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The interpretation of how superconductivity disappears in cuprates at large hole doping has
been controversial. To address this issue, we present an experimental study of single-crystal and
thin film samples of Las_;Sr,CuO4 (LSCO) with > 0.25. In particular, measurements of bulk
susceptibility on LSCO crystals with x = 0.25 indicate an onset of diamagnetism at 7.1 = 38.5 K,
with a sharp transition to a phase with full bulk shielding at 7.2 = 18 K, independent of field
direction. Strikingly, the in-plane resistivity only goes to zero at T.2. Inelastic neutron scattering
on x = 0.25 crystals confirms the presence of low-energy incommensurate magnetic excitations with
reduced strength compared to lower doping levels. The ratio of the spin gap to T2 is anomalously
large. Our results are consistent with a theoretical prediction for strongly overdoped cuprates
by Spivak, Oreto, and Kivelson, in which superconductivity initially develops within disconnected
self-organized grains characterized by a reduced hole concentration, with bulk superconductivity
occurring only after superconductivity is induced by proximity effect in the surrounding medium
of higher hole concentration. Beyond the superconducting-to-metal transition, local differential
conductance measurements on an LSCO thin film suggest that regions with pairing correlations
survive, but are too dilute to support superconducting order. Future experiments will be needed to

test the degree to which these results apply to overdoped cuprates in general.

I. INTRODUCTION

While there is a common belief that magnetic corre-
lations play a role in the pairing mechanism of cuprate
superconductors [T}, 2], the details remain controversial.
To make progress, it is helpful to test for experimental
signatures that can distinguish between different theoret-
ical predictions. For example, early studies of the doping
dependence of the Hall effect [3] and optical conductivity
[] indicated that the carrier concentration at low tem-
peratures initially grows in proportion to the doped-hole
density, p, consistent with the effective localization of
the 3d,2_,» hole on each Cu site due to strong onsite
Coulomb repulsion and with the surviving antiferromag-
netic spin correlations [5H8]. The presence of strong in-
teractions leads to the question of why T, is relatively low
[9). Emery and Kivelson [10] argued persuasively that the
T, of underdoped cuprates is constrained by the small su-
perconducting phase stiffness, which is limited by the low
carrier density and consequent low superfluid density (in-
ferred from muon spin rotation studies [11]), rather than
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by the onset of pairing correlations; they assumed that
the decrease of T, with overdoping would be controlled
by the mean-field behavior predicted by BCS-Eliashberg
theory [I2]. This latter assumption has now become a
matter of controversy, given experimental observations
that the carrier concentration crosses over from p to 1+p
with overdoping [13] [14] while T, and the superfluid den-
sity drop toward zero [I5]. While disorder seems to be
relevant to understanding the superconductor-to-metal
transition at p = p. ~ 0.3 [16], there is no agreement on
the role or nature of the disorder.

Early studies of Meissner diamagnetism (measured on
cooling in a small magnetic field) in polycrystalline sam-
ples of overdoped Lay_,Sr, CuO4 (LSCO) found evidence
for an onset above 35 K but a bulk-like transition at a
much lower temperature [I7, [I8]; for p = x = 0.25, the
bulk transition was below 20 K [I8]. Similarly, c-axis-
polarized optical reflectivity measurements on LSCO sin-
gle crystals observed very little superconducting response
for x = 0.25, leading to the suggestion that the super-
conductivity detected by resistivity and magnetic sus-
ceptibility measurements on the same sample (but never
published) was not a bulk response [19] (but see [20] for
a different opinion). Later studies of magnetic suscepti-
bility and specific heat on overdoped LSCO crystals led
to proposals of microscopic phase separation between su-
perconducting and metallic phases [2IH24]. Cu nuclear
magnetic resonance (NMR) measurements indicated an
increase in the density of unpaired charge carriers for
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x > 0.20 [25].

A different perspective on overdoped LSCO came with
the study of thin films. Measurements by the two-coil
mutual inductance technique indicated very sharp su-
perconducting transitions, even as the superconducting
transition temperature, T, and the superfluid density,
ng, decreased with growing doped-hole density, p [26] 27].
A definitive study of a very large number of high-quality
LSCO thin films confirmed the sharp transitions for over-
doped samples [I5]. Tests on representative films with a
scanning probe indicate uniformity of the superconduc-
tivity down to a length scale of microns [28]. Terahertz
spectroscopy measurements on the same superconducting
samples provide direct evidence of a significant fraction
of uncondensed carriers that grows with p [29]. While
the single sharp transition for each p appears different
from the results on overdoped bulk samples, the THz
spectroscopy on films [29] and the specific heat results
on sintered powders [30] and crystals [24] both show the
presence of free carriers coexisting with superconductiv-
ity.

The main results of [I5] are: 1) the temperature-
dependence of ng is consistent with expectations for a
clean d-wave superconductor [31] at each doping, and 2)
both T, and ng decrease with growing p, indicating a de-
creasing fraction of charge carriers participating in pair-
ing. Given that the normal-state charge transport ap-
pears to be relatively conventional in the very overdoped
metallic regime [32], some theorists find it tempting to
apply weak-coupling BCS theory for d-wave supercon-
ductivity, with the assumption of well-defined quasipar-
ticles in the normal state. The coexistence of paired and
unpaired electrons can be reproduced with a mean-field
treatment of disorder attributed to impurity scattering,
and this approach has been used to model the doping de-
pendence of some experimental quantities [33H37]; note
that the assumption of an important role for disorder is
in conflict with the conclusions of [I5]. One challenge is
that, for d-wave pairing, the disorder modifies the tem-
perature dependence of the superfluid density, making
it difficult to describe the experimental results [38, B39].
Another challenge is that studies of the doping depen-
dence of the normal-state resistivity in LSCO across the
overdoped regime are not consistent with an assumption
of conventional transport plus a scattering rate that in-
creases with p [32] [38] [40H42].

That last observation raises the issue of the strength
of interactions in superconducting cuprates and the rel-
evance of weak-coupling approaches. In the underdoped
regime, the cuprates clearly behave as doped antiferro-
magnets [I], and the competition between the kinetic en-
ergy of doped holes and superexchange energy between
Cu spins is largely responsible for the unusual behavior
of the normal-state electronic response [43, 44], such as
the observation that only the dopant-induced holes act
as charge carriers [45]. Neutron scattering studies on
cuprates, and especially LSCO, have demonstrated that
the spectral weight of antiferromagnetic (AF) spin fluc-

tuations decreases with doping [8,[46H49]. In a consistent
fashion, the strong-scattering component (“mid-IR”) of
optical conductivity has been observed to decrease and
disappear as T, goes to zero with over doping [50]; sim-
ilarly, the decrease in the strong-correlation effects is re-
flected in the observations that the carrier density mea-
sured by the Hall effect crosses over from p towards 1+p
[13, [14] [51]. From the theoretical side, a recent calcula-
tion based on the Hubbard model, with onsite repulsion
U, nearest-neighbor hopping ¢, and U/t = 7, explored the
overdoped regime, finding that both the averaged pairing
strength and the strength of the relevant antiferromag-
netic correlations decrease toward zero as p grows [52].

The crossover to the strongly-overdoped regime occurs
at p* ~ 0.19, which corresponds to the pseudogap critical
point [Il 53]. The pseudogap corresponds to the depres-
sion of low-energy electronic states in the normal state
at wave vectors where the superconducting d-wave gap is
largest (“antinodal” states) [54]; these are also the states
most impacted by the presence of AF spin correlations
[55]. The pseudogap is a characteristic of the normal
state for p < p* and develops below a temperature 7%.
One measure of T* is the peak in the bulk magnetic sus-
ceptibility, xs; the decrease of xs with cooling is consis-
tent with the development of short-range antiferromag-
netic spin correlations [56H58]. In LSCO, the tempera-
ture of the peak in x(7') decreases with increasing p,
and a Curie-like contribution appears for p > p* [59].
Now, neutron scattering measurements on LSCO show
that the AF spin excitations are gapped for z > 0.13
[60], although the gap can be closed with a sufficiently
strong magnetic field. A recent high-field study detect-
ing glassy AF correlations by NMR and ultrasound found
that the field-induced glassy order disappears at p ~ p*
[61]. These observations suggest that p* is something like
a percolation limit for AF correlations, and that the AF
spin correlations no longer extend throughout the CuO9
planes for p > p*, but instead become isolated.

As an illustration of the change in electronic charac-
ter across p*, the green circles in Fig. [l indicate a mea-
sure of the normal-state conductivity perpendicular to
the CuOy planes. LSCO is essentially insulating along
the ¢ axis for p < p* [19, [64], where AF correlations are
dominant. Electronic dispersion along ¢ only becomes
detectable for p > p* [65] [66], as the chemical potential
moves into the large density of antinodal states. While
the specific heat shows a strong peak at p ~ p* [67], low-
energy incommensurate AF spin correlations are strong
there [68] (though with no sign of quantum critical be-
havior [69]), and antinodal states at p = 0.23 > p* retain
a large self-energy [70]. Hence, the gradual growth of
conductivity along the ¢ axis for p > p* appears to re-
flect the gradual reduction of strong-correlation effects.

Muon spin relaxation (uSR) studies on LSCO have
found evidence for a more heterogeneous response to an
applied magnetic field in the overdoped regime [71], with
evidence for two distinct local environments [72]. An
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FIG. 1. Superconducting transition temperatures as a func-

tion of the doped-hole concentration in Lag_,Sr,CuQO4 sam-
ples. The orange diamonds indicate onset of the Meissner
effect in the single crystals, while the red squares indicate
where the in-plane resistivity goes to zero; lines through the
symbols are guides to the eye. The violet triangle indicates
the estimated p for the metallic LSCO thin film, which had no
bulk superconducting transition above 4.2 K. The gray line is
the behavior of Tt vs. p assumed in [15], with a form similar to
that proposed in [62]. The gray circles (squares) correspond
to single crystals studied in [24] ([63]). Green filled circles
represent 1/p. at 50 K, the inverse of the c-axis resistivity, a
measure of the c-axis conductivity in the normal state.

analysis of x-ray absorption spectra measured at the O
K edge in LSCO and TlyBasCuQOg4s finds evidence for
reduced correlation effects for p > p* [73]. A complemen-
tary picture has been derived from the analysis of mag-
netotransport measurements on several cuprate families
[16]: the strongly dissipative behavior observed for p < p*
crosses over to a combination of contributions character-
istic of both conventional quasiparticles and strong dis-
sipation, with the latter disappearing as T, — 0.

One source of spatial inhomogeneity of the local charge
density is the random distribution of the dopant ions.
In the case of LSCO, this involves ionic Sr?T randomly
substituting for La3"; the spatial inhomogeneity of the
local doped-hole density has been inferred from mea-
surements with local probes such as NMR [74] [75] and
scanning tunneling microscopy (STM) [76]; inhomogene-
ity is also indicated by observations of nonlinear con-
ductivity [77] and finite structural correlation lengths
[78]. Spivak, Oreto, and Kivelson [79] considered mod-
els of a composite of superconducting and metallic re-
gions, where there is a quantum phase transition from
superconductor to metal tuned by disorder. For the case
of d-wave superconductivity, there is a regime in which
cooling leads initially to a metallic phase that contains di-
lute, locally-superconducting puddles, with a transition
at lower temperature to a state having uniform super-
conducting order. This picture, supported by recent nu-
merical modeling [80], is distinct from phase separation;
instead, stochastic effects lead to self-organized granular
behavior.

In this paper, we report experimental measurements
on several overdoped LSCO samples, superconducting
single crystals with x = 0.25 and 0.29 and a metallic
thin film with p ~ 0.35, and show that the data are
consistent with the scenario described above. The su-
perconducting transitions observed in these samples are
summarized in Fig. [T} together with results on related
crystals to be presented separately [81]. At temperature
T.1 (diamonds), we observe the onset of diamagnetism in
the crystal samples, while the in-plane resistivity goes to
zero at the lower T (squares). Note that the separation
between these temperatures grows as p exceeds p*. We
will show for the crystals that the initial diamagnetism
between T.; and T.o involves a small volume fraction,
consistent with disconnected three-dimensional bubbles
of superconductivity, while there is a sharp increase be-
low T as the magnetic shielding grows rapidly to include
the entire volume. For the metallic, non-superconducting
LSCO film doped beyond the superconductor-to-metal
transition, spectroscopic-imaging STM (SI-STM) mea-
surements provide evidence of residual, isolated regions
with a response suggestive of pairing correlations at low
temperature.

We also present measurements of the incommensurate
antiferromagnetic spin excitations for the x = 0.25 crys-
tal. From the change of the dynamic susceptibility with
temperature, we identify a spin gap that, compared with
T2, is much larger than what one finds near optimal dop-
ing [69]. We argue that this is evidence that the local su-
perconductivity is driven by correlated domains, and that
the transition to bulk order requires the induction of su-
perconductivity in the intervening less-correlated metal-
lic regions by proximity effect [79].

The rest of the paper is organized as follows. In the fol-
lowing section, we describe the sample growth and char-
acterizations, as well as the methods for measuring super-
conducting properties and the spin excitations. The mag-
netic susceptibility and resistivity results are described
in Sec. III, followed by a presentation of the inelastic
neutron scattering results in Sec. IV. SI-STM measure-
ments are detailed in Sec. V. Further discussion of the
results, their significance, and remaining questions ap-
pears in Sec. VI.

II. MATERIALS AND METHODS
A. Sample growth and characterization
1. Crystal growth

The present LSCO x = 0.25 crystal was grown by the
same procedure used for two recently-studied x = 0.17
and 0.21 compositions [69, 82]. A floating-zone fur-
nace equipped with two ellipsoidal mirrors was used to
grow the single crystal at a velocity of 1 mm/h under
an air flow rate of 0.5 1/min. For each composition of
Lag_;Sr,CuQy, the feed rod was prepared from powders



of LayO3, SrCO3 and CuO (99.99% pure), combined in
their appropriate metal ratios, together with 1% extra
CuO to compensate for loss due to evaporation during
crystal growth. The combined powders were treated by
a repeated process of grinding in an agate mortar fol-
lowed by calcination at 980 °C (first round) and then
1050 °C. The pressed feed rods were sintered for 72 h at
1300 °C in air. Each grown crystal rod was annealed in
pure Os flow at 980 °C for 200 h, followed by furnace
cooling (which takes several hours). The temperature-
dependent crystal structure for the x = 0.17, 0.21, and
0.25 crystals was determined by neutron diffraction, as
described in App. A. A crystal with x = 0.29 was grown
and annealed in a similar fashion.

Although the low-temperature crystal structure
changes from orthorhombic to tetragonal with doping,
we will use the notation of the orthorhombic cell for con-
sistency, with a ~ b ~ 5.32 A, ¢ ~ 13.2 A. Momentum
transfer Q and reciprocal lattice vectors will be expressed
in reciprocal lattice units (rlu), (27/a,27/b,27/c). In
these units, the AF wave vector corresponds to Qar =
(1,0,0) [or, equivalently, (0,1, 0)].

2. X-ray diffraction characterization

Small pieces of some of the single-crystal samples were
ground to powder and measured by high-resolution X-ray
powder diffraction at 11-BM, Advanced Photon Source,
Argonne National Laboratory, with each sample cooled
to 100 K. The diffraction peaks are very narrow, but
with Q-dependent widths somewhat greater than those
measured on a standard reference sample, which makes
Rietveld refinement impractical. Instead, the diffraction

13.24 T T T T
L Jn|
Las_,Sr,CuO, ,o¢oofd
13.22 oo b
po®
_13.20F o .
<
< o @
13.18 . -
o m}
| O Radaelli (1994)
13.16 ¢ BNL samples 7
13.14 1 1 1 1
0.05 0.1 0.15 0.2 0.25 0.3
T
FIG. 2.  Doping dependence of the ¢ lattice parameter of

powdered pieces of single crystal, measured by high-resolution
X-ray diffraction at 100 K (red filled circles), compared with
powder neutron diffraction results at 70 K from Radaelli et al.
[83]. The error bars on the x-ray results correspond to 100,
thus enhanced so as to be visible.
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pattern was analyzed by the Le Bail method [84]. The
results for the c lattice parameter are plotted vs. nominal
doping in Fig. 2| where they are compared with powder
neutron diffraction results from Radaelli et al. [83]; the
samples in the latter study were oxygen annealed, mea-
sured to be very close to stoichiometric in oxygen for
z < 0.3, and single phase. The value of ¢ grows roughly
linearly with = up to « ~ 0.2, but gradually flattens
out above that. [The latter change correlates with evi-
dence for a modification in the character of doped holes
at large doping, including: 1) an observed saturation of
the effective in-plane O 2p hole concentration measured
by x-ray absorption spectroscopy [73]; 2) indications for
an enhanced role of Cu 3d,2 orbitals from Compton scat-
tering [85)], angle-resolved photoemission [86], and recent
calculations [87].] Our x = 0.25 and 0.29 samples showed
some weak diffraction peaks consistent with LasSrCusOg
[88, BI]; the volume fraction of the impurity phase is es-
timated to be < 3%. If we take the width of the (008)
peak as providing an upper limit on the spread in com-
position, then for z = 0.25 we have AQ ~ 4 x 1075 A1,
which gives Az < 0.001 [where we take Az ~ Ac/(0.2A)
in the range 0.2 < z < 0.25].

3. Transmission electron microscopy characterization

To further characterize the LSCO x = 0.25 crystal, a
piece was examined by scanning transmission electron
microscopy (STEM) recorded by a high-angle annular
dark field (HAADF) detector, as shown in Fig. [3| This
technique allows atomic-scale resolution of columns of
atoms and quantitative analysis of composition through
simulation [90H92]. The image has been filtered in fre-
quency space by applying a periodic mask to suppress the
background noise. Both STEM-HAADF image (a) and
selected-area electron diffraction pattern (inset) confirm
that the sample is a single crystal, free from defects. In
STEM-HAADF imaging, the contrast is approximately
proportional to Z''7 along an atomic column, where Z
is the atomic number. The contrast of La/Sr columns
is stronger than that of Cu columns, while the O is in-
visible. An expanded view of a small region is shown
in Fig. 3b), while a simulation is presented in (c). The
simulated image is based on the multi-slice method with
frozen phonon approximation for the LSCO z = 0.25
nominal composition with estimated thickness ¢t = 25
nm. It has been convolved with a Gaussian function with
full width at half maximum of 0.15 nm to take the probe
shape into account. Simulated (top) and experimental
(bottom) intensity profiles are compared in Fig. d).

The peak intensities of La/Sr columns increase with
the increase of La/Sr ratio. The variations of the exper-
imental peak intensities are consistent with simulations
over the composition range 0.18 < z < 0.32, and com-
patible with an average of x = 0.25. While the spread of
x values may appear surprisingly large, it is actually per-
fectly consistent with a random distribution of Sr atoms
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(a) STEM-HAADF image of LSCO z = 0.25 crystal for an incident beam direction of [110]; scale bar = 5 nm. The

inset is the corresponding selected-area electron diffraction pattern from a large area (about 120 nm in diameter) with several
reflections indexed. (b) Magnified images from the area marked by the white rectangle in (a), showing the uniform intensity
distribution at La/Sr and Cu sites. (c¢) Simulated STEM-HAADF image, as discussed in the text. The inset shows the [110]
projection of the structure, with red, green and dark yellow spheres representing La/Sr, Cu and O, respectively. (d) Intensity
profiles from simulated images (top) with different compositions from yellow dashed scan line shown in (¢) and experimental
image (bottom) from the dashed lines shown in (a) with the corresponding colors. The simulated intensity profiles are calculated
for compositions of z = 0.18 (green line), z = 0.25 (black) and x = 0.32 (red), respectively, all normalized to the Cu peak.

on the La site with an average composition of x = 0.25.
To see this, we start by noting that the sample thickness
is approximately 64 unit cells, which means that each
atomic column contains approximately 64 La sites. For
x = 0.25, on average 1/8 of the La sites are occupied
by Sr, so that we expect an average of 8 Sr atoms per
column. The probability of finding columns with vari-
ous compositions should follow the Poisson distribution,
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FIG. 4. Probability that an atomic column of 64 La sites
will have a particular Sr content, assuming that the average
is 8 Sr ions, corresponding to x = 0.25.

which we plot in Fig. [d There is a 62% probability that
the x value observed in a given column will be within the
range 0.18 < z < 0.32, consistent with the conclusion
from the simulations.

To summarize, the STEM results indicate the absence
of gross defects or elemental segregation, but demon-
strate the relevance of stochastic effects.

4. Film growth

To explore higher doping, we made use of an
LSCO thin film grown by oxide molecular-beam epitaxy
(OMBE) in the OASIS complex [93]. The film, with a
thickness of 10 unit cells along the ¢ axis, was synthe-
sized on a LaSrAlQ, substrate by depositing La, Sr and
Cu, which were sequentially shuttered to form the LSCO
layer by layer in the presence of ozone. The ozone par-
tial pressure was kept constant during the synthesis at
3 x 10~° Torr, with the substrate temperature held at
T, = 650 °C. Mutual inductance measurements on the
film later confirmed the absence of a superconducting
transition down to 4.2 K.

The nominal Sr concentration of the film is z = 0.4,
but a separate characterization is needed to determine
the doped-hole concentration p, given uncertainty in the
oxygen stoichiometry. This was accomplished by trans-
ferring the sample in vacuo to the angle-resolved photo-
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FIG. 5. Results for the LSCO x = 0.25 crystal. (a) Volume susceptibility measured after zero-field cooling (ZFC) as a function
of temperature in a magnetic field of 0.2 mT applied parallel to the ¢ axis (filled circles) or perpendicular to the ¢ axis (open
squares). (A constant value of 1 x 10~° has been subtracted from M /H to accommodate plotting on a logarithmic scale, and
magnitude has been corrected for the demagnetization factor.) (b) Same as (a) but for field-cooled (FC) measurements. (c)
In-plane resistivity in zero magnetic field; bold dashed line indicates normal-state trend. (d) In-plane resistivity over a larger
temperature range. Vertical dashed lines denote two characteristic temperatures: 7.1 = 38.5 K is the onset of diamagnetism
and Teo = 18.0 K is the point at which the resistivity goes to zero (and bulk magnetic shielding onsets).

electron spectroscopy (ARPES) chamber. As discussed
in App. B, the ARPES measurements yielded an esti-
mated hole concentration of p ~ 0.35. The sample was
then transferred in vacuo to the STM chamber, where the
spectroscopic imaging measurements were subsequently
performed at T =9 K.

A more complete STM study of LSCO films at several
dopings is in progress and will be reported elsewhere [94].

B. Magnetization and transport

To measure the temperature dependence of the magne-
tization of the LSCO x = 0.25 sample, two small crystals
were prepared, one each for field parallel and perpendic-
ular to the ¢ axis. Each crystal had the shape of a square
plate, with sides of dimension 3 to 5 mm and plate thick-
ness of 0.5 mm, oriented so that one of the long axes was
parallel to the applied magnetic field. The volume mag-
netic susceptibility (defined as x = M/uoH, where M
is the volume magnetization in Tesla, poH is the exter-
nal magnetic field in Tesla) was measured in a Quantum
Design Magnetic Properties Measurement System with a
SQUID (superconducting quantum interference device)
magnetometer. The results, corrected for the demagne-
tization factor, are plotted in Fig. [fj(a) and (b).

Transport measurements were carried out by the four-
probe in-line method on a crystal oriented to determine
the ab-plane resistivity, pqp, in a 14 T Quantum Design
Physical Properties Measurement System. The current
contacts were made at the ends of each crystal along the
long direction to ensure a uniform current flow through-
out the entire sample; voltage contacts were made in di-
rect contact with the ab-plane edges. The results are
presented in Fig. [5c) and (d).

The magnetization and resistivity results were repro-
duced on a second set of crystals. Similar measure-
ments have been performed on crystals cut from the
LSCO z = 0.17, 0.21, and 0.29 samples; a comparison
of x = 0.29 with 0.25 is presented in Sec. [[II] The inverse
of p. at T' = 50 K for this series of crystals is shown
in Fig. [Il and more complete data will be presented in
detail elsewhere [8T].

C. Inelastic neutron scattering

To characterize the antiferromagnetic spin correlations
in the LSCO x = 0.25 sample, inelastic neutron scatter-
ing measurements were performed on the HYSPEC in-
strument at the Spallation Neutron Source, Oak Ridge
National Laboratory. The sample consisted of 5 co-



aligned crystals with a total mass of 32 g, oriented to
have the ¢ axis vertical, perpendicular to the scattering
plane. It was mounted in a pumped-He cryostat, to allow
a base temperature of 2 K. All measurements were per-
formed with an incident energy of 27 meV and a chopper
frequency of 300 Hz. To put the scattered intensity in ab-
solute units, the data were calibrated to measurements
on a hollow vanadium cylinder.

IIT. SUPERCONDUCTING TRANSITIONS

The magnetic susceptibility data in Fig. [f(a) and (b)
for LSCO = = 0.25 are striking. The development of
superconducting order is characterized by two features:
an initial onset of diamagnetism at T,; = 38.5 K, asso-
ciated with a response that gradually grows to a shield-
ing volume of ~ 10%, followed by a bulk transition at
Teo = 18 K that leads to full volume shielding. In
both regimes, the superconductivity is three-dimensional,
with screening of magnetic fields observed for both ori-
entations of the applied magnetic field. The difference
in strength of the diamagnetism with field orientation
in the high-temperature phase correlates with the large
anisotropy in magnetic penetration depth [19].

Presenting the M/H data on a logarithmic scale ex-
aggerates the weak response at T' > T.o. A direct com-
parison with other studies is made easier by viewing the
data on a linear scale, as in Fig. [} Note that the vis-
ibility of the initial diamagnetism below T,; is sensitive
to the orientation of the field with respect to the crystal
axes.

The real surprise comes from comparing with the in-
plane resistivity data plotted in Fig. c): there is a slight
change of slope at T,;, but the resistivity only approaches
zero at T,.o. This is unusual behavior, both for cuprates
and for superconductors in general. Of course, to detect
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FIG. 6. ZFC volume susceptibility data for LSCO x = 0.25
from Fig. [f|a) replotted with M/H on a linear scale.

it, one must measure both the resistivity and susceptibil-
ity, which is not always done. It is not uncommon to have
samples that exhibit filamentary superconductivity [95];
however, in such cases, zero resistivity may be observed
at a higher temperature than the onset of bulk magnetic
shielding. An example is a study of LagCuQO44s, in which
the superconducting phase associated with segregation of
the excess oxygen was estimated to be ~ 30% of the vol-
ume; the resistivity appeared to drop to zero at ~ 32 K
[96], while the diamagnetism only showed an onset be-
low 31 K [97]. Here we observe the opposite situation.
In the initial phase, a small but significant volume frac-
tion exhibits diamagnetism, but there is no continuous
path across the sample that can carry current with zero
resistance.

These results motivated us to take a careful look at
our z = 0.29 crystal. Figure [7] compares zero-field-
cooled measurements of the volume susceptibility for
Lag_,Sr,CuOy4 z = 0.29 (purple symbols) with the re-
sults for z = 0.25 (red symbols). Clearly, both samples
show an onset of diamagnetism near 38 K; however, for
x = 0.29 the development of a bulk-like response only oc-
curs below 5 K, and full-volume shielding is not achieved
at the lowest measurement temperature (1.8 K).

Figure [§| compares the temperature dependence of the
in-plane resistivity of the two samples through the su-
perconducting transitions. The x = 0.29 crystal starts
with a lower normal-state resistivity and then exhibits a
slight, gradual drop on cooling below 38 K. It continues
to decrease gradually, going (nominally) to zero at 4 K.
In contrast to the case of x = 0.25, the lack of full-volume
shielding for x = 0.29 suggests that the zero resistivity is
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FIG. 7. Volume susceptibility measured after zero-field cool-
ing (ZFC) as a function of temperature in a magnetic field
of 0.2 mT applied parallel to the ¢ axis (filled circles) or per-
pendicular to the ¢ axis (open squares) for LSCO z = 0.29
(purple symbols) and z = 0.25 (red symbols). (A constant
value of 1 x 107> has been subtracted from M/H to accom-
modate plotting on a logarithmic scale, and magnitude has
been corrected for the demagnetization factor.)
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z = 0.29 (purple open diamonds) compared with z = 0.25
(red filled diamonds).

due to filamentary superconductivity.

Could our results be consistent with phase-separated
grains of superconductor at one value of p embedded in
a metallic phase characterized by a significantly larger
p? Our diffraction and STEM characterizations already
appear to rule this out; nevertheless, to further evaluate
this possibility, it is useful to compare with an experi-
mental study of an array of Nb islands deposited on a
Au film [08]. That study showed a well-defined drop in
the resistance measured across the film at a temperature
corresponding to superconducting coherence within the
isolated Nb islands, with a second drop and approach to
zero resistance as coherent Josephson coupling developed
through the Au film. In our case, the in-plane resistiv-
ity in Fig. c) shows a gradual and continuous evolution
below T,y that is distinct from the example of a meso-
scopic array of superconducting islands coupled through
a metal presented in [98)].

The measured behavior is consistent with the predic-
tion of Spivak, Oreto, and Kivelson [79]. We observe a
weak onset of superconductivity in isolated regions start-
ing at a temperature comparable to optimal doping, sug-
gesting that these regions have a lower hole concentration
than the average. The continuous evolution of the resis-
tivity suggests that more regions begin to participate as T’
decreases, as one would expect for a random distribution
of local environments. Zero resistivity is only achieved
at a temperature well below the onset of diamagnetism,
once superconductivity is induced in the surrounding re-
gions.

IV. MAGNETIC EXCITATIONS

The purpose of the inelastic scattering measurements
was to characterize the antiferromagnetic spin correla-
tions, but, given the weakness of their scattering, we
also have to take account of phonons. Figure |§|(b) shows

examples of both signals in a slice of scattering along
Q = (H,1,0). The magnetic scattering appears as in-
commensurate features that extend vertically about the
antiferromagnetic wave vector (0,1,0). Out near the
(—=1,1,0) and (1,1,0) points, we see evidence of soft
phonons associated with rotational fluctuations of the
CuOg octahedra around the Cu-O bonds. These phonons
are in addition to the tilt fluctuations around the diag-
onal axis of the octahedra that are expected at (0,1, L).
In the low-temperature orthorhombic phase observed for
x < 0.21 (see App. A), there are superlattice peaks at
(0,1, L) for L even but not equal to 0 [99]; in our = 0.25
sample with disordered tilts, the fluctuations can spread
to lower L. Both of the tilt modes have now been asso-
ciated with the orthorhombic phase of LSCO [100] [T0T].
We can correct for much of the phonon response by mea-
suring at 295 K, correcting for the detailed balance factor,
and subtracting from the 2 K data.

Figure [0a) shows a constant-energy slice (integrated
from 6 to 10 meV) at 2 K after subtracting the phonon
contribution. This does a good job near (0,1,0), but an
imperfect job at (£1,1,0) where the soft phonons have
their own temperature dependence. The region around
(0,1,0) is shown on a larger scale in Fig. [Jfc). A fit
to a symmetrized line cut in Fig. [0fd) shows that the
incommensurate peaks appear at K = 1+0.12, consistent
with previous work by Wakimoto et al. [47].

To evaluate the strength of the magnetic signal, we
plot in Fig. @(e) the Q-integrated imaginary part of the
dynamical susceptibility, x”(w), obtained after correcting
for phonon background. As one can see, this signal is
substantially reduced compared to our results for z =
0.17 and 0.21 [69], though it has a similar variation with
excitation energy hw.

To check the connection with superconductivity, the
difference in x”(w) between 2 K and 36 K is shown in
Fig. |§|(f) [I02]. It is apparent that magnetic weight is
shifted from low energy to high energy. As in our previ-
ous analysis [69], we identify the spin gap as the energy
at which the change in weight goes through zero, corre-
sponding to Agpin = 6.5£1 meV. As we will discuss, this
is somewhat lower than near optimal doping, but large
relative to the bulk superconducting transition tempera-
ture Tpo. (Keep in mind that neutron scattering averages
over the entire sample, and we expect a distribution of
local environments, only a small fraction of which will
contribute to the onset of diamagnetism at Tp;.)

V. SI-STM ON LSCO WITH p ~ 0.35

Turning to the metallic LSCO film with p ~ 0.35,
a typical topograph obtained by SI-STM is shown in
Fig. a), covering a 20 nm X 20 nm field-of-view
(FOV). The surface shows evidence of irregular steps,
with local atomic positions distorted from the pattern
expected from the bulk structure, possibly due to oxy-
gen sub-stoichiometry. We note that irregular surfaces
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FIG. 9.

Inelastic neutron scattering measurements on LSCO z = 0.25. (a) Intensity within the energy window 6 to 10

meV (and within L = 40.5) measured at 2 K, after correcting for phonons measured at 300 K, as described in the text.
Incommensurate magnetic scattering can be seen about the antiferromagnetic wave vectors (0,1,0), (1,2,0) and (—1,2,0).
(b) Dispersion of excitations in a slice along Q = (H,1,0) (integrated over AK = +0.2, AL = £0.5). Besides the magnetic
excitations near H = 0, there are soft phonons at (£1,1,0) associated with octahedral tilts. (c¢) Expansion of the region
indicated by the white dashed line in (a). (d) Cut through (c) for H = —0.2 to 0, after symmetrizing about K = 1. Dashed
line is a fit to a symmetric pair of Lorentzians with centers at 1 + 0.12 and half-width x = 0.083 rlu. (e) Q-integrated x’'(w)
for the present sample (filled circles) compared to results for z = 0.17 and 0.21 (dashed lines) from [69]. (f) Difference in x"'(w)
at 2 K relative to 36 K. The zero-crossing estimate indicated by the red bar corresponds to Agpin = 6.5 £ 1 meV.

have also been seen in previous STM studies of LSCO
[76], especially on thin films [I03]. Figure [I0|(b) shows a
measure of the local density of states given by the dif-
ferential conductance at zero bias, g(r, Vhias = 0 mV)
[obtained simultaneously with the T'(r) in Fig. [10(a)].
While it looks rather heterogeneous, the zero-bias con-
ductance is finite everywhere across the FOV, consistent
with a metallic system. For further insight, the differ-
ential conductance curves g(r, Viias) measured along the
black arrow in Fig. [I0[b) are plotted in Fig. [10|c), with
a few characteristic curves, measured at the numbered
points, presented in Fig. [I0[d)-(f). We see that there are
points where there is (1) a dip centered at zero bias, (2)
a peak at zero bias, and (3) a linear variation across zero
bias. Case (2), with a peak at zero bias, is suggestive
of the van Hove singularity that one expects to see at
the Lifshitz transition, as the hole-like Fermi surface at
smaller p crosses over to an electron-like Fermi surface,
which ARPES studies indicate to occur in an average
sense at p ~ 0.2 [65] 82, 104}, 105]. Case (3), with a lack
of distinctive features, is compatible with expectations
for the metallic phase at p ~ 0.35 and beyond.

To provide context for evaluating case (1), we com-
pare the differential conductance curve of Fig. d)

with a normalized result for a superconducting film with
x = 0.16 in Fig. [10[g); the latter film, with a thickness of
10 unit cells, was measured at 11 K, well below its T, of
32 K. In both cases, the distribution of “coherence” peak
energies has been evaluated, and the dashed lines indi-
cate the median A for each case [94]; these correspond
to 18.8 meV (15.7 meV) for z = 0.16 (p = 0.35). These
energies are somewhat larger than the values reported in
an earlier SI-STM study on LSCO with =z < 0.21 [76],
but are comparable with those measured by ARPES in
the antinodal region [66] [106] [107]. The coherent super-
conducting gap, the scale below which spatially-uniform
superconducting order occurs [44], is smaller [I08, [109],
limited by the spin gap [69], as we will discuss in the next
section.

An important difference between these samples is the
magnitude of the zero-bias conductance. The = = 0.16
sample exhibits a deep minimum at zero bias, as is
commonly observed in STM studies on superconduct-
ing cuprates [76, T10]. The much weaker dip of the
p ~ 0.35 sample, which occurs only in limited spatial re-
gions, is reminiscent of observations in BigSroCaCusOgy s
(Bi2212) slightly above T, where local differential con-
ductance can show a reduced zero-bias dip but little re-
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measured along the black arrow in (a) and (b).
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(a) Topograph, T'(r), of a small region of the LSCO film with p ~ 0.35 (z = 0.4).
at Vhias = 0 mV, g(r, Vhias = 0 mV), for the same field of view as in (a).
Select differential conductance curves, each spatially-averaged over a local
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T,

(b) Local density of states
(c) Differential conductance curves, g(r, Viias),

region, representative of the numbered points in (b), shown in (d), (e), (f). (g) Comparison of the curve in (d) with the
spatially-averaged differential conductance for a superconducting LSCO film with z = 0.16 [94]. The dashed lines represent
the median energies of coherence peaks from the corresponding spatial distributions. To enhance the comparison, both curves

have been normalized as described in App. C.

duction in the energies of the “coherence” peaks [I1I].
The evolution of such tunneling spectra across the over-
doped regime in (Bi,Pb)2SroCuOg1s (Bi2201) has been
reported recently by Tromp et al. [I12]. They observe
a gradual crossover from uniform superconductivity to-
wards superconducting puddles, with the pairing gap fill-
ing in (zero-bias conductance rising), rather than the gap
energy decreasing, with doping. Their results are consis-
tent with and complementary to the story presented here.

VI. DISCUSSION

We have seen that measurements of magnetic suscep-
tibility and resistivity in LSCO z = 0.25 provide evi-
dence for isolated regions that develop local supercon-
ducting order at a temperature comparable to that of

T. at optimal doping, whereas bulk superconductivity
is only established at a much lower T, that is consis-
tent with previous reports for bulk superconducting or-
der. As mentioned in Sec. I, early work on bulk samples
revealed related behavior in magnetization measurements
on polycrystalline samples, especially that of Torrance et
al. [I7] and Takagi et al. [I8]. As mentioned in Sec. ILA,
powder diffraction and STEM characterizations found
no evidence for macroscopic variation in composition.
The observation of similar behavior in single- and poly-
crystalline samples with differing synthesis methods pro-
vides evidence that it is intrinsic.

The tunneling conductance measurements on the
metallic LSCO film (p ~ 0.35) suggest that, even beyond
the superconductor-to-metal transition, regions survive
with a gap suggestive of local pairing correlations. To
put these results in context, previous SI-STM studies on



LSCO cleaved crystals with 0.06 < z < 0.21 [76] found
evidence for a zero-bias-centered gap at all points on the
surface and relative homogeneity on the scale of 5 meV,
but considerable disorder on the scale of the coherence
peaks (6-20 meV). At z = 0.21, the differential tunneling
conductance at zero bias has become finite everywhere,
suggestive of a partial filling-in of the gap [76]. The vari-
ation from that behavior to our observations in Fig.
due to doping have some parallels with the impact of
temperature on the spatial gap distribution detected by
SI-STM on Bi2212 [I13| [1T4] and with a recent study of
the doping dependence of gaps in Bi2201 [T12].

In order to compare with the theoretical analyses of
Spivak et al. [79] and Li et al. [80], we note that the
latter paper emphasizes that the combination of disorder
and d-wave pairing leads to self-organized granularity.
We present a caricature of the evolution of such granu-
larity with doping in Fig. where the depth of color
is proportional to pair density. For p a bit below p*,
the strongly-correlated grains overlap to form a continu-
ous network with a large pair density. As p exceeds p*,
the strongly-correlated grains no longer overlap on av-
erage. The superconducting coherence depends on the
proximity-induced superconductivity in the surrounding
regions; these have a lower local pair density, resulting in
a reduced superconducting phase stiffness. Pockets that
are further from the grains will have unpaired carriers.
For p beyond p., the grains with pairing are too dilute
to enable bulk superconductivity.

The neutron scattering measurements demonstrate
that the spectrum of magnetic excitations at low ener-
gies has a comparable form to that at lower doping, but
with reduced magnitude, consistent with previous work
[47]. To be more quantitative, we compare in Table I the
integral of x”'(w) between 5 and 13 meV, normalized to
the result at x = 0.17. We see that this measure of the
spin correlations is reduced by a factor of 2 for x = 0.25
compared to z = 0.17. Following this trend, previous
studies have found negligible low-energy magnetic weight
for z = 0.30 [48|, 115].

Here we should note that resonant inelastic X-ray scat-
tering (RIXS) measurements on LSCO films have pro-
vided evidence for high-energy (> 100 meV) magnetic
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FIG. 11.

Cartoon of spatial distribution of pair density
within a thin slice of bulk LSCO for (a) p < p*, (b) p* <p <
Pe, and (c) pe < p. Dark (plum) indicates the highest pair
density; light (pink) indicates proximity-induced pair density;
white indicates regions where no pairs exist.

11

TABLE I. Comparison of various quantities measured on
LSCO crystals as a function of z. Here, [x” indicates the
integral of X" (w) between 5 and 13 meV, normalized to the
result for z = 0.17. The uncertainties in Agpin and [ x” are
on the order of 10%.

x T, Aspin 2Aspin/ kBT Ix’
(K) (meV) (normalized)

0.17 37 9.0 5.7 1.0

0.21 30 9.0 7.0 0.7

0.25 18 6.5 8.4 0.5

excitations that do not decrease substantially with over-
doping, even into the non-superconducting regime [116].
In interpreting these results, it is important to note that
the wave vector range probed is closer to @ = 0 than to
Qar. Determinantal quantum Monte Carlo calculations
on the Hubbard model with U/t = 6.5 are consistent
with both neutron and RIXS results: the intensity of
the small @ excitations is relatively insensitive to doping
while the low-energy excitations close to Qar are very
sensitive and disappear with overdoping [I17]. (RIXS
measurements with higher energy resolution do show a
significant change and anisotropy to the damping of the
magnetic excitations with doping [ITI8-120].)

Applying Occam’s razor, we associate the magnetic ex-
citations, which have a similar incommensurability as
at © ~ 0.12 [8], with the correlated regions hosting
the isolated superconducting bubbles that appear above
Teo. While the decreasing magnetic response is consis-
tent with such an association, the neutron measurements
average over the sample volume so that we cannot di-
rectly distinguish between uniform and inhomogeneous
distributions. A more relevant parameter is the incom-
mensurate spin gap Agpin. In previous work [69], it was
found that Agpin is an upper limit for the coherent su-
perconducting gap, where the latter scales with T, [121}-
123]. The coherent gap is a scale below which SI-STM
sees spatial homogeneity [44]; for under- to optimally-
doped cuprates, that scale can be considerably smaller
than that of the local “coherence” peaks. In Table I,
we compare the ratio 2Ay;,/kgT, for several x. If the
spin gap limits the coherent superconducting gap [44} 69],
and if kgT, is proportional to the latter, then we might
expect this ratio to remain constant if spin correlations
are present in all regions of each sample. Contrary to
that, the measured ratio grows with z, as the magnetic
weight decreases. Hence, it is plausible to conclude that
the superconducting bubbles are correlated patches, and
that bulk superconductivity only develops once a cou-
pling between these regions is established through the
more conventional metallic areas, associated with larger
.

One might argue that, if the correlated regions drive
the onset of superconductivity at T,; in our z = 0.25
sample, then Ay should not decrease from its value at
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FIG. 12. Probability that a region the size of a supercon-
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to a local doping level z. Results are shown for (z) = 0.25
(violet), 0.30 (blue), and 0.35 (green). The probability that
0.10 < x < 0.15 is 12%, 4%, and 1%, respectively.

lower doping. On the other hand, the superconducting
onset at 38 K is weak, the typical effective grain size may
be decreasing, and the neutron scattering measurements
average over the distribution of such regions. We believe
that the comparison of Agpi, with the bulk T is the
appropriate one.

The resulting “plum-pudding” model of overdoped
cuprates has some overlap with the idea of phase sep-
aration [21H24] [124], although our perspective is some-
what different. There is increasing experimental [44] and
theoretical [I25HI27] evidence that charge stripe corre-
lations, defined by antiferromagnetic spin stripe corre-
lations, are relevant to pairing and superconductivity
in cuprates. All doped holes effectively go into charge
stripes at low doping, but the stripe density saturates at
p ~ 1/8, so that holes added beyond that point must go
into more uniformly-doped regions [§]. As the uniformly-
doped regions (“pudding”) grow, the stripe-correlated re-
gions (“plums”) become isolated.

The interpretation of low-energy incommensurate spin
excitations in terms of spin stripes is most commonly ap-
plied to LSCO and isostructural cuprates [8]; neverthe-
less, a similar evolution of spin correlations is common
to other cuprate superconductors, as demonstrated by
inelastic neutron scattering studies [69, 128, [129]. The
character and evolution of high-energy antiferromagnetic
excitations is also common among cuprates [130} [I31].
The correlation between antiferromagnetic fluctuations
and superconductivity is implied by the work of Pelc et
al. [132], who model the superfluid density, especially in
overdoped cuprates, as being proportional to the density
of localized holes, where a localized hole corresponds to a
half-filled Cu 3d2_,2 orbital and its associated magnetic
moment.

To provide further support for this picture, we consider
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the probability that the coherence volume for a super-
conducting pair contains a suitably underdoped compo-
sition. The superconducting coherence length is typically
associated with the radius of a vortex core; STM stud-
ies on as-grown BisSroCaCusOgys indicate that &g ~
2.5a;, where a; ~ 3.8 A [I33]. (Note that this is also
the length scale on which the energies of “coherence”
peaks are observed to vary in LSCO [134], as well as
BigSraCaCuyOsys [110, 1111 [135].) The coherence length
along the c-axis tends to be quite short. To make a rea-
sonable estimate of the hole concentration within a vol-
ume based on local Sr density, we need to make some
allowance for the spatial range of Coulomb interactions.
Hence, we will take the size in this direction to be equal
to the c lattice parameter, so that two layers are included.
The coherence volume is then 7&.c ~ 20a?c, which con-
tains 40 formula units, including 80 La sites. The aver-
age number of Sr dopants per coherence volume is 10,
12, and 14, for (z) = 0.25, 0.30, and 0.35, respectively.
The corresponding Poisson distributions are plotted in
Fig. If we take the underdoped strongly-correlated,
strong-pairing region to be 0.10 < z < 0.15, then the
probability of a coherence volume having such a local
composition is 12%, 4%, and 1% for (x) = 0.25, 0.30,
and 0.35, respectively.

We have to note here that, while these numbers are
qualitatively consistent with our experimental results,
the diamagnetic response of the x = 0.29 sample in Fig.
relative to that for x = 0.25 at T' ~ 20-30 K is larger than
we would expect. Of course, plotting M/H on a log scale
puts emphasis on this discrepancy, while minimizing the
impact of the large reduction in shielding fraction below
Teo.

An essential feature of our interpretation, consistent
with [79], is that the superconductivity disappears with
overdoping because of a loss of regions that have strong
pairing interactions. A consequence is that, while su-
perconductivity may be induced by proximity effect
in neighboring regions of higher carrier density, there
will also be regions that remain in the normal state.
This is consistent with the change observed in SI-STM
differential conductance mapping from underdoped to
overdoped regimes. In underdoped or optimally-doped
samples, despite inhomogeneity, the conductance maps
are spatially uniform at sufficiently low bias voltages
[76, 110} 135, 136], but with overdoping the zero-bias
conductance rises and becomes spatially inhomogeneous
[0, 112], with isolated regions of zero-bias dips for p >
pe. This is an important distinction from the model of
Pelc et al. [132], who discuss disorder on a scale of CuOq
units, but associate the superfluid density in a mean-field
fashion with the density of strongly-correlated Cu sites.
They invoke “intrinsic superconducting gap disorder” to
allow application of percolative scaling to the variation
of superfluid density with T, for overdoped LSCO thin
films with T, < 12 K [I5]; however, gap disorder is dis-
tinct from our model, which asserts that a mixture in-
cluding regions with no superconducting gap is essential



to understanding the disappearance of superconductivity
with overdoping. It is not just disorder, but the loss of
pairing interactions that kills superconductivity.

Our interpretation of the effective percolative transi-
tion of magnetic correlations also provides insight into
the evolution of the electronic spectral function measured
by ARPES. The biggest changes with doping occur for
the antinodal states near (m,0), where ARPES measure-
ments on LSCO show a complete absence of coherent
states in the underdoped regime [I37], in correspondence
with strong AF correlations. On doping to p > p*,
coherent weight appears in the antinodal region, along
with the Lifshitz transition [0, 82] 137, [138]. In fact, at
x = 0.22 there is sufficient coherent weight that disper-
sion of antinodal states can be observed perpendicular
to the CuOs planes [65] [66]. Nevertheless, observing fi-
nite weight at all points on the Fermi surface should not
be taken as proof of a uniform Fermi liquid within the
CuOs planes. Our neutron scattering results on LSCO
x = 0.25 show that patches of strong correlations can
coexist within percolating regions of more-conventional,
metallic behavior.

Is the picture we have presented for bulk LSCO sam-
ples applicable to other cuprates? One immediate chal-
lenge is the case of LSCO thin films, where each composi-
tion exhibits only a single sharp transition [I5], [26], effec-
tively corresponding to T,.o. Here dimensionality might
play a role in two distinct ways. First, the diamagnetic
response in our LSCO = = 0.25 crystal at T > T, is
three-dimensional (3D), and a detectable response re-
quires that an individual self-organized grain have di-
mensions comparable to the magnetic penetration depth,
which is of order 1000 nm along the c-axis [19]. In
contrast, the total thickness of each LSCO film is only
~ 14 nm. Second, dimensionality impacts the proba-
bility of a self-organized grain having sufficient size to
support superconducting phase stiffness. Here it is use-
ful to consider a percolation model to take account of the
inhomogeneity. Pelc et al. [77] have applied such a model
to describe the onset of superconductivity with temper-
ature in samples with p < p*, where each spatial patch
has a different onset temperature for superconducting or-
der, but all patches are superconducting at low temper-
ature. In our case, a fraction of patches would remain
nonsuperconducting at low temperature. The site per-
colation threshold in a simple-cubic lattice (3D) is less
than half of that for a square lattice (2D). Hence, the
probability of having a sufficiently large cluster of sites
that can sustain local superconducting order should be
greater in a bulk crystal than in a nearly two-dimensional
film. Of course, testing for local heterogeneity in LSCO
thin films will require new experiments.

Another issue concerns the T, ~ n, scaling observed
for overdoped LSCO films [I5]. The same behavior was
also found in bulk samples of TlyBagsCuOgys (T12201)
by pSR [139] 140]. Can that behavior be explained by a
model of effectively granular superconductivity? Phase
fluctuations are likely to be important, as they are in un-
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derdoped cuprates [I0]; however, an analysis of granular
superconductivity in a metallic environment has given a
slightly different result [I41], [I42]. A percolation model
[132] involving superconducting and nonsuperconducting
patches has been used successfully to model the variation
of T, vs. ng near p. for the LSCO films [I5]. In the fu-
ture, it would be interesting to see whether such a model
can account for the apparent differences between thin-
film and single-crystal samples in the temperature de-
pendence of the diamagnetism and resistivity for p near
Pe-

Is self-organized granular superconductivity common
to the overdoped regime for all cuprate superconductors?
TI12201 represents an important challenge to this idea
[143]. A sharply-defined and complete hole-like Fermi
surface was measured by ARPES on an overdoped crys-
tal with T, = 30 K [144]. Quantum oscillations have been
observed in a crystal with p = 0.30 and T, = 10 K [145]
and with reduced amplitude at p = 0.27 (T, = 26 K)
[146]. For quantum oscillations to be detectable, there
must be regions of a sample where a charge carrier can
orbit without scattering within a diameter as large as
~ 1000 A [146]. At the same time, the measurement
does not prove that all regions of the sample are weakly
correlated, just that there must be some sufficiently large
regions of “pudding” that are not disrupted by “plums”.
Could there be some “plums”? Recent measurements
with resonant inelastic X-ray scattering found evidence
for charge-density modulation in crystals with p = 0.23
and 0.25 (T, = 56 and 45 K, respectively) [147]. In-
plane resistivity varies smoothly across the overdoped
range [143], so it seems likely that a few “plums” are still
present at the largest p where superconductivity survives.

Transport measurements may not be an absolute test
for sample homogeneity. For example, remarkable trans-
port results have been reported for magic-angle twisted-
bilayer graphene, where an entire phase diagram, includ-
ing superconductivity, has been mapped simply by vary-
ing the gate voltage [148]. Despite the observation of
quantum oscillations in resistivity at fairly low magnetic
fields, nanoscale mapping of Landau levels with a scan-
ning probe has imaged substantial disorder in the local
twist angle [T49]. In this context, it is relevant to note
that measurements of in-plane thermal conductivity and
resistivity in a superconducting T12201 crystal with p
close to p. indicate that the normal-state response satis-
fies the Wiedemann-Franz law in the T" — 0 limit, consis-
tent with transport of heat and charge by quasiparticles,
while the resistivity exhibits a T-linear term that is in-
consistent with Fermi-liquid theory [T50].

Another system in which overdoped samples have
been investigated is BiaSroCaCusOg45, where a detailed
ARPES study of the variation of the spectral function
for antinodal states across the superconductor-to-metal
transition has been made [I51I]. The large self-energy
present at lower p gradually disappears as the transition
is crossed. If one assumes that the electronic response
of the sample is homogeneous, then the results suggest a



gradual reduction in coupling to the excitations respon-
sible for pairing [I5I]. On the other hand, if one al-
lows for inhomogeneity [79], this corresponds to the dis-
appearance of patches with strong AF spin correlations
and their impact on regions of metallic quasiparticles.
In fact, it should be possible to check for inhomogene-
ity in the pair density by SI-STM on such highly-doped
BisSryCaCusOg 5 samples, and this will be an important
test for future work.

Finally, it is interesting to note that Berben et al. [I52]
have recently reported evidence that strange-metal be-
havior (in the form of in-plane magnetoresistance scal-
ing as H/T) occurs throughout the overdoped regime
for three different cuprate families, including LSCO. Fur-
thermore, Yang et al. [I53] have reported that artificial
disorder applied to an optimally-doped YBasCu3Ogyy
thin film led to the observation of strange-metal behav-
ior. Could it be that a heterogeneous mixture of local
electronic environments is key to the anomalous trans-
port? This is another topic for future investigation.

In conclusion, we have presented evidence that su-
perconductivity in overdoped LSCO crystals is driven
by finite-sized strongly-correlated regions with charac-
ter similar to what dominates at p < p*. Consistent
with the analysis of Spivak et al [79], bulk superconduc-
tivity appears to be induced by proximity effect in the
surrounding weakly-correlated metal. When, with suffi-
cient doping, the strongly-correlated regions become too
dilute, superconducting order disappears. Testing the
generality of this picture for cuprates will require new
experiments.
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Appendix A: Structural characterization of crystals

An initial measurement of single-crystal neutron
diffraction for the z = 0.21 sample on the Wide-Angle
Neutron Diffractometer (HB-2C) at the High Flux Iso-
tope Reactor (HFIR at Oak Ridge National Labora-
tory) provided clear evidence of orthorhombic superlat-
tice peaks at T' = 200 K, which was a surprise, as dis-
cussed below. This observation motivated us to deter-
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FIG. 13. (a) Orthorhombic strain, § = (b — a)/[0.5(b + a)],

vs. temperature for crystals of LSCO =z = 0.17, 0.21, and
0.25, determined from twinned (2,0,0)/(0,2,0) reflections.
Error bars for the z = 0.25 results indicate the resolution-
limited uncertainty. (b) Integrated intensity of the (0,3,2)
orthorhombic superlattice peak normalized to the (2,0, 0) in-
tegrated intensity for = 0.21 and 25. For = = 0.17, the
integrated (3,2,1) intensity is normalized to the z = 0.21
result at base temperature. The fitted curves (lines) are pro-
portional to (1 — T/T,)%?, with 8 values in the range of 0.16
to 0.33.

mine the temperature dependence of the structure of each
of the three compositions (x = 0.17, 0.21, and 0.25) on
triple-axis spectrometers at HFIR. There, each sample
was mounted in a closed-cycle He refrigerator, with the
c axis approximately vertical. The x = 0.21 crystal was
studied on HB-1, where twinned (2,0,0)/(0,2,0) reflec-
tions were measured with a Si (111) analyzer and hori-
zontal collimations of 48'-20"-20’-30’". The intensity of the
(0, 3,2) superlattice peak was measured with a PG (002)
analyzer and 48'-40/-40’-120’ horizontal collimations; the
peak was reached by tilting the crystal with the sample
goniometer. The x = 0.17 and 0.25 samples were stud-
ied on HB-3, with a Si(111) monochromator, PG(002)
analyzer, and collimations of 48'-60/-60"-120’. All mea-
surements were done with a neutron energy of 13.5 meV.
For the = 0.17 sample, the (0, 3,2) reflection could not
be reached, so (3,2, 1) was measured instead. The results
for the orthorhombic strain, 6 = (b —a)/[0.5(b+ a)], and
the relative intensities of the superlattice reflections as a
function of temperature are plotted in Fig.



The detectable low-temperature orthorhombic strain
and high orthorhombic-tetragonal transition tempera-
ture of the x = 0.21 sample are different from the early
powder diffraction work [83], which found the struc-
tural transition to reach 7' = 0 for z ~ 0.21. Of
course, the structure is sensitive to oxygen content [I7]
and could be sensitive to grain size, as structural dif-
ferences between powders and crystals of the related sys-
tem Laq g_,Ndg.4Sr, CuO4 have been reported previously
[I54]. That the strain and structural-transition temper-
ature are slightly higher for x = 0.21 than for 0.17 is
unexpected, as these quantities are typically observed
to decrease monotonically with doping [83]. In contrast
to this unusual feature, superconducting transition tem-
peratures of these crystals, as indicated in Fig. are
comparable with those from other recent single-crystal
studies [24]. Furthermore, angle-resolved photoemission
measurements [82] demonstrate that the z = 0.17 and
0.21 crystals are on opposite sides of the Lifshitz transi-
tion (z. &~ 0.2), where the nominal Fermi surface changes
from hole-like to electron-like [65] [104].

What is the significance of this difference in transition
temperature with doping? The impact of the substitu-
tion of Sr?* ions for La3™ is to create local disorder that
impacts the long-range ordering of octahedral tilts. As in
the anisotropic random-field Ising model [I55], increasing
disorder leads to a reduction in the ordering temperature
of the orthorhombic phase.

Appendix B: ARPES characterization of LSCO film

After synthesis by molecular beam epitaxy, the LSCO
film was transferred in wvacuo to a second chamber
for measurements of angle-resolved photoelectron spec-
troscopy (ARPES). An ARPES intensity map at the
Fermi energy, Er, obtained with a He II photon source
(40.8 €V) at room temperature is shown in Fig. (The

0
k, (n/a)

FIG. 14. ARPES intensity map of the LSCO film, integrated
over Er £15 meV. The solid curve represents a tight-binding
fit to the mapped Fermi surface. The doping level is estimated
to be p = 0.35.
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reason for measuring at room temperature, rather than
low temperature, was to avoid any condensation on the
film’s surface prior to the transfer to the STM chamber;
however, note that the high measurement temperature
leads to an effective experimental energy resolution of
~ 95 meV. ) The solid line is a tight-binding fit to the
Fermi surface using the model dispersion of [I56]. The
average hole concentration can be determined from the
area of the Fermi surface [I57], resulting in the value
p = 0.35.

Appendix C: SI-STM on LSCO z = 0.16

We label the measured, spatially-averaged differential
conductance for the z = 0.16 film as gyaw (V). To gener-
ate a background for normalization of the data, we make
use of the Fermi-Dirac function,

1

f(V) = ma (Cl)

and its derivative with respect to V', f/(V). Taking T =
46 K, we estimate a nonsuperconducting conductance gng
by convolving the measured conductance with f/(V):

Gog = / oG () [ (V — ). (€2)

To obtain the normalized conductance, gnorm (V), that is
presented in Fig. 6(g) of the main text, we use:

gnorm(v) = graw(v)/gbg(v)'

The raw and background conductances are shown in

Fig. [15]
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FIG. 15. Black curve shows the measured, spatially-averaged
tunneling conductance curve graw (V) for the LSCO z = 0.16
thin film. The red curve is gug(V) obtained from graw (V)
by convolving with the derivative of the Fermi-Dirac function
evaluated with T'= 46 K, as indicated in Eq. (2).
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