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FIG. 4: a, Ratio of σ- to π-incident X-ray scattering inten-
sity from CDW order in YBCO-Ortho II, YBCO-Ortho III,
and Bi2201-UD15K. Continuous lines represent the azimuthal
angle-dependent scattering ratio Iσcalc/I

π
calc as calculated for

the various symmetries of a unidirectional CDW order pa-
rameter (shaded areas cover the experimental range 0.1 <
Fzz/Fxx < 0.15); the curves are normalized at their mini-
mum value (at α = 90◦), which is set equal to 1. b, Ratio
of the σ/π normalized scattering intensity between α = 0◦

and α=90◦: colored boxes represent the ranges spanned by
Iσcalc/I

π
calc, while the bottom rectangles cover the experimental

range for YBCO and Bi2201 as shown in a.

oretical predictions), we plot in In Fig. 4a the azimuthal
dependence of the ratio IσREXS/I

π
REXS between the scat-

tering intensity for σ- and π-polarized incident X-rays.
Markers indicate experimental points (IREXS), while con-
tinuous lines are model calculations (Icalc) for each sep-
arate term in the expansion of the CDW order param-
eter ∆CDW(k,Q). Here a unidirectional modulation is
used, but the results are similar if a bidirectional order
is assumed instead (see Supplementary Figure 2). The
ratio Fzz/Fxx (= Fzz/Fyy) between those components
of the diagonal scattering tensor controlling the out-of-
plane (Fzz) and in-plane (Fxx) transition amplitudes is
constrained to the range estimated from the X-ray ab-
sorption data (see Supplementary Information), corre-
sponding to Fzz/Fxx∼0.1−0.15. Figure 4b compares the
total amplitude of the Iσ/Iπ profiles from Fig. 4a, as eval-
uated by taking the ratio between its α=0◦ and α=90◦

value, and highlights how the best overall agreement is

achieved for a d -wave bond order.
In order to quantitatively assess the validity of these

models, we have calculated the reduced chi-square (χ2
red)

for all the experimental points (inclusive of YBCO-
Ortho II, YBCO-Ortho III, and Bi2201-UD15K) and the-
oretical configurations shown in Fig. 4 (see Supplemen-
tary Information for a formal definition of χ2

red). The
values of χ2

red are subsequently used to extract the prob-
ability P for the different models considered here. These
probability levels (Table I) indicate that a d -wave bond-
order is substantially more likely to describe the exper-
imental data than site- or s-wave bond-orders, with the
latter one being particularly inadequate. We note that
the hierarchy in the likelihood of the various terms for
the CDW order parameter seem to follow theoretical
predictions for ∆CDW in the context of the t -J model
[24, 38, 39]. In addition, at this stage, the small difference
between the probability level for bi- and uni-directional
CDW does not allow us to conclusively establish which
one better describes the experimental data.

∆CDW
Probability levels P (%)

Bidirectional Unidirectional

∆s 30.3 38.8

∆s′(cos kx + cos ky) 12.0 6.0

∆d (cos kx − cos ky) 81.8 87.6

TABLE I: Statistical comparison of CDW models.
Probability levels P for the hypothesis that a specific CDW
model fits the experimental data better than a random sam-
ple. The values suggest that a d -wave bond-order state
outperforms the other models in that it has a substantially
greater likelihood of describing the experimental data. A uni-
or bi-directional order describe the data equally well, as indi-
cated by the proximity in their probability levels.

Altogether, we reveal the charge-ordered electronic
ground state in two cuprate families to be best described
by a d -wave bond-order with O-2p charge modula-
tions propagating exclusively along the a and b axes.
Therefore, our study reaffirms the pivotal role played
by the O-2p ligand states [40, 41]. In light of recent
results demonstrating the ubiquity of charge ordering in
cuprates [20, 21], and of previous works pointing to bond-
order in La1.875Ba0.125CuO4 [6], Ca1.88Na0.12CuO2Cl2,
and Bi2Sr2Dy0.2Ca0.8Cu2O8+δ [42, 43], we propose that
the microscopic defining symmetry of such state is also
universal, and of d -wave bond-order type. The com-
monality between the symmetry of the superconducting
(SC) and CDW order parameters further suggests
that the same attractive interaction responsible for
particle-particle (Cooper) pairing and leading to the
SC instability, might also be active in the particle-hole
channel. This aspect – which has been recently proposed
at the theoretical level and was suggested to originate


