PHYSICAL REVIEW B 108, 035105 (2023)

Influence of oxygen coordination number on the electronic structure
of single-layer La-based cuprates

M. Horio®,"* X. Peiao®,2 M. Miyamoto T Wada,! K. Isomura®,? J. Osiecki®,? B. Thiagarajan,3 C. M. Polley,3
K. Tanaka,* M. Kitamura,” K. Horiba,® K. Ozawa®,> T. Taniguchi,” M. Fujita®,? and I. Matsuda'
VInstitute for Solid State Physics, The University of Tokyo, Kashiwa, Chiba 277-8581, Japan
2 Institute for Materials Research, Tohoku University, Katahira, Sendai 980-8577, Japan
3SMax IV Laboratory, Lund University, Box 118, 22100 Lund, Sweden
4UVSOR Facility, Institute for Molecular Science, Okazaki 444-8585, Japan
SInstitute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
®National Institutes for Quantum Science and Technology (QST), Sendai 980-8579, Japan

® (Received 4 April 2023; accepted 22 June 2023; published 5 July 2023)

We present an angle-resolved photoemission spectroscopy study of the single-layer T*-type structured
cuprate SmLa,;_,Sr,CuO, with unique fivefold pyramidal oxygen coordination. Upon varying oxygen content,
T*-SmLa;_,Sr,CuQy4 evolved from a Mott-insulating to a metallic state where the Luttinger sum rule breaks
down under the assumption of a large holelike Fermi surface. This is in contrast with the known doping
evolution of the structural isomer La,_,Sr,CuQ, with sixfold octahedral coordination. In addition, quantitatively
characterized Fermi surface suggests that the empirical 7 rule for octahedral oxygen-coordination systems does
not apply to T*-SmLa,_,Sr,CuQO,4. The present results highlight unique properties of the T*-type cuprates
possibly rooted in its oxygen coordination, and necessitate thorough investigation with careful evaluation of

disorder effects.

DOLI: 10.1103/PhysRevB.108.035105

I. INTRODUCTION

Strong electron correlation lies at the heart of high-
temperature superconductivity in cuprates [1]. While its major
contribution to superconductivity is unquestionable, the quan-
titative relevance is still under debate. Recent first-principles
calculations [2,3] have estimated particularly large effective
onsite Coulomb interaction U for one of the lowest-7; ma-
terials La,_,Sr,CuO4(LSCO), while more modest values for
the higher-7; Hg-based cuprates. It was suggested using the
Hubbard model that larger U for LSCO facilitates charge
inhomogeneity [4,5], which competes with superconductivity
and could in turn lower T; [6]. To further gain insight into the
influence of electron correlation, comparative experimental
studies are desired with varying the onsite effective interaction
but with minimal changes to other details such as block-layer
properties.

Structural isomers of single-layer 214-type cuprates pro-
vide a unique platform for this purpose. The local oxygen
coordination around Cu can be varied from sixfold octahedral
[T-type, Fig. 1(a)] to fourfold square-planar one (T’-type)
[10]. The reduction of the oxygen coordination number is
known to cause a decrease of the charger-transfer gap and
hence an increase of Cu 3d—O 2p hybridization [11], which
leads to stronger screening of local interactions [2,3]. How-
ever, unlike the T-type ones represented by LSCO, the T’-type
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cuprates do not easily accept Sr substitutions, and it is still
unsettled whether they can be doped with holes [12,13]. On
the other hand, T*-type cuprates with fivefold pyramidal oxy-
gen coordination [Fig. 1(a)] can be hole doped and thus are
directly comparable to the T-type counterpart [14]. An op-
tical conductivity study on the parent compounds revealed
smaller charge-transfer gap for the T*-type cuprate than the
T-type one [11], suggesting smaller onsite effective interaction
for the T*-type cuprate. It is known that as-grown samples
of the T*-type cuprates have oxygen defects likely at the
apical site and high-pressure post-growth O, annealing is
necessary to induce superconductivity [15,16]. Recent oxy-
gen K-edge x-ray absorption (XAS) studies [17] found the
drastic increase of doped holes by O, annealing consistent
with the compensation of the oxygen defects. The 7. of O,-
annealed T*-SmLa;_,Sr,CuO4(SLSCO) shows a monotonic
increase with decreasing Sr doping [8], which is in con-
trast to the domelike behavior of T-LSCO [7] [Fig. 1(b)].
The distinct superconducting characteristics between the T*-
and T-type cuprates suggest substantial differences in the
electronic structure associated with variation of oxygen-
coordination number. However, the electronic structure of
T*-type cuprates including its evolution by annealing has
remained largely unexplored [18] even after 35 years since the
discovery.

Here, we present an angle-resolved photoemission spec-
troscopy (ARPES) study of T*-SLSCO (x = 0.25) annealed
under various conditions. By compensating oxygen vacancies,
T*-SLSCO evolves from a Mott-insulating to a metallic state
in a fashion distinct from the doping evolution of T-LSCO.

©2023 American Physical Society
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FIG. 1. Properties of the T*-SLSCO samples. (a) Crystal struc-
ture of the T-type (left) and T*-type (right) cuprates. (b) 7. versus
Sr concentration for the present O,-annealed T*-SLSCO (x = 0.25)
sample plotted along with previous results on T-LSCO [7] and T*-
SLSCO [8]. (c) c-axis lattice constant of the as-grown, Ar-annealed,
and O;-annealed T*-SLSCO (x = 0.25) samples. (d) Magnetization
of the O;-annealed sample as a function of temperature.

Furthermore, quantitative analysis of the metallic Fermi sur-
face suggests deviation from empirical scaling law between T
and Fermi surface curvature or hole doping level. The present
work suggests unique properties of the T*-type cuprates that
are either intrinsic or dominated by disorder.

II. METHODS

Single crystals of T*-SLSCO (x = 0.25) were grown by
the traveling solvent floating-zone method. Three kinds of
samples, as-grown, Ar-annealed, and O,-annealed, were pre-
pared. Ar annealing was performed at 800 °C and 0.1 MPa
for 12 hours and O, annealing at 500°C and 45 MPa for
72 hours. The shortening and elongation of the c-axis lattice
constant by Ar and O, annealing [Fig. 1(c)] suggest removal
and incorporation of apical oxygen atoms, respectively. The
change in the oxygen content was evaluated to be § = —0.032
and 0.020 after Ar and O, annealing, respectively. The O,-
annealed sample showed superconductivity below 7, = 17K
[Fig. 1(d)]. This value is consistent with the known trend in
the doping range of x = 0.10 — 0.225 [8] [Fig. 1(b)]. ARPES
measurements were performed at the BLOCH beamline of
MAX IV at T = 20K except for the Ar-annealed sample that
was measured at 210 K to avoid charging. Photon energies
were set at iv = 105eV and the total energy resolution at
25 meV.

III. RESULTS

The electronic-structure evolution by annealing treatment
is displayed in Fig. 2. For the Ar-annealed T*-SLSCO (x =
0.25) sample, the bands are entirely gapped, and a broad
dispersion peaked around (7 /2, 7 /2), resembling the lower
Hubbard band (LHB) of T-La,CuQO, [19], and Ca,CuCl,0,
[20] is found around ~0.5eV below Ep [Figs. 2(a) and
2(b)]. This suggests close proximity to the Mott-insulating
state. On the other hand, for the as-grown sample with less
oxygen vacancies, the low-energy state extends toward Ep
[Fig. 2(d)] and toward the antinodal direction [Fig. 2(c)].
However, the spectral weight becomes diminishingly small
with approaching Ef as one can see from the energy distri-
bution curve (EDC) in Fig. 2(g). By O, annealing and thereby
further compensating apical-oxygen vacancies to induce su-
perconductivity, a sharp nodal quasiparticle peak is created
[Figs. 2(f) and 2(g)]. Subtracting the EDC at (i, ) as a back-
ground, it becomes clear that the LHB is shifted toward Er and
the quasiparticle peak is created just above the LHB, as going
from the Ar-annealed to the O,-annealed samples [Fig. 2(h)].
This evolution from the Mott-insulating to superconducting
states is similar to the doping evolution of other cuprates such
as Ca;_,Na,CuCl,0, (Na-CCOC) [20,21], Bi2201 [22,23],
and BiySrp_,La,(Ca, Y)Cu,Og4s (Bi2212) [24], where the
chemical potential is continuously shifted toward LHB until a
nodal quasiparticle peak is created. We thus conclude that the
primary effect of oxygen-defect compensation for T*-SLSCO
is to dope holes.

In order to quantitatively characterize the Fermi surface
of Oj-annealed T*-SLSCO (x = 0.25), we fitted peak
positions of the momentum distribution curves (MDCs)
at Er to the tight-binding model [Fig. 3(a)] € —u =
€y — 2t[cos(k.a) + cos(kya)] — 4t’ cos(k.a) cos(kya) — 2t”
[cos(2kca) 4 cos(2kya)], where ¢, t, and t” represent
nearest, second-nearest, and third-nearest neighbor hopping
parameters, respectively, and € is the center of the band
relative to the chemical potential w. Fixing ¢”/t" at —0.5 as
frequently assumed [22,25], we obtained #’/t = —0.30 and
€0/t = 0.54. The validity of these tight-binding parameters
have been confirmed by examining constant-energy surfaces
at deeper binding energies (see Appendix A). The area of the
fitted Fermi surface in Fig. 3(a) yields the doping level of
0.00. This unrealistically small value for the superconducting
sample suggests breakdown of the Luttinger’s theorem
under the assumption of a large hole Fermi surface around
(wr, m). Similar violation has also been reported for
underdoped Bi2201 [22] and Na-CCOC [26]. Yang, Rice, and
Zhang proposed, based on the doped resonant valence-bond
spin-liquid concept, that the deviation implies a small Fermi
surface formed within the original Fermi surface and the
antiferromagnetic Brillouin-zone boundary (AFBZ) being
a more appropriate description in the pseudogap state [27].
Subsequent ARPES studies on Bi2212 and Na-CCOC
supported this picture [28,29]. Recent experimental works
on the Hall coefficient of hole-doped cuprates also suggest
the formation of a small Fermi surface in the presence of the
pseudogap [30-32].

Examining EDCs at kg positions [Fig. 3(c)], a sharp sup-
pression of the Fermi edge is found as approaching AFBZ
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FIG. 2. Evolution of the electronic structure of T*-SLSCO by annealing treatment. (a) Constant-energy surface of the Ar-annealed sample.
Intensity has been integrated over 20 meV with respect to the indicated energy level. (b) Nodal energy-momentum map of the Ar-annealed
sample. The dashed line marks the energy level where the constant-energy surface is mapped. (c)—(f) The same as (a) and (b) for the as-grown
and O,-annealed samples. (g) EDCs of the T*-SLSCO samples at the nodal (underlying) kr. EDCs around (77, 7) are overlaid as a background.
(h) EDC:s after background subtraction. The LHB peak position is marked by vertical bars. The EDC at E < Er — 0.7 ¢V for the O,-annealed
sample is omitted due to possible contributions from other bands. (i) Nodal EDC for T-LSCO at x = 0 and 0.03 extracted from Ref. [9]. The
black shade marks LHB.

1.0

0,-annealed from the nodal direction. Accordingly, spectral weight inte-
v ¥ grated over Er == 20 meV exhibits a steeper reduction before
reaching AFBZ [marked by the arrow in Fig. 3(d)]. These ob-
servations are consistent with the small Fermi surface scenario
where the Fermi surface is confined on one side of the AFBZ
[27-29]. While the exact shape is difficult to elucidate, the
Fermi surface area should fall between the two extreme cases

‘ [27-29]; the region enclosed by the original Fermi surface
0.0 05-04-03-02-01 0 and (i) AFBZ [blue shaded in Fig. 3(b)] or (ii) the mirrored
E-E: (eV) Fermi surface whose nodal part is tangent to the AFBZ [red

Intensity (arb. units)

M ———— shaded in Fig. 3(b)]. In order to evaluate the actual hole
s 10l (d)  Spectral weight ] concentration, we estimated the doping level of each case
g "t Ec£20 meV - [0.123 for case (i) and 0.090 for case (ii)] and averaged the

© - 4 . .
) - | AFBZ ] two values. Consequently, we obtained the doping level prs =
E 051 '-QE,’O 5L | ] 0.107 £ 0.016. From a weight change, the difference in the
< R E oxygen content between the Ar- and O,-annealed samples is
r ‘ - s I ] 0.032 + 0.020 = 0.052. This straightforwardly translates into
0.0k ~0.090 <|p Fs < 0.123 § ol 1w the doping-level difference of 0.104 between the two samples.
1.0 -0.5 00 40 50 60 70 80 90 Considering the proximity of the Ar-annealed sample to the
k, (Tr/a) Angle ¢ (degree) Mott-insulating state (Fig. 2), the estimated pgs iS consis-

tent with the changes in the oxygen content, though being

FIG. 3. Fermi surface geometry. (a), (b) Fermi surface of the smaller than the XAS estimate (p = 0.17) on polycrystalline
0O,-annealed T*-SLSCO (x = 0.25) sample fitted to the tight-binding O;-annealed T*-La;_,»Buj_;/»Sr,CuOy4 (x = 0.25) [17].
model. Red dots in (a) represent momentum-distribution-curve
(MDC) peak positions gathered into the displayed region according
to the C; and mirror symmetries. Hole concentration pgg is estimated IV. DISCUSSION
from the small Fermi surface shaded in (b). See text for detailed Having clarified the doping evolution of T*-SLSCO from
descriptions about the small Fermi surface. (c) EDCs from the nodal the Mott-insulating to metallic state with a small Fermi sur-
to the antinodal momentum points indicated in (b). (d) Spectral face, let us compare with the case of T-LSCO. For T-LSCO,
weight integrated over Er & 20 meV [black shaded region in (c)] and upon hole doping, a quasiparticle peak emerges abruptly by
plotted against Fermi surface angle ¢ defined in (b). The error bar spectral-weight transfer from LHB while the position of LHB
has been evaluated based on the uncertainty of Er (1 meV). The remains virtually unaffected [Fig. 2(i)] [9,19,33]. Moreover,
arrow marks a steeper change. the resulting metallic state with a large (underlying) Fermi
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FIG. 4. Hopping parameter of single-layer cuprates with octahe-
dral or pyramidal oxygen coordination. The value of —¢'/t versus
hole concentration for single-layer hole-doped cuprates as indicated
[22,25,36-39]. The assumption of —”/t" = 0.5 has been applied to
all the data.

surface obeys the Luttinger’s theorem even in the underdoped
region [25]. It was proposed that the doping evolution for
T-LSCO can be explained by formation of a mixed phase of
antiferromagnetic and superconducting states [34] with possi-
ble dynamical fluctuations [25]. Considering that particularly
large U [2,3] for T-LSCO could enhance a tendency toward
such a phase separation [4,5,35], the distinct evolution is
consistent with a smaller U for the T*-type cuprates expected
from the smaller charge-transfer gap [11].

In a broader perspective, it is of primary importance to
make a comparison between the single-layer cuprates with
pyramidal and octahedral oxygen coordination in general.
To that end, the values of —¢t’/¢ that defines the curvature
of the underlying large Fermi surface are extracted from
previous ARPES works on cuprates with octahedral oxygen
coordination [22,25,36-39] and plotted against hole doping
in Fig. 4. Sr concentration is employed as a doping level
for T-LSCO [25], while for Bi2201 [22,36], Tl,Ba;CuOgs
(T12201) [37,38], and HgBa,CuO44+s (Hgl201) [39], hole
concentrations derived from transport measurements [22,
40-42] are used. The present result on T*-SLSCO is plotted
versus pgs determined from the Fermi surface area. While
—t'/t somewhat depends on the doping level, the values
for cuprates with octahedral oxygen coordination can be
classified into three regimes based on material differences;
0.10 — 0.20 for LSCO, 0.20 — 0.25 for Bi2201, and >0.25
for T12201 and Hg1201. It has been shown that smaller values
of —t’/t in a single-band description result from hybridization
between the d,>_,» and dj._,» orbitals that pushes up the
energy level of antinodal quasiparticle dispersion [3,43]. This
orbital hybridization is harmful for spin-fluctuation-mediated
superconductivity and thus predicted to reduce T [44,45]. As
such, smaller —t’/t has been associated with lower T, and
vice versa [46]. As for O,-annealed T*-SLSCO, the —t'/t
value is even larger than those for T12201 and Hg1201 whose
maximal T)s exceed 90 K. This is apparently incompatible
with even lower T; of the T*-type cuprates than that of the

T-type cuprates with exceptionally small —¢’'/t. Since the
separation between the d,2_,» and d3._,2 energy levels is
expected, from an ionic-model analysis [47], to be compara-
ble for the T*- and T-type cuprates, orbital hybridization is
unlikely to be the main origin of the deviation. According to
cellular dynamical mean-field theory [48], —t/t is enhanced
by electron correlation in the underdoped regime. However,
moderate electron correlation for the T*-type cuprates would
not account for the enhancement of —¢’/t over the values of
the octahedral coordination systems, especially of T-LSCO. It
is of note that Na-CCOC—isostructural to T-LSCO but La/Sr
and apical oxygen are respectively replaced by Ca/Na and
Cl—similarly possesses larger —t'/t than Bi2201 [22] despite
low maximal T, ~ 27 K. Although the exact mechanism re-
mains to be addressed, it is possible that a common origin for
the deviation of —t’ /¢t underlies the single-layer nonoctahedral
oxygen coodinated systems.

If one applies the empirical 7;-versus-p scaling commonly
used for hole-doped cuprates 1 — 7;./T; max = 82.6 X (p —
0.16)? [32,49], the T, of the O,-annealed T*-SLSCO (x =
0.25) with respect to the optimal value [8] yields p = 0.235.
This would fall deep in the overdoped regime that is compa-
rable or even beyond the typical pseudogap endpoint (p* ~
0.19-0.23) [31,32,50]. For O,-annealed T*-SLSCO (x =
0.25), however, the actual hole concentration amounts only
to prs = 0.107 and a clear pseudogap is observed [Fig. 3(c)].
This implies deviation from the common phase diagram; the
superconducting phase is apparently condensed at low doping,
and the pseudogap prevails over the larger part of the super-
conducting dome. In fact, the shift of the superconducting
region towards low doping was predicted by variational Monte
Carlo studies on the single-band Hubbard and d — p models
upon decreasing onsite effective interaction [51,52]. On the
other hand, the influence of disorder should also be considered
for discussing the phase diagram. Due to small apical-oxygen
height of the T*-type cuprates (2.2-2.3 A) [8,53] compared
to those of other single-layer cuprates (~2.4 A for T-LSCO
[54] and ~2.7 A for TI2201 [55]), disorder introduced by
Sr substitutions are placed more closely to CuO, planes and
hence would more strongly affect superconducting properties
[56]. In a previous work, this disorder effect was proposed
as the origin of the monotonic T suppression upon Sr dop-
ing [8]. Moreover, in the present O,-annealed T*-SLSCO
(x = 0.25), x — pgps = 0.143 implies that 0.072 oxygen atoms
are deficient, compensating hole doping by Sr substitutions.
If the concentration of apical oxygen defects depends on Sr
doping, that could also affect the doping dependence of T¢.
To establish the intrinsic electronic phase diagram of T*-type
cuprates that hosts a potential uniqueness, systematic elec-
tronic structure investigation of superconducting samples is
necessary in a wide doping range with a special care for the
influence of disorder.

V. CONCLUSIONS

In summary, we have investigated the electronic structure
of T*-type cuprate SLSCO (x = 0.25) with pyramidal oxygen
coordination by means of ARPES. By compensating apical-
oxygen vacancies and thus doping holes, T*-SLSCO evolved
from the Mott-insulating to metallic state with a small Fermi
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FIG. 5. Tight-binding analysis at deeper binding energies. (a) Energy-momentum map along the nodal direction [indicated by black line
in (b)] overlaid with MDC peak positions (red dots). The light blue curve represents the tight-binding-modeled band dispersion with ¢ =
0.31eV. (b)—(d) Constant-energy maps at indicated energy levels. The photoemission intensity has been integrated within £20 meV for
(b) and =10 meV for (c) and (d). Constant energy surfaces modeled by the tight-binding model are plotted as light blue curves.

surface. This doping evolution is similar to other hole-doped
cuprates except for T-LSCO, highlighting the peculiarity of
T-LSCO arising likely from its particularly large effective on-
site interaction. The empirical relationships such as maximal
T. versus —t'/t and T, versus p apparently do not hold for
the T*-type cuprates. Systematic doping-dependent studies on
superconducting samples with careful assessment of disorder
effects will pave the way for unveiling the full picture of its
potentially unique phase diagram.
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APPENDIX: DETERMINATION OF HOPPING
PARAMETERS

In order to test the validity of tight-binding parameters
determined from the Fermi surface, we examined electronic
states at deeper binding energies. Figure 5(a) shows nodal
band dispersion of the O;-annealed T*-SLSCO (x = 0.25).
Peak positions of MDCs have been extracted and plotted as
red dots. From the nodal dispersion at —0.3eV < E — Eg <
—0.15eV that is free from kink features, the nearest-neighbor
hopping term ¢ was determined to be 0.31 eV. Using this ¢
value, constant energies surfaces have been reproduced by
the tight-binding model not only at Er but also at deeper
binding energies and compared with the experimental maps
in Figs. 5(b)-5(d). Overall satisfactory agreement ensures the
reliability of the tight-binding parameter values.
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