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SUPPLEMENTAL MATERIAL

1. trXAS measurements

2. trRIXS measurements

3. RPA calculations

4. DMRG calculations
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1. trXAS measurements

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

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

(Epump k c) in all measurements.

1.1. E k a

The O K-edge trXAS spectra (E k 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(!) = G(!;A1; !01; �1) + L(!;A2; !02; �2) + a! + b; (1)

where the Gaussian G(!;Ai; !0i; �i) describes the Zhang-Rice singlet peak (i = 1), the

Lorentzian L(!;Ai; !0i; �i) describes the upper Hubbard band (i = 2), and A, !0, and � are

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

Table I.

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

A1 !01 (eV) �1 (eV) A2 !02 (eV) �2 (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 k a), and the pump pulses

are polarized along the ladder legs (E k 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 k c

The O K-edge trXAS spectra (E k 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) OK-edge trXAS at t = 0:4

ps. Pump and probe pulses are polarized along the ladder legs (E k 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(!) = G(!;A1; !01; �1) +G(!;A2; !02; �2) + L(!;A3; !03; �3) + a! + b; (2)

where the Gaussians G(!;Ai; !0i; �i) describe chain (i = 1) and ladder (i = 2) Zhang-Rice

singlet peaks, and the Lorentzian L(!;Ai; !0i; �i) describes the upper Hubbard band (i =

3), and A, !0, and � are the amplitude, center energy, and linewidth parameters. The fit

parameters are shown in Table II.
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