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Resonant inelastic x-ray scattering (RIXS) at the copper K absorption edge has been performed for heavily
overdoped samples of La,_,Sr,CuO, with x=0.25 and 0.30. We have observed the charge-transfer and
molecular-orbital excitations, which exhibit resonances at incident energies of £;=8.992 and 8.998 keV, re-
spectively. From a comparison with previous results on undoped and optimally doped samples, we determine
that the charge-transfer excitation energy increases monotonically as doping increases. In addition, the E;
dependences of the RIXS spectral weight and absorption spectrum exhibit no clear peak at E;=8.998 keV in
contrast to results in the underdoped samples. The low-energy (<3 eV) continuum excitation intensity has
been studied utilizing the high-energy resolution of 0.13 eV (full width at half maximum). A comparison of the
RIXS profiles at (7 0) and (7 77) indicates that the continuum intensity exists even at (7 77) in the overdoped
samples, whereas it has been reported only at (0 0) and (7 0) for the x=0.17 sample. Furthermore, we also

found an additional excitation on top of the continuum intensity at the (7 7r) and (7 0) positions.
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I. INTRODUCTION

The essential physics of the hole-doped high-T,. cuprates
can be described as that of a doped Mott insulator, which
exhibits several phases varying from antiferromagnetic insu-
lator to metallic superconductor. The elucidation of the basic
physics of these various complicated phases by studying the
elementary excitations could yield information essential for
uncovering the mechanism of high-T, superconductivity. Ex-
perimental techniques that can probe the charge excitations
have been dramatically developed in recent years. In particu-
lar, resonant inelastic x-ray scattering (RIXS) in the hard
x-ray regime has attracted much attention due to its ability to
probe the momentum dependence of the charge excitations.
This technique was initially applied to NiO;! in that case, a
large enhancement of the inelastic signal with incident pho-
ton energy was observed near the Ni K edge. More recently,
this technique has been applied to various cuprates, including
high-T,. materials>!" and other highly correlated electron
systems. 214

A recent RIXS study near the Cu K edge in undoped
La,CuO, (LCO) has revealed three features in its charge-
excitation spectrum.’ Two features, labeled A and B, appear
at energy transfers w=2.2 eV and 3.9 eV, respectively; these
features show the largest intensity enhancement at an inci-
dent photon energy of E;=8.991 keV. The other feature, la-
beled C, appears at w=7.2 eV and resonates at the higher
incident energy of E;=8.998 keV. Since the resonance en-
ergy of the A and B features corresponds to the absorption
feature associated with a well-screened state,!> these two
have been attributed to the charge-transfer (CT) excitations
from the O 2p to the Cu 3d upper Hubbard band. On the
other hand, the resonance energy of feature C is associated
with a poorly screened state, and has been attributed to a
molecular-orbital (MO) excitation that involves a transition
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between bonding and antibonding states of the Cu 3d and O
2p orbitals.”

Recently, there has been a number of RIXS studies of
doped cuprate superconductors.>®!! For the La,_,Sr,CuO,
(LSCO) system, Kim et al.® showed that the two features of
the CT excitations in LCO are also observed for x=0.05, but
only a single feature is observed at ~4 eV for x=0.17. In
addition, a continuumlike excitation appears for x=0.17 be-
low the charge-transfer excitation energy (w<<2 eV) at the
zone center (0 0) and at the zone boundary (7 0).° The zone
center result is consistent with optical measurements, which
show a transfer of the spectral weight from the CT excitation
to lower energies.'® For the MO excitation, the excitation
energy increases with doping.” This was attributed to the
decreased Cu-O distance in doped samples, which leads to
an increased energy splitting between the bonding and anti-
bonding molecular orbitals due to the increased p—d hybrid-
ization.

Although measurements have been carried out for under-
doped and optimally doped samples, the overdoped region
has not yet been studied with RIXS. Such studies should
yield important insights into the nature of the charge excita-
tions observed with the RIXS technique. We note that thus
far LSCO appears to be the only high-T,. system where large,
high-quality heavily overdoped crystals are available. In this
paper, we report RIXS results for overdoped LSCO with x
=0.25 and 0.30; the primary purpose of this study is to elu-
cidate the evolution of the charge excitations in the over-
doped region. We find that the CT and MO excitations in the
overdoped compounds exhibit resonantly enhanced intensity
over a broader range of incident energies than those of an
optimally doped and undoped (parent) compound. We also
observe that the near-edge x-ray-absorption spectrum exhib-
its a feature associated with the well screened final state,
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which is well defined similar to its counterpart in underdoped
samples. On the other hand, we do not find a well-defined
peak corresponding to the poorly screened final state. Pro-
files measured utilizing a high energy resolution spectrom-
eter configuration indicate that the continuum excitation ex-
ists below 3 eV at (77 ) in addition to the (0 0) and (7 0)
positions. On top of the continuum intensity, we observed an
additional excitation at w~ 1.8 eV, which exhibits reso-
nantly enhanced intensity around E;~ 8.993 keV.

The paper is organized as follows. Section II describes the
experimental details. The CT and MO excitations measured
with a conventional RIXS setup are presented in Sec. III,
while a detailed study of the continuum intensity below 3 eV
using the high-resolution setup is reported in Sec. I'V. Finally,
the results are summarized in Sec. V. Since the results for the
x=0.25 and 0.30 crystals are quantitatively similar, we do
not distinguish between these two samples in our discussion
unless there is a special need.

II. EXPERIMENTAL DETAILS

Single crystals of LSCO with x=0.25 and 0.30 for the
RIXS measurements were grown by the traveling-solvent
floating-zone (TSFZ) method in the same manner as those
used for neutron-scattering experiments.'”!® The grown crys-
tal rods have a typical size of 6 mm diam and 80 mm in
length; they were cut into pieces 5 mmX4 mmX 1 mm
along the tetragonal a, ¢, and b directions, respectively, and
annealed at 850 °C for 12 h in flowing oxygen to compen-
sate for oxygen deficiencies. The temperature dependence of
the superconducting shielding fraction determined by mag-
netization measurements shows that the x=0.25 sample has
T.=15 K, whereas the x=0.30 sample shows no bulk super-
conductivity down to 2 K. The ac surfaces, which the x-ray
beams in the RIXS experiments are incident upon, were pol-
ished using a 1 um grit size.

The RIXS experiments were performed at the undulator
beam line 9IDB at the Advanced Photon Source at Argonne
National Laboratory. For the measurements of the CT and
MO excitations, we used the Si (333) reflection from the
double-bounce main monochromator, together with a spheri-
cal Ge(733) analyzer with 1 m radius of curvature. This
setup gives an instrumental energy resolution of 0.4 eV full
width at half maximum (FWHM). For the measurement of
the continuum intensity below 3 eV, a Si(444) channel-cut
secondary monochromator was used in addition to a Si(111)
primary monochromator. A spherical Ge(733) analyzer with
a 2 m radius of curvature was also utilized. This spectrom-
eter configuration yielded a net energy resolution of 0.13 eV
(FWHM). More technical details of the finer resolution setup
has been reported in Ref. 19.

The energy resolution has been measured by scanning an
incoherent background signal along the energy direction. For
the finer resolution setup, we cooled the samples down to
9 K by a closed-cycle refrigerator to reduce a possible pho-
non contribution to the elastic background intensity. How-
ever, we found that the elastic peak width along the energy
direction does not show clear temperature dependence. Thus,
we conclude no phonon effect on the elastic peak.
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For all measurements, the scattering plane was vertical
and the polarization of the incident x-ray was fixed along the
c-axis. Typical scans were performed by counting for 2 min
at each data point, and the counts were normalized to moni-
tor counts corresponding to 1 s. In our analysis, we have
used the following background subtraction and normaliza-
tion method. The largest source of background arises from
the contribution of the elastic (w=0) intensity. The energy
gain (w<0) side spectrum is expected to represent purely
background intensity, since the detailed balance factor at this
temperature and energy scale vanishes. Therefore, the back-
ground subtracted intensity can be written as D(w)=1(w)
—I(~w)(w>0), where I(w) is the raw intensity, assuming
that the elastic background is symmetric in w. Unless noted
otherwise, we used the intensity of the Cu K35 emission line
as a normalization factor, since this emission intensity is ex-
pected to be proportional to the sample volume probed.

At last, throughout this paper, we use tetragonal notation
with a=3.77 A along the Cu-O-Cu direction, corresponding
toa’=1.67 A7l

III. CHARGE TRANSFER AND MOLECULAR ORBITAL
EXCITATIONS

First, we present the experimental results for the main
spectral features, which correspond to the CT and the MO
excitations. Figure 1 shows the evolution of the RIXS spec-
tra as a function of the incident energy E; near the Cu K edge
at the positions Q=(3.05,0) corresponding to a position near
the zone center g=(0.17 0) and Q=(2.5,0) corresponding to
the zone boundary position g=(7 0). Unfortunately, the zone
center (3, 0, 0) position is contaminated at w=0 presumably

by the tails of the Bragg peaks at (3, 0, 1) and (3, 0, 1), so
that the data have been obtained at positions slightly away
from the zone center. However, a relatively high elastic in-
tensity remains at (0.17 0), producing a broader tail than that
at (7 0). Nevertheless, a similar incident energy dependence
of the RIXS spectra is observed at both positions with a CT
excitation around 4 eV and the MO excitation around 8 eV,
exhibiting resonance enhancements at E;~8.992 keV and
~8.998 keV, respectively.

To study any possible change of the RIXS spectra as a
function of momentum and doping, the spectral weight has
been calculated by simply summing up the background sub-
tracted and normalized intensity between 2 and 12 eV. Spec-
tral weights so obtained for the data at (0.17r 0) and (77 0)
are shown in Fig. 2(a) by circles and squares, respectively.
Although the (near) zone center data show smaller spectral
weights, the E; dependence appears to be very similar at both
positions. This is more clearly seen in Fig. 2(b), which shows
the E; dependences of the spectral weights normalized to
their maximum values. Thus, although the excitation ener-
gies are slightly different at different q positions as shown in
Fig. 1, the resonance behavior is similar.

We observe that the spectral weight does not show a well-
defined peak at E;~ 8.998 keV, which is the MO excitation
resonance energy, whereas the spectral weight has a peak at
E;~8.992 keV, the CT excitation resonance energy. We also
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FIG. 1. E; variation of the room-temperature
RIXS spectra of the x=0.25 sample at (a) a posi-
tion near the zone center (0.177 0) and (b) zone
boundary (7 0). These are measured at Q
=(3.05,0,0) and (2.5, 0.5, 0), respectively. The
data are shifted vertically for clarity. Dashed lines
represent energies of the CT and the MO
excitations.
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found that the x-ray-absorption spectrum shown in Fig. 2(c),
which is measured by monitoring the intensity of Cu Kpfs
line at E=8.973 keV, does not exhibit a well-defined peak
associated with the so-called poorly screened state around
8.998 keV. This result should be contrasted with the results
in the undoped samples. Figure 2(d) shows the spectral
weight of La,CuQO, calculated in the same manner using the
data reported in Ref. 5. It is clearly seen that the spectral
weight of La,CuO, has two well-defined peaks at the ener-

Energy transfer (eV)

gies where the CT and the MO excitations resonate. Consis-
tent with this, the absorption spectrum of La,CuQ, also has
the well-defined peaks for both well-screened and poorly
screened states as shown in Fig. 2(e).” Since such a two-peak
structure has also been observed for the x=0.17 sample,® the
disappearance of the higher energy peak in the absorption
spectrum and the broad nature of the RIXS spectral weight
distribution seem to be characteristic of overdoped metallic
samples.
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FIG. 3. Dispersion relation of the MO excitation (upper) mea-
sured with E;=8.998 keV and the CT excitation (lower) measured
with E;=8.992 keV for x=0.25. Error bars are estimated from a
simple fit to a Lorentzian function.

The dispersions of the CT and the MO excitations have
been studied by collecting the RIXS spectra at fixed E;
=8.992 keV and 8.998 keV at several g positions between
(3,0) and (2.5, 0), and between (3, 0) and (2.5, 0.5). The data
have been fitted by a Lorentzian function with a sloping
background to determine the excitation energies. The disper-
sions so obtained are shown in Fig. 3. The CT excitation
appears at 3.7 eV at the zone center and reaches 4.2 eV at
(70) and 5 eV at (7 ). This dispersion is qualitatively
similar to that observed in the x=0.17 sample.® The actual
profiles, however, show systematic changes with increasing
hole concentration. The left panel of Fig. 4 indicates profiles
of the CT peak for x=0, 0.17 (from Refs. 5 and 6) and 0.30.
To compare the CT peak itself, the intensity is normalized to
the CT peak intensity. It may be clearly seen that the CT
peak shifts its weight to higher energy with increasing dop-
ing at all ¢ positions. This is consistent with an increase of
the CT gap with doping predicted by Tsutsui et al.?® and
agrees quantitatively with their numerical calculations.?!??
The large value of this shift (~1 eV) is somewhat surprising,
given that the chemical potential shift due to the hole doping
observed in photoemission experiments is <0.5 eV.?*> How-
ever, the upper Hubbard band shifts to higher energy as holes
are doped.?” This combined effect of the chemical potential
shift and the shift of the unoccupied band seems to contrib-
ute to the large overall shift of the CT feature.

It is also interesting to note that the large shift of the CT
peak energy in the overdoped regime may imply a large
overlap of the O 2p and the lower Hubbard Cu 3d bands,
resulting in the existence of partially doped holes with Cu 3d
character in the overdoped regime. This, in turn, would sup-
press magnetic correlations as reported by recent neutron-
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FIG. 4. (Color online) The left panel shows a comparison of the
RIXS spectra for x=0, 0.17, and 0.30 at three different g positions.
The data for x=0 and 0.17 are referred from Refs. 5 and 6. The
profiles are normalized to the CT peak intensity. The data for x
=0.30 were taken utilizing the fine energy resolution setup. The
right panel shows the RIXS spectra for x=0.25 with data as mea-
sured (top) and normalized to the Cu Kps intensity (bottom).

scattering measurements of the overdoped samples.'”!8

However, detailed numerical calculations are necessary to
draw any firm conclusions.

The nature of the MO excitation also appears to differ
from that in the x=0.17 sample.” Although the zone bound-
ary has a lower excitation energy than the zone center, as is
the case for x=0.17, the dispersion of the overdoped sample
is flat in the large ¢ region as shown in Fig. 3. As discussed
in Ref. 7, the energy and the dispersion of the MO excitation
increases as the Cu-O distance decreases, and concomitantly,
the hybridization between the Cu 3d,2_,2 and the O 2p,, or-
bitals becomes stronger. The excitation energy of 7.6 eV at
(7 0) is very close to that of the x=0.17 sample, which has
the same Cu-O distance as the x=0.25 sample, and, more-
over, if we define the dispersion as the difference between
the energies at (7 0) and (0 0), the overall dispersion of
~0.4 eV of the present sample is similar to that of the x
=0.17 sample (~0.5 eV).

IV. LOW-ENERGY EXCITATION

The plots on the left side of Fig. 4 show clear evidence for
the appearance of a low energy excitation below the CT peak
for the doped samples. Although the excitation spectrum
around 1 eV for the undoped sample decreases to the back-
ground level (intensity at w=-1 eV), the intensity at 1 eV
remains well above the background in the doped samples. As
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FIG. 5. (Left) RIXS spectra of the x=0.30 sample at (77 0) at
various E; at 9 K. Each spectrum is shifted by two counts for clar-
ity. (Right) The differential intensity D(g, w) derived by subtracting
the energy gain side intensity as a background from the energy loss
side. The data are shifted by one count each.

reviewed in Sec. I, Kim et al.® have observed that the con-
tinuum intensity at low energy (1 ~2 eV) exists at (0 0) and
at (7 0), but not at (7 7). To test this in the overdoped
sample, we have compared the RIXS spectra for x=0.25 at
(7 0) and (7 7). The top-right panel of Fig. 4 shows the
as-measured data of RIXS spectra taken with E;
=8.992 keV, including the peak around 19 eV due to the Cu
KpBs fluorescence emission. The bottom-right panel shows
the same spectrum after normalization using the Cu Kpfs
intensity. Both spectra exhibit a constant intensity between 1
and 3 eV as shown by the shaded area, although the con-
tinuum intensity at the (7 ) position appears to be smaller
than that at (7 0). Thus, the data are suggestive of the exis-
tence of the continuum excitation even at (77 77) in the over-
doped samples.

We have also measured the RIXS spectra for x=0.30 at
9 K utilizing the high resolution instrumentation
(~0.13 eV) which enables us to study the detailed structure
of the continuum excitation. Figure 5 shows the evolution of
the RIXS spectra as a function of E; between 8.992 and
8.994 keV at (7 0). It appears that there is a small peak on
top of the continuum intensity at ~1.5 eV resonating in the
range of 8.9925<EFE;=<8.9935 keV. This may be more
clearly seen in the right panel of the figure, where the
background-subtracted spectra are plotted on a different
scale to emphasize the continuum region. The data below
1 eV have a large ambiguity due to the tail of the elastic
peak, while the increase of D(w) above 2.5 eV is due to the
CT peak. A peak at 1.5 eV is, nevertheless, clear in the range
of 8.992<FE;=<8.993 keV.

Similar features have been found at the (7 ) position.
Figure 6 shows plots analogous to those in Fig. 5 for (7 7).
In the right panel, the profile at E;=8.993 keV exhibits a
peak of 0.5 counts/s appearing around w=1.8 eV on top of
the continuum intensity of 1 count/s, whereas the data at
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FIG. 6. Analogous plots to Fig. 5 for the RIXS spectra at
(7 ).

E;=8.992 and 8.9925 keV show only a flat continuum inten-
sity. As E; increases to 8.994 keV, the peak appears to be-
come broader and larger, and seems to shift to higher energy.

We have studied the g dependence of this excitation
around (7 77) with fixed E; at 8.993 eV. Figure 7 shows the
background-subtracted and normalized RIXS intensity
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FIG. 7. g-dependence of the RIXS intensity of the x=0.30
sample for | <w=1.8 eV. The data are derived by normalizing to
the intensity at w=0 eV after subtracting the energy gain side in-
tensity as a background. Error bars result from a summation of the
statistical errors of the energy loss signal and the energy gain back-
ground. The data are shifted vertically for clarity. The scanning
direction is shown by an arrow in the inset.
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D(q,w) at 1.0<w=<1.8 eV along the (2.5+¢,-0.5+¢,0) di-
rection, which is equivalent to the trajectory in a reduced
momentum space shown by an arrow in the inset. It is evi-
dent that a peak develops at (7 7) with increasing energy
transfer and it reaches an intensity of ~0.5 counts/s at
1.8 eV on top of the g-independent continuum intensity of
1 count/s, consistent with the data for £;=8.993 eV in Fig.
6.

It is an open question what the origin of this excitation is.
From a consideration of the excitation energy of this feature,
a possible origin is the local dd excitation, which has been
observed around 1.5 eV.?*25 However, more detailed mea-
surements are necessary to draw definitive conclusions.

V. CONCLUDING REMARKS

We have studied heavily overdoped LSCO with x=0.25
and 0.30 using the resonant inelastic x-ray-scattering tech-
nique near the Cu K edge. We observe several features of the
charge-transfer and molecular-orbital excitations in these
materials. First, the resonance behavior in this overdoped
sample appears to be broader in incident photon energy than
that of the undoped parent material. Furthermore, in the ab-
sorption spectra of the overdoped samples, the peak corre-
sponding to the poorly screened state is damped. This pre-
sumably is related to the metallic nature of the overdoped
samples and the better screening due to mobile charge carri-
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ers. Second, we found that the CT peak energy increases
with doping x. This agrees with the prediction of an increase
of the CT gap energy with increasing x and, specifically, the
numerical calculations of Tsutsui et al.?>?! and Tsutsui??.

Our study of the low-energy excitations has shown that
the continuum intensity appears at all momentum transfers
for the overdoped samples. From detailed measurements uti-
lizing the high-energy resolution of 0.13 eV, we observed an
additional excitation on the continuum intensity at (7 77) and
(77 0), which shows resonantly enhanced intensity at E;
~8.993 keV. It will be important to study the dispersion of
this feature, as well as to determine whether or not this ex-
citation exists in the samples with lower doping to elucidate
the origin of this excitation.
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