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Charge density waves (CDWs) have been observed in nearly all families of copper-oxide
superconductors. But the behavior of these phases across different families has been
perplexing. In La-based cuprates, the CDW wavevector is an increasing function of
doping, exhibiting the so-called Yamada behavior, while in Y- and Bi-based materials
the behavior is the opposite. Here, we report a combined resonant soft X-ray scattering
(RSXS) and neutron scattering study of charge and spin density waves in isotopically
enriched La; g 5 Fug.2Sr; CuOy over a range of doping 0.07 < = < 0.20. We find that
the CDW amplitude is temperature independent and develops well above experimen-
tally accessible temperatures. Further, the CDW wavevector shows a nonmonotonic
temperature dependence, exhibiting Yamada behavior at low temperature with a sudden
change occurring near the spin ordering temperature. We describe these observations
using a Landau—Ginzburg theory for an incommensurate CDW in a metallic system
with a finite charge compressibility and spin-CDW coupling. Extrapolating to high
temperature, where the CDW amplitude is small and spin order is absent, our analysis
predicts a decreasing wavevector with doping, similar to Y and Bi cuprates. Our study
suggests that CDW order in all families of cuprates forms by a common mechanism.
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Charge density waves (CDWs) are pervasive in cuprate superconductors and are now
believed to be fundamental to the low-temperature properties of these materials. A
perplexing issue has been that the evolution of the wavevector of the CDW, Qcpw, upon
doping has different trends in different material families (1). In YBagCu30¢45 (YBCO)
(2—4) and Bi-based cuprates (5-7) Qcpw decreases with increasing doping, while La-
based cuprates (8-10) exhibit the so-called Yamada relationship (11) in which Qcpw
increases with doping, x, as Qcpw = 2z for £ < 0.125 and saturates at Qcpw = 0.25 for
x > 0.125. This disparity raises the question of whether the CDWs in different cuprates
are fundamentally different or whether there is an underlying generic origin of CDW order
that simply manifests in different ways for material-specific reasons.

The observed Qcpw at a given doping and temperature, 7, may be influenced by
many factors, such as pinning on the lattice or other types of order that may also be
present (12—14). Such extrinsic effects may cause Qcpw to shift away from its intrinsically
favored “natural” value. Thus, it is essential to identify and disentangle the various effects
that interact with the CDW. In particular, a spin density wave (SDW) is present in La
cuprates that is absent in YBCO and Bi cuprates, suggesting that the presence of spin
order may be a key factor in the distinct behaviors of Qcpw in these materials (12-14).
A close relationship between SDW and CDW order was previously observed in stripe-
ordered nickelates (15) where Qcpw is influenced by commensuration with the lattice
and pinning with the SDW. What enabled these effects to be disentangled was a full scudy
of the doping and temperature dependence, Qcpw (z, T') (15), and a similar strategy
could shed light on the cuprates. The La cuprates are in some ways ideal for this; they have
strong CDW and SDW instabilities, and the concentration of doped holes may be readily
measured and varied across the entire range of the superconducting dome. However, La
cuprates have the complication of a low-temperature tetragonal (LTT) distortion whose
onset temperature is similar to that of the CDW.

Here, using resonant soft X-ray scattering (RSXS) and neutron scattering, we present
a study of the CDW and SDW in Laj g_;Eug.2Sr; CuO4 (LESCO) over a wide range of
doping 0.07 < z < 0.20 and temperatures up to 270 K. We used isotopically enriched
LESCO crystals with 153Eu for the neutron measurements to reduce the neutron absorp-
tion cross-section, giving us improved sensitivity to the SDW (Materials and Methods).
LESCO has the advantage over other La cuprates that the LTT transition temperature is
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Significance

The essential physics

of the cuprate high-temperature
superconductors have been a
central focus of condensed-matter
physics for more

than three decades. Although
initially controversial, it is now
clear that a ubiquitous tendency
toward charge-density-wave
(CDW) order is intertwined

with the superconductivity.
However, this manifests
differently in distinct cuprates.

On the basis of extensive

X-ray and neutron scattering
studies of the temperature and
doping dependence of the CDW
and spin-density-wave (SDW)
correlations in one representative
cuprate and a comparison with
existing studies on other cuprates,
we show that there plausibly is a
single, preferred CDW order at the
microscale, whose manifestation
at low temperatures

is modified in predictable ways by
material-specific details, including
its interaction with SDW order.
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almost fixed to Trrr ~ 130 K over the whole phase diagram
(16, 17). Hence, while the LTT distortion may influence the
CDW, it at least does not change with doping, simplifying the
interpretation. RSXS measurements were performed on LESCO
crystals with z =0.07, 0.10, 0.125, 0.15, 0.17, 0.20 and the
CDW was observed in all dopings except for z = 0.07. Neutron
scattering measurements were performed on z = 0.07, 0.10, 0.11,
0.125, 0.15 and the SDW was observed in all dopings.

We find, at low temperature, that the SDW and CDW in
LESCO exhibit the expected Yamada behavior (11), consistent
with previous findings for the CDW (18). At higher temperatures,
however, the CDW exhibits two distinct behaviors. First, the
CDW does not show a clear phase transition. As previously
demonstrated in ref. 19 for x = 0.125, while the CDW peak
intensity decreases with temperature, its integrated intensity is
constant over the entire temperature range measured. We find
that this behavior obtains for all dopings, implying that the CDW
amplitude is approximately temperature independent everywhere
in the phase diagram where the CDW is present. Using a nonlinear
sigma model, we show that this behavior is consistent with a
CDW with very high mean-field transition temperature (far above
room temperature) in the presence of weak, quenched disorder
that induces phase fluctuations without significantly altering the
CDW amplitude.

Second, we find that Qcpw exhibits a complicated, nonmono-
tonic dependence on doping and temperature, consistent with a
competition between multiple effects. We explain this behavior
quantitatively using a Landau—Ginzburg theory with a different
ingredient, the compressibility of the uncondensed metallic elec-
trons (20), which competes with the natural Qcpw as well as its
pinning on the SDW. Using this theory, the experimental results
can be extrapolated to high temperatures, where extrinsic effects
are minimal, identifying an “intrinsic” Qcpw that decreases with
increasing x and is quantitatively similar to the ordering vectors
in YBCO and Bi cuprates. This finding suggests that the CDW in
La-based cuprates is characterized by higher temperature/energy
scales than previously appreciated and that CDW order has a
common origin in all cuprates but manifests differently at low
temperature due to material-specific details.

Starting with the neutron data, clear SDW peaks that disappear
with increasing temperature were observed in all samples studied.
Fig. 14 shows elastic momentum scans for the case of LESCO
with z = 0.125 (see SI Appendix, section 111 for a wider scan). The
integrated intensity of this peak, determined from a Gaussian fit,
is plotted against temperature in Fig. 1B, and the shift of the SDW
incommensuration, 9, is illustrated in Fig. 1C. To define the onset
temperature, Tspw, for each doping, we fit the intensity to the
function I(T) = Ip[l — (T/Tspw)?] + C (for T < Tspw).
This function is likely to underestimate Tspwy if the transition is
broadened (S7 Appendix, section III), but is useful for comparing
different samples. (See Figs. 4 and 6, respectively, for the resulting
values of Tspw and J.) We make two key observations. First,
the inferred SDW wavevector is temperature independent, with
a doping dependence following the well-known Yamada relation
(11), where § ~ z until saturation above z = 0.125. Second, we
find Tspw = 11 K for x = 0.07, while Tspw ~ 40 K for the
other dopings (87 Appendix, section I1I), which is consistent with
the neutron scattering result for x = 0.15 from ref. 21.

Turning now to the CDW, RSXS scans of the CDW peak
profiles for 0.10 < z < 0.20 at selected temperatures are shown
in Fig. 24. We find that the CDW onset is very broad in
temperature, without a clear phase transition, and is visible even
at the highest temperature measured (7' = 270 K for z = 0.15).
Further, the CDW peak center (black ticks in Fig. 24) exhibits
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Fig. 1. Neutron scattering measurements of the spin order in isotopically
enriched LESCO crystals. (A) Momentum scan in the H direction for x = 0.125,
at temperatures above and below Tspy, plotted against the incommensura-
tion parameter § = H — 0.5. The solid line is a fit using a Gaussian with a linear
background. (B) Integrated intensity of the SDW reflection vs. temperature.
The dashed line shows the square-root fit used to determine Tspw (main
text). Error bars represent SEs. (C) Momentum scans in the H direction for
all dopings at T = 1.5 K, except for x = 0.11, which was taken at 4 K. Solid lines
are fits using a Gaussian with a linear background. The black tick above each
curve indicates the peak position.

a peculiar dependence on doping and temperature: At 2 = 0.10,
the CDW wavevector increases monotonically with temperature,
while at £ =0.20 the wavevector monotonically decreases. At
intermediate dopings, the peak shifts in a nonmonotonic manner,
decreasing upon warming from the base temperature and then
reversing and increasing at higher temperature. Note that our
data agree well with the high-resolution resonant inelastic x-
ray scattering (RIXS) study of LESCO z = 0.125 reported in
ref. 19, in which the elastic scattering was measured directly
(SI Appendix, section V1), validating that our observations are not
influenced by the background subtraction method.

To quantify the CDW profiles, we fit the momentum scans
at each temperature and doping with Lorentzian functions
(SI Appendix, section V) to obtain the peak intensity, Ieak;
correlation length, &; and x component of the wave vector, Qcpw -
¢ is defined as the inverse of the half width at half maximum of

the CDW reflection peak. To be precise, £ = (HWHM 2”)
where « is the lattice parameter and HWHM is the half width at
half maximum in reciprocal lattice units (r.Lu.). Figs. 2B and 34
show the temperature dependence of Ieax and & (black circles),
illustrating a slow broadening of the CDW upon warming over
a wide range of dopings. Wang et al. (19) observed the same
behavior at z =0.125 and concluded that the CDW persists
far above the onset temperature reported by previous RSXS
studies (18, 22, 23). Our result extends this conclusion to the
entire doping range, where the CDW persists above the highest
temperature measured at all compositions where it is observed.
The development of the CDW reflected in the temperature
dependence of I,cax and & (Figs. 2B and 34) does not adhere to
expectations for a traditional mean-field phase transition. For all
dopings, the evolution of the spectra is gradual and we do not find
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Fig. 2. RSXS measurements of the charge order in LESCO. (A) Momentum
scans in the H direction at each doping where the CDW was observed for a
selection of temperatures (fluorescence background has been subtracted).
Solid lines are fits using S(g, T) in Eq. 1. The black tick above each curve
indicates the fit peak position. (B) Temperature dependence of the CDW peak
intensity obtained from fits using a Lorentzian function (open circles) and Eq. 1
(solid lines).

any indication of a sharp or even a rounded transition. This may
suggest that the CDW is weak and that the spectra merely indicate
incipient CDW fluctuations. Such an interpretation is, however,
at odds with the significant correlation length, approaching ~15
unit cells at low temperature (Fig. 3). A more plausible interpre-
tation is that the nominal CDW transition temperature, in the
absence of disorder, is higher than the highest temperatures mea-
sured. In this scenario, the amplitude of the CDW is already well
formed at all temperatures measured, and the gradual evolution of
the spectra reflects the coupling of disorder to the CDW and the
suppression of phase fluctuations as temperature is reduced.

The latter perspective is supported by our finding that Ipeak o
€2 over the range of measured temperatures (Fig. 3B). This
behavior was first reported in ref. 19 for LESCO and several
other La cuprates with z = 0.125 doping, and our results confirm
this relationship over a wide range of doping from z = 0.10 to
0.20. The CDW in La cuprates is known to be essentially two-
dimensional, with weak out-of-plane correlations (9, 24) and
correlations in the (H, K) plane that are isotropic (9, 25). If a
similar temperature dependence of the correlation length in the
K direction is assumed, this suggests that the in-plane integrated
intensity—a measure of the CDW amplitude—is essentially tem-
perature independent.

For a quantitative test of whether phase fluctuations can
account for the temperature dependence of the spectra, we
consider a nonlinear sigma model as described in ref. 26 and
SI Appendix, section VII. This model assumes that the amplitude
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of the CDW is formed at high temperatures. In the presence
of a linear coupling between disorder (parameterized by o) and
the CDW order parameter, there is no true long-range order
below four dimensions at any temperature (27). However, in the
unbroken phase, the model predicts spectra with the lineshape

S(q, T)=TG(q,T) + 0> G*(q, T), [1]
where )
G(q7 T) = kg2 + N(T) (2]

Here, ¢ = Q — Qcpw is momentum relative to Qcpw,  is the
CDW stiffness, and p(T) = k&(T) ™2, where £(T') is the CDW
correlation length. The temperature dependence of the lineshape
is contained in p( T'), which is determined by

2
4k = TIn [F} + U—, [3]
nloop

which follows the self-consistency condition requiring the area
under S(q, T') be independent of T (SI Appendix, section VII).
Note that this condition automatically accounts for the observed
temperature-independent in-plane integrated intensity. Includ-
ing an overall normalization factor, the model has only four
free parameters. We find that for every doping, without intro-
ducing temperature dependence to the parameters, the model
fits well to the entire two-dimensional set of data for S(gq, T')
(81 Appendix, section V). Indeed, the solid lines in Figs. 2B and
3A compare remarkably well to the results of the Lorentzian
fits (where parameters are temperature dependent), except for a
few points at high temperature where the Lorentzian fits are not
strongly constrained.
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Fig. 3. Temperature dependence of the CDW linewidth at each doping.
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Lorentzian fit (open circles) compared to Eq. 1 (solid lines). (B) Peak intensity

plotted against & on a log scale demonstrating that /peak o< £ (dashed lines
represent a reference quadratic function).
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Fig. 4. Phase diagram of LESCO showing the SDW onset temperature Tspw
and the CDW cross-over temperature T,5; at which the correlation length
takes the (arbitrary) value ¢ = 15 A. The overlaid color scale represents the
CDW peak intensity. The LTT structural transition, Tirr, and the superconduct-
ing transition, T, shown for reference, are taken from ref. 18.

This analysis strongly suggests that the temperature dependence
of the lineshape is predominantly related to the effects of disorder
on thermal phase fluctuations of the CDW,, whose onset tempera-
ture is far above the highest temperature studied. While the CDW
amplitude remains largely unchanged, at higher temperatures the
correlations are short ranged due to strong phase fluctuations. At
lower temperatures, disorder pins the fluctuations and the CDW
correlation length grows.

We now consider the doping, x, at which the CDW is most
stable. The transition temperature, Tcpw, is not a useful measure
of stability because it is immeasurably high. The peak intensity
(Fig. 4, color scale) is a better measure, but requires perfect cali-
bration of the RSXS intensity between samples. For this reason, we
found the best measure of the CDW stability to be a characteristic
temperature, 1,-4, at which the correlation length takes the
(arbitrary) value € = 15 A (Fig. 4, blue points). This quantity can
be compared directly between samples and exhibits a maximum
at £ = 0.125, similar to the previously reported CDW “phase
boundary” in LESCO (18), as in other La cuprates (9, 10), for
which the CDW onset temperatures were defined based on the
peak intensity. We emphasize that T4 is not a phase boundary
but a cross-over scale and indicates that the CDW is optimized at
x ~ 1/8 as in other La cuprates.

We now examine the nonmonotonic evolution of Qcpw.
Unlike Ipeak and &, whose temperature dependences are similar
at all dopings, Qcpw exhibits a distinct behavior for different
dopings. In Fig. 5, we display the evolution of Qcpw as a function
of x and T (black open circles). At the lowest doping = = 0.10,
Qcpw continuously increases upon warming from 0.208 r.Lu.
at T'=24 K to 0.236 r.l.u. at T =200 K. However, at higher
dopings, akink is presentaround T' ~ 75 K where the trend of the
temperature dependence changes: At z = 0.15, Qcpw decreases
from0.251 rlu.at T =24 K t00.244 r.L.u. at T' = 78 Kand then
increases to 0.261 r.l.u. at T' = 270 K. The increasing trend above
the kink becomes less pronounced at z = 0.17 and changes sign
at z = 0.20, with Qcpw decreasing over the entire temperature
range from 0.233 r.l.u.at T =24 K10 0.222 r.lu. at T =207 K,
although a kink at 7" ~ 60 K is still present.
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A monotonic shift of Qcpw has been observed in several other
stripe materials. In Laj g75Bag 125CuOy, for example, Qcpw
moves away from its low-temperature value of 0.235 rlu. to
a high temperature value of 0.272 rlu. at 7 = 90 K (12),
while in Las_;Sr,NiOy4 Qcpw shifts toward a commensurate
value of 1/3 upon warming regardless of doping level (15). In
both cases, it is believed that the coupling of the CDW to spin
correlations causes Qcpw to shift from an intrinsically favored
high-temperature value as the temperature is reduced. However,
the nonmonotonic evolution of Qcpw found in our study is
a different phenomenon, and it suggests that there are multiple
competing effects at play.

Noting that the kink in the 7" dependence of Q)cpw occurs
at temperatures comparable to the onset temperature of SDW
order obtained from the neutron scattering results (Fig. 1) and
that the mutual commensurability of CDW and SDW orders is
known to be strong in La-based cuprates, we posit that the low-
temperature behavior of QJopw is again related to the onset of
SDW order. However, we attribute the behavior at intermediate
T to other effects. While the microscopic mechanism of CDW
order in cuprates is not fully understood, we can still describe the
data by an effective theory. Because of the significant variation
of Qcpw with temperature and doping, even in the absence of
SDW order, such a theory must account for the finite electronic
compressibility of LESCO, i.e., that it has a finite conductivity
in the temperature range of interest. Such a finite compressibility
is known to influence the temperature dependence of a CDW
ordering wavevector (20).

Thus, for a minimal theoretical description of the nonmono-
tonic behavior of Qcpw, we start with the Landau—Ginzburg
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Fig. 5. Temperature dependence of Qcpw obtained from Lorentzian fits
(open circles) showing nonmonotonic behavior that reverses with doping. The

solid lines are fits using the Landau-Ginzburg model described in the main
text.

pnas.org


https://doi.org/10.1073/pnas.2119429119

0.35} ~
"Flos
0.30} ¢ ~o
§ i
= 0.25 ® 1
= °
g 6 0 Q | |
0.20}

§ Qcow (T = Thase)
B OQcpw (T = Tcpw, extrapolated)

O 26

QO Qcpw of YBCO (Ref. 1)

0.15¢ 0

0.10
0.06

0.14 0.16 0.18 020

X

0.08 0.10 0.12

Fig. 6. Doping dependence of Qcpw at our base temperature, Tpase (solid
blue circles), and extrapolated to T = Tcpw (solid red squares) using the
Landau-Ginzburg model described in the main text. The solid blue line
represents the Yamada relation and the solid red line is a guide to the eye.
Double the value of § obtained from neutron scattering (Fig. 1C) (open blue
diamonds) tracks Qcpw at low temperature. The value of Qcpw for YBCO from
ref. 1 is shown for comparison (open red hexagons).

theory for an incommensurate CDW in a system with finite
compressibility, following the approach of ref. 20. We include also
the free energy of the SDW order and the CDW-SDW coupling.
The latter produces a tendency to mutual commensurability of the
CDW and SDW ordering wavevectors. The full expression for the
free energy and its solution are given in S Appendix, section VII.

We determine the CDW ordering wavevector by minimizing
the free energy with respect to the CDW and SDW order pa-
rameters. For this purpose, we assume that the wavevector shift
is uniform in space, i.e., does not occur through the formation
of CDW discommensurations (28, 29). RSXS and neutron scat-
tering are not sensitive to real space details of the order, and
our Landau—Ginzburg theory gives similar predictions for both
cases. The question of discommensurations therefore lies outside
the scope of this study. The resulting temperature dependence
of Qcpw, generically, shows smooth behavior at high temper-
ature and a kink near the SDW transition. It is reasonable to
assume the parameters may depend on x although they should not
change with 7. A straightforward multiparameter optimization
results in the fit curves in Fig. 5. These fits incorporated our
knowledge from the earlier lineshape analysis (Fig. 24), which
showed that the integrated CDW intensity remains significant
at the highest temperatures measured, by assuming a very high
nominal CDW transition temperature Tcpw = 400 K. Note
that the temperature of the kink, which in the theory occurs at the
SDW transition, is slightly different from Tspw determined from
neutron scattering. This is because the spin transition is broadened
so different measures of the transition yield different values.

Our model allows us to extrapolate the behavior of the CDW
in LESCO to high temperature, near Tcpw (Fig. 6), where the
spin order is absent and the amplitude of the CDW is small.
These conditions allow a direct comparison to YBCO and Bi
cuprates, in which the CDW amplitude is lower (30) and spin
order is absent. Fig. 6 shows the value of Qcpw at the base
temperature, Th,se, as well as at Tepw, extrapolated using the
Landau—Ginzburg model. At low temperature, Qcpw follows the
Yamada relationship (11), which can be understood as a result of
the mutual commensurability between the CDW and the SDW.
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The doping dependence at T = Tpw is, however, completely
different: The extrapolated value of Qcpw is close to 0.31 r.lu.
at £ =0.10 and continuously decreases with doping, reaching
0.22 rlu. at z = 0.20. Although the absolute values are slightly
different, this trend mimics the behavior observed in YBCO and
Bi-based compounds. This observation suggests that the behavior
of Qcpw in this La-based cuprate, if it could be measured at
high temperature where its amplitude is small and the effect of
the SDW is minimal, would follow the same phenomenology as
YBCO and Bi-based cuprates.

Fig. 6 suggests that there is a universal CDW mechanism
operating in all cuprates, which simply manifests differently in
different materials because of extrinsic effects such as pinning on
the SDW. The key ingredient included in our Landau—Ginzburg
theory is the compressibility of the uncondensed electrons (20),
which permits a proper determination of the effect of temperature
on the CDW wavevector. We emphasize that we do not make
any claim about the microscopic mechanism driving the CDW;
our study shows only that the mechanism—whatever it is—is
universal in all cuprates.

In summary, we carried out a comprehensive study of the CDW
and SDW in isotopically enriched LESCO over a wide range of
doping and temperature. The theoretical analysis of the RSXS data
suggests that the CDW is formed at a much higher temperature
than previously thought. The CDW is initially short ranged due
to thermal phase fluctuations, and a cross-over takes place upon
lowering temperature to a regime in which disorder pins the
fluctuations and the CDW correlation length develops. We also
identified the effect of charge compressibility that competes with
the effect of CDW-SDW coupling, creating a nonmonotonic
shift of Qcpw with doping and temperature. The extrapolation of
the Landau—Ginzburg model reveals that the doping dependence
of Qcpw at T = Tcpw follows the same trend observed in
YBCO and Bi-based cuprates. Our study suggests that the CDW
is a generic phenomenon in hole-doped cuprates with a common
formation mechanism that remains to be determined.

Materials and Methods

sample Growth and Characterization. Single crystals of Lasg_Eug2Srx
CuO4 with x =0.07, 0.10, 0.11, 0.125, 0.15, 0.17, and 0.20 were grown by
the traveling-solvent floating-zone technique. Naturally occurring europium has
a large neutron absorption cross-section, which has impeded the study of spin
order in LESCO using neutron scattering. To address this issue, we have grown
isotopically enriched crystals using >*Eu, which has a smaller neutron absorption
cross-section than that of the natural abundance. This isotope did not have any
noticeable effect on the electronic or magnetic properties of the crystals.

The hole-doping level of the crystals was controlled by the Sr concentration,
and it was confirmed by comparing the measurements of the Sr and hole
concentration. The Sr concentration was measured using energy-dispersive
X-ray fluorescence (ED-XRF) measurements or inductively coupled plasma
optical emission spectroscopy (ICP-OES); the two techniques gave identical Sr
concentrations when measuring the same sample. To exclude other factors that
may affect the hole doping, we also directly measured the hole concentration
from the O K edge X-ray absorption spectra (XAS) (31). The XAS were measured in
total fluorescence yield mode using a transition edge sensor (TES) array detector
(32,33), which provides an excellent detection efficiency, at beamline 13-3 of the
Stanford Synchrotron Radiation Lightsource (SSRL). The measured hole doping p
showed a good agreement with the Sr concentration x (S/ Appendix, section I1).

The Miller indexes (H, K, L) denote a momentum transfer wavevector Q =
(2mH/a, 27K /b, 2L /c) in a tetragonal unit cell, where the lattice parameters
area=b =379 Aand c = 13.14 A at x = 0.125. For the full doping depen-
dence of the lattice parameters, see S/ Appendix, section I.

RSXS Measurements. RSXS experiments at the Cu L3 edge (~ 932 eV) were
carried out at beamline 13-3 of the SSRL. The samples were cleaved in air to
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expose the (0, 0, 1) surface before RSXS measurements, and the (H, 0, L) plane
was aligned to the scattering plane inside the scattering chamber using a
four-circle in-vacuum diffractometer. The CDW peak profiles along the in-plane
momentum direction H were measured by performing scans of the sample
angle 6 with respect to the incident X-ray beam, while the detector was fixed
at 120°. The samples were cooled using an open-cycle helium cryostat with
a base temperature of Tyae = 24 K, except for the x = 0.125 measurement,
for which Thae = 36 K. To subtract fluorescence backgrounds accurately, and
thereby to enhance sensitivity to scatterings from CDW, we employed a two-
dimensional charge-coupled device (CCD) detector that measures CDW signals
and backgrounds simultaneously. The background subtraction method is
described in S/ Appendix, section IV and also in ref. 34.

Neutron Scattering Measurements. Elastic neutron scattering measure-
ments were performed using the HB-3 and HB-1A triple-axis spectrometers at the
High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). For HB-
3, we used an incident energy of £ = 14.7 meV and set collimators to 48’-60’-
60-120’; for HB-1A, we used an incident energy of £ = 14.6 meV and set colli-
mators to 40"-40"-40-80". We measured the samples with x = 0.07,0.10,0.11,
0.125,and 0.15 on HB-3, with additional data gathered on HB-1A only for sam-
plesx = 0.10,0.125,and 0.15.These crystals were mounted in the (H, K, 0) scat-
tering plane inside a helium cryostat with a base temperature of 1.5 K; we used a
closed-cycle refrigerator with a base temperature of 4 K for the x = 0.11 sample.
The data from HB-1A were scaled by an overall constant multiplication factor to
match the data from HB3, and the two datasets agreed well with each other.
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