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Distinct variation of electronic states due to annealing in 7”’-type La; sEuj,CuQO4 and Nd,CuQOy,
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We performed Cu K-edge x-ray absorption fine-structure measurements on 7”-type La; sEug,CuQ,4 (LECO)
and Nd,CuO, (NCO) to investigate the variation in the electronic state associated with the emergence of
superconductivity due to annealing. The x-ray absorption near-edge structure spectra of as-sintered (AS) LECO
are quite similar to those of AS NCO, indicating that the ground state of AS LECO is a Mott insulator. We
clarified a significant variation in the electronic state at the Cu sites in LECO due to annealing. The electron
density after annealing nany was evaluated for both superconducting LECO and nonsuperconducting NCO and
was found to be 0.40 and 0.05 electron per Cu atom, respectively. In LECO but not in NCO, extended x-ray
absorption fine-structure analysis revealed a reduction in the strength of the Cu-O bond in the CuO, plane due
to annealing, which is consistent with the screening effect on phonons in the metallic state. Since the amounts of
oxygen loss due to annealing § for LECO and NCO are comparable, these results suggest distinct electron-doping
processes in the two compounds. The electron doping in NCO approximately follows the relation nay = 26; this
can be understood if electrons are doped through oxygen deficiency, but the anneal-induced metallic nature and
large nan in LECO suggest that a variation of the electronic band structure causes the self-doping of carriers.
The origin of the difference in doping processes due to annealing is discussed in relation to the size of the

charge-transfer gap.

DOI: 10.1103/PhysRevB.104.214504

I. INTRODUCTION

Single-layer cuprate oxides R,CuQ4 (where R refers to
rare earth) possess three structural isomers. The 7’-type iso-
mer has four oxygens coordinated around the Cu ion, the
T* type has five, and the T type has six. Historically, all
forms of R,CuQy,, regardless of their oxygen-coordination
numbers, have been assumed to be Mott insulators with a
charge-transfer (CT) gap and parent compounds of high-
transition-temperature superconductors. However, the re-
ported observation of superconductivity in 7’-type R,CuQOy
has raised the possibility that the ground states of R,CuQOy4
structural isomers are not unique [1-3]; this inaugurated the
study of how different oxygen coordinations affect the physi-
cal properties of the isomers [4—6].

Thus far, superconductivity in Ce-free (undoped) T'-type
R,CuOy4 has been observed in limited samples such as thin
films after adequate oxygen reduction annealing [1]. In the
case of single-crystal and high-temperature synthesized pow-
der samples of R,_,Ce,CuQO4, grown via the conventional
method, superconductivity has not been realized at x = 0 even
for annealed samples [7-10]. Given that the ground state of
T'-type R,CuQy is metallic, the removal of partially existing

“fujita@imr.tohoku.ac.jp

2469-9950/2021/104(21)/214504(7)

214504-1

excess oxygens at the apical site is the key to achieving super-
conductivity; this can be realized homogeneously for the thin
film because of the large surface-to-volume ratio.

Recent studies on photoemission and soft x-ray absorption
spectroscopy have presented evidence of annealing-induced
electron doping [10-15]. Based on angle-resolved photoemis-
sion spectroscopy experiments on thin-film Pr,CuQOy4, Horio
et al. concluded that oxygen nonstoichiometry induced by
annealing in the R,O, layer and/or the CuO, plane is the
origin of such doping [13]. Importantly, this suggests that
structural disorder is present even in the superconducting (SC)
sample and that the superconductivity in 7'-type R,CuQy is
the result of electron doping. Thus, it is essential to understand
the relationship between the annealing-induced variation of
the electronic state and the occupancy (or lack of occupancy)
of each site by oxygens. Although reports on the structural
information of each oxygen site, i.e., the occupancy and
positional parameters of R,CuQO,4, remain limited, neutron
diffraction measurements and Rietveld refinement have re-
vealed a similar trend of oxygen structures in the as-sintered
(AS) compounds, regardless of R. Annealed (AN) compounds
also feature comparable oxygen structures [16—19]. That is,
more oxygen defects are present in the RO, layers than in
the CuO; plane, and these defects are insensitive to annealing.
Partially existing apical oxygens in the AS sample can be
removed via annealing.
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There are two possible scenarios for electron doping
through annealing:

(i) The first is electron doping into the Cu 3d,>_,> upper
Hubbard band (UHB) by removal of the apical oxygen and/or
by induced oxygen deficiency [see Fig. 5(c) below]. In this
case, the increased electron density after annealing nay is
given by nan = 28, where § is the total amount of reduced
oxygen in the formula unit due to annealing.

(i1) The second is self-doping associated with the collapse
of the CT gap [20-22] [see Fig. 5(d) below]. It has been
proposed that the removal of the apical oxygen lowers the
Madelung energy of the Cu 3d,>_,» UHB [21], resulting in the
hybridization with the O 2p band on the Fermi level. In this
situation, both electron and hole carriers could be generated
simultaneously.

A recent x-ray absorption near-edge structure (XANES)
study on high-temperature synthesized Pr;_,Ce,CuOy4
(PCCO) [23] found that, although nan = 24 in the smaller-§
region, it tends to be higher in the larger-é region. This result
suggests that the sequential electron-doping process (i) leads
to the self-doping process (ii) with increasing 6. To understand
the mechanism of undoped superconductivity in 7’-type
RyCuQy, it is necessary to clarify how annealing induces
electron transfers unseen in the non-SC compound. For this
purpose, a powder sample of T’-type SC LajgEuy,CuOy
(LECO) synthesized via a soft chemistry technique would
be an excellent candidate system [3]. However, LECO can
be obtained only in the form of powder, and therefore, the
experimental methods that can be used to evaluate the detailed
electronic states are limited.

In this study, we performed Cu K-edge x-ray absorption
fine-structure (XAFS) measurements on LECO and high-
temperature synthesized Nd,CuQO4 (NCO). The latter remains
non-SC even after annealing. By investigating the XANES
spectra of LECO, we clarified a significant evolution of the
electronic state at Cu sites due to annealing, with a large nan
value of 0.40 electron per Cu atom. Furthermore, extended
x-ray absorption fine-structure (EXAFS) analysis indicated
that the strength of the Cu-O bond in the CuO; plane (Cu-Oy)
was reduced due to annealing, which is consistent with the
screening effect on phonons in the metallic state. By contrast,
for NCO, nan and § were found to be 0.05 electron per Cu
atom and 0.035 per formula unit, respectively, approximately
following the nan = 28 relation; no evidence of the weak-
ening of the Cu-O, bond due to annealing was observed.
As the § values of LECO and NCO are comparable, these
results suggest that the variation in the electronic state due to
annealing proceeds in a different manner in each compound.

II. SAMPLE PREPARATION AND XAFS EXPERIMENT

AS polycrystalline samples of LECO were synthesized
using a soft chemistry method, as described in the literature
[3]. SC LECO with a transition temperature 7. of 20 K was
obtained by annealing the AS samples in vacuum at 700 °C for
24 h. AS polycrystalline samples of NCO were synthesized
using the conventional solid-state reaction method. AN NCO
was prepared by annealing the AS NCO under flowing Ar
gas at 750 °C for 12 h. The phase purity of the samples
was checked through x-ray powder diffraction at room tem-
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FIG. 1. X-ray diffraction pattern for (a) as-sintered (AS) and
(b) annealed (AN) La; gEuy,CuQ,4 (LECO) and (c) AS and (d) AN
NdQCuO4 (NCO)

perature. As shown in Fig. 1, no evidence of the impurity
phase was observed for all the samples. The observed Bragg
reflections are well indexed for the tetragonal structure with
14 /mmm symmetry. Lattice constants evaluated via Rietveld
analysis on the x-ray diffraction pattern for LECO and NCO
are shown in Table I. In both LECO and NCO, the in-plane
(out-of-plane) lattice is slightly elongated (shrunk) due to
annealing. For NCO, we determined the value of § to be 0.035
from the weight loss of the sample through annealing. This §
is the standard value for NCO [24]. Furthermore, our recent
neutron diffraction measurements clarified that the structural
changes in each oxygen site of LECO due to annealing [19]
are similar to those in single-crystal NCO reported previously
[16]. The evaluated § for LECO from the structural analysis
is ~0.05, which is approximately the same as that for NCO.
According to the neutron diffraction study revealing a similar
trend for the oxygen structure in R,CuQy4 [16—19], the compa-
rable § values imply no significant difference in the structural
change induced by annealing. We therefore believe that the
variation in electronic states due to annealing between LECO

TABLE 1. Lattice constants for as-sintered (AS) and annealed
(AN) compounds of La, gEuy,CuO, (LECO) and Nd,CuO,4 (NCO).

a(A) c(A)
AS LECO 3.9994(7) 12.485(4)
AN LECO 4.0037(2) 12.459(1)
AS NCO 3.9452(5) 12.176(1)
AN NCO 3.9463(5) 12.172(1)
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FIG. 2. (a) Cu K-edge XANES spectra for AS and AN LECO.
The XANES spectra for AS and AN NCO are plotted as a reference.
The inset presents the enlarged spectra for the energy between 8975
and 8986 eV. (b) The difference spectra for LECO and NCO, which
are obtained by subtracting the spectra of the AS compounds from
those of the AN compounds.

and NCO can be compared in terms of the similar structural
changes of the oxygen atoms.

Cu K-edge XAFS measurements were performed with
the transmission mode at the BLOIB1 and BL14B1 beam-
lines at the SPring-8 synchrotron radiation facility. Using
a Si(111) double-crystal monochromator, we measured the
XAFS spectra at 300 K on small pellets (7 mm in diameter
and 0.5 mm in thickness), which were mixed with boron
nitride for self-support. XAFS spectra consist of XANES and
EXAFS spectra, reflecting the unoccupied electronic state
and the local structure around the Cu site, respectively. The
temperature dependence of the EXAFS spectra was measured
from 10 to 300 K to analyze the atomic mean square relative
displacement C, (= o5+ 0q) of the Cu-O, bond. Here, o
(0q) 1is the static (dynamical) displacement component and
is attributed to the random displacement of atomic positions
(thermal vibration of atoms).

III. RESULTS

Figure 2(a) shows XANES spectra for AS and AN LECO.
The spectrum for AS NCO is also plotted in Fig. 2(b) as a
reference. The AS samples of LECO and NCO exhibit highly
similar spectra, indicating the same electronic state in both

AS compounds. This similarity is consistent with the previous
results for AS Pr,CuQOy4 [23]. The small difference in the
structure around 8994 and 9000 eV, energies corresponding
to the 1s-4po transitions, can be understood by the variation
of the size of rare-earth atoms [25]. Therefore, the ground
state of AS T'-type R,CuQ, does not depend on the synthesis
method. The identification of the same ground state in AS
LECO and NCO is an important starting point for discussing
the variation of the electronic state in the two compounds due
to annealing.

As seen in Fig. 2(a), annealing induces a drastic change in
the XANES spectrum of LECO. The intensity around energies
corresponding to the 1s-4pr transitions (8983 and 8991 eV)
increases, whereas that around the 1s-4po transitions (8994
and 9000 eV) decreases. A similar spectral change has been
observed for PCCO with Ce substitution; this suggests elec-
tron doping into the sample [23,25-27].

To clarify the spectral change due to annealing, we subtract
the XANES spectrum of AS LECO from that of AN LECO.
The difference spectrum of LECO is shown in Fig. 2(b),
together with the analogous result for NCO. The amplitude
of the difference spectrum is significantly larger for LECO,
demonstrating that annealing has a stronger effect on the elec-
tronic state. The peak at 8981 eV in the difference spectrum
reflects the 1s-4pm dipole transition of Cu™; the existence of
a positive intensity therefore indicates the formation of Cu™
(3d'?) sites in the sample due to annealing. By analyzing the
intensity, we can evaluate nan while considering the previous
XAFS results of AS PCCO [23,28]. The value of nan obtained
for LECO was 0.40 electron per Cu atom, which is consider-
ably larger than the electron density of 0.21 electron per Cu
atom in SC PCCO with x = 0.16 [23]. Thus, a large number
of electron carriers exist in SC LECO, whereas the number
of doped electrons in non-SC NCO due to annealing is rather
small (nan ~ 0.05 electron per Cu atom). The latter result
is consistent with the recent resonant inelastic x-ray (RIXS)
scattering study on NCO reporting that annealing corresponds
to a few percent electron doping per Cu atom [29]. Because
the & values of LECO and NCO are comparable, the variation
of the electronic state caused by annealing differs between the
two compounds. We will discuss the doping process due to
annealing for LECO and NCO later.

Next, we analyzed the EXAFS spectra. Since the amount
of removed oxygen is significantly small, it can be considered
that the change in the XANES spectra reflects only the local
information around the removed oxygens. Thus, we examined
whether the variation in the electronic state due to anneal-
ing occurs throughout the LECO sample, from the structural
perspective. Figure 3 shows |x (7)], the absolute value of the
Fourier transform of the EXAFS oscillations ky (k) in the
region of 3 < k < 10 A~! for LECO and NCO. (The results
for AS samples are shifted along the vertical direction by
0.4 A2 for visual clarity.) In Fig. 3, the Fourier-transform
peaks/shoulders corresponding to Cu-Op, Cu-R (R = La, Eu,
Nd), Cu-Ogg, and Cu-Cu bonds can be observed. For both
LECO and NCO, the overall shape of |x ()| is the same for
the AS and AN samples. Thus, the structural change due to
annealing is negligible or small. However, at each tempera-
ture, the amplitude is smaller for LECO than for NCO, which
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L TABLE II. Energy of Einstein oscillator iwg for AS and AN
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o1, 5 mobile carriers induced by annealing can screen long-range
0 2 4 6 Coulomb forces on the atomic nuclei. As a result, the effec-
r(A) tive interaction between neighboring atoms is weakened, and

FIG. 3. The absolute value of the Fourier transform of the EX-
AFS oscillations for (a) AS and AN LECO and (b) AS and AN
NCO measured at 20, 110, 200, and 300 K. The solid bars denote the
corresponding positions for Cu-O,, Cu-R (R = La, Eu, Nd), Cu-Ogg,
and Cu-Cu paths. O, and Ogg represent oxygen sites in the CuO,
plane and in the R,0, layer, respectively. The results for AS samples
are shifted along the vertical direction by 0.4 A=2.

implies that considerably more static disorder exists in SC
LECO than in non-SC NCO.

The amplitude of each peak/shoulder decreases upon heat-
ing due to the thermal vibration of the atoms. The intensity of
the peak at ~1.5 A was analyzed to obtain C, for the Cu-O,
bond. Figures 4(a) and 4(b) show the temperature dependence
of C, for LECO and NCO, respectively. To better visualize
the different annealing effects on LECO and NCO, C, for
the AS samples is shifted along the vertical direction. Upon
heating, C; of AN LECO increases more rapidly than that

La; gEug,CuO Nd,CuO
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‘@ ASLECO (+25x107°)] [@ ASNCO (+0.5x10°)]
A ANLECO 1

[<4 ANNCO

10}

L4

1 n 1
0 100 200
Temperature (K)

] ]
300 0 100 200 300
Temperature (K)

FIG. 4. Temperature dependence of the atomic mean square rel-
ative displacement for the Cu-O,, bond C, in AS and AN (a) LECO
and (b) NCO. The solid lines represent fitting results using Eq. (1).

the phonons are softened in the metallic state. The softening
of longitudinal optical phonons (corresponding to the Cu-O
bond stretching mode) due to electron doping has indeed been
observed at around the " point in 7’-type cuprates [30,31].
Given that the phonons measured via EXAFS exhibit the bulk
nature, the phonon softening caused by the screening effect
suggests that the entire sample is converted to the metallic
state. Therefore, we conclude that the variation in the elec-
tronic state due to annealing is a bulk phenomenon that occurs
throughout the LECO sample. This conclusion is consistent
with the emergence of bulk superconductivity in LECO. By
contrast, no clear annealing effect on the thermal evolution of
C, was observed for NCO, where nay is rather small.

Based on the Einstein model, the temperature dependence
of C, was analyzed using the equation

Gy = o + (h/2uwg )coth(fiwg 2k T), (1

where wg is the oxygen frequency of Einstein oscillators and
w is the reduced mass of copper and oxygen atoms. Here, &
and kp represent the reduced Planck constant and Boltzmann
constant, respectively. For all the samples, we assumed a
temperature-independent o, since no evidence of structural
transitions was observed in the measured temperature range.
The values of hwg evaluated for each sample are summarized
in Table II. In the AS compounds, the /iwg values for LECO
and NCO are comparable. However, wg for LECO decreases
by approximately 10% due to annealing, whereas the an-
nealing effect on wg for NCO is negligible. The quantitative
analysis further revealed a larger o5 in AN LECO than in AS
LECO, indicating the enhancement of static disorder due to
annealing.

IV. DISCUSSION

The present study has demonstrated a drastic variation of
the electronic state in LECO associated with the appearance
of superconductivity due to annealing. Here, we discuss the
possible origin of this variation, as well as the reason that an-
nealing has different effects on the electronic states in LECO
and NCO. This discussion focuses on the size of the CT gap.

Mott insulators such as T-type La,CuQO,4 are character-
ized by the CT gap (with gap energy Acr) between the Cu
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FIG. 5. (a) Energy of the charge-transfer gap Acr as a func-
tion of the Cu-O, bond length dc,—o, for T-type La,CuO, (T-La),
T*-type cuprates (T*), T’-type Pr,CuOy4 (T’-Pr), T'-type Nd,CuOy
(T’-Nd), T’-type Sm,CuQy (T’-Sm), T’-type Eu,CuOy4 (T’-Eu), T’-
type Gd,CuO, (T'-Gd), and T'-type La, gEug,CuO, (T'-La; gEuy,)
[33-36]. All of T’-type R,CuO, are AS compounds. Acr calculated
by the ionic and cluster model is also plotted [37]. The gray solid
line acts as a guide. Schematic of the density of states for (b) AS
compounds, (¢c) AN (NCO), and (d) AN LECO.

3d,»_,» UHB and the O 2p band [32] [Fig. 5(b)]. As a clear
gap structure has been observed in the optical conductivity
and RIXS spectra of AS NCO [29,33], the similarity in the
XANES spectra of AS LECO and AS NCO demonstrates that
AS LECO is a Mott insulator. However, the annealing-induced
electronic states of the two compounds are quite different,
although the structural changes in oxygen ions due to an-
nealing are comparable in the two systems [16,19]. nan (0.05
electron per Cu atom) and § (0.035) of NCO approximately
follow the nan = 26 relation. This implies that the removal
of one oxygen atom predominantly generates two electrons in
the system, which is consistent with the electron doping into
the UHB without the disappearance of the CT gap, as shown
in Fig. 5(c). By contrast, nan of 0.40 electron per Cu atom
for LECO is significantly beyond the expected value from
the nan = 26 relation, given that § ~ 0.05. Thus, numerous
electrons exist in the SC sample. As discussed in relation to
the previous XANES results for PCCO, the emergence of this
large number of electrons indicates the simultaneous genera-
tion of holes to maintain charge neutrality. This situation is
difficult to explain by a picture based on the electron doping
into the UHB with finite Acr. In the case of LECO, the

removal of oxygen would cause the collapse of the CT gap,
and as a result, both the electrons and holes would emerge at
the Fermi level in the hybridized UHB and O 2p bands [see
Fig. 5(d)]. The collapse of the CT gap may occur on lowering
the energy of UHB and/or broadening the bandwidth to reach
the O 2p band.

We speculate that such a distinct evolution is attributable
to the different size of Acr in the AS compound. Figure 5(a)
shows the Act reported in optical studies [33-36] as a func-
tion of the Cu-Oj, bond length dcy o, for T-, T*-, and T'-type
R,CuOy4. Act, which is correlated with the Madelung en-
ergy at the Cu sites, is smaller in the compounds with lower
coordination. Furthermore, in T’-type R,CuQO, with four-
coordination, Act decreases with increasing dcy—o. Since
d(;u,op for AS LECO corresponding to a/2 is 2.00 A, LECO
is expected to have the smallest Act among R,CuQOy4. A CT
gap with small Acr easily collapses when the in-gap state
is filled by a small amount of electron doping and/or when
the UHB is lowered by the removal of apical oxygen [21].
Therefore, even though the ground states of LECO and NCO
are the same, reduction annealing induces a marked variation
of the electronic state in LECO.

Although the AN samples are nonstoichiometric [19], hav-
ing electrons and chemical defects, and therefore the true
ground state of T'-type R,CuQO, cannot be elucidated, the
present study provides an important clue for understanding the
undoped superconductivity. According to the results shown in
Fig. 5(a), the CT gap potentially closes even in the AS com-
pound with a sufficiently large value of dcu—o,, and therefore,
the metallic state appears. Combined with the experimental
fact that superconductivity is induced with a smaller Ce con-
centration in T’'-type R,_,Ce,CuO4 with a larger in-plane
lattice constant [9,38—40], this implies that undoped super-
conductivity could be realized in T'-type R,CuQy. Thus, the
ground state of T'-type R,_Ce,CuO,4 can be controlled by
dcu-o,- This paves the way for a unified understanding of the
physical properties of T'-type cuprates from the perspective
of the size of Acr.

Finally, we discuss the static disorder in 7’-type R,CuQOy.
In the R,CuOy4 cuprate oxides, the 7’-type structure tends to
transform into the T -type one as the average radius Ry of the
rare-earth ion increases [41-45]. This is to alleviate the size
mismatch between the Cu-O-Cu and R-R bonds. Our EXAFS
measurements revealed a larger value of o5 in LECO (Ray =
1.164 A) than in NCO (Ryy = 1.123 A). This is likely
due to LECO’s greater structural instability since LECO is
located near the phase boundary between T’ and T struc-
tures against Ray. In the vicinity of the phase boundary, the
elongation of the in-plane lattice constant due to annealing
easily enhances the structural instability and increases o;, as
seen in Table II. Muon spin relaxation measurements suggest
the coexistence of short-range magnetic order with supercon-
ductivity in the ground state of AN LECO [46]. From the
structural perspective, the existence of a magnetic order in SC
LECO is attributable to a partial localization of carriers due
to the large structural disorder; by contrast, the coexistence of
magnetic and SC phases in NCO [47] and Pr;_,LaCe,CuQO4
[9,48] with a shorter in-plane lattice constant can be discussed
from the perspective of macroscopic oxygen inhomogeneities.
The structural disorder accompanied by the disorder of the
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electrostatic potential causes the localization of carriers, lead-
ing to the appearance of static magnetism in the competing
SC state. Thus, 7; in LECO could be increased by the sup-
pression of magnetic order through the relaxation of structural
disorder.

In summary, reduction annealing effects on the electronic
states at Cu sites in LECO and NCO were investigated via Cu
K-edge XAFS measurements. The analysis of XANES spec-
tra revealed a significant evolution of the electronic state in
LECO due to annealing with a large induced electron density
nan of 0.40 electron per Cu atom. For NCO, the variation is
significantly smaller, with nan of only 0.05 electron per Cu
atom. The EXAFS analysis revealed evidence of phonon soft-
ening of the Cu-O bond in the CuO, plane due to annealing
for LECO but not for NCO. Therefore, the electronic states
for the two compounds vary by distinct processes, although
48, the amount of oxygen loss due to annealing, is comparable
for the two systems. The distinct evolution of the electronic
states for LECO and NCO can be attributed to the difference
in size of the CT gap in the AS compounds; the electronic

state in LECO, which has a smaller Act, is more sensitive to
the oxygen removal that could introduce the electron doping
and/or variation in the band structure.
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