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C O N D E N S E D  M A T T E R  P H Y S I C S

Orbital symmetries of charge density wave order 
in YBa2Cu3O6+x
Christopher McMahon1, A. J. Achkar1, E. H. da Silva Neto2,3,4,5,6, I. Djianto1, J. Menard1,  
F. He7, R. Sutarto7, R. Comin8, Ruixing Liang3,9, D. A. Bonn2,3,9, W. N. Hardy3,9,  
A. Damascelli2,3,9, D. G. Hawthorn1,3*

Charge density wave (CDW) order has been shown to compete and coexist with superconductivity in underdoped 
cuprates. Theoretical proposals for the CDW order include an unconventional d-symmetry form factor CDW, evi-
dence for which has emerged from measurements, including resonant soft x-ray scattering (RSXS) in YBa2Cu3O6+x 
(YBCO). Here, we revisit RSXS measurements of the CDW symmetry in YBCO, using a variation in the measurement 
geometry to provide enhanced sensitivity to orbital symmetry. We show that the (0 0.31 L) CDW peak measured 
at the Cu L edge is dominated by an s form factor rather than a d form factor as was reported previously. In addi-
tion, by measuring both (0.31 0 L) and (0 0.31 L) peaks, we identify a pronounced difference in the orbital symmetry 
of the CDW order along the a and b axes, with the CDW along the a axis exhibiting orbital order in addition to 
charge order.

INTRODUCTION
While the presence of charge density wave (CDW) order in the 
cuprates appears to be ubiquitous (1–11), open questions remain 
about the microscopic character of the CDW order and whether it 
is also generic. In particular, theoretical studies (12–21) have pre-
dicted the CDW charge modulation to have a d form factor in con-
trast to a more conventional s (s′) form factor. Whereas a s (s′) CDW 
involves a simple, monopolar sinusoidal modulation of the charge 
density on the Cu (O) sites, a d form factor CDW involves a quadrupolar 
modulation on the bonds between Cu atoms, namely, the O sites, that 
are out of phase for bonds oriented along x and y, giving a form factor 
with dx2 − y2 symmetry (see Fig. 1A). Such a d form factor CDW has 
been observed in Bi2Sr2CaCu2O8+x (BI2212) and NaxCa2-xCuO2Cl2 
(NCCOC) using scanning tunneling microscopy (STM) (22). Fur-
ther evidence of a dominant d form factor CDW order was provided 
by nonresonant hard x-ray scattering in YBa2Cu3O6+x (YBCO) (23) 
and by resonant soft x-ray scattering (RSXS) measurements at the 
Cu L edge of the (0 0.31 1.48) CDW Bragg peak in YBCO (24). How-
ever, the ability of the RSXS measurements to distinguish between 
dominant d and dominant s or s′ factor CDW orders was close to 
the experimental accuracy, providing some ambiguity to the conclu-
sion of a dominant d form factor CDW order in YBCO. In contrast to 
these observations, RSXS measurements at the Cu L and O K edges 
in the spin-charge stripe ordered cuprate La1.875Ba0.125CuO4 (LBCO) 
find the CDW order to have predominantly s/s′ form factor (25), 
indicating that the symmetry of the CDW form factor may not be 
generic to the different cuprate materials. Moreover, Achkar et al. (25) 
also showed that the orbital symmetry of CDW order is not generic 

even within YBCO, differing for CDW order propagating along the 
a and b axes.

In this study, we present new RSXS measurements of the orbital 
symmetry of CDW in YBCO. We follow an experimental approach 
similar to (24) and (25) but with two key advances: (i) We use a 
different experimental geometry that provides much greater con-
trast to the d versus s′ or s form factor than past work and (ii) use 
this technique to study both the CDW order propagating along the 
a and b axes by investigating the (0.31 0 L) and (0 0.31 L) Bragg 
peaks, respectively. With the enhanced sensitivity to d versus s′ or s 
form factors, we find no clear evidence for a d form factor CDW in 
YBCO, contrary to the conclusions of Comin et al. (24). Rather, 
measurements of the (0 0.31 L) peak at the Cu L appear to be dom-
inated by an s form factor component of the CDW order, similar to 
LBCO (25). In addition, by studying both the (0.31 0 L) and (0 0.31 L) 
Bragg peaks, we detail how the density wave order in YBCO exhib-
its a profound difference in orbital symmetry in addition to the pre-
viously established unidirectional character in the CDW Bragg peak 
intensity and correlation length (6, 26–28) or nuclear magnetic res-
onance (NMR) line broadening (29). Specifically, we show that the 
density wave order involves orbital order in addition to the estab-
lished charge order but only for CDW order propagating along the 
a axis and not along the b axis. Two orbital order scenarios are dis-
cussed involving modulations of states beyond the expected 3dx2 − y2 
orbitals or orbital rotations that break bc and ab plane symmetries, 
such as an oscillation of the orbitals about the b axis.

The experimental technique involves measuring the resonant x-ray 
scattering at the Cu L absorption edge (ħ = 931.4 eV) and the CDW 
wave vector. At this photon energy, the scattering intensity is sensitive 
to modulations in the Cu 3d or core 2p states and has proven to be an 
effective probe of CDW order in the cuprates. By varying the photon 
polarization relative the crystallographic axes, resonant x-ray scat-
tering can also provide insight into the orbital symmetry of the den-
sity wave order. This can be understood by considering the CDW 
scattering intensity, I, on resonance in terms of tensor quantities, 
akin to the index of refraction in an anisotropic medium

  I(  
→

 Q , ħ,   
→

 ϵ ,    
→

 ϵ  ′   ) ∝  ∣    
→

 ϵ  ′   ·   ̂  F  (  
→

 Q , ħ ) ·   
→

 ϵ  ∣   
2
   (1)
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where    → ϵ   and     → ϵ  ′    are the incident and scattered polarization vectors, 
respectively, and

    ̂  F  (  
→

 Q , ħ ) =    
j
       ̂  f    j  (ħ )  e   i  

→
 Q ⋅   → r    j    = [  

 F  aa  
  

 F  ab  
  

 F  ac  
   F  ba     F  bb     F  bc    

 F  ca  
  

 F  cb  
  

 F  cc  
  ]  (2)

is a tensoral expression of the x-ray scattering structure factor.     ̂  f    j    is 
the atomic scattering form factor tensor for an atom at site, j, and 
the symmetry of     ̂  f    j    follows from the local point group symmetry of 
that site (30). Accordingly, the symmetry of    ̂  F  (  → Q , ħ)  relates to (but is 
distinct from) the point group symmetry of individual sites and 
how that symmetry is modulated by the density wave order.

For instance, a simple s or s′ form factor CDW order, corre-
sponding to a sinusoidal modulation of charge density (and proper-
ties proportional to charge density), would have a scattering tensor 

that has the same symmetry as the average (   
→

 Q  = 0 ) electronic struc-
ture. For the CuO2 planes of YBCO, where holes in Cu dx2 − y2 orbitals 
dominate the electronic structure that is probed at 931.4 eV, this is 
approximately D4h symmetry, and    ̂  F  (  

→
 Q , ħ)  would be a diagonal 

tensor with Faa ≃ Fbb > > ∣ Fcc∣. In contrast, CDW order with a dom-
inant d form factor may feature a symmetry with negative Faa/Fbb, 
indicative of a density modulation on x- and y-oriented “bonds” 
that are out of phase (24, 25). This could be seen at the Cu L edge 
due to shifting in the energy of the Cu 2px and 2py core states 
(14, 24, 25) or more directly in the occupation of the O 2p state by 
probing the CDW peak at the O K edge (25). Other symmetries 
to    ̂  F  (  

→
 Q , ħ)  may be signatures of a density wave order that involves 

orbital order or magnetic order.
Experimentally, the symmetry of    ̂  F  (  

→
 Q , ħ)  can be determined by 

measuring the CDW Bragg peak intensity at a fixed     
→

 Q   CDW    and rotat-
ing the sample azimuthally such that the orientation of    

→
 ϵ   and     → ϵ  ′    vary 

relative the crystallographic axes, as shown in Fig. 1 (24, 25). This 
approach has been used in analysis of the (0 0.31 1.48) peak in 
YBCO (24) to provide evidence that the CDW has a dominant d 
form factor. However, the measurements by Comin et al. (24) use a 
probing geometry with  ≃ 170° (L ≃ 1.5), where the CDW peak 
intensity is maximal. These measurements, while statistically favor-
ing a d form factor, did not provide strong contrast between s, d, 
and s′ form factor models. Here, we revisit this analysis by measur-
ing the azimuthal dependence of the CDW order at  ≃ 134° (L ≃ 
1.3) in addition to  ≃ 170° (L = 1.48). Notably, the measurements 
with  ≃ 134° (L ≃ 1.3) probe the same CDW peak as  ≃ 170° (L ≃ 
1.48), owing to the fact that the quasi two-dimensional CDW peak 
in YBCO is very broad in L. However, the variation in measurement 
geometry affects how    

→
 ϵ   and     → ϵ  ′    span the crystallographic axes as  is 

rotated, yielding greater sensitivity to the sign of Faa/Fbb, and thus 
the form factor of the CDW order, for lower . In addition, we also 
explore the orbital symmetry of the CDW order measured for both 
the (0.31 0 L) and (0 0.31 L) peaks, representing CDW order prop-
agating along the a and b axes, respectively.

RESULTS AND DISCUSSION
The results of the measurements and subsequent fits for the (0 0.31 L) 
and (0.31 0 L) peaks using geometries with L ≃ 1.48 and L ≃ 1.33 are 
shown in Fig. 2. In addition, data from Comin et al. (24) of the 
(0  0.31  L) peak in YBCO-6.75 with L ≃ 1.48 are reproduced in 
Fig. 2A and are shown to be in good agreement with our measure-
ments. The first observation to make about the data in Fig. 2 is a 
notable difference between measurements of the (0.31 0 L) and 
(0 0.31 L) peaks, with the (0 0.31 L) peaks exhibiting substantially 
larger dependence on . We take this as compelling evidence to sup-
port the existence of two different orbital symmetries for the CDW 
order propagating along a and b.

The data in Fig. 2 can be fit to determine the components of the 
scattering and the underlying symmetry of the CDW order. Apply-
ing this first to the (0 0.31 L) peak, we note that the fit parameters 
from Comin et al. (24) used to argue a d form factor CDW, shown 
as the dashed black line in Fig. 2A, agree reasonably well with our 
measurements for  = 170°. However, this model does not agree 
with our measurements at  = 134° (Fig. 2C), where a minimum in 
I/I at  ≃ 60° would be expected instead of the observed minimum 
at  ≃ 100°. In contrast, a model with Faa ≃ Fbb > > ∣ Fcc∣ fits well to both 
 = 170° and 134° measurements (a least squares fit gives Fbb/Faa = 

B
– +

A

C D

E

a/b

c

Ω

φ

'

'

Q
k'k

(Top view, φ = 0)

(°)

Fig. 1. Representations of CDW form factors and the experimental technique, 
resonant soft-x ray scattering, used to probe the CDW orbital symmetry. 
(A) Representation of the CuO2 planes depicting s, s′, and d form factor CDW or-
ders. (B) Schematic of the experimental geometry as seen from above, showing the 

orientation when  = 0°. As  is rotated, the scattering vector    → Q   remains unchanged, 

but the incident (   
→

 ϵ  ) and scattered (    
→

 ϵ  ′   ) photon polarizations vary relative to the crys-
tallographic axes. (C) Intensity measurements of the CDW peaks for YBCO-6.75 at 
(0 0.31 1.32). The peak profiles with fluorescent backgrounds removed as a func-
tion of  and  for  and  polarizations. Lorentzian fits to each peak are shown as 
gray shading. The amplitudes I and I (D) and ratio I/I (E) versus azimuthal angle. 
arb. units, arbitrary units.
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0.998 ± 0.020 and Fcc/Faa = 0.049 ± 0.041). This symmetry for    ̂  F  (  
→

 Q , ħ)  
is consistent with the Cu L edge measurements of the CDW order 
being dominated by an s form factor component of the CDW order, 
which would entail a modulation in the orbital occupation (or 
property proportional to the orbital occupation) of Cu 3dx2 − y2 
states. That is, for the (0 0.31 L) peak, the symmetry of the Cu orbitals 
that are spatially modulated in the CDW is the same as the average 
symmetry of the in-plane Cu. This symmetry (Faa ≃ Fbb > >∣Fcc∣) is 
similar to that found in Cu L edge measurements of the CDW order 
in LBCO, where a predominant s′ symmetry to the CDW order 
was also deduced from measurements at the O K edge (25).

This result introduces the possibility that, similar to LBCO, the 
CDW order in YBCO also has predominantly s/s′ orbital symmetry, 
differing from the d form factor CDW order observed in Bi2212 
and NCCOC by STM (22). However, we note that the absence of 
evidence for a d form factor CDW order in the present measure-
ments does not fully rule out its relevance to YBCO. A d form factor 
density wave order is suggested by the pattern of oxygen displace-
ments deduced from nonresonant x-ray scattering measurements 
(23). Reconciling that result with our present observations may 
require understanding details of how different experimental tech-
niques couple to form factor of the density wave order. For instance, 
STM measurements in Bi2212 indicate that a d form factor coexists 
with s and s′ form factors and that the degree of s, s′, and d contri-
butions to the form factor depends on the sample bias, with a d form 
factor dominant at the pseudo-gap energy scale, but a substantial s′ 
contribution at lower and higher bias (31, 32). That is, the s, s′, and 
d contributions to the form factors depend on the energy and 
momentum of electronic states. Similarly, it is anticipated that the 

coupling of resonant x-ray scattering measurements to the symmetry 
of the density wave order have dependence on the incident photon 
energy (25). While the I/I ratio in resonant x-ray measurements at 
 = 0 does not appear to exhibit an energy dependence at the Cu L 
edge (5), indicating the symmetry probed is approximately energy 
independent at the Cu L edge, the electronic states and subsequent 
sensitivity to the CDW form factor can vary between the Cu L and 
O K edges or within the O K edge (25). Moreover, we anticipate that 
measurements at the Cu L edge are more sensitive to s than d or s′ 
contributions to the form factor CDW (24, 25). Future theoretical 
work on the microscopic character CDW order may enable these 
measurements place quantitative constraints on the degree of d form 
factor density wave order in YBCO.

We now turn our attention to fitting the symmetry of    ̂  F  (  
→

 Q , ħ)  
for the (0.31 0 L) peak. In contrast to the (0 0.31 L) peak, fits of the 
symmetry of    ̂  F  (  

→
 Q , ħ)  show a substantial departure from the average 

point group symmetry of the CuO2 planes for the (0.31 0 L) peak. 
This indicates significant orbital ordering in addition to charge order 
for the density wave orders propagating along the a axis that is not 
observed (i.e., not present or too small to distinguish) along the b 
axis. Unfortunately, the present measurements are unable to uniquely 
determine the symmetry of    ̂  F  (  

→
 Q , ħ) . Rather, as shown for selected 

fits in Fig. 2 (B and D), a range of parameters/symmetries with dif-
ferent physical interpretations provide adequate fits to the data (the 
regions of fit parameters with comparable reduced 2 are shown in 
the Supplementary Materials). This analysis reveals two symmetry 
distinct scenarios that are found to fit well to the data: models having 
substantial in-plane orbital asymmetry Faa > Fbb and/or models hav-
ing off-diagonal Fac = Fca ≠ 0 elements.

The first scenario, involving a substantial in-plane asymmetry, 
Faa > Fbb, may result from a modulation of the in-plane Cu electron-
ic structure that involves Cu 3d orbitals beyond simply the 3dx2 − y2 
states that are known to dominate the low-energy electronic struc-
ture of the CuO2 planes. Alternately, Faa > Fbb may be indicative of 
a chain layer contribution to the scattering. However, analysis of the 
energy dependence of the CDW resonant x-ray scattering did not 
reveal a contribution to the CDW peak from Cu in the chain layer, 
which resonates at different photon energies from the Cu in the 
CuO2 planes (5, 33). Moreover, the azimuthal dependence of the 
(0.31 0 L) peak does not vary as a function of temperature (Fig. 3) or 
doping (Fig. 2), ruling out contributions from ortho chain ordering 
to the (0.31 0 L) peak.

In the second scenario, the sizeable off-diagonal Fac = Fca terms 
indicate a density wave order with substantial breaking of bc and ab 
plane mirror symmetries. This could occur if the orientation of the 
unoccupied Cu d orbitals oscillates about the b axis such that the bc 
and ab plane mirror symmetry of an individual Cu site is broken and 
modulated with period of the CDW. Such a state may be consistent 
with the previously reported pattern of lattice displacements refined 
from nonresonant hard x-ray scattering (23). As depicted in Fig. 4, 
these lattice displacements may result in both a modulation of the 
orbital occupation and orbital orientation, which would be consist-
ent with the presence of finite Fac,ca terms in the scattering tensor. 
However, since similar patterns of lattice displacements for CDW 
order along the a and b axes are deduced from nonresonant x-ray 
scattering (23), we may have expected to observe off-diagonal terms 
in the (0 0.31 L) as well.

The key question that arises from these results is why the 
(0.31 0 L) and (0 0.31 L) peaks exhibit different orbital symmetries. 

(0 0.31 L)

Ω = 170ο

(0.31 0 L)

A B

C D

6.75 
6.75 (24)
6.67 

F
aa

/F
bb

F
ac

/F
bb

F
cc

/F
bb

1.42 0 –0.15
1 –0.225 0

F
bb

/F
aa

F
cc

/F
aa

0.998 0.049
–1.022 0

1.17 –0.073 0.183

Ω = 170ο

Ω = 134οΩ = 134ο

Fig. 2. The ratio of measured scattering intensities with  and  incident po-
larization versus  for the density wave order peaks at (0 0.31 L) and (0.31 0 L) 
for samples with O content 6.67 and 6.75. I/I for (0 0.31 L) is shown in (A) and 
(C) with data from (24) reproduced in (A). I/I for (0.31 0 L) is shown in (B) and 
(D). The top row (A and B) shows data taken at  ≃ 170° (L = 1.48), while the bottom 
row (C and D) shows  ≃ 134° (L = 1.33). The lines are fits to model calculations. For 
the (0 0.31 L) peak, a scattering tensor with Faa ≃ Fbb > > Fcc agrees well with the 
data, whereas the dominant d form factor model in (24) (dashed black) does not 
reproduce the  = 134° data. For the (0.31 0 L) peak, a range of parameters corre-
sponding to qualitatively different symmetries provide comparable quality fits.
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In many respects, the density wave orders along a and b appear sim-
ilar, having comparable correlation lengths, temperature depen-
dencies, energy dependence, intensities at 1/8 doping, and patterns 
of lattice displacements (5, 6, 23, 26). However, they also have key 
differences, such as different doping dependence to their intensities 

(6, 26) and response to applied magnetic field (28). Moreover, 
NMR has shown differences in line broadening for O(2) and O(3) 
sites (2), as well as differences between Cu sitting below full and 
empty chains (29), that may relate the to the asymmetry observed 
here. An explanation of these differences may lie in identifying the 
origin of the different orbital symmetries of the density wave orders 
along a and b.

MATERIALS AND METHODS
Measurements were performed at the Resonant Elastic and Inelastic 
X-ray Scattering (REIXS) beamline of the Canadian Light Source 
synchrotron (34). Samples were mounted on a copper plug angled 
at w = 32.5° and 35.5° to achieve L = 1.48 and L = 1.33, respectively, 
as depicted in Fig. 1A. The photon energy was set to 931.3 eV, the 
peak of the Cu L3 absorption edge where the CDW ordering peak is 
maximal (3, 5). The incident photon polarization was set to either  
and . However, the scattered photon polarization or energy is not 
resolved. H and K scans at various  values were performed by rock-
ing  at fixed  such that the peak is centered at a fixed QCDW that 
does not vary with .  = 0 is defined in Fig. 1 and relates to  from 
(24) by  = 180 ° − .

Two single-crystal samples of YBa2Cu3O6+x with oxygen stoi-
chiometry of x = 0.75 and 0.67, respectively, were measured using 
the same samples from previous experiments in (25, 35). The CDW 
peak amplitudes were determined by first subtracting a fluorescent 
background using a fifth-order polynomial and then fitting the CDW 
peaks to a Lorentzian function, similar to (25). Variations in the de-
tails of the fitting procedure were explored and showed little effect 
on the  dependence of I/I. Analysis of the symmetry of    ̂  F  (  

→
 Q , ħ)  

included the impact of the polarization dependence of the absorption 
coefficient on the scattering intensity, as detailed in (25). Figure 1 
(A and B) shows the (0 0.31 L) peak intensities versus  of the 
YBCO-6.75 sample on the 35.5° plug with backgrounds removed.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eaay0345/DC1

REFERENCES AND NOTES
 1. J. M. Tranquada, B. J. Sternlieb, J. D. Axe, Y. Nakamura, S. Uchida, Evidence for stripe 

correlations of spins and holes in copper oxide superconductors. Nature 375, 561–563 (1995).
 2. T. Wu, H. Mayaffre, S. Krämer, M. Horvatić, C. Berthier, W. N. Hardy, R. Liang, D. A. Bonn, 

M.-H. Julien, Magnetic-field-induced charge-stripe order in the high-temperature 
superconductor YBa2Cu3Oy. Nature 477, 191–194 (2011).

 3. G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-Canosa, C. Mazzoli, N. B. Brookes, 
G. M. De Luca, A. Frano, D. G. Hawthorn, F. He, T. Loew, M. M. Sala, D. C. Peets, M. Salluzzo, 
E. Schierle, R. Sutarto, G. A. Sawatzky, E. Weschke, B. Keimer, L. Braicovich, Long-range 
incommensurate charge fluctuations in (Y,Nd)Ba2Cu3O6+x. Science 337, 821–825 (2012).

 4. J. Chang, E. Blackburn, A. T. Holmes, N. B. Christensen, J. Larsen, J. Mesot, R. Liang, 
D. A. Bonn, W. N. Hardy, A. Watenphul, M. v. Zimmermann, E. M. Forgan, S. M. Hayden, 
Direct observation of competition between superconductivity and charge density wave 
order in YBa2Cu3O6.67. Nat. Phys. 8, 871–876 (2012).

 5. A. J. Achkar, R. Sutarto, X. Mao, F. He, A. Frano, S. Blanco-Canosa, M. Le Tacon, 
G. Ghiringhelli, L. Braicovich, M. Minola, M. Moretti Sala, C. Mazzoli, R. Liang, D. A. Bonn, 
W. N. Hardy, B. Keimer, G. A. Sawatzky, D. G. Hawthorn, Distinct charge orders 
in the planes and chains of ortho-III-ordered YBa2Cu3O6+𝛿 superconductors identified by 
resonant elastic x-ray scattering. Phys. Rev. Lett. 109, 167001 (2012).

 6. E. Blackburn, J. Chang, M. Hücker, A. T. Holmes, N. B. Christensen, R. Liang, 
D. A. Bonn, W. N. Hardy, U. Rütt, O. Gutowski, M. v. Zimmermann, E. M. Forgan, 
S. M. Hayden, X-ray diffraction observations of a charge-density-wave order 
in superconducting ortho-II YBa2Cu3O6.54 single crystals in zero magnetic field. 
Phys. Rev. Lett. 110, 137004 (2013).

Fig. 3. Measurement of the (0.31 0 1.32) peak in YBCO-6.67 for a series of tem-
peratures and azimuthal rotations, . I/I versus  at different temperatures 
overlap within uncertainty and show no sign of a temperature dependence in the 
form factor. Inset: Scans of the intensity of the (0.31 0 1.33) peak with  polarization 
at  = 1° at various temperatures.

CuO
2

bilayer

CuO
2

bilayer

CuO
chain layer

a

c
Q

Fig. 4. A simplified pattern of modulated charge (depicted by the size of the 
Cu 3d orbitals) and orbital symmetry that would give rise to off-diagonal, Fac, 

elements in   ̂  F (  → Q , ħ) . The pattern of lattice displacements of the Cu atoms de-
duced from nonresonant x-ray diffraction is shown as red arrows (23). These dis-
placements trace out ellipses in the ac plane as position advances along the a axis. 
These displacements (as well as the displacements of the neighboring O, Y, and Ba 
atoms) break and modulate the local bc and ab plane mirror symmetries. This mod-
ulation can lead to an alternation in the orbital occupation (charge) of the Cu 
(roughly associated with the proximity of the in-plane Cu to the chain layer), and 
the direction of atomic displacements can lead to an alternation in the orientation 
of the unoccupied orbitals. A more realistic model must incorporate the impact of 
O displacements on Cu 3d orbital occupation.

http://advances.sciencemag.org/cgi/content/full/6/45/eaay0345/DC1
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