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FIG. 1. a. Schematic of measurement geometry. b. Visu-
alization of bond-centered, commensurate, and unidirectional
CDW order having di↵erent orbital symmetries.

ization, respectively, and

T (!,Q) =
X

n

Fn(!)e
�i2⇡Q·rn =

2

4
taa tab tac
tba tbb tbc
tca tcb tcc

3

5 (2)

is a tensor equivalent of the structure factor – a sum over
site index n of the atomic scattering form factor, Fn(!).
The form factor is given by Fn(!) = F 0

n(!) + FR
n (!),

where F 0
n(!) and FR

n (!) are non-resonant and resonant
contributions, respectively. The resonant part, FR

n (!), is
strongly enhanced on an x-ray absorption edge and has a
symmetry that captures the local symmetry of electronic
structure. For instance, at the Cu L edge, which probes
the Cu 2p ! 3d transition, a Cu atom in tetragonal CuO2

planes would have C4 rotational symmetry and

FR
Cu(!) =

2

4
fR
aa(!) 0 0
0 fR

bb(!) 0
0 0 fR

cc(!)

3

5 , (3)

where fR
aa(!) = fR

bb(!) � fR
cc(!). When summed over

n, the resulting symmetry of T (!,Q) involves both in-
tra and inter unit cell symmetries – symmetry associated
with the average form factor, FR

n (!) and the orbital sym-
metry of the CDW modulation.

By scattering at photon energies corresponding to the
Cu L (931.4 eV) and O K (528.3 eV) absorption edges,
we can resolve the CDW order into the Cu and O sublat-
tices, which occupy the “sites” and “bonds”, respectively,
of a single-band CDW model.[16]

At the O K edge, the O sublattice can be further sub-
divided into two sublattices, Ox and Oy, having di↵erent

symmetries of FR
n (!). Since O 2p holes are primarily in

�-bonded 2px or 2py orbitals, it follows that one sublat-
tice of O will have fR

aa 6= 0 and fR
bb ' 0 and the other

will have fR
aa ' 0 and fR

bb 6= 0, at least at the O pre-edge
photon energies of interest. Referencing to the CDW
wave vector, Q = a

2⇡ (H 0 0) or b
2⇡ (0 K 0), these two

O sublattices can be denoted as �-bonded parallel (Ok)
or perpendicular (O?) to Q (see Fig. 1b). The compo-
nents of T (!,Q) can also be referenced relative to Q. We
henceforth refer to the diagonal, in-plane components of
T (!,Q) as t? and tk, which sum over O? and Ok, respec-
tively (e.g. tk =

P
n faa,ne

�iHn and t? =
P

n fbb,ne
�iHn

for Q = (H 0 0)).
The components of T (!,Q) can be determined by

varying ✏f and ✏i relative to the crystallographic axes of
the sample. As detailed in the Supplementary Informa-
tion, this is realized experimentally by a combination of
rotating the sample azimuthally by an angle, �, about a
fixed Q and rotating the incident polarization ✏i between
� and ⇡ (see Fig. 1a). Additionally, since the CDW peak
in the cuprates is broad in L, a wide range of measure-
ment geometries (at �=0 or 180�) can access the CDW
peak and thus probe the components of T (!,Q).

MODEL PARAMETRIZATION
We now turn to investigating the symmetry of CDW

order through the symmetry of T (!,Q) which provides
insight into the microscopic character of the CDW order.
To see why this is, we first consider the simple scenario of
CDW order with a sinusoidal modulation of charge den-
sity (s + s0 symmetry) on a tetragonal CuO2 plane. In
this scenario, one would expect to have |t?| = |tk| � |tcc|,
at both the Cu L and O K edges, mirroring the dx2�y2

symmetry of FR. If the average electronic structure were
instead orthorhombic (fR

? 6= fR
k ), |t?| 6= |tk| might be

expected to occur. However, this could also occur if
fR
? = fR

k combined with a CDW state with a di↵erent

orbital symmetry (eg. d + s0) that modulates the a and
b components of Fn(!) to di↵erent degrees. These dif-
fering possibilities highlight how T (!,Q) is linked to the
underlying symmetry of the CDW order.
A more general description is achieved by parametriz-

ing the CDW order with di↵erent orbital symmetries into
the single band model from Ref. [16]. The charge varia-
tion (or some other quantity related to CDW order such
as �!n)[6, 23] on bonds connecting nearest neighbour
Cu sites i and j is given by:

�ij =
X

Q⇤

"
1

V

X

k

eik·(ri�rj)�Q⇤(k)

#
eiQ

⇤·(ri+rj)/2,

(4)
where V is volume and Q⇤ are the wavevectors of the
CDW order. For 1D stripes, Q⇤ is given by either
(±Qm 0 0) or (0 ± Qm 0) whereas checkerboard order


