the strong Cu xy-O 2p,, hybridization and a large tilt of CoOg
octahedra, the other Cu 3d orbitals (z%, x* — yz, ZX, yz) are
positioned well below the Fermi energy. The orbital-resolved
spectra for the Cu orbitals are found in the Supplemental
Material [56].

In the Co40, sublattice, we find a small gap (~0.15 eV)
between the Co 1, and e, states, as highlighted by a gray
shadow in Fig. 6(b). Here, we refer to noninteresting LDA
bands of canonical perovskite LaCoO; [see inset of Fig. 6(b)
and Ref. [33]], showing a metallic behavior with overlapping
Co e, and 1), bands. The effective crystal-field splitting Acsr
defined as the splitting of the Co e, and #,, antibonding
orbitals is estimated to 1.87 eV in YCCO [see Fig 6(g)],
while Aqg is 1.6 eV in LaCoOs. The A value is 1.81 and
1.83 eV for LCCO and BCCO, respectively. LaCoOj3 displays
a spin-state transition near 100 K from the low-spin (§ = 0)

with fully filled #,, orbitals, to magnetic high-spin (S = 2) or
intermediate-spin (S = 1) states with excitations from the Co
I, 10 e, orbitals [15,18,57-62]. The A estimates indicate
that the low-spin state, preferred for large A, is more stable
in YCCO, LCCO, and BCCO than LaCoO3.

In combining the Cu—-O and Co-O network discussed
above, the low-energy excitation of YCCO builds on the Cu
xy antibonding state embedded into the ionic crystal-field gap
between the Co e, and t,, states [Figs 6(g) and 6(a)-6(c)].
This, however, does not yield a metallic state. The LDA re-
sult in Fig. 6(c) presents a small hybridization gap (Egsp ~
0.05 eV). The Cu xy antibonding state hybridizes dominantly
with the Co 1,, states via a w-like coupling, resulting in the
gap. The hybridization can be inferred from the shape of the
tails of their Wannier functions in Figs. 6(e) and 6(f). The
hybridization gap in the noninteracting bands is not opening in
LCCO and BCCO (not shown) due to a larger volume which
reduces the hybridization of the Cu xy and Co #,, orbitals.

Figure 6(d) shows the LDA 4 DMFT density of states for
YCCO. Overall electronic structure does not change from the
LDA result in Fig. 6(c). A main consequence of the electronic
correlation is an increase of the charge gap with an upward
shift of the unoccupied Cu xy and Co eg bands. The nonmag-
netic insulating state with a small charge gap is consistent
with the experimental observations in Sec. III A. We also
calculated the valence spectra for LCCO and BCCO by the
LDA + DMFT method, Fig. 7. The charge gap of LCCO is
smaller than that of YCCO. BCCO exhibits a pseudo-gap-like
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FIG. 7. The LDA + DMFT density of states for (a) YCCO,
(b) LCCO, and (c) BCCO.

feature near the Fermi energy. The A-site element dependence
of the low-energy structure agrees with the experimental trend
of the activation energy in Sec. III A.

The electronic structure obtained above sheds a light
on the valence change by electron and hole doping in the
ACu3Co40;, family, mentioned in Sec. I. The top of the
valence band in YCCO has a Co fp, character, while the
bottom of the conduction band is composed of the Cu xy state
with which broad Co e, band is overlapped [see Figs. 6(c)
and 6(d)]. This serves as a qualitative explanation for the
experimental observation; the electron (hole) doping changes
the Cu (Co) valence dominantly. As a validity of this simple
rigid-band picture, we perform a supplemental LDA 4+ DMFT
calculation for electron- and hole-doped YCCO (see Fig. 8).
The asymmetry in the element character of the doped carriers
is seen in the calculated results: Doped holes reside on the
Co sites, while doped electrons go into both the Cu and Co
sites. As expected for the oxides with high-valence Cu and Co
ions, the carriers are also doped into the O sites. A quantitative
evaluation for a specific 2+ or 4+ A site requires a lattice
parameter relaxation which would renormalize the Co and
Cu bandwidths to some extent, though it is beyond the scope
of this study. In the studied hole concentration, i.e., up to 1
hole per formula unit, mimicking A Cu3Co40;; case, the Co
spin-state transition from the low-spin ground state does not
occur, which is consistent with the stable Co low-spin state in
CaCu3C04012 [12]

C. Cu spin dynamics in YCCO

Next we investigate the charge and spin dynamics on the
Cu site. Figure 9(b) shows (projected) atomic weights on
the Cu site in the LDA + DMFT result for YCCO. We find the
highest atomic weight in the N = 9 charge sector and some

0.1 . '

Cu —e—

Occupation change (/site)

0.1 ; ' ;
-1 0 1

Total amount of carrier doping (/f.u.)

FIG. 8. The change of the electron occupation (per site) on the
Cu, Co, and O sites from the stoichiometric YCCO by the electron
or hole doping. Here the LDA + DMFT method was employed and
YCCO structure in Table I was used. The plus (minus) sign indicates
the electron (hole) doping to the stoichiometric filling of YCCO.

distributions to the N = 8 and 10 sectors. The calculated total
Cu 3d occupation is (N;) = 8.9. This Cu occupation is not
contradictory to the valence model of A**Cu;?**Co,**0%;
since this valence model represents the electron distributions
among the Cu and Co low-energy antibonding states.

Figure 9(a) shows the spin-correlation function xspin(7)
calculated at the Cu site. A large instantaneous response

1.0 y T y T y T T T
[ 1.0
(a)
o) ]
2 o5} Ycco— ©° ]
% Cuz0qp — 0o
> '0.00 0.05
/B
0.0 | " 1 M 1 . 1 N
0.0 0.1 0.2 03 0.4 05

Weight

8 9 10
Number of electrons

FIG. 9. (a) The spin-correlation function x.n(7) calculated at
the Cu site in YCCO (red) using the LDA + DMFT method along
the imaginary-time axis. Here, 8 is the inverse temperature corre-
sponding to the simulation temperature (7 = 300 K). The xyin(7)
calculated for the Cu;0y, sublattice in YCCO is shown for compari-
son (black). (b) Weights of the atomic states at the Cu site.
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FIG. 10. Co L, 3 XAS spectra of the studied compounds. The
spectra are measured using IPFY mode at 50 K (blue), 100 K (green),
and 300 K (red). EuCoO; (Co3+ low-spin reference) [12], SrCoO;
(Co** reference) [12], and CoO (Co** reference) [12] spectra are
shown together.

[Xspin(r =07)~0.7] is found. This is an expected
behavior for the dominant d° local configuration [Fig. 9(b)]
with the spin S = % However, the instantaneous spin
response is screened in time rapidly by a coupling with the
bath composed of the valence electrons. Thus, the Cu spin
does not lead to a local-moment behavior in the magnetic
susceptibility. To figure out the underlying mechanism of the
Cu spin screening, in Fig. 9(a) (red curve), we calculate the
Xspin(T) for the Cuz Oy, model introduced in Fig. 6(a), where
the hybridization with the Co 3d states is absent. This partial
model result resembles that of the full model of YCCO well,
especially in a short-time response [see the inset of Fig. 9(a)],
indicating that the spin screening occurs dominantly with
nearest-neighboring ligands. This behavior fits with the
picture of the Zhang-Rice singlet state where a spin-singlet
state is formed between the Cu xy and ligand 2p holes locally
on the CuQy plaquette [23,24]. However, we find that i (7)
of the Cu30O;, model does not decay to zero and it leaves a
residual long-time response of xspin(z = $/2) ~ 0.05. Thus,
the hybridization with the Co 3d states also affects the Cu
spin dynamics, and is important for fully quenching the Cu
spin in YCCO.

D. 2p core-level XAS and XPS spectra

Figure 10 shows the Co L-edge XAS spectra for all sam-
ples together with the reference spectra of CuO (Cu®"),
SrCoO; (Co*t) [12], EuCoO3 (Co®*) [12], and CoO (Co? ™).
The Co L, 3 XAS is sensitive to the Co spin state as well
as the Co valence state [61]. The Co L, 3 XAS spectra of
the studied compounds are similar with that of EuCoOs3, a

YCu3Co,04, (Expt. T=300K, TEY)
EuCoO5 (Expt.)
LDA+DMFT ——
Cluster model Ah‘_

780 790 800
Energy (eV)

Co L, 3 Intensity (arb.units)

FIG. 11. Co L,3 XAS spectra calculated by the CoOg cluster
model (bottom, red) and the LDA + DMFT AIM (bottom, blue). The
experimental spectra of YCCO measured with the TEY mode and
EuCoOj; [12] are shown together.

reference of the low-spin Co®* system, but the line shape as
well as the absorption energies differ from SrCoO; (Co*™)
and CoO (Co®"). Similar to previous Co L3 XAS studies
[12] for YCCO and CaCu3Co40,; using the TEY method,
however, the Co L, 3 XAS spectra in all studied ACu3Co40;
are rather broad compared with the spectrum of EuCoO3. To
elaborate this observation, we simulate the XAS spectra by
the LDA + DMFT AIM and cluster model, Fig. 11. Here,
we show the Co XAS of YCCO measured in TEY mode to
directly compare with the reference spectrum of EuCoO3. The
LDA + DMFT AIM considers the hybridization of the Co
orbitals with the long-distant ions including the Cu 3d ones
[48]. On the other hand, the CoOg cluster model describes the
hybridization only with the nearest-neighboring ligands. The
cluster-model result for YCCO is similar with the spectrum
of EuCoOs3, exhibiting a shoulder feature around 781.5 eV
in the Co L3 main line which is a well-known characteristic
for ionic low-spin Co system [61]. Thus, the broad main-line
feature is not intra-atomic or hybridization with the ligands
origin. Although the ground state is the low-spin singlet in
the LDA 4+ DMFT AIM, the LDA + DMFT XAS spectrum
is broader substantially than the CoOg cluster-model one,
accompanied by a continuumlike tail in the high-energy side,
and reproduces the experimental line shape well. The results
of the two theoretical methods suggest that (1) the Co ion
has the trivalent low-spin state, and (2) the broad Co L3
XAS spectrum is intrinsic in YCCO that is related with the
hybridization effect with the Cu ions. In the experimental data,
a small intensity is found in the pre-edge region (~778 eV),
indicated by a gray shadow in Fig. 11, which is probably
attributed to Co®* impurities.

To further support the trivalent low-spin Co state, Fig. 12
shows the Co 2p3/» XPS spectra for three compounds. The
spectrum simulated by the LDA + DMFT AIM for YCCO is
also shown. Our experimental XPS result for YCCO agrees
well with previous studies by Mizokawa et al. [23] who
pointed out that the binding energy Ep of the Co 2pj3,, satellite
feature in YCCO matches well with that of LaCoOs, while
that of SrCoOs is about 1-2 eV lower, as indicated by arrows
in Fig. 12. The Co 2p3/, satellite binding energy is sensitive
to the valence state and spin state of the Co ion [65,66].
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FIG. 12. Co 2p XPS spectra of YCCO (red), LCCO (green),
BCCO (blue), and the LDA + DMFT AIM result for YCCO (black).
The Co 2p XPS spectra of the reference compounds: LaCoOj; (green)
and SrCoQOj; (pink) taken from Ref. [63] are also shown for compar-
ison. The Co 2p3,, satellite feature is indicated by an arrow.

The LDA + DMFT AIM reproduces the satellite position in
the experimental data nicely.

In Fig. 10, the temperature dependence of the Co L, 3 XAS
spectra is negligibly weak in YCCO, LCCO, and BCCO. This
indicates that the spin-state transition does not occur in the
studied temperature range.

We next discuss the Cu L3 XAS. Figure 13 displays the Cu
L3 spectra of studied samples and of the reference NaCuO,
(Cu**) [12]. All compounds show a prominent peak at about
933 eV. The absorption energy of this peak is very similar
with that in the Cu3t reference oxide, NaCuO,. The Cu?*
absorption feature is found around 931 eV, while its intensity
is rather weak compared to the Cu’" feature, indicating that
the Cu valence is close to trivalent. In order to quantitatively
determine the Cu valence, we have performed a fitting anal-
ysis for all Cu L3-XAS spectra. We obtained estimates of the
Cu valence as +2.91, +2.93, and +2.83 for YCCO, LCCO,
and BCCO, respectively. Our fitting analysis can be found in
the Supplemental Material [56].

We comment on the Zhang-Rice singlet state from the XAS
point of view. As pointed out in Ref. [24] for CaCu3Co040;
and doped cuprates, the high-energy absorption feature
(~933 eV), referred to as the Cu** peak above, corresponds
to the transition from |d°L) — |cd'°L), where d and ¢ denote
an electron on the Cu 3d shell and a hole on the Cu 2p core
level, respectively. On the other hand, the weak broad feature
around 942 eV is attributed to the |d®) — |cd®) excitation.
These two transitions are possible for the formally trivalent
Cu. The former is a known signature of the Zhang-Rice singlet
ground state. The Cu®* feature around 931 eV corresponds to
the |d°) — |cd'?), and thus is characteristic for the divalent

T=50K —
T=100K
T=300K -
CuO (solid)
) NaCuO, (dashed)
5
£
8
= .
g BlCU3CO4012
ﬂé -VW!MW"M
:m
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YCu3Co0,04,
\\ '/,-,--wwr
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FIG. 13. Cu L; XAS spectra of the studied compounds measured
in IPFY mode at 50 K (blue), 100 K (green), and 300 K (red). The
XAS spectra of CuO (Cu?* reference) and NaCuO, (Cu®* reference)
taken from Ref. [12] are shown for comparison.

Cu valence. Therefore, the large 933 eV feature observed in
all three compounds suggests the dominant |d°L) character
of the ground state, a necessary ingredient of the Zhang-Rice

BiCU3CO4O12

» |

c

5L

2 aCu3Co,045

E‘

2 | YCuzCo,04,

2

S |

IS

N

o NaCuO,

LaOSSrOZCuozj\
530 532 534
Energy (eV)

FIG. 14. O K XAS spectra of the studied compounds mea-
sured at 300 K in FY mode. The reference spectra of the pure
corner-sharing ladder Lag gSr,Cu0O, 5 (Cu>**) taken from Ref. [64]
and LaCuO, 5 (Cu**), and of the pure edge-sharing chain NaCuO,
(Cu*") are also shown for indicating the d°L (Zhang-Rice singlet)
and d° state in different CuO,4 network.
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FIG. 15. Temperature (T') dependence of electrical resistance (R) under pressure (P) in (a) YCu3;Co0,0;, (YCCO), (b) LaCu3C040,
(LCCO), and (c) BiCu3Co40;, (BCCO). Pressure dependence of the electrical resistance (R) of (d) YCCO, (e) LCCO, and (f) BCCO.

state. Furthermore, we crosscheck the Zhang-Rice singlet
state at the O K edge. Figure 14 shows the O K-edge XAS
for the studied compounds compared to the reference spectra
for different CuO,4 network. The experimental XAS spectra
exhibit a clear prepeak on the low-energy side (~528.6 eV),
highlighted by a gray shadow, which is the oxygen-specific
signature for the |d°L) ground state. This peak is observed
in the high-valence cuprates with the Zhang-Rice singlet
ground state [see the reference spectra of NaCuO; (Cu*h)
and Lag gSrosCuO, 5 (Cu*?")]. The prepeak is absent in the
divalent Cu references (CuO, LaCuQO5 5).

E. Pressure dependence

Finally, we examine an application of pressure to YCCO,
LCCO, and BCCO. Figures 15(a)-15(c) show the pressure
and temperature dependence of the resistance R. Although
the magnitude of R depends on the A-site elements, the
resistance R of all three compounds decreases with the tem-
perature increase, indicating an insulator-to-metal transition
does not occur in the studied temperature range. In most 3d
transition-metal oxides, application of the physical pressure
often enhances hybridization (i.e., bandwidth), and conse-
quently the resistance is expected to decrease under pressure.
Figures 15(d)-15(f) show the R vs P plot for the selected
temperatures. A decreasing behavior of the resistance R is
observed at low temperatures. Interestingly, the R turns into
an increase at high pressures. The increase is about one order
of the magnitude in the studied pressure range.

To interpret the increase of the resistance R at the elevated
pressures, we simulate the crystal- and electronic-structure
changes with the pressure application. To this purpose, we use
the computationally cheap LDA 4 U scheme and search for
the equilibrium atomic positions at a reduced volume within
the A-site ordered perovskite crystal frame (/m3) for YCCO,

LCCO, and BCCO. Figure 16 summarizes the density of states
calculated for the optimized structures. We find that the charge
gap is increased for a reduced volume (90% of the equilibrium
volume at room temperature) as a consequence of two factors:
(1) the Cu—O bonding and antibonding splitting increases with

@A=Y (b) Total — Co —
Cu—— O

l\?'-)/ i | . - L1 Iﬂ | I I . | | ﬁﬁ—:
& |©A=La (d)
o
n
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FIG. 16. The LDA + U density of states of ACu;Co,0; calcu-
lated for (a), (c), () the equilibrium volume Vg at room temperature
in Table I and (b), (d), (f) the crystal structure optimized for the
reduced volume V = 0.90 x Vgr. The Fermi energy is set to zero
in the panels.
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a volume decrease which shifts the Cu—O antibonding peak
on the conduction top toward the high-energy side, and (2)
the ionic crystal-field gap of the Co ion is enhanced with
the reduction of the volume. This would explain the increas-
ing behavior of resistance R as well as the absence of the
insulator-to-metal transition in YCCO, LCCO, and BCCO.

IV. SUMMARY

New A-site ordered perovskite oxides LaCu3Co4O;
(LCCO) and BiCu3Co40;, (BCCO) are synthesized in high-
pressure and high-temperature conditions of 12 GPa and
1273 K. We report comprehensive experimental characteriza-
tion of LCCO, BCCO, and YCu3Co40,; (YCCO) including
transport and magnetization measurements, high-pressure ap-
plication, K- and L-edge x-ray absorption spectroscopy, and
Co 2p x-ray photoemission spectroscopy. Our results suggest
the valence state of A3*Cu3*"Co,*T0}; (A = Y, La, Bi)
with a small charge gap at ambient pressure. The trivalent
Co ion has a low-spin configuration and does not show a
spin-state transition in the studied temperatures (up to 300 K).
Application of the physical pressure (~55 GPa) does not lead
to an insulator-to-metal transition. The electronic structure
in the ambient and elevated pressures is calculated using
density-functional theory with local density approximation
(LDA) plus dynamical mean-field theory (DMFT) method and
with the LDA + U method, respectively. We revealed the
energetics of the Co—O and Cu-O covalent-bonding forma-
tion, crystal-field splitting on the Co states, and the electronic
correlation effect. This allows us to identify the mixed orbital
and element character in the low-energy electronic structure

leading to the small charge gap and an unusual transport
behavior at the high pressures. A comparison with a con-
ventional perovskite cobaltite LaCoO3 using LDA provides
explanation for the stable low-spin d® configuration of the
Co ion in the ACu3Co0401; system. The Cu spin dynamics is
investigated by the LDA + DMFT method. We show that a
rapid screening of the Cu spin occurs largely on the isolated
CuOy4 plaquette, which supports the formation of the Zhang-
Rice singlet state with a ligand hole, while a hybridization
with the Co bands is important for fully quenching the local
spin moment of Cu (S ~ %) in a long-time response.
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