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We investigate the spin dynamics of the cuprate ladder Sr,sCa;; sCuy Oy to elucidate the behavior of its
intrinsically doped holes. By combining high-resolution inelastic neutron spectroscopy with density-matrix
renormalization group calculations, we obtain a detailed and quantitative description of its collective magnetic
excitations within a single-band framework. Remarkably, we observe an absence of magnetic signatures as-
sociated with unpaired charges, suggesting that the doped holes form strongly bound, localized Cooper pairs.
Indeed, while the standard single-band Hubbard model fails to reproduce the observed excitation spectrum,
a minimal extension incorporating a strong attractive nearest-neighbor interaction quantitatively accounts for
the experimental results. Our findings underscore the necessity of including interactions beyond conventional
magnetic mechanisms in driving charge pairing when the system is modeled using the single-band Hubbard
model. Given the close correspondence between ladder systems and two-dimensional cuprates, these results
may have important implications for pairing phenomena in square-lattice cuprate materials.

DOI: 10.1103/1s7m-xkby

I. INTRODUCTION

Cuprate ladders have been studied extensively since the
1990s as stripped-down models of high-temperature (high-
T.) superconductivity [1,2]. These materials share many
similarities with the two-dimensional cuprates, including su-
perconductivity under pressure, yet are more amenable to
theoretical modeling. Ladder behavior has also been in-
voked as a key component of recent theories of hole-doped
planar cuprates based on intertwined stripes and pair-density-
waves [3,4]. However, the details of the underlying pairing
mechanism in cuprate ladders remain an open question.
While the general belief is that strong electronic correlations
play a crucial role, research on doped cuprate ladders has
generated perplexing and contradictory outcomes when com-
paring theory and experiments, to the extent that even the
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precise doping levels of these materials have been a subject of
controversy [2].

An essential challenge in understanding correlated electron
materials is to identify minimal Hubbard Hamiltonians that
capture the high energy excitations associated with the under-
lying bare interactions, as well as the low-energy collective
modes. The measured structure of the magnetic excitations
thus imposes a stringent test for candidate models. Motivated
by this, here we reexamine the case of SrjsCaj;5CupOy
(SCCO). This material has long been the focal point of re-
search as its magnetism and strong correlations are believed to
be responsible for the formation of a possible charge-density-
wave (CDW) [5] and pressure-induced superconductivity [6].
Here, we undertake high-resolution inelastic neutron scat-
tering (INS) measurements with matching density-matrix
renormalization group (DMRG) [7] calculations of the dy-
namical spin structure factor of an extended single-band
Hubbard model. Through this, we pinpoint the principal inter-
actions of a low-energy effective model for this prototypical
ladder system and shed light on the behavior of doped holes,
within the framework of an effective single-band description.

©2026 American Physical Society
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FIG. 1. Ladder structures and magnetic dynamics of the cuprate ladder Sr, 5Ca;; 5Cu404;. (a) A sketch of the ladder structure showing
both the copper 3d,»_,» and oxygen 2p, orbitals. The strong hybridization between the Cu and O orbitals leads to a strong superexchange
coupling along both the ladder legs and rungs, while the offset geometry of the individual ladders results in a weak interladder coupling.
In a down-folded single-band Hubbard ladder description, these orbitals lead to hopping along the leg (¢), rung (¢, ), and diagonal direction
("), as indicated. (b) The expected one-triplon magnetic excitations for an undoped ladder with spin singlets on all rungs. (c) The expected
magnetic excitation spectrum S(q, w) for a half-filled (undoped, § = 0) and § = 6.25% hole-doped Hubbard ladder with on-site interactions
only, obtained from DMRG. The simulations show that doping the model produces incommensurate low-energy excitations, as indicated by

the white arrows. As we will show, the experimental data for Sr, sCa;; sCuy4O4; more closely resembles the undoped case, despite the fact that

the ladder subsystem is doped.

The SCCO family comprises Cu,O3 ladder layers sepa-
rated by layers of St/Ca ions and CuO; chains, which serve as
charge reservoirs. The Cu,03 planes form a trellis lattice of
spin-1/2 Cu sites, as shown in Fig. 1(a) [8]. Here, a subset of
Cu ions are connected by 180° bonds to form two-leg ladders,
with strong superexchange interactions mediated by O ions.
Neighboring ladders in the plane are displaced by ¢/2, where
¢ is the Cu—Cu distance along the leg, and connected by 90°
bonds that are geometrically frustrated. This structure leads to
a weak effective interladder coupling such that the material’s
low-energy sector is dominated by contributions from largely
independent ladder subsystems [9,10].

In the absence of doping (e.g., in LasgSr9Cup4O4;), cuprate
ladders are charge-transfer insulators hosting Cu 3d° ions in
a quantum cooperative-paramagnetic state [9]. Their ground
state consists of a resonant superposition of singlet spin-pairs
with short-range entanglement and gapped triplon modes [see
Fig. 1(b)]. This physics is most easily understood by ex-
amining the strong-rung-coupling limit, where the dominant
Heisenberg exchange coupling J, leads to a ground state with
strong spin singlet character on each rung [1,11]. A finite
energy Ar is required to break such a singlet and form a
triplet (T) excited state carrying spin § =1 and charge 0
(i.e., a triplon quasiparticle). For cuprate ladders like SCCO,
the leg and rung couplings are comparable, J =~ J,, and the
ground state includes pairs of singlets that resonate between
different configurations to decrease energy. Nevertheless, the
excitation spectra of these materials can be well understood in
terms of the same triplon quasiparticles inferred in the limit of
strong-rung-coupling limit [11,12].

All excitations can be classified by parity with respect
to reflections about the centerline of the ladder: states with
an odd (even) number of triplons have odd (even) parity.
Consequently, the INS intensity of one-triplon excitations,
associated with the g, = 7 wavevector in units of the
inverse lattice constant 1/c, wavevector, is modulated as
0.5[1 — cos(q1)], while the two-triplon scattering intensity,
associated with the g, = 0 wavevector, is modulated as

0.5[1 + cos(g1)] [9]. (From this point forward, all momenta
will be given in units of the inverse lattice constant or
reciprocal lattice units.) INS measurements on the undoped
ladder material LasSr19Cuy404; confirm the expected singlet
ground state, gapped triplon excitations, and parity behavior
[9]. The triplon dispersion is characterized by a highly
dispersive mode with an energy gap At & 30 meV, which
is lower than the spin gap expected for a nearest-neighbor
Heisenberg Hamiltonian. The reduction of the spin gap can
be captured by including four-spin interactions, such as the
cyclic exchange Joyc, as well as to further-neighbor exchange
processes, which arise at order t*/U? in a strong-coupling
expansion of the Hubbard model (with U the on-site repulsion
and ¢ the hopping amplitude). The necessity of including such
terms provides indirect evidence for substantial charge
fluctuations, as the ratio U/t ~ 8 that best reproduces the
triplon dispersion is relatively small [9].

The SCCO family is intrinsically hole-doped with a formal
valence on the copper sites of +2.25. While the majority of
the 0.25 holes per Cu site reside in the chains, some holes
are present in the ladder subsystem even without Ca doping
[2,13]. Although substitution of Ca for Sr does not alter the
formal valence, the associated chemical pressure transfers
additional holes to the ladders from the chains; however, the
precise amount of charge transfer is still being debated [2,14].
Nevertheless, different experimental approaches consistently
place the ladder doping in the range 6 = 0.06 — 0.21 for
the heavily Ca-doped systems. Moreover, Raman scattering
[15,16], electrical conductivity [15,17], and x-ray diffrac-
tion measurements [5,18] have all conclusively shown ladder
charge order across Ca concentrations with superconductivity
(x = 11-13), consistent with the presence of doped holes in
the ladder subsystem.

Hubbard ladder calculations show that doped holes form
pairs [8,11,19,20], which either exhibit charge ordering or
enter a superconducting state, depending on the interaction
details. Doped holes will also affect the low-energy magnetic
response, shown in Fig. 1(c) for the case of the single-band
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TABLE 1. Chopper frequencies for the various SEQUOIA set-
tings, run in high-flux mode.

E; (meV) T0 (Hz) Fermi 1 (Hz)
30 60 120
60 90 180
120 90 240
300 120 420
450 150 480

Hubbard model (see Sec. III for further details). In this
case, the changes in the magnetic response can be easily
understood by recognizing that each doped hole generates
an antiphase boundary in the antiferromagnetic correlations
[21]. This leads to incommensurate magnetic fluctuations at
q) = (1 £6) (g1 = m), where § is the effective hole doping
of the ladder, as indicated by the white arrows in Fig. 1(c) [22].
However, as demonstrated in this study, we observe a remark-
able absence of these incommensurate fluctuations in the INS
data, despite the presence of doped holes in the ladder subsys-
tem. We will show that this observation implies the presence
of strongly localized Cooper pairs that preserve the domi-
nant commensurate fluctuations at gy = 7 via annihilation
of opposite antiphase boundaries. The observation of pairing
stronger than that generated by the bare repulsive Hubbard in-
teraction suggests that additional mechanisms—such as ionic
displacements—play a decisive role in stabilizing high-T;
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superconductivity, assuming that the single-band Hubbard
model provides an adequate description of these materials.

II. EXPERIMENTAL RESULTS

A. Sample syntheses

Single crystals of Srj4_,Ca,CuyyOy; (x = 11.5) (see also
Fig. 1 within the Supplemental Material [24]) were grown in
an image furnace using the traveling-solvent method follow-
ing the procedure described in Ref. [25]. As starting materials,
we used CaCO3 and SrCOj; (purity better than 3N5) from Al-
pha Aesar and CuO (purity 4N) from Sigma-Aldrich. Parts of
all grown crystals were checked by x-ray powder diffraction
and verified to have a single phase. The single crystallinity
of the sample was checked by the E5 four-circle neutron
diffractometer (Helmholtz Zentrum Berlin, Germany).

B. Inelastic neutron scattering measurements

We measured the neutron scattering spectrum of SCCO
using the SEQUOIA spectrometer [26,27] at the ORNL SNS
[28]. We mounted a 5-gm single crystal in the OKL plane with
the ladder legs (c direction) extending in the horizontal plane
and the ladder rungs (a direction) extending in the vertical
plane (Fig. 1). We measured the spectra with incident energies
of 30, 60, 120, 300, and 450 meV in a fixed orientation
with the ladder legs perpendicular to the incident beam. The
instrument settings for each energy configuration are given in
Table I. Measurements were carried out at 5 and 120 K (below

Hubbard + V, Doped
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FIG. 2. A comparison of the measured spin-excitation spectrum and predictions from an extended Hubbard model. (a)(b) The measured
INS spectra along the ¢ = (¢, 0, L) direction for ¢, = 0 and 0.5 r.l.u., respectively, where the lattice spacing has been taken to be the
Cu-Cu distance along the ladder leg. (c)(d) The dynamical spin structure factor S(q, @) obtained from DMRG calculations for an undoped
Hubbard Hamiltonian without any nearest-neighbor interactions (V = 0). (e)(f) DMRG results for S(g, @) obtained for a § = 6.25% hole-
doped Hubbard Hamiltonian, again with V = 0. (g)(h) S(q, w) for a § = 6.25% hole-doped Hubbard Hamiltonian with an attractive nearest-
neighbor interaction V = —¢. Note that the theory spectra shown in (c)-(h) have been convolved with a Gaussian line shape to reflect the
experimental resolution (see Methods). The red circle and arrow in panels (b) and (h) show the features that the Hubbard + V simulations
reproduce: a commensurate inelastic peak and a kink in the dispersion (c.f. Fig. 4 below).
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FIG. 3. DMRG simulated dynamical spin structure factor for the doped Hubbard model without extended interactions. The first column
[(a) and (b)] shows S(g, w) results for 6.25% doping along ¢ = (¢, 0, L) with ¢, = 0 and =, respectively. The second [(c) and (d)] and third
[(e) and ()] columns show the corresponding dynamical spin structure factor results for 9.375% and 12.5% doping, respectively. All results

were obtained on 64 x 2 site Hubbard ladders.
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FIG. 4. Lack of incommensuration in the low-energy scattering. (a) The experimental [, 0, L] scattering at 5 K. (b)—(d) DMRG-calculated
scattering for the undoped, doped, and extended Hubbard models, respectively. (e)—(h) Cuts through the above panels between 22 meV and
26 meV (shown by the horizontal red lines). According to DMRG simulations, as the doping increases, the peak at L = & splits to become
incommensurate, but the addition of attractive interactions V causes the peaks to come together again. Convolved with the experimental
resolution [blue lines in (i)—(k)], the slightly incommensurate peaks in the Hubbard + V model become a single broad peak. As shown in
(i)—(k), the experimental scattering is resolution-limited and commensurate at L = 7, indicating no observable incommensurability. (1)(m) The
fitted dispersion of magnetic excitations for ¢, = m (red circles and line). DMRG results for undoped (gray lines) and the doped Hubbard + V
model (dotted-dashed lines) are also shown. The kink in the dispersion at g, = 7 (1 £ 0.125) is reproduced by the doped Hubbard + V model
but not the undoped Hubbard model.
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FIG. 5. The combined role of enhanced pairing and impurities in reducing the effective doping. (a) The distribution of doped holes in the
ladder. The attractive interaction V enhances hole pairing, increases the effective mass of the carriers, and makes them prone to localization.
Pair localization reduces the effective doping of the ladder and minimizes the disruption to the antiferromagnetic correlations. (b) The rung
electron density of a 64 x 2 site Hubbard ladder with a hole pinning potential U, placed on the 20th rung. The holes are distributed uniformly
throughout the cluster when V = 0 and Ui, = 0. When V = —¢ but no potential is applied (U, = 0), the open ends of the cluster act as
pinning centers that reduce the carrier concentration in the center. When V = —¢ and a strong U, = 10t is introduced, holes instead collect
around both the impurity potential and the open boundaries. Finally, a strong Uy, = 10t without V localizes two holes on the rung. (c) The
rung electron densities for an extended Hubbard model with V = —¢ and a weak U, = t/2 placed on different rungs. Because of the large
value of V, even a weak pinning potential is sufficient to trap many holes near the impurity sites. (d) S(g, ) along g, = 7 for one of the cases
shown in (c), as indicated by the red arrow. (e) S(g, ) along g, = 7 for the V = 0, Uy, = 10t case shown in (b).

and above the charge ordering temperature Tco ~ 80 K [8]),
although the 450 meV setting was only measured at 5 K. The
complete data set is shown in Fig. 2 within the Supplemental
Material [24].

SCCO’s magnetic scattering should be independent of the
K reciprocal-space direction owing to the decoupled ladder
planes. We can thus gather all the relevant information about
the magnetic spectrum in the H and L directions from a fixed
angle scan. To verify this, we also measured the inelastic
spectra at E; = 60 meV while rotating the sample by 180°,
and found that the magnetic scattering did not vary with K
(see Fig. 3 within the Supplemental Material [24]).

To determine the background, we also measured the scat-
tering in the same configurations (incident energies 30, 60,
120, 300, and 450 meV) with the sample removed. We then
smoothed this background data with a Gaussian profile to
make up for the smaller counting statistics and subtracted
them from the sample scattering, shown in Fig. 4 below. After
subtracting the background, we corrected for the anisotropic
d,>_,» Cu*" form factor [29]

(@) = (jo) + 3(3cos® B — 1){jo)
+ 53—6[35 cos* B —30cos’ B
+ 35sin* B cosda + 3](j4),

where B is the angle between Q and the d,>_,» orbital’s z
axis (the b direction), and « is the xy plane angle measured
from the x axis. The (j,) constants for Cu>* were taken from
Ref. [30]. In this case, the difference between the isotropic and
anisotropic form factors is significant at high energies because

the d,._,» orbitals are ordered in the Cu ladder planes; see
Fig. 5 within the Supplemental Material [24]. After subtract-
ing the background and correcting for the form factor [which
takes us from intensity to S(q, w)], we were able to combine
the data from the five different incident energies to produce
the plots shown throughout this work. The overall intensities
of the spectra taken at different energies were rescaled by
comparing constant-energy integrated intensities of the dis-
persive magnetic modes to ensure that the overall intensity
was consistent across the different energy settings.

C. Measured magnetic response

Figures 2(a) and 2(b) show SCCO’s measured dynamical
spin structure factor S(q, w) at 5 K for g, =0 and ¢, = 7,
respectively. For an undoped ladder, these spectra probe two-
and one-triplon excitations, respectively. The resolution into
two parity components modulated by a cosine form factor in
q. is also evident in the spectra, indicating that parity largely
remains a good quantum number for x = 11.5.

III. THEORY SIMULATIONS
A. Model

To model SCCO’s magnetic response, we performed
DMRG simulations of an effective single-band extended Hub-
bard model defined on a two-leg ladder. The Hamiltonian for
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our model is

H= — IH Z(C;M,UCZJH,M,U + HC)

Lo
-1 Z(c;,l,acl,Z,a +H.c.)
l,o
/ T T
-1 Z(cl,l,aclJrl,Z,a +¢12.0C141,1,0 T HC)
l,o
+U an,u,Tnl,u,¢ +V Z ny (1)
L (TR

where c,T’ o (c1,u,0) creates (annihilates) an electron with
spin o (=1, ) on rung / and leg index u (=1, 2). The
corresponding number operators are 1y, o = ¢; woClio and
n., =Y . N 0. The three different hopping amplitudes dis-
tinguish the different bonds of the ladder geometry. They
include nearest-neighbor hopping along the legs #; = ¢ and
rungs 7 , and diagonal next-nearest-neighbor hopping ¢', as in-
dicated in Fig. 1. Throughout this work, we fix r = 400 meV,
t; = 0.84t,andt’ = —0.3¢. These parameter choices are iden-
tical to those employed in a recent resonant inelastic x-ray
scattering (RIXS) study of the parent compound Sr14Cuy4O4;
[31]. The interaction parameters U and V denote the on-site
and nearest-neighbor density—density interactions, respec-
tively, and are varied while keeping the effective exchange
interaction J = 42 /(U — V) fixed.

B. DMRG simulations

We calculated the model’s ground- and excited-state prop-
erties using zero-temperature DMRG calculations [7,32]
performed with the DMRG + + software package [33]. All
calculations were performed on long L x 2 ladders with open
boundary conditions.

The dynamical spin structure factor S(q, w) is the central
quantity characterizing the spin dynamics of ladder materials
and constitutes the direct theoretical counterpart of inelastic
neutron scattering experiments. It encodes the spatiotem-
poral spin-spin correlations and describes how the system
absorbs energy w and momentum ¢ from an external probe.
Importantly, S(g, w) can be directly extracted from the inelas-
tic neutron scattering cross section, up to known kinematic
factors and the magnetic form factor, making it the experimen-
tally accessible measure of the magnetic excitation spectrum.
S(q, w) is given by the Fourier transform of the spin-spin
correlation function

1 o dt .
S(q. - & ilot—q-Ry—Ry )]
@or=y X [ e
173

a,ll
a7

X (S;)fu () S5 ,(0)), )

where N is the number of rungs (unit cells) of the ladder,
S}, (@ =x,y, z) are local spin operators on rung / and leg 1,
and R, ,, is the position of the site. The spin operators can be
expressed as fermionic bilinears in the electron creation and

annihilation operators as
St =23l 0l )
L — 2 Cl,[l.,o’ Oso cl.y_,a”
0,0’

where @ = x, y, z, and o are the Pauli matrices acting in spin
space. We only compute the o = zz component because the
Hamiltonian is rotationally invariant.

Spin ladders can be viewed as two coupled chains, which
naturally leads to a decomposition of the magnetic re-
sponse into even and odd-rung-parity sectors, corresponding
to transverse momenta g; =0 and ¢, = m, respectively.
Consequently, S(g, ») provides direct access to the dispersion
and spectral weight of the elementary magnetic excitations,
such as triplons and multiparticle continua, while explicitly
reflecting the ladder geometry and the strength of interleg
couplings through its momentum dependence.

Ground-state calculations were carried out on 64 x 2
ladders, retaining up to mpy,x = 2000 DMRG states. The dy-
namical spin structure factor S(g, ) was computed using the
Krylov correction-vector method [34-36] within the centered-
site approximation. For the dynamical calculations, we kept
up to mpy,, = 1000 states, employed a Lorentzian energy
broadening with half-width at half-maximum »n = 0.03¢, and
used a frequency step Aw = 0.005¢. All DMRG spectra for
S(q, w) were uniformly rescaled to match the overall exper-
imental intensity. We also applied a resolution (Gaussian)
broadening in momentum and energy to the spectra shown in
Figs. 1, 2, and 4(i)-4(k) to facilitate direct comparison with
the experimental data. In this case, the momentum and energy
broadening were set to match the experimental resolution,
with 0, = 0.237 x 27 and o, = 0.055 meV.

C. Calculated magnetic response

We first compare the measured magnetic response with
DMRG calculations for the Hubbard model with U = 8¢ and
without extended interactions (V = 0). Figures 2(c) and 2(d)
show the calculated S(¢q, @) obtained using an undoped Hub-
bard ladder. As discussed in the introduction, SCCO’s ladder
subsystem is known to be hole-doped with estimates span-
ning a relatively wide range, between approximately 6—20%
excess holes per Cu (see Ref. [2] and supplementary Fig. 4
of Ref. [13]). Figures 2(e) and 2(f) therefore show results for
the same model but obtained for a hole doping § = 0.0625,
corresponding to the lower end of the experimentally inferred
range. In both cases, the theory data are plotted along the ¢ =
(qy, 0) (top row) and (g, ) (bottom row) directions, which
are equivalent to the (0, 0, L) and (0.5, 0, L) directions in the
experiments. Surprisingly, the experimentally measured spec-
tra bear a much closer resemblance to the undoped theoretical
results than to those obtained for even this minimal level of
hole doping. For example, while the DMRG calculations for
the doped case have clear incommensurate magnetic peaks
around (7, 7r) for § = 6.25%, no such features are observed in
the experimental data. By contrast, the results for the undoped
model are much closer to the measured spectra. (There are,
however, some notable discrepancies that we will return to
momentarily.)

The disagreement between the theory and experiment be-
comes worse as the doping level increases. To illustrate this,
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Fig. 3 summarizes the evolution of the S(g, @) for the Hub-
bard model (U = 8¢, V = 0) for 6.25, 9.375, and 12.5% hole
doping. We find that the low-energy magnetic spectral weight
shifts progressively away from the commensurate antiferro-
magnetic wave vector as the hole concentration increases,
leading to a pronounced enhancement of incommensurate
spin fluctuations. The systematic evolution of the peak posi-
tions with doping is consistent with an approximately linear
increase of the incommensurability, in agreement with theo-
retical expectations for doped single-band Hubbard ladders.

Figure 3 makes it clear that the magnetic response of the
SCCO Iladder system is inconsistent with that of the doped
single-band Hubbard model. This conclusion, however, is at
odds with the estimated doping levels of the cuprate lad-
ders obtained from other experiments that are sensitive to
the ladder holes. Recent studies on doped one-dimensional
(1D) cuprate chains [37,38] and undoped cuprate ladders [31]
have concluded that a sizable next-nearest-neighbor attractive
interaction V & —t is needed to describe the excitation spectra
of these materials within single-band frameworks. Motivated
by this, we also carried out DMRG simulations for the doped
extended Hubbard model with V = —¢. The results, shown in
Figs. 2(g) and 2(h), more closely resemble the experimental
data both with regard to the one- and two-triplon excitations.
In particular, the splitting of the incommensurate peaks in the
triplon dispersion is reduced, implying a reduction in the ef-
fective doping, while the spectra are broadened in momentum
space from residual charge fluctuations. Below, we will show
that these effects are the direct result of increased pairing
interactions and Cooper pair localization in the system.

The comparison between experiment and theory shown in
Fig. 2 suggests that the SCCO’s magnetic response can be cap-
tured either by an undoped single-band Hubbard model or by
a doped model with a sizable next-nearest-neighbor attraction.
We can distinguish between these scenarios by examining the
detailed spectra, which reveals several additional and subtle
differences between the experiment and predictions of the
undoped single-band Hubbard model. Figure 4(a) focuses on
the low-energy magnetic response measured along [0.5, 0, L]
at 5 K. The corresponding DMRG results for the undoped and
doped Hubbard ladders with V = 0, and for a doped extended
model (V = —t) are shown in Figs. 4(b)—4(d), respectively.
While doping the Hubbard ladder (V = 0) leads to a clear
splitting of the magnetic response into incommensurate peaks
[Fig. 4(c)], the experimental data remain sharply centered at
the commensurate wave vector g, = 7. By contrast, the inclu-
sion of an attractive nearest-neighbor interaction [Fig. 4(d)]
suppresses the incommensurate splitting and restores a single
broad commensurate peak, in much closer agreement with
experiment. This comparison is further clarified by the mo-
mentum cuts shown in Figs. 4(e)—4(h), which are obtained
by integrating the measured spin response between 22 and
26 meV [indicated by the horizontal lines in Figs. 4(a)—4(d)].
According to the DMRG simulations, increasing the hole
doping in the Hubbard model without extended interactions
leads to a visible splitting of the peak at L = 0.5, reflecting
the emergence of incommensurate spin correlations. When an
attractive V is included; however, the peaks move back toward
commensuration. After convolution with the experimental
momentum resolution [Figs. 4(i)—4(k)], the weak residual

incommensuration in the Hubbard 4+ V model can no longer
be resolved, resulting in a single peak centered at g, = 7,
whose width is consistent with the experimental observations.

Since the precise doping levels of the ladder subsystem are
not known at this time, we focus on the lower bound of the ex-
perimental estimates for the remainder of this discussion. We
have found that increased doping levels can be compensated
for by increasing the strength of the attractive interaction V
in our analysis. Focusing on a conservative value of 6.25%,
therefore, allows us to assess the minimal interaction strength
required to suppress the incommensurate response.

In addition to the absence of resolvable incommensurate
splitting, the experimental spectra exhibit additional features
that are not captured by the undoped Hubbard model. First,
the magnetic excitations at ¢, = 7 display a pronounced mo-
mentum broadening that exceeds the instrumental resolution
and becomes more pronounced at higher energies. Second,
the fitted dispersion of the magnetic excitations, shown in
Figs. 4(1) and 4(m), has a distinct kink at gy = (1 £0.125)
that is absent in the simulations for the undoped Hubbard
ladder. Notably, this kink is also absent in measured spectra
for the related undoped ladder compound LasSr9Cuy404; [9].
This kink feature is instead well reproduced by the doped
extended (V # 0) Hubbard model, lending further support to
this scenario.

Although the overall peak energies of the magnetic re-
sponse in the experiment (At &~ 32 meV) and in the DMRG
calculations (38 meV) are comparable, the measured spec-
tra exhibit weak but finite sub-gap scattering extending below
the broadened gap edge. Figures 4(a)-4(k) examine this low-
energy response in detail. A crucial first step is to distinguish
between ladder and chain contributions: the latter appear as a
separate band around 10 meV because of their substantially
smaller superexchange interaction, and can be identified by
the absence of symmetry about ¢ = 7, reflecting the distinct
chain lattice spacing of approximately ¢/+/2. The absence of
spectral weight below the chain contribution implies that the
remaining sub-gap signal retains a finite spin gap Agpeap 2
5 meV.

Because the experimental momentum resolution is finite,
it is generally difficult to distinguish a single broadened peak
from two closely spaced incommensurate features. However,
as shown in Figs. 4(i)-4(k), the resolution-convolved dy-
namical structure factor obtained from the doped Hubbard
model without extended interactions (V = 0) retains a clear
double-peak structure, allowing us to rule out this scenario.
By contrast, the Hubbard + V model, once convolved with
the experimental resolution, yields a single broad commen-
surate peak and provides the best overall agreement with the
data. This model also offers an improved description of the
higher-energy magnetic excitations at low temperature, cor-
rectly capturing both the bandwidth of the triplon dispersion
and the characteristic kink near gy = 7 (1 £ 0.125), as shown
in Figs. 4(1) and 4(m).

D. Role of pair localization

The sensitivity of the spin fluctuations to doping origi-
nates from the fact that the kinetic energy of the holes is
minimized when the spins on neighboring sites along the

144511-7



A. SCHEIE et al.

PHYSICAL REVIEW B 114, 144511 (2026)

leg direction are antiferromagnetically aligned. As a conse-
quence, each doped hole introduces an antiphase boundary
in the staggered magnetization favored by the effective anti-
ferromagnetic Heisenberg interactions [39]. This mechanism
induces a modulation of the antiferromagnetic correlations
with a wavelength set by the average interhole spacing,
leading to dominant dynamical spin fluctuations at incom-
mensurate wavevectors g = 7 (1 £ §). The absence of such
incommensurate features in the experimental spectra therefore
stands in direct contradiction with the expectations for a doped
Hubbard ladder.

A natural route to suppressing these incommensurate cor-
relations is the annihilation of opposite antiphase boundaries,
which can be achieved by enhancing the hole-hole attraction.
A stronger attraction binds doped holes into more compact
Cooper pairs, reducing their coherence length & and thereby
reinstating dominant commensurate antiferromagnetic fluctu-
ations near g = 7. In an effective single-band description,
such an enhanced pairing tendency can be modeled by in-
troducing a nearest-neighbor attractive interaction V & —t.
As noted earlier, interactions of this magnitude have recently
been inferred in doped 1D spin-chain cuprates [37,38] and in
the related ladder Sr14Cuy4Oy4; [31], and have been attributed
to strong electron—phonon coupling [37,40]. We also note that
a recent DMRG study argued that aspects of the RIXS data
could be captured using an effective 7-J model [41], which
produces stronger pairing correlations relative to the Hubbard
model.

Further scrutiny of the DMRG simulations, however, re-
veals that enhancing pairing alone is insufficient to capture the
lack of incommensuration in the doped system. In particular,
we also require a degree of carrier (pair) localization induced
by pinning centers associated with impurities or disorder [13].
This observation is consistent with the insulating behavior of
SCCO at low temperatures, which implies that doped holes
are effectively localized at ambient pressures. In the DMRG
simulations shown in Figs. 2 and 3, the cluster’s open bound-
aries act as the pinning centers when V # 0. However, we
can also model these effects by introducing attractive pin-
ning centers at sites throughout the cluster. In both cases, we
find that their presence amplifies the role of V by enhancing
Cooper-pair localization and reducing &. While a small resid-
ual density 8’ of holes may remain mobile in the bulk, the
associated incommensurate peaks at g; = 7 (1 & ') become
correspondingly weak. For sufficiently small &', the resulting
incommensuration falls below the experimental momentum
resolution, naturally explaining the close similarity between
the measured spectra and those of the undoped ladder. Taken
together, these results indicate that the magnetic response of
the doped SCCO family can be understood in a scenario where
doped holes experience enhanced Cooper-pair localization.

To test the robustness of this interpretation, Fig. 5 presents
DMRG simulations in which pinning centers are explicitly
distributed within the ladder, rather than being generated im-
plicitly by open boundary conditions. Figure 5(a) provides a
schematic overview of this scenario. Figure 5(b) shows the
rung electron densities for a ladder with a strong pinning
potential Uy, = 10t placed on a rung on the far left side
of the cluster (I = —20). When V =0, the pinning center
captures only two holes, while the rest remain mobile in the

bulk. The resulting magnetic response, shown in Fig. 5(e),
closely resembles that of a conventionally doped Hubbard
ladder and is inconsistent with the experimental observations.
Moreover, disorder averaging over a distribution of impurities
does not resolve this discrepancy [13]. By contrast, when an
attractive interaction V < 0 is included, tightly bound Cooper
pairs accumulate around the pinning center. Crucially, this
localization also occurs for weak disorder; Fig. 5(c) shows
the rung-resolved charge densities obtained upon introducing
substantially weaker attractive pinning potentials Upi, = t/2
at different rungs of the ladder. Remarkably, even in this weak-
pinning regime, each impurity binds a comparable amount of
charge when V = —¢, demonstrating that the attractive inter-
action strongly amplifies the impact of weak disorder. The
corresponding dynamical spin structure factor S(q, w) along
g1 = m, shown in Fig. 5(d) for a representative configuration
(results for the other configurations are provided in the Ap-
pendix, see Fig. 6), confirms that such weak pinning is already
sufficient to suppress the incommensurate spin fluctuations.

A direct comparison between Figs. 2(d) and 5(d) highlights
that an attractive interaction V = —t is essential for achieving
quantitative agreement with the experimental spectra within
an effective single-band description of the doped ladders.
We have also explicitly verified that the dominant pairing
correlations for V < 0 possess a d-wave symmetry [1,42],
in agreement with recent numerical and analytical studies
[20,31,43,44].

Our numerical results show that enhanced pair binding—
and the concomitant localization of Cooper pairs—is crucial
for reproducing the experimentally observed magnetic spectra
within a single-band model. The amplification of localization
in this regime can be naturally attributed to the increase in the
effective mass of the Cooper pairs associated with the reduced
coherence length £. Applying external pressure is expected
to promote further carrier delocalization, providing a natu-
ral explanation for the emergence of superconductivity under
pressure in SCCO. More generally, systematic studies of pres-
sure effects and electron—phonon coupling in ladder materials
are likely to shed new light on the microscopic mechanisms
governing charge pairing and the superconducting transition,
including the evolution of the magnetic excitation spectrum
and the fate of the incommensurate wavevector upon entering
the superconducting state.

IV. SUMMARY AND CONCLUSIONS

We have investigated the magnetic excitation spectrum
of doped cuprate ladder compounds using inelastic neutron-
scattering measurements and compared the experimental
results with large-scale DMRG calculations for single-band
Hubbard and extended Hubbard ladder models. Despite sub-
stantial hole doping inferred from transport and spectroscopic
measurements, the experimental dynamical spin correlations
of SCCO remain remarkably close to those of an undoped
ladder. In particular, the magnetic response remains com-
mensurate at g = m, exhibits only moderate broadening,
and shows no evidence of the incommensurate spin fluctua-
tions that are generically expected in uniformly doped ladder
systems.
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FIG. 6. DMRG-simulated dynamical spin structure factor for the doped extended Hubbard model (V = —t) with a weak potential placed
on different rungs. The top row shows results for g, = 0 with a weak potential Uy, = ¢/2 placed on rungs (a) —20, (c) —10, (e) 5, and (g)
22 of the cluster. The bottom row [(b), (d), (f), and (h)] shows the corresponding spectra for ¢, = . The main text also reports the case with
pinning on rung —20.

This observation is highly nontrivial in light of the well- can also be understood using an effective -J model descrip-
established physics of doped single-band Hubbard ladders. tion [41]. This conclusion is consistent with ours in that the
In the absence of extended interactions (V = 0), hole doping t-J model has stronger pairing tendencies than the Hubbard

drives the system into a Luther—-Emery liquid with a gap- model in the intermediate correlation regime U/t ~ 8 that
less charge mode and gapped spin excitations, where doped  describes the cuprate ladders.
holes form bound pairs but simultaneously act as antiphase The necessity of introducing a strong attractive nearest-

boundaries in the staggered magnetization. As a result, the neighbor interaction within a single-band model raises a
magnetic correlations become strongly modulated by the hole broader question regarding the adequacy of such a description
density, leading to pronounced incommensurate spin fluctu- for cuprate ladder compounds. An alternative interpretation
ations whose wave vectors scale linearly with doping. The  of our results is that a single-band Hubbard model does not
absence of such features in the INS spectra of doped SCCO capture the correct low-energy degrees of freedom of these
therefore places stringent constraints on any effective low- materials, and that additional interactions [40] or oxygen or-
energy description of these materials. bitals and multiband effects must be explicitly included. Our
Our DMRG results demonstrate that this discrepancy can results thus lead to a clear conclusion: either the low-energy
be resolved within an effective single-band framework if  physics of doped cuprate ladders requires a multiband de-
the Hubbard model is augmented by a substantial attractive scription that goes beyond the single-band Hubbard model, or
nearest-neighbor interaction. The inclusion of such an inter- the effective interactions must be augmented by a sufficiently
action enhances hole pairing, reduces the coherence length strong attractive term that eliminates the incommensurate spin
& of the Cooper pairs, and increases their effective mass. In fluctuations not observed in the INS data if a single-band
the presence of even weak pinning potentials associated with ~ framework is retained. In both cases, the experimental mag-
impurities or disorder, this enhanced pairing tendency leads netic response places tight constraints on the nature of charge
to strong localization of Cooper pairs, effectively reducing dynamics and pairing in these systems.
the density of mobile carriers in the bulk of the ladder. As a More broadly, cuprate ladders provide a compelling plat-
consequence, the incommensurate spin correlations expected  form for exploring the interplay of charge pairing, magnetism,
for a uniformly doped ladder are strongly suppressed, and the and localization in reduced dimensions. Long regarded as
magnetic response remains dominated by commensurate anti- stripped-down analogues of high-temperature superconduc-
ferromagnetic fluctuations, in agreement with the experiment. tors, ladder systems additionally highlight the importance of
Importantly, disorder alone is insufficient to produce this localization effects arising from their composite structure.
behavior; localization is substantially amplified only when = Within this framework, the pressure-induced superconducting
combined with an attractive interaction of magnitude |V | ~ ¢. transition observed in SCCO can be naturally interpreted as
A recent DMRG study concluded that the experimental data resulting from increased carrier delocalization under pressure.
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Systematic studies of pressure effects, multiband physics,
and electron—phonon coupling in ladder materials thus of-
fer promising routes toward elucidating the microscopic
mechanisms governing charge pairing, magnetism, and super-
conductivity in correlated cuprate systems.
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APPENDIX: RESULTS FOR DIFFERENT
IMPURITY CONFIGURATIONS

Figure 6 presents S(q, w) for the four weak-impurity con-
figurations shown in Fig. 5(c). The inferred doping levels
are consistent with the evolution of the incommensurate
features observed in S(q, w) along g, = m; larger doping
concentrations lead to an increased separation between the
incommensurate peaks.

[1] E. Dagotto and T. M. Rice, Surprises on the way from one-
to two-dimensional quantum magnets: The ladder materials,
Science 271, 618 (1996).

[2] T. Vuleti¢, B. Korin-Hamzi¢, T. Ivek, S. Tomi¢, B. Gorshunov,
M. Dressel, and J. Akimitsu, The spin-ladder and spin-chain
system (La, Y, Sr, Ca);4Cu,4QOy;: Electronic phases, charge
and spin dynamics, Phys. Rep. 428, 169 (2000).

[3] D. F. Agterberg, J. S. Davis, S. D. Edkins, E. Fradkin, D. J. Van
Harlingen, S. A. Kivelson, P. A. Lee, L. Radzihovsky, J. M.
Tranquada, and Y. Wang, The physics of pair-density waves:
Cuprate superconductors and beyond, Annu. Rev. Condens.
Matter Phys. 11, 231 (2020).

[4] J. M. Tranquada, Topological doping and superconductivity
in cuprates: An experimental perspective, Symmetry 13, 2365
(2021).

[5] P. Abbamonte, G. Blumberg, A. Rusydi, A. Gozar, P. G. Evans,
T. Siegrist, L. Venema, H. Eisaki, E. D. Isaacs, and G. A.
Sawatzky, Crystallization of charge holes in the spin ladder of
Sr14Cuy40y4;, Nature (London) 431, 1078 (2004).

[6] T. Nagata, M. Uehara, J. Goto, J. Akimitsu, N. Motoyama, H.
Eisaki, S. Uchida, H. Takahashi, T. Nakanishi, and N. Mori,
Pressure-induced dimensional crossover and superconductivity
in the hole-doped two-leg ladder compound Sr4_,Ca,Cups Oy,
Phys. Rev. Lett. 81, 1090 (1998).

[7] S. R. White, Density matrix formulation for quantum renormal-
ization groups, Phys. Rev. Lett. 69, 2863 (1992).

[8] E. Dagotto, Experiments on ladders reveal a complex inter-
play between a spin-gapped normal state and superconductivity,
Rep. Prog. Phys. 62, 1525 (1999).

[9] S. Notbohm, P. Ribeiro, B. Lake, D. A. Tennant, K. P. Schmidt,
G. S. Uhrig, C. Hess, R. Klingeler, G. Behr, B. Biichner,
M. Reehuis, R. I. Bewley, C. D. Frost, P. Manuel, and R. S.
Eccleston, One- and two-triplon spectra of a cuprate ladder,
Phys. Rev. Lett. 98, 027403 (2007).

[10] J. Schlappa, T. Schmitt, F. Vernay, V. N. Strocov, V. Ilakovac,
B. Thielemann, H. M. Rgnnow, S. Vanishri, A. Piazzalunga,

X. Wang, L. Braicovich, G. Ghiringhelli, C. Marin, J. Mesot,
B. Delley, and L. Patthey, Collective magnetic excitations in
the spin ladder Sr;4Cu,4O4; measured using high-resolution
resonant inelastic x-ray scattering, Phys. Rev. Lett. 103, 047401
(2009).

[11] M. Troyer, H. Tsunetsugu, and T. M. Rice, Properties of lightly
doped t-J two-leg ladders, Phys. Rev. B 53, 251 (1996).

[12] E. Dagotto, J. Riera, and D. Scalapino, Superconductivity in
ladders and coupled planes, Phys. Rev. B 45, 5744 (1992).

[13] Y. Tseng, J. Thomas, W. Zhang, E. Paris, P. Puphal, R. Bag, G.
Deng, T. C. Asmara, V. N. Strocov, S. Singh, et al.., Crossover
of high-energy spin fluctuations from collective triplons to
localized magnetic excitations in doped Sris_,Ca,CupOy
cuprate ladders, npj Quantum Mater. 7, 92 (2022).

[14] G. Deng, V. Pomjakushin, V. Petficek, E. Pomjakushina, M.
Kenzelmann, and K. Conder, Structural evolution of one-
dimensional spin-ladder compounds Sry4_,Ca,Cu,,04; with Ca
doping and related evidence of hole redistribution, Phys. Rev. B
84, 144111 (2011).

[15] G. Blumberg, P. Littlewood, A. Gozar, B. S. Dennis, N.
Motoyama, H. Eisaki, and S. Uchida, Sliding density wave in
Sr14Cuy4 Oy ladder compounds, Science 297, 584 (2002).

[16] A. Gozar, G. Blumberg, P. B. Littlewood, B. S. Dennis, N.
Motoyama, H. Eisaki, and S. Uchida, Collective density-wave
excitations in two-leg Sry4_,Ca,Cu,4QOy4; ladders, Phys. Rev.
Lett. 91, 087401 (2003).

[17] B. Gorshunov, P. Haas, T. R6 om, M. Dressel, T. Vuleti¢, B.
Korin-Hamzi¢, S. Tomi¢, J. Akimitsu, and T. Nagata, Charge-
density wave formation in Sry4_,Ca,Cuy4Oy4;, Phys. Rev. B 66,
060508(R) (2002).

[18] A. Rusydi, P. Abbamonte, H. Fisaki, Y. Fujimaki, G. Blumberg,
S. Uchida, and G. A. Sawatzky, Quantum melting of the hole
crystal in the spin ladder of Sry4_,Ca,Cu,404;, Phys. Rev. Lett.
97, 016403 (2006).

[19] M. Dolfi, B. Bauer, S. Keller, and M. Troyer, Pair correlations
in doped Hubbard ladders, Phys. Rev. B 92, 195139 (2015).

144511-10


https://doi.org/10.1126/science.271.5249.618
https://doi.org/10.1016/j.physrep.2006.01.005
https://doi.org/10.1146/annurev-conmatphys-031119-050711
https://doi.org/10.3390/sym13122365
https://doi.org/10.1038/nature02925
https://doi.org/10.1103/PhysRevLett.81.1090
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1088/0034-4885/62/11/202
https://doi.org/10.1103/PhysRevLett.98.027403
https://doi.org/10.1103/PhysRevLett.103.047401
https://doi.org/10.1103/PhysRevB.53.251
https://doi.org/10.1103/PhysRevB.45.5744
https://doi.org/10.1038/s41535-022-00502-1
https://doi.org/10.1103/PhysRevB.84.144111
https://doi.org/10.1126/science.1070481
https://doi.org/10.1103/PhysRevLett.91.087401
https://doi.org/10.1103/PhysRevB.66.060508
https://doi.org/10.1103/PhysRevLett.97.016403
https://doi.org/10.1103/PhysRevB.92.195139

COOPER-PAIR LOCALIZATION IN THE MAGNETIC ...

PHYSICAL REVIEW B 114, 144511 (2026)

[20] Z. Zhou, W. Ye, H.-G. Luo, J. Zhao, and J. Chang, Robust
superconducting correlation against inter-site interactions in the
extended two-leg Hubbard ladder, Phys. Rev. B 108, 195136
(2023).

[21] G. Xu, G. Aeppli, M. E. Bisher, C. Broholm, J. FE. DiTusa,
C. D. Frost, T. Ito, K. Oka, R. L. Paul, H. Takagi, and M. M. J.
Treacy, Holes in a quantum spin liquid, Science 289, 419
(2000).

[22] Such incommensurate magnetic fluctuations also appear in
the magnetic excitations of doped Emery (-models) for low-
dimensional cuprates [23].

[23] S. Li, A. Nocera, U. Kumar, and S. Johnston, Particle-hole
asymmetry in the dynamical spin and charge responses of
corner-shared 1D cuprates, Commun. Phys. 4, 217 (2021).

[24] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/1s7m-xkby for additional information on our sam-
ples, experimental data, and simulation results, including a
discussion of the effective doping of the model ladders, which
includes Refs. [44,45].

[25] U. Ammerahl, G. Dhalenne, A. Revcolevschi, J. Berthon, and
H. Moudden, Crystal growth and characterization of the spin-
ladder compound (Sr, Ca)4Cuy4QOy;, J. Cryst. Growth 193, 55
(1998).

[26] G. E. Granroth, D. H. Vandergriff, and S. E. Nagler, SEQUOIA:
A fine resolution chopper spectrometer at the SNS, Physica B
385-386, 1104 (20006).

[27] G. E. Granroth, A. I. Kolesnikov, T. E. Sherline, J. P. Clancy,
K. A. Ross, J. P. C. Ruff, B. D. Gaulin, and S. E. Nagler, SE-
QUOIA: A newly operating chopper spectrometer at the SNS,
J. Phys.: Conf. Ser. 251, 012058 (2010).

[28] T. E. Mason, D. Abernathy, I. Anderson, J. Ankner, T. Egami,
G. Ehlers, A. Ekkebus, G. Granroth, M. Hagen, K. Herwig,
et al., The Spallation Neutron Source in Oak Ridge: A powerful
tool for materials research, Physica B 385-386, 955 (2006).

[29] I. A. Zaliznyak and S.-H. Lee, Magnetic neutron scattering,
in Modern Techniques for Characterizing Magnetic Materials,
edited by Y. Zhu (Springer, New York, 2005), pp. 3-64.

[30] J. C. Matthewman, P. Thompson, and P. J. Brown, The Cam-
bridge crystallography subroutine library, J. Appl. Cryst. 15,
167 (1982).

[31] H. Padma, J. Thomas, S. F. R. TenHuisen, W. He, Z. Guan, J.
Li, B. Lee, Y. Wang, S. H. Lee, Z. Mao, H. Jang, V. Bisogni, J.
Pelliciari, M. P. M. Dean, S. Johnston, and M. Mitrano, Beyond-
Hubbard pairing in a cuprate ladder, Phys. Rev. X 15, 021049
(2025).

[32] S. R. White, Density-matrix algorithms for quantum renormal-
ization groups, Phys. Rev. B 48, 10345 (1993).

[33] G. Alvarez, The density matrix renormalization group for
strongly correlated electron systems: A generic implementation,
Comput. Phys. Commun. 180, 1572 (2009).

[34] T. D. Kiihner and S. R. White, Dynamical correlation functions
using the density matrix renormalization group, Phys. Rev. B
60, 335 (1999).

[35] E. Jeckelmann, Dynamical density-matrix renormalization-
group method, Phys. Rev. B 66, 045114 (2002).

[36] A. Nocera and G. Alvarez, Spectral functions with the density
matrix renormalization group: Krylov-space approach for cor-
rection vectors, Phys. Rev. E 94, 053308 (2016).

[37] Z. Chen, Y. Wang, S. N. Rebec, T. Jia, M. Hashimoto, D. Lu, B.
Moritz, R. G. Moore, T. P. Devereaux, and Z.-X. Shen, Anoma-
lously strong near-neighbor attraction in doped 1D cuprate
chains, Science 373, 1235 (2021).

[38] J. Li, D. Jost, T. Tang, R. Wang, Y. Zhong, Z. Chen, M. Garcia-
Fernandez, J. Pelliciari, V. Bisogni, B. Moritz, K. Zhou, Y.
Wang, T. P. Devereaux, W.-S. Lee, and Z.-X. Shen, Doping
dependence of 2-spinon excitations in the doped 1D cuprate
Ba,CuOs,4, Phys. Rev. Lett. 134, 146501 (2025).

[39] C.D. Batista and G. Ortiz, Quantum phase diagram of the t — J,
chain model, Phys. Rev. Lett. 85, 4755 (2000).

[40] Y. Wang, Z. Chen, T. Shi, B. Moritz, Z.-X. Shen, and T. P.
Devereaux, Phonon-mediated long-range attractive interaction
in one-dimensional cuprates, Phys. Rev. Lett. 127, 197003
(2021).

[41] H. Lange, T. Blatz, U. Schollwock, S. Paeckel, and A. Bohrdt,
Towards effective models for low-dimensional cuprates: From
ground state Hamiltonian reconstruction to spectral functions,
arXiv:2509.06947.

[42] M. Sigrist, T. M. Rice, and F. C. Zhang, Superconductivity in
a quasi-one-dimensional spin liquid, Phys. Rev. B 49, 12058
(1994).

[43] M. Jiang, Enhancing d-wave superconductivity with nearest-
neighbor attraction in the extended Hubbard model, Phys. Rev.
B 105, 024510 (2022).

[44] C. Peng, Y. Wang, J. Wen, Y. S. Lee, T. P. Devereaux, and
H.-C. Jiang, Enhanced superconductivity by near-neighbor at-
traction in the doped extended Hubbard model, Phys. Rev. B
107, L201102 (2023).

[45] S. R. White, I. Affleck, and D. J. Scalapino, Friedel oscillations
and charge density waves in chains and ladders, Phys. Rev. B
65, 165122 (2002).

[46] A. Scheie, J. Thomas, S. Johnston, and D. A. Tennant, Data
Set for “Cooper-pair localization in the magnetic dynamics of a
cuprate ladder”, Zenodo, 2026, https://doi.org/10.5281/zenodo.
22133281.

144511-11


https://doi.org/10.1103/PhysRevB.108.195136
https://doi.org/10.1126/science.289.5478.419
https://doi.org/10.1038/s42005-021-00718-w
http://link.aps.org/supplemental/10.1103/1s7m-xkby
https://doi.org/10.1016/S0022-0248(98)00487-4
https://doi.org/10.1016/j.physb.2006.05.379
https://doi.org/10.1088/1742-6596/251/1/012058
https://doi.org/10.1016/j.physb.2006.05.281
https://doi.org/10.1107/S0021889882011728
https://doi.org/10.1103/PhysRevX.15.021049
https://doi.org/10.1103/PhysRevB.48.10345
https://doi.org/10.1016/j.cpc.2009.02.016
https://doi.org/10.1103/PhysRevB.60.335
https://doi.org/10.1103/PhysRevB.66.045114
https://doi.org/10.1103/PhysRevE.94.053308
https://doi.org/10.1126/science.abf5174
https://doi.org/10.1103/PhysRevLett.134.146501
https://doi.org/10.1103/PhysRevLett.85.4755
https://doi.org/10.1103/PhysRevLett.127.197003
https://arxiv.org/abs/2509.06947
https://doi.org/10.1103/PhysRevB.49.12058
https://doi.org/10.1103/PhysRevB.105.024510
https://doi.org/10.1103/PhysRevB.107.L201102
https://doi.org/10.1103/PhysRevB.65.165122
https://doi.org/10.5281/zenodo.22133281

