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The atomic lattice plays a critical role in the emergence of high-T, superconductivity in cuprates. While the
dynamics associated with electron-lattice coupling typically unfold on picosecond-to-femtosecond timescales,
we present an x-ray photon correlation spectroscopy investigation on an optimally doped La-based cuprate that
reveals a strong response of kilosecond-scale lattice relaxation dynamics to the superconducting state. Notably,
an anomaly emerges around 7;: upon cooling into the superconducting state, the average atomic relaxation life-
time decreases, i.e., dynamics accelerate. This indicates a significant change in the local disorder-induced strain
field dynamics at the superconducting transition, highlighting a remarkable coupling between superconductivity

and the lattice on quasistatic timescales.
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All high-T. cuprate superconductors are inherently
disordered due to carrier doping, which inevitably introduces
defects into the crystal lattice. Understanding the interplay
between the defects and electronic properties in these
materials—such as superconductivity, charge-density waves
(CDWs), and the pseudogap—is a central issue and has been
the subject of extensive study. Notably, both CDWs and the
pseudogap are found to be highly sensitive to certain types of
defects [1,2], whereas the superconductivity appears, perhaps
counterintuitively, to be relatively robust [3], and in some
cases even enhanced [4], in the presence of disorder. Despite
this, the direct interaction between superconductivity and
lattice disorder remains largely underexplored experimentally.
From an experimental standpoint, it is still far from clear how
superconductivity can persist and even thrive in a disordered
lattice.

In addition to static quenched disorder, defects also induce
local atomic relaxation, which can be viewed as a form of
dynamic disorder that governs the temporal stability of the
host lattice where the defects reside [5]. Typically, relaxation
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dynamics are thermally activated and can be described by the
Arrhenius model:

T = 19exp(AE /kgT), €))]

where AFE is the thermal activation energy associated with
defect pinning and disorder, and 7y is the intrinsic re-
laxation time in the absence of thermal activation [6,7].
Notably, a recent study on YBa;Cu30¢, (YBCO) revealed
that Eq. (1) is plainly insufficient to accurately describe
the atomic relaxation dynamics inside the superconducting
state [8]. This deviation from Arrhenius behavior serves as a
‘smoking gun’ for a direct, dynamic coupling between defects
and superconductivity—one that potentially sets the upper
limit for the temporal coherence of high-T.. superconducting
state on quasistatic timescales. This observation raises an
important question: Are such anomalous atomic relaxation
dynamics ubiquitous across all cuprate superconductors? If
so, what are the underlying commonalities and distinctions,
particularly in La-based cuprates, where structural degrees of
freedom and the associated electronic phenomena are further
complicated by multiple types of lattice symmetry-breaking
upon cooling [9,10]?

In this Letter, we investigate the atomic lattice relaxation
in La,_,Sr,CuQ4 (LSCO). Previous studies have revealed a
strong interplay between CDWs and relaxation dynamics in
underdoped LSCO [11,12]. To isolate the influence of su-
perconductivity, we focus on optimally doped LSCO (x =
0.16, T, = 37.6 K [9]), where CDWs are strongly suppressed
[13]. We observe a clear coupling between the onset of
superconductivity and the relaxation of the local strain field.
Specifically, the mean atomic relaxation lifetime decreases
below T.. These results indicate that the stabilization of the
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FIG. 1. X-ray diffuse scattering at 27 K. The anisotropic scatter-
ing is clearly visible with the major axis canted by about 8 ° from the
vertical axis. The sharp, nearly horizontal, feature is a truncation rod
[12]. The solid (dashed) boxes show the different ROIs utilized in
this work (main text). Horizontal white areas and the round circle in
the center mark spaces between detector modules and the beam stop,
respectively.

superconducting state is accompanied by enhanced atomic
relaxational fluctuations, supporting the notion that anoma-
lous atomic relaxation is a ubiquitous feature in cuprates.

A LSCO (x = 0.16) single crystal, which was grown by the
optical floating zone technique and cleaved to have the (O0L)-
plane exposed, was used. Hard x-ray diffraction (HXRD,
8.8 keV) measurements were carried out at the beamline 17-2
at the Stanford Synchrotron Radiation Lightsource (SSRL).
Atomic relaxation dynamics were measured by x-ray photon
correlation spectroscopy (XPCS)—a method that compares
pairs of coherent x-ray diffraction patterns (speckles) resulting
from a given structure to probe fluctuations in the time domain
[14,15]. These measurements were performed at the coher-
ence applications beamline P10 at the PETRA III facility at
the Deutsches Elektronen-Synchrotron DESY, Germany. The
x-ray energy was 8.76 keV; the size of the x-ray beam was
2.5 x 2.5 um? in full width at half maximum. At each temper-
ature, XPCS time series were performed over a time period of
3600 s with an exposure time of 1 second every 2 seconds. All
reflections studied in this work follow the high-temperature
tetragonal (HTT) notation (space group 14/mmm) [9].

The atomic relaxation in LSCO originates from the local
strain field induced by hole doping [16]. At low temperatures,
this strain field is governed by a monoclinic distortion [12]. It
is associated with the irreducible representations X;" and X,
of the HTT phase, although the precise space group remains
undetermined [17]. The existence of monoclinicity in opti-
mally doped LSCO (x = 0.16) is confirmed by HXRD (see
Supplemental Material [18]).

As in the underdoped compound (x = 0.12) [12], the
monoclinic distortion leads to a strongly anisotropic diffuse
scattering profile near the (0, 0, 4) Bragg reflection. This is
shown in the main panel of Fig. 1, where the Bragg peak itself
is masked by a beam stop to prevent detector saturation and

potential damage. Three distinct features are evident: a broad
oval-shaped scattering profile, a sharp streak-like feature, and
well-defined speckles visible in the single-shot frame (Fig. 1,
inset). The sharp streak is a crystal truncation rod resulting
from step formation during the cleaving process and has been
reported previously [12]; the related diffuse scattering region
has been excluded from the analysis below. In contrast, the
broad, oval-shaped scattering is an intrinsic feature that only
develops in the monoclinic phase. It has also been observed in
underdoped LSCO (x = 0.12), where it has been attributed to
Huang scattering [12].

Atomic relaxation dynamics can be probed by analyzing
speckle decorrelation in the diffuse scattering region. To this
end, regions of interest (ROIs) at various radii (¢) from the
central Bragg reflection are selected, both within the intense
scattering regime along the principal anisotropy axis and in
regions far away from it. These ROIs are outlined by solid
and dashed lines in Fig. 1 and are used consistently across
all temperatures. Selecting ROIs at angles farther from the
major axis is limited by the presence of unwanted scattering
artifacts, such as truncation rods or irregular features. These
artifacts only appear at certain temperatures, likely due to
slight shifts in the beam position on the sample surface caused
by thermal expansion.

For each pair of ROIs, which are defined by their radial po-
sitions ¢ and azimuthal angles relative to the anisotropy axis,
the intensity-intensity autocorrelation function g (Q, At) is
computed using the two-time correlation matrix method de-
scribed in Ref. [12], where Ar =1, —t; is the time delay
between two measured scattering patterns. This function cap-
tures the correlation between speckle intensities / recorded
at two different times #; and #, via coherent x-ray scattering,
thereby reflecting the underlying atomic relaxation dynamics.
The uncertainty in g (Q, Ar) is estimated as the standard
deviation of all matrix elements g (Q, #, t,) that satisfy t, —
t; = At. Example g curves (squares) for one value of g and
four representative temperatures are shown in Fig. 2, with ad-
ditional datasets provided in the Supplemental Material [18].

The g functions can be expressed in terms of the
contrast 8(Q) and the normalized intermediate scattering
function F(Q, At) via the Siegert relation: g»(Q, At) ~
1+ B(Q)|F(Q, At)|*. Here, B(Q) < 1 is a parameter that
depends on both the instrument and sample, while F(Q, At)
is purely sample dependent. A visual inspection of the data
reveals that at temperatures well below 7, ~ 38 K, the dynam-
ics are significantly faster than those at higher temperatures.
The slowest relaxation is observed near 7, suggesting the
breakdown of thermally activated relaxation process [Eq. (1)]
at the onset of superconductivity.

In order to quantify the relaxation dynamics, the
|F(Q, At)|* data are fitted to the Kohlrausch—Williams—Watts
(KWW) decay model [12]. In our final analysis, a single
KWW channel can reproduce most of the experimental data.
In combination with the aforementioned Siegert relation, g
can be written as g ~ ¢ 4+ Bexp[—2(At/1)"], where 7 is
the decay time and y is the decay exponent. The constant term
c is used to account for small deviations from ¢ = g@ (At —
o0) = 1, which can arise from instrumental issues, higher-
order contributions, or additional decay(s) [19]. We show the
respective fits (solid lines) for the exemplary g® values in
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FIG. 2. |F(At,qy =3.5 x 1072 A-! )|? at four relevant temper-
atures 23K < T, 35K close to T, and 50 K and 80K > T.) with
logarithmic binning of time delay steps (for visibility purposes only);
Solid lines show the fits to the Siegert relation for g®; The longest
relaxation times arise close to 7. (35 K) while above and below that
fastest relaxation times are observed with the fastest at lowest 7.

Fig. 2, which provide good descriptions at most temperatures
and only show small deviations at long time delays for the
isotropic ROI. At all temperatures analyzed, we obtain a
compressed decay with an exponent of y &~ 1.2 ~ 1.6 (see
Supplemental Material [18]). This compressed KWW decay
(y>1), which has also been observed in underdoped LSCO
[12] and YBCO [8], is typically associated with collective
fluctuations in jammed systems [20-22].

Figure 3 presents the main results. Across all g values, the
lifetime t gradually increases as the temperature approaches

T, from above [Fig. 3(a)], consistent with the Arrhenius model
described in Eq. (1). A fit to the temperature dependence of T
above T, yields a weighted average for the local activation
energy barrier of AE ~ 4meV (see Supplemental Material
[18]). Strikingly, T reaches a maximum at 7. and then de-
creases monotonically upon further cooling. This behavior
marks a clear departure from the expectations of thermally
activated atomic relaxation, suggesting a fundamental change
in the underlying dynamics induced by superconductivity.

Moreover, 7 exhibits an approximate ¢! scaling at
all temperatures [Fig. 3(b)], indicating that the relaxation
time is inversely proportional to the momentum transfer:
(T, q)~A(T)xq~'. Such behavior is characteristic of
hyperdiffusive dynamics [23,24] or ballistic motion [25].
Accordingly, the proportionality constant A(7) can be inter-
preted as the inverse of a characteristic velocity of motion,
with a unit of seconds per angstrom. This parameter is plotted
as a function of temperature in Fig. 3(c) and its inverse, so
in units of velocity, is depicted and further discussed in the
Supplemental Material [18]. As expected from the T o ¢!
scaling, A (T') mirrors the temperature dependence of t, dis-
playing a pronounced anomaly near 7.. This reinforces the
central observation of this work: that the atomic relaxation
dynamics in optimally doped LSCO (x = 0.16)—as captured
by anisotropic diffuse scattering speckles (Fig. 1) [12]—
become anomalous upon entering the superconducting state
(Fig. 3), while still retaining characteristics of ballistic or hy-
perdiffusive motion. In the following, we discuss the broader
implications of these findings.

We begin with the signature anisotropic Huang scattering,
which is the dominant contributor to the observed speckle
intensity (Fig. 1). In general, Huang scattering arises from
local strain field induced by disorder, such as defects or dis-
location loops. In underdoped LSCO (x = 0.12), it appears
concurrently with the emergence of monoclinic lattice dis-
tortions [12,17]. Given that similar monoclinic distortions
are observed in the present study, we propose an analogous
mechanism for optimally doped LSCO (x = 0.16). These
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FIG. 3. KWW decay lifetime 7. (a) t as a function of T at five different g values, showing a maximum near 7, (gray line). (b) 7 as a
function of g~! with fits to T = A(T')/q (black dashed lines, see Supplemental Material [18] for details). (c) A(T) vs temperature, showing a
peak near 7, and a sharp decrease on further cooling. The blue dotted line is a fit to Eq. (3) and the violet dashed line to Eq. (4) with 7, = 37.6K
and the faint lines are fits of the same functions with 7, = 34.6 K (main text).
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distortions occur even as the bulk-averaged crystal structure
remains largely described by the low-temperature orthorhom-
bic (LTO) phase, indicating that the monoclinic features are
subtle. Nonetheless, they produce a substantial amount of
Huang scattering, which persists down to the lowest mea-
sured temperature (23 K). This persistence suggests that
the monoclinic distortions form preferably around defects,
defining their structural symmetry, and may themselves con-
stitute a type of disorder relative to the average lattice. The
speckle pattern in the diffuse scattering thus provides a direct
probe of the local atomic environment around disorder, which
is well known for influencing the electronic properties in
cuprates [1-4].

At all temperatures studied, the intermediate scattering
function is best described by a compressed KWW decay,
y ~ 1.5, and the relaxation lifetime 7 exhibits a ¢! scaling.
This combination is often associated with internal stress re-
laxation or shear-relaxation processes in materials with high
particle densities [15,20,26-28]. Our sample falls into this
category, as local strain fields in LSCO are expected to be
percolative at x = 0.16, due to the high dopant concentration
[16]. In such scenarios, the dynamics observed by XPCS are
not diffusive, but rather indicative of ballistic-like motion or
avalanche-type transformations in the order parameter. These
include processes such as multiatomic displacements, relax-
ation of internal stress fields [15,20,26,28-31], or step-wise
domain wall creep [31,32]. One archetypal mechanism is the
so-called slip avalanche, in which atoms collectively over-
come a multisided local threshold, releasing stress that is then
redistributed through the lattice. Similarly, domain wall creep
or domain growth proceeds via thermally activated jumps
between local pinning barriers. This is an inherent stepwise
process governed by the presence of defects and heterogeneity
in the local environment. Crucially, such pinning effects, if
coupled to the electronic degrees of freedom, can also influ-
ence charge transport, as seen in La; 44Nd 4Sr( 12CuOy4 [11].
This further supports the notion that the atomic relaxation
dynamics observed here are intimately linked to the electronic
properties of the cuprates [8,12].

We therefore conclude that the probed atomic fluctuations
arise from the relaxation of local strain fields in the presence
of defects, and they reflect the dynamics of the local lattice en-
vironment on quasistatic timescales. In the normal state where
the crystal structure is monoclinic, the observed temperature
dependence should stem from two processes: (1) thermal fluc-
tuations governed by the Arrhenius model [Eq. (1)], where
AE represents a local pinning threshold [6,7], and (2) the for-
mation and stabilization of CDWs [12]. Notably, in optimally
doped LSCO (x = 0.16), the CDW contribution to atomic re-
laxation is significantly weaker than that in underdoped LSCO
(x =0.12) [12], likely due to the much shorter coherence
length of the CDW state [13]. As a result, CDW domains never
grow large enough to meaningfully influence the relaxation
dynamics. Consequently, the temperature dependence in the
normal state is well described by the Arrhenius model alone,
with the key feature that A (T") increases as temperature de-
creases [Fig. 3(c)].

Below T, however, the measured dynamics deviate signif-
icantly from the Arrhenius description, representing the most
striking observation of this study. Phenomenologically, the

observed decrease in T or A (T') [Figs. 3(a) and 3(c)] indicates
a temporal destabilization of local strain fields. We propose
that this anomaly arises from a coupling between the super-
conducting and lattice order parameters, Y¥sc and . Such
coupling could modify either the intrinsic relaxation time Ty
(Scenario 1) or the activation energy threshold AE (Scenario
2) of the Arrhenius model [Eq. (1)]. As demonstrated in Ref.
[8], where a similar drop in t (T) is seen well below T. in
YBCO, Scenario 1 can be modeled using a Ginzburg-Landau
(GL) free energy functional that includes a coupling term of
strength W between ¢ and ¥ :

F= 3 (alvil +Bilwil') + Wiva sl @)

i={L,SC}

where the expansion is up to the quartic order, with o sc
and Brsc as expansion coefficients for their respective
order parameters. In this approach, based on the fluctuation-
dissipation theorem [33], the renormalized proportionality
constant A’ can be written as

A, + Ao exp(AE JkgT)

A(T) = oy

, 3

where 2y = YICOL and y = |yrsc(T)|/[¥rsc(O)], Ao is the
high-temperature limit of the Arrhenius term, and A, is a
tunneling term capturing saturation of t at lowest tempera-
tures. It is temperature-independent for large potential barriers
and low temperatures [34] and was found to be significant in
YBCO [8] and for antiferromagnetic domain fluctuations in
Cr[21].

Scenario 2 involves a modification of the activation energy
AE in the Arrhenius equation, governed by the differential
form dIn(A) = —AE /kgT? dT. We model this as

AE(T) = AEy x max{l — A»y?, 0}, 4)

~ 2 . . .
—Wlysc@Per 4nd AE, is the activation energy

2BLAEy
in the normal state. The remaining term in A, W

approximately represents the energy shift due to coupling
(W # 0) relative to the uncoupled case (W = 0). The analyti-
cal solution to the differential equation for AE is given in the
Supplemental Material [18]. This model yields a peak in A (T")
at T, and a sharp drop below it for A, > 1, while recovering
standard Arrhenius behavior at T > T,. Fits for both Scenar-
ios 1 and 2 are shown in Fig. 3(c): solid lines correspond to
the nominal 7, = 37.6 K, and faint lines represent fits using
a downshifted effective T, = 34.6 K to match the observed
peak in A(T). Both models reproduce the normal-state barrier
AEy =~ 4meV and display a maximum at or near 7, followed
by a reduction below it.

Scenario 1 captures most of the drop in A(T) below T,
but tends to flatten at 7 < T, where |{sc| saturates and
the Arrhenius and tunneling terms overwhelm. In contrast,
the suppression of AE in Scenario 2 fully accounts for the
continued decrease in A (T') and suggests ‘bare’ relaxation at
low T', such that A(T — 0) = A(T — o0) = Ap. This implies
that superconductivity may completely overcome defect or
domain wall pinning, and leave the intrinsic relaxation pro-
cess unchanged. While it is plausible that both 79 and AE
are renormalized simultaneously in optimally doped LSCO,

where A, =

s
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potentially explaining the magnitude and sharpness of the ob-
served change, physics underlying the latter are the dominant
factor.

We point out one detail: in our data, the peak in A(T)
occurs at about 35 K, slightly below the bulk 7. = 37.6K
[9]. We considered whether this could be due to a small
temperature offset, e.g., lag in our sample thermometer, but
the shift might also hint at a threshold effecta certain mini-
mum superconducting order parameter amplitude is needed to
appreciably influence the lattice dynamics. Such a threshold
could arise if, for example, the coupling only becomes effec-
tive once phase coherence (or a sufficient superfluid density)
is established in the sample. This slight discrepancy does not
alter our main conclusions, but it is an interesting nuance for
future investigation.

Our observation of anomalous slow lattice relaxation in
two distinct cuprate families—underdoped YBCO and opti-
mally doped LSCO-indicates that this behavior is a ubiquitous
feature of cuprate superconductors driven by a common
mechanism. Both systems share a high density of dopant-
induced lattice defects that yield jammed, collective strain
dynamics, as evidenced by compressed KWW relaxation
exponents (y > 1). In both materials, the onset of super-
conductivity leads to a pronounced acceleration of these
slow relaxations, manifested as a clear deviation from Ar-
rhenius behavior and a suppression of the characteristic
relaxation lifetime t below T.. This correlation between su-
perconductivity and defect dynamics unfolds on quasistatic
timescales and may be understood theoretically in terms of
‘localized holes’, which are highly sensitive to the local
atomic environment and, crucially, contribute to the superfluid
density [35].

The anomalies in atomic relaxation behavior differ in de-
tail: YBCO exhibits a relatively sharp dip in t at 7;. (consistent
with a renormalization of the intrinsic relaxation rate [8],
Scenario 1), whereas LSCO shows a more gradual yet ulti-
mately larger suppression of 7 in the superconducting state
(indicative of a reduced activation energy barrier, Scenario
2). These contrasting manifestations likely stem from differ-
ences in the lattice structure and disorder landscape of each
material rather than fundamentally distinct physics. For exam-
ple, LSCO hosts local distortions and twinned domains that
are known to couple to superconductivity either directly [9]
or via intertwined electronic states such as CDWs [12,17].
These features, which are largely absent in the more rigid
orthorhombic lattice of YBCO, may allow superconductiv-
ity to more effectively ‘soften’ the lattice, thereby lowering
AE. In addition, CDWs may contribute to the observed
dynamics via their interplay with atomic relaxation [8,12]. A
key difference between the two materials is that the CDW or-
der is optimized in underdoped YBCO, whereas it is strongly

suppressed in optimally doped LSCO [13]. The absence of
a sharp dip in 7 at 7, in LSCO (x = 0.16) may therefore be
attributed to the suppression of CDW correlations. Disentan-
gling these mechanisms will require theoretical developments
beyond the mean-field GL framework, such as incorporat-
ing spatiotemporal fluctuations or microscopically modeling
how superconducting condensation energy interacts with local
strain fields.

In conclusion, by probing lattice relaxation dynamics in
a La-based high-7, superconductor with coherent x-rays, we
have revealed a pronounced dynamic interplay between su-
perconductivity and the disordered lattice on unprecedented
timescales (kiloseconds). These timescales are markedly
slower than those typically associated with the coupling be-
tween superconductivity and the lattice [36,37]. Our results
provide direct evidence that the superconductivity interacts
with lattice disorder dynamically. This insight helps to explain
how superconductivity can coexist with (and even benefit
from) a disordered lattice—by actively modifying the lattice’s
temporal behavior. More broadly, our study highlights that
electronic and lattice degrees of freedom in cuprates are in-
tertwined not just on ultrafast scales, but even on quasistatic
timescales. Such coupling may need to be accounted for in any
complete theory of high-7,. superconductivity in disordered
crystals.
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