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Recent photoemission experiments on the quasi-one-dimensional Ba-based cuprates suggest that doped
holes experience an attractive potential not captured using the simple Hubbard model. This observation has
garnered significant attention due to its potential relevance to Cooper pair formation in high-Tc cuprate
superconductors. To scrutinize this assertion, we examined signatures of such an attractive potential in
doped 1D cuprates Ba2CuO3þδ by measuring the dispersion of the 2-spinon excitations using Cu L3-edge
resonant inelastic x-ray scattering (RIXS). Upon doping, the 2-spinon excitations appear to weaken, with a
shift of the minimal position corresponding to the nesting vector of the Fermi points, qF. Notably, we find
that the energy scale of the 2-spinons near the Brillouin zone boundary is substantially softened compared
to that predicted by the Hubbard model in one dimension. Such a discrepancy implies missing ingredients,
which lends support for the presence of an additional attractive potential between holes.
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Corner-sharing quasi-one-dimensional (1D) cuprates
consist of chains of CuO2 plaquettes which are connected
via corner sharing oxygen atoms [Fig. 1(a)]. They can be
modeled as a 1D spin chain with a strong antiferromagnetic
(AFM) super-exchange interaction. Therefore, these com-
pounds contain the essence of electronic correlations
exhibited in the quasi-two-dimensional cuprate supercon-
ductors but with a simpler geometry. Experiments have
revealed a wealth of many-body phenomena, including
magnetic order, spin-charge separation, and fractionaliza-
tion, along with associated collective charge, spin, and
orbital excitations [1–6]. Such phenomena have provided
valuable insight into the effects of strong electronic corre-
lations and the mystery of high-Tc superconductivity.
Recent angle-resolved photoemission spectroscopy

(ARPES) experiments on doped 1D cuprates, specifically
Ba2CuO3þδ, revealed a doping dependence to the holon
and spinon bands, not captured by the simple Hubbard
model [6]. An additional strong, extended, and most

importantly attractive interaction was required to model
the data effectively. Subsequent theories suggest that
incorporating such a potential into the Mott-Hubbard
model could enhance superconducting pairing [7–10].
Therefore, the results of these experiments and the pro-
posed attractive couplings could have profound implica-
tions for understanding the pairing mechanism in cuprate
superconductors.
Given the importance of this hypothesis, additional

experiments are necessary for validation. Theories predict
that such an interaction should also leave fingerprints in the
bosonic excitation channels, particularly, the dynamic spin
structure factor Sðq;ωÞ [11–13]. The doping evolution
of Sðq;ωÞ in the simple Hubbard model is sketched in
Fig. 1(b). When the system is undoped, Sðq;ωÞ exhibits a
typical two-spinon continuum, a characteristic feature of
1D quantum spin chains due to electron fractionalization.
The peak position of Sðq;ωÞ follows the lower edge of
the continuum, which emanates from the zone center,
reaching a maximum at q ¼ 0.25, then terminating at
the Brillouin zone boundary (q ¼ 0.5), where the excitation
becomes gapless. Upon hole doping, the momentum where
the 2-spinon excitations become gapless shifts to qF,
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corresponding to the nesting wave vector of the Fermi
points in the spinon bands. At the zone boundary q ¼ 0.5,
the excitations become gapped with an energy of ωπ . In
the presence of an attractive potential V int, ωπ will soften
and the spectral weight should spread out in energy and
momentum. The soften of ωπ can serve as an estimate for
the strength of V int.
In this Letter, we measure the doping dependence

of 2-spinon excitations in Ba2CuO3þδ thin films using
Cu L3-edge resonant inelastic x-ray scattering (RIXS). In
other undoped one-dimensional cuprates, Cu L-edge RIXS
captures 2-spinon excitations, with a peak position that
tracks the lower boundary of the 2-spinon continuum
[4,14,15], laying the foundations for the doping depend-
ence study reported here. The higher light-matter scattering
cross-section and element specificity make RIXS an ideal
tool for probing Ba2CuO3þδ films. Upon doping, we find
that the 2-spinon excitations broaden, accompanied by
a systematic shift of the gapless momentum qF. We also
find that the energy scale of the 2-spinons near the zone
boundary, ωπ , is substantially lower than predicted by the
one-dimensional Hubbard model. Such a discrepancy
implies missing ingredients in the Hubbard model and
supports the presence of an additional attractive potential
between holes.
Ba2CuO3þδ thin films were synthesized through ozone-

reactive molecular beam epitaxy (MBE). Ba and Cu
sources were coevaporated onto (001) oriented SrTiO3

substrates with TiO2 termination. Doping was controlled
via the temperature at which the ozone supply was shut off.
More hole doping is expected for the sample grown with a
lower ozone shut-off temperature. The thickness of samples
1–3 is 50 nm, with ozone shut-off temperatures of 350 °C,
270 °C, and 180 °C followed by 10 minutes of UHV
annealing. We found it very challenging to achieve higher
doping concentrations in 50 nm thick films, requiring
thinner films for homogeneous doping across samples
(samples 4 and 5 with a thickness of 10 nm). Sample 4

had an ozone shut-off temperature of 440 °C, followed by
10 minutes of UHVannealing. The sample with the highest
doping concentration (sample 5) was prepared by annealing
in ozone at growth temperature (570 °C) for 5 minutes and
cooling down in ozone until the sample temperature
reached 100 °C. More details on sample synthesis can be
found in Supplemental Material [16].
Cu L3-edge x-ray absorption spectra (XAS) and RIXS

experiments were performed at the 2-ID SIX of NSLS-II
for samples 1–3 and at I21 of Diamond Light Source for
samples 4 and 5. XAS data were obtained by measuring
total electron yield at a grazing incident angle of 20°. The
x-ray polarization was parallel to the scattering plane (i.e., π
geometry). RIXS data were taken with the spectrometer
angle 2θ set at ∼150° also using a π-polarization geometry,
which is known to be more sensitive to magnetic excita-
tions. As magnetic excitations in 1D systems only disperse
along the chain direction, all momentum-dependent data
have been denoted as a function of the projected in-chain
momentum transfer q along the chain direction using
the reciprocal lattice unit 2π=a (a ¼ 3.90 Å). A detailed
schematic of the experimental geometry is show in
Supplemental Material Fig. S1 [16]. The energy resolution
of the RIXS data was 32 meV for samples 1–3 and 42 meV
for samples 4 and 5. All XAS and RIXS measurements
were conducted at approximately 30 K. The intensity of
all RIXS spectra is normalized to the integrated intensity of
the dd excitations. The maxima of 2-spinon excitations
were extracted by fitting to a Gaussian function (see
Supplemental Material [16]).
We first verify that holes were introduced into the

compounds by our synthesis method. Figure 1(d) presents
the x-ray absorption spectra across the Cu L3-edge. In
sample 1, which is the least hole-doped, the XAS is
essentially identical to those measured in the single-crystal
undoped 1D cuprate, Sr2CuO3 [4]. Specifically, the XAS
consists of a main peak, A, at 931.9 eV, and a weak hump,
C, extending up to 934.5 eV. Locally, the ground state of
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FIG. 1. (a) Schematic of a corner-sharing quasi-1D cuprate as an antiferromagnetic spin chain with the lattice constant a.
(b) Illustration of 2-spinon excitations for the undoped and doped 1D spin chain, respectively. ωπ denotes the 2-spinon energy at
q ¼ 0.5, which is predicted to soften in the presence of an attractive potential V int. (c) XAS obtained by measuring total electron yield
(TEY) across the Cu L3 edge of the five samples prepared for this study. A, B, and C denote the spectral features around 931.9 eV,
933.4 eV, and 934.5 eV, respectively.
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the undoped compound is primarily of 3d9 and 3 d10L
character (L denotes the ligand character of the ground
state from the oxygen 2p orbital contributions). The main
peak A corresponds to transitions into the 3d10 final states,
and the weak high-energy hump C has been attributed
to the transition to Cu 3d3z2−r2 orbitals, which become
partially unoccupied due to hybridization with the Cu 4s
states [17–19].
For samples 2–5, where more hole doping is expected, a

new peak (denoted B) located at 933.4 eV emerges with
increasing spectral weight with nominally increasing hole
concentration, reminiscent of the hole-induced high energy
shoulder next to the main XAS peak observed in 2D
cuprates. Here, the feature is more pronounced, likely due
to poor screening in one dimension [20–22]. The ground
state of the hole-doped Cu sites should possess a dominant
3d9L character (doped holes on oxygen); therefore, peak B
can be attributed to the transition locally to the 3d10L final
state. Thus, the growth of spectral weight in peak B
demonstrates a systematic increase of hole concentration
in our series of Ba2CuO3 samples [17–19,23].
By tuning the photon energy to the main peak of the

XAS, RIXS can map out the energy-momentum dispersion

of the 2-spinon excitations. Figure 2(a) summarizes the
RIXS intensity map as a function of projected momentum
along the chain direction. RIXS spectra at representative
momenta are displayed in the lower panel [Fig. 2(b)]. In
the least doped sample 1, we observe a branch of exci-
tations whose peak positions reach a maximum at q ¼ 0.25
with an energy of approximately 450 meV. This merges
into the elastic peak near the zone boundary (q ¼ 0.5),
indicating that the excitations become gapless. This
dispersion is expected for the lower edge of the 2-spinon
continuum in the undoped 1D antiferromagnetic spin chain
[see also Fig. 1(b)], with an energy scale as in single crystal
Sr2CuO3 [4]. In addition, like single crystal Sr2CuO3 [4],
the dd excitations exhibit a substantial energy-momentum
dispersion, which has been attributed to the “spin-orbital”
separation (see Supplemental Material Fig. S2 [16]).
Upon hole doping, as shown in Fig. 2, although the

overall features of the 2-spinon dispersion remain similar,
the excitations become broader in energy-momentum
space, and the maximal 2-spinon energy decreases at the
lower edge of the contiuum near q ¼ 0.25. Importantly, the
momentum qF where the 2-spinon excitation becomes
gapless shifts from q ¼ 0.5 to smaller values with increas-
ing hole doping. In the most heavily hole-doped sample 5,
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FIG. 2. (a) RIXS intensity map as a function of energy loss and momentum projected along the chain direction for samples 1–5. The
markers indicate the peak position of the 2-spinon spectra. The error bars are the 90% confidence intervals of the fitted peak position.
Black dashed lines indicate the fit for each sample’s theoretical lower bounds of the 2-spinon dispersion. (b) Stack plots of RIXS energy
loss spectra at representative momenta for each sample. Vertical lines mark the peak positions of the 2-spinon excitations.
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as shown in Fig. 2(b), the 2-spinon continuum becomes
gapless at a momentum between q ¼ 0.3 and 0.35, where
the peak merges with elastic peak and becomes invisible.
Beyond this momentum, the peak becomes observable again
and increases in energy as it approaches the zone boundary
at q ¼ 0.5. Taken together, we have observed an expected
systematic shift of qF with increasing hole doping.
qF should correspond to the nesting wave vector of the

Fermi points in the spinon band with the corresponding
doping x, which can be expressed as qF ¼ ð1 − xÞ=2 in
reciprocal lattice units (2π=a). The doping level of each
sample can be estimated more accurately by determining
the qF position in the 2-spinon dispersion. We fit the
dispersion ωsðqÞ to

ωsðqÞ ¼ ωo sin

�
2π

q
ð1 − xÞ

�
; ð1Þ

where ωo denotes the maximal energy of the 2-spinon
continuum near q ¼ 0.25. For sample 5, the fitting pro-
cedure was not applied due to insufficient data, where
instead qF has been determined by the peak positions of the
momentum distribution curves of the 2-spinon intensity at
constant energies [16]. The extracted ωo and the doping
concentration x are summarized in Table I.
With these estimated doping concentrations, our data can

be compared to the 1D Hubbard-like model simulations
with similar hole concentrations. Figure 3(a) shows the
calculated 2-spinon excitations with a hole doping of
x ¼ 30% using a simple Hubbard model (HM), compared
to the peak positions extracted from sample 5 (white
markers). The energy scale of the calculation was deter-
mined by normalizing the 2-spinon peak energy at
q ¼ 0.25 in undoped (x ¼ 0%) to that in our least doped
sample 1, setting an overall energy scale of the hopping
integral in the Hubbard model t ¼ 0.7 eV, similar to scaling
in Ref. [6]. More details about the calculation are described
elsewhere [12,16]. While the calculated 2-spinon excitations
capture the essence of the measured dispersion for q < qF,
the Hubbard model significantly overestimates the energy
scale near the zone boundary compared to the experimental
data [see Fig. 3(a) and Supplemental Material [16]]. This
discrepancy indicates that the Hubbard model alone cannot
fully account for the doping dependence of the 2-spinon
excitations in Ba2CuO3þδ.
Theory has shown that by adding an attractive potential

in the doped 1D Hubbard model, the characteristic energy
scale ωπ decreases and the spectral weight broadens in

energy and momentum [11–13]. Figure 3(b) shows the
calculated 2-spinon excitations with an effective attractive
interaction V ¼ −1.0t, showing a better agreement with the
data than that predicted in the simple Hubbard model.
While a slightly larger value of V might better fit the
experimental data, such fine-tuning may not be as mean-
ingful due to the uncertainty in the data and the doping
concentration of the sample. Nevertheless, this is a sub-
stantial attractive interaction and is consistent with the
value previously determined by ARPES [6].
It might be interesting to compare with recent work on

another quasi-1D antiferromagnetic (AFM) spin chain,
YbAlO3. The spinon band filling was effectively tuned
by a magnetic field, and the evolution of the 2-spinon conti-
nuum was measured by inelastic neutron scattering [24].
Notably, at a magnetic field of 0.8 T, where qF ∼
0.3ð2π=aÞ, the ωπ is approximately 2 to 3 times higher
than ωo. This is similar to that in the simple Hubbard model
with a comparable qF due to hole doping [see, for example,
Fig. 3(a)]. This agreement is in stark contrast with our
experimental observations on Ba2CuO3þδ, highlighting the
presence of an attractive potential in quasi-1D cuprates. We
suspect that the origin of the unique coupling may stem
from charge transfer between the Cu 3d orbitals and O
ligand, which appears to be absent in the YbAlO3. Note that
charge transfer allows oxygen phonons to more strongly
couple with the electrons, which could give rise to such an
attractive potential [25].
In conclusion, our results provide further support for the

existence of a long-range attractive potential in quasi-1D
cuprates that is absent in the simple Hubbard model. While
it has been suggested that this potential may arise from
electron-phonon coupling [12,25–27], verifying this in-
triguing hypothesis is beyond the scope of this manuscript.

TABLE I. Fitted parameters for 2-spinon excitations.

Sample 1 2 3 4 5

ωo (meV) 446� 4 447� 4 453� 5 417� 13 360� 19
x (%) 1.3� 0.6 4.2� 0.6 3.9� 0.8 8.1� 1.6 33� 4

q (2 /a) q (2 /a)

(a) (b)
Exp

Cal

Exp

Cal
max
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FIG. 3. Calculated 2-spinon excitations in a 30% hole doped
1D spin chain using (a) Hubbard model and (b) extended
Hubbard model with an effective nearest-neighbor attractive
interaction V ¼ −1t. The calculated peak positions (black mark-
ers) and the 2-spinon peak positions in sample 5 [open markers,
shown also in Fig. 2(a)] are superimposed for comparison.
The discrepancy between experiment and calculated 2-spinon
excitation energy at the zone boundary is indicated by vertical
arrows, as a guide to the eye. The calculation were reproduced
from Ref. [12].
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A complimentary study using RIXS at the O K edge with
greater sensitivity to electron- oxygen phonon coupling
may shed additional light on this subject [28,29]. Further
investigations into the origin of this potential and how it
manifests in higher dimensions could be important for
understanding and controlling the properties of high-Tc
cuprates.
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