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SUPPLEMENTARY NOTES

1. Characterizations of the Dy-Bi2212 samples

The growing and annealing conditions for our Dy-Bi2212 samples have been described in the Methods section of
the main text. Before the RIXS and STM measurements, the samples were characterized by magnetic susceptibility
as shown in Supplementary Fig. 1a. The as-grown sample (black) shows a broad superconducting transition with
an onset of Tc = 40 K, corresponding to p = 0.067±0.008 (the error is obtained by considering the transition
width) according to an empirical formula (see ref. [1]). We note that, in principle, the Tmax

c within the formula
should correspond to that of Dy-Bi2212. However, the Dy substitutions are introduced for severe underdoping, and
references for “optimally” doping Dy0.4-Bi2212 are unavailable. Therefore, the Tmax

c is set to 96 K as suggested by
[1], for our hole concentration estimation. Although the Tmax

c varies in different reports, it is important to note its
precise value does not affect our main conclusions. The estimated doping level will exhibit only minimal variation
when different Tmax

c values are considered. For instance, in the case of Bi2212 with Tc = 20 K, the calculated doping
level is approximately p = 0.0619 for Tmax

c = 98 K, p = 0.0621 for Tmax
c = 96 K, and p = 0.0628 for Tmax

c = 91
K. The essential finding of our work lies in two dopings across the onset of the superconducting dome (p = 0.05):
one is insulating, and the other is superconducting with Tc = 20 K. The precise value of Tmax

c does not alter this
fundamental aspect.

In the present study, we obtained two more underdoped samples by post-annealing, one superconducting with
p = 0.062±0.006 (red, Ann1) and the other insulating with p = 0.04±0.01 where no signature of SC is observed
(blue, Ann2). The four-probe resistance-vs-temperature curve in Supplementary Fig. 1b was obtained on another
sample in the same batch as the p ∼ 0.04 one. Supplementary Fig. 1a shows that the SC transition is generally broad
in underdoped cuprates. There are two main reasons. The first one is owing to the difficulty in annealing severely
underdoped Bi2212. The second reason is that compared to the doping range close to the top of the SC dome, the
Tc vs. p trend is much steeper near the dome edge, which means that an equal uncertainty range of p will lead to a
broader distribution of Tc in this regime.
Before the RIXS measurements, we collected the X-ray absorption spectra (XAS) on the two Dy-Bi2212 samples,

as shown in Supplementary Fig. 1c. Then, we tuned the incident photon energy to the Cu L3-edge maximum at
928.7 eV for our RIXS measurements. The XAS spectra were taken by measuring total electron yield with normal
incident angle, which are also used for self-absorption correction of the RIXS data. Note that the spectra are virtually
identical in the p = 0.06 and p = 0.04 samples, reflecting their similar hole concentrations. However, the ground states
are different (one insulating, the other superconducting); for example, the magnitude of PG has shrunk significantly
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in the p = 0.06 sample (see Supplementary Fig. 6). Because Tc might differ for different pieces before annealing in
the same batch. To avoid such issues, we have used the same as-grown sample (black in Supplementary Fig. 1a) for
further annealing. By dividing this sample into two smaller pieces, we have obtained the p = 0.06 (Ann1) and p =
0.04 (Ann2) samples in the manuscript. Notably, the STM measurements were carried out in the very same samples
after the RIXS experiments.

2. Charge order revealed by the raw data and its intertwining with PG

Supplementary Fig. 2 displays the raw RIXS data (corrected for self-absorption effect) with varied temperatures
and dopings. Similar to Fig. 2 of the main text, the lower panel of each figure is the integrated intensity profile over
the quasi-elastic region. The data unambiguously reveal that the CO has already existed at temperatures as high
as 273 K in both samples. The CO gradually becomes stronger with cooling but remains short-ranged. Due to the
thermal broadening effect (as a rough estimation, kBT ∼ 24 meV at T = 273 K), the quasi-elastic region has an
overall higher intensity at higher temperatures.

Supplementary Fig. 3 shows the bias voltage dependence of the dI/dV maps of both samples, revealing the non-
dispersive nature of the real-space CO pattern. We note that the DOS modulation still exists at Fermi energy (0
meV), reflecting the finite zero-bias DOS for the PG spectra (e.g., Fig. 1d of the main text). This feature strengthens
the idea that CO is a modulation of charge density, which is expected to involve DOS at the Fermi energy. We
note that the previous study (ref. [2]) suggests an absence of the zero-bias DOS, which could be due to the limited
signal-to-noise ratio.

In the main text (Fig. 3), we demonstrate that the QCO is consistent between bulk-sensitive RIXS and surface-
sensitive STM. Supplementary Fig. 4 further shows this is true for the insulating Dy-Bi2212, where QCO = 0.32±0.03
r.l.u. (Supplementary Fig. 4c), in agreement with the RIXS result (Fig. 2c in the main text). Note that (1) Because
it is technically challenging to perform STM on insulating cuprates, the area of the p = 0, 04 sample is small (15× 15
nm2, see Fig. 2f); thus, the CO signal in the Fourier transformation (FT) image (Supplementary Fig. 4a) is weak.
(2) To extract the QCO we take the FT image at E = 150 meV (Supplementary Fig. 4b) as a reference for the Bragg
peak (qAN = 1).

To mitigate the STM set-point effect, bias voltages of the p = 0.04 and p = 0.06 samples are set to -500 mV and
-300 mV (see Methods), respectively. Similar to that reported by ref. [3], the CO wavevector is found prominent in
the positive energy window (see Supplementary Figures 5 (a,b)). Moreover, at the negative set-point voltages, the
current maps are featureless (Supplementary Figures 5 (c,d)), further demonstrating a negligible effect of the set-point
effect on the CO signal.

Supplementary Fig. 6 plots together the PG map and the current ratio maps R(|E|) = I(+E)/I(−E) at a high
E = 150 meV, the latter facilitates the analysis of the tunneling rate asymmetry [4]. It can be visualized from
the ‘R-map’ that there is a unidirectional maze-like (or ‘electronic glass’ [4]) pattern along the Cu-O bond direction
pervading spatial locations where the PG is small and CO is well-developed (see Supplementary Fig. 3). In fact,
this maze-like pattern has been proposed to be a generic feature of PG that breaks both the translational [4] and
C4-rotational [5] symmetries and justifies our assignment of PG and its intertwining with CO.

3. The rationality of the two-phonon fitting model

With improved energy resolution, RIXS has the ability to simultaneously detect Cu-O bond stretching (BS) and
out-of-plane bond buckling (BB) phonons [6–9]. In the context of our experiment, the energy resolution is ∆E = 36
meV, and the dispersionless BB phonon has average energy ∼ 35 meV (see below), making it reliable to address the
information of both phonon branches.

Supplementary Fig. 7 demonstrates the necessity of exploiting two phonons in our fitting model. From an unbiased
view like that reported in ref. [7], we respectively fit the energy gain region (−0.06 ∼ 0 eV) and the high energy
tail (0.15 ∼ 0.5 eV, mostly paramagnon) of the raw data (e.g., Supplementary Fig. 7a), using a resolution-limited
Gaussian and an antisymmetric Lorentzian convoluted with the energy resolution. The low-energy inelastic spectral
weight can be obtained by subtracting the above two components from the raw data, which unambiguously reveals
two peaks centered around 70 meV (black-shaded) and 35 meV (red-shaded). Therefore, we use a two-phonon model
(Supplementary Fig. 7b and Methods) throughout our work, which gives a nearly perfect fitting result and negligible
‘softening’ at both branches.

Next, we compare our methodology with previous reported fitting models exploiting only BS phonon. For consis-
tency, the elastic peak is fixed to a resolution-limited Gaussian function. The first model fits the low-energy inelastic
region with a Lorentzian convoluted with the energy resolution [10] (Supplementary Fig. 7c). It fails to capture the
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BS phonon peak position at small q// where the spectral intensity is not very strong (but still evident). At larger

q// especially near the QCO (0.30 r.l.u.), the Lorentzian does not work well at energy scale ∼ 30 meV corresponding

to the BB phonon. Worse still, the Lorentzian is so broad (in order to fit the lower energy part) that the elastic
and paramagnon peaks have been suppressed significantly, which may give rise to inaccurate conclusions. The same
dilemma exists in other one-phonon models exploiting either anti-Lorentzian [11, 12] (see Supplementary Fig. 7e) or
width-variable Gaussian function [13] (see Supplementary Fig. 7g). In any case, the subtracted RIXS spectra shown
in Supplementary Figs. 7d, f, h still display two peak features, like those in Supplementary Fig. 7a.

4. Fitting results

Using the two-phonon fitting model, we decomposed the full dataset (Supplementary Fig. 2) into CO, BB phonon,
and BS phonon intensity maps, as displayed in Supplementary Fig. 8. The quasi-elastic region (lower panel) of each
figure was integrated to generate Fig. 5a of the main text. The BB phonon intensity (middle panel) of each figure
was integrated to generate Supplementary Fig. 10a, which was further normalized to the background and shown as
Fig. 5c of the main text. The BS phonon intensity (upper panel) of each figure was integrated to generate Fig. 5e of
the main text, where all data points associated with the BS phonon overlap well since the thermal broadening effect
at the ∼ 70 meV energy scale is negligible. Notably, the measurement along the (H, H) direction shows no intensity
anomaly of BB phonon when the CO is absent, see Supplementary Fig. 9.

Furthermore, we note that in ref. [7], two phonons are necessary to fit the RIXS spectra in NBCO cuprates.
Notably, by comparing RIXS data of parent (p ∼ 0, without CO) and optimally doped (p ∼ 0.16, with CO) samples,
the difference mainly manifests at wavevector larger than QCO and in energy coinciding with BB phonon, in concert
with our results. On the other hand, the BS phonon remains unchanged at different dopings, which is also insensitive
to CO and SC.

5. Why the enhanced BB phonon below Tc is statistically robust?

We have considered three different RIXS components at two different dopings, i.e., quasi-elastic CO, BB phonon,
and BS phonon, each displaying systematic evolutions with as many as six temperatures and more than ten momentum
transfers. Fig. 5d of the main text is a summarized plot of the above high-quality measurements, showing only one
data point below Tc. However, this result is statistically robust for the following reasons.
First, the intensity anomaly of BB phonon is found at all temperatures and dopings (see Fig. 5b of the main text),

centered around a wavevector slightly larger than QCO. Such anomaly disappears when the CO is lacking, e.g., see
refs. [7, 8] and Supplementary Fig. 9 along (H, H) direction. Hence, the phenomenon and its interpretation as an
intricate interplay between CO excitations and EPC are robust. Second, even if we consider the single data point
below Tc, the intensity jump appears at a range, not just a point of momentum transfer (see Fig. 5b of the main
text). Third, for every momentum transfer in Fig. 5b of the main text, the data has been repeatedly taken with five
independent measurements (see Supplementary Fig. 10b), thus being statistically robust.

6. Paramagnon excitations

Because our Dy-Bi2212 samples are heavily underdoped where the magnetic excitation is strong, it is worth studying
whether the paramagnon plays a role in the CO, as suggested before by RIXS studies on La1.875Ba0.125CuO4 [14],
optimally doped Bi2201 [15] and electron-doped cuprates [16]. We use the linear horizontal (π) polarization of the
incident X-ray to enhance the paramagnon signal due to its spin-flip nature [17].

Supplementary Fig. 11a and 11b are the RIXS intensity maps taken in the p = 0.04 and p = 0.06 samples,
respectively, which have been normalized to the areas of dd excitations and reveal evident paramagnon excitations
at energy scale above 0.1 eV. To facilitate the analysis similar to that shown in refs. [15, 17], we decompose each
RIXS spectrum into five different contributions (Supplementary Fig. 11c): (1-3) resolution-limited Gaussians for the
elastic peak, BB and BS phonon modes, (4) a damped harmonic oscillator function χ′′(ω) = γω/[(ω2 −ω2

0)
2 +4γ2ω2]

for the paramagnon, which gives the undamped frequency ω0, damping factor γ, and the propagation frequency
ωp =

√
ω2
0 − γ2, (5) a smooth background for other inelastic components. The paramagnon dominates the high-

energy spectral weight, and its characteristic energy scales (ω0, γ, ωp) are shown in Supplementary Fig. 11d. The
dispersion and damping are nearly identical in the two dopings, except that the γ has an overall smaller value at
the p = 0.04 sample, which agrees with the smooth doping evolution of paramagnon [17]. None of the energy scales
display a softening behavior, as suggested by ref. [14]. Another study (ref. [16]) reports an intensity peak at ∼ 0.25
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r.l.u. in electron-doped cuprates, which is close to its QCO. A similar anomaly is observed here, but the peak is away
from the QCO ∼ 0.30 r.l.u. of our samples. Therefore, no strong coupling is observed between magnetic excitations
and the formation of short-range CO, at least in the heavily underdoped regime where the CO is incipient.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Characterizations of the Dy-Bi2212 samples. a, Magnetization curves for the as-grown (black)
and vacuum-annealed (red and blue) Dy-Bi2212 crystals, obtained through ac-SQUID measurements. b, Resistance of another
sample in the same batch (Ann2) as the p = 0.04 one, confirming the highly insulating behavior. c, XAS of the two samples
studied, normalized to the spectral weight of the lower energy tail.

Supplementary Figure 2. Raw RIXS intensity maps and CO. The temperature dependence of the p = 0.04 (upper row)
and p = 0.06 (lower row) data are shown, together with the integrated intensity profiles over the quasi-elastic region between
the two white dashed lines. The black line and blue shaded area of each panel are the total fitting and CO peak of the profile
(see Methods).
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Supplementary Figure 3. Non-dispersive CO revealed by the dI/dV maps. The p = 0.04 (upper row) and p = 0.06
(lower row) data are in the same areas as Fig. 2f and Fig. 3a of the main text, respectively. White arrows denote the Cu-O
bond directions. Scale bar: 5 nm.
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Supplementary Figure 4. Fourier transformation (FT) result in the p = 0.04 sample. a, FT of the real-space dI/dV
map at E = 30 meV (Fig. 2f of the main text). The red dashed circles denote the CO peaks in the q-space. b, FT of the
real-space dI/dV map at E = 150 meV, where the CO is absent but the Bragg peaks (red dashed circles) are evident. c, Line
cuts along the antinodal direction (red line) of panels a and b, showing that QCO = 0.32 r.l.u..



8

Supplementary Figure 5. a,b, The energy-dependent FFT plots of the p = 0.04 and p = 0.06 samples, respectively. The red
arrow indicates the prominent charge order signal at the positive energy window [3], displaying the charge order wavevector at
Q ∼ 0.3 r.l.u.. c,d, The current map at set-point bias voltages on the p = 0.04 and p = 0.06 samples. The set-point effect is
negligible, as shown by the featureless map.

Supplementary Figure 6. Maze-like pattern generic of the PG. In both the p = 0.04 (left panels) and p = 0.06 (right
panels), the uni-directional maze-like pattern is strong at spatial locations where the PG magnitude is small. The intertwining of
CO and PG is directly seen by comparing the CO pattern (Supplementary Figure 3), PG map ∆PG(r) and symmetry-breaking
R-map here. White arrows denote the Cu-O bond directions. Scale bar: 5 nm.
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Supplementary Figure 7. Comparison with one-phonon fitting models. a, Unbiased method respectively fitting the
elastic and paramagnon excitations, leaving behind two peak features in the low-energy inelastic region. b, The fitting results
of our two-phonon model at different H. The black curves fit the RIXS data. The black and red triangles denote the fitted
position of the BS and BB phonons, showing negligible softening. One-phonon models exploiting a Lorentzian convoluted
with the energy resolution (c), or an antisymmetric Lorentzian convoluted with the energy resolution (e), or a width-variable
Gaussian (g). The resulting low-energy inelastic spectra obtained by subtracting the elastic and paramagnon peaks from the
raw data are shown in d, f, and h for each case.
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Supplementary Figure 8. Decomposition of the RIXS excitations along (H,0) direction. The maps are obtained by
fitting the full dataset in Supplementary Figure 2 using the two-phonon model (Methods). Specifically, the CO component
(lower panel of each figure) is taken by subtracting BB and BS phonon peaks from the raw data. The BB phonon map (middle
panel) is taken by subtracting the elastic, BS phonon, and paramagnon peaks, and the BS phonon map (upper panel) is taken
by subtracting the elastic, BB phonon, and paramagnon peaks from the raw data.

Supplementary Figure 9. Decomposition of the RIXS excitations along (H, H) direction. The maps are obtained
using the same fitting procedure as Supplementary Figure 8.
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Supplementary Figure 10. Intensity profiles of BB phonon and the repeatability. a is obtained by integrating the BB
phonon intensity maps (middle panels) of Supplementary Figure 8 and is offset for the same magnitude for clarity. The colored
curve fits each profile using a Lorentzian function and linear background. b exemplifies the five individual measurements taken
at H = 0.32 for the p = 0.04 (blue) and p = 0.06 (red) samples. The five curves shown here are averaged to obtain the data
shown in Fig. 4d of the main text (middle panel).

Supplementary Figure 11. Paramagnon excitations with π polarization. The RIXS intensity maps are shown in a for
the p = 0.04 samples and in b for the p = 0.06 sample. c, An example demonstrating the fitting model. The purple shaded
area highlights the paramagnon component. d, Upper panel: undamped frequency ω0 (black), damping factor γ (red) and
propagation frequency ωp (blue) retrieved from the fitting. Lower panel: integrated paramagnon intensity between the white
dashed lines in a and b.
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