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Materials and Methods
Sample Preparation and Characterization We used untwinned YBa2 Cu3 O6.35 , YBa2 Cu3 O6.45 ,
YBa2 Cu3 O6.5 , YBa2 Cu3 O6.6 , YBa2 Cu3 O7 and Y0.85 Ca0.15 Ba2 Cu3 O7 single crystals of volume
about 3 × 3 × 0.5 mm3 . The corresponding superconducting transition temperatures Tc were determined for each crystal by SQUID magnetometry (see details in Methods section of Ref. (40))
and are listed in table S1.
The YBa2 Cu4 O8 single crystals were obtained using KOH flux under ambient pressure in
a box furnace. The source material was conventionally prepared polycrystalline YBa2 Cu3 O7
mixed with CuO in a molar ratio of 1:1. The details are described in Refs. (41, 42). The crystal
size was 0.8 × 0.8 × 0.2 mm3 , and Tc = 80 K. Single crystals were polished in air to obtain a
flat and shiny (001) surface.
Nd1.2 Ba1.8 CuO7 films of thickness 50 nm and 100 nm and NdBa2 CuO7 and YBa2 CuO7 films
of thickness 100 nm were deposited on SrTiO3 (100) single crystals by diode high-pressure oxygen sputtering. In the former two cases the underdoping is determined by the 1.2/1.8 ratio in the
Nd to Ba relative contents. The two doping levels and Tc are a consequence of the different film
thickness, as explained in Ref. (43). The optimally doped films were thick enough to neglect the
influence of the substrate, which forces the thinner films to grow pseudo-tetragonally. The films
had an area of approximatively 5 × 5 mm2 . Details of the films growth and characterization
can be found in Ref. (43). The superconducting transition temperature was determined by DC
four-point transport and by magnetic susceptibility measurements.
The oxygen content and the hole concentration p were determined from the known doping
dependence of the out-of-plane lattice parameter c and of Tc (7). For all samples, XAS and RXS
measurements were performed without any in-vacuum surface preparation.
Measurements The energy resolved RXS measurements (RIXS) were performed at the ADRESS
beam line (44) of the Swiss Light Source (Paul Scherrer Institute, Switzerland) using the SAXES
spectrometer (45); and at the ID08 beamline of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) using the AXES spectrometer (46, 47). The XAS measurements were
made at the ID08 beamline of the ESRF, using the fast scanning Dragon monochromator. The
energy integrated RXS measurements were performed at the UE46-PGM1 beam line of the
Bessy-II storage ring (Helmholtz-Zentrum Berlin, Germany) using the XUV diffractometer.
The resonant conditions were achieved by tuning the energy of the incident x-ray to the
maximum of the Cu L3 absorption peak, around 931.5 eV. At that energy the absorption takes
place mainly at the Cu2 sites with 3d9 electronic configuration. Although a contribution from
Cu1 sites is also present around the same photon energy as demonstrated in Ref. (24), we can
neglect it because its polarization dependence in the RXS process is expected to be different
from that found in our data (Fig. 2A). The scattering geometry is shown in Fig. 1 B,C. While
keeping the scattering angle (2θ) fixed, the sample is turned around the y axis, perpendicular to
the scattering plane, thus changing the projection of the transferred momentum q = k − k0 onto
the direction x parallel to the CuO2 plane. This projection is the meaningful quantity q// for
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the two-dimensional electron system of the layered cuprates. At 931.5 eV photon energy the
total momentum transfer is q = 0.944 sin θ Å−1 . In the RIXS experiments 2θ = 130◦ , giving
q = 0.855 Å−1 , which allows one to cover about ∼ 85% of the first Brillouin zone along the
[100] direction (see Fig. 1C).
Momentum transfers are given in reciprocal lattice units (r.l.u.), that is, in units of the reciprocal lattice vectors a∗ , b∗ and c∗ where a∗ =2π/a, b∗ =2π/b, and c∗ =2π/c. (See table 1 for the
values of a, b, and c for each sample). The conventional sign of q// is shown in Fig. 1C: q// < 0
(q// > 0) for grazing incidence onto (emission from) the (001) surface. The total instrumental energy resolution was about 130 meV, experimentally determined on a non-resonant elastic
scattering spectrum of polycrystalline graphite. The momentum resolution was ∼ 0.005 r.l.u.
Each spectrum was measured for 5 minutes. The (quasi)elastic intensity was determined by
fitting the zero-energy-loss feature with a Gaussian peak of width not exceeding 1.3 times the
instrumental energy width, to take into account possible fluctuations of the energy resolution
and uncertainties related count statistics. That intensity was normalized to the integral of the
RIXS spectrum between 0 and 20 eV energy loss (Fig. 1 D). In Fig. S2 we have plotted the raw
RIXS intensity for the YBa2 CuO6.6 sample at T ' Tc = 61 K, where the signal is maximal, for
three different momentum transfers: q// =0.31 r.l.u. (on the superstructure peak) and q// =0.28
r.l.u. and 0.35 r.l.u. (away from it). The differences between the former and each of the latter
spectra are displayed in Figs. S2 B and C. Despite the limited energy resolution, we can safely
place an upper bound of 20 meV for the energy of the CDW contribution to the elastic peak.
In the energy integrating experiments 2θ = 154◦ , q=0.919 Å−1 , q//,max =0.44 r.l.u. The
scattered intensity was measured with a photodiode. In all experimental setups, the alignment
of the crystallographic c axis to the scattering plane was made when mounting the sample to
the holder, with no possibility of further adjustment in vacuum. This might lead to inaccuracies
when comparing measurements on different samples or along a∗ and b∗ .
Temperature dependence In addition to the data presented in Fig. 4, we have also measured
the temperature dependence of the superstructure peak, using the energy-integrated RXS on the
underdoped Nd1.2 Ba1.8 CuO7 thin film and YBa2 CuO6.7 single crystal. The results are plotted
in Fig. S3 and they confirm that the maximum intensity is observed at Tc . The systematic
determination of the temperature at which where the CDW peak vanishes is complicated by
the lesser sensitivity of the energy integrated measurements (weak signal on a large fluorescent
background). From the data displayed in Fig. S3, the onset of charge fluctuations appears above
≥ 150K for the underdoped samples with Tc = 61 and 65 K .
Additional information The two-dimensionality of the CDW was verified in two ways. The
comparison of REXS data measured at 130◦ scattering angle with the diffractometer data at
154◦ (Fig. 4 A,B) indicates that the CDW peak is found at exactly the same q// irrespective
of the different value of the momentum perpendicular to the CuO2 planes, (0.31,0,1.29) and
(0.31,0,1.44) respectively. We have also measured, for Nd1.2 Ba1.8 Cu3 O7 , Tc = 65K, the scattering map in the (a∗ , c∗ ) plane (Fig. S1), which confirms that there is little or no dependence
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of the scattering cross section along the c∗ direction. We can, however, not rule out short-range
correlations extending over 1-2 unit cells along the c-axis.
The theoretical lines of Fig. 2 B are obtained from the atomic cross sections for π and
σ incident polarization (illustrated in Fig. S4) as explained in Ref. (26). Those same cross
sections can be multiplied by the structure factor for a 2D antiferromagnetic lattice to obtain the
RIXS intensities from spin waves (25) of parent compounds. The atomic cross sections were
calculated for a ground state with (x2 − y 2 )↓ single hole symmetry and (x2 − y 2 )↓ and (x2 − y 2 )↑
final state for the charge and spin-flip scattering channel respectively. The spin was assumed to
be oriented along the (110) direction. In case of spin fluctuations bringing the spin to point in
different directions, the results would not be very different: both channels depend only on the
angle θs between the spin and the c axis but not on the in-plane spin direction. In explicit we
have
[4 sin 2 (δ − θ) + cos2 θs ] sin 2 (δ + θ)
Iπcharge
=
(S1)
4 + cos2 θs sin 2 (δ − θ)
Iσcharge
sin 2 (δ + θ)
Iπspin
=
(S2)
sin 2 (δ − θ)
Iσspin
where δ is the angle between the c∗ axis and q and θ is 1/2 of the scattering angle 2θ. In the
π/σ ratios, the structure factor cancels out (48) because it is the same for the two incident
polarizations for each final state. In this way we do not need to make any assumptions about the
scattering structure factor when trying to determine whether a given spectral feature originates
from spin or charge scattering, as in Fig. 2 B. The experimental data in Fig. 2 B were corrected
for self-absorption effects. The correction is very small (negligible on the scale of the plot) for
spin
charge
q// < 0, and sizable for q// > 0. In the latter case IIπcharge was divided by 1.3 - 1.7 and IIπspin
σ
σ
by 0.55 - 0.75 over the 0.23 r.l.u - 0.37 r.l.u. range. This correction improves the agreement
between theoretical prediction and experimental data, but the very distinct π/σ intensity ratio
of spin and charge channels at positive q// is already clearly visible in the raw data.
We end our discussion with a remark about the experimental methodology of our study. The
CDW correlations presented here were first detected on an energy-resolving RXS spectrometer,
where the signal-to-background ratio exceeded 1:1 (Figs. 1 D and 4 A). While this observation was subsequently reproduced on an energy-integrating RXS diffractometer, the sensitivity
obtained there was an order of magnitude lower, due to the large diffuse inelastic background
dominating the RXS signal (Fig. 4 B). The data measured on the former instrument benefit
from a 20 times higher signal-to-background ratio, while the energy-integrated scans exhibit
a higher overall intensity and hence a lower statistical which were performed on very similar
samples and conditions (24). In addition to its well-known capability to detect spin, charge, and
orbital excitations (49), our experiments thus establish energy-selective RXS as a highly sensitive probe of momentum-dependent static and quasi-static electronic correlations in transition
metal oxides.
While this manuscript was being revised, we became aware of a study that confirmed our
results for YBa2 Cu3 O6.67 . (50).
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Tables
Sample
YBa2 Cu3 O6.35
YBa2 Cu3 O6.45
Nd1.2 Ba1.8 Cu3 O7 (30 nm)
YBa2 Cu3 O6.5
Nd1.2 Ba1.8 Cu3 O7 (100 nm)
YBa2 Cu3 O6.6
YBa2 Cu3 O6.7
YBa2 Cu4 O8
YBa2 Cu3 O7 (100 nm)
NdBa2 Cu3 O7 (100 nm)
YBa2 Cu3 O7
Y0.85 Ca0.15 Ba2 Cu3 O7

a (Å)
3.845
3.839
3.905
3.829
3.885
3.82
3.826
3.84
3.82
3.86
3.817
3.89

b (Å)
3.871
3.875
3.905
3.875
3.92
3.87
3.880
3.87
3.88
3.92
3.884
3.88

c (Å)
11.781
11.761
11.7
11.731
11.7
11.7
11.709
27.25
11.68
11.74
11.681
11.695

Tc (K)
10
35
56
60
65
61
69
80
91
92
90
75

p
0.06
0.08
0.09
0.11
0.11
0.12
0.13
0.14
0.16
0.16
0.17
0.21

Table S1: Composition, lattice parameters (a, b, c), transition temperature (Tc ) and doping (p
holes per Cu2 atom) of the investigated systems.
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Figures

Figure S1: Color map of the scattering intensity in the a∗ c∗ plane measured at T =15 K in the
energy-integrated mode for Nd1.2 Ba1.8 Cu3 O7 , Tc = 65 K. A non constant background, equal
to the intensity at 200K, has been subtracted. The intensity is only weakly modulated along
c∗ (L index), and the maximum is at constant H value, indicating that the CDW has intrinsic
2D nature: H = q// is thus the meaningful wave vector in this experiment. The red dashed
and dash-dotted line indicate the limits set by the maximum value of q (for 2θ = 180◦ and the
Bragg geometry limit for a (001) oriented surface respectively, for photons of 931 eV energy.
Actually the meaningful data collection region is set by the signal to noise ratio, drastically
decreasing when moving away from backscattering geometry: the grey area indicates a severe
diffuse contamination region for this specific sample, corresponding to 2θmin ≤ 130◦ .
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Figure S2: A) RIXS intensity at q// =0.28, 0.31 and 0.35 r.l.u. for the YBa2 Cu3 O6.6 sample
at T ' Tc . B) Difference between the spectra measured at q// = 0.31 and 0.28 r.l.u., and
q// = 0.31 and 0.35 r.l.u.. C) Low energy enhancement of the panel B.

A

Y B a 2C u 3O

1 .0

B

6 .6

0 .0 6

= 6 1 K
c

0 .0 4

0 .5
0 .0 2

a lo n g ( 1 , 0 )
a lo n g ( 0 , 1 )

0 .0

0 .0 0

N d

C

1 .0

1 .2

B a
T

1 .8

C u 3O

D
7

= 6 5 K
C

0 .0 6

F W H M

0 .0 4
0 .5
0 .0 2
0 .0

( r .l.u .)

N o r m a liz e d In te g r a te d In te n s ity

T

0 .0 0

Y B a 2C u 3O

E

1 .0

T
c

F

6 .7

0 .0 6

= 6 9 K
0 .0 4

0 .5
0 .0 2
0 .0
0

2 0

4 0

6 0

8 0

1 0 0 1 2 0 1 4 0 1 6 0

0

T e m p e ra tu re (K )

2 0

4 0

6 0

8 0

1 0 0 1 2 0 1 4 0 1 6 0

0 .0 0

T e m p e ra tu re (K )

Figure S3: Temperature dependence of the CDW signal intensity and full-width-at-halfmaximum (FWHM) in underdoped YBa2 Cu3 O6.6 (A, B), Nd1.2 Ba1.8 Cu3 O7 (C, D), and
YBa2 Cu3 O6.7 (E, F), measured using energy integrated RXS.
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Figure S4: A) Typical RIXS spectra obtained at the Cu L3 edge on YBa2 Cu3 O6.6 in σ and π
polarization for q// = −0.31 r.l.u. B) Momentum dependence of the integrated intensity of the
quasi-elastic line. The theoretical ratio between the absolute scattering intensities in the two
channels is given by equation S2 and displayed in Fig. 2 B, and is in excellent agreement with
the experimental points. It must be noted that Fig. 2D has been obtained by normalizing these
data to the inelastic intensity, which scales with the absorption cross section similarly to the
elastic intensity, thus leading to almost identical curves for σ and π as shown in Fig. 2D.
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