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Oxygen-content-dependent electronic structures of electron-doped cuprates
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We performed systematic angle-resolved photoemission studies on as-grown and oxygen-reduced electron-
doped cuprates Pr0.85LaCe0.15CuO4, Nd1.85Ce0.15CuO4, and Sm1.85Ce0.15CuO4, in order to investigate the oxygen-
reduction process. All of the as-grown systems we have studied show metallic edges in the antinodal region, while
near EF nodal spectra are suppressed, resulting in partial gap opening. In addition, spectra from as-grown systems
show weak and broad low-energy quasiparticle peaks (QPPs). Upon proper reduction, sharp QPPs emerge but
they are strongly suppressed again in the over-reduced state. This QPP behavior deviates from the magnetism
and doping-evolution origin of QPP suppression, and implies that scattering due to disorder and impurity is a
more probable cause for the broken coherence of the quasiparticle state. Our results are also consistent with the
recently proposed Cu-deficiency scenario.
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I. INTRODUCTION

Cuprate high-temperature superconductivity is induced
when carriers are introduced into copper oxide planes in
insulating mother compounds. However, for electron-doped
cuprates, R2−xCexCuO4 (R = La, Pr, Nd, Sm, Eu, Gd), an
additional annealing process in a low-oxygen environment is
required to induce superconductivity. The process is supposed
to reduce the oxygen content.1,2 Exactly what happens during
the reduction process has not been clearly settled. It was
initially believed that the annealing process removes extra
intersite apical oxygen.1 However, it was recently argued
that oxygen is mainly removed from in-plane oxygen sites,3,4

which means that as-grown crystals have Cu deficiencies.5,6

Meanwhile, how the reduction process affects various phys-
ical properties is another issue. For instance, the reduction pro-
cess is known to affect transport properties, optical responses,
and magnetism in addition to superconductivity.1–4,7–12 For
this reason, electronic structures have been studied, espe-
cially by means of angle-resolved photoemission spectroscopy
(ARPES), to investigate the effect of the reduction process. It
was reported that a shadow band exists in as-grown samples
due to a strong antiferromagnetic (AF) renormalization effect
and that it disappears in reduced samples.13 A consistent result
was also obtained from an AF tight-binding fit of the measured
electronic structure.14 These results suggest that the reduction
process destroys the AF order, which appears to be consistent
with neutron scattering results.9,10 In addition, many of the
physical properties of the optimally doped as-grown state,
including the AF order, are similar to those of an underdoped
state. It was thus believed that the reduction process increases
the electron doping.8

However, there are still several issues to be resolved.
While the ARPES result from as-grown Pr1.85Ce0.15CuO4

(PCCO) shows a gap over the entire Fermi surface,13 as-grown
Nd1.85Ce0.15CuO4 (NCCO) shows a gap only around the nodal
region.14 It is here stressed that the gap does not refer to the
superconducting gap but to a normal-state gap or suppression

of the spectral weight near the Fermi energy. Whether there
indeed is a rare-earth-element dependence in the low-energy
electronic structure needs to be resolved. Moreover, it has been
pointed out that there is a quantitative mismatch between the
effective doping from the reduction and the actual underdoping
required to account for the measured physical properties.7,15

That is, the doping effect alone may not be enough to explain
the change associated with the reduction process. In spite of
these issues, what additional factors are needed and/or how Cu
deficiency may affect the electronic structure do not appear to
have been addressed in previous studies.

To resolve these issues, we performed ARPES studies on
differently oxygenated electron-doped cuprates with various
rare-earth elements, Pr0.85LaCe0.15CuO4 (PLCCO), NCCO,
and Sm1.85Ce0.15CuO4 (SCCO). Whether there is a universal
feature or not in the low-energy electronic structure of as-
grown electron-doped cuprates can be addressed through a
systematic study of the rare-earth dependence. As for the
issue of the doping effect in the reduction mechanism, we
performed ARPES studies not only on as-grown and reduced
samples but also on over-reduced samples.6 Study of the
over-reduced state provides an opportunity to discern the
doping and disorder effects, as will be discussed later. We try
to interpret the experimental results on low-energy electronic
structures within the Cu-deficiency scenario.

II. EXPERIMENT

PLCCO, NCCO, and SCCO single crystals were grown by
the traveling-solvent floating-zone method. All the crystal rods
were cleaved into small pieces and annealed in high-purity N2

for 10–24 h at 900–950 ◦C and in O2 atmosphere for 5–20 h
at 500 ◦C. The Tc’s of PLCCO, NCCO, and SCCO were 22,
24, and 19 K, respectively. To make over-reduced PLCCO,
optimally reduced superconducting PLCCO was annealed at
930 ◦C in N2 again. We did not quench the over-reduced sample
to prevent Tc relaxation during the cool down.6 We performed
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ARPES experiments at the beamline 5-4 of the Stanford
Synchrotron Radiation Light source. Samples were cleaved
in situ and experiments were performed at temperatures below
30 K, in a pressure better than 4 × 10−11 Torr. We used
16.5 eV photons with 14 meV overall energy resolution.
Even though ARPES spectra were taken only with 16.5 eV
photon (thus a fixed kz), our data are expected to represent
the electronic structure for all kz. This is because the band
structures measured with other photon energies show very
little, if any, kz dependence.16,17

III. RESULT AND DISCUSSION

A. Gap in as-grown systems

We first discuss the normal-state gap issue. Figure 1(a)
shows Fermi surface (FS) maps of as-grown and reduced
NCCO and SCCO, constructed by integrating an energy
window of ±12.5 meV around the Fermi level. Glancing at the
FS maps of as-grown samples (left figures), we see that there
is no spectral weight crossing the Fermi level (EF ) around
the nodal region in strong contrast to the reduced case [right
panels of Fig. 1(a)]. A consistent behavior can be also seen in
the nodal band ARPES images in Fig. 1(b). A gaplike feature is

FIG. 1. (Color online) (a) Fermi surface maps of as-grown and
reduced NCCO and SCCO. The red dotted line in the right bottom
panel represents the AF zone boundary. (b) ARPES data along the
nodal cut. (c) EDCs from the nodal point, marked in the inset as a
blue dot. (d) EDCs from the hot spot as marked in the inset.

observed in the as-grown spectrum while the band crosses the
Fermi level in the reduced spectrum. The nodal band gap can
be most clearly seen in the energy distribution curve (EDC) at
the Fermi momentum (kF ) shown in Fig. 1(c). A fully opened
gap with a ∼20 meV leading-edge shift (LES) is observed
in as-grown samples while it is absent in reduced samples.
A notable aspect of the spectra from reduced SCCO is that
the nodal gap is not fully closed either. This aspect will be
discussed in the following section. Here we point out that the
small superconducting gap of ∼2 meV does not affect our
discussion as it is much smaller than the energy resolution and
scale we discuss.18

Band gap opening and closing in the nodal region for as-
grown and reduced electron-doped cuprates have been reported
for the PCCO and NCCO systems.13,14 In the reports, it was
suggested that the gap opens due to the strong AF effect in the
as-grown system. Based on simulation results, it was argued
that a 20 meV nodal band gap may open when the hot-spot gap
is larger than 60 meV.13 In our result in Fig. 1(d), the hot-spot
gap is larger than 60 meV for both NCCO and SCCO. It thus
suggests that the nodal band gap in the as-grown system can
be the result of a strong AF effect. This is also supported by
the observation that the in-gap spectral weight at the hot spot is
higher for the reduced compared to the as-grown compound,
as seen in Fig. 1(d). Since the in-gap spectral weight at the
hot spot anticorrelates with the AF correlation length,19 it is
natural to assume that the reduction process destroys the AF
order and closes the nodal gap.

Despite the consistent behavior of the gaps of PCCO,
NCCO, and SCCO in nodal and hot-spot regions, the antinodal
gap behavior for as-grown systems remains an issue. A
20 meV LES in the antinodal region was observed in as-grown
PCCO,13 but not in as-grown NCCO.14 A quick look at our
antinodal region data plotted in Figs. 2(a) and 2(b) shows no
sign of a gap feature. In order to have a more careful look,
we plot normalized antinodal EDCs of as-grown and reduced
NCCO in Fig. 2(c). It can be clearly seen that the leading
edges of the two NCCO spectra coincide very well. As for
the SCCO case, the spectra were not measured at the same
temperature and thus comparison of them may not be as direct.
However, we can still compare the leading-edge midpoints
after we scale the EDCs so that they have the same height. It is
seen that the midpoints of the leading edges coincide very well,
suggesting that there is no gap. Moreover, the leading edge of
the as-grown SCCO matches that of a gold spectrum taken at
the same temperature. All these results show that the antinodal
gap is absent for both as-grown and reduced NCCO and
SCCO.

We also studied the reduction effect in PLCCO, and our
PLCCO data show a consistent gap behavior. The antinodal
spectra of as-grown and reduced PLCCO plotted in Fig. 3(b)
have the same peak energy (filled green triangle), and their
leading edges coincide with the gold Fermi edge. That is, no
antinodal gap is observed for as-grown PLCCO. Meanwhile,
the nodal band spectrum of as-grown PLCCO in Fig. 3(c)
shows a fully opened gap. Summarizing our experimental
observations of the gap behavior in as-grown samples, all of
the compounds NCCO, SCCO and PLCCO as grown show
partially open gaps along the Fermi surface (a gap in the nodal
region but a metallic edge in the antinodal region).
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FIG. 2. (Color online) (a) As-grown and reduced antinodal data
from NCCO and SCCO. (b) EDCs at the antinodal point of as-grown
and reduced NCCO measured at 15 K. (c) Antinodal EDCs of as-
grown (measured at 30 K, red solid line) and reduced (measured at
10 K, blue solid line) SCCO. The yellow dotted line in (c) is a gold
spectrum measured at 30 K. (d) MDC widths of NCCO and SCCO
antinodal bands as a function of energy.

We wish to point out that this partially gapped FS (only
around the nodal region) for as-grown electron-doped cuprates
agrees with previous Hall measurements. It has been reported
that RH from an overdoped as-grown Pr2Ce2−xCuO4 thin
film shows a similar temperature dependence to that of an
underdoped reduced system. However, RH for the overdoped
as-grown case was found to be much smaller than that of the
underdoped reduced system. In fact, as far as the magnitude
goes, the overdoped as-grown case was rather similar to
the overdoped reduced material.7 Such observations were
understood to indicate that, upon reduction, the electron carrier
number stays more or less the same while the hole carrier
number changes significantly. The authors thus suggested
that hole pockets in the nodal region appear upon reduction.
Our ARPES results also show that the nodal hole pocket
is missing in all of the as-grown samples, consistent with
the interpretation of the authors of Ref. 7. Even though
we have not studied PCCO, a similar AF effect on the

FIG. 3. (Color online) (a) Magnetic susceptibility of as-grown,
reduced, and over-reduced PLCCO. (b) EDC at the antinodal point.
Black solid line corresponds to the gold EDC. (c),(d) EDCs of PLCCO
at the nodal point and hot spot, respectively. (e) Same as (b) but with
a different energy scale. (f) Antinodal band MDC widths. All the
spectra were measured at 15 K.

electronic structure has been reported for optimally doped
PCCO (x = 0.15).20

B. Disorder and impurity effects on low-energy
quasiparticle states

We now turn our attention to quasiparticle states. We try
in particular to explain the quasiparticle peak (QPP) behavior
in terms of disorder and impurity (DI) scattering. In the nodal
and antinodal EDC plots in Figs. 1(c) and 2(b), a QPP is
observed in the reduced samples but not in the as-grown ones.
This QPP evolution as a function of reduction is regarded
as an isotropic phenomenon because it is observed over the
entire FS (except in the hot-spot area where the strong AF
renormalization effect inhibits development of a QPP even for
the reduced system). In other words, isotropic QPP suppression
happens only in as-grown samples. Such an isotropic low-
energy QPP suppression in the ARPES result leads us to
believe that it is from a local effect such as DI scattering.

144520-3



DONGJOON SONG et al. PHYSICAL REVIEW B 86, 144520 (2012)

For instance, ARPES studies21,22 on Zn-doped La2−xSrxCuO4

(LSCO) and hydrogen-dosed graphene23 report an isotropic
QPP suppression due to impurity scattering. Likewise, the
QPP suppression in as-grown NCCO and SCCO can also be
attributed to the DI scattering effect.

If the suppression of the QPP is indeed caused by the DI
scattering, it will also be accompanied by peak broadening.
Since the nodal band of the as-grown system has a fully
opened gap, comparing its bandwidth to that of the reduced
system may not be reliable. On the other hand, the antinodal
band of the as-grown system does not have such a gap issue
and we can thus compare the peak widths of as-grown and
reduced systems. Figure 2(d) plots momentum distribution
curve (MDC) widths of the antinodal band. It is seen that
the MDC widths of as-grown samples are larger than those
of reduced samples. This low-energy peak broadening along
with the QPP suppression is consistent with the idea that
DI scattering exists in the CuO2 plane for the as-grown
system, while the reduced system has relatively clean and
homogeneous planes.

However, it should be noted that the QPP suppression
mechanism can be understood in a different way. Since QPP
enhancement in the reduced system occurs simultaneously
with destruction of the AF order, the AF renormalization effect
can also be suspected as the origin of QPP evolution. However,
there are two reasons why we believe this is not the case. First,
the antinodal band of the as-grown sample shows suppressed
and broadened QPPs even though it is located far from the AF
zone boundary. Second, there still is a fairly strong AF band
renormalization effect even in the reduced system as evidenced
by the small nodal gap of ∼5 meV and trivial gap filling
at the hot spot [see Figs. 1(c) and 1(d)].16,24 Nevertheless,
reduced SCCO has sharp QPPs. In this regard, the QPP
evolution does not appear to be strongly correlated with the AF
order.

C. Quasiparticle suppression in over-reduced PLCCO

Even though there are reasons to believe that QPP evolution
is not driven by the AF order strength but by DI scattering, we
can go further to settle the issue. The difficulty in resolving the
issue comes from the fact that oxygen reduction is accompa-
nied by enhancement of QPPs and electron doping at the same
time, raising the possibility that the extra doping from the
reduction weakens the AF order and thus enhances the QPPs.
A way to overcome this problem is to study over-reduced
samples. According to a recent oxygen-content-dependent
superconducting transition study on Pr0.88LaCe0.12CuO4, Tc

decreases when the amount of removed oxygen exceeds the
optimum value.6 It was also suggested that the over-reduced
state contains sufficient DI. That is, the over-reduced state
is effectively located in the more overdoped region, yet has
more DI than the optimally reduced state. Comparison of the
QPP features of as-grown, reduced, and over-reduced PLCCO
provides an opportunity to discern the doping and DI effects.

Figure 3(a) shows magnetic susceptibility curves for as-
grown, reduced, and over-reduced PLCCO. Over-reduced
PLCCO has a Tc more than 5 K lower than that of the reduced
sample. The process from the reduced to the over-reduced state
or the other way is reversible through annealing at 500 ◦C

in air or oxygen. That is, the over-reduction process affects
the oxygen content only and does not appear to severely
change the crystal structure. This situation is also found in
YBa2Cu3O7−δ (YBCO) for which the oxygen content can be
controlled through 500 ◦C oxygen annealing. In addition, the
superconducting volume remains the same for reduced and
over-reduced samples. This shows that the lower Tc of the
over-reduced state is a bulk property.

From the ARPES results in Fig. 3(b), we note that the
PLCCO data show no antinodal band gap, as discussed earlier.
Moreover, the results show that the nodal gap progressively
closes and the in-gap spectral weight gradually grows in the
nodal and hot-spot regions when PLCCO is oxygen reduced
from as grown to over-reduced. These observations upon
oxygen reduction are consistent with the results from other
electron-doped cuprates, and reflect the fact that AF order
becomes weaker upon oxygen reduction. However, the QPP
behavior deviates from this tendency. Looking at the data in
Figs. 3(c) and 3(e), we see that the QPP is enhanced as we
go from as grown to reduced. However, as we further reduce
PLCCO to the over-reduced state, the QPP disappears again
over the entire FS as shown in Figs. 3(c), 3(d), and 3(e). In
addition, the MDC width of the antinodal band in Fig. 3(f)
shows that the over-reduced sample has the broadest peak
among the three cases.

There are three possible factors that can affect the oxygen-
content-dependent QPP behavior of PLCCO from the as-
grown to the over-reduced state: (i) weakened AF order,
(ii) simple doping effect, and (iii) DI scattering. Among these,
weakening of AF order is likely to couple to the doping effect
because the electron doping in the reduction process (removal
of an oxygen anion) should progressively reduce the AF order,
as is experimentally observed. If the QPP enhancement upon
oxygen reduction were caused by the weakened AF order, we
would have observed even sharper QPPs for the over-reduced
system for which AF order is the weakest. However, the QPP is
the strongest in the optimal state. This QPP tendency distinct
from AF order indicates that coherence of the quasiparticle
state has no significant correlation with the weakened AF order
or doping effect. Since (i) and (ii) are ruled out, it is likely
that (iii) DI scattering is the major cause for the overall QPP
behavior. Accordingly, the optimally reduced PLCCO has the
cleanest and most homogeneous CuO2 plane with coherent
QPPs while the others contain some DIs which cause QPP
suppression and broadening.

D. Implication for oxygen-reduction mechanism

Identification of the DI scattering as the main cause of the
QPP suppression has an implication for the oxygen-reduction
mechanism. There are three oxygen sites in the T ′ structure
of electron-doped cuprates: out-of-plane, apical, and in-plane
sites. We first consider the removal process from the as-
grown to the reduced state. According to previous optical
measurements3,4 and neutron scattering and thermogravimet-
ric analysis,5 out-of-plane oxygen atoms are scarcely removed
in the reduction process. Even if some of these oxygen atoms
are removed, the overall effect on the QPP suppression is
expected to be very weak because the site is located far
from CuO2 planes. For the apical oxygen site, removal of
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randomly distributed extra oxygen atoms at apical sites may
naturally explain the QPP enhancement. Nevertheless, it is
difficult to imagine that the small amount of apical oxygen
(less than 2% oxygen away from the CuO2 plane) alone can
suppress the QPPs as drastically as shown in our data for
the as-grown systems. On the other hand, in the Cu-deficiency
scenario in which in-plane oxygen atoms are removed,5,6 QPPs
are expected to be suppressed in the as-grown state as the
Cu-deficiency defects are in the CuO2 planes. As defects in
CuO2 planes are repaired through reduction, QPPs can be
enhanced in the reduced state.

Upon further reduction, more oxygen atoms are removed
from either in-plane or apical sites. The observation of drastic
QPP suppression in our over-reduced ARPES data again
suggests that oxygen atoms are removed from in-plane sites in
the over-reduced system because in-plane oxygen vacancies
are expected to be strong scatterers while removal of the
remaining apical oxygen atoms only reduces the DI effect. It
is also natural to expect that more in-plane oxygen atoms are
removed upon further reduction into the over-reduced state,
since in-plane oxygen atoms are also removed in the initial
reduction process in the Cu-deficiency scenario. In fact, the
in-plane oxygen removal picture has already been suggested
to explain the over-reduced state of PLCCO.6 Therefore,
our ARPES data and other experimental results consistently
suggest that oxygen atoms are removed from in-plane sites
through reduction processes.

While the quasiparticle dynamics can be mostly understood
within the DI scattering scenario, DI scattering alone may
not explain why superconductivity disappears in the as-grown
state. According to the data in Figs. 3(a) and 3(f), over-reduced
PLCCO still shows superconductivity even though it has a
broader MDC than the as-grown sample. Since the MDC width
is related to the scattering rate, it appears that quasiparticles in
over-reduced PLCCO are more strongly scattered than those
in as-grown PLCCO. If the DI scattering is the major factor in
the suppression of superconductivity, one would not expect

superconductivity in over-reduced PLCCO as in as-grown
PLCCO. One possible solution to this problem is that the
stronger AF order caused by Cu deficiencies in the as-grown
state plays an important role. The character rather than the
number of impurities could also be important. To resolve this
issue, further studies on DI effects are needed.

IV. CONCLUSION

In summary, we have investigated, through systematic
ARPES studies, the oxygen-reduction mechanism in electron-
doped cuprates. Concerning the controversial gap issue in
the as-grown state, a fully opened gap exists near the nodal
area but metallic edges are observed in the antinodal region
for as-grown NCCO, SCCO, and PLCCO. Upon reduction,
progressive gap closing and in-gap spectral weight filling
occur in the nodal and hot-spot regions. The gap evolution
is a fingerprint of destroyed AF order. We touched upon the
Cu-deficiency issue by means of a low-energy QPP study. The
reduced samples show coherent sharp QPPs while strongly
suppressed and broadened QPPs are observed in as-grown and
over-reduced systems, which is evidence for a DI scattering
origin of QPP suppression. This is consistent with the Cu-
deficiency scenario and supports the in-plane oxygen removal
picture. These results suggest that DI scattering is a major
factor in the change in quasiparticle scattering through the
oxygen-reduction process. However, we also note that DI
scattering alone is not enough to account for the disappearance
of the superconductivity in the as-grown state.
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