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The occurrence of charge-density-wave (CDW) order in underdoped cuprates is now well established,
although the precise nature of the CDW and its relationship with superconductivity is not. Theoretical
proposals include contrasting ideas such as that pairing may be driven by CDW fluctuations or that static
CDWs may intertwine with a spatially modulated superconducting wave function. We test the dynamics of
CDWorder in La1.825Ba0.125CuO4 by using x-ray photon correlation spectroscopy at the CDWwave vector,
detected resonantly at the Cu L3 edge. We find that the CDW domains are strikingly static, with no
evidence of significant fluctuations up to 2¾ h. We discuss the implications of these results for some of the
competing theories.
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A variety of experiments have now established that
charge-density-wave (CDW) order coexists with super-
conductivity in essentially all underdoped cuprates [1–16].
Conventionally, one expects that the CDW order would
compete with superconductivity for electronic density
of states near the Fermi level, so the exact nature of the
CDW and its relationship with superconductivity has come
under great scrutiny. A common scenario in trying to
understand the cuprates is that quantum fluctuations near
a quantum critical point may drive electron pairing
and superconductivity [17–23], and some have pointed
towards CDW [18,20,24,25] or nematic [26–28] fluctua-
tions as the relevant modes. An alternative approach
proposes that static CDW order and superconductivity
may work together, rather than compete, with the potential
for a spatially modulated superconducting wave function
[29–34]. Hence, it is of interest to test whether the CDW in
the cuprates is static or fluctuating [35,36]. To address this
question, we have chosen to study La1.825Ba0.125CuO4

(LBCO 1=8), which has the strongest CDW signal among
the cuprates. Even though this optimization of CDW order
at x ¼ 1=8 correlates with a strong depression of the bulk
superconducting transition temperature [37,38], a two-
dimensional (2D) superconducting order parameter ampli-
tude develops at the surprisingly high temperature of 40 K,
with phase order becoming established at 16 K [39]. Now,
if there is only one pairing mechanism, and one type of
CDW, in the cuprates then LBCO 1=8, having the strongest
CDW signal in diffraction [40–44], provides a sensitive
test of the nature of the CDW and its relationship with
superconductivity.
In this Letter, we use x-ray photon correlation spectros-

copy (XPCS) to test for possible slow CDW fluctuations
in LBCO 1=8. In XPCS, coherent scattering from the
microstructure disorder, or domains, results in a complex

interference (“speckle”) pattern. By tracking the evolution
of the speckle pattern with time, one can infer the under-
lying domain dynamics [45–47]. This technique has been
used to detect mesoscopic fluctuations associated with
CDWs in systems such as chromium [48] and TaS2
[49]. When fluctuations are faster than the time for a single
measurement, the size of the interference contrast is
reduced [50,51].
An innovative aspect of our work is that we use coherent

soft x rays tuned to the Cu L3 and O K absorption edges to
enhance the intensity of the CDW peak [40]. We find that
the detected speckle pattern is remarkably stable over time
scales from minutes to hours at temperatures up to at least
90% of the disordering transition temperature. Furthermore,
the magnitude of the interference contrast is consistent with
perfectly coherent scattering from the sample, so that there
is no evidence for significant fluctuations of the CDW
domains on a time scale faster than the measurement.
Figure 1 outlines the experimental setup at the 23-ID-1

beam line at the National Syncrotron Light Source II
which is optimized to deliver extremely high coherent flux
(∼1013 photons=s) at the sample. Following the 10 μm
pinhole, the beam has essentially perfect transverse coher-
ence and a longitudinal coherence length of ∼2 μm. Data
were collected using a fast CCD [52] with a maximum
readout rate of 100 Hz and 30 × 30 μm2 pixel size placed
340 mm from the sample. Single crystals of LBCO 1=8
were grown using the floating zone method, and charac-
terized extensively in previous studies [41,43,44,53]. Here
we report wave vectors in terms of the high temperature
tetragonal (HTT) crystal structure with a ¼ b ¼ 3.78 and
c ¼ 13.28 Å. In this notation, the CDW occurs at a wave
vector of ð�0.236; 0; 0.5Þ in ðH;K; LÞ reciprocal lattice
units, where positiveH values correspond to larger incident
x-ray angles. The sample was cleaved ex situ and mounted
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with a ½H; 0; L� scattering plane. All data were collected
with horizontal (σ)-polarized incident x rays.
Figure 2(a) plots the detector image obtained at

ð−0.236; 0; 1.5Þ at 15 K using the Cu L3-edge resonance.
Intensity modulations, or speckles, are clearly visible on
top of the CDWBragg peak and serve as a fingerprint of the
domain configuration. The line cut in Fig. 2(b) shows the
separate components to the scattering. In Bragg coherent
scattering measurements, the speckle intensity is modulated
by an overall envelope calculated here by applying the
Savitzky-Golay smoothing method. The CDW peak sits on
top of an approximately flat background, primarily from
x-ray fluorescence.
The relative strength of the speckles can be quantified by

calculating the intensity variation

V ¼ Imax
s − Imin

s

Imax
s þ Imin

s
ð1Þ

where Imax
s and Imin

s are the maximum and minimum
speckle-modulated intensities. There is a substantial inco-
herent background from sample fluorescence that we
choose to subtract before evaluating V. After averaging
over several cuts close to the dotted horizontal line in the
15 K data shown in Fig. 2(a), we find V ¼ 0.15� 0.05.
Similar values are obtained independent of data accumu-
lation time, from 1min, the shortest time in which sufficient
statistics can be collected, to 2¾ h of total measurement
time. The background subtraction allows us to compare the
measured V values to the theoretical intensity variation,
which was calculated based on the expected x-ray coher-
ence properties, scattering geometry, and x-ray penetration
depth. The calculation [54] yields V ¼ 0.15, consistent
with the measured value. Additional measurements at the
þH satellite and the O K-edge resonance are also con-
sistent with calculated values [54].
Next we address the time evolution of the observed

speckles to test for CDW dynamics, which we examine in

the “waterfall” plots or kymographs shown in Fig. 3. These
waterfall plots are intensity-time plots, and show the
intensity measured along the cut indicated by the dotted
line in Fig. 2(a), as a function of time. Each row in these
plots has been averaged over 100 images, with an exposure
time of 5 s per image, adding up to a total of 2¾ h spanned
by the vertical time axis. In particular, the 15 K data in
Fig. 3(a) exhibit distinct vertical streaks indicating that the
positions of pixels with high intensity, i.e. speckles, remain
unchanged over the 2¾ h measurement period. This
provides the first direct evidence for static CDW domains
in LBCO 1=8 over these time scales.
Numerous previous studies indicate that the CDW

correlation length decreases, in concert with a reduction in
peak intensity, as temperature increases and that the CDW
peak eventually disappears around 54 K, close to the low
temperature tetragonal (LTT) structural phase transition
[38,40–42,44] [see Fig. 4(b)]. Given that fluctuations often
play a more important role close to phase transitions, we also

FIG. 1. Measurement configuration at the 23-ID-1 (CSX-1)
beam line at NSLS-II. X rays from the undulator are energy-
dispersed and focused onto a 10 μm pinhole ∼5 mm from the
sample. This pinhole acts like an monochromator exit slit
achieving ∼2 μm longitudinal coherence and defines the beam
size and transverse coherence length at the sample. Bragg speckle
patterns are measured using a charge coupled device (CCD)
camera capable of 100 frames per second [52].

FIG. 2. (a) A detector image from the LBCO 1=8 CDW Bragg
peak at 15 K. The black diagonal line is an artifact from the
beamstop. (b) A line cut of the measured intensity taken on the
dotted line in panel (a) is shown in yellow. Red and black lines
indicate the smoothed peak envelope and the fluorescence-
dominated background, respectively. The speckle modulations
on top of the peak arise from coherent interference between
different CDW domains.
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measured speckle time dependence closer to the transition
temperature. Figures 3(b) and 3(c) show waterfall plots for
equivalentmeasurement times at 40K and 47K, respectively.
At 40 K, we still see clear vertical streaks spanning the entire
2¾ h measurement duration. At 47 K, although the intensity
of the speckles is close to the noise floor, the positions of the
brightest speckles still remain unchanged over time, within
experimental error.
The speckle time dependence was more formally quan-

tified using the normalized one-time correlation function,
g2ðq; τÞ, which autocorrelates pixel intensities with differ-
ent lag times as

g2ðq; τÞ ¼
hIðq; tÞIðq; tþ τÞi

hIðq; tÞi2 ¼ 1þ βjFðq; τÞj2: ð2Þ

Here, Iðq; tÞ is the total intensity in a detector pixel,
including background, with a scattering wave vector q at
time t, and τ is the lag time. h� � �i indicates the time average
as well as ensemble average over all pixels with equivalent q
values for improved statistics. In the data presented here we
observed no significant q dependence and sowe omit q from
further formulae.FðτÞ is the intermediate scattering function
encoding the dynamics of the sample [47,56]. The parameter
β, referred to as the speckle contrast factor, is related to
the square of the speckle intensity variationV defined above.
(If the background is first subtracted from the intensities
in Eq. (2), then β ¼ V2.) We choose to evaluate g2ðτÞ with
the full intensity because unreliable results can occur with
background-subtracted intensities when the signal becomes
very small and counting statistics are limited.
The value of β ranges from 0 (no speckle contrast) to 1

(perfect speckle contrast) depending on the sample behav-
ior, the background strength, and the experimental setup.
Figure 4(a) plots g2ðτÞ − 1 calculated on constant intensity
contours within 100 pixels on the peak maximum. Time-
independent g2ðτÞ behavior over at least one hour is

observed all the way up to 47 K. The small drop in
g2ðτÞ after approximately 2 h at 15 and 30 K was deemed to
arise from finite experimental stability over these long time
periods, based on measurements of the specular reflection
from the sample, which provides a static reference. Above
47 K we judge the signal to noise ratio to be insufficient for
a definitive statement.
From g2 we can extract the quantity β ¼ g2ðτ → 0Þ − 1,

the temperature dependence of which is plotted in Fig. 4(c).
The strong decrease of β with temperature could reflect
a reduction in speckle intensity variation V indicating an
increase in CDW fluctuations; however, β is also sensitive to
the ratio, rðTÞ, of peak intensity to total (peak plus back-
ground) intensity [plotted in Fig. 4(b)]. Analysis of a simple
model shows that β should be proportional to r2ðTÞ [54]. It
follows that, ifV is independent of temperature, then βðTÞ is
directly proportional to r2ðTÞ. Figure 4(c) shows that βðTÞ
indeed scales with r2ðTÞ, indicating that the drop in βðTÞ
is due to a reduction in CDW peak intensity. As another
check, we computed V at 15, 30, and 40 K, obtaining
statistically consistent values (0.15� 0.05, 0.16� 0.05 and
0.15� 0.05). Thus, we have no evidence for any increase in
fluctuations on approaching the transition.
This result significantly extends and complements the

numerous previous studies that examine charge and spin
order and fluctuations in the cuprates. For example, nuclear
magnetic resonance (NMR) and nuclear quadrupole (NQR)
studies have previously indicated the onset of static order
(on a time scale of microseconds) in La1.825Ba0.125CuO4

below approximately 40 K [57,58]. However, the signal in
this case is thought to be primarily sensitive to spin (rather
than charge) fluctuations [59,60]. XPCS is one of very
few techniques capable for testing for CDW fluctuations
on very long time scales on the order of hours, the
other being scanning tunnelling spectroscopy (STS) which
has observed a static CDW signal in a few systems such
as Bi2Sr2Can−1CunO2nþ4þx [2,9,61,62]. However, STS is

FIG. 3. Waterfall plots showing horizontal line cuts through the CDW Bragg peak, along the dotted line in Fig. 2(a), as a function of
time for (a) 15, (b) 40, and (c) 47 K. The constant vertical streaks in these plots indicate static CDW domains from 15 to 47 K.
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surface sensitive and has never achieved imaging over a
sufficiently large and flat surface area for various non-
cleavable cuprates including La2−xBaxCuO4 [63]. This is
particularly significant in view of work suggesting that the
“214” family of cuprates might host a qualitatively different
type of CDWorder [64]. Furthermore, XPCS is sensitive to
fluctuations that are faster than the measurement time,
whereas STS is not. We also note that there is minimal work
extending to temperatures close to the CDW transition.
What is the significance of our results? For comparison,

we note that quantum fluctuations were detected by XPCS
for long-range-ordered CDW domains in chromium metal
[48]. A fluctuation time scale of roughly an hour was
observed at low temperature, decreasing to the scale of a
minute on warming above 100 K despite the relatively high
transition temperature of 311 K. In our case, the correlation
length is only ∼230 Å at low temperature. One might

expect that this would be limited by quantum fluctuations,
but our measurements imply that static disorder determines
the range of correlations. On warming above 40 K, where
the strong 2D superconducting correlations and spin stripe
order disappear [65], the correlation length decreases
rapidly; however, the thermal disorder does not show up
in any significant way as dynamic fluctuations of the
scattering associated with the CDW peak.
The coexistence of very static CDW order with (2D)

superconductivity is hard to reconcile with models in which
CDW fluctuations are essential to pairing. Such theories are
generally compatible with a small fraction of static CDW
order, but our measurements show that the bulk of CDW
spectral intensity within our studied wave vector range is
static, which does contradict such models. From the
perspective of models in which CDW order only competes
with superconductivity, one could ask whether these two
phases are present in different parts of the sample.
Measurements of properties such as the thermopower
[65] and with techniques such as muon spin rotation
[66] and nuclear quadrupole resonance [67] do not support
any significant phase segregation. Theories in which CDW
and superconducting orders cooperate are more naturally
congruent with our observation of static CDW order.
It is certainly possible that there are differences in the

CDW order in LBCO 1=8 compared to that in other
cuprates such as YBa2Cu3O6þx [68], as the CDW in the
former is commensurate with spin-density-wave order [38],
while in the latter CDWorder develops in the presence of a
spin gap [69]. It is also possible that fluctuations are more
likely at different doping levels or in cuprates such as
La2−xSrxCuO4 that have weaker lattice anisotropies [70].
Nevertheless, there is nothing to suggest that the nature of
the pairing is not the same in these different compounds,
and this condition provides interesting constraints on the
pairing mechanism. Finally, we note that spatially modu-
lated pair density has been observed, commensurate with
short-range CDW order, in Bi2Sr2CaCu2O8þδ [71], so that
perhaps there are strong similarities among the CDW-
ordered cuprates after all.
In summary, we describe the first application of XPCS to

the charge ordering in the canonical cuprate material LBCO
1=8. Robustly static domains are observed up to our maxi-
mummeasurement time of 2¾ h from 15 up to at least 47 K,
close to the disordering transition of 54 K. We furthermore
find that the speckle contrast is consistent with perfectly
coherent scattering from the sample, so that there is no
evidence for significant fluctuations on a time scale faster than
ourminimummeasurement time of 1min. These results show
that the CDW correlations statically coexist with the 2D
superconductivity in LBCO 1=8, which lends support to a
picture in which these order parameters cooperate rather than
compete. Our work establishes XPCS as a new bulk-sensitive
probe of CDWdomains in the cuprates, with sensitivity to far
longer time scales than inelastic scattering [35].

FIG. 4. (a) Normalized one-time correlation function as a
function of time g2ðτÞ from 15–51 K, consistent with static
speckles up to 47 K. (b) r, the ratio of CDW peak intensity to total
intensity including background (brown circles, left axis) and
FWHM (cyan inverted triangles, right axis) as a function of
temperature obtained from fitting a Lorentzian-squared line shape
to line cuts through the peak. (c) The speckle contrast factor, β
obtained by g2ðτ → 0Þ (blue stars). The transparent blue line
shows the value of βðTÞ obtained by rescaling the β value at 15 K
by the factor r2, βðTÞ ¼ βð15 KÞrðTÞ2, as described in the text.
This rescaling accounts for the known drop in the peak intensity
relative to the total intensity and captures the observed trend of
decreasing βðTÞ. Error bars represent statistical uncertainty and
are included whenever the error bar is larger than the point size.
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