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Precise dd excitations and commensurate intersite Coulomb interactions in the dissimilar
cuprates YBa2Cu3O7–y and La2–xSrxCuO4
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Using high-resolution extreme ultraviolet resonant inelastic x-ray scattering (EUVRIXS) spectroscopy at the
Cu M-edge, we observed doping dependent spectral shifts of interorbital (dd) excitations of YBa2Cu3O7−y

and La2−xSrxCuO4. With increasing the hole doping level from undoped to optimally doped superconducting
compositions, the leading edge of dd excitations is found to shift towards lower energy loss in a roughly linear
trend that is irrespective of the cuprate species. The magnitude of the energy shift can be explained by including
a 0.15 eV Coulomb attraction between Cu 3d (x2-y2) electrons and the doped holes on the surrounding oxygens
in the atomic multiplet calculations. The consistent energy shift between distinct cuprate families suggests that
this intersite Coulomb interaction energy scale is relatively material independent, and provides an important
reference point for understanding charge density wave phenomena in the cuprate phase diagram.

DOI: 10.1103/PhysRevB.107.134513

I. INTRODUCTION

Even after more than three decades of intense research
on cuprates, the mechanism of their high-temperature su-
perconductivity (HTSC) remains heavily debated. Generic
features such as the antiferromagnetic (AF) Mott insulating
state in the parent compounds, the ubiquitous charge and spin
orders/stripes, the pseudogap, the formation of the Zhang-
Rice singlet (ZRS) upon hole doping, salient Fermi surface
topology, and non-Fermi-liquid behavior manifest a universal
phase diagram that has been seen several refinements [1–3].
However, contrasting properties among different cuprate fam-
ilies complicate the identification of the HTSC mechanism
[4,5]. We take La2–xSrxCuO4 (LSCO) and YBa2Cu3O7–y

(YBCO) as examples. To name a few, LSCO has a simpler
CuO2 plane structure formed by corner-shared CuO6 octahe-
dra, whereas YBCO has CuO5 square pyramids and additional
chain layers that serve as the charge reservoir [Fig. 1(a)].
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LSCO generally has a lower maximum transition temperature
(Tc, max) compared to YBCO and other non-214 systems [6].
Their charge order wave vectors also display opposite doping
dependence that regards/disregards the commensurate q =
0.25 value [7–10]. In light of these vastly different properties,
it is important to examine the energetic parameters used in
theoretical models for explaining HTSC. It has been suggested
that the essential ingredients of the HTSC mechanism may be
drawn from the energy scales associated with interorbital (dd)
excitations; hence an accurate determination of these energy
scales will be beneficial for validating relevant theoretical
proposals [11–14].

Another elusive parameter in the multiband Hubbard
model is the intersite Coulomb interaction Upd , which is
the Coulomb attraction between the Cu 3d (x2-y2) electron
and the ZRS on the neighboring copper-oxygen plaquettes
[15,16]. This Upd parameter plays a key role in the dynamics
that follows the charge transfer excitation, making it indis-
pensable for describing certain optical and resonant inelastic
x-ray scattering (RIXS) excitations [17–21]. It is also a sig-
nificant reference point for understanding the electron-hole
Coulomb interaction that is at the root of charge density
wave phenomena. Upd also contributes to the effective in-
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FIG. 1. (a) Crystal field splitting from octahedral to tetragonal,
square pyramidal, and square planar symmetry. For atomic multiplet
calculations, we used the strong tetragonal and square pyramidal
symmetry for La2–xSrxCuO4 and YBa2Cu3O7–y, respectively. (b),
(d) The experimental RIXS maps plotted in energy loss scale for
(b) YBa2Cu3O6 (p = 0, Mott insulator), and (d) La2CuO4 around
Cu M2,3-edge resonances. (c), (e) The simulated RIXS maps for (c)
YBa2Cu3O6 Mott insulator and (e) La2CuO4.

teraction between ZRS and doublons, where the latter plays
an increasingly important role in strongly correlated electron
systems and their transient dynamics [22,23]. Interestingly,
there has never been a convincing experimental determination
of Upd .

Novel spectroscopies have been used to explore the essen-
tial phenomenology of cuprates and elucidate these exotic and
still puzzling features, and RIXS is one of these promising
techniques [24–26]. RIXS is element specific and can be used
to directly probe elementary excitations like magnons, charge
transfer (CT), and interorbital (dd and f f ) excitations [27]. In
particular, RIXS employed in the extreme ultraviolet (EUV)
energy regime (M-edge resonances of 3d transition metals)
can have a much higher energy resolution than that in the
soft x-ray regime (L-edge resonances of 3d transition met-
als). It also yields cleaner spectral profiles for dd excitations
due to the suppressed shake-up and charge-transfer excita-
tions, and thus is an ideal tool to address the aforementioned
questions.

II. EXPERIMENTS

We performed EUVRIXS measurements on LSCO and
YBCO films around Cu M-edge resonances at the beamline
4.0.3 (MERLIN) MERIXS end station at the Advanced Light
Source (ALS), Lawrence Berkeley National Laboratory. All
spectra were recorded at room temperature using an x-ray
spectrometer placed at a 90° scattering angle relative to the
incident x-ray beam [28]. The intensity of scattered x rays
recorded by a charge-coupled device (CCD) detector on the
spectrometer was normalized to ensure that the intensity in
the final spectra accurately represents the density of scattered
photons per unit energy [29]. During the measurements, the
sample was maintained at a 20° incidence angle relative to its
surface normal with the Cu-O bond direction in the horizontal
scattering plane. The photon polarization was kept in this
plane (π polarization) to suppress the strong elastic peak; see
Fig. S1 in the Supplemental Material [30]. The full width
at half maximum (FWHM) of the elastic peak was 21 meV
[Fig. 2(a)]. To reveal the subtle shift in the leading edge of dd
excitations in RIXS spectra, a precise determination of their
energies with respect to the strong elastic peak is crucial. We
looked at the elastic peak position on the detector as we varied
the incident photon energy and used a third-order polyno-
mial fitting to obtain a conversion between the detector pixel
number and photon energy, thereby converting the emission
energy of RIXS spectra to the energy loss. This approach
allowed us to determine the energy loss scale better than
2 meV, roughly 10% of the energy resolution determined from
the full width at half maximum (FWHM) of the elastic peak.
Exact steps for this conversion are listed in the Supplemental
Material [30].

The (001) oriented high-quality YBa2Cu3O7−y (YBCO)
and La2−xSrxCuO4 (LSCO) thin films were grown on (100)
SrTiO3 and LaSrAlO4 substrates by the pulsed laser de-
position (PLD) method, respectively. A KrF excimer laser
(λ = 248 nm) with a 5 Hz repetition rate and 5 J/cm2 en-
ergy density was used to ablate the polycrystalline targets.
For YBCO (LSCO), the growth was performed at 740–
770 K (770–780 K) substrate temperature and 260–300 mTorr
(300 mTorr) oxygen partial pressure. All films were about
300 nm thick. To control the oxygen content, the as-grown
films were postannealed in the furnace at the prescribed tem-
perature and oxygen pressure condition [31]. The hole doping
level of the YBa2Cu3O7−y and La2−xSrxCuO4 films was care-
fully determined. For YBCO superconducting samples, y was
estimated from 1 − Tc/Tc,max = 82.6(y–0.16)2, where Tc,max

is the maximum transition temperature at the optimal doping
level [31–33]. For heavily underdoped and undoped thin films
that did not show superconductivity, y was determined from
the thermoelectric power (TEP) at room temperature [31–33].
In addition, the y values estimated from these two methods
(if Tc was available) were cross checked and the results were
in good agreement with each other. For LSCO, the Sr con-
centration was quantitatively determined using Auger electron
spectroscopy (AES). The actual Sr contents were consistent
with the nominal x values of the LSCO targets within an error
of 3% or less. To compare the doping dependent RIXS spectra
of YBCO and LSCO, we use the concentration of doped holes
p as the common parameter. For LSCO, p is proposed as the
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FIG. 2. (a) Schematic illustration of experimental geometry. The energy resolution determined from the full width at half maximum of the
elastic peak is 21 meV (blue dots: data; red curve: Gaussian fit). Incident photon energy dependent RIXS spectra of YBa2Cu3O7–y with p = (b)
0, (c) 0.05 (no Tc), (d) 0.1 (Tc = 50 K), (e) 0.14 (Tc = 90 K), and La2–xSrxCuO4 with p =(f) 0, (g) 0.02 (no Tc), (h) 0.05 (Tc = 5 K), (i) 0.14
(Tc = 35 K), and (i) 0.16 (Tc = 40.1 K). In panels (b)–(j), the blue, cyan, green, red, and purple curves are spectra taken at incident photon
energy of 72, 73.5, 74, 74.5, and 76 eV, respectively. Black curves: simulation.

amount of Sr substitution; hence p = x. For YBCO, p is an
estimate according to Tc [33]; the relation between p and y
can be found in Refs. [34–36].

RIXS simulations were performed using an atomic multi-
plet model of 3d9 Cu, including 3p and 3d spin-orbit coupling
and the photon matrix elements defined by the experimental
scattering geometry. The fraction of resonance-active 3d9 Cu
in the YBCO chain was determined by a separate assay, which
is discussed in the Supplemental Material [30]. This chain
fraction was weighted into the spectral function of related ex-
citations. The 3d crystal field was defined to match the strong
tetragonal and square-pyramid orbital energy hierarchies of
LSCO and YBCO, respectively [see Fig. 1(a)]. Due to a differ-
ent ligand environment around the YBCO chain, e.g., lacking
an apical oxygen and with a slightly reduced Cu-O distance
(from 1.91 to 1.86 Å) along one axis of the Cu-O plaquette
plane (the symmetry breaking on xz/yz orbitals is neglected
here), the energetics of dd excitations in the chain are distinct
from the plane. Combined with the absence of ZRS in the
chain, the energies of all dd excitations in the simulated chain
spectrum are effectively increased with respect to those in the
simulated plane spectrum; see Fig. 3(c). We also note that
single-magnon excitations have roughly constant energetics in
the relevant doping range.

Modifications to the RIXS spectrum from hole doping
were included as follows. We first introduced a near-neighbor
Coulomb interaction parameter U ′ between the Cu 3d (x2-y2)

orbital and ZRS holes on the nearest-neighbor Cu-O plane
lattice sites with a mean field density 〈nZRS〉. This term was
added to the mean-field Hamiltonian for each bond as HU =
U ′〈nZRS〉. Secondly, we considered the transformation of the
dd excitation line shape due to the simultaneous continuum
excitations of the ZRS band, representing the shake-up scat-
tering processes induced by the creation of a localized 3d10

site in the lattice during the RIXS process [37]. The cross
section of continuum excitations (Ic) is proportional to the
ZRS density, e.g., Ic = α〈nZRS〉. For simplicity, we set α = 1.
These continuum excitations themselves are represented as a
linearly decaying high-energy tail that extends 1 eV beyond
each dd excitation. The local spin exchange field is accounted
for by coupling with an S = 2(1 − 〈nZRS〉) spin moment.
We used the spin exchange constants of J = 105 meV and
J = 130 meV for the 3d (x2-y2) orbital for YBCO and LSCO,
respectively [38].

III. RESULTS AND DISCUSSION

In Figs. 1(b) and 1(d), we show the detailed incident photon
energy dependence of RIXS spectra (RIXS maps) recorded
around the Cu M2,3 resonances from undoped Mott insulator
YBa2Cu3O7–y and La2CuO4 (LCO) films (for selected x-ray
absorption spectra (XAS) spectra, see Fig. S4 in the Sup-
plemental Material [30]). In these RIXS maps, strong RIXS
features (nondispersive in these maps) can be seen in the
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FIG. 3. Doping dependent RIXS spectra of (a) YBa2Cu3O7–y and (b) La2–xSrxCuO4 recorded at 74.5 eV incident photon energy. The
spectra are normalized at 1.6 eV energy loss. (c) Simulated RIXS spectrum of YBCO showing the chain (dashed line) and plane (solid line)
contributions to the dd excitations. (d) Simulated RIXS spectra for YBCO, the energy of x2-y2 orbital of different doping is modified with
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different Coulomb attraction values U ′.

1.5–2.5 eV energy loss window when the incident photon
energy is tuned to Cu M3 resonance (∼74 eV). These features
are the dd excitations and can be identified as transitions to
the unoccupied x2-y2 orbital from the occupied xy, xz/yz, and
3z2-r2 orbitals, respectively (with increasing energy loss) [39].
Because of the distinct local symmetry around the central Cu
site, i.e., pyramidal for YBCO and tetragonal for LCO, the
dd excitations in YBCO are located at the lower energy loss
and are not as well resolved as those in LCO. Furthermore,
the YBCO film emits stronger fluorescence (dispersive fea-
tures in these maps), which overlaps with the dd excitations
when incident photon energy is tuned to Cu M2 resonance
(∼76.5 eV). For both samples, the localized dd excitations
seem to display some degree of dispersion towards higher
energy loss with increasing incident photon energy, suggest-
ing that these excitations have a multicomponent nature. This
behavior is analogous to the phonon- and spin-dressed orbital
excitations seen in other cuprates [14,35,40]. However, the
expected contribution from phonons is greatly reduced at the
M edge [29]. This spectral profile is reproduced by our atomic
multiplet calculations shown in Figs. 1(c) and 1(e), in which
the effect stems from the antiferromagnetic exchange field.
The energy scales for xy, xz/yz, and 3z2-r2 orbital relative
to the x2-y2 orbital were set as follows: for LCO, they were
–1.57, –1.94, and –1.57 eV, respectively; for YBCO planes
(chains), they were –1.49 (–1.65), –1.76 (–2.16), and –1.91
eV (–2.6 eV), respectively. Setting the energy scales of dd

excitations as such yielded the best agreement between the
experimental and simulated RIXS maps.

The incident photon energy and doping dependence of
RIXS spectra from YBCO and LSCO are shown in Figs. 2(b)–
2(j). They are overlaid with spectra from atomic multiplet
calculations (black curves). The intensity of dd excitations
is maximal near the Cu M3 resonance around 74 eV. The
agreement between the experimental (colored lines) and sim-
ulated (black lines) RIXS spectra for low-doping films also
becomes better around the resonance [green curves, panels
(b),(f)]. When the hole doping level is increased, these dd
excitations become broader; in the meantime, an extended
spectral tail becomes visible on the higher energy loss side
[panels (d), (i)]. Further increasing the hole doping level to
reach the superconducting regime [panels (d), (e), (h)–(j)]
leads to the smeared dd excitations that are too broad to be
resolved in the spectra. This asymmetrical broadening effect
is approximated by the ZRS continuum excitation tails within
the calculations and is far more noticeable in LSCO than
YBCO. This is possibly related to their contrasting hole dop-
ing mechanism (CuO2 chain as the hole reservoir in YBCO
versus the cation substitution in LSCO). Despite the com-
plexity introduced by high-energy continuum excitations, the
low-energy onset of dd excitations remains sharply defined
and is expected to represent the energy needed to create an
isolated 3dxy dd excitation with no simultaneous continuum
excitation [37].
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In Fig. 3(a), we show the RIXS spectra taken at 74.5 eV
incident photon energy from different YBCO films, with the
intensity at 1.6 eV energy loss rescaled to 1 for ease of com-
parison. Upon hole doping, the tail structure at the higher
energy loss side remains nearly unchanged whereas the lead-
ing edge at the lower energy loss side shifts monotonically
towards the elastic peak [see blue open circles in Fig. 3(e)].
Unlike LSCO, there are two different Cu sites in YBCO:
CuO2 planes and CuO2 chains with Cu in primarily 3d9 and
3d10 configurations, respectively. One might speculate that
this leading-edge shift is related to the hole doping into CuO2

chains that opens up available transitions; however, our cal-
culations show that the chain-related features appear at higher
energy loss around 1.775 and 2.225 eV in the RIXS spectra,
and should be weakly visible due to the low density of RIXS-
active 3d9 sites in the chain structure (see the Experiments
section and the Supplemental Material [30]). Moreover, a very
similar leading-edge shift phenomenon can also be found in
LSCO films, whose RIXS spectra taken at the same photon
energy are shown in Fig. 3(b). For LSCO, one can see that hole
doping leads to the significant broadening of dd excitations
and the extension of the higher energy loss tail, indicating
a noticeable damping of these localized excitations by the
coupling to other electronic degrees of freedom; however,
the leading edge shows a shifting trend consistent with the
YBCO films [red open circles in Fig. 3(e)]. One may spec-
ulate that this effect can be explained by broadening the dd
excitations, but this scenario can be ruled out (see Fig. S5 in
the Supplemental Material [30]). In that regard, the observed
leading-edge shift is intrinsic and related to the hole doping to
the CuO2 planes.

To obtain insight into the origin of this phenomenon, we
have carried out atomic multiplet calculations with incorpora-
tion of Coulomb attraction between the Cu 3d (x2-y2) electron
and the doped holes in the surrounding oxygens [15]. Note
that with hole doping, the local crystal field around the Cu site
in the CuO2 plane can change and lead to the energy shift in
the leading edge of dd excitations. However, the energy scale
associated with the crystal field is often fairly large, on the
order of 100 meV, and is usually accompanied by structural
response in terms of changing the crystal symmetry and/or
lattice parameters. Such a structural response is not a com-
mon feature between these two cuprate families; therefore, we
focus on this Coulomb interaction in a mean-field picture.

We look at how the energy of the Cu 3d (x2-y2) orbital
is influenced by the dopant-induced changes to the charge
density distribution. The presence of ZRS on four nearest
neighbors of the scattering site reduces the Coulomb and
spin superexchange energy of the vacant 3d (x2-y2) state. This
changes our mean field Hamiltonian from Ex2−y2 to E =
Ex2−y2 − 〈nZRS〉4(U ′ + J/2). This doping dependence in the
3d (x2-y2) state directly modifies the energy of dd excitations,
causing their leading edge to shift towards smaller energy
loss [see Fig. 3(d)]. The existence of vacancies in the ZRS
band also enables gapless intraband continuum excitations
that occur simultaneously with dd excitations, resulting in
a higher-energy tail next to these dd excitations. To avoid
this complexity, our investigation focuses only on the leading
edge of the lowest-energy dd excitation with xy symmetry,
which does not overlap with other dd excitations or with the

signal attributed to CuO2 chains in YBCO [see Fig. 3(c)]. In
Fig. 3(e), we plot curves with several U ′ values from 0.1 to
0.2 eV and one can see that 0.15 eV gives the best agreement
with the experimental data.

Before proceeding, we note that the ZRS originating on the
scattering site is assumed not to contribute to the leading edge
of dd excitations because (1) the single-plaquette RIXS pro-
cess typically does not leave the ZRS mode in the low-energy
singlet sector; (2) in a larger many-body picture, such a ZRS
is significantly perturbed in both the intermediate and final
state configurations of the RIXS process; and (3) the singlet
binding energy of a ZRS mode is significantly reduced by the
presence of a dd excitation, and this will detune excitations
with on-site ZRS modes away from the specific features that
we are tracking. In addition, excitations in which a core elec-
tron directly enters the ZRS band are not considered because
they will result in a higher-energy 3d8 configuration that is
outside the measured energy loss window.

We now discuss the meaning of these findings. The energy
scales of dd excitations have significant influence on the mate-
rial dependence of Tc [12,13]. One proposed connection is the
energy of the 3z2-r2 orbital relative to the x2-y2 orbital because
a smaller energy difference can lead to a larger component in
the 3z2-r2 orbital (and the hybridized O 2pz orbital), weaken-
ing the d-wave superconductivity. Due to the simplicity and
higher energy resolution of Cu M-edge RIXS, we are able to
determine the energy of the 3z2-r2 orbital E3z2−r2 (relative to
the energy of the x2-y2 orbital) for LCO and YBCO. Indeed,
E3z2−r2 (= 1.57 eV) of LCO is significantly smaller than that
of the YBCO (1.91 eV), consistent with their lower Tc. In
the literature, E3z2−r2 of LCO is probably more investigated
both experimentally and theoretically than that of YBCO. For
example, Ref. [37] suggested a value of E3z2−r2 = 1.70 eV for
LCO, and the magnitudes of E3z2−r2 and Exy are comparable.
Both statements are consistent with the present findings for
LCO. It is also noted that the observed E3z2−r2 for LCO
is larger than the calculated E3z2−r2 = 0.91 eV in Ref. [13].
However, the qualitative trend of Tc versus E3z2−r2 in Ref. [37]
is in accord with our results.

We have also acquired an estimate of the interaction
strength between 3d (x2-y2) electrons and doped holes on the
surrounding copper oxygen plaquette with unprecedented ac-
curacy. This “direct” observation would be impossible without
the energy resolution available with M-edge RIXS. As men-
tioned above, the correct value of U ′ has a profound impact on
both the fundamentals of Hubbard physics and the interpreta-
tions of optical spectroscopy data in undoped and doped Mott
insulators. For example, the electron-hole Coulomb attraction
is at the heart of charge density wave (CDW) phenomena,
which is a generic feature among cuprate families. The ability
to determine the U ′ value (hence Upd , see below) may help
understand the two-dimensional (2D) CDW in YBCO, but the
observation of a 3D CDW in YBCO film will likely call for
a more extended model such as a larger multiband Hubbard
model that incorporates the apical orbitals to transmit the
charge order correlation through the chain layers [41].

Comparing the present value of U ′ = 0.15 eV with earlier
reports in the literature requires sophisticated treatment as the
interaction is commonly parametrized in terms of Upd , the
Coulomb interaction term between a Cu 3d (x2-y2) electron
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and a sigma-bound O 2p orbital. The highest-energy ZRS
modes are thought to be shared roughly equally between Cu
3d and O 2pσ orbitals, and the single-site representation of a
ZRS mode is split between four oxygen atoms [42]. As such,
only ∼1/8 of the ZRS hole density is expected to occupy
the neighboring 2pσ orbitals, and the nominal value of Upd

is roughly 8 times larger than our quantity U ′, or Upd ∼
1.2 eV. This value is in agreement with the numerical esti-
mate of 1.3 eV � Upd > 0.6 eV in Ref. [43], and with rough
parametrizations of Upd � 0.5 eV in other works [17,18,20].

Framing U ′ as the electron-ZRS interaction parameter has
the advantage of being more directly relevant to the single-
band Hubbard model. It also highlights that U ′ is an effective
parameter that cannot necessarily be evaluated very accurately
from electrostatics alone. However, it is important to note
several approximations used in our calculations may influence
this estimate. Firstly, our description of local exchange field as
coupling to an S = 2(1 − 〈nZRS〉) neighboring spin moment is
a very rough approximation. If this spin effect were neglected
altogether, the U ′ value would increase by 9% to 0.16 eV.
Secondly, we have ignored the effect of neighboring ZRS
modes on the 3d(xy) orbital energy. This omission causes our
U ′ value to be an underestimate, as it is in fact the difference
between the ZRS Coulomb interaction constants for the x2-y2

orbital and the xy orbital (U ′ = U ′
x2−y2 − U ′

xy). Lastly, we
have approximated that the excitations at the leading edge of
3dxy dd excitation can only occur when there is no on-site
ZRS mode. This approximation is well motivated, but will
nonetheless lead to some undercounting of the local hole
density. This in turns causes an overestimation of U ′. The
second and third effects act on U ′ with opposite sign, and
are both likely to contribute to an error at the ∼10% level.
Intriguingly, the observed leading-edge shift of the excitations
due to hole doping in LSCO and Sr14–xCaxCu24O41 coincides
with that in the present RIXS case [19,43].

IV. SUMMARY

In summary, we have performed RIXS measurements on
cuprate films in the extreme ultraviolet energy regime. From
the energy dependence of the RIXS map, we are able to
precisely determine the energetics of 3d orbitals (with respect
to the x2-y2 orbital) in YBCO and LCO Mott insulators. Our
results support that the energy of the 3d(3z2-r2) orbital has
a significant impact on d-wave superconductivity. The linear
shift of the leading edge of dd excitations towards smaller
energy loss as a function of hole doping is observed in both
systems. Such phenomenon can be reproduced by introducing
an attractive Coulomb interaction between Cu 3d (x2-y2) elec-
trons and doped holes on the surrounding oxygens in atomic
multiplet calculations. This attractive Coulomb interaction
can link to the parameter Upd , which is an important factor in
many theoretical models, but has not been directly measured
before.

ACKNOWLEDGMENTS

The Advanced Light Source is supported by the Director,
Office of Science, Office of Basic Energy Sciences, of the
U.S. Department of Energy under Contract No. DE-AC02-
05CH11231. This work was supported by National Science
and Technology Council (NSTC) of Taiwan under Grants
No. 108-2112-M-009-009, No. 110-2634-F-009-026, and No.
107-2199-M-009-002. The work of J.Y.L was also financially
supported by center for Emergent Functional Matter Science
of National Yang Ming Chiao Tung University from The Fea-
tured Areas Research Center Program within the framework
of the Higher Education Sprout Project by Taiwan Ministry
of Education. We would like to thank C.-C. Chen for fruitful
discussions. Research at New York University was supported
by the National Science Foundation under Grant No. DMR-
2105081.

[1] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and J.
Zaanen, From quantum matter to high-temperature supercon-
ductivity in copper oxides, Nature (London) 518, 179 (2015).

[2] C. Proust and L. Taillefer, The remarkable underlying ground
states of cuprate superconductors, Annu. Rev. Condens. Matter
Phys. 10, 409 (2019).

[3] P. A. Lee, N. Nagaosa, and X-G. Wen, Doping a Mott insulator:
Physics of high temperature superconductivity, Rev. Mod. Phys.
78, 17 (2006).

[4] Y. Ando, K. Segawa, S. Komiya, and A. N. Lavrov, Electri-
cal Resistivity Anisotropy Self-Organized One Dimensionality
in High-Temperature Superconductors, Phys. Rev. Lett. 88,
137005 (2002).

[5] H. Mukuda, S. Shimizu, A. Iyo, and Y. Kitaoka, High-Tc

superconductivity and antiferromagnetism in multilayered cop-
per oxides—a new paradigm of superconducting mechanism,
J. Phys. Soc. Jpn. 81, 011008 (2012).

[6] T. Honma and P. H. Hor, Unified electronic phase diagram for
hole-doped high-Tc cuprates, Phys. Rev. B 77, 184520 (2008).

[7] M. Hücker, N. B. Christensen, A. T. Holmes, E. Blackburn,
E. M. Forgan, R. Liang, D. A. Bonn, W. N. Hardy, O.

Gutowski, M. v. Zimmermann, S. M. Hayden, and J. Chang,
Competing charge, spin, and superconducting orders in under-
doped YBa2Cu3Oy, Phys. Rev. B 90, 054514 (2014).

[8] S. Blanco-Canosa, A. Frano, E. Schierle, J. Porras, T. Loew,
M. Minola, M. Bluschke, E. Weschke, B. Keimer, and M.
Le Tacon, Resonant x-ray scattering study of charge-density
wave correlations in Y Ba2Cu3O6+x , Phys. Rev. B 90, 054513
(2014).

[9] T. P. Croft, C. Lester, M. S. Senn, A. Bombardi, and S. M.
Hayden, Charge density wave fluctuations in La2–xSrxCuO4 and
their competition with surperconductivity, Phys. Rev. B 89,
224513 (2014).

[10] M. Hucker, M. v. Zimmermann, G. D. Gu, Z. J. Xu, J. S. Wen,
G. Xu, H. J. Kang, A. Zheludev, and J. M. Traquada, Stripe
order in superconducting La2−xBaxCuO4 (0.095 � x � 0.155),
Phys. Rev. B 83, 104506 (2011).

[11] C. M. Varma, S. Schmitt-Rink, and E. Abrahams, Charge trans-
fer excitations and superconductivity in “ionic” metals, Solid
State Commun. 62, 681 (1987).

[12] W. A. Little, M. J. Holcomb, G. Ghiringhelli, L. Braicovich,
C. Dallera, A. Piazzalunga, A. Tagliaferri, and N. B. Brookes,

134513-6

https://doi.org/10.1038/nature14165
https://doi.org/10.1146/annurev-conmatphys-031218-013210
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/PhysRevLett.88.137005
https://doi.org/10.1143/JPSJ.81.011008
https://doi.org/10.1103/PhysRevB.77.184520
https://doi.org/10.1103/PhysRevB.90.054514
https://doi.org/10.1103/PhysRevB.90.054513
https://doi.org/10.1103/PhysRevB.89.224513
https://doi.org/10.1103/PhysRevB.83.104506
https://doi.org/10.1016/0038-1098(87)90407-8


PRECISE dd EXCITATIONS AND COMMENSURATE … PHYSICAL REVIEW B 107, 134513 (2023)

Superconductivity and its applications, Phys. C (Amsterdam)
460, 40 (2007).

[13] H. Sakakibara, H. Usui, K. Kuroko, R. Arita, and H. Aoki,
Two-Orbital Model Explains the Higher Transition Temperature
of the Single-Layer Hg-Cuprate Superconductor Compared to
That of the La-Cuprate Superconductor, Phys. Rev. Lett. 105,
057003 (2010).

[14] J. J. Lee, B. Moritz, W. S. Lee, M. Yi, C. J. Jia, A. P. Sorini,
K. Kudo, Y. Koike, K. J. Zhou, C. Monney, V. Strocov, L.
Patthey, T. Schmitt, T. P. Devereaux, and Z. X. Shen, Charge-
orbital-lattice coupling effects in the dd excitation profile of
one-dimensional cuprates, Phys. Rev. B 89, 041104(R) (2014).

[15] N. B. Brookes, G. Ghiringhelli, A.-M. Charvet, A. Fujimori, T.
Kakeshita, H. Eisaki, S. Uchida, and T. Mizokawa, Stability of
the Zhang-Rice Singlet with Doping in Lanthanum Strontium
Copper Oxide across the Superconducting Dome and Above,
Phys. Rev. Lett. 115, 027002 (2015).

[16] S.-W. Huang, L. A. Wray, Y.-C. Shao, C.-Y. Wu, S.-H. Wang,
J.-M. Lee, Y.-J. Chen, R. W. Schoenlein, Y.-D. Chuang, and
J.-Y. Lin (unpublished).

[17] K. Okada and A. Kotani, Intersite Coulomb interactions in
quasi-one-dimensional copper oxides, J. Phys. Soc. Jpn. 66, 341
(1997).

[18] J. Wagner, W. Hanke, and D. J. Scalapine, Optical, magnetic,
and spin-particle excitations in the multiband Hubbard model
for cuprate superconductors, Phys. Rev. B 43, 10517 (1991).

[19] T. Osafune, N. Motoyama, H. Eisaki, and S. Uchida, Optical
Study of the Sr14–xCaxCu24O41 System: Evidence for Hole-
Doped Cu2O3 Ladders, Phys. Rev. Lett. 78, 1980 (1997).

[20] A. Higashiya, S. Imada, T. Murakawa, H. Fujiwara, S. Kasai, A.
Sekiyama, S. Suga, K. Okada, M. Yabashi, and K. Tamasaku,
Significance of the inter-site Coulomb interaction between the
O 2p and Cu 3d holes revealed by resonant inelastic x-ray
scattering of Sr14Cu24O41, New J. Phys. 10, 053033 (2008).

[21] C.-C. Chen, B. Moritz, F. Vernay, J. N. Hancock, S. Johnston,
C. J. Jia, G. Chabot-Couture, M. Greven, I. Elfimov, G. A.
Sawatzky, and T. P. Devereaue, Unraveling the nature of charge
excitations in La2CuO4 with momentum-resolved Cu K-edge
resonant inelastic x-ray scattering, Phys. Lett. 105, 177401
(2010).

[22] P. W. Philips, L. Yeo, and E. W. Huang, Exact theory of su-
perconductivity in a doped Mott insulator, Nat. Phys. 16, 1175
(2020).

[23] T. Hartke, B. Oreg, N. Jia, and M. Zwierlein, Doublon-Hole
Correlations and Fluctuation Thermometry in a Fermi-Hubbard
Gas, Phys. Rev. Lett. 125, 113601 (2020).

[24] D. Lu, I. M. Vishik, M. Yi, Y. L. Chen, R. G. Moore, and
Z. X. Shen, Angle-resolved photoemission studies of quantum
materials, Annu. Rev. Condens. Matter Phys. 3, 129 (2012).

[25] O. Fischer, M. Kugler, I. Maggio-Aprile, C. Berthod, and C.
Renner, Scanning tunneling spectroscopy of high-temperature
superconductors, Rev. Mod. Phys. 79, 353 (2007).

[26] C. Giannetti, M. Capone, D. Fausti, M. Fabrizio, F. Parmigiani,
and D. Mihailovic, Ultrafast optical spectroscopy of strongly
correlated materials and high-temperature superconductors: A
non-equilibrium approach, Adv. Phys. 65, 58 (2016).

[27] L. J. P. Ament, M. van Veenendaal, T. P. Devereaux, J. P. Hill,
and J. van den Brink, Resonant inelastic x-ray scattering studies
of elementary excitations, Rev. Mod. Phys. 83, 705 (2011).

[28] Y.-D. Chuang, J. Pepper, W. Mckinney, Z. Hussain, E.
Gullikson, P. Batson, D. Qian, and M. Z. Hasan, High-
resolution soft x-ray emission spectrograph at advanced light
source, J. Phys. Chem. Solids 66, 2173 (2005).

[29] L. A. Wray, S.-W. Huang, I. Jarrige, K. Ikeuchi, K. Ishii, J. Li,
Z. Q. Qiu, Z. Hussain, and Y.-D. Chuang, Extending resonant
inelastic x-ray scattering to the extreme ultraviolet, Front. Phys.
3, 32 (2015).

[30] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.107.134513 for more supporting experi-
mental evidence.

[31] K.-H. Wu, M.-C. Hsieh, S.-P. Chen, S.-C. Chao, J.-Y. Juang,
T.-M. Uen, Y.-S. Gou, T.-Y. Tseng, C.-M. Fu, J.-M. Chen, and
R.-G. Liu, Preparation and electronic properties of YBa2Cu3Ox

films with controlled oxygen stoichiometries, J. Appl. Phys. 37,
4346 (1998).

[32] J. L. Tallon, C. Bernhard, H. Shaked, R. L. Hitterman, and J. D.
Jorgensen, Generic superconducting phase behavior in high-Tc

cuprates: Tc variation with hole concentration in YBa2Cu3O7−δ ,
Phys. Rev. B. 51, 12911(R) (1995).

[33] Y.-J. Chen, M. G. Jiang, C. W. Luo, J.-Y. Lin, K. H. Wu, J. M.
Lee, J. M. Chen, Y. K. Kuo, J. Y. Juang, and C.-Y. Mou, Doping
evolution of Zhang-Rice singlet spectral weight: A comprehen-
sive examination by x-ray absorption spectroscopy, Phys. Rev.
B 88, 134525 (2013).

[34] J. Rossat-Mignod, L. P. Regnault, P. Bourges, C. Vettier, P.
Burlet, and J. Y. Henry, Neutron scattering investigation of the
spin dynamics in the high temperature superconducting system
Y Ba2Cu3O6+x , Phys. Scr. T45, 74 (1992).

[35] R. Liang, D. A. Bonn, and W. N. Hardy, Evaluation of CuO2

plane hole doping in Y Ba2Cu3O6+x single crystals, Phys. Rev.
B 73, 180505(R) (2006).

[36] A. Carrington, D. J. C. Walker, A. P. Machenzie, and J.
R. Cooper, Hall effect and resistivity of oxygen-deficient
YBa2Cu3O7−δ thin films, Phys. Rev. B 48, 13051 (1993).

[37] L. A. Wray, J. Li, Z. Q. Qiu, J. Wen, Z. Zu, G. Gu,
S.-W. Huang, E. Arenholz, W. Yang, Z. Hussain, and Y.-D.
Chuang, Measurement of the spectral line shapes for orbital
excitations in the Mott insulator CoO using high-resolution
resonant inelastic x-ray scattering, Phys. Rev. B 88, 035105
(2013).

[38] M. M. Sala, V. Bisogni, C. Aruta, G. Balestrino, H. Berger,
N. B. Brookes, G. M. de Luca, D. D. Castro, M. Grioni, M.
Guarise, P. G. Medaglia, F. M. Granozio, M. Minola, P. Perna,
M. Radovic, M. Salluzzo, T. Schmitt, K. J. Zhou, L. Braicovich,
and G. Ghiringhelli, Energy and symmetry of dd excitations in
undoped layered cuprates measured by Cu L3 resonant inelastic
x-ray scattering, New J. Phys. 13, 043026 (2011).

[39] L. A. Wray, S.-W. Huang, Y. Xia, M. Zahid Hasan, C. Mathy, H.
Eisaki, Z. Hussain, and Y.-D. Chuang, Experimental signature
of phase interference and subfemtosecond time dynamics on the
incident energy axis of resonant inelastic x-ray scattering, Phys.
Rev. B 91, 035131 (2015).

[40] J. Schlappa, K. Wohlfeld, K. J. Zhou, M. Mouriga, M. W.
Haverkort, V. N. Strocov, L. Hozoi, C. Monney, S. Nishimoto,
S. Singh, A. Revcolevschi, J.-S. Caux, L. Patthey, H. M.
Rønnow, J. van den Brink, and T. Schmitt, Spin-orbital sep-
aration in the quasi-one-dimensional Mott insulator Sr2CuO3,
Nature (London) 485, 82 (2012).

134513-7

https://doi.org/10.1016/j.physc.2007.03.031
https://doi.org/10.1103/PhysRevLett.105.057003
https://doi.org/10.1103/PhysRevB.89.041104
https://doi.org/10.1103/PhysRevLett.115.027002
https://doi.org/10.1143/JPSJ.66.341
https://doi.org/10.1103/PhysRevB.43.10517
https://doi.org/10.1103/PhysRevLett.78.1980
https://doi.org/10.1088/1367-2630/10/5/053033
https://doi.org/10.1103/PhysRevLett.105.177401
https://doi.org/10.1038/s41567-020-0988-4
https://doi.org/10.1103/PhysRevLett.125.113601
https://doi.org/10.1146/annurev-conmatphys-020911-125027
https://doi.org/10.1103/RevModPhys.79.353
https://doi.org/10.1080/00018732.2016.1194044
https://doi.org/10.1103/RevModPhys.83.705
https://doi.org/10.1016/j.jpcs.2005.09.051
https://doi.org/10.3389/fphy.2015.00032
http://link.aps.org/supplemental/10.1103/PhysRevB.107.134513
https://doi.org/10.1143/JJAP.37.4346
https://doi.org/10.1103/PhysRevB.51.12911
https://doi.org/10.1103/PhysRevB.88.134525
https://doi.org/10.1088/0031-8949/1992/T45/015
https://doi.org/10.1103/PhysRevB.73.180505
https://doi.org/10.1103/PhysRevB.48.13051
https://doi.org/10.1103/PhysRevB.88.035105
https://doi.org/10.1088/1367-2630/13/4/043026
https://doi.org/10.1103/PhysRevB.91.035131
https://doi.org/10.1038/nature10974


SHIH-WEN HUANG et al. PHYSICAL REVIEW B 107, 134513 (2023)

[41] K. Haulem, T. Birol, and G. Kotliar, Covalency in transition-
metal oxides within all-electron dynamical, Phys. Rev. B 90,
075136 (2014).

[42] A. K. McMahan, R. M. Martin, and S. Satpathy, Calcu-
lated effective Hamiltonian for La2CuO4 and solution in the

impurity Anderson approximation, Phys. Rev. B 38, 6650
(1988).

[43] S. Uchida, H. Takagi, and Y. Tokura, Doping effect on the
transport and optical properties of P-type and N-type cuprate
superconductors, Phys. C (Amsterdam) 162–164, 1677 (1989).

134513-8

https://doi.org/10.1103/PhysRevB.90.075136
https://doi.org/10.1103/PhysRevB.38.6650
https://doi.org/10.1016/0921-4534(89)90877-0

