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1. trXAS measurements

We present trXAS data with the x-ray polarizations (1.1) E ∥ a and (1.2) E ∥ c, together

with their respective fit functions. The pump pulses are polarized along the ladder legs

(Epump ∥ c) in all measurements.

1.1. E ∥ a

The O K-edge trXAS spectra (E ∥ a) feature two prominent peaks (see Fig. 1 of the main

text, reproduced in Fig. S1). Prior work [1] demonstrated that the peak centered at 528 eV

corresponds to the mobile carriers (Zhang-Rice singlets, ZRS), while the peak centered at

529.4 eV corresponds to the upper Hubbard band (UHB). Both peaks include overlapping

contributions from the chain and ladder. The transfer of holes from chains to ladders by

Ca substitution at equilibrium is empirically associated with a suppression of the ZRS and

UHB, and an enhancement in between the peaks [1] (also see discussion in SI Section 4 of

Ref. [2]).

We model the spectra as the sum of a Gaussian, a Lorentzian, and a linear function

I(ω) = G(ω;A1, ω01, σ1) + L(ω;A2, ω02, σ2) + aω + b, (1)

where the Gaussian G(ω;Ai, ω0i, σi) describes the Zhang-Rice singlet peak (i = 1), the

Lorentzian L(ω;Ai, ω0i, σi) describes the upper Hubbard band (i = 2), and A, ω0, and σ are

the amplitude, center energy, and linewidth parameters. The fit parameters are shown in

Table I.

Table I. Fit parameters for trXAS spectra (E ∥ a) in Fig. S1.

A1 ω01 (eV) σ1 (eV) A2 ω02 (eV) σ2 (eV) a b (eV)

Equilibrium 0.77(1) 527.96(1) 0.33(1) 0.55(2) 529.67(1) 0.43(1) 0.040(1) -21(1)

t = 0.4 ps 0.80(1) 527.98(1) 0.36(1) 0.55(1) 529.66(1) 0.46(1) 0.039(1) -21(1)

t = 3 ps 0.77(1) 527.98(1) 0.35(1) 0.48(3) 528.65(1) 0.42(1) 0.048(1) -25(2)

t = 101 ps 0.79(1) 527.98(1) 0.35(3) 0.56(2) 529.67(4) 0.46(1) 0.038(1) -20(1)
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FIG. S1. (a) Equilibrium (black) and transient (blue, 6 mJ/cm2 fluence) O K-edge trXAS at

t = 0.4 ps. The x-ray pulses are polarized along the ladder rungs (E ∥ a), and the pump pulses

are polarized along the ladder legs (E ∥ c), identical to the experimental conditions for the trRIXS

measurements. (b-d) Differential trXAS intensity [IXAS(t) − IXAS(t < 0)] at t = 0.4 ps, 3 ps, and

101 ps, respectively. The pump-induced spectral reshaping is metastable. The solid lines are fits to

the data.

1.2. E ∥ c

The O K-edge trXAS spectra (E ∥ c) feature three peaks (see Fig. S2). Previous work [1]

demonstrated that the peaks centered at 528 eV and 528.5 eV consist primarily of contribu-

tions from the chain and ladder Zhang-Rice singlets, respectively, while the peak centered

at 529.4 eV includes overlapping contributions from the chain and ladder upper Hubbard

bands. The transfer of holes from chains to ladders by Ca substitution at equilibrium is em-

pirically associated with a suppression of the UHB, and an enhancement of the ZRS peaks

[1, 2].
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FIG. S2. (a) Equilibrium (black) and transient (blue, 6 mJ/cm2 fluence) O K-edge trXAS at t = 0.4

ps. Pump and probe pulses are polarized along the ladder legs (E ∥ c). (b-d) Differential trXAS

intensity [IXAS(t) − IXAS(t < 0)] at t = 0.4 ps, 3 ps, and 101 ps, respectively. The pump-induced

spectral reshaping is metastable. The solid lines are fits to the data.

We model the trXAS spectra as the sum of two Gaussians, a Lorentzian, and a linear

function

I(ω) = G(ω;A1, ω01, σ1) +G(ω;A2, ω02, σ2) + L(ω;A3, ω03, σ3) + aω + b, (2)

where the Gaussians G(ω;Ai, ω0i, σi) describe chain (i = 1) and ladder (i = 2) Zhang-Rice

singlet peaks, and the Lorentzian L(ω;Ai, ω0i, σi) describes the upper Hubbard band (i =

3), and A, ω0, and σ are the amplitude, center energy, and linewidth parameters. The fit

parameters are shown in Table II.
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Table II. Fit parameters for trXAS spectra (E ∥ c) in Fig. S2.

A1 ω01 (eV) σ1 (eV) A2 ω02 (eV) σ2 (eV) A3 ω03 (eV) σ3 (eV) a b (eV)

Equilibrium 0.60(3) 527.91(2) 0.28(1) 0.28(3) 528.54(2) 0.23(2) 1.63(6) 529.65(1) 0.58(2) 0.029(1) -15(2)

t = 0.4 ps 0.66(3) 527.93(1) 0.32(1) 0.26(3) 528.57(2) 0.24(1) 1.64(6) 529.66(1) 0.63(2) 0.026(1) -14(1)

t = 3 ps 0.63(3) 527.92(1) 0.29(1) 0.29(3) 528.53(2) 0.25(1) 1.68(5) 529.65(1) 0.63(2) 0.026(1) -13(1)

t = 101 ps 0.60(3) 527.90(2) 0.29(1) 0.31(3) 528.53(2) 0.25(2) 1.62(6) 529.66(1) 0.62(2) 0.027(3) -14(1)
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2. trRIXS measurements

2.1. Equilibrium RIXS energy map

We plot a RIXS intensity map as a function of incident photon energy and energy loss in

Fig. S3, together with the XAS spectrum. The Zhang-Rice singlet (ZRS) region is dominated

by a substantial fluorescence signal. In contrast, at resonance with the upper Hubbard band

(UHB) peak, there is no fluorescence in the spectral window of interest (< 1 eV), enabling

a reliable interpretation of the trRIXS data acquired at this incident energy. Hence, all

trRIXS measurements in this work are conducted with the incident photons resonant with

the UHB.

2.2. Subtraction of dd excitations

We present the full set of trRIXS spectra in Fig. S4 and Fig. S5. All trRIXS spectra

are normalized to the equilibrium integrated intensity of dd and charge transfer excitations

from 1.3 eV to 10 eV.

ˇThe dd excitations of this material extend into the spectral region of interest and must

be properly accounted for to isolate any new features that emerge upon optical excitation.

To isolate spectral changes below 1 eV, we fit and subtract the dd excitations above 1.3 eV.

We independently fit the equilibrium and transient trRIXS spectra between 1.3 eV and 2.8 eV

to the sum of a skewed Gaussian and a Gaussian as shown in Fig. S6. The resulting spectra

with the dd excitations’ contribution removed are shown in Fig. S7. Energy-momentum

colormaps of the dd-subtracted trRIXS data are presented in Fig. 3 of the main text. We

additionally present identically formatted colormaps of the raw trRIXS data in Fig. S8.

Both the raw spectra and colormaps clearly display the same dispersive feature seen in

the dd-subtracted colormaps, demonstrating that this spectral feature is robust and does

not depend on the specific subtraction procedure. Hence, we use the dd-subtracted spectra

as the basis for all subsequent analysis.
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FIG. S3. RIXS intensity map plotted as a function of incident photon energy and energy loss,

across the O K-edge. The white dashed line indicates fluorescence. (top) XAS spectrum obtained

by integrating over energy loss.
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FIG. S4. Equilibrium, transient (t = 0.4 ps), and difference trRIXS spectra for momenta spanning

qleg = 0.01 to 0.28 r.l.u. The spectra are vertically offset for clarity. All spectra are normalized to

the equilibrium integrated intensity of dd and charge transfer excitations from 1.3 eV to 10 eV.
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FIG. S5. Equilibrium, transient, and difference trRIXS spectra at qleg = 0.25 for delays spanning

t = -6.6 to 10 ps. The spectra are vertically offset for clarity. All spectra are normalized to the

equilibrium integrated intensity of dd and charge transfer excitations from 1.3 eV to 10 eV.

9



qleg= 0.28 

0.25

0.22

0.16

0.11

0.06

0.01

Equilibrium Transient (t = 0.4 ps)(a) (b)

FIG. S6. (a) Equilibrium and (b) transient trRIXS spectra for momenta spanning qleg = 0.01 to

0.28 r.l.u. The dashed black lines are fits to the dd excitations between 1.3 eV and 2.8 eV. The

spectra are vertically offset for clarity.
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FIG. S7. Equilibrium, transient, and difference trRIXS spectra for momenta spanning qleg = 0.01 to

0.28 r.l.u. Panel (a) shows the raw spectra, and panel (b) shows the spectra with the dd excitations

subtracted using the fits in Fig. S6. The spectra are vertically offset for clarity.
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FIG. S8. Colormaps with the raw trRIXS data. (a-c) Equilibrium, transient, and difference trRIXS

momentum-energy intensity maps using the raw data, as a function of qleg and q⊥, respectively.

qCO marks the charge order wavevector [3]. Dashed lines in (c) are guides to the eye.
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2.3. Fitting trRIXS spectra

The O K-edge RIXS spectrum of Sr14Cu24O41 is complex, and distinct from that at the

Cu L-edge, with contributions from multiphonons, two-triplon, and multi-triplon continua

extending to higher energies, as demonstrated in Ref. [4]. We constrain our fitting procedure

based on prior equilibrium O K-edge RIXS measurements [4], Cu L-edge trRIXS measure-

ments [2], and prior theoretical results [5]. By systematically considering and excluding

different possibilities, we show that a dispersive charge order mode provides the simplest

and most plausible interpretation of our observations, as outlined below.

First, since the pump-induced spectral changes extend up to ∼1 eV, multiphonon ex-

citations, which are below ∼0.2 eV, can be excluded as their origin. Next, we consider

the possibility of a reshaping of the multi-triplon continuum, in particular a momentum-

dependent redistribution of spectral weight. As shown in theoretical work by Schmidt and

Uhrig [5] (see Fig. 3 therein), the even-n channel of the ∆S = 0 triplon continuum (de-

tected in our O K-edge RIXS measurements) is almost entirely accounted for by two-triplon

and four-triplon excitations. The lower-energy portion of the continuum is dominated by

two-triplons, while the higher-energy portion arises from four-triplons. The enhancement

in spectral weight at higher energies observed in our trRIXS spectra could therefore imply

an increase of the four-triplon contribution at the expense of the two-triplons, for exam-

ple through a suppression of the rung exchange or a renormalization of the effective ring

exchange. However, Ref. [5] shows that such an enhancement of the ∆S = 0 four-triplon

contribution must be accompanied by an enhancement of the ∆S = 1 two-triplon response.

This expectation is incompatible with our prior Cu L-edge trRIXS measurements, which

instead show an unambiguous suppression of the ∆S = 1 two-triplon signal. This incon-

sistency rules out an interpretation in terms of a reshaping of the ∆S = 0 multi-triplon

continuum driven by renormalized exchange couplings in the metastable state. We further

note that the momentum-dependent spectral weight enhancement observed in our data,

without a corresponding suppression elsewhere in the spectrum, is inconsistent with a sim-

ple broadening of the multi-triplon continuum. Moreover, any model invoking a reshaped

multi-triplon continuum would require fine tuning to reproduce the symmetric dispersion

about qCO, necessitating additional and ad hoc couplings between triplons and the charge

order.
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FIG. S9. (a) Equilibrium and (b) transient trRIXS spectra for momenta spanning qleg = 0.01 to

0.28 r.l.u., fit using the functional form described in the text. Black lines denote the total fits, thin

grey lines the individual components. The transient spectra are fit with an additional Gaussian,

denoted by grey shaded areas. The spectra are vertically offset for clarity.

Having excluded phonons and multi-triplon continua, the pump-induced spectral feature

is most naturally interpreted as a new excitation. The equilibrium spectra are fit to the sum

of a Gaussian and an asymmetric Lorentzian

I(ω) = G(ω;A1, ω01, σ1) + AL(ω;A2, ω02, σ2, γ2), (3)
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where the Gaussian G(ω;A1, ω01 = 0, σ1) describes the elastic peak, and the asymmetric

Lorentzian AL(ω;A2, ω02, σ2, γ2) (commonly used to fit multimagnon continua, see [6–8])

describes the triplon continuum [Fig. S9(a)], and A, ω0i, σi, and γi are the amplitude,

center energy, linewidth, and asymmetry parameters.

We constrain the equilibrium two-triplon parameters to ensure a non-dispersive peak cen-

ter, consistent with prior high-resolution RIXS measurements [4]. In the transient spectra,

we include an additional Gaussian G(ω;A3, ω03, σ3) to capture the high-energy enhancement.

In the transient fits, the two-triplon frequency, linewidth, and asymmetry are constrained to

vary by less than 20% relative to their equilibrium values, and the two-triplon amplitude is

restricted to not exceed its equilibrium value. The resulting best-fit parameters are reported

in Table III and Table IV. We plot the full set of fits in Fig. S9.

Table III. Fit parameters for equilibrium trRIXS spectra in Fig. S9.

qleg (r.l.u.) A1 σ1 (eV) A2 ω02 (eV) σ2 (eV) γ2

0.01 0.25 0.15 0.71 0.41 0.34 -2.1

0.06 0.35 0.13 0.80 0.42 0.34 -2.0

0.11 0.29 0.13 1.07 0.45 0.46 -2.8

0.16 0.55 0.12 1.46 0.48 0.59 -3.0

0.22 0.48 0.14 1.03 0.50 0.45 -3.0

0.25 0.34 0.14 0.94 0.44 0.39 -2.5

0.28 0.30 0.12 1.15 0.42 0.42 -2.9

Std. Err.∗ 0.02 0.01 0.05 0.02 0.02 0.5
∗The maximum standard error for each set of momentum-dependent parameters is listed in the last row.

In assigning the new dispersive feature, we considered all plausible possibilities, taking

into account the observed propagation velocity, dispersion, and energy scale, as outlined in

the main text. Within these constraints, a charge excitation provides the most consistent

explanation. In contrast to scenarios based on reshaped triplon continua, the symmetric

dispersion about qCO is naturally explained in terms of charge order fluctuations.

Finally, Sr14Cu24O41 also hosts a distinct superlattice peak associated with charge order in

the chains [9]. However, the ladder charge order peak is centered near qCO ≃ (0, 0, 0.20) r.l.u.
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Table IV. Fit parameters for transient trRIXS spectra in Fig. S9.

.

qleg (r.l.u.) A1 σ1 (eV) A2 ω02 (eV) σ2 (eV) γ2 A3 ω03 (eV) σ3 (eV)

0.01 0.28 0.16 0.58 0.43 0.34 -1.8 0.10 0.90 0.27

0.06 0.35 0.12 0.67 0.39 0.31 -2.4 0.15 0.73 0.28

0.11 0.44 0.13 1.02 0.49 0.50 -3.4 0.10 0.59 0.30

0.16 0.63 0.11 1.53 0.46 0.62 -3.1 0.00 - -

0.22 0.63 0.13 0.95 0.49 0.47 -3.5 0.10 0.55 0.30

0.25 0.49 0.15 0.82 0.47 0.37 -3.0 0.12 0.69 0.30

0.28 0.30 0.11 1.06 0.39 0.42 -3.1 0.19 0.80 0.30

Std. Err.∗ 0.05 0.01 0.40 0.08 0.20 0.7 0.05 0.10 0.05
∗The maximum standard error for each set of momentum-dependent parameters is listed in the last row.

whereas the chain superlattice peak is located at q ≃ (0, 0, 0.45) r.l.u. (both values specified

in ladder units, cL = 3.95 Å). This separation in momentum space is sufficiently large that

the chain peak does not overlap with, and is not expected to contribute appreciably to, the

momentum range accessed in our trRIXS measurements. We therefore attribute the observed

transient dispersive mode predominantly to charge order fluctuations in the ladders.
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3. RPA calculations

To check whether plasmons in a system with a charge density wave (CDW) can give

rise to modes near qCDW, we perform a calculation using the random phase approximation

(RPA) for a two-leg ladder system. Under the RPA, the loss function is given by

L(q, ω) = −Im
1

1− V (q)χ0(q, ω)
. (4)

We use the interaction for a layered electron gas [10, 11]

V (q) =
V0

q∥

sinh(q∥c)

cosh(q∥c)− cos(qzc)
, (5)

where q∥ is in-plane momentum transfer, and χ0 the Lindhard function

χ0(q, ω) =
1

N

∑
k

fk − fk+q

ω + i0+ + ϵk − ϵk+q

(6)

where N = 2500 is the number of k-points; fk = [e(ϵk−µ)/T + 1]−1 at temperature T , which

we set to 0; and ϵk is the non-interacting dispersion. We tune the interaction strength V0

to get a plasmon around 0.5 eV at q = 0. The results are qualitatively identical for any

reasonable choice of V0. As can be seen in the left panels of Fig. S10, tuning qz can turn the

plasmon acoustic at small in-plane q∥.

We treat the effects of a CDW at mean-field level by adding to our Hamiltonian a potential

H∆ = ∆
∑
i

cos

(
2π

λ
xi

)
n̂i, (7)

where λ = 5a is the CDW period. The loss function for ∆ = 0.2 eV is shown in the right

panels of Fig. S10. The main effect of the CDW is to break up the plasmon dispersion, due to

the more complicated structure of the multi-band Lindhard function resulting in additional

Landau damping in some regions. There is no collective mode or “folding” associated with

the plasmon, and no special behavior near qCDW = 0.2 r.l.u.
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qz = 0

qz = π/c

FIG. S10. Random phase approximation (RPA) calculations of the loss function, showing expected

plasmon behaviors, with or without a CDW order parameter ∆, and at qz = 0 or qz = π/c.
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4. DMRG calculations

The minimal model for the ladder subunits of Sr14Cu24O41 is the two-leg extended Hub-

bard model [8], described by the Hamiltonian:

Ĥ = −t
∑
i,λ,σ

(
c†i,λσci+1,λσ + h.c.

)
− t⊥

∑
i,σ

(
c†i,1σci,2σ + h.c.

)
− t′

∑
i,σ

(
c†i,1σci+1,2σ + h.c.

)
+ U

∑
i,λ

ni,λ↑ni,λ↓ + V
∑
i,λ

niλn̂i+1,λ

(8)

where c†i,λσ (ci,λσ) creates (annihilates) an electron on rung i with chain index λ ∈ {1, 2}

and spin σ ∈ {↑, ↓}, ni,λ =
∑

σ ni,λσ is the electron number operator, t and t⊥ are the

nearest-neighbor hopping strengths along chain and rung directions, respectively, t′ is the

next-nearest-neighbor (diagonal) hopping between the chains, and U is the onsite Coulomb

interaction. Recent studies have revealed that the nearest-neighbor attractive V ∼ −t is

necessary to accurately model one-dimensional cuprates [8, 12, 13].

We adopt the model parameters from previous fits to experimental data [8], with U = 8t,

t⊥ = 0.84t, and t′ = −0.3t, where t ≃ 0.38 eV for cuprate ladders. Large attractive

interactions (−V > t) can complicate the computation of long-range correlations due to the

proximity to phase separation, hence we fix V = −0.8t in our calculations. We note that our

final results are not strongly dependent on the value of V . To ensure DMRG convergence,

we perform 31 sweeps and keep the largest singular eigenvalues up to 5600, which yields

a truncation error below ϵ = 10−6 for a ladder of length L = 100 with open boundary

conditions.

To analyze the charge properties in the cuprate ladder ground state, we calculate the real-

space distribution of charge correlation D(r) = ⟨nini+r⟩ − ⟨ni⟩⟨ni+r⟩. Due to the sensitivity

of the correlation exponents to the choice of the reference bond, we obtain more accurate

estimates by averaging over a string of different reference sites in the bulk. We plot D(r) on a

logarithmic scale for selected hole densities p in Fig. S11(a). The charge correlations exhibit

a power-law decay at long distances, D(r) ∝ r−Kα , characterized by the charge exponent

Kρ. We plot the extracted exponents as a function of hole density p in Fig. S11(b).

The charge correlations exhibit a clear crossover in behavior with increasing doping.

At low doping levels, our calculations reveal a charge density wave ground state [see Fig.

S11(a)], with highly suppressed long-range charge fluctuations, as indicated by the large
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FIG. S11. Ground-state DMRG results for two-leg extended Hubbard ladder. (a) The real-space

distribution of the charge correlation D(r) at a few representative hole densities p, plotted on a

logarithmic scale along both axes. The dashed lines are power law fits, D(r) ∝ r−Kα . (b) The

extracted power law exponents Kρ as a function of hole density.

exponents Kρ. At larger doping, Kρ sharply drops at p ∼ 0.1 [see Fig. S11(b)], together

with a quenching of the charge density wave. This sharp drop in Kρ signifies a rapid increase

in the charge susceptibility, supporting the emergence of enhanced charge fluctuations seen

experimentally.
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