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Recently, charge density wave (CDW) order in the CuO2 planes of underdoped YBa2Cu3O6þ! was

detected using resonant soft x-ray scattering. An important question remains: is the chain layer responsible

for this charge ordering? Here, we explore the energy and polarization dependence of the resonant

scattering intensity in a detwinned sample of YBa2Cu3O6:75 with ortho-III oxygen ordering in the chain

layer. We show that the ortho-III CDW order in the chains is distinct from the CDW order in the planes.

The ortho-III structure gives rise to a commensurate superlattice reflection at Q ¼ ½0:33 0L$ whose

energy and polarization dependence agrees with expectations for oxygen ordering and a spatial modu-

lation of the Cu valence in the chains. Incommensurate peaks at [0.30 0 L] and [0 0.30 L] from the CDW

order in the planes are shown to be distinct in Q as well as their temperature, energy, and polarization

dependence, and are thus unrelated to the structure of the chain layer. Moreover, the energy dependence of

the CDW order in the planes is shown to result from a spatial modulation of energies of the Cu 2p to

3dx2%y2 transition, similar to stripe-ordered 214 cuprates.
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Direct evidence for charge density wave (CDW) order
in YBa2Cu3O6þ! (YBCO) was recently observed in
high magnetic field using nuclear magnetic resonance [1]
and in zero-field diffraction, first with resonant soft
x-ray scattering (RSXS) [2] and subsequently with hard
x-ray scattering [3]. Prior to these measurements,
density wave order [4,5] had been observed in 214
cuprates [La2%x%yðBa; SrÞxðEu;NdÞyCuO4] [6] as well
as Ca2%xNaxCuO2Cl2 [7] and Bi2Sr2CaCu2O8þ! [8].
However, density wave order in YBCO—a material long
considered a benchmark cuprate due to its low disorder and
high Tc;max ’ 94:2 K—had only been inferred indirectly,
being offered as an explanation for Hall effect measure-
ments [9] and the electron pockets observed in quantum
oscillation experiments [10–12]. The observation of den-
sity wave order in YBCO thus marks an important mile-
stone in efforts to determine whether density wave order is
generic to the cuprates while providing new opportunities
to identify common features of CDWorder in the cuprates.

RSXS is well suited to give direct insight into the nature
of CDW order in YBCO. RSXS involves diffraction with
the photon energy tuned through an x-ray absorption edge.
This gives significant energy dependence to the atomic
scattering form factor, fð!Þ, enhancing the scattering
from weak ordering and providing sensitivity to the charge,

spin, and orbital occupation of specific elements. At the Cu
L absorption edge, the scattering is sensitive to modula-
tions in the unoccupied Cu 3d states that are central to the
low energy physics of the cuprates [13–17]. The recent
RSXS measurements of Ghiringhelli et al. at the Cu L
absorption edge identified superlattice peaks at Q ¼
½0:31 0L$ and [0 0.31 L] indicative of CDW order [2].
They also showed that the intensity of the superlattice
reflections peak at (Tc and decrease in intensity for
T < Tc, providing a clear link between the density wave
order and superconductivity [2]. Importantly, based on the
energy dependence of the scattering intensity and the
presence of peaks at H ¼ 0:31 and K ¼ 0:31 in a det-
winned sample, Ghiringhelli et al. also demonstrate that
the CDW superlattice peaks originate from modulations in
the CuO2 planes.
However, the possible role of the charge reservoir layer

in stabilizing the CDWorder is not yet clear. In YBCO, the
charge reservoir for the CuO2 planes is composed of CuO
chains. The Cu sites in the chains (Cu1) and planes (Cu2)
have different orbital symmetries and contribute differ-
ently to x-ray absorption spectroscopy (XAS) and RSXS
measurements [18,19]. In addition to making the structure
orthorhombic (a ! b), the chain layer can be oxygen
ordered into a variety of ‘‘ortho’’ ordered phases [20,21].
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