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Post-growth annealing effects on charge and spin excitations in Nd2−xCexCuO4
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We report a Cu K- and L3-edge resonant inelastic x-ray scattering study of charge and spin excitations of bulk
Nd2−xCexCuO4, with a focus on post-growth annealing effects. For the parent compound Nd2CuO4 (x = 0), a
clear charge-transfer gap is observed in the as-grown state, whereas the charge excitation spectra indicate that
electrons are doped in the annealed state. This is consistent with the observation that annealed thin-film and
polycrystalline samples of RE2CuO4 (RE = rare earth) can become metallic and superconducting at sufficiently
high electron concentrations without Ce doping. For x = 0.16, a Ce concentration for which it is known that
oxygen reduction destroys long-range antiferromagnetic order and induces superconductivity, we find that the
high-energy spin excitations of non-superconducting as-grown and superconducting annealed crystals are nearly
identical. This finding is in stark contrast to the significant changes in the low-energy spin excitations previously
observed via neutron scattering.
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I. INTRODUCTION

High-transition-temperature (high-Tc) superconductivity in
the cuprates occurs when either holes or electrons are doped
into parent antiferromagnetic (AFM) Mott insulators. Most
electron-doped cuprate superconductors have the chemical
formula RE2−xCexCuO4 (RE = La, Pr, Nd, Sm, Eu; although
the oxygen stoichiometry is not exactly 4, we use this chem-
ical formula for simplicity), with fourfold-coordinated Cu
atoms in the so-called T ′ structure. Electrons are doped into
the quintessential CuO2 planes via partial substitution of
trivalent RE with tetravalent Ce. As-grown crystals do not
superconduct, and a post-growth annealing step is necessary
for superconductivity to occur, even at high Ce concen-
trations [1,2]. Because the annealing is performed under
reduction conditions, oxygen is removed from the sample and,
consequently, additional electrons are doped into the CuO2

planes. However, as recognized early on [3], the post-growth
annealing step also causes changes in the disorder potential
experienced by the itinerant carriers. One scenario, which
has been confirmed in diffraction experiments [4,5], is the
removal of a small density of oxygen atoms from the nom-
inally vacant apical sites located just above/below the Cu
atoms [3]. These apical-oxygen “impurities” may cause local
lattice distortions and promote the tendency toward charge
order rather than superconductivity [6]. Since then, it has been
established that the low-oxygen-fugacity environment during
the annealing process required to create a superconducting
state causes a partial decomposition (at the ∼1% level) of
RE2−xCexCuO4 into (RE , Ce)2O3 [7]. A second scenario in-
volves the existence of Cu vacancies in the as-grown state, and

for such vacancies to be repaired as a by-product of the partial
decomposition [8].

In the conventional phase diagram of the electron-doped
superconductors, the Ce concentration (x) is equated with
the electron density, and the lower superconducting phase
boundary of post-growth-annealed samples is located at x ∼
0.14 [9]. For the archetypal compound Nd2−xCexCuO4, it
was established that the appearance of bulk superconductivity
coincides with the disappearance of long-range AFM order
and with the emergence of short-range instantaneous spin
correlations [10]. However, it was reported that an improved
annealing procedure expands the superconducting phase
boundary to lower Ce concentrations in single-crystalline
Pr2−xCexCuO4 [11] and Pr1.3−xLa0.7CexCuO4 [12]. In sub-
sequent studies of thin films and polycrystalline samples
with the T ′ structure, superconductivity was observed even
without Ce substitution (x = 0) when the oxygen con-
centration was carefully controlled [13–15]. These more
recent findings triggered a reexamination of the effects
of post-growth annealing [16,17]. A μSR study [18] re-
vealed short-range magnetic correlations in superconducting
polycrystalline La1.8Eu0.2CuO4 (x = 0) and single-crystalline
Pr1.2La0.7Ce0.1CuO4 (x = 0.10). Both samples were pre-
pared under improved annealing conditions and correspond
to the non-superconducting phase (x < 0.14) in the con-
ventional phase diagram. Moreover, angle-resolved pho-
toemission spectroscopy (ARPES) measurements of super-
conducting Pr1.2La0.7Ce0.1CuO4 [19] showed no signature
of a pseudogap, in contrast to previous ARPES work on
Nd2−xCexCuO4 [20,21], where such signatures were associ-
ated with a significant increase of spin correlations on cooling.
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The relationship between magnetism and superconductiv-
ity is a central issue in the cuprates, as these oxides are
doped AFM Mott insulators and spin-fluctuations are a promi-
nent candidate for the pairing mechanism [22]. As noted,
there exists clear evidence for a change in the magnetic state
in bulk superconducting samples. Similarly, dynamic charge
correlations play a pivotal role in shaping the cuprate phase di-
agram [23–25]. However, possible changes in the high-energy
spin and charge dynamics of the electron-doped cuprates as a
result of the crucial post-growth-annealing step have not yet
been explored.

In this paper, we aim to clarify the effects of annealing
on both the high-energy charge and spin excitations of the
original T ′-structured superconductor Nd2−xCexCuO4 using
resonant inelastic x-ray scattering (RIXS). During the past
two decades, RIXS has gained much attention as a probe of
electronic excitations of superconducting cuprates [26–28].
While inelastic neutron scattering has been used mostly to
study spin excitations below ∼100 meV, RIXS at the Cu L3

edge can cover excitations up to and beyond the magnetic
zone-boundary energy (∼300 meV) of the undoped parent
materials. In addition, RIXS is sensitive to the charge degrees
of freedom, and can provide momentum-resolved spectra of
charge excitations. Even though a number of RIXS experi-
ments of electron-doped cuprates were performed at both the
Cu K edge [29–33] and Cu L3 edge [32,34–38], the effects
of post-growth annealing on the charge and spin excitations
have not been explored. In order to minimize systematic errors
associated with possible variations in the Ce concentration,
we performed RIXS measurements of both as-grown and
annealed crystals of Nd2−xCexCuO4 from the same growth.
Charge and spin excitations were measured at the Cu K
and L3 edges, respectively. The improved post-growth an-
nealing procedure that results in superconductivity at low
Ce concentration was previously applied to bulk-crystalline
Pr2−xCexCuO4 [11] and Pr1.3−xLa0.7CexCuO4 [12]. However,
these compounds are not suitable for Cu L3-edge RIXS stud-
ies, because the Pr M5 edge is very close to the Cu L3 edge. We
therefore selected Nd2−xCexCuO4 for the present work and
chose the conventional annealing protocol.

II. EXPERIMENTS

Single crystals of Nd2−xCexCuO4 with x = 0, 0.05, and
0.16 were grown by the traveling-solvent floating-zone tech-
nique. We applied the conventional annealing protocol: for
each crystal, an as-grown piece was set aside and another
piece was annealed in flowing Ar gas for 10 hours at 800 ◦C
(x = 0) and 900 ◦C (x = 0.05 and 0.16). The typical size of
the pieces was 2 × 2 mm in the ab plane and 4 mm along
the c axis. We measured the magnetic susceptibility of an
annealed x = 0.16 crystal and determined the onset of the
superconducting transition to be 15 K.

The Cu K-edge RIXS measurement of the charge exci-
tations was carried out at beam line 11XU of SPring-8 in
Japan. Incident x-rays were monochromatized by a Si(111)
double-crystal monochromator and a Si(400) channel-cut
monochromator. π -polarized x rays were incident on the ab
plane of the samples, and horizontally scattered photons were
energy-analyzed by a Ge(733) analyzer. We selected an inci-

TABLE I. Lattice constants of the samples at 10 K.

Sample a (Å) c (Å)

x = 0 as-grown 3.9363 12.1382
x = 0 annealed 3.9363 12.1334
x = 0.05 as-grown 3.9360 12.1083
x = 0.05 annealed 3.9365 12.1072
x = 0.16 as-grown 3.9369 12.0422
x = 0.16 annealed 3.9397 12.0473

dent photon energy of 8991 eV because the RIXS spectrum
is most sensitive to the doped electrons at this particular
energy [29]. The total energy resolution was 270 meV (full
width at half maximum). All spectra were taken at a low
temperature of about 10 K. In order to minimize elastic scat-
tering, we selected the absolute momentum transfer so that the
scattering angle (2θ ) was close to 90◦. We calculated the mo-
mentum transfer from the lattice constants determined from
the (0,0,14) and (−1, 0, 13) Bragg reflections. The lattice
constants are summarized in Table I. The c-axis lattice con-
stant decreases upon annealing for x = 0 and 0.05, whereas
it increases for x = 0.16. This result indicates that there ex-
ist at least two competing factors, with one dominant factor
switching to another with increasing x. The removal of apical
oxygen atoms probably reduces this (average) length, whereas
the partial decomposition into (RE , Ce)2O3 might increase it.
We note that whether the length increases or decreases after
annealing also depends on the choice of rare-earth (RE ) atom
and on the Ce concentration [39].

The Cu L3-edge RIXS measurements of the spin excita-
tions were performed at Taiwan Light Source (TLS) beam
line 05A1 of the National Synchrotron Radiation Research
Center (NSRRC) using an AGM-AGS spectrometer [40]. The
incident photon energy was tuned to the peak of the x-ray ab-
sorption spectrum and π -polarized x rays were used. The total
energy resolution was approximately 130 meV. The single-
crystal samples were cleaved in air just before installing them
in the vacuum chamber, and the x rays were incident on the
cleaved ab plane. We confirmed the origin of the energy scale
from the elastic scattering of carbon tape on the sample holder
every time before taking a RIXS spectrum of the sample. The
scattering angle was kept at 130◦, and the two-dimensional
in-plane momentum transfer (q) was changed by rotating the
crystal about the axis perpendicular to the horizontal scatter-
ing plane. Positive values of h in q = (h, 0) correspond to
sample rotation toward the grazing exit condition. Because
the intensity of spin excitations is larger for h > 0 than for
h < 0 due to a well-known polarization effect [41,42], we
mainly obtained spectra at h > 0. All the spectra were taken at
a low temperature of about 20 K. We used the lattice constants
determined in the Cu K-edge experiments to calculate the
momentum transfer.

III. RESULTS

A. Charge excitations in Cu K-edge RIXS

First, we consider the charge excitations observed with Cu
K-edge RIXS. Figures 1(a), 1(b) and 1(c) compare the Cu
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FIG. 1. Cu K-edge RIXS spectra for Nd2−xCexCuO4 with (a) x = 0, (b) x = 0.05, and (c) x = 0.16. Filled and open symbols indicate the
spectra of as-grown and annealed crystals, respectively. The spectra are normalized to the integrated intensity in the 3.5–6.0 eV range (see text)
and offset vertically for clarity. (d) Comparison of spectra for three as-grown crystals at q = (1/4, 0). (e) Integrated intensity of the intraband
excitations. Integrated intensity of the intraband excitations. The integration range is 0.7–1.4 eV, as indicated by gray bands in (a)–(d).

K-edge RIXS spectra for as-grown and annealed crystals with
x = 0, 0.05, and 0.16, respectively. The momentum transfer
along [001] in r.l.u. (1 r.l.u. = 2π/c) is 12.65 for as-grown
x = 0, 12.65 for annealed x = 0, 12.54 for as-grown x = 0.05,
12.55 for annealed x = 0.05, 12.55 for as-grown x = 0.16,
and 12.55 for annealed x = 0.16. All the spectra are nor-
malized to the integrated intensity in the 3.5–6.0 eV range,
where the spectral weight of high-energy molecular orbital
excitations dominates [43,44].

Before considering the annealing effect in the present data,
we briefly mention the previously observed spectral change
induced by the substitution of Ce for Nd [29,30]. Charge ex-
citations below ∼3 eV in Nd2−xCexCuO4 consist of interband
excitations across the charge-transfer gap and intraband exci-
tations of doped electrons. The former, situated at ∼2 eV, are
dominant at q = (0, 0) and nearly unchanged upon doping.
The latter appear at nonzero in-plane momentum [q �= (0, 0)]
and their intensity is roughly proportional to the Ce concentra-
tion, and therefore can be regarded as a measure of the doped
electron concentration. In Fig. 1(d), we compare the spectra
at q = (1/4, 0) of our as-grown crystals. The spectral change
induced by the substitution of Ce for Nd is very similar to

the previous study (Fig. 1 in Ref. [30]). The effect of electron
doping is prominent below 2 eV and the intensity around 1 eV
increases with x. This spectral weight corresponds to the intra-
band excitations. In contrast, the tail of the molecular orbital
excitations at 3.5–6.0 eV, which is used for normalization of
the spectral intensity, is independent of doping. Therefore, we
consider the strength of the intraband excitations a measure of
carrier density.

Figure 1(a) shows for the as-grown x = 0 crystal an
absence of spectral weight around 1 eV at all measured mo-
menta. This is a clear feature of the charge-transfer gap. In
contrast, additional weight emerges below 2 eV in the spectra
of the corresponding annealed crystal at q �= (0, 0); while the
spectra at q = (0, 0) of the as-grown and annealed crystals
are nearly identical, for x = 0 and 0.16 the intensity at other
momenta is higher in the annealed crystals around 1 eV. The
additional weight is most prominent at q = (1/4, 0). Because
this spectral change is qualitatively similar to that found upon
Ce substitution [29,30], this confirms that electrons are doped
in the annealed crystal, even without Ce substitution.

For x = 0.05, the spectra around 1 eV do not show an
appreciable annealing effect on the intraband excitations, as
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FIG. 2. (a)–(d) Cu L3-edge RIXS spectra normalized to the dd intensity in the 1.0–3.5 eV range for as-grown and annealed crystals of
Nd2−xCexCuO4, as indicated. The spectra are vertically offset for clarity and the vertical scale of (a) is in the same units as in (b) to (d).
For x = 0.16 in (d), the intensity is multiplied by 1.3 to better highlight the relatively broad response. The in-plane momentum transfer is
q = (h, 0). Except for h = 0.09 (h = 0.08) for the as-grown (annealed) x = 0 crystal, spectra are compared at the same value of h.

shown in Fig. 1(b). The likely reason for the absence of
an effect is that, for this doping level, the chosen anneal-
ing condition was insufficient to induce a substantial change
in electronic states despite the high annealing temperature
(900 ◦C versus 800 ◦C for x = 0). It might be due to that
a small concentration of Ce4+ increases the oxygen affinity
or that the oxygen concentration of our as-grown crystals is
smaller for x = 0.05 than for x = 0. The slight change ob-
served in the 2–3 eV range might result either from annealing
effects on the interband excitations across the charge-transfer
gap or from an imperfect intensity normalization. In any case,
the result is different from what is observed for x = 0 and
0.16. Although the annealing condition is the same as for
x = 0.05, we observe a clear change for x = 0.16; Fig. 1(c)
shows that the spectral weight of the intraband excitations of
the annealed crystal is larger than that of the as-grown crystal.
At this Ce concentration, the intraband excitations form a
broad peak whose high-energy tail extends to 2–3 eV, and the
annealing effect is dominant on the low-energy side.

In Fig. 1(e), we plot the RIXS intensity integrated in the
0.7–1.4 eV range to quantify the intensity of the intraband
excitations. We select an energy range that is narrower than
the width of intraband excitation, because the spectral weights
of the interband excitations and the tail of the elastic scattering
overlap with the intraband excitations above and below this
range, respectively. As noted, the intensity for x = 0 and 0.16
increases for q �= (0, 0). For x = 0, the annealing effect is 1/3
to 1/2 of the intensity change seen upon 5% Ce substitution,
whereas for x = 0.16, the change is comparable to that upon

5% Ce substitution. Under the assumption that the intensity
is proportional to the density of doped electrons, our data
indicate that annealing corresponds to a few percent electron
doping per Cu atom. This agrees with the amount of oxygen
loss under conventional annealing conditions [45]. Moreover,
it is consistent with the previously observed ∼3% shift of the
magnetic phase boundary in annealed samples [46].

B. Spin and charge excitations in Cu L3-edge RIXS

Next, we present the spin and charge excitations observed
with Cu L3-edge RIXS. Figure 2(a) shows representative Cu
L3-edge RIXS spectra for Nd2−xCexCuO4 including the en-
ergy range of dd excitations. The spectra are normalized to
the integrated intensity of dd excitations in the 1.0–3.5 eV
range. The spectral features of the dd excitations for x = 0 are
typical of the insulating cuprates with fourfold-coordinated
Cu2+, and the three peaks at 1.5, 1.8, and 2.5 eV are ascribed
to the transitions dxy → dx2−y2 , dyz,zx → dx2−y2 , and d3z2−r2 →
dx2−y2 , respectively [42,48]. With increasing x, the peaks are
seen to broaden significantly. We magnify the energy range
relevant to spin and charge excitations in Figs. 2(b)–2(d)
and compare the spectra for as-grown and annealed crys-
tals. The main spectral features are consistent with previous
studies [32,34]. The dominant component below 1 eV is due
to spin [single (para)magnon] excitations. The slight shift
of the quasielasitc peak away from the origin is likely due
to low-energy excitations, such as phonons. In the parent
compound (x = 0), two-magnon excitations are observed at
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energies above the spin excitations. When electrons are doped,
the spin excitations broaden and the two-magnon excitations
are difficult to discern. For x = 0.16, in the low-q region,
an additional peak of charge origin appears above the spin
excitations. This feature was previously observed [32,34,37]
and is connected to the intraband charge excitations in Cu
K-edge RIXS spectra [33].

Focusing next on the annealing effects, we observe for
x = 0 that the spin excitation peak slightly broadens. Since
the existence of doped electrons in the annealed x = 0 crystal
is indicated in the Cu K-edge RIXS data [Fig. 1(a)], this
broadening is most likely the result of a shortened magnon
lifetime due to interactions with the itinerant electrons. For
x = 0.05 and 0.16, the width is already broad in the as-grown
crystals, and it is difficult to discuss the annealing effect on
the peak width from the present spectra.

In order to compare the peak positions, we fitted the low-
energy part of the spectra. The spin-excitation contribution
was modeled as a damped harmonic oscillator multiplied by
the Bose factor [49]. For x = 0 and 0.05, a low-energy phonon
component was incorporated with resolution-limited elastic
scattering. Two-magnon excitations were also included for
x = 0. We restricted the fit range for x = 0.05 to 0.45 eV
because it was difficult to divide the featureless continuum
at 0.5–1.0 eV into spectral components. Even so, the fit is
sufficient to evaluate the peak position of the spin excitations.
In addition to the spin excitations, we analyzed the charge
excitations in the low-q spectra for x = 0.16. The existence of
the charge excitations at h = 0.08 and 0.11 is evident from the
two local minima [indicated by arrows in Figs. 3(e) and 3(f)]
between the spin excitations and the tail of dd excitations.
For x = 0.16, we treated the quasielastic scattering as a single
peak. The fit results are presented in Fig. 3, and the peak
positions obtained from this analysis are summarized in Fig. 4.
We find that within the accuracy of the experiment, the peak
positions of the spin and charge excitations do not change as
a result of the annealing.

We fitted the dispersion of the spin excitations in the as-
grown x = 0 crystal to the linear spin-wave expression used
in a prior study of La2CuO4 [50]. Neglecting the higher-
order spin couplings, the dispersion along [1,0] is E (h) =
ZcJ

√
4 − [cos(2πh) + 1]2, where J is the nearest-neighbor

exchange interaction and Zc = 1.18 is the momentum-
independent quantum renormalization factor. We obtained
J = 0.143(3) eV, which is roughly consistent with an early
neutron scattering work [51]. The fit result for the dispersion
is included in Figs. 4(a)–4(c). For x = 0.16, the peak positions
are clearly located at higher energy. This is consistent with the
high-energy shift of the spin excitations with increasing x, as
reported in Refs. [32,34]. However, our result for x = 0.05
is nearly the same as for x = 0, which demonstrates that the
high-energy shift observed for x = 0.16 is small or absent
at low electron density. In Ref. [32], the difference between
the peak positions for x = 0.15 and 0.18 was found to be
small as well. The high-energy shift of the spin excitations
might therefore be confined to intermediate Ce concentra-
tions (0.05 < x < 0.15) or electron density, where qualitative
changes in other electronic properties (such as superconduc-
tivity) are observed [9].

IV. DISCUSSION

Our results demonstrate that the charge excitations in
Nd2−xCexCuO4 are affected by the post-growth annealing.
They indicate that additional electrons are introduced into
the CuO2 planes in the annealed crystals, consistent with the
basic expectation for oxygen reduction. While this effect is
in line with conventional understanding, the results give some
new insights into the electronic structure of the T ′-structured
cuprates.

The Cu K-edge RIXS data in Fig. 1(a) confirm that in-
traband excitations associated with doped carriers emerge in
the annealed parent compound (x = 0) and that the carriers
are electrons. In the Cu K-edge RIXS data, the strength and
the type of the observed excitations vary with the choice
of the incident photon energy, and the intraband excitations
resonate when a core hole is created at the doped site [29,52–
54]. Because the core hole has positive charge, the resonance
condition depends on the sign of the charge of the doped carri-
ers. For the electron-doped cuprates, this resonance energy is
slightly below the well-screened intermediate state and close
to the absorption edge. The incident photon energy of 8991 eV
chosen in the present study satisfies this condition for incident
polarization parallel to the ab plane, and therefore the intra-
band excitations in the annealed x = 0 crystal originate from
doped electrons. On the other hand, the resonance condition
for the hole-doped cuprates lies above the poorly screened
intermediate state, and it is 9003 eV in La2−xSrxCuO4 [54]. It
has been established that superconductivity in the nominally
electron-doped cuprates is ultimately driven by the formation
of hole pockets [55,56]. These hole states are not seen in the
present experiment, but should in principle be accessible by
tuning to the appropriate resonant condition above the poorly
screened intermediate state.

The observed electron doping of the x = 0 parent com-
pound indicates that the annealing effect is not limited to
the removal of excess apical oxygens. The oxygen concen-
tration in the reduced sample is likely smaller than 4.0 to
preserve charge neutrality; namely, the CuO2 planes and/or
Nd-O layers are likely oxygen deficient, as indicated in a
structural study [4]. Electron doping of the T ′-structured com-
pounds without Ce substitution has been reported for thin
films [57–59] and polycrystalline samples [60–62]. Our result
constitutes spectroscopic evidence of this effect in a Ce-free
single crystal, even though the implied density of doped elec-
trons is relatively small. While thin films and polycrystalline
samples become superconducting without Ce substitution, so
far this has not been reported for bulk single crystals; su-
perconductivity in single crystals has been reported for Ce
concentrations as low as x = 0.04 [11], to the best of our
knowledge. Even so, we certainly observe direct evidence
for electron doping in our annealed x = 0 single crystal. Su-
perconductivity in Ce-free bulk crystals can potentially be
realized in the future if electrons can be sufficiently doped by
improved synthesis and annealing procedures.

For x = 0.16, the charge excitations observed via Cu
K-edge RIXS increase in intensity as a result of the an-
nealing and are prominent on the lower-energy side of the
broad peak [Fig. 1(c)]. A transport study of Pr2−xCexCuO4

(x = 0.17) reported that oxygenation of an annealed,
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FIG. 3. (a)–(f) Fit results of Cu L3-edge RIXS spectra of Nd2−xCexCuO4. The spectra are vertically offset for clarity. Dots indicate the
data, and gray and colored lines are components of the fits, as described in the text. For h = 0.08 and 0.11 in (e) and (f), we also show the tail
of dd excitations. Black lines indicate the sums of all the components. Shaded areas represent the spectral shape of spin and charge excitations.
The local minima indicated by arrows indicate the existence of the charge excitations at intermediate energies.

superconducting sample not only changes the carrier density,
but also introduces disorder as evidenced by an increased
residual resistivity [63]. This is in accordance with the ob-
servation that post-growth annealing induces a fractional
decomposition to rare-earth oxide [7] and a concomitant re-
pair of Cu vacancies [8]. We speculate that the emergence
of the highly mobile carriers in the less disordered, annealed
superconducting crystals causes not only the Drude compo-
nent seen in optical conductivity [6,64], but also the intensity
change on the lower-energy side of the broad peak in the Cu
K-edge RIXS spectra.

In contrast to the intensity change in the Cu K-edge data,
the dispersion of the charge excitations observed via Cu

L3-edge RIXS is almost identical for the as-grown and an-
nealed crystals [Fig. 4(d)]. The origin of this charge mode has
been proposed to be intraband particle-hole excitations [32],
a quantum phase distinct from superconductivity [34] and,
more recently, plasmon excitations [37,38,65,66]. For simple
metals, the plasmon excitation energy is expected to follow
the square root of the electron density [37,38]. However, our
data do not follow this energy dependence: even though the
electron concentration increases after the annealing, the en-
ergy of the charge excitation is unchanged; for example, an
increase in electron concentration by 0.05 [Fig. 1(d)] would
be expected to result in an energy shift of about 0.1 eV at
q = (0.08, 0). The disagreement points to the need to take
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FIG. 4. The peak positions of (a)–(c) spin and (d) charge excitations obtained from fits, as described in the text. Open and filled symbols
indicate as-grown and annealed crystals, respectively. Dashed lines in (a)–(c) indicate the linear spin-wave fit for the Ce-free (x = 0) as-grown
crystal. (e) Integrated intensity of the Cu L3-edge RIXS spectra in the energy range (−0.13, 0.13) eV, normalized to the dd excitations.
The arrow indicates the peak position of charge order expected from this Ce concentration [47]. The Ce concentrations are indicated in the
respective figure panels.

into account effects of electronic correlations and/or atomic
disorder to achieve a complete understanding of the charge
excitations.

The connection between incommensurate charge or-
der and superconductivity has been a recent hot topic
in the cuprates [67], including the electron-doped com-
pounds [36,47,68,69]. We briefly comment on the annealing
effects on this charge order. The dynamic charge correla-
tions have been found to extend to about 0.15 eV [25]. As
shown in Fig. 4(e) for x = 0.16, the Cu L3-edge RIXS data,
integrated in the energy range of (−0.13, 0.13) eV, exhibit
a local maximum at q � (0.29, 0). This value agrees with
the previously measured charge-order wave vector for this Ce
concentration (indicated by the arrow in the figure) [47]. The
observed feature is unaffected by annealing, consistent with a
previous energy-integrated resonant scattering experiment for
x = 0.14 [69]. We note that the signal of the charge order is
weaker in our experiment than in the previous works due to
our choice of π -polarized incident x rays.

Finally, we discuss the high-energy spin excitations for
x = 0.16. Our result demonstrates that the high-energy spin
excitations are robust against post-growth annealing, irrespec-
tive of the occurrence of the superconductivity. Whereas this
may be due the lack of a strong doping dependence around this
Ce concentration [32], it is in stark contrast to the low-energy
(<20 meV) antiferromagnetic response. Neutron scattering
studies [10,46,70–72] demonstrate a qualitative change from
long-range order in as-grown crystals to short-ranged spin
correlations in annealed, superconducting samples. Therefore,
the spin excitations are separated into energy ranges with and
without significant post-growth annealing effects, with the

low-energy range encompassing the scale of the supercon-
ducting gap [71–73].

V. SUMMARY

Using RIXS at the Cu K and L3 edges, we have studied the
effects of standard post-growth annealing on the charge and
spin excitations in the electron-doped cuprate Nd2−xCexCuO4

(x = 0, 0.05, and 0.16). The intensity of the charge excitations
observed at the Cu K edge is found to increase after the
annealing. Because the incident photon energy is selected at
the resonant condition of electron-doped sites, this increase
can be ascribed to additional electron doping achieved via
the annealing process. Electron doping is observed even for
an annealed single crystal without substitution of Ce (x = 0).
With a further improved synthesis and/or annealing proce-
dure, it can be expected that electrons will be sufficiently
doped and disorder effects further minimized, which should
lead to superconductivity in the Ce-free single crystals, as
already achieved in thin films and polycrystalline samples.

In contrast, we find that the high-energy spin excitations do
not change after the annealing step, except for a slight broad-
ening of the spectrum for x = 0. Notably, for x = 0.16, we
find a remarkably close similarity between the spin excitations
of as-grown non-superconducting and annealed superconduct-
ing crystals, in contrast to previous observations from neutron
scattering measurements of significant (qualitative) changes
of the low-energy magnetic response. The effects of post-
growth annealing on the spin excitations are therefore limited
to relatively low energies comparable to the scale of the
superconducting gap.
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