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We study two related universal anomalies of the spectral function of cuprates, so called wa-
terfall and high-energy kink features, by a combined cellular dynamical mean-field theory and
angle-resolved photoemission study for the oxychloride NaxCa2−xCuO2Cl2 (Na-CCOC). Tracing
their origin back to an interplay of spin-polaron and local correlation effects both in undoped and
hole-doped (Na-)CCOC, we establish them as a universal crossover between regions differing in the
momentum dependence of the coupling and not necessarily in the related quasiparticles’ energies.
The proposed scenario extends to doping levels coinciding with the cuprate’s superconducting dome
and motivates further investigations of the fate of spin-polarons in the superconducting phase.

Understanding the physics of cuprate high-
temperature superconductors (HTSC) remains one
of the most intricate challenges of condensed matter
physics. Among the tools available to tackle this
long-standing problem, photoemission spectroscopy is a
method of choice for it provides a detailed access to the
materials’ electronic structure. Two related universal
spectral features of the cuprate family have particu-
larly attracted the attention: the so-called waterfall
and high-energy kink features [1, 2]. They have been
detected in angle-resolved photoemission spectroscopy
(ARPES) measurements performed on hole- [1–13],
electron- [10, 14, 15], and un-doped cuprates [16–18], as
well as nickelates [19] which have been in the spotlight
recently for their ability to host HTSC phases [20, 21].
The high-energy kink corresponds to an abrupt renor-
malization of the electronic dispersion close to the nodal
(π2 ,

π
2 ) point of the Brillouin zone (BZ), usually a few

hundreds of meV below the top of the valence band. It

is connected to the seemingly unperturbed dispersion
at higher binding energies around Γ (0, 0) through a
fast and incoherent feature: the waterfall. In insulating
samples, the renormalized dispersion is located far in
the gap [16–18], and is promoted to the Fermi level
upon hole- or electron-doping. These anomalies are
central to the understanding of HTSC since (i) they are
universal, and (ii) they renormalize the quasi-particle
band opening a superconducting gap below Tc.

Many different interpretations of the waterfall have
been proposed, of which the most debated ones are
related to the electron-phonon coupling [22–27], the
matrix-element effects [28–30], and the spin-polaron sce-
nario [6–8, 17, 18, 31–35]. Phonons are promising to
account for low-energy kinks which can possibly coex-
ist with anomalies of purely electronic origin at higher
energies [2]. The latter, which are the focus of this work,
appear to be better accounted for by spin-polarons, i.e.
electrons heavily dressed by the antiferromagnetic spin
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fluctuations. In particular, the distribution of spectral
weight between Γ and the nodal point is well reproduced
by spin-polarons [33–35]. The occurrence of these anoma-
lies in undoped samples would be naturally explained
since a spin-polaron can be understood as a single hole
moving in an antiferromagnetic background [32], which
would then survive upon doping. Yet this scenario re-
mains to be firmly established. Indeed, systematic quan-
titative comparison between experiments and theoretical
calculations from the undoped to the hole-doped regime
is missing. Moreover, the energy scale at which the high-
energy kink appears is not properly understood, neither
the related issue concerning its position in momentum
space.

In this letter, we address this problem by a combined
theoretical and experimental study of the spectral func-
tion of NaxCa2−xCuO2Cl2 (Na-CCOC, with number of
holes nh ∼ x). Na-CCOC is a well-suited system since it
is free from structural transitions upon doping, it can be
synthetized both in the undoped and hole-doped regime,
and from a theoretical point of view it displays a sim-
ple electronic structure which eases the construction of
effective models. We show that the anomalies present in
the undoped samples (nh = 0) are precursors of the ones
observed in doped samples until at least nh = 0.10. Our
cluster dynamical mean-field theory (C-DMFT) [36–39]
calculations are in quantitative agreement with experi-
ment, while naturally including the spin-polaron physics
on the length-scale of the cluster. Combined with an
analysis by means of simplified effective models, we un-
ambiguously show that the kink stems from a spin-
polaron. Most importantly, we argue that the waterfall
feature may rather be understood as a crossover between
two momentum regimes: one in which correlations are
mainly local, and another where spin fluctuations dom-
inate. The electron-magnon coupling strongly depends
on the electron momentum and cancels in the region of
local correlations. The energy scale of the kink is related
to the spin-polaron bandwidth and can be accounted for
precisely both in the undoped and doped cases. The sur-
vival of the spin-polaron picture at doping levels in which
superconductivity is observed calls for detailed investi-
gations of these quasi-particles in the superconducting
regime.

Na-CCOC single crystals were synthesized in a high-
pressure cell to obtain samples with nh = 0.06(1) and
nh = 0.10(1). Their magnetic state was determined us-
ing a SQUID magnetometer, and their crystal quality
and orientation with a 4-circle x-ray diffractometer as
detailed in the supplemental information [40]. ARPES
spectra were measured at the beamline BL-28 [41] of the
Photon Factory (KEK, Tsukuba, Japan) on nh = 0.06(1)
samples and at the Cassiopée beamline of the SOLEIL
synchrotron (Saint-Aubain, France) on nh = 0.10(1)
ones. Single crystals oriented prior to the experiments
were cleaved in situ at low temperature and at a pres-
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FIG. 1. (a) CCOC crystal structure. (b) LDA bandstructure
along with the Wannier fit (blue dots), and its restriction up
to the second nearest-neighbour hopping term (dashed red
line). The inset illustrates the BZ. (c) Sketch of the single-
band Hubbard model and the 8-site cluster used for C-DMFT
(dashed blue lines, showing geometry and tiling).

sure lower than 10−11 mbar. Photoelectron spectra were
taken at photon energies of 50 eV on both experiments.
The temperature was kept at T = 20 K on BL-28 for the
nh = 0.06(1) sample, and at T = 13±0.2 K on Cassiopée
for the nh = 0.10(1) one. The typical energy and angular
resolutions were 15 meV (25 meV) and 0.2◦ (1◦) respec-
tively for BL-28 (Cassiopée), with a few spectra taken
at Cassiopée beamline with ∆E = 12.5 meV for better
resolution around the Fermi energy.

C-DMFT [36–39] calculations were performed based
on an effective one-band Hubbard model derived from
ab initio density functional theory calculations in the lo-
cal density approximation (LDA) as described in Ref. 42,
using Wien2k [43] and wannier90 [44, 45]. Both the hop-
ping terms of the model, t = 0.425 eV, t′/t = −0.18,
t′′/t = 0.12, as determined using maximally localized
Wannier functions [46, 47], see Fig. 1(b,c), and the value
of the local Coulomb interaction (U/t = 10.2) as fit-
ted from comparing to the corresponding magnon dis-
persion [42] are in agreement with the literature [48].
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FIG. 2. (a) C-DMFT (color plot) vs. Hubbard-I vs. spin-polaron (SCBA) spectral functions for undoped CCOC. The latter
is obtained by extracting the lowest energy dispersion. (b) ARPES measurements reproduced from Ref. 17 (left) against the
C-DMFT spectral function (right). The experimental dispersion is highlighted with the green dots extracted from Ref. 17. A
rigid shift in energy was applied to the experimental dispersion, the Hubbard-I and the SCBA spectral functions (see text) to
align the chemical potentials. (c) Calculated constant energy cuts of the upper right corner of the BZ, at four different binding
energies.

We emphasize that there are, thus, no hand-tuned pa-
rameters in our calculations. For C-DMFT, we used the
continuous-time interaction expansion CT-INT solver of
the ALPSCore library [49–52], at temperatures down to
T = 1/40 eV on the 8-site cluster shown in Fig.1(c). The
cluster-orientation averaged Green’s function was repe-
riodized as described in Ref. 53, continued analytically
using the maximum entropy method [54, 55] of Ref. 56.
To obtain a clear physical interpretation, we compare
the C-DMFT spectral function to the one obtained from
the self-energy of a single isolated orbital (Hubbard-I ap-
proximation) [40, 57], as well as to the one of a hole
propagating into an antiferromagnetic background (spin-
polaron) as calculated using the self-consistent Born ap-
proximation (SCBA) corrected by a three-site correlated
hopping [32, 35]. Additional details about the crystal
growth, characterization, and the methods are provided
in the supplemental information [40].

In Fig. 2(a) we show the C-DMFT momentum-resolved
spectral function for the undoped case along Γ −
X (π, 0)−M (π, π)−Γ. We observe two Hubbard bands
separated by a gap of the order of ' 1.5 eV, in agreement
with the onset of optical conductivity at ∼ 1.6 eV [58],
though slightly lower than the scanning tunneling mi-
croscopy gap of 2 eV [59]. The waterfall feature at
the nodal point (π/2, π/2) is in quantitative agreement
with the ARPES measurements of Ref. 17 as shown in
Fig. 2(b). Not only the position in momentum matches
precisely, but also the bandwidth of the renormalized dis-
persion located around −1 eV and the distribution of
spectral weight. In Fig. 2(c) we show constant energy
cuts at binding energies around the top of the valence
band. The spectral weight first increases as reaching the
top of the valence band (from −0.7 eV to −0.8 eV) and
then weakens at higher binding energies, showing signs of
backfolding around −1.0 eV. This evolution is in excel-
lent agreement with the remnant Fermi surface observed

previously [16, 60].
We have a closer look at the highly dispersive water-

fall feature between Γ and (π/2, π/2), and the related
kink at the binding energy Eb ∼ −1.4 eV. The high-
intensity spectral features around −2.8 eV can be viewed
as a renormalized dispersion that is well captured by
Hubbard-I approximation [35], see Fig. 2(a). Similarly
for the upper Hubbard band in the hole-part of the C-
DMFT spectrum provided that the screening of the lo-
cal Hubbard interaction U on the cluster has been ac-
counted for [40]. Due to the spin fluctuations, a separate
quasi-particle-like feature of ∼ 400 meV bandwidth [17]
emerges and leads to a kink in the spectral function, see
Fig. 2(b).

The phonon modes in CCOC are located at ∼ 75− 85
meV [42, 61] which is too low in energy to account for
the observed effect [17]. The fact that our C-DMFT
simulations accurately capture the high-energy kink un-
derlines its electronic origin, which can be traced back
to the interaction with magnons forming a spin-polaron.
Indeed, by simulating the propagation of a hole in an
antiferromagnetic spin background using SCBA [32] cor-
rected by a three-site correlated hopping term [35], the
quasi-particle-like dispersion is very well reproduced, see
Fig. 2(b).

The waterfall feature is hence interpreted as the
crossover between a local-correlation regime and a spin-
polaron band, in agreement with previous studies [31].
Yet an important question remains open: is the waterfall
feature a matter of energy scales or momentum depen-
dence?

In the electron-phonon picture the kink arises precisely
at the phonon energy which entirely determines the po-
sition of the kink in momentum. We argue that the spin-
polaron picture is rather lead by the momentum depen-
dence of the electron-magnon coupling [40]. Indeed, in
the case of a hole propagating in an antiferromagnetic
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background, this effective coupling reads [32]:

Mk,q =

(
1 + νq
2νq

) 1
2

γk−q − sign(γq)

(
1− νq
2νq

) 1
2

γk,

(1)

where γk = 1
2 (cos(kx) + cos(ky)), νq =

√
1− (γq)2,

and k (q) is the momentum of the hole (magnon). At Γ
k = (0, 0) and at the nodal point k = (π/2, π/2), Mk,q

becomes:

M(0,0),q =

(
1 + νq
2νq

) 1
2

γq − sign(γq)

(
1− νq
2νq

) 1
2

. (2)

M(π/2,π/2),q =

(
1 + νq
2νq

) 1
2

γ(π/2,π/2)−q. (3)

In the local-correlation region around Γ and M , the
coupling vanishes because of the negative sign between
the two terms in Eq. 2, which can be interpreted as a de-
structive interference between two counter-propagating
magnon branches. In contrast, at X and the nodal point
only one term is left (see Eq. 3) which leads to a much
stronger electron-magnon coupling. The C-DMFT self-
energy captures these effects which lead to the strong
renormalization of the dispersion at the nodal point and
the characteristic incoherence of the waterfall feature.
Moreover, the kinks observed in the anti-nodal region [24]
may also be related to the spin-polaron physics since the
electron-magnon coupling is also strong there.

Further details, as well as an argument as of why such
framework would also be relevant for the electron-doped
case, are provided in the supplemental information [40].
Finally, we find the position in energy of the spin-polaron
at the nodal point to be well described by SCBA when it
is shifted by Ueff/2, instead of U/2, with Ueff the screened
Coulomb interaction used for the Hubbard-I approxima-
tion [62].

We now turn to doped NaxCa2−xCuO2Cl2 and study
the evolution of the spectral function at doping levels of
nh = 0.05, 0.10. Figure 3 displays the measured and sim-
ulated spectra along the Γ−M path showing the charac-
teristic anomalies now promoted to the Fermi level due
to the shift of the chemical potential to the top of the
valence band [63]. Most interestingly, the experimental
kink position around −0.4 eV corresponds well to the
characteristic bandwidth of the spin-polaron, which is of
the same order of magnitude as the paramagnon disper-
sion since both are governed by the spin exchange J [32].
Despite the rather large doping level of up to nh = 0.10,
the spin-polaron scenario remains valid. We provide an
additional analysis in the supplemental information [40].

The survival of the spin-polaron picture is consistent
with resonant inelastic x-ray scattering studies which
found only little softening of the paramagnon modes
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FIG. 3. Experimental (left) and theoretical (right) quasi-
particle dispersion at the nodal point (π/2, π/2) for (a1,2)
nh = 0.06(1) (nh = 0.05 for C-DMFT), and (b1,2) nh = 0.10.
Orange circles highlight the experimental dispersion, black ar-
rows mark the kink position found from the intersection of two
fit affine functions. A rigid shift is applied to the Hubbard-I
and spin-polaron spectra for alignment.

of Na-CCOC upon doping [42, 61], similar to other
cuprates [64–66]. It is also in line with theoretical ev-
idence from fluctuation diagnostics [67–69] and diagram-
matic Monte Carlo simulations [70, 71], showing that
short-range spin fluctuations, within the range of our 8-
site cluster, remain strong upon hole-doping in the one-
band Hubbard model.

As for the undoped case, our observations for nh =
0.05, 0.10 are consistent with the existing literature. The
Fermi surface evolution measured in Ref. 72 is correctly
captured in our calculations, showing the emergence of
a Fermi arc at the nodal point upon hole doping, see
Fig. 4(a). We show in Fig. 4(b) the ARPES energy dis-
tribution curves (EDC) and the C-DMFT spectral func-
tion. Close to the nodal point (π/2, π/2), in agreement
with Ref. 3 and 72, we notice a two-peak structure in
the EDCs (marked by black and blue arrows): a well de-
fined quasi-particle-like peak and a second ’broad hump’
structure. The C-DMFT spectrum remarkably captures
this two-peak structure, and points out that the sharp
feature seen experimentally is hole-like, but cut by the
Fermi function. That the measured quasi-particle peak
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FIG. 4. (a) C-DMFT Fermi surfaces for nh = 0.05 (left)
and nh = 0.10 (right). (b) EDC (left) and spectral function
(right) along Γ−M for nh = 0.10.

appears further away from the Fermi level as compared
to the calculations may be related to (i) an uncertainty
of the effective hole-doping -as opposed to Na-doping- in
experiment, and (ii) the broadening of the quasi-particle
peak well known in Na-CCOC samples [72]. The same
conclusions can be drawn for nh = 0.05 [40].

In summary, using a combined experimental and the-
oretical approach we firmly establish that spin-polarons
are at the origin of the high-energy spectral anomalies
in cuprates. The anomalies were, up to now, mostly dis-
cussed separately in the undoped and hole- (electron-)
doped materials [6–8, 10, 12–15, 17, 31–35]. We provide
a novel understanding that allows to unify the description
of the high-energy anomalies at any value of doping up to
nh = 0.10. The anomalies appear as a crossover in mo-
mentum between a region of essentially local correlations,
and another dominated by short-range spin fluctuations,
mediated by the momentum-dependent coupling between
the charge carriers and magnons. We propose a yet miss-
ing systematic comparison between experiment and a pa-
rameterized model without free parameters, at values of
doping ranging from the Mott insulating regime, to the
entrance in the superconducting dome, which provides a
strong support to our interpretation. Two other scenar-
ios can be ruled out for Na-CCOC: the phonon scenario
is discarded since there are no known phonon modes at

the characteristic energy of the anomalies; the matrix-
elements are not sufficient either since ARPES measure-
ments have confirmed that the high-energy anomalies
were robust and consistent across multiple BZ [18].

Further investigations of this feature at optimal doping
and low-temperature are needed to map out the limits of
the spin-polaron picture and shed light on its link with
high-temperature superconductivity. In this context, our
work resonates with recent efforts based on diagrammatic
expansions beyond DMFT that attempt to bring together
the local Mott physics along with the non-local nature of
the spin fluctuations [73–75].

ACKNOWLEDGMENTS

We thank Simon Moser for enlightening discussions.
B.B.-L. acknowledges funding through the Institut Poly-
technique de Paris and the Institut Quantique of Sher-
brooke University. We are very grateful to Nathan Bu-
jault, Felix Morineau, Carley Paulsen and André Sulpice
for help in the magnetization measurements. We ac-
knowledge further help for sample synthesis at Institut
NEEL from Stefan Schulte, Anne Missiaen, Murielle Leg-
endre and Céline Goujon. M.dA would like to thank
Pierre Toulemonde for advice and suggestion on the sam-
ple synthesis and characterization, as well as critical read-
ing of this work. We acknowledge supercomputing time
at IDRIS-GENCI Orsay (Project No. A0110901393) and
we thank the CPHT computer support team. We are
very grateful to Andrés Felipe Santander-Syro for sci-
entific and technical advise in writing the synchrotron
proposal. We acknowledge beam time at Photon Factory
and SOLEIL synchrotrons. Figure 1a) was generated us-
ing the VESTA software package [76]. We acknowledge
the use of the 4-circle diffractometer of ICMG-UAR2607
crystallographic platform as well as the one of IRIG,
SYMMES (UMR 5819, UGA, CEA, CNRS), with the
precious help by Christian Philouze and Jacques Pecaut
respectively.

Author contributions: B.B.-L., C.F., M.dA., S.B and
B.L. wrote the manuscript with input from all authors.
The theoretical calculations were performed by B.B.-L.,
the analysis and interpretation of the theoretical results
has been done by B.B.-L., S.B. and B.L. Sample synthe-
sis, characterization and preparation was carried out by
C.F., D. S.-C., H.Y., M.A., I.Y. and M.dA. The authors
B.B.-L., C.F., H.C., Y.Ok, Y.Ob., P.L., F.B., M.dA.,
S.B and B.L. participated to the ARPES measurements
which were analyzed by C.F. with help from H.C, Y.Ob.,
B.B.-L. and M.dA. K.H. and H.K. set and maintain BL-
28 and prepared it for this experiment. The project was
conceived by B.L., M.dA. and S.B.



6

∗ benjamin.bacq-labreuil@usherbrooke.ca
† Present address: Ultra-low Temperature Physics Labo-

ratory, Faculty of Mathematics and Physics, Institute of
Science and Engineering, Kanazawa University, Kaku-
mamachi, Kanazawa 920-1192, Japan

‡ Permanent address: Institute of Multidisciplinary Re-
search for Advanced Materials (IMRAM), Tohoku Uni-
versity Katahira 2-1-1, Aoba-ku, Sendai 980-8577,
Japan

§ matteo.dastuto@neel.cnrs.fr
¶ silke.biermann@cpht.polytechnique.fr

∗∗ benjamin.lenz@upmc.fr
[1] A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod.

Phys. 75, 473 (2003).
[2] J. Graf, G.-H. Gweon, K. McElroy, S. Y. Zhou,

C. Jozwiak, E. Rotenberg, A. Bill, T. Sasagawa,
H. Eisaki, S. Uchida, H. Takagi, D.-H. Lee, and A. Lan-
zara, Phys. Rev. Lett. 98, 067004 (2007).

[3] Y. Kohsaka, T. Sasagawa, F. Ronning, T. Yoshida,
C. Kim, T. Hanaguri, M. Azuma, M. Takano,
Z. Xun Shen, and H. Takagi, J. Phys. Soc. Jpn. 72,
1018 (2003).

[4] J. Graf, G.-H. Gweon, and A. Lanzara, Physica C: Su-
perconductivity and its applications 460, 194 (2007).

[5] A. A. Kordyuk, S. V. Borisenko, V. B. Zabolotnyy,
J. Geck, M. Knupfer, J. Fink, B. Büchner, C. T. Lin,
B. Keimer, H. Berger, A. V. Pan, S. Komiya, and
Y. Ando, Phys. Rev. Lett. 97, 017002 (2006).

[6] S. V. Borisenko, A. A. Kordyuk, V. Zabolotnyy, J. Geck,
D. Inosov, A. Koitzsch, J. Fink, M. Knupfer, B. Büch-
ner, V. Hinkov, C. T. Lin, B. Keimer, T. Wolf, S. G.
Chiuzbăian, L. Patthey, and R. Follath, Phys. Rev. Lett.
96, 117004 (2006).

[7] S. V. Borisenko, A. A. Kordyuk, A. Koitzsch, J. Fink,
J. Geck, V. Zabolotnyy, M. Knupfer, B. Büchner,
H. Berger, M. Falub, M. Shi, J. Krempasky, and
L. Patthey, Phys. Rev. Lett. 96, 067001 (2006).

[8] T. Valla, T. E. Kidd, W.-G. Yin, G. D. Gu, P. D. John-
son, Z.-H. Pan, and A. V. Fedorov, Phys. Rev. Lett. 98,
167003 (2007).

[9] B. P. Xie, K. Yang, D. W. Shen, J. F. Zhao, H. W. Ou,
J. Weil, S. Y. Gu, M. Arita, S. Qiao, H. Namatame,
M. Taniguchi, N. Kaneko, H. Eisaki, K. D. Tsuei, C. M.
Cheng, I. Vobornik, J. Fujii, G. Rossi, Z. Q. Yang, and
D. L. Feng, Phys. Rev. Lett. 98, 147001 (2007).

[10] B. Moritz, W. Schmitt, Fand Meevasana, S. Johnston,
E. Motoyama, M. Greven, D. Lu, C. Kim, R. Scalet-
tar, Z. Shen, et al., New Journal of Physics 11, 093020
(2009).

[11] W. Zhang, G. Liu, J. Meng, L. Zhao, H. Liu, X. Dong,
W. Lu, J. S. Wen, Z. J. Xu, G. D. Gu, T. Sasagawa,
G. Wang, Y. Zhu, H. Zhang, Y. Zhou, X. Wang, Z. Zhao,
C. Chen, Z. Xu, and X. J. Zhou, Phys. Rev. Lett. 101,
017002 (2008).

[12] S. Basak, T. Das, H. Lin, J. Nieminen, M. Lindroos,
R. S. Markiewicz, and A. Bansil, Phys. Rev. B 80,
214520 (2009).

[13] X. Zhou, G. Liu, J. Meng, W. Zhang, H. Liu,
L. Zhao, and X. Jia, physica status solidi
(a) 207, 2674 (2010), https://onlinelibrary.wi-
ley.com/doi/pdf/10.1002/pssa.201026447.

[14] M. Ikeda, T. Yoshida, A. Fujimori, M. Kubota, K. Ono,
Y. Kaga, T. Sasagawa, and H. Takagi, Physical Review
B 80, 184506 (2009).

[15] F. Schmitt, B. Moritz, S. Johnston, S.-K. Mo,
M. Hashimoto, R. G. Moore, D.-H. Lu, E. Motoyama,
M. Greven, T. P. Devereaux, and Z.-X. Shen, Phys. Rev.
B 83, 195123 (2011).

[16] F. Ronning, Science 282, 2067 (1998).
[17] F. Ronning, K. M. Shen, N. P. Armitage, A. Damascelli,

D. H. Lu, Z.-X. Shen, L. L. Miller, and C. Kim, Phys.
Rev. B 71, 094518 (2005).

[18] B. Kim, H. Koh, E. Rotenberg, S.-J. Oh, H. Eisaki,
N. Motoyama, S.-i. Uchida, T. Tohyama, S. Maekawa,
Z.-X. Shen, et al., Nature Physics 2, 397 (2006).

[19] M. Uchida, K. Ishizaka, P. Hansmann, Y. Kaneko,
Y. Ishida, X. Yang, R. Kumai, A. Toschi, Y. Onose,
R. Arita, et al., Phys. Rev. Lett. 106, 027001 (2011).

[20] D. Li, K. Lee, B. Y. Wang, M. Osada, S. Crossley, H. R.
Lee, Y. Cui, Y. Hikita, and H. Y. Hwang, Nature 572,
624 (2019).

[21] S. Zeng, C. S. Tang, X. Yin, C. Li, M. Li, Z. Huang,
J. Hu, W. Liu, G. J. Omar, H. Jani, Z. S. Lim, K. Han,
D. Wan, P. Yang, S. J. Pennycook, A. T. S. Wee, and
A. Ariando, Phys. Rev. Lett. 125, 147003 (2020).

[22] A. Lanzara, P. V. Bogdanov, X. J. Zhou, S. A. Kellar,
D. L. Feng, E. D. Lu, T. Yoshida, H. Eisaki, A. Fuji-
mori, K. Kishio, J. I. Shimoyama, T. Noda, S. Uchida,
Z. Hussain, and Z. X. Shen, Nature 412, 510 (2001).

[23] T. P. Devereaux, T. Cuk, Z.-X. Shen, and N. Nagaosa,
Phys. Rev. Lett. 93, 117004 (2004).

[24] T. Cuk, F. Baumberger, D. H. Lu, N. Ingle, X. J.
Zhou, H. Eisaki, N. Kaneko, Z. Hussain, T. P. Dev-
ereaux, N. Nagaosa, and Z.-X. Shen, Phys. Rev. Lett.
93, 117003 (2004).

[25] K. Yang, B. P. Xie, D. W. Shen, J. F. Zhao, H. W.
Ou, J. Wei, S. Wang, Y. H. Wang, D. H. Lu, R. H. He,
M. Arita, S. Qiao, A. Ino, H. Namatame, M. Taniguchi,
F. Q. Xu, N. Kaneko, H. Eisaki, and D. L. Feng, Phys.
Rev. B 73, 144507 (2006).

[26] J. Graf, M. d’Astuto, C. Jozwiak, D. R. Garcia, N. L.
Saini, M. Krisch, K. Ikeuchi, A. Q. R. Baron, H. Eisaki,
and A. Lanzara, Phys. Rev. Lett. 100, 227002 (2008).

[27] J. Bonča, S. Maekawa, T. Tohyama, and P. Prelovšek,
Physical Review B 77, 054519 (2008).

[28] D. S. Inosov, J. Fink, A. A. Kordyuk, S. V. Borisenko,
V. B. Zabolotnyy, R. Schuster, M. Knupfer, B. Büch-
ner, R. Follath, H. A. Dürr, W. Eberhardt, V. Hinkov,
B. Keimer, and H. Berger, Phys. Rev. Lett. 99, 237002
(2007).

[29] A. S. Alexandrov and K. Reynolds, Phys. Rev. B 76,
132506 (2007).

[30] E. D. L. Rienks, M. Ärrälä, M. Lindroos, F. Roth,
W. Tabis, G. Yu, M. Greven, and J. Fink, Phys. Rev.
Lett. 113, 137001 (2014).

[31] C. Gröber, R. Eder, and W. Hanke, Physical Review B
62, 4336 (2000).

[32] G. Martinez and P. Horsch, Phys. Rev. B 44, 317 (1991).
[33] E. Manousakis, Phys. Rev. B 75, 035106 (2007).
[34] A. Macridin, M. Jarrell, T. Maier, and D. J. Scalapino,

Phys. Rev. Lett. 99, 237001 (2007).
[35] Y. Wang, K. Wohlfeld, B. Moritz, C. J. Jia, M. van

Veenendaal, K. Wu, C.-C. Chen, and T. P. Devereaux,
Phys. Rev. B 92, 075119 (2015).

[36] A. I. Lichtenstein and M. I. Katsnelson, Phys. Rev. B

mailto:benjamin.bacq-labreuil@usherbrooke.ca
mailto:matteo.dastuto@neel.cnrs.fr
mailto:silke.biermann@cpht.polytechnique.fr
mailto:benjamin.lenz@upmc.fr
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1103/RevModPhys.75.473
https://doi.org/10.1103/PhysRevLett.98.067004
https://doi.org/10.1143/JPSJ.72.1018
https://doi.org/10.1143/JPSJ.72.1018
https://doi.org/https://doi.org/10.1016/j.physc.2007.03.005
https://doi.org/https://doi.org/10.1016/j.physc.2007.03.005
https://doi.org/10.1103/PhysRevLett.97.017002
https://doi.org/10.1103/PhysRevLett.96.117004
https://doi.org/10.1103/PhysRevLett.96.117004
https://doi.org/10.1103/PhysRevLett.96.067001
https://doi.org/10.1103/PhysRevLett.98.167003
https://doi.org/10.1103/PhysRevLett.98.167003
https://doi.org/10.1103/PhysRevLett.98.147001
https://doi.org/10.1088/1367-2630/11/9/093020
https://doi.org/10.1088/1367-2630/11/9/093020
https://doi.org/10.1103/PhysRevLett.101.017002
https://doi.org/10.1103/PhysRevLett.101.017002
https://doi.org/10.1103/PhysRevB.80.214520
https://doi.org/10.1103/PhysRevB.80.214520
https://doi.org/https://doi.org/10.1002/pssa.201026447
https://doi.org/https://doi.org/10.1002/pssa.201026447
https://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/pssa.201026447
https://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/pssa.201026447
https://doi.org/10.1103/PhysRevB.80.184506
https://doi.org/10.1103/PhysRevB.80.184506
https://doi.org/10.1103/PhysRevB.83.195123
https://doi.org/10.1103/PhysRevB.83.195123
https://doi.org/10.1126/science.282.5396.2067
https://doi.org/10.1103/PhysRevB.71.094518
https://doi.org/10.1103/PhysRevB.71.094518
https://doi.org/https://doi.org/10.1038/nphys316
https://doi.org/10.1103/PhysRevLett.106.027001
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1103/PhysRevLett.125.147003
https://doi.org/https://doi.org/10.1038/35087518
https://doi.org/10.1103/PhysRevLett.93.117004
https://doi.org/10.1103/PhysRevLett.93.117003
https://doi.org/10.1103/PhysRevLett.93.117003
https://doi.org/10.1103/PhysRevB.73.144507
https://doi.org/10.1103/PhysRevB.73.144507
https://doi.org/{https://doi.org/10.1103/PhysRevLett.100.227002}
https://doi.org/10.1103/PhysRevLett.99.237002
https://doi.org/10.1103/PhysRevLett.99.237002
https://doi.org/10.1103/PhysRevB.76.132506
https://doi.org/10.1103/PhysRevB.76.132506
https://doi.org/10.1103/PhysRevLett.113.137001
https://doi.org/10.1103/PhysRevLett.113.137001
https://doi.org/10.1103/PhysRevB.62.4336
https://doi.org/10.1103/PhysRevB.62.4336
https://doi.org/10.1103/PhysRevB.44.317
https://doi.org/10.1103/PhysRevB.75.035106
https://doi.org/10.1103/PhysRevLett.99.237001
https://doi.org/10.1103/PhysRevB.92.075119
https://doi.org/10.1103/PhysRevB.57.6884


7

57, 6884 (1998).
[37] A. I. Lichtenstein and M. I. Katsnelson, Phys. Rev. B

62, R9283 (2000).
[38] G. Kotliar, S. Y. Savrasov, G. Pálsson, and G. Biroli,

Phys. Rev. Lett. 87, 186401 (2001).
[39] T. A. Maier, M. Jarrell, T. Prushke, and M. H. Hettler,

Rev. Mod. Phys. 77, 1027 (2005).
[40] See Supplemental Material at [url xyz] for more de-

tails on sample synthesis and characterization, the
ARPES experiments, supplemental spectra and details
of the numerical simulations using the spin-polaron and
Hubbard-I approximations. The material also includes
Refs. 77–104. .

[41] M. Kitamura, S. Souma, A. Honma, D. Wakabayashi,
H. Tanaka, A. Toyoshima, K. Amemiya, T. Kawakami,
K. Sugawara, K. Nakayama, K. Yoshimatsu, H. Kumi-
gashira, T. Sato, and K. Horiba, Review of Scientific
Instruments 93, 10.1063/5.0074393 (2022).

[42] B. W. Lebert, B. Bacq-Labreuil, M. P. M. Dean,
K. Ruotsalainen, A. Nicolaou, S. Huotari, I. Yamada,
H. Yamamoto, M. Azuma, N. B. Brookes, F. Yakhou,
H. Miao, D. Santos-Cottin, B. Lenz, S. Biermann, and
M. d’Astuto, Phys. Rev. B 108, 024506 (2023).

[43] P. Blaha, K. Schwarz, F. Tran, R. Laskowski, G. K. H.
Madsen, and L. D. Marks, J. Chem. Phys. 152, 074101
(2020).

[44] A. A. Mostofi, J. R. Yates, Y.-S. Lee, I. Souza, D. Van-
derbilt, and N. Marzari, Computer Physics Communi-
cations 178, 685 (2008).

[45] A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee, I. Souza,
D. Vanderbilt, and N. Marzari, Computer Physics Com-
munications 185, 2309 (2014).

[46] N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847
(1997).

[47] N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and
D. Vanderbilt, Rev. Mod. Phys. 84, 1419 (2012).

[48] M. Hirayama, M. T. Schmid, T. Tadano, T. Mi-
sawa, and M. Imada, ab initio material design of
ag-based oxides for high-tc superconductor (2022),
arXiv:2207.12595 [cond-mat.str-el].

[49] H. Shinaoka, Y. Nomura, and E. Gull, Computer
Physics Communications 252, 106826 (2020).

[50] A. Gaenko, A. Antipov, G. Carcassi, T. Chen, X. Chen,
Q. Dong, L. Gamper, J. Gukelberger, R. Igarashi,
S. Iskakov, M. Könz, J. LeBlanc, R. Levy, P. Ma,
J. Paki, H. Shinaoka, S. Todo, M. Troyer, and E. Gull,
Computer Physics Communications 213, 235 (2017).

[51] A. N. Rubtsov, V. V. Savkin, and A. I. Lichtenstein,
Phys. Rev. B 72, 035122 (2005).

[52] E. Gull, A. J. Millis, A. I. Lichtenstein, A. N. Rubtsov,
M. Troyer, and P. Werner, Rev. Mod. Phys. 83, 349
(2011).

[53] M. Bramberger, B. Bacq-Labreuil, M. Grundner,
S. Biermann, U. Schollwöck, S. Paeckel, and B. Lenz,
SciPost Physics 14, 010 (2023).

[54] R. N. Silver, D. S. Sivia, and J. E. Gubernatis, Physical
Review B 41, 2380 (1990).

[55] M. Jarrell and J. Gubernatis, Physics Reports 269, 133
(1996).

[56] J.-H. Sim and M. J. Han, Phys. Rev. B 98, 205102
(2018).

[57] J. Hubbard, Proceedings of the Royal Society of Lon-
don. Series A. Mathematical and Physical Sciences 276,
238 (1963).

[58] K. Waku, T. Katsufuji, Y. Kohsaka, T. Sasagawa,
H. Takagi, H. Kishida, H. Okamoto, M. Azuma, and
M. Takano, Phys. Rev. B 70, 134501 (2004).

[59] W. Ruan, C. Hu, J. Zhao, P. Cai, Y. Peng, C. Ye,
R. Yu, X. Li, Z. Hao, C. Jin, X. Zhou, Z.-Y. Weng,
and Y. Wang, Science Bulletin 61, 1826 (2016).

[60] C. Hu, J.-F. Zhao, Y. Ding, J. Liu, Q. Gao, L. Zhao,
G.-D. Liu, L. Yu, C.-Q. Jin, C.-T. Chen, Z.-Y. Xu, and
X.-J. Zhou, Chinese Phys. Lett. 35, 067403 (2018).

[61] B. W. Lebert, H. Yamamoto, M. Azuma, R. Heid,
S. Tsutsui, H. Uchiyama, A. Q. R. Baron, B. Baptiste,
and M. d’Astuto, Phys. Rev. B 101, 020506(R) (2020).

[62] It is most likely an effect of the Gutzwiller projection
of the doubly-occupied states inherent to the SCBA
framework, which amounts to effectively set the hopping
terms to zero at half-filling, similarly to the Hubbard-I
approximation. In contrast, C-DMFT on the Hubbard
model takes into account the double-occupancies which
are not entirely prohibited since the bandwith remains
close to U . We provide further details in the supplemen-
tal information [40].

[63] C. Hu, J. Zhao, Q. Gao, H. Yan, H. Rong, J. Huang,
J. Liu, Y. Cai, C. Li, H. Chen, L. Zhao, G. Liu, C. Jin,
Z. Xu, T. Xiang, and X. J. Zhou, Nat Commun 12, 1356
(2021).

[64] W. S. Lee, J. J. Lee, E. A. Nowadnick, S. Gerber,
W. Tabis, S. W. Huang, V. N. Strocov, E. M. Mo-
toyama, G. Yu, B. Moritz, H. Y. Huang, R. P. Wang,
Y. B. Huang, W. B. Wu, C. T. Chen, D. J. Huang,
M. Greven, T. Schmitt, Z. X. Shen, and T. P. Dev-
ereaux, Nature Phys 10, 883 (2014).

[65] C. Jia, K. Wohlfeld, Y. Wang, B. Moritz, and T. P.
Devereaux, Phys. Rev. X 6, 021020 (2016).

[66] D. Betto, R. Fumagalli, L. Martinelli, M. Rossi, R. Pi-
ombo, K. Yoshimi, D. Di Castro, E. Di Gennaro,
A. Sambri, D. Bonn, G. A. Sawatzky, L. Braicovich,
N. B. Brookes, J. Lorenzana, and G. Ghiringhelli, Phys.
Rev. B 103, L140409 (2021).

[67] O. Gunnarsson, T. Schäfer, J. P. F. LeBlanc, E. Gull,
J. Merino, G. Sangiovanni, G. Rohringer, and A. Toschi,
Phys. Rev. Lett. 114, 236402 (2015).

[68] W. Wu, M. Ferrero, A. Georges, and E. Kozik, Phys.
Rev. B 96, 041105(R) (2017).

[69] R. Rossi, F. Šimkovic, and M. Ferrero, EPL 132, 11001
(2020).

[70] F. Simkovic IV, R. Rossi, and M. Ferrero, Phys. Rev.
Res. 4, 043201 (2022).

[71] F. Simkovic, R. Rossi, A. Georges, and M. Ferrero, Ori-
gin and fate of the pseudogap in the doped Hubbard
model (2022), arXiv:2209.09237 [cond-mat.str-el].

[72] K. M. Shen, F. Ronning, D. H. Lu, F. Baumberger,
N. J. C. Ingle, W. S. Lee, W. Meevasana, Y. Kohsaka,
M. Azuma, M. Takano, H. Takagi, and Z.-X. Shen, Sci-
ence 307, 901 (2005).

[73] E. A. Stepanov, L. Peters, I. S. Krivenko, A. I. Lichten-
stein, M. I. Katsnelson, and A. N. Rubtsov, npj Quant.
Mater. 3, 1 (2018).

[74] E. A. Stepanov, Phys. Rev. Lett. 129, 096404 (2022).
[75] M. Chatzieleftheriou, S. Biermann, and E. A. Stepanov,

Local and nonlocal electronic correlations at the metal-
insulator transition in the hubbard model in two dimen-
sions (2023), arXiv:2312.03123 [cond-mat.str-el].

[76] K. Momma and F. Izumi, Journal of applied crystallog-
raphy 44, 1272 (2011).

https://doi.org/10.1103/PhysRevB.57.6884
https://doi.org/10.1103/PhysRevB.62.R9283
https://doi.org/10.1103/PhysRevB.62.R9283
https://doi.org/10.1103/PhysRevLett.87.186401
https://doi.org/10.1103/RevModPhys.77.1027
https://doi.org/10.1063/5.0074393
https://doi.org/10.1103/PhysRevB.108.024506
https://doi.org/10.1063/1.5143061
https://doi.org/10.1063/1.5143061
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1016/j.cpc.2007.11.016
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1103/PhysRevB.56.12847
https://doi.org/10.1103/PhysRevB.56.12847
https://doi.org/10.1103/RevModPhys.84.1419
https://arxiv.org/abs/2207.12595
https://doi.org/10.1016/j.cpc.2019.06.016
https://doi.org/10.1016/j.cpc.2019.06.016
https://doi.org/10.1016/j.cpc.2016.12.009
https://doi.org/10.1103/PhysRevB.72.035122
https://doi.org/10.1103/RevModPhys.83.349
https://doi.org/10.1103/RevModPhys.83.349
https://doi.org/10.21468/SciPostPhys.14.1.010
https://doi.org/https://doi.org/10.1016/0370-1573(95)00074-7
https://doi.org/https://doi.org/10.1016/0370-1573(95)00074-7
https://doi.org/10.1103/PhysRevB.98.205102
https://doi.org/10.1103/PhysRevB.98.205102
https://doi.org/10.1098/rspa.1963.0204
https://doi.org/10.1098/rspa.1963.0204
https://doi.org/10.1098/rspa.1963.0204
https://doi.org/10.1103/PhysRevB.70.134501
https://doi.org/10.1007/s11434-016-1204-x
https://doi.org/10.1088/0256-307X/35/6/067403
https://doi.org/10.1103/PhysRevB.101.020506
https://doi.org/10.1038/s41467-021-21605-6
https://doi.org/10.1038/s41467-021-21605-6
https://doi.org/10.1038/nphys3117
https://doi.org/10.1103/PhysRevX.6.021020
https://doi.org/10.1103/PhysRevB.103.L140409
https://doi.org/10.1103/PhysRevB.103.L140409
https://doi.org/10.1103/PhysRevLett.114.236402
https://doi.org/10.1103/PhysRevB.96.041105
https://doi.org/10.1103/PhysRevB.96.041105
https://doi.org/10.1209/0295-5075/132/11001
https://doi.org/10.1209/0295-5075/132/11001
https://doi.org/10.1103/PhysRevResearch.4.043201
https://doi.org/10.1103/PhysRevResearch.4.043201
https://arxiv.org/abs/2209.09237
https://doi.org/10.1126/science.1103627
https://doi.org/10.1126/science.1103627
https://doi.org/10.1038/s41535-018-0128-x
https://doi.org/10.1038/s41535-018-0128-x
https://doi.org/10.1103/PhysRevLett.129.096404
https://arxiv.org/abs/2312.03123
https://doi.org/https://doi.org/10.1107/S0021889811038970
https://doi.org/https://doi.org/10.1107/S0021889811038970


8

[77] Z. Hiroi, N. Kobayashi, and M. Takano, Nature 371,
139 (1994).

[78] Y. Kohsaka, M. Azuma, I. Yamada, T. Sasagawa,
T. Hanaguri, M. Takano, and H. Takagi, Journal of the
American Chemical Society 124, 12275 (2002), pMID:
12371870.

[79] I. Yamada, A. A. Belik, M. Azuma, S. Harjo,
T. Kamiyama, Y. Shimakawa, and M. Takano, Phys.
Rev. B 72, 224503 (2005).

[80] K. Ohishi, I. Yamada, A. Koda, W. Higemoto, S. R.
Saha, R. Kadono, K. M. Kojima, M. Azuma, and
M. Takano, Journal of the Physical Society of Japan
74, 2408 (2005).

[81] C. Fawaz, T. Singar, S. Schulte, and A. M. et al., in
preparation.

[82] K. M. Shen, F. Ronning, D. H. Lu, W. S. Lee, N. J. C.
Ingle, W. Meevasana, F. Baumberger, A. Damascelli,
N. P. Armitage, L. L. Miller, Y. Kohsaka, M. Azuma,
M. Takano, H. Takagi, and Z.-X. Shen, Phys. Rev. Lett.
93, 267002 (2004).

[83] C. Huscroft, M. Jarrell, T. Maier, S. Moukouri, and
A. N. Tahvildarzadeh, Phys. Rev. Lett. 86, 139 (2001).

[84] M. Civelli, M. Capone, S. S. Kancharla, O. Parcollet,
and G. Kotliar, Phys. Rev. Lett. 95, 106402 (2005).

[85] B. Kyung, S. S. Kancharla, D. Sénéchal, A.-M. S. Trem-
blay, M. Civelli, and G. Kotliar, Phys. Rev. B 73, 165114
(2006).

[86] S. Sakai, Y. Motome, and M. Imada, Phys. Rev. Lett.
102, 056404 (2009).

[87] G. Sordi, P. Sémon, K. Haule, and A.-M. S. Tremblay,
Sci Rep 2, 547 (2012).

[88] A. Macridin, M. Jarrell, T. Maier, P. R. C. Kent, and
E. D’Azevedo, Phys. Rev. Lett. 97, 036401 (2006).

[89] M. Ferrero, P. S. Cornaglia, L. De Leo, O. Parcollet,
G. Kotliar, and A. Georges, Phys. Rev. B 80, 064501
(2009).

[90] P. Werner, E. Gull, O. Parcollet, and A. J. Millis, Phys.
Rev. B 80, 045120 (2009).

[91] E. Gull, M. Ferrero, O. Parcollet, A. Georges, and A. J.
Millis, Phys. Rev. B 82, 155101 (2010).

[92] L. Bulaevski, E. Nagaev, and D. Khomskiĭ, Sov. Phys.
JETP 27, 836 (1968).

[93] V. J. Emery, Phys. Rev. B 14, 2989 (1976).
[94] C. Gros, R. Joynt, and T. M. Rice, Phys. Rev. B 36,

381 (1987).
[95] S. Schmitt-Rink, C. M. Varma, and A. E. Ruckenstein,

Phys. Rev. Lett. 60, 2793 (1988).
[96] C. L. Kane, P. A. Lee, and N. Read, Phys. Rev. B 39,

6880 (1989).
[97] T. Holstein and H. Primakoff, Phys. Rev. 58, 1098

(1940).
[98] R. Coldea, S. M. Hayden, G. Aeppli, T. G. Perring,

C. D. Frost, T. E. Mason, S.-W. Cheong, and Z. Fisk,
Phys. Rev. Lett. 86, 5377 (2001).

[99] J.-Y. P. Delannoy, M. J. P. Gingras, P. C. W.
Holdsworth, and A.-M. S. Tremblay, Phys. Rev. B 79,
235130 (2009).

[100] T. N. Dionne, A. Foley, M. Rousseau, and
D. Sénéchal, arXiv preprint arXiv:2305.18643
10.48550/arXiv.2305.18643 (2023).

[101] G. J. Kraberger, R. Triebl, M. Zingl, and M. Aichhorn,
Phys. Rev. B 96, 155128 (2017).

[102] G. J. Kraberger and M. Zingl, Triqs/maxent (2018).
[103] D. Sénéchal, D. Perez, and D. Plouffe, Phys. Rev. B 66,

075129 (2002).
[104] J.-Q. Meng, M. Brunner, K.-H. Kim, H.-G. Lee, S.-I.

Lee, J. S. Wen, Z. J. Xu, G. D. Gu, and G.-H. Gweon,
Phys. Rev. B 84, 060513 (2011).

https://doi.org/10.1038/371139a0
https://doi.org/10.1038/371139a0
https://doi.org/10.1021/ja026680i
https://doi.org/10.1021/ja026680i
https://doi.org/10.1103/PhysRevB.72.224503
https://doi.org/10.1103/PhysRevB.72.224503
https://doi.org/10.1143/jpsj.74.2408
https://doi.org/10.1143/jpsj.74.2408
https://doi.org/10.1103/PhysRevLett.93.267002
https://doi.org/10.1103/PhysRevLett.93.267002
https://doi.org/10.1103/PhysRevLett.86.139
https://doi.org/10.1103/PhysRevLett.95.106402
https://doi.org/10.1103/PhysRevB.73.165114
https://doi.org/10.1103/PhysRevB.73.165114
https://doi.org/10.1103/PhysRevLett.102.056404
https://doi.org/10.1103/PhysRevLett.102.056404
https://doi.org/10.1038/srep00547
https://doi.org/10.1103/PhysRevLett.97.036401
https://doi.org/10.1103/PhysRevB.80.064501
https://doi.org/10.1103/PhysRevB.80.064501
https://doi.org/10.1103/PhysRevB.80.045120
https://doi.org/10.1103/PhysRevB.80.045120
https://doi.org/10.1103/PhysRevB.82.155101
https://doi.org/10.1103/PhysRevB.14.2989
https://doi.org/10.1103/PhysRevB.36.381
https://doi.org/10.1103/PhysRevB.36.381
https://doi.org/10.1103/PhysRevLett.60.2793
https://doi.org/10.1103/PhysRevB.39.6880
https://doi.org/10.1103/PhysRevB.39.6880
https://doi.org/10.1103/PhysRev.58.1098
https://doi.org/10.1103/PhysRev.58.1098
https://doi.org/10.1103/PhysRevLett.86.5377
https://doi.org/10.1103/PhysRevB.79.235130
https://doi.org/10.1103/PhysRevB.79.235130
https://doi.org/10.48550/arXiv.2305.18643
https://doi.org/10.1103/PhysRevB.96.155128
https://doi.org/https://github.com/TRIQS/maxent
https://doi.org/10.1103/PhysRevB.66.075129
https://doi.org/10.1103/PhysRevB.66.075129
https://doi.org/10.1103/PhysRevB.84.060513


9

SUPPLEMENTAL INFORMATION

Experimental details

Samples

Synthesis. The nh = 0.06(1) samples were obtained
using a Conac press with toroidal anvils at Institut Néel.
We used the following precursors: CaCO3 (99.95%),
CuO (99.999%), CaCl2 (96%), NaClO4 (≥ 98%) and
NaCl (99.99%). First, we prepared a stoichiometric
Ca2CuO2Cl2 powder by a solid state reaction of CaCO3,
CuO, and CaCl2 as described in previous works [77–79].
In an argon filled dry box, we mixed the resulting
Ca2CuO2Cl2 powder with NaClO4, and NaCl precur-
sors in a molar ratio of 1:0.2:0.2. We charged the mix-
ture in cylindrical Pt capsules which were inserted in
high-pressure assemblies. We compressed the sample
at 2 GPa in order to dope with Na the Ca2CuO2Cl2
precursor. The reacting mixtures were heated up to
1000◦C at a rate of 81.5◦C/min, kept at this tempera-
ture for 30 minutes and then slowly cooled down to about
870◦C at a rate of 20◦C/h, in order to grow crystals,
and finally quenched. After heat treatment, we released
the pressure. Magnetic susceptibility measurements per-
formed using a METRONIQUE© SQUID magnetometer
on the whole batch showed no superconductivity down
to 2 K, and were further extended on a large sample
of the same batch down to 70 mK using an in-house
SQUID magnetometer with dilution cryostat, giving an
upper hole-content limit of 0.07 [80]. Since the nomi-
nal Na substitution is difficult to assess, and also that
part of the hole doping may be attributed to Ca va-
cancy [79], we decided to estimate the hole content in-
stead. The latter was estimated at nh = 0.06(1), by com-
paring the lattice parameters measured by x-ray pow-
der diffraction with synthesis of superconducting sam-
ples using the same apparatus, and for which we ex-
trapolated the hole content from literature. The de-
tails will be given elsewhere [81]. For the sample with
nh = 0.10(1) doping, the synthesis is described in Ref.
42. We measured an onset critical temperature T on

c of
12.7(2) K for the crystal used in this experiment using
an MPMS3 Quantum Design© SQUID magnetometer.
A ground sample from each of the two batches was ana-
lyzed with X-ray powder diffraction and Le Bail anal-
ysis of the data is in both cases compatible with the
expected tetragonal space group I4/mmm, with lattice
parameters of a=3.85420(3) and c=15.1151(5) for the
nh = 0.06(1) batch and a=3.8511(2) and c=15.1204(7)
for the nh = 0.10(1) one.

Single crystal characterization. The crystalline qual-
ity of the samples was checked, and the orientation of
the facets determined using two 4-circle diffractometers:
a Nonius apparatus using a Incoatec micro Mo-target X-

ray source equipped with Montel optics and a Bruker
APEXII detector for the sample with nh = 0.06(1),
and an Oxford Diffraction Xcalibur S using a Mo anode
source and a Sapphire CCD detector for the one with
nh = 0.10(1).

Details of the ARPES experiments

Propositions were made to evaluate the effective dop-
ing using the area between the Fermi arc and the anti-
ferromagnetic BZ [104]. This method remains however
approximate, and does not seem to be necessarily more
accurate than relying on the trends of lattice parame-
ters. A further limitation in the determination of the
true Fermi surface is the lack of gold reference sample on
the BL-28 beamline during our measurements. Thus, we
followed the procedure used in Ref. [82], i.e. the chemical
potential was set at the top of the valence band (the on-
set of the band’s spectral weight). This provides consis-
tent results in comparison to nh = 0.10(1) for which the
Fermi level was determined from a reference gold sample
at Cassiopée beamline.

Additional spectra

To complement the figures presented in the main text,
we provide here some additional spectral functions ob-
tained from C-DMFT calculations for the 8-site cluster
at doping nh = 0.05, 0.10, and ARPES spectra for the
nh = 0.06(1) sample. We also present a representative
example of Hubbard-I and SCBA spectra, and summa-
rize the set of parameters used for these calculations in
Table. I.

Fig. S1 shows the measured spectral functions for
nh = 0.06(1) and a comparison to computed ones at dop-
ing nh = 0.05, 0.10. The waterfall feature can be seen in
the ARPES data, see Fig. S1(a), as well as the broad anti-
nodal feature around X which vanishes below the Fermi
level, clearly indicating that the sample is in the pseudo-
gap phase. This is also confirmed by the measured Fermi
surface, as shown in Fig. S1(d). The calculated spectra
are in good qualitative agreement with the experiment,
see Fig. S1(b). The maximum of spectral weight is lo-
cated at the nodal point, at the Fermi energy, while the
anti-nodal point shows a clear gap opening, with the two-
hump feature almost symmetric around X. As discussed
in the main text, the SCBA dispersion reproduces the
C-DMFT features close to the Fermi energy remarkably
well.

In order to check if the momentum-driven crossover
interpretation still holds at finite doping, we show in
Fig. S1(c) the full spectra, including both Hubbard
bands. As for the undoped case, the Hubbard-I ap-
proximation captures the spectral weight at Γ and M .
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FIG. S1. Spectral functions of doped Na-CCOC (a) measured on a nh = 0.06(1) doped sample, and (b) computed for both
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and Hubbard-I dispersions for alignment. (d) Upper right corner of the experimental Fermi surface for nh = 0.06(1), 0.10(1).

We emphasize that we used the same screened onsite in-
teraction Ueff as for the undoped system. This demon-
strates that the momentum-dependent electron-magnon
coupling remains essential to the cuprates’ physics until
at least nh = 0.10 doping.

Moreover, based on these results, we can infer on the
evolution of the spectral function upon hole-doping. It is
clear from our data that the introduction of holes does
not lead to a simple static shift of the chemical potential.
Instead, in the region where the electron-magnon cou-
pling is strong, the spectral weight is transferred to the
Fermi level upon doping. The hole-doping maintains the
splitting in energy between the local-correlation region
and the spin-polaron one, which was initiated already at
half-filling. Therefore, as stated in the main text, the
spin-polaron in the undoped case should be seen as a
precursor of the quasi-particle present at finite doping.

We show in Fig. S2(a) the EDC on nh = 0.06(1) and
spectral function for nh = 0.05. Overall, the features
resemble closely the nh = 0.10 data: the quasiparticle
peak appears just after crossing the Fermi level, which
produces a two-peak structure reminiscent of the exper-
iment [3]. As mentioned in the main text, the coher-
ent quasi-particle peak is absent from the experimen-
tal spectrum, which is consistent with previous measure-
ments [72]. The C-DMFT quasiparticle peak has its max-
imum coherence on the hole-side, as for nh = 0.10. Yet,

in contrast to the latter where the quasiparticle peak
marked in blue stays on the hole-side of the spectrum
around k = (π2 ,

π
2 ), see Fig. 4(a) (main text), it clearly

crosses the Fermi level for nh = 0.05. This resembles our
measured ARPES data and that of Kohsaka et al. [3] who
measured nh = 0.10 samples, for which the secondary
peak crosses and appears on the electron-side of the spec-
trum. These small variations between nh = 0.05, 0.10
compounds may be related to the fact that it is difficult
to reliably estimate the ”true” doping of the samples, and
to make a one-to-one correspondence with the theoretical
doping.

The C-DMFT spectra in the anti-nodal region are dis-
played in Fig. S2(b) for nh = 0.05, 0.10. We observe
the expected pseudogap around X, which is larger for
nh = 0.05 since the spin-fluctuations are stronger for
lower doping [83–91]. Interestingly, the dispersion shows
a two-hump structure almost symmetric around X, which
is similar to the spin-polaron dispersion shown in Fig. S1.
This is consistent with the presence of a strong electron-
magnon coupling in the anti-nodal region, which is de-
tailed in the following section.

To further support our spin-polaron interpretation, we
provide an additional test in which we inspect the spec-
tral function along cuts moving away from the nodal
point. According to the experimental data of Refs. [8, 13]
obtained on hole-doped samples, the spin-polaron band
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spectral function along Γ−X −M for nh = 0.05, 0.10.

should flatten as increasing the distance from the nodal
point, and the kink should accordingly appear closer to
the Fermi level. As shown in Fig. S3 for nh = 0.05 (simi-
lar results are obtained for nh = 0.10), both the C-DMFT
and the SCBA capture the trend correctly. As going to-
wards the anti-nodal region, we notice a small shift be-
tween the CDMFT and SCBA spectra, consistent with
Fig. S1(b). This difference does not preclude the inter-
pretation that the experimental decrease of the kink’s
energy is witnessed in our calculations by the sharp flat-
tening of the spin-polaron dispersion, as well as the loss
of spectral weight visible in both the C-DMFT and the
SCBA results.

For completeness, we show in Fig. S4 a representative
example of the Hubbard-I and SCBA spectral functions.
The Hubbard-I approximation leads to two well-defined
Hubbard bands, see Fig. S4(a). The maximum of spectral
weight is located around Γ in the lower Hubbard band,
and at M for the upper one. Within the Hubbard-I ap-
proximation this distribution of spectral weight is rather
a matter of energy scales since it is lead by the 1

ω di-
vergence of the self-energy at the Fermi energy. These
maxima coincide with the coherent high-energy part of
the waterfall feature as calculated with C-DMFT at Γ
and M .

The SCBA spectrum, shown in Fig. S4(b), displays
a coherent low-energy dispersion, which we extract to
compare with the C-DMFT results. It is calculated for
a 30× 30 lattice. Replicas of this feature can be seen at
higher binding energies. At Γ we notice some coherent
spectral weight, located at roughly −2.2 eV. The split-
ting between this feature and the top of the spin-polaron
band depends strongly on the hopping processes that do
not disturb the antiferromagnetic order, such as the cor-
related three-site hopping [35], and the t′, t′′ terms (see
next section for further details). The splitting obtained in

SCBA is lower than the one obtained in C-DMFT. This
is a sign that corrections beyond the correlated three-site
hopping are necessary for SCBA to agree even better with
C-DMFT.

Finally we summarize in Table I the value of the hop-
ping and (effective) interaction parameters used in the
C-DMFT, SCBA and Hubbard-I calculations. We re-
call that the hopping parameters were obtained ab initio
by using maximally localized Wannier functions [46, 47],
and the local Coulomb interaction U was determined by
fitting the magnon dispersion measured on an undoped
CCOC sample [42] with an effective Heisenberg model,
whose spin exchange terms are obtained in the strong
coupling limit of the Hubbard model. Thereby, the hop-
ping values uniquely determine the effective exchange pa-
rameters entering the SCBA equations (see next section).

Parameter t t′/t t′′/t U/t Ueff/t
Value 0.425 eV − 0.18 0.12 10.2 9

TABLE I. Hopping terms and local interactions used in the
C-DMFT, SCBA and Hubbard-I calculations.

Spin-polaron picture

The picture of the spin-polaron naturally emerges in
the framework of the t−J model, which can be derived in
the limit U � t from the Hubbard model by integrating
out the doubly occupied states via a Gutzwiller projector,
leading to the well-known t− J Hamiltonian [92–94]:

Ht−J = −t
∑
〈ij〉,σ

c̃†iσ c̃jσ + J
∑
〈ij〉

(
SiSj −

1

4
ninj

)
.
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FIG. S3. (a-c) C-DMFT and the SCBA spectral functions along the momentum cuts illustrated in (d), computed for nh = 0.05.

Here, c̃†iσ = c†iσ(1 − ni−σ) are the restricted cre-
ation/annihilation operators, Si is the spin operator on
site i, and J = 4t2

U is the spin exchange coupling. For the
sake of simplicity, the longer ranged hopping terms t′, t′′
are omitted in this part of the section since they lead to
hopping processes that do not disturb the antiferromag-
netic background. We detail how they are included in
practice at the end of this section.

When a hole is created, its behavior is non-trivial:
it will be dressed by the spin fluctuations and form
the so-called spin-polaron [32]. The motion of a sin-
gle hole can be approximately accounted for by the
self-consistent Born approximation (SCBA) [32, 95, 96],
which we briefly summarize in the following.

The first step consists in transforming the spin opera-
tors into bosonic operators using the Holstein-Primakoff
transformation for half-integer spins [97]:

S+
i =

√
1− a†iaiai ∼ ai ,

S−
i = a†i

√
1− a†iai ∼ a†i ,

Sz
i =

1

2
− a†iai ,

where we use the linear approximation to define the
bosonic operators a†i , ai . Then, the fermionic operators
can be decomposed to define a spinless hole operator:

ci↑ = h†i ,

ci↓ = h†iS
+
i ,

and using a Bogoliubov transformation, the t − J
Hamiltonian may be transformed into the spin-polaron
Hamiltonian [32]:

Hsp =
zt√
N

∑
k,q

Mk,q

[
hkh

†
k−qαq + h.c.

]
+

∑
q

ωqαqα
†
q,

where z is the coordination number of the lattice, N is
the number of sites, ωq = SzJ(1−nh)

2νq is the magnon
dispersion with νq =

√
1− (γq)2 and γk = 1

2 (cos(kx) +
cos(ky)). The magnon dispersion is damped by (1−nh)

2

to take into account, in an approximate way, the hole-
doping [32] (nh is set to 0 at half-filling, when only one
hole exists in the lattice). Mk,q is the coupling between
the hole and the magnons, and is defined as:

Mk,q = (uqγk−q + vqγk), (S1)

with uq, vq and αq obtained from the Bogoliubov
transformation as:

αq = uqaq − vqa
†
−q

uq =

(
1 + νq
2νq

) 1
2

vq = −sign(γq)

(
1− νq
2νq

) 1
2

.

There is no bare dispersion term in the spin-polaron
Hamiltonian: the motion of the hole necessarily involves
the hole-magnon coupling Mk,q. If the coupling term
vanishes, the hole is localized. Most importantly, the
coupling Mk,q depends both on the momentum of the
magnon q, and on the momentum of the hole k. The
k-dependence of the hole-magnon coupling is shown in
Fig. S5, where we plot |Mk,q| at fixed k as a func-
tion of the magnon momentum q. Remarkably, the cou-
pling vanishes for all q at Γ and M points, i.e., exactly
where the Hubbard-I provides a good description of the
C-DMFT spectra. In the nodal and anti-nodal region,
where the spin-polaron picture dominates, the coupling is
maximum. This observation supports the view of the wa-
terfall feature as a momentum-driven crossover, instead
of an energy-driven crossover.
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We can interpret the cancellation of the coupling in
certain regions as the consequence of a negative interfer-
ence between the two magnon branches aq and a†−q. This
is more easily seen by writing out explicitly the coupling
constant as:

Mk,q =

(
1 + νq
2νq

) 1
2

γk−q − sign(γq)

(
1− νq
2νq

) 1
2

γk.

At Γ, i.e., k = (0, 0), γk = 1 and γk−q = γq, hence:

M(0,0),q =

(
1 + νq
2νq

) 1
2

γq − sign(γq)

(
1− νq
2νq

) 1
2

.

The minus sign signals a negative interference between
the two terms. Due to this cancellation, M(0,0),q re-
mains small at all q. In contrast, at the nodal point, i.e.,
k = (π/2, π/2), γk = 0 and only a single magnon branch
contributes to the coupling:
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FIG. S5. Absolute value of the coupling |Mk,q|, see Eq. (S1),
plotted as a function of q at four specific k points.

M(π/2,π/2),q =

(
1 + νq
2νq

) 1
2

γk−q.

In order to get the spin-polaron spectrum, which we
compare to C-DMFT, the self-energy is approximated
with the SCBA [32]:

Σ(k, ω) =
z2t2

N

∑
q

|Mk,q|2

ω − ωq − Σ(k− q, ω − ωq) + iη
.

(S2)

As a consequence, the hole Green’s function is strongly
affected by the spin-polaron self-energy only in regions
where Mk,q is not vanishing. At this stage, we can re-
introduce the remaining hopping terms t′, t′′, as well as
the correlated hopping term J3s [35]. Since these terms
do not disturb the antiferromagnetic background, they
can be accounted for by adding a ”non-interacting” dis-
persion to the SCBA self-energy:

Σ(k, ω) =
z2t2

N
·∑

q

|Mk,q|2

ω − ωq − εk−q − Σ(k− q, ω − ωq) + iη
,

εk =4t′ cos(kx) cos(ky) + 2t′′ (cos(2kx) + cos(2ky))

+
J3s
2

(cos(2kx) + cos(2ky) + 4 cos(kx) cos(ky)).

We also take into account the extra spin-exchange
terms, including the cyclic exchange, which modify the
magnon dispersion as [98]:
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FIG. S6. Sketch of the propagation of a (a) doublon, and (b)
hole in an antiferromagnet.

ωq = Zc(q)(1− nh)
2
√
A2

q −B2
q

Aq = 4JS + 4J ′S(cos(qx) cos(qy)− 1)

+ 2J ′′(cos(2qx) + cos(2qy))− 4JcS
3(cos(qx) cos(qy) + 1)

Bq = 2JS(cos(qx) + cos(qy))− 4JcS
3(cos(qx) + cos(qy)),

where Zc(q) accounts for the quantum fluctuations and
is computed following Ref. 99 (Appendix D), J = 4t2

U −
24t4

U3 , J ′ = 4t
′2

U + 4t4

U3 , J ′′ = 4t
′′2

U + 4t4

U3 , and Jc =
80t4

U3 [98,
99].

We argue that this vision of a hole dressed by anti-
ferromagnetic fluctuations can also be relevant for the
electron-doped cuprates. Indeed, the antiferromagnetic
order survives to large amount of electron doping in
cuprates. Since doubly occupied sites carry no spin,
they are then similar to holes from the point of view
of the magnons. Hence the photoemission process in
an electron-doped cuprate can still be approximated by
the propagation of a hole in a damped antiferromagnet.
In particular, the electron-magnon coupling would re-
main the same, i.e. it would remain maximum when the
momentum k of the electron is in the nodal (π/2, π/2)
and anti-nodal (π, 0) regions. Then it is not surpris-
ing that high-energy anomalies have been observed both
in the nodal and anti-nodal regions in electron-doped
cuprates [14].

One may think of this problem in another way: start-
ing from an antiferromagnet, what would be the behavior
of an additional electron? In other words, what would we
observe in inverse photoemission? As sketched in Fig. S6,
the additional electron on a given site would give a dou-
blon. In analogy to the hole, the doublon carries no spin
and its propagation through the lattice necessarily cou-
ples to spin excitations. This analogy reinforces the in-
terpretation that spin-polarons are also relevant in the
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FIG. S7. Spectral function obtained with an ED calculation
for an isolated undoped 8-site cluster. We use the same ef-
fective screened Ueff as the one used in the main text for the
Hubbard-I approximation, as well as for the shift Ueff/2 of
the SCBA.

physics of electron-doped cuprates, as witnessed by the
presence of high-energy anomalies in the single-particle
spectrum.

Effective screened Hubbard interaction

The Hubbard-I approximation reproduces the C-
DMFT spectrum at Γ and M , provided that it is
computed with an effective screened on-site interaction
Ueff =' 9t, instead of the bare U = 10.2t. The domi-
nating screening mechanism can be understood from an
exact diagonalization (ED) calculation (without bath)
performed for the 8-site cluster with the PyQCM pack-
age [100], which is shown in Fig. S7.

We first rule out that the Hubbard band splitting is not
well captured by the analytic continuation, which has re-
duced precision away from the Fermi level. Comparing
to a calculation using ED which does not require any
analytic continuation shows that it is in excellent agree-
ment with the Hubbard-I approximation calculated using
Ueff . Moreover, we also checked that using the PoorMan’s
Maxent method as implemented in TRIQS [101, 102] pro-
vides a similar result as the implementation of Ref. 56.

The screening of the on-site U on the cluster via the
hybridization function is also not sufficient to explain
this effect. The ED calculation, which includes no bath,
shows that the hybridization has barely any effect on the
splitting of the Hubbard bands.

Therefore, the fact that the Hubbard-I approximation
requires an effectively smaller U is most probably the
consequence of treating the hopping terms at the non-
interacting level. Indeed, the Green’s function obtained
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FIG. S8. Real and imaginary part of the hybridization func-
tion from the C-DMFT calculation of the undoped 8-site clus-
ter, for the cluster momentum K = (π/2, π/2).

from the Hubbard-I approximation reads:

GH1(k, ω) =
1

ω + iη + µ− εk − ΣH1(ω)
,

where µ is the chemical potential, εk is the non-
interacting dispersion, and ΣH1 is the Hubbard-I self-
energy [57]. Hence the hopping terms are included
in the Hubbard-I approximation, but only at the non-
interacting level, in contrast to the cluster calculation
which incorporates them in the correlated framework. In
other words, the non-local correlations included in the
cluster lead to an effective screening of the onsite U in-
teraction, which has to be taken into account for the local
Hubbard-I approximation.

A closer inspection of the ED spectral function brings
another subject of discussion: the SCBA dispersion,
which was rigidly shifted with the same energy as for
the C-DMFT calculation, appears at higher binding en-
ergy than the spin-polaron feature of the isolated clus-
ter. Again, analytic continuation is most probably not
the culprit since using different implementations leads to
very similar results. Moreover, it is precise for the split-
ting of the Hubbard bands and should be even more re-
liable closer to the Fermi level. Since the hopping terms
are included in the cluster both in ED and C-DMFT cal-

culations, this shift is not due to non-local correlations
within the cluster.

The main difference between this ED calculation com-
pared to the C-DMFT ones is the absence of the hy-
bridization function, which relates to the local Green’s
function via:

Gloc(ω) = [ω + iη + µ−∆(ω)− Σ(ω)]
−1

,

where ∆(ω) is the hybridization function. We show in
Fig. S8 the K = (π/2, π/2) cluster momentum compo-
nent of the hybridization function for nh = 0 (other com-
ponents are similar). A total of four peaks can be distin-
guished, two at each side of the Fermi level, at energies
which correspond to the main features of the spectral
function (Hubbard bands, spin-polaron). Most interest-
ingly, the sign of the real part of ∆(ω) changes betwen
the ”low-energy” peaks, and the high-energy ones. Fo-
cusing on the occupied part, ω < 0, this sign change
induces a lowering of the energy of the spin-polaron, and
an increase of the energy of the Hubbard band. In other
words, the hybridization function tends to enlarge the
splitting between the lower Hubbard band and the spin-
polaron. The effect is dynamic, since including a cluster
perturbation theory [103] static correction to the ED re-
sult does not modify the spin-polaron energy position.
Hence the hybridization to the bath may be seen as an
additional traveling channel for the spin-polaron without
disturbing the local antiferromagnetic correlations inside
the cluster.

Note that we need a smaller shift Ueff/2 instead of U/2
for the spin-polaron energy position to match well with
the SCBA. This may be a consequence of the Gutzwiller
projector. Indeed, in the t−J model the doubly-occupied
states are projected out, whereas in C-DMFT on the
Hubbard model they are taken into account and not en-
tirely prohibited since the bandwidth remains close to
the onsite U . To make a connection with the screened
interaction used for the Hubbard-I calculation, one may
argue that the projection of the doubly-occupied states
to obtain the t− J model effectively amounts to setting
the hopping terms to zero, at half-filling. Then, the same
Ueff has to be used both for shifting the SCBA spectrum,
and for the Hubbard-I approximation. This point is left
for future in-depth studies about the precise relation be-
tween the SCBA and the C-DMFT spin-polaron.
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