
from a small energy shift !!E at each site. Following
previous work, fCu2ð!Þ can be determined from the experi-
mentally measured x-ray absorption spectra [13,14,17]. In
this case, the XAS with polarization oriented along the
a-axis of the sample is used since it is dominated by the
Cu 3dx2$y2 states of the CuO2 planes with minimal chain

contribution. As shown in Fig. 3(c) and 3(d), the energy
shift model is in excellent agreement with the experiment,
capturing the correct energy dependence and peak position,
which peaks %0:1 eV below the L3 peak of the x-ray
absorption. Note, for this calculation !E ¼ 0:1 eV was
used (see Ref. [31]).

Although the energy shifts, and thus the scattering, may
ultimately be caused by a modulation in Cu valence, the
microscopic origin of the energy shifts is currently unclear.
An important implication of the energy shift model is that
the resonant scattering provides only indirect evidence for
charge density (valence) modulations—the success of the
energy shift model allows one to infer there is a charge
density modulation since this must occur if the electronic
structure is spatially modulated [17]. In contrast, the en-
ergy dependence of the ortho-III oxygen order peak (H ¼
0:33) is described ‘‘directly’’ in terms of a large change in
valence between Cu in the full and empty chains. However,
since we cannot presently estimate the magnitude of the
charge density modulation from the energy shifts, it is
conceivable that a modulation of charge is not the central
feature of the newfound density wave order in YBCO (and
also stripes in 214 cuprates). In such a case, the energy
shifts may in fact be a signature of a novel electronic state,
such as a valence bond solid [17]. Alternately, the energy
shifts may result from weak-coupling, Fermi surface
reconstruction descriptions of density wave order in the
cuprates. Regardless of the origin, the success of the
energy shift model may imply that the temperature de-
pendence of the peak amplitudes results from a tempera-
ture dependent energy shift that peaks at Tc, providing
an apparent link between the energy shifts and
superconductivity.

Moreover, the applicability of the energy shift model to
the resonant scattering intensity of charge stripe order in
214 cuprates and YBCO indicates that the CDW order
likely shares a common origin in the two material systems.
This commonality stands in contrast to important differ-
ences between the density wave order in YBCO and stripe
ordered 214 cuprates. In 214 cuprates, the charge order is
stabilized by the LTT structural phase [6,32], has an in-
commensurability that plateaus at high doping at the com-
mensurate value of 2! ¼ 0:25 [5,33], and is understood to
be unidirectional in nature (i.e., stripes). In YBCO, while
there is no LTT phase, one might expect that the ortho-
rhombic structure of YBCO would preferentially stabilize
stripe order propagating along the a or b axes, perhaps with
a period locked to the oxygen ordering in the chain layer of
YBCO. However, no clear link between structure and the

H and K ¼ 0:30 peaks is observed in our measurements.
Rather, the incommensurate value of the 2! ¼ 0:30 peaks
relative to the commensurate oxygen ordering peak atH ¼
0:33, the similar magnitude of the scattering intensity of
theH and K peaks and the presence of theH ¼ 0:30 peaks
in samples with weak oxygen order (only very short range
ortho-V order) [2], indicate that the structural distortions
are not an essential ingredient for CDW order in YBCO.
Additionally, the existence of peaks along both H and K
would seem to favor 2D checkerboard order. However, if
the connection to the lattice is indeed weak, domains of
unidirectional stripes oriented along both a and b may
describe the CDW order in YBCO.
Finally, in addition to structural distortions, which may

provide pinning centres commensurate with the lattice,
disorder can also provide random pinning centres for density
wave order and has been shown to enhance spin density
wave and CDW order in 214 cuprates [34–36]. Moreover,
214 cuprates are intrinsically disordered owing to the chemi-
cal cation substitution (ex. Sr for La) near the CuO2 planes
used to dope away from half filling. This makes it difficult to
disentangle the role of disorder from the intrinsic physics of
214 cuprates. In contrast, the presence of CDW order in
high-purity, oxygen ordered YBCO provides a strong indi-
cation that density wave order is in fact an intrinsic feature
of underdoped cuprates.
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