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Although charge density wave (CDW) correlations exist in several families of cuprate superconductors, they
exhibit substantial variation in CDW wave vector and correlation length, indicating a key role for CDW-lattice
interactions. We investigated this interaction in La, g75Bag125CuQOy4 using single-crystal x-ray diffraction to
collect a large number of CDW peak intensities and determined the Cu and La/Ba atomic distortions induced
by the formation of CDW order. Within the CuO, planes, the distortions involve a periodic modulation of the
Cu-Cu spacing along the direction of the ordering wave vector. The charge ordering within the copper-oxygen
layer induces an out-of-plane breathing modulation of the surrounding lanthanum layers, which leads to a related
distortion on the adjacent copper-oxygen layer. Our result implies that the CDW-related structural distortions do
not remain confined to a single layer but rather propagate an appreciable distance through the crystal. This leads
to overlapping structural modulations, in which CuO, planes exhibit distortions arising from the orthogonal
CDWs in adjacent layers as well as distortions from the CDW within the layer itself. We attribute this striking
effect to the weak c-axis charge screening in cuprates and suggest this effect could help couple the CDWs

between adjacent planes in the crystal.

DOLI: 10.1103/PhysRevB.107.115125

I. INTRODUCTION

Although the nature of superconductivity in cuprates re-
mains controversial, there is increasing evidence that charge
and spin correlations might play an important role [1-4].
Experimental studies have shown that charge density wave
(CDW) correlations are ubiquitous in underdoped cuprates
[5-15], while modern numerical calculations suggest that
CDWs are an intrinsic feature of minimal model Hamilto-
nians relevant to these materials [16-19]. Cuprates such as
La,_,Ba,CuQ,4 are composed of two-dimensional CuO, lay-
ers which support CDW order, separated by electronically
inert buffer layers. While the CDW is primarily an electronic
phenomenon, the rearrangement of charge associated with the
CDW necessarily involves atomic displacements, which can
play a substantial role in stabilizing the order. For example,
measurements of phonons show a strong coupling between
CDWs and the in-plane Cu-O bond stretching phonon mode
[20-26]. Furthermore, in La,_,Ba,CuQy, the material of in-
terest for this study, static CDW order develops only below
the LTT structural phase transition [5,27-31]. Within this
phase, the O atoms along one of the Cu-O bond directions
are displaced out of the plane (in alternating directions),
while in the orthogonal direction the O atoms remain within
the CuO, planes. This broken rotational symmetry has long
been believed to pin CDW order [32], leading to a short-range
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CDW-structure interaction that rotates 90° from plane to plane
due to the screw axis symmetry. La,_,Sr,CuQ,4, which lacks
the LTT structural phase, supports a CDW order that is far
weaker than that of La,_,Ba,CuQy, [11,33]. Further evidence
of CDW-structure coupling is seen in the temperature depen-
dence of CDW-domain formation, which demonstrates that
the CDW domains are pinned by the structural domain walls
[34]. In this work, we use x-ray scattering to determine the
atomic displacements associated with the CDW.

Advances in synchrotron x-ray instrumentation have made
it practical to measure superlattice peaks over a large volume
of reciprocal space [35]. In the present paper, we exploit these
developments to collect an extensive set of diffraction data
from the CDW Bragg peaks in La; g7sBag 125CuQO,4. From a
fitting analysis, we are able to determine the CDW-induced
displacements of the Cu and La atoms. Despite the partic-
ipation of O atoms in the CDW, we do not comment on
O displacements due to the low sensitivity of x rays to O
atoms. We find that charge order induces a longitudinal mod-
ulation of Cu-Cu spacings within the CuO, plane. We also
find that the La atoms show substantial displacement along
the ¢ axis, contributing to screening of the charge order. Re-
markably, the modulation of the La layers leads to a similar
modulation in the nearest-neighbor CuO, layer (transverse
to the direction of its CDW wave vector). We attribute these
long-range CDW effects to the weak c-axis charge screening
in cuprates. The propagation of the distortions through the
crystal helps to communicate the stripe orientation between
the next-nearest-neighbor layers. Last, we find evidence that

©2023 American Physical Society


https://orcid.org/0000-0001-6524-8953
https://orcid.org/0000-0003-4697-4719
https://orcid.org/0000-0002-8505-5945
https://orcid.org/0000-0001-9565-3140
https://orcid.org/0000-0002-5659-0383
https://orcid.org/0000-0003-4984-8857
https://orcid.org/0000-0001-5139-3543
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.115125&domain=pdf&date_stamp=2023-03-10
https://doi.org/10.1103/PhysRevB.107.115125

J. SEARS et al.

PHYSICAL REVIEW B 107, 115125 (2023)

the CDW modulation is aligned along the direction of the
tilted in-plane Cu-O bonds.

II. DATA COLLECTION

La; g75Bag 125Cu04 single-crystal samples were grown at
Brookhaven National Laboratory using the floating zone
method. These crystals are from the same source that was used
previously [5] and exhibited a consistent CDW transition tem-
perature. The samples were cut with a razor blade, and a piece
approximately 200 wm in all directions was selected for the
measurement. X-ray diffraction data were collected at the 6-
ID-D beamline at the Advanced Photon Source at the Argonne
National Laboratory. The beam size was 500 x 500 um?, and
the x-ray energy was set to 87 keV to collect a large volume
of reciprocal space and to minimize signal distortions due to
absorption. For La; g75Bag 1,5Cu0Oy4 the attenuation length for
87 keV x rays is ~600 um. The samples were chosen to be
smaller than the beam size and isotropic in shape in order to
mitigate variation in intensity due to absorption effects or the
amount of sample in the beam. We selected a sample with a
mosaic spread of less than the 0.1° experimental resolution for
the data collection.

The sample was cooled using a helium cryocooler, and
data were collected by continuously rotating the sample while
reading out the Pilatus 2M CdTe detector every 0.1°. The
images were processed by mapping each pixel into reciprocal
space and then binning the pixels into a three-dimensional grid
of voxels. Bright Bragg peaks were masked on the raw images
prior to binning to improve the visibility of weak features such
as the CDW peaks. Two further different rotations were made
at different sample tilt angles in order to provide comprehen-
sive mapping of reciprocal space and to fill in unpopulated
voxels. The data shown correspond to a total measurement
time of 4 h.

Figure 1(a) illustrates the large extent of reciprocal space
measured and shows approximately one sixth of the full data
set. The data were collected at 28 K, well below the simul-
taneous LTT structural phase transition and CDW ordering at
54 K. Throughout this work we will refer to reciprocal space
positions using reciprocal lattice units in terms of the unit cell
of the high-temperature tetragonal (HTT) phase witha = b =
3.78 A and ¢ = 13.19 A. We use this notation to maintain con-
sistency with the literature, even though La; g75Bag 12sCuOy
goes through two structural transitions with decreasing tem-
perature, entering the LTO phase at 240 K and the LTT phase
at 54 K. The unit cell of the LTO and LTT phases is larger
and rotated by ~45°, leading to superlattice peaks at the
(%, %, L) positions. These superlattice peaks are visible in the
horizontal cuts of the reciprocal space shown in Fig. 1(a).

The data also show a faint but clearly visible CDW signal at
wave vectors of § = £(0.24, 0, 0.5) and § = £(0, 0.24, 0.5)
surrounding the structural Bragg peaks, as shown in Fig. 1(b).
The CDW peaks are extended and rodlike in the L direc-
tion and are centered at half-integer L positions. These are
well-known features of the CDW in La; g75Bag 125CuO4—
all detectable CDW peaks are of type § = (£0.24, 0, £0.5)

(a) M) 2
\é\@\\' Q i

| (Arb units.)
210

N

150

(b)

200
175

150

L (RLU)
I (arb. units)

100

75

—1.50 —1.25 -1.00 —-0.75 —-0.50 —0.25 0.00 0.25 0.50

© H (RLU)

5750 =
—=- CDW region

= = Background :

5500 :
1

1

1

5250 :
1

1

I S

Intensity (arb. units)

5000 +_ _ _+_
4--
-

FIG. 1. La; g75Bag 125Cu0, CDW measurements over a large re-
ciprocal space range at 28 K. (a) Extended reciprocal space data
ranging from L = 10 to L = 20, showing diffuse scattering from the
high-temperature tetragonal (HTT) structure (at integer positions)
and low-temperature tetragonal (LTT) peaks at (%, %, L) positions.
(b) (HOL) reciprocal space map showing Bragg peaks and the CDW
signal appearing as diffuse rods located at £0.24 on either side of
the Bragg peaks. (c) The region indicated by the white rectangle in
(b) summed over the K and L directions. The background was fit with
a quadratic function over a small region surrounding the known peak
position. Four voxels covering 0.08 reciprocal lattice units (RLU)
were summed over to encompass the CDW peak width, as illustrated
by the vertical red dashed lines. The points within this region were
summed to give the CDW peak intensity. Error bars show the square
root of the total photon counts. The faint streaks that form along
random reciprocal space directions are detector artifacts as described
in the text.
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or § = (0, £0.24, £0.5) [5,28,36]. The rodlike structure is
due to the short correlation length (a few unit cells) in the
out-of-plane direction, while the half-integer L peak position
is a result of the out-of-phase stacking of the charge pat-
tern between adjacent unit cells. While the low resolution of
our measurement precludes a precise estimate of the CDW
correlation lengths, our observations are consistent with the
previously reported anisotropic correlation lengths of approx-
imately 200 A in plane and a few unit cells out of plane.

The intensities of the CDW peaks were extracted from this
data set by summing over each four-voxel-wide region sur-
rounding the peaks and subtracting the background as shown
in Fig. 1(c). Despite masking of bright Bragg peaks, some
streaks of intensity remain in the data due to “blooming”
from saturation of the detector. The reciprocal space map was
manually inspected in the region of each peak to check for
bright streaks at the CDW peak position, and contaminated
peaks were excluded from the data set. The error in the peak
intensity was estimated as the square root of the intensity. Due
to twinning and lattice symmetry, the CDW produces peaks
along both H and K, so for simplicity we can choose to focus
on either H or K without losing any information. For the anal-
ysis, we chose to analyze peaks with the CDW along H, i.e.,
peaks with H ~ n £ 1/4, where n is an integer. The data were
also symmetrized by reflection in the K = 0 mirror plane.

III. STRUCTURAL MODEL AND FITTING

While there are CDW modulations in two orthogonal in-
plane directions, there is no evidence for significant coupling
between these modulations. This is consistent with the CDW
orientation being tied to the in-plane structural anisotropy of
the LTT structure. Hence, we will analyze the modulation
for just one direction, assuming that equivalent results apply
for the second. We emphasize that the full crystal structure
will necessarily include distortions due to both CDW compo-
nents. Since no higher harmonic CDW peaks have ever been
observed, the structural models were constructed assuming
simple sinusoidal modulations of the atomic positions.

The software ISODISTORT [37,38] was used in our analysis
to identify CDW component structures compatible with the
different types of symmetry breaking that may occur in the
LTT crystal structure. In the analysis, we simulated our ob-
served set of CDW Bragg peaks assuming a commensurate
wave vector § = (0.25, 0, 0.5) from the CDW domains that
lie along H and identified four possible irreducible represen-
tations (irreps) of the parent P4, /ncm space group labeled S1,
S2, S3, and S4. These irreps denote the different ways that the
distortion can break the crystal symmetry, grouping together
distortion modes that maintain a given symmetry operation.
S1 and S3 both maintain a vertical mirror plane symmetry
which is broken in S2 and S4. We will show later that the
data support the preservation of the vertical mirror plane. S1
and S3 differ in the relative orientation of the CDW modu-
lation with respect to the bent in-plane Cu-O bonds within
the LTT phase. Structural refinements, which we will also
outline later, support the S1 CDW component structure, which
has the CDW modulation parallel to the bent in-plane Cu-O
bonds. ISODISTORT files describing the atomic displacements

involved in the different symmetry modes are provided in the
Supplemental Material [39].

The individual distortion modes are sinusoidal modulations
of atomic positions along the direction of the ordering vec-
tor. Phase transitions often involve only a single irreducible
representation, so each of these possible CDW component
structures was refined individually against the experimental
data. Each of these models includes only a subset of the free
parameters required to describe the atomic positions within
a suitable supercell, greatly simplifying the fitting procedure.
The distortion mode model of ISODISTORT was converted to
the crystal structure, which was used to compute the CDW
peak intensities for comparison with the experimental data.
The atomic form factors provided by Waasmaier and Kirfel
[40] were used. The overall scale factor for the data was
determined by modeling the intensity of 240 weak Bragg
peaks (using the known LTT structure) and comparing it with
the observed intensity. A commensurate ordering vector was
used for the symmetry analysis, despite the fact that the actual
wave vector of the scattering is slightly incommensurate. It
is thought that this shifted wave vector arises from a mixture
of locally commensurate charge stripe structures [31,41], and
we will show later that the measured diffraction patterns are
minimally sensitive to the phase of the CDW with respect to
the underlying lattice.

We also note that since the CDW exists within the LTT
structure, symmetry dictates that additional CDW peaks of
the form g = (0.5 £0.24, 0.5, 0.5) should exist. These are,
indeed, present in our model, but with an intensity several
orders of magnitude weaker than the g = (0.24, 0, 0.5) peaks,
consistent with the absence of observable peaks of this type in
the experimental data.

The CDW component structural models of irreps S2 and S4
were found to predict very little intensity in the K = 0 plane.
Our experimental data show that the brightest peaks lie in this
plane, and so these irreps could be immediately discarded. S1
and S3 each allow a number of possible distorted structures,
and the two highest-symmetry structures for each irrep were
refined against the experimental data for a total of four candi-
date structures. For both S1 and S3, the two highest-symmetry
distortions had space groups Bbmb and Bmmb. Although these
space groups are both orthorhombic, we note that this is a
consequence of including only one of the two CDW domains
and does not reflect the symmetry of the full crystal structure
(which will include both CDW ordering vectors). We do not
observe any difference between the a and b lattice constants
within the experimental resolution; however, we note that
our measurement is not sensitive to small changes in lattice
constants.

Initial modeling using each of the candidate CDW compo-
nent structures was done allowing all of the La and Cu x and z
modulation amplitudes to vary. Along the reciprocal space K
direction the peak intensities decrease rapidly, suggesting that
the distortions in the y direction perpendicular to the CDW
are small compared to displacements along x and z. Attempts
to refine the y displacements did not lead to statistically sig-
nificant improvements to the fit, so these modulations were
therefore fixed to zero. Several of the refined modulations
were found to be small in comparison to their computed er-
rors. These values were also fixed to zero, resulting in minimal
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models with only six free parameters for each of the candidate
structures. Adding further parameters to these models did
not substantially improve the goodness of fit. In particular,
we performed fits in which the La/Ba atoms were fixed and
the Cu and O were free, but these failed to reproduce the
data. Fits in which all atoms (La/Ba, Cu, and O) were free
resulted in only minor improvements in the fit considering
the large number of additional parameters added. This is not
surprising considering that the ratio of atomic numbers of
La to O is 57:8, so La contributes (57/8)% ~ 51 times more
strongly to the x-ray scattering for a similar displacement.
The oxygen distortions were therefore not included in the
final refinement.

IV. RESULTS AND DISCUSSION

The unit cell of La, ,Ba,CuO; contains two
La; g75Bag 125Cu0y4 formula units, related at low temperature
by a screw axis parallel to the crystal c axis. Each formula unit
layer consists of a CuO, plane and its surrounding lanthanum
atoms. Throughout this discussion, we will refer to layers
with the CDW ordering wave vector along the direction of
the bent Cu-O-Cu bonds as layer 1. The remaining formula
unit layers, with the wave vector along the straight Cu-O-Cu
bonds, will be referred to as layer 2. These two layer types
are thought to account for the two CDW domains, with the
ordering vector in adjacent layers rotated by 90°, consistent
with the screw axis symmetry. The data chosen consist of
peaks from only one of the two domains, so we initially
considered structural models in which the CDW-induced
distortion was confined to a single layer type. Regardless
of the structural model used, allowing only a single layer to
distort produced only very poor fits to the data and failed
to reproduce the qualitative features seen in the diffraction
pattern, as shown in Fig. 2.

Good fits to the data could be achieved only by allowing
both layers to distort. When this was done, the qualitative
features of the diffraction pattern could be reproduced with
all four of the remaining CDW component structures: space
groups Bbmb and Bmmb for each of the S1 and S3 irreps.
In all cases the X2 values were ~1; however, the fits for
the S3 structures were slightly worse (x2 = 1.06 for both
Bbmb and Bmmb) in comparison with S1 (x> = 1.02 for
both Bbmb and Bmmb). We note that the S1 and S3 CDW
component structures all have in common a vertical mir-
ror plane, including the ordering vector and the ¢ axis (ac
plane in the HTT notation). This mirror plane is also com-
patible with a truly incommensurate structure, as it leaves
the ordering wave vector fixed. In contrast, a symmetry op-
eration (such as a bc mirror plane) which transforms the
ordering vector g to —g cannot be simply translated into the
incommensurate case.

The refined structures for S1 and S3 are very similar, the
only difference being which copper-oxygen plane hosts the
charge order. In the S1 structures layer 1 hosts charge order,
with the CDW ordering vector along the direction of the bent
copper-oxygen bonds. In the S3 structures layer 2 hosts the
charge order, and the ordering vector is along the straight
copper-oxygen bonds. The reason for the similarity in the
fits is that the two layers have only small structural differ-

TABLE I. Maximum CDW-related atomic displacements, with
refined values for the Bbmb and Bmmb CDW component structures
of irrep S1. The 4 x 2 x 2 HTT supercell lattice parameters are
a=15.12 A, b=7.56 A, and ¢ =26.38 A. The estimated error
values in parentheses are the square roots of the diagonal elements
of the estimated covariance matrix, as derived from the output of
the SCIPY LEASTSQ optimization function. ISODISTORT output files
describing the distortion modes of these structures are provided in
the Supplemental Material [39].

Bbmb Bmmb

parameters parameters
Distortion mode (x 1073 A) (x 1073 A)
A’_1(a) (layer 2, La x) 0.19(1) 0.13(1)
A’_2(a) (layer 2, La x)
A’_3(a) (layer 1, Lay)
A’_4(a) (layer 2, La z)
A’_5(a) (layer 2, La z) 0.68(1) 0.494(8)
A’_6(a) (layer 1, La z) 1.356(6) 1.843(8)
A’(a) (layer 1, La x) 0.33(1) 0.49(2)
Bu_1(a) (layer 1, Cu x) 2.5(1) 1.74(8)
Bu_2(a) (layer 2, Cu y)
Bu_3(a) (layer 1, Cu z)
Bu_4(a) (layer 2, Cu z) 1.42(4) 1.95(6)

ences. Nevertheless, the slight difference in the fit quality
suggests that the charge ordering vector is in the direction of
the bent copper-oxygen-copper bonds. The refined structures
were very similar, and from this point forward we will focus
on the S1 structures.

The refined distortions are on the order of 10~> A and are
given in Table I. These values are based on the assumption that
the CDW occupies 100% of the crystal. If the phase fraction
is smaller, then the distortions would be rescaled accordingly.
Measurements suggest that static charge order occupies the
majority of the sample volume, albeit with significant disor-
der [43-46]. Another source of uncertainty is in the overall
scaling of the CDW distortions. Due to the small CDW peak
intensities, they all scale as the square of the displacements, so
this scale factor cannot be independently fit with just the CDW
peaks. We determined this scaling by comparing the CDW
peaks with structural Bragg peaks, which introduces possible
uncertainty from self-absorption and multiple-scattering ef-
fects. Our use of a sample that is significantly smaller than the
X-ray attenuation length means that this uncertainty is smaller
than the uncertainty coming from the domain population. The
relative sizes of the different distortion modes are not affected
by these sources of uncertainty.

Figure 2(a) compares the measured diffraction pattern with
the intensities predicted by the higher-symmetry (space group
Bbmb) CDW component structure of the S1 irrep. Plots of
the measured intensity against the calculated intensity are pro-
vided in Figs. 2(b) and 2(c), such that a hypothetical perfect
fit would have points that fall on the red dashed line. We see
in Fig. 2 that the fit quality of the model with distortions in
both copper-oxygen layers [Fig. 2(b)] is significantly better
than the case with distortions in just one layer [Fig. 2(c)]. The
two-layer model is thus able to fit 3500 peak intensities using
only six free parameters within a scatter comparable to the ex-
perimental error bar. The very similar structure of the S1 irrep
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FIG. 2. Comparison between measured CDW diffraction intensity and structural models with modulation of either one or both formula unit
layers of the unit cell. (a) Plots of the K = 0 diffraction planes. The left panel shows the experimental data. Blank areas in the diffraction planes
denote areas where a CDW intensity could not be definitely extracted. The middle and right panels show the calculated peak intensities for
the Bbmb space group of irreducible representation (irrep) S1 using modulations of either one or both planes in the crystal structure (one-layer
and two-layer models, respectively). In all panels, the radius is proportional to the intensity. (b) and (c) Measured vs calculated intensity for
the best fit values of the model parameters. The dashed red line traces the ideal case with the measured and calculated intensities being equal.
The better fit in (b) proves that the CDW induces distortions in both planes of the La; g75Bag 125CuO, unit cell. For readability, the error bars

are shown for only 1% of the data points.

with Bmmb, rather than Bbmb, space group symmetry gives a
similar fit to the data. Examining the refined structures (shown
in Fig. 3) suggests the probable reason for this similarity. The
Bbmb and Bmmb symmetry structures of the S1 irrep differ
only in the phase of the distortion with respect to the crystal
structure. Based on the equal goodness of fit, we conclude that
this phase cannot be determined based on our data set.

Our modeling shows that the CDW in La; g75Bag 125CuOy
induces a longitudinal modulation of the copper atoms of one
of the copper-oxygen planes (layer 1), likely due to modu-
lation of the hole population within this layer. The charge
modulation also leads to a breathing-type distortion in the
layers of lanthanum atoms immediately above and below this
plane. The breathing distortion additionally propagates fur-
ther into the crystal and affects adjacent layers. This finding
is remarkable since the adjacent copper-oxygen layers are
expected to support their own charge density wave modula-

tions, rotated by 90° about the ¢ axis. The propagation of
the distortion into these adjacent layers means that in re-
gions of the crystal where the two CDW domains coexist,
the structure is described by two wave vectors rather than the
simple one-dimensional (1D) modulation usually proposed. If
the modulation along the charge-stripe direction couples to
the charge, then, given a 4a commensurability in two direc-
tions at x = 1/8, it might underly the doping dependence of
charge order and superconductivity in La,_,Ba,CuOy4 [5,47]
and La_,_,R,Sr,CuQy, with R = Nd [48,49] and Eu [6,50],
in which the wave vector is essentially independent of doping
for dopings above 1/8.

Our results can be compared with previous x-ray diffrac-
tion measurements [36], which used a structural model of
distortions in a single layer to fit a far smaller data set of 70
CDW peak intensities. The authors found that the most impor-
tant distortions were the longitudinal modulation of copper
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FIG. 3. The two refined CDW component structural distortions found to best fit the data corresponding to the Bbmb and Bmmb space
groups of the S1 irreps. These structures show the modulation of the atomic positions away from the flat planes of the HTT structure due to the
CDW propagating horizontally in layer 1, as denoted by <. Layer 2 also hosts a CDW propagating into the page. For clarity this is not shown,
but it is denoted by ®. The modulations result in a 4 x 2 x 2 supercell compared with the HTT structure, as shown by the black outlines.
The CDW order causes in-plane modulation of the copper positions on the central plane (blue solid line), and a breathing-type distortion is
transmitted to the surrounding layers of atoms (modulation shown by dashed lines). Remarkably, the distortion involves not only layer 1, which
hosts the CDW, but also the adjacent layer 2. Based on the observed distortion, the probable pattern of hole density modulation is illustrated
by the orange shading. The two refined distortions are very similar, differing only in the phase of the modulation with respect to the crystal
structure. The size of the distortion has been increased by a factor of 100 for visibility, and the structures were plotted using VESTA [42].

atoms due to the charge modulation in the copper-oxygen
plane and the modulation of lanthanum atoms along the ¢
axis in response. Our results show that these modulations
are, indeed, significant but that the breathing modulation also
propagates into the adjacent layers.

It is also instructive to compare the distortion in
La; g75Bag.12sCuQy4 to the previously solved CDW structural
distortion in YBa,Cu3Og4, [51]. The first notable differ-
ence is that the copper-oxygen chain layers of YBa;Cu3O¢.,
are completely undistorted; in contrast La; g7;sBag 125CuOy
hosts modulations that propagate through the crystal struc-
ture leading to modulation in all layers. The distortion of
the copper-oxygen square planes also differs between the two
materials. Rather than the longitudinal distortions found in the
copper-oxygen planes of La; g7sBag 12sCuQy, the distortions
within the YBa,;Cu3Og,., square layers are mostly along the
out-of-plane c direction. Despite these differences, the overall
magnitudes of the distortions are comparable in both mate-
rials. These results highlight the importance of the structural
environment and its interaction with electronic order in the
copper-oxygen planes. Of course, the zero-field CDW order in
YBa;Cu3Og., has a very short in-plane coherence length and
is symmetric about a Cu-O chain layer. It would be interesting
to compare it with the high-field three-dimensional CDW
order in YBa;Cu30¢.4, [52,53], but that is more challenging
to measure.

Since the CDW in cuprates is driven by interactions within
the CuO, planes, our detection of CDW-induced ¢ axis
displacements of Cu and La might be considered counterin-
tuitive. However, the cuprates are known to have very weak
electronic screening of Coulomb interactions along the c axis.

This is seen in the giant c-axis lattice constant change upon
photoexcitation [54,55] and the large oscillator strength of
several c-axis-polarized phonon modes in optical conductiv-
ity and Raman measurements [56-59], including some that
involve Cu and La motions [60]. Inelastic x-ray scattering
measurements of La; g7sBag 125CuQy4 also observe a substan-
tial CDW-induced softening of c-axis longitudinal acoustic
phonons [30]. Prior neutron pair distribution function mea-
surements also associated the CDW with c-axis displacements
[61]. It is further worth noting that each La*" ion sits just
above (or below) a square of four in-plane O>~ ions, so dis-
placing La atoms involves a large modification in the c-axis
Coulomb interactions. These facts make our observed long-
range displacements quite natural.

V. CONCLUSIONS

Based on a comprehensive measurement of several thou-
sand CDW peaks, we have determined the atomic displace-
ments associated with CDW order in La g75Bag 12sCuQOy4. The
structural distortion involves a periodic modulation of the cop-
per atoms along the direction of the CDW and an out-of-plane
breathing modulation of the surrounding lanthanum layers.
Despite the widespread belief that CDW-related distortions
should rotate by 90° from layer to layer, this breathing mod-
ulation, in fact, propagates further through the crystal and
induces a similar distortion on the adjacent copper-oxygen
layers. We conclude that the effects of charge ordering cannot
be considered to be confined to a single plane but manifest
as a complex longer-range distortion that should be described
by two wave vectors rather than the simple 1D modulation
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usually proposed. We attribute this surprising effect to the
weak c-axis charge screening in cuprates.

The supporting data for the plots in this article are openly
available from the Zenodo database [62].
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