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An overarching question in the study of quantum materials is the nature of the relation between structural and
electronicproperties. is is especially the case for transition metal oxides such as the cuprates, which are
lamellar materials prone to structural distortions aadnplexity*®. Although it was noted early on that purely
electronic theories of these high-transition-temperature (highsiperconductors aiacompleté?, this insight

is 0 en overlooked®. Moreover, there is growing experimental evidence for the ubiquity of inhomogeneity in
cuprates and relatedateriald "% and its consequences for electronic and structural phase transitions have
been studietheoretically®2C. Yet short-range correlated inhomogeneity is di cult to study experimentally, since
most probes yield bulk averages, or do not distinguish between doping-relatedgfeaig' and more com

plex nanoscale correlations. Addressing this issue is crucial: recent nonlinear magnetic response measuremen
point to the importance of inherent structural inhomogeneity for understanding superconducting uctuations

in unconventional oxidsuperconductoré?? local strains can strongly in uence the transition from insulating
parent compounds to metallgperconductori; and it is a distinct possibility that electronic excitations within
pre-formed structural nanoscale regions mediate the pairing of conduction electrons, and hence diive high-
superconductivity?. e question of short-range structural correlations transcends the eld of cuprate-phys

ics, and the study of structural uctuations is essential for understanding a broad range of systems, especially
materials that are close to structural instabilities.
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Figure 1. Short-range orthorhombic correlations in LSCO and TI2201C(gstal structures of LSCO and
TI2201. Both compounds crystallize in a body-centered tetragonal structure at high temperatures. e LTO
distortion corresponds to tilts of tf@uQO; octahedra, leading to a doubling of the unit cell volume). (b,c

Di use X-ray scattering for (bLSCO (= 0.24) and (cslightly overdoped TI2201. In both cases, the average
structure is tetragonal at all temperatures. e HK9 planes are shown, and clear di use peaks are observed at
reciprocal space positions corresponding to the LTO superlattice (white circles). Black regions are detector
artefacts that have been masked. Additional di use scattering of a di erent origin is present, including around
forbidden integer Bragg positions. e sharp Bragg peaks correspond to the average tetragonal structure and
demonstrate the high quality of the crystals. e scattering in the LSCO sample is shown at 150 K, well above
the superconducting transition at¥15 K. For TI2201, we show data at the experimental base temperature of
30K, far below =89 K. See also Supplementary Fig. S1 for additional reciprocal space data.

Here we study correlated structural inhomogeneity in two cupilatessr,CuQ, (LSCO) and|,BaCuO;,
(TI2201), by focusing on a speci ¢ octahedral tilt distortion. We observe an unusual uctuation regime, close
similarities with superconducting uctuations, and unexpected links to magnetic uctuations and martensitic
systems. ese two cuprate compounds continue be the focus of intndg?>=°, It is well known that LSCO
undergoes a transition from high-temperature tetragonal (HTT) to low-temperature orthorhombic (LTO) struc-
ture in the underdoped part of the phasagrant’, and that overdoped TI2201 displays similar orthorhombic
distortions with increasingoping®™. e distortions involve CuQ, octahedral tilts about the in-plane diagonal,
as shown in Fidl, with two-fold ground state degeneracy, i.e., two orthogonal tilt orientations are possible.
Substantialocal orthorhombic correlations survive above the structural transition temperatw8@G>34,
and are also present in compositions that are nominally tetragonakemakratured*2 T12201 and LSCO
are doped with charge carriers via the introduction of interstitial oxygen and the substituton of La with Sr,
respectively, which gives rise to qualitatively di erent point-disoedects’'*. However, we nd the same
nanoscale orthorhombic uctuations in the nominally tetragonal phases of both cuprates, including undoped
LaCuO,, with correlation lengths and intensities that follow unusual temperature dependences and doping-
independent scaling. Moreover, the universal behaviour is strikingly similar to the recently uncovered scaling
of superconducting uctuations inuprate$®>® and otheroxide$2 We therefore uncover a generic uctuation
regime that is qualitatively di erent from the well-known critical uctuations that lead to second-order phase
transitions, but that shows a similar insensitivity to the details of the system. e present ndings are relevant to
a wide range of materials with structural pretransitional phenomena, such as systems that undergo martensitic
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transformationg*” and strontiuntitanate®®*°, and they have implications for the general understanding of phase
transitions and uctuations far from the critical point.

We propose that these results signify emergent behaviour involving rare spatial-disorder uctuations, whereby
locally orthorhombic patches form already deep in the tetragonal phase due to inhomogeneous interactions. is
would imply that an underlying, intrinsic imhomogeneity underpins the unconventional uctuation regime. Such
inhomogeneity has also been suggested to induce an inhomogeneous electronic localization gap that determine
much of the normal-state properties of theprate$**°. While the speci ¢ LTO distortion studied here is absent
in most cuprates, within the proposed picture it serves as an indirect probe of the underlying inhomogeneity
that determines the local interaction landscape.

:t o/ —o
We have performed X-ray and neutron di use scattering experiments on high-quality LSCO and TI2201 single
crystals using recently developed, highly sensitive instruments and methodology (for details, seeadéthods
Supplementary Information). is has allowed us to follow structural uctuations over a wide range of doping,
temperature and energy, and thereby to study their complex dynamical behaviour and universal properties
hundreds of Kelvin above the tetragonal-orthorhombic transition temperature.

—f—<... fof Torefec... 2Figurel-shfwscawedray di use scattering data for LSCO and TI2201
samples in the overdoped part of the phase diagram. In both cases, the average structure is tetragonal at ¢
temperatures, yet di use scattering is observed away from the Bragg peaks. We focus here on the clear di use
features at the half-integer LTO superstructure peak positions, which correspondx®aurdlt cell increase.
is feature is well known, and a direct signature of LTO tilts. We note that there are two equivalent axes for the
LTO tilts,<110>and<1-10>in tetragonal notation, and a locally coherent superposition of tilts around both
directions is in principle possible. If the magnitudes of the two orthogonal tilts are equal, the resultant distortion
is a tilt around the Cu—O bond direction, known as low-temperature tetragonal (LTT) tilt, and the more general
case of unequal magnitudes is referred to as a low-temperature less-orthorhombict{tL@®) presence
of LTLO distortions would lead to scattering intensity around forbidden integer Bragg peak positions of the
tetragonal structure. However, this is not trivial to disentangle from additional di use scattering of di erent
origin (including phonon scattering and local distortions due to dopants) at these positions and will be discussed
in detail in future work.

Di use X-ray scattering is an energy-integrating probe, and we performed complementary neutron scat-
tering measurements to gain further insight into the dynamical properties of the LTO correlations. Due to the
constraints on sample size and counting times, neutron experiments are not possible with TI2201. Neutron
data were collected for two LSCO samples, on two distinct instruments: a time-of- ight di use scattering spec-
trometer (sample with x0.2), and a triple-axis spectrometer (sample witld455); seMethodsfor details.

e high-resolution di use scattering instrument permits elastic discrimination, i.e., it is possible to extract
the quasielastic (below0.5 meV) component along with the energy-integrated response (upOtoneV).

e quasielastic scattering is shown in Figa for the crystal withx0.2. It is immediately clear that the di use
superstructure peaks are split, in contrast to the X-ray data, where a single peak is seen. is stark di erence
is even more obvious from the diagonal line cuts shown irgBignd it indicates a nontrivial evolution with
energy of the orthorhombic uctuations.

e incommensurate peaks were also observed in previous quasielastic triple-axis neutron scattering
studie€**! and attributed to a spatial modulation of the L3@ucture®. Here we provide a somewhat di erent
explanation. We model the di use scattering from short-range orthorhombic regions as a superposition of static
and dynamic components. In order to obtain the quasielastic incommensurate peaks, it is su cient to assume
that the static component has a Gaussian envelope with a single antiphase boundary in the miéd)e (Fig.
where the orthorhombic tilt angle changes sign (seeMésbodg. No long-range modulation is necessary,
or indeed physical, given the short correlation length. In contrast, the dynamic component is taken to have a
simple Gaussian tilt-angle pro le, with the same characteristic lengti2@icA linear superposition of the two
components then captures the contrast between the neutron and X-ray data well, with the relative weight of the
components as the only free parameter (Bi.

is picture is con rmed and substantiated in more detailed energy-resolved triple-axis heutron measurement
of the x=0.155 sample (Fig@e—g). ree distinct components are observed: the incommensurate, quasistatic
feature also seen in neutron di use scattering; a commensurate dynamic feature; and an optical phonon branch
with a cleadispersiof? Importantly, the intermediate dynamic feature does not simply correspond to the
low-energy part of the phonon branch: a er normalization with the phonon occupation (Bose) factor, it still
shows a signi cant temperature dependence, whereas the signal above about 5 meV does not, as expected f
phonons (Fig2h). is implies that a large fraction of the spectral weight below 5 meV originates from local
modes around the LTO position; as shown in Bigthe signal in the 1 to 5 meV range approximately follows
the temperature dependence of the integrated quasielastic peak weight. We note that similar local modes wer
found for LTLO-type distortions in LSCO with=0.07 below the HTT-LT@ansitior*3.

We emphasize that our simple calculation uses a minimal number of assumptions. e correlation length is
assumed to be the same for the static and dynamic components, while it is clear fPergRiwat the dynamic
feature is narrower than the quasielastic feature (by a fa8talong [H H 2]). Moreover, the actual tilt patterns
might be more complicated. It has been suggested from pair distribution function experiments on powder sam-
ples that LTLO tilts are always present locally, at least &heperature¥’. In our single crystal data the LTO
and LTLO contributions are clearly separated in reciprocal space; a weak signal also appears, e.g., at the forbidd
Bragg position position (3 0 4), as shown in Bag.e momentum-integrated LTLO intensity is much smaller
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Figure 2. Static and dynamic correlations in overdoped LSC)Q(gsielastic di use neutron scattering

in a x=0.20 crystal at 300 K, far above the HTT-LTO structural transition of about 60 K. e HK4 plane is

shown, integrated within a window o&l4+0.2 r.l.u. (for an expanded view, see Supplementary Fig. S3). LTO
incommensurate di use peaks centered at (2.8,5, 4) are clearly visible, along with a weak signal around

the forbidden Bragg position (3 0 4) that likely corresponds to LTLO tijtht@grated intensity through the
superstructure peak along 2+ H4] (marked with the box in f for total and quasielastic neutron di use
scattering (diamonds), as well as X-ray scattering at a similar doping level and temperature (circles). e total
and quasielastic neutron data are normalized to the respective intensities of nearby Bragg peaks, whereas

the X-ray data are scaled to match the lotaiHof the neutron peaks. Polynomial backgrounds have been
subtracted from all three datasets. Lines are calculated di use scattering from a single nanoscale orthorhombic
domain with local orthorhombic tilt angle , and a superposition of a dynamic Gaussian contribution (shown

in real space in Jfand a static contribution with an antiphase boundary (showr).irecchosen maximum

value ,=5° corresponds to the typical low-temperature long-rdifigé*, the constant is the relative
amplitude of the dynamic contribution, and the same orthorhombic correlation length of about 6 tetragonal unit
cells is used for all four curves. e in-plane tetragonal lattice unit is 3.78-8) Energy-resolved triple-axis

neutron scattering data across the (1.5 1.5 2) LTO di use peak, fo0.456 sample (7, =180 K), measured

at 250 K, 300 K and 400 K, respectively. e lowest-lying optical phonon branch (dashed lines, estimated from
ref*% see Methodsxhibits a local minimum and is seen to disperse upward in energy. Additional spectral

weight is present below the phonon branch, and the incommensurate quasi-elastic response is clearly seen in th
300 K and 400 K data.)(lemperature-dependent energy- and H-integrated intensity of the inelastic scattering
data corrected by the phonon Bose facterh(sedlethods, showing excess spectral weight below about

5 meV (full circles). is is evidence for a signal from local uctuations that likely has the same origin as the
H-integrated quasielastic incommensurate peak (squares). On the other hand, the Bose factor corrected weight
above 5 meV is temperature-independent (purple circles), as expected for a phonon branch.

than the LTO feature, implying that, far above the structural transition temperature, the quasistatic tilts are pre-
dominantly LTO. As noted, additional di use scattering from other distortions is possible at the forbidden Bragg
positions. e weights at half-integer and integer positions are comparable in the total scattering channel (see
Supplementary Fig. S4), which raises the interesting possibility that the dynamic uctuations involve a sizable
LTLO component. Temperature-dependent energy-resolved measurements similar to those shovie-h Fig.
would be necessary to distinguish between local modes and phonon scattering. Yet such an analysis for a samf
with lowerdoping*® suggests the local LTLO-like uctuations decay signi cantly already below the HTT-LTO
transition temperature, and are thus not likely to be relevant far above the transition.
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Figure 3. Universal behaviour and scaling of short-range orthorhombic correlationgetfgperature- and

doping dependence of di use LTO superstructure intensityayCuO, (LCO, x=0), L& Sr,CuQ, (LSCO,

values of xndicated in gure) andr'l,BgaCuQ;, (TI12201) obtained from X-ray scattering (see Methods

for reciprocal space positions). Above the HTT-LTO transition gf {&rrows), the intensity decreases
exponentially, at a nearly doping- and compound-independent rat&/200K2. e x =0.24 LSCO sample

does not show long-range LTO order, yet short-range correlations are still observable at 480 K. e TI12201
sample is slightly overdoped, also shows no long-range orthorhombicity, and exhibits a clear change of the
di use intensity below T=89 K. Intensities for LSCO are normalized to the nearest Bragg peaks at 30 K, and
therefore directly comparable; the intensity for LCO is normalized to the LTO superstructure peak at 300 K. e
TI2201 data are shi ed vertically by an arbitray constant for clarity. Inset: comparison between X-ray (circles,
x=0.2) and quasielastic neutron (diamonds0x155) di use intensity abovgf reveals similar exponential
behaviour. e neutron data are for the (1.5 1.5 2) LTO peak, normalized to coincide with X-ray data at high
temperatures. (bGaussian width of the di use LTO superstructure peaks v3,{&—Master curve (solid

line): (=T, 10)*, dashed line: shi ed square-root dependenceT ()2, as expected from rare-region

theory, with To' = Ti1o—25 K. e right axis shows the corresponding correlation length 0.41/ (see

Methodg, in units of the in-plane tetragonal lattice constant. Inset Walues used in the scaling, including

the extrapolated e ective negative values for th6.24 and 0.27 samples (empty diamonds). Interestingly, the
TI2201 data above, Bpproximately follow the universal curve if the e ectiyg,Ts taken to be T, the width
remains roughly temperature-independent near and below T

Two important conclusions can be drawn from our neutron results. First, the LTO correlations are not purely
static, but present in a fairly wide energy range, with an interesting energy dependence. In particular, the static
con guration with an antiphase boundary likely lowers the overall elastic energy of the system, given that it is
embedded in a tetragonal matrix, while the uctuations at nonzero energy are not as constrained. Mest impor
tantly, both components represent aspects of the same phenomenon, as evidenced by their similar temperatur
dependences (Figh). e energy-integrated X-ray data are thus a robust measure of these local correlations,
which will be important for our analysis of the temperature and doping dependences below. Second, an incom-
mensurate response can be obtained without a well-de ned modulation wavevector, and the incommensurability
is simply determined by the underlying correlation length. is observation may be relevant for a wide range of
systems with short-range correlations. Interestingly, the X-ray di use peaks are slightly shi ed from the nominal
commensurate position (see Supplementary Information), which might indicate a local expansion of the lattice
within the orthorhombic regions. e shi s are easier to discern in higher Brillouin zones and not observed in
neutron scattering, likely due to the smaller reciprocal lattice vectors involved.

e<"f7ef7Z 1S fDitse 8dattering around the superstructure positions is found in LSCO at all stud-
ied doping levels and extends to high temperatures3Rigd Supplementary Fig. S5). Such a broad temperature
range for structural uctuations is unusual, even in materials with a martensitic transition, where pre-transi-
tional e ects have been extensiveycumented’. Furthermore, the temperature dependence of the integrated
LTO di use intensity is consistent with an exponential decay, and the decay rate of about 1/(200 K) is nearly
universal across the LSCO phase diagram and for TI2201 ghowedle seems to show a small systematic
increase with doping for LSCO (Supplementary Fig. S5), which might be related to disorder introduced by Sr
substitution, or changes in the relative strength of static and dynamic contributions. Interestingly, the structural
data for TI2201 show a change around\We were unable to test this observation in overdoped, tetragonal
LSCO, since the Values are below the experimental base temperature of 30 K. For LSCO, the widths of the
di use peaks scale on a master curve @, consistent with (T—Fo)*3. e TI2201 peak widths are also con-
sistent with the same curve if we assume that the e egtjyasiroughly T, i.e., that the system would undergo
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Figure 4. Comparison between orthorhombic and superconducting uctuations. e di use peak intensities
from Fig. & (le vertical scale, bottom horizontal scale) fall on the same universal exponential curve when the
temperature is shi ed by o, similar to the e ective linewidths (Figh3 e TI2201 data have been multiplied

by a constant to match the LSCO scaling. Signatures of superconducting uctuations (right vertical scale, top
horizontal scale) follow a similar exponential behaviour when shi ed ipdependent of cuprate family and
doping. As representative examples, we show the superconducting contribution to the normal-state conductivity
(paraconductivity, pc) for underdoped LSCO with=0.1 (T= 28 KJ® and optimally doped BaCu,Os.
(YBCO,T,=93 KJ’, as well as torque magnetomeatyults® for underdopedHgBaCuO,, (Hg1201,

T.=70K). e same dependence is also observed using other probes, including speci ¢ heat and nonlinear
conductivity/susceptibility (with di erent slopes for linear and nonlinear respafiseéNeither YBCO nor

Hg1201 exhibit LTO-type distortions, which implies that the structural and superconducting uctuations are

a ected by the same underlying phenomenon. e scaling suggests that a hidden, universal inhomogeneity
determines the behaviour of both uctuation regimes, leading to remarkable emergent simplicity.

a structural phase transition aroundiflit were not for the appearance of bulk superconductivity. Yet there is no
direct experimental support for this assumption, and it is possible that the intrinsic size of the correlated regions
is somewhat di erent for the two cuprates. e TI2201 correlation lengths would then have to be multiplied by

a constant factor to be comparable to LSCO. Since this factor is a priori unknown, little can be said about the
e ective T 1o for the TI2201 sample.

Similar to the extracted correlation lengths, the normalized di use intensities collapse on the same curve
upon shi ing the temperature by T, (Fig.4 and Supplementary Information). e correlation length and
intensity scaling implies that the e ect of doping is predominantly a simple shi gf The short-range cer
relations are otherwise insensitive to the Sr concentration. We note that previous cold neutron results for LSCO
(x =0.07, 0.15, 0.2) and the relatteg, BaSrCuQ (x = 0.125) are consistent with an approximately doping-
independent exponential dependence of the di use superstructureipteakities®. Our measurements of the
temperature dependence of the elastic neutron signakHords5 are consistent with the X-ray results (inset in
Fig.3a). Together with the energy-resolved measurements discussed above, this shows that it is justi ed to take
the energy-integrated response from X-ray scattering to be a good measure of the orthorhombic uctuation
intensity. Moreover, the slope of the exponential decay is independent of the Brillouin zone, which implies that
the in uence of temperature-dependent Debye—Waller factors is negligible (see also Supplementary Information
andMethodsfor more details).

e observed behaviour is simple, but unusual: neither exponential decay nor scaling with relative tempera-
ture (T-T o) is expected for uctuations leading to a second-order phase transition, which would be associated
with power-law dependences in the reduced temperatw€ (£)/T 0. We emphasize that the exponential
uctuation regime exhibits scaling properties and insensitivity to system details similar to critical uctuations,
but due to the extended temperature range and exponential behaviour, its physical origins must be qualitatively
di erent. We explore here a possible explanation through rare large spatial disorder uctuations (rare-region
e ects), which would naturally lead to an exponential-like dependence. Rare-region e ects beyond mean- eld
theory have long been discussed in the contaxiagietisf®*+’. A related phenomenon is the optical Urbach
e ect, which results from exponential tails in the density of states of semiconductors and is observed in a wide
range ofmaterialé®#°. e physical picture is as follows. At the mean- eld level, the LTO transition af dccurs
due to a lattice instability, which originates in the speci ¢ body-centered layered perovskite structure of LSCO
and TI2201. is instability can be expressed through an e ective coupling strength within a Ginzburg—Landau-
Wilson Hamiltonian. However, if some underlying inhomogeneity induces spatial variations of the e ective
coupling, exponentially rare locally-ordered regions will form aipug since the local coupling can be stronger
than the average coupling that causes the bulk phase transition. In addition, given the double degeneracy of th
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LTO order parameter, inhomogeneity might act as a random eld on the Ising-likaridtl&®. Convention

ally, quenched point disorder is taken to generate the local coupling/ eld landscape that leads to rare-region
uctuations!”192046 byt in the present case it seems unlikely that disorder induced by chemical doping plays that
role: the observed exponential behaviour is nearly doping independent in LSCO, and appears even in undoped
nominally stoichiometrid.a,Cu0O,. Furthermore, comparable behaviour is observed for TI2201, which exhibits
qualitatively di erent point disorder e ects. Instead, the required spatial variation could be generated by some
intrinsic, hidden inhomogeneity, which is therefore indirectly revealed by our experiments. Such inhemogene
ity has also been argued to lead to a common superconducting uctuation regime in oxide superconductors,
including thecuprate$®?®. However, as discussed below, local electronic correlations likely play a prominent
role as well.

For classical, thermal phase transitions, the thermodynamic signatures of rare-region e ects are di cult to
observé®. From our experiments, it is not possible to directly determine if the di use LTO superstructure peaks
indeed originate from rare strong-coupling uctuating regions, or if the uctuations are approximately-homo
geneous in real space. Yet it is possible to perform a consistency check based on the simple modeling describ
above. From this, we estimate that the typical distance between ordered regions is about 60 unit cells far abov
T.1o (see Supplementary Information for details), where the typical correlation length is 4-5 unit c#iis, i.e.
regions are indeed far apart. e dependence of the density of rare regions on the “distance” (in temperature)
from the bulk phase transition is exponential to leading order within a generic Landau-Ginzburg-Wilson theory
of thermal phase transitions with a Gaussian distribution of the local cowgttienggth4®. e exponential
decay rate is then a measure of the distribution width. Further, there exists a characteristic length Stete, L
corresponds to the minimum ordered-region size, and that appears because of nite-size scaling; uctuations
prevent order in regions smaller thap,. e scattering then is dominated by regions of sizk,,;,, since the
probability of nding larger regions quickly decreases with their size. Note that 4, where §~T-T 1o is
the distance from the bulk phase transition, and is the correlation length expongfiedfautside the narrow
critical region, it is appropriate to use the mean- etdug® =1/2, which implies a square-root dependence
of the di use peak width on relative temperature. Indeed, we nd that the widths scale with a powBrgf T
without normalization of the temperature scaleThy,. is is expected within the rare-region scenario if an
underlying inhomogeneity sets the distribution width independently gf. Te exponent appears to be smaller
than 1/2, however, and consistent with 1/3 (Biig. is value is not easy to understand, since to our knowledge
no universality class has1/2. is disagreement could indicate that s a more complicated function of the
relative temperature; or that one should take a leakre Ty’ as the reference temperature; or that the under
lying physical picture is di erent. Since there are indications fR>C and neutrorscattering' experiments
that the LTO transition is weakly rst-order in doped LSCO, it is plausible that the transition occurs at a nonzero
value of §in the Landau-Ginzburg-Wilson theory, leading to a shi egsTIn fact, a weakly rst-order transition
has been discussed in the context of martensitic materials and captured theoretically upon inclusion of terms in
the free energy that couple the order parametstraint’. As seen from Figb, T o' ~ T 70—25 K with =1/2
provides an approximate description of the data. e rare-region picture provides a natural way to reconcile the
di erent microscopic insights into the LTO transition gained from NMR and X-ray experiments for LSCO. e
transition is clearly predominantly displacive, in agreement ¥#fitla NMR®C, but with the vestigial correlations
aboveT 1o reminiscent of an order—disorder scenario, as suggested by pair-distribution-fuaicéitysid2
However, a more quantitative understanding that includes random eld e ects is beyond the scope of this work.

e . —eo0o ‘e
We start by discussing some immediate implications of the nding of LTO uctuations and their scaling behav-
iour to recent work on LSCO and TI2201. First, the prevalence of short-range LTO regions throughout the phase
diagram suggests that they might also be present in nominally tetragonal LSCO Ims and heterostructures.
is could, in turn, a ect electronic properties such as transpartisotropy®, especially if one or more sample
dimensions approach,},. e corresponding superstructure peaks might be detectable in dedicated experi-
ments on Ims. Second, the low-temperature lattice speci ¢ heat of bulk LSCO exhibits a maximum around the
doping level where T, goes taerd?, but to our knowledge, this has not been investigated in detail. In prin-
ciple, pre-transitional e ects could in uence the low-temperature spewat® and complicate the separation
of lattice and electronicontributions’’. e low-temperature regime, where quantum structural uctuations
become important, could be interesting in its own right. ird, the change in LTO di use intensity belaw T
TI2201 (Fig3) demonstrates the possibility of a coupling of LTO correlations to superconductivity. Comparable
conclusions were obtained for in-plane buckling distortions from X-ray absorption ne structure and powder
pair distribution functionmeasurement$®. Moreover, it was recently suggested that disorder in uences the
disappearance of superconductivity at higiping?*>4, with an emergent percolative regime. For LSCO, super
conductivity disappears above 8.26. Intriguingly, at that doping level, the low-temperature orthorhombic
correlation length is about 2 nm, similar to the superconducting coherence length, another indication of an
emergent relation between the LTO and superconducting correlations. We also note that short-range structural
uctuations could be present at much higher energies than accessible in the present study, with possible relevanc
for superconducting pairing.

A local structural symmetry that is lower than the average symmetry will have important qualitative reper
cussions for the electronic subsystem. Such e ects have been shown to be essential for the physics of manganit
and otheroxide$% and they have been discussed in the context of cuprate pseudogap formation and supercon-
ducting pairing®*. Another case in point is electronic nematicity—the spontaneous lowering of the electronic
symmetry—which has been extensively studied in iron-based and cappateonductor§17192655 |t is a
distinct possibility that structural precursor e ects play a role in cuprate electronic symmetry breaking, even in
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compounds such as simgiragonal® HgBgCuQ,, . A close relation between the orthorhombic distortions

and electronic features such as spin and charge stripes in lanthanum-based cuprates was proposed in previol
work334457 with a notable similarity between the LTO and spin-stripe incommensuralzilitgs®. Our inves

tigation focuses on structural degrees of freedom and cannot provide direct evidence either for or against causa
relations to electronic ordering tendencies. Yet our modeling of the LTO incommensurability suggests that this
can be explained simply as an antiphase boundary e ect, which would imply that the spin stripe similarity is
probably accidental, although it is possible that electronic degrees of freedom enter the overall energy balanc
that leads to the formation of thmundary’. We note, however, that spin-stripe order in La-based cuprates
melts at signi cantly lower temperatures thapdin underdoped compounds, and is very weak or absent
beyond optimal doping.

More broadly, rare-region e ects have been extensively discussed in the context of magnetic systems and
more recentlysuperconductorg>*?8, they might also occur in ferroelectrics, despite the presence of long-range
dipolar interaction$®. e extension to structural phase transitions that we suggest here could be of wide rel
evance. Prominent examples include the long-standing question of the ‘central peak’ and pre-transitional static
order above the cubic-tetragonal transition in strontititanate’®®° as well as short-range correlations and
patterns in systems with martensitic transitions. While mean- eld theories of martensitic precursors are well
develope#f?, our results indicate that rare uctuations could play an important role, especially far above the
transition. We see no direct evidence of mesoscopic inhomogeneity such as tweed patterns, which would appee
as structured di use scattering around the Bragg positions, and which have in fact been observed in related,
intentionally-disorderedsystem&*® such a¥Ba(Cu,_ Al,);0. . e appearance of antiphase boundaries within
the distorted regions could be viewed as incipient mesoscopic correlations. We note that the anisotropic random-
eld Ising modef® might provide an e ective microscopic framework to understand our results: depending on
the disorder strength and in-plane/out-of-plane coupling anisotropy, this model can show an extended regime
with locally ordered regions, and the physics is insensitive to the details of the random eld, in line with our
observations. e model has been used, e.g., to study the e ects of quenched disorder orstipF§and
Ising-nematicorder%7 in oxides, as well as structural uctuations in FeSe-bes@gpound§!, which show
features qualitatively similar to LTO uctuations observed here. Yet we are not aware of calculations or theoreti-
cal predictions that could be directly compared to our measurements well above the ordering temperature, in
particular the peculiar scaling relations that we have uncovered. More detailed theoretical work is needed to
explicitly study the high-temperature uctuations.

Regardless of the validity of the rare-region explanation, the exponential intensity decay and scaling are
striking. Perhaps the most interesting result, shown indrig.the close correspondence with the doping- and
compound-independent exponential decay of superconducting uctuations in di ergrate$??° (including
LSCO and simple-tetragondyBgCuQ,, ). Since the LTO distortion is only present in some cupratesi{
is absent itHgBgCuQ,, ), the LTO correlations are certainly not the underlying cause of the universal expo-
nential superconducting uctuation behaviour. Instead, the closely similar temperature dependences suggest a
generic phenomenon, conceptually similar to the universal features of critical uctuations close to a second-order
phase transition. In the proposed rare-region scenario, the same inhomogeneity is the cause of both LTO anc
superconducting uctuation behaviour.

e LTO uctuations are e ectively an indirect probe of the underlying energy landscape, and therefore do
not provide direct insight into its nature. However, the simple observed scaling along with insights frem previ
ous work allow some informed speculation. As noted, in the rare-region interpretation, the scalingtin Fig.
indicates that underlying inhomogeneity is similar in di erent cuprate families and roughly independent of
doping, and thus at best weakly related to doping-induced point disorder. is is emphasized by the fact that
stoichiometricLa,CuO, shows the same exponential decay and scaling as the doped compounds, which is not
easy to understand in any point-defect-based model. However, all cuprates sGai®.tlayers as a common
structural element and are prone to distortions due to their perovskite-based structure. e atomic size dier
ences between adjacent perovskite and rock-salt layers induce internal strain, and Jahn—Teller instabilities cal
also cause distortions of tk®iIO; octahedré®*. It would therefore be unsurprising to nd intrinsic inhomo
geneity that is rooted in the structural properties of the cuprates. ere is a distinct possibility that the cuprates
(and related compounds) are never in thermodynaggjailibrium®?, with a wealth of metastable states that
are close in energy. Dynamic inhomogeneity would then appear at high temperatures due to thermal activa-
tion and become arrested upon cooling; a similar mechanism has been evoked to explain exponential Urbach
tails in amorphousemiconductor®. We also note that micro-X-ray experiments revealed fractal disordered
structure®’ in La,CuQ,, and that fractal patterns have also long been discussed in systems with martensitic
transition$* and for ordered domains in the random- eld Isingpdef®. It is therefore possible that scale-free
structural inhomogeneity is present in the cuprates and other perovskite-based materials. Yet, in the cuprates.
the coupling between structure and the electronic system might be particularly important, through a complex
interplay between long-range elastic interactions and more localized electosiations’. We speculate that
the universal aspect of the inhomogeneity arises via a self-organized process that involves both the electronic ar
atomic subsystems, and that it could play a pivotal role in the physics of the normal and superconducting states
Indeed, evidence is accumulating for the existence of distinct Fermi-liquid-like and local pseudogap-related,
disordered components of the electrosithsysterf#?8406557  is was quanti ed in a recent phenomenological
model through a nearly compound-independent inhomogeneity of hole-localization gaps, which can explain
the gradual evolution from a large Fermi surface at high doping and/or high temperature to Fermi arcs in the
pseudogaystaté**. It is possible that self-organized hidden inhomogeneity creates an interaction landscape that
causes the two-component behaviour and universal localization-gap inhomogeneity. Other emergent phenom-
ena, such as LTO uctuations, superconducting uctuations, intra-unit-cell magnetism, electronic nematicity,
and short-range spin, charge and pair densitye$, would then also develop within this landscape. Targeted
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experiments are needed to directly observe and characterize the hidden inhomogeneity, as it may hold the key
to explain the unusual properties of the cuprates.

F-S'te

f *’ Z 1« &ingle crystals afa,Cu0, (LCO;x=0) and LSCO were grown with the traveling-solvent oating-
zone technique. e doped LSCO crystals were annealed post-growth at 800 °C in air typically for 24—-48 h
and in owing oxygen for 20 h in case of the crystal used for triple-axis measurements; characterized with
SQUID magnetometry, and exhibit, Values consistent with the nominal @mcentration®. e Néel and
structural transition temperatures of LCO are known to be very sensitive to oxygen o -stoichiometry. Our LCO
crystal was reduced at 900 °C in vacuum for 30 min to remove exyge#i®. A subsequent SQUID mag-
netometry measurement of the antiferromagnetic transition yielde€3P5 K, and our X-ray scattering data
revealedl o~530 K. ese high transition temperatures indicate that the LCO sample was stoichiometric, i.e.,
undoped®. e high quality of the crystals was further con rmed in the di use scattering measurements, which
showed sharp Bragg peaks with no visible mosaicity (with the exception-80heng crystal with x=0.2 used
for di use neutron scattering, where slight sub-grain misorientation was observed2fid.Supplementary
Fig. S3). Samples for X-ray scattering had masses in the 1-10 mg range, with the Bragg peak widths typically lirr
ited by the resolution of the detector. ex0.155 sample for triple-axis neutron spectroscopy was composed of
four co-mounted single-grain pieces with total mass of approximately 7.5 g and a Bragg-peak mosaic spread o
less than 0.6°. Single crystals of TI2201 were grown and annealed using espahtisdactd' and the sample
used for the experiments had a sharp superconducting transition and no visible mosaic.

<j—eF ef——""'e fet " f>Hard fraydi lise Sbatiering was measured over large volumes
of reciprocal space at beamline 6-1D-D of the Advanced Photon Source, Argonne National Laboratory, using the
methods described in detail in réf. e high photon ux and detector sensitivity lead to short acquisition times,
which enabled us to e ciently study one TI2201 and a number of LSCO crystals with di erent Sr concentration
levels in wide temperature ranges. Neutron di use scattering was performed with the CORELDienf?
at the Spallation Neutron Source, Oak Ridge National Laboratory for LSGX2}at two temperatures, 10 K
and 300 K. e sample has an estimated LTO transition temperature of 80 K, so the only temperature relevant
for short-range LTO correlations is 300 K. e unique design of the CORELLI cross-correlation spectrometer
enabled discrimination between quasi-elastic and dynamic scattering. e Mantid so ware package was used
for data reduction, including Lorentz and spectmirectiong? e LTO di use signal was highest in the L =4
r.l.u. plane (shown in Supplementary Fig. S3) and barely discernible or absent in other planes, so the L=4 r.l.u
plane was the only one used for analysis.

e superstructure peak intensities in Figa were obtained by integrating a cubic reciprocal space volume
of width 0.3 r.l.u. in all three principal directions and centered on the LTO superstructure position. e thermal
and point disorder scattering background was obtained by using a similar integration box in a reciprocal space
volume adjacent to the LTO integration box. e LTO positions used to obtain3igere (-9 -6 1) for 8% Sr,

(-8 -9 1) for 12% Sr (orthorhombic notation); (1.5 7.5 2) for 20% Sr, (4.5 7.5 9) for 24% Sr, (-4.5 7.5 9) for 27% S
and (-3.5 -3.5 2) for LCO (tetragonal notation); and (2.5 -7.5 9) for TI2201 (tetragonal notation). e intensity of
the di use scattering in principle includes a Debye—Waller factor similar to conventional Bragg scattering, that
originates from random thermal atomic displacements and has the approximate form , wherayis the
wavevector and the average thermal displacement. However, in our case the contribution of the Debye—Waller
factor to the temperature dependence is negligible, as evidenced by the fact that the slope of the exponentic
decay is similar in di erent Brillouin zones (di erent values pf & is demonstrated in Supplementary Fig. S6

for the sample with 24% Sr, where the standard deviations can also be determined in a systematic manner. W
note though that the main source of uncertainty for the intensities is not random noise, but systematic errors
that originate in setup imperfections—edgtector artefacts/streaking and slight sample movement, especially

at high temperatures. Several of these artefacts are visiblelin &igicluding di erent forms of streaking and

dead pixels.

e intensities in Fig. 3a are normalized by the integrated intensities of the nearest allowed Bragg re ections
at 30 K to compensate for di erent sample volumes and X-ray absorption. Due to the relatively limited reciprocal
space resolution of 0.02 r.l.u. and the possibility of nonlinearities due to detector overload, the normalization
procedure has a systematic error that is di cult to estimate. e Gaussian widths irBBigre obtained by t-
ting the sum of a Gaussian peak and third-order polynomial background to the LTO peaks integrated along H
e correlation length is calculated as+2.35/, where is the Gaussian width (standard deviation), and the
numerical factor is obtained from the calculation of di raction from a slab with linear size L.

T——"'e —"<ZteefSce o k.expéiments weéte performed at the HB-3 instrument of the
High-Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory, with collimations 48’ 40’ 40’ 120 e
data shown in Fig2 were obtained in energy-loss mode using a xed nal energy of 14.7 meV and energy-
transfer values 0, 1.25, 2.5, 3.75, 5, 7.5 and 10 meV, with scans in constant-energy mode in the [H H L] scatterin
plane and counting times of up to 4 min per point. e FWHM energy resolution was estimated to be 1.3 meV at
the elastic line, calibrated with a vanadium standard. Fi@eregwere plotted using standard Matlab interpola-
tion, with the acoustic phonon dispersions of the form
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whereq is the wavevector along [H H 2] relative to the half-integer point, is the zone-boundary optical
phonon frequency, and A constant. e phonon energies  were estimated from publishedlue$? for a
sample with x0.14 to be 4.5, 5 and 6 meV for 250, 300 and 400 K, respectively-@@00Aat all temperatures.

e LTO transition temperature was estimated to be 180 K. In order to obtain the dynamic susceptibility, y”, the
datasets at each nonzero energy transfer were normalized by the phonon occupation factor

where is the energy transfertke Boltzmann constant, afddthe temperature. e procedure is similar to
previous work, e.@ntellurides®. e two sets of results in Figeh (full and empty circles) were then obtained

by a double summation of the data along [H H 2] and energy in the speci ed ranges, at each temperature. e
elastic line intensity (squares) was calculated as sums of the zero energy-transfer datasets along [H H 2], wit
no normalization. e reciprocal space summation range wast® r.l.u. for all datasets.

‘TtZce% ‘7 T < | — * e Hifupe sdattering calculation shown in FigRb is performed numeri-
cally as a direct lattice scattering sum, using orthorhombic coordinates and a simple parametrization of the LTO
distortion, as follows. e primitive La,CuO, unit contains one Cu atom, two in-plane and two apical oxygen
atoms, and two lanthanum atoms (we do not take La/Sr substitution into account). Each unit cell in a square
two-dimensional lattice is ascribed a local LTO tilt angle , with relative atomic coordinates in each octahedron
parametrized as

where the apical and in-plane oxygen atoms are referreddq,gsandO,, ,, respectively, and the Cu atom
is taken to be at the origin=8.78 A anct=13.2 A are the tetragonal unit cell lattice parameters. e factor
takes into account the fact that the heavy La atoms move signi cantly less than the apical oxygen8, Wwith
taken from crystallographic data on the Lpasé®. Each orthorhombic unit cell contains fdumCuO, units,
and the local tilt angle is taken to be the same for all units within one cell.

e scattering intensity is calculated from a single LTO domain using a direct lattice sum of the form

where the sum goes over all lattice sjtésejindex Henotes the atom type (Cu, O, or La), and the wavevector is
decomposed into the reciprocal lattice unit veQand the relative wavevectpr e wavevector dependences
of the atomic form factorsdre takerirom™. e calculation presupposes that kinetic di ration theory is appli-
cable, which is a good assumption for short-range correlations, but possibly not for Bragg scattering. Periodic
boundary conditions are assumed for the summation to eliminate nite-size artefacts.

To obtain short-range LTO correlations, we use a local tilt angle distribution that is a sum of two €ontribu
tions: dynamic (with a simple Gaussian spatial dependence) and static (with an antiphase bounidayti.e.
changing sign):

where g is the tilt angle amplitude, and yare real-space coordinates in relative (orthorhombic) units, erf
denotes the Gaussian integral (error function) and represents the static contribution with an antiphase bound-
ary at x=0, and is the relative amplitude of the dynamic (pure Gaussian) contribution. e results shown in
Fig.2 are obtained on a 18A.00 two-dimensional grid, with=4 orthorhombic l.u. is value is roughly 1.4

times larger than the correlation length obtained from simple Gaussian ts to the LTO line pro les in reciprocal
space, shown in Figh. e two lengths are de ned slightly di erently: is the real-space Gaussian width of the
LTO regions, whereas the correlation lengtis talculated under the assumption that the LTO regions have a
boxcar-like pro le in real space. e numerical agreement between the two is therefore satisfactory. e results
do not substantially depend on the value Hfso we have used ttypical* long-range LTO tilt of 5°. Smaller
values of ; essentially only change the intensity of the di use signal.

f—f [T f<Zf,<Zc>
All data, materials and computer code used to generate the results in the paper are available from the corresponc
ing authors upon request.
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