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Interplay between relaxational atomic fluctuations and charge density waves in La2−xSrxCuO4
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In the cuprate superconductors, the spatial coherence of the charge density wave (CDW) state grows below a
temperature TCDW, the origin of which is debated. Using x-ray photon correlation spectroscopy, we have studied
the temporal atomic relaxation dynamics in La1.88Sr0.12CuO4 to shed light on this question. Cooling within an
emergent structurally distorted phase, which favors the CDW modulation in symmetry and develops in two stages
between 180 and 120 K, we observe a crossover from cooperativelike to incoherentlike relaxation dynamics at
TCDW = 75(10) K. We argue that, if the CDW is hosted by this distortion, the concomitant relaxational crossover
and enhancement of CDW spatial coherence supports the interplay between relaxational atomic fluctuations and
CDWs in materials of this class on quasistatic times cales.

DOI: 10.1103/PhysRevB.108.L201111

Relaxation and vibration are the two most common forms
of atomic dynamics. In the high-Tc Cu-based superconductors,
vibration (i.e., phonons) plays a critical role in generating
some of the most puzzling physics because its time scale is
compatible with those characteristic of electronic processes,
leading to, for example, electron-phonon interactions [1]. Re-
laxation dynamics, on the other hand, are often much slower
[2] and therefore appear static on typical electronic time
scales. The interplay between relaxation effects and electronic
ordering phenomena has rarely been explored in any cuprate.

One ubiquitous electronic order in the cuprates is charge
density wave (CDW)–spontaneous modulations of electron
density [3]–with a rich, but complicated phenomenology. A
well-defined thermodynamic phase transition is missing for
the CDWs in most cuprates. Instead, short-range charge cor-
relations can prevail at temperatures far exceeding Tc [4–7].
The widely adopted temperature for characterizing the CDW
in the cuprates is TCDW, below which the in-plane correlation
length (ξ ‖

CDW) first increases and eventually saturates at a
finite value. Since the CDW strongly intertwines with other
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electronic degrees of freedom [8], it is important to understand
the mechanism defining TCDW.

There is now compelling evidence to show that the
CDWs in the cuprates are glasslike [9,10] and fluctuate
on exceptionally slow timescales (10−1 s - 104 s) [11–15].
Consequently, relaxation effects, which occur on similar time
scales and are another inherent property in these materials due
to their defective atomic lattice introduced by carrier doping
[16–18], are no longer negligible. Fundamental to this is the
question: Can these slow temporal fluctuations of atoms offer
information on the formation of the more spatially coherent
CDW state at TCDW?

To address this question, we have measured the atomic
relaxation dynamics in La1.88Sr0.12CuO4 using x-ray photon
correlation spectroscopy (XPCS). This technique relies on
the configurational change of speckle patterns [Fig. 1(a)]–
complex scattering images generated by the interference
between the coherent x-rays and local structure–in the time
(t) domain to calculate the intermediate scattering function
|F (Q, t )| at a momentum transfer Q [19,20]. In general,
atomic relaxation can be directly probed by the speckles near
a Bragg reflection [21–23]. Accordingly, we have collected a
time series of x-ray diffuse scattering (XDS) patterns near the
Q0 = (0, 0, 4) reflection in La1.88Sr0.12CuO4 [Fig. 1(b)]. Q0 is
indexed in the high-temperature tetragonal (HTT, space group
I4/mmm) notation, and so are the other reflections studied in
this work. Q0 is specular, chosen specifically to minimize the
XDS contamination from the low-temperature orthorhombic
(LTO, space group Bmab) twinning in the ab plane [24], which
is induced by the HTT-LTO structural phase transition at TLTO

= 240 K (Supplemental Material) [25]; Q0 is also the most
intense Bragg reflection accessible in our scattering geometry
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FIG. 1. Coherent XDS near Q0 = (0, 0, 4) at 30 K. (a) Temporal
evolution of the speckles in the top white box below. (b) Single-frame
XDS profile. A polar coordinate convention centered at Q0 (red dot)
is defined. White and black boxes are on- and off- axis ensembles
(main text). The sharp streak is a CTR. Inset: Top view of the
experimental geometry.

[inset, Fig. 1(b)]. The detailed data collection and analy-
sis protocols for extracting |F (Q, t )| are described in the
Supplemental Material [25]. In addition, a polar coordinate
system centered at Q0 is used to map out the relative mo-
mentum transfer �Q (�Q, Φ) = Q-Q0 in the detector plane
[Fig. 1(b)]. At all temperatures, we observe a sharp crystal
truncation rod (CTR) traversing Q0 at ΦCTR � 7.5◦/187.5◦.

Two La1.88Sr0.12CuO4 single crystals were used for this
work; they were cut from the same batch as the one studied
in Ref. [4], which reported TCDW = 75(10) K. These samples
were grown by the traveling-solvent floating-zone method
described in Ref. [26], and then mechanically cleaved on
one side to expose a natural facet with the c axis normal.
The hard x-ray diffraction (HXD) experiment was performed
on the I16 beamline at the Diamond Light Source (United
Kingdom), using a monochromatic x-ray beam with energy
8.095 keV. The XDS and XPCS experiment was carried out
at the coherent x-ray scattering beamline P10 of the PETRA
III storage ring (Germany). A monochromatic x-ray beam
(energy 8.5 keV) was focused at the sample position with spot
size of 2.5×2.5 μm2 in full width at half maximum. Both
experiments were performed in the θ/2θ reflection geometry
[inset, Fig. 1(b)].

The XDS profile at 30 K has a profound anisotropy along
� = �p � 102.5◦/282.5◦ [Fig. 1(b)]. This anisotropy axis is
insensitive to heating up to TD1 = 180 K, above which the pro-
file becomes almost isotropic in � [Fig. 4(a)]; we will revisit
TD1 in detail below. It is convenient to define two types of Q
ensembles for studying the |F (Q, t )| at T < TD1: The on-axis
ensemble centered at �p, and the off-axis ensemble centered

FIG. 2. Intermediate scattering function |F (Q, t )|. On- (open
squares) and off- (filled circles) axis |F (Q, t )|2 curves at (a) 60 K,
(b) 100 K, and (c) 140 K. Solid lines are the single-KWW fits (main
text). A strong anisotropy in the relaxation develops between 100 K
and 60 K, while the x-ray diffuse scattering only evolves smoothly in
this temperature window [Fig. 4(a)].

at �p ± 60◦ (chosen to access the scattering away from �p

while avoiding the CTR contamination). For speckle sampling
purposes (Supplemental Material [25]), these ensembles have
finite radial and azimuthal coverages of ±0.13 × 10−2Å−1

and ±7.5◦, respectively [Fig. 1(b)]. We have computed the
|F (Q, t )| in the on- and off- axis ensembles as a function of
�Q. The major finding of this report–interplay between the
atomic relaxation and CDW–is present at all �Q values. For
simplicity, we will only discuss the data in the on- and off-
axis ensembles at �Q = 1.16 × 10−2Å−1.

We focus on the relaxation dynamics below TD1, which we
show later is relevant for the CDW in La1.88Sr0.12CuO4, while
those at higher temperatures are presented in Supplemental
Material [25]. As shown in Fig. 2, the |F (Q, t )| data can be
well reproduced by the Kohlrausch-Williams-Watts (KWW)
decay model:

|F (Q, t )| = exp[−(�t )β]. (1)

In this equation, � and β are the relaxation rate and ex-
ponent of the decay process, respectively. The decay shape
parameter β is an indicator for the nature of the dynamics
[19,20]. In La1.88Sr0.12CuO4, β is always between 1.0 and 2.0
for both on- and off- axis dynamics [inset, Fig. 3(a)]. Such
compressed decay is commonly observed in glassy systems
[19,20,22,23,27].

A visual inspection on |F (Q, t )|2 (Fig. 2) reveals a strong
anisotropy at 60 K. It is much weaker at 100 K, and be-
comes barely resolvable at 140 K. To precisely capture
this temperature-induced change in relaxation anisotropy, we
study the on- (�on) and off- (�off ) axis relaxation rates. These
two parameters are plotted in Fig. 3(a). Above 120 K, which
we label TD2 hereinafter, �on and �off have small differences;
but they show no systematic trend as the temperature de-
creases. Upon further cooling, �on becomes smaller than �off

at TD2; this holds for the atomic relaxation in the entire �Q
window probed. Interestingly, the �on < �off feature gets
sharply enhanced in the 85–70 K window. This enhancement
can be quantitatively characterized by the unitless relaxation
anisotropy parameter K� = �on−�off

�on+�off
[Fig. 3(b)]. Above 85 K,

K� varies in a narrow range between about 45 0.10 and 0.05.
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FIG. 3. Atomic relaxation anisotropy. (a) On- (open squares) and
off- (filled squares) axis KWW relaxation rate � (main panel) and
exponent β (inset). (b) relaxation anisotropy parameter (main text)
as a function of temperature. Dashed lines are guides for the eye.

While K� has a smoothly decreasing tendency (at best) be-
tween TD2 and 85 K, a much more dramatic reduction occurs
around TCDW = 75(10) K [4,5]: It changes from about −0.3 at
85 K to −0.63 at 70 K. A kink is seen at 70 K, below which K�

increases almost linearly and eventually reaches about −0.40
at 30 K.

Within the errors, the temperature window where K�

sharply drops agrees with TCDW = 75(10) K [Fig. 3(b)], which
was obtained from a crystal cut from the same batch as ours
[4]. In the following, we elucidate the correlation between the
atomic relaxation dynamics and CDWs in La1.88Sr0.12CuO4.
This is done in two steps. In the first step, we quantitatively
study the anisotropic XDS profile that generates the speckles
used for extracting |F (Q, t )| below TD1 [Fig. 1(b)]. In the
second step, we show evidence revealing the origin of this
anisotropic scattering–an emergent symmetry-breaking dis-
tortion that favors the CDW modulation.

We start with the pixel-averaged on- and off- axis XDS
amplitudes (Ion/Ioff ) in the same ensembles used for the XPCS
analysis [Fig. 1(b)]. As shown in Fig. 4(a), Ion and Ioff are
small and almost identical during the initial cooling from
200 K, supporting that the XDS profile is quasi-isotropic. A
large XDS signal develops in both channels at TD1, accom-
panied by the development of the �p anisotropy that prevails
at lower temperatures. Ioff is re-entrantly suppressed at TD2,

FIG. 4. Local and global atomic lattice configurations. (a) On-
and off- axis XDS amplitudes vs temperature. (b) and (c) LTO/HTT-
forbidden reflections. Red lines are Gaussian fits. (d) and (e) Areas of
the two LTO/HTT-forbidden reflections as a function of temperature.
Temperatures marked in (a) (d), and (e) are defined in the main text.

making the XDS even more anisotropic. No XDS anomaly
can be unambiguously resolved at TCDW.

In theory, XDS can be directly linked to the local atomic
configuration [28]. The temperature dependences of the XDS
amplitudes [Fig. 4(a)] reveal a complex local reconstruc-
tion process of atoms in La1.88Sr0.12CuO4, which starts at
TD1 and completes at TD2. This can be caused by a struc-
tural phase transition. Since these changes occur well below
TLTO = 240 K (Supplemental Material [25]), they are not
associated with the LTO distortion. Previously, a symmetry-
breaking, monoclinic-like structural distortion (space group
P2/m), which favors the CDW modulation based on a group
theory analysis, has been reported in the LTO phase of
La1.88Sr0.12CuO4 [29]. Using synchrotron HXD, we have
tracked the evolution of this emergent phase as a function
of temperature, which can be uniquely characterized by the
reflections that are forbidden in both HTT and LTO space
groups, e.g., (0.5, 0.5, 0) and (−0.5, 1.5, 0). Notably, we
find that these reflections, which can be indexed by the space
group P2/m [29], have different characteristic temperatures
[Figs. 4(b) and 4(c)].

We fit their profiles to a Gaussian function. The peak
at (0.5, 0.5, 0) is about five times broader than that at
(-0.5, 1.5, 0). This broadening is primarily due to the in-plane
twining induced by the LTO distortion [30]. After taking
into account the resolution effect, we estimate the coherence
length defining the Bmab-symmetry-breaking distortions to
be at least 400 Å; this is consistent with that reported previ-
ously [29]. In Figs. 4(d) and 4(e), we study the temperature
dependences of these reflections. The (0.5, 0.5, 0) reflection
becomes finite at 200 K (i.e., 40 K below TLTO) and then
increases dramatically at TD1 = 180 K [Fig. 4(d)]. On the
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other hand, the (-0.5, 1.5, 0) reflection does not become re-
solvable until 140 K, before it sharply rises below TD2 = 120 K
[Fig. 4(e)]. Combining the HXD and XDS results, we suggest
that there is a symmetry-breaking, monocliniclike distortion
inside the LTO phase. This distortion develops in two stages;
they are responsible for the reconstructions of XDS profile
at TD1 and TD2. As a result, the speckles generated by the
anisotropic XDS and used for relaxation dynamics analysis
below TD1 are correlated with this distortion, which has been
proposed to favor the CDW modulation in symmetry [29].

Having established a strong connection between the atomic
relaxation dynamics and CDWs in La1.88Sr0.12CuO4 via a
combined XDS and HXD study, we now come back to discuss
the relaxation anisotropy, and more importantly, its interplay
with the CDW spatial coherence. In general, atoms can relax
either incoherently or cooperatively. In an incoherent process,
the dynamics are governed by the local atomic configuration,
because the atoms are in the non-interacting limit. Accord-
ingly, the KWW relaxation rate � [Eq. (1)] is a monotonically
decreasing function of the XDS amplitude [31,32]. This phe-
nomenon is called de Gennes (dG) narrowing, and has been
observed in diluted glasses [21].

The dG narrowing model would require, (1) �on < �off

(K� < 0) below TD1, where Ion > Ioff , (2) a further decrease
of K� when the temperature is lowered across TD2, where the
enhancement in XDS anisotropy is most dramatic, and (3)
no significant change in K� at TCDW, where the XDS evolves
smoothly [Fig. 4(a)]. However, as shown in Fig. 3(b), the sign
of K� fluctuates randomly between TD1 and TD2; the biggest
reduction in K� occurs at TCDW instead of TD2. The loose
coupling between the relaxation rate and XDS amplitude at
these temperatures does not fit this prediction. Instead, it is
strong evidence for cooperativelike relaxation [27]. Typically,
cooperative dynamics are driven by interatomic interactions.
In theory, they can be stabilized by nonlocal (overlapping)
strain fields [33,34]. The strain field in the La-based cuprates
comes from the Sr dopants [28]. Its correlation length can
be estimated by 2π/|�Q|. As shown in Fig. 1(b), the XDS
intensity drops by at least two orders of magnitude within
a |�Q| range of 0.015 Å−1, corresponding to a strain field
that extends about 500 Å in space. This can lead to the
cooperativelike relaxation observed. Although K� is weakly
suppressed at TD2, a considerable reduction is observed inside
the TCDW window. This supports the idea that the dG narrow-
ing picture, i.e., incoherent-like atomic relaxation dynamics,
is recovered below TCDW. In other words, there is a crossover
from cooperative- to incoherentlike atomic relaxation dynam-
ics when the sample is cooled below TCDW.

Previously, the variation in CDW spatial coherence ξ
‖
CDW

in the cuprates has been understood in the context of static
disorder [10,18,35], or intertwining with superconductivity
[6,36]. In La1.88Sr0.12CuO4, we observe that a new structural
distortion, which favors the CDW in symmetry [29], develops
in the normal state and well above TCDW [Figs. 4(d) and
4(e)]. But a longer ξ

‖
CDW does not immediately follow at

TD1 or TD2 [4,5]. If this emergent distortion hosts the CDWs
observed in La1.88Sr0.12CuO4 [4,5], other factors need to be
considered.

The crossover in temporal relaxation dynamics of atoms
around TCDW can offer important insights into this puzzle.

While the CDW modulation in La1.88Sr0.12CuO4 is compat-
ible with the distortion observed by HXD in symmetry [29],
the Sr dopants generate strain fields that can drive the sur-
rounding atoms away from their ideal positions defined by
the otherwise clean crystal structure [28]. These atoms then
spontaneously relax in space-dynamics probed in our XPCS
measurements. By definition, atoms wiggle around their ideal
positions in the incoherent relaxation limit. In the cooperative
relaxation limit, on the other hand, the time-averaged wiggling
centers are decoupled from these ideal positions due to the
interatomic interactions imposed by the nonlocal strain fields
[33,34]. The ideal positions, which arise from the symmetry-
breaking, monocliniclike distortion [Figs. 4(b)–4(e)], favor
the CDW modulation [29]. This means that, at any given time,
ξ

‖
CDW depends on the number of clustering atoms that can

be found at these positions. Accordingly, the CDW state is
relatively more spatially coherent when the atoms are under-
going the incoherent-like relaxation process. This provides a
different scenario to explain the enhanced ξ

‖
CDW below TCDW,

in addition to the ones involving static disorder [10,18,35] or
electronic intertwining [6,36]. Finally, we stress that the tem-
poral fluctuations, given by the two distinct types of atomic
relaxation described above lead to identical diffraction pat-
terns in traditional XDS measurements; they can only be
distinguished through the temporal autocorrelations observed
through speckle analysis enabled by coherent x-ray scattering,
e.g., XPCS.

The two-stage development of the emergent atomic dis-
tortion characterized by the LTO/HTT-forbidden reflections,
together with the concomitant emergence of a anisotropic
XDS profile, are puzzling [Figs. 1(b) and 4]. For exam-
ple, these reflections are also forbidden in the so-called
low-temperature tetragonal (LTT) notation (space group
P42/ncm), where the associated CuO6 octahedral rota-
tion stabilizes the CDW state in La2−xBaxCuO4 [37] and
La1.8−xEu0.2SrxCuO4 [7] at low temperatures. However, the
CDW correlations in these materials can persist at high tem-
peratures where the LTT distortion is suppressed and weak
monocliniclike distortions are present [38]. As a result, our
results, which focus on the CDWs outside the LTT phase, are
not incompatible with previous studies. Since this emergent
distortion is important for understanding the CDW modu-
lations [29], more studies on the global and local atomic
configurations underlying these changes are needed.

Although it is broadly acknowledged that the CDWs
in the cuprate superconductors are glasslike [9,10,35], ex-
hibit quasistatic fluctuations [11–15], and can couple to the
atomic lattice on different length scales [10,39], no exist-
ing theory or experiment has accounted for their coupling
to atomic relaxation dynamics which have compatible quasi
static time scales. Using XPCS, we show that the CDW
spatial coherence ξ

‖
CDW in La1.88Sr0.12CuO4 gets enhanced–

not at the temperature where a distortion that favors the
CDW modulation emerges (TD1/TD2)–but at a temperature
where the atomic relaxation dynamics undergo a cooperative-
to-incoherent crossover (TCDW). We show that the interplay
between these relaxational atomic fluctuations and CDWs
can lead to the enhanced ξ

‖
CDW below TCDW. Since almost

all cuprate superconductors are intrinsically disordered, and
more importantly, possess a significant amount of dopants that
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can induce nonlocal strain fields, the importance of atomic
relaxation dynamics for understanding the CDW state, espe-
cially ξ

‖
CDW, goes beyond the La-based family. As a result, our

work calls for further studies on the many-body interactions
in the so far largely unexplored quasielastic time regime.
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