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The cuprate high-temperature superconductors exhibit many unexplained
electronic phases, but the superconductivity at high doping is often
believed to be governed by conventional mean-field Bardeen-Cooper-
Schrieffer theory'. However, it was shown that the superfluid density
vanishes when the transition temperature goes to zero*”, in contradiction
to expectations from Bardeen-Cooper-Schrieffer theory. Our scanning
tunnelling spectroscopy measurements in the overdoped regime of the
(Pb,Bi),Sr,Cu0q, s high-temperature superconductor show that this is due
to the emergence of nanoscale superconducting puddles in a metallic
matrix*’. Our measurements further reveal that this puddling is driven by
gap filling instead of gap closing. The importantimplicationis thatitis not
adiminishing pairing interaction that causes the breakdown of supercond-
uctivity. Unexpectedly, the measured gap-to-filling correlation also reveals
that pair breaking by disorder does not play adominant role and that the
mechanism of superconductivity in overdoped cuprate superconductorsis
qualitatively different from conventional mean-field theory.

The essence of high-temperature superconductivity in the cuprates  phase diagram, before it decreases again in the overdoped region'.
revolves around doping a Mottinsulator. Superconductivity emerges  Superconductivity breaks down completely at roughly 27% doping.
when hole dopingis greater than 5% per lattice site; the transitiontem-  For the strongly overdoped region, it is often assumed that screen-
perature T initially increases through the underdoped region of the  ing sufficiently reduces electron-electron correlations, enough for
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Fig.1|Heterogeneous gap filling in Bi2201. a, The average spectra of eight
different doping levels, labelled by their T;; UD, underdoped; OPT, optimally
doped; OD overdoped; E;, Fermi energy. The shaded areas indicate the energy
range used in the fitting procedure. The blue arrows show the average extracted
gap magnitude. For the UD25K and OPT35K samples, the red arrows in the
righthand images indicate the pseudogap as determined by He et al.*>. The inset
inthe top spectrumindicates the position of the samples on the superconducting
dome. b-d, Spectraalong 3 nmline-cut for the OD23K, OD12K and OD3K samples,
respectively. These raw, unprocessed spectra indicate the high degree of electronic
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inhomogeneity in these samples. e, A line-cut of spectra from a self-consistent
BdG simulation from the centre of asuperconducting puddle (r = 0) to the metallic
environment, which shows the van Hove singularity modelled to be close to the
Fermilevel (main text and Supplementary Section IV for details). The boundary
ofthe puddleisindicated by the red spectrum. The pairing interactionis non-zero
inside the puddle (thatis, inside the red line) and is zero outside it. The energy
unitis relative to the hopping parameter ¢,, and the length unit is relative to the
coherencelength £ (Supplementary Section V). DOS, density of states. f, Typical
topography measured on the OD12K sample on the same length scale as b-d.

aFermi liquid to appear®®. The superconducting state is then of the
Bardeen-Cooper-Schrieffer (BCS) type, and the suppression of super-
conductivity is a consequence of a diminishing pairing interaction.
Evidence for such conventional behaviour in the overdoped regime
comes from photoemission experiments, which suggest the existence
ofafull Fermisurface with superconductivity, asindicated by an energy
gap thatopensupinaBCS fashion below 7.>'°. As a caveat, very recent
magneto-transport experiments indicate that even at high doping, the
normal state has strange metal features™.

The first surprise in this regard was the discovery that the super-
fluid density decreases linearly to zero with doping beyond optimal
doping®*'?, contrary to the BCS expectation that it should be of the
order of the total carrier density and hence proportional to the doping
level'?. Additionally, optical conductivity measurements revealed a
large density of metallic carriers below 7.2, suggesting a filling of the
superconducting gap due to pair breaking. One possible explanation
for these observations involves potential disorder, reducing the elec-
tronmean free path, atlength scales comparable to the small coherence

length that is typical for the cuprates*®. According to Bogoliubov-de
Gennes (BdG) theory (thatis, BCSin spatially heterogeneous systems),
disorder at these length scales leads to emergent granular supercon-
ductivity*7°, that is, puddles of well-developed superconductivity
with asize setby the coherencelength, separated by regions where the
gap is suppressed. The resulting weak-link superconductor will show
alow superfluid density.

We investigate these issues using scanning tunnelling spectros-
copy, which yields the spatial distribution of the electron density of
states with atomic-scale precision. Our measurements show that in
(Pb,Bi),Sr,CuOq. (Bi2201) which has one CuO, layer per unit cell
and is known to have a high residual resistivity", such a ‘puddled’
superconductor does indeed develop at high doping (Figs. 1and 2).
The typical spatial extent of the puddles is a few nanometres, of the
order of the small coherence length in this system (Fig. 3). Our measure-
ments additionally reveal that the superconducting gap persists
beyond the dome, and that instead the heterogeneity is driven by
gap filling (Fig. 4). This strongly suggests that the breakdown of
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Fig.2| Gapfilling versus gap closure. a,b, Difference between gap closure
(a) and gap filling (b) by presenting a sweep of the gap magnitude parameter
Afor constant/, and a sweep of the scattering rate parameter I for constant
A, respectively. ¢, Example fits from our model applied to our raw data for the
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0OD23K, OD12K and OD3K data. The zeros of the spectra are offset for better
visibility, as indicated by the red marks. The black marks indicate the gap width as
determined by the model.

superconductivity is not a result of a vanishing pairing interaction.
A comparison with BdG simulations suggests that this filling is likely
due to the decay of the Cooper pairs in surrounding metallic areas,
which in turn explains the observation of a large density of metallic
carriers. Unexpectedly, we also find a striking violation of a basic BAG
rule. Within BdG theory, pair breaking goes hand in hand with gap
closing, because depletion of the number of Cooper pairs in a super-
conductor leads to a diminishment of the gap magnitude 4 as well:
A=VY, <c,’<chfk l), where Vis the attractive interaction and c¢* variables
are electron field operators. Instead, our data show that the puddles
characterized by the largest gap magnitudes also exhibit the largest
gapfilling (Fig. 4c), and that the average gap magnitudes barely depend
ondoping (Fig. 4a). We therefore conclude that the physics governing
the superconducting transition is of a different, non-mean-field kind.

To arrive at these findings, we study a series of Bi2201 samples
with eight different doping levels, from underdoped to beyond the
superconductor-metal transition, with an emphasis on the strongly
overdoped regime. We chose Bi2201because it has only one CuO, plane
perunitcell, and has arather large residual resistivity”, suggesting that
disorder is exceptionally important. On each sample, we measure the
atomic-scale-resolved differential conductance g(£,r) as afunction of

bias energy F and location r, which is proportional to the Bogoliubov
quasiparticle density of states.

We first consider the spatially averaged g(E) spectra obtained
at 4.2 K (Fig. 1a). Consistent with earlier reports'®", crossing into the
overdopedregime, the spectraacquire anincreasingly large non-zero
Bogoliubov quasiparticle density of states at the Fermi level. This is
remarkable as this quantity should go to zero for astandard d-wave BCS
superconductor, butitis consistent with results from optical conduc-
tivity measurements™. It remains to be seen whether angle-resolved
photoemission spectroscopy (ARPES), if performed in strongly over-
dopedregionswith such smallgaps, would observe asimilar phenome-
nology inboth Bi2201and (Pb,Bi),Sr,CaCu,0s,; (Bi2212). We investigate
this phenomenology using individual spectra, as in a heterogeneous
situation like this, the average spectra do not represent the phenom-
enology adequately (Fig. 1b-d).

Next, we use a phenomenological model to fit all spectra over
the whole doping range to extract the superconducting gap and gap
filling of each individual spectrum. We calculate the spectral weight
on each point k = (k,, k,) on the Fermi surface using a Dynes formula
with superconducting gap 4, = 4(cos(k,) - cos(k,))/2, where 4 is the
maximal gap, and then average over the Fermi surface. We use the
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Fig.3|Doping dependence of the spatially resolved gap filling and gap
magnitude. a, Gap magnitude histogram for each doping concentration.

b-d, The spatial distributions of the gap magnitude for the 0D23K, OD12K and
OD3K samples, respectively. The spectra that are omitted from the histograms
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(main text and Supplementary Section II) are indicated by the white areasin b-d.

e, Gap filling histogram for each doping level. f-h, Spatial distribution of the gap
filling for the OD23K, OD12K and OD3K samples, respectively.

Dynes formula® as a mere phenomenological description constructed
to reveal characteristic scales for the observed gap size and the gap
filling, and discuss interpretational concerns after the presentation
of the data. Our model yields the following function for the modelled
differential conductance:

8(E) = P(E) x (Dynes (E, Ay, Dy

E+irr

(0]
=P(E)x <Re <—ﬁ+mz_ ~ )>FS ,

where () indicates the average over the Fermi surface, P(E) is a
third-degree polynomial function to account for background varia-
tion and Dynes(E, 4, I' is the Dynes function with the pair-breaking
parameter I". For this study, we concentrate on the superconducting
gap and thusrestrict ourselvestoa+15 meVrange. (Inthe underdoped
and optimally doped range, which are not the focus of this paper, a
pseudogap exists atalarger energy scale, asindicated by the red arrows
inFig.1a). Lastly, we convolute g(E) with a Gaussian function to account
for spectrum broadening due to a finite temperature and the lock-in
modulation.

We define thefilling parameter Fas the ratiog(E=0,T~> 0)/P(E=0),
which canbe expressed in terms of our fitting parameters as:

F= <1/\/ 1+ (Ak/F)2> . )

FS

Figure2a,billustrates how the model differentiates between gap
closure, controlled by 4, and gapfilling, controlled by I'or F. Figure 2c
shows some typical spectra and fits from various locations. It is clear
that, when compared to the scenarios presentedin Fig. 2a,b, the meas-
ured spectralook more similar to the filling scenario as opposed to the
closing scenario. We then fit roughly 10° spectra from eight different
doping levels with this model and display the extracted gap size and
gap filling in Fig. 3. We note that for the strongly overdoped samples,
high asignal-to-noiseratiois key for successfulfits; the traces shownin
Figs.1b-d and2carerawspectrawithoutany averaging. A further chal-
lenge is that at higher doping, a substantial fraction of spectra exhibit
completely gapless regions. We identify such spectra after fitting and

excludethem from subsequent analysis. Inthe Supplementary Informa-
tion, we provide details (Supplementary Section 1B and Supplementary
Fig.4) and demonstrate that our key results are independent of these
choices (Supplementary Section IIA-C). We also provide a modified
version of the model with an alternative definition of the gap filling
and show that our results are independent of the precise definition of
gap filling (Supplementary Section IID).

We sstart our discussion with the spatial maps of the gap size A(r) as
afunction of doping (Fig. 3b—d). Strikingly, while more spectraare fully
filled at higher doping, the average gap size remains roughly constant
onthestrongly overdopedside (Fig. 3a). Initially, the gap sizeincreases
when moving from underdoped to optimally doped. Beyond optimal
doping, the gap size barely decreases anymore when going through the
overdoped and strongly overdoped side, and instead remains roughly
constant—even beyond the superconductor-to-metal transition. In
particular, throughout the strongly overdoped region, we observe
an almost constant average gap amplitude even though T is rapidly
decreasing. Our study thus excludes ahomogeneously diminishing pair-
inginteraction as the cause of the superconductor-to-metal transition.

Given a constant gap, what drives the changes in spectra on the
overdoped side? Our analysis indicates that it is the gap filling. We
extract the gap filling, F, using equation (2), for each measured sam-
ple, and present the distribution of the gap fillings in Fig. 3f~h and
their histograms in Fig. 3e. Remarkably, the mean gap filling changes
considerably over the doping range. Inthe optimally doped region, the
spectrahave afilling close to zero; that s, they are fully gapped. Cross-
inginto the overdoped regime, a subset of spectrastartstodevelopa
finite gap filling. This subset grows with further doping, withall spectra
having a finite filling in the strongly overdoped regime. The values of
Fshift markedly in this doping regime from nearly fully gapped (F = 0)
near optimal doping to almost fully filled (F=1) towards the strongly
overdopedregime and extending into the metallic regime. The trends
ingap closing and gap filling are summarized in Fig. 4a,b: as the doping
isincreased into the overdoped regime, the gap size remains roughly
constant; by contrast, the gap filling increases rapidly. Thus, a first
key result of this paper is that it is not a decaying gap width 4, but an
increasing gap filling F thatis responsible for the diminishing supercon-
ductivity and that eventually drives the superconductor-to-metal tran-
sition. We also note that the persistence of the superconducting gap
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Fig. 4| Gap-filling-driven breakdown of superconductivity and the
contradiction to BdG. a,b, The mean (circles) and median (diamonds) of the
gap magnitude (a) and the gap filling (b). The shaded areas represent the local
variations in the gap magnitudes and fillings by depicting the histograms. The
greendashed linesinashow the expectation of a gap size proportional to T,
with a proportionality constant either chosen to match the OPT35K data point,
or determined by weakly coupled d-wave BCS theory. The doping levels were
calculated using the Presland formula for the superconducting samples, and
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¢, Two-dimensional histogram of the measured local relation between gap
magnitude 4 and pair-breaking parameter I for the OD12K sample. The positive
correlation between the two isindicated by the red line. d, The relation between
the gap magnitude and pair-breaking parameter extracted from self-consistent
BdG simulations (Fig. 1e) using the same fitting model. In contrast to ¢, we find a
clear negative correlation. The error barsindicate the uncertainty in the obtained
values due to the fitting process (confidence intervals of the fit).

we observe is remarkably similar to the persistent spin gap observed
inasimilar doping range?.

Notably, the gap filling is highly heterogeneous, as can be seen
from the width of the distributions in Fig. 3e and in the spatial maps
in Fig. 3f~h. We observe areas both with and without a gap, each
existing at a length scale consistent with the coherence length
(-1.5nm). Some spectra exhibit a peak that can be associated with
avan Hove singularity, asreported previously’®'’, but we note that it
isahighly anomalous one: both the energy and the amplitude of the
peak vary in space on length scales that are not consistent with the
spatially averaged antinodal signature observed in photoemission®.
Further, we find this peak only in the strongly overdoped regime,
whereas ARPES measurements suggest that the van Hove singularity
should be observable in lower-doped samples as well, at energies
still easily measurable by scanning tunnelling microscopy. The ques-
tion of the van Hove singularity in scanning tunnelling microscopy
data remains open. Notwithstanding the van Hove singularity, our
observations indicate that the breakdown of superconductivity in
the overdoped regime of the single-layer bismuth cuprate is likely

caused by an emergent strongly inhomogeneous superconductivity,
leading to an effective weak-link physics that explains the diminish-
ing superfluid density. Hence, at first glance, our data suggest that
theoretical models involving the disorder-driven breakdown of
superconductivity in the BdG framework*>'>'*1° are agood descrip-
tion of the physics of strongly overdoped Bi2201, with the additional
information thatitis the gap filling that drives the formation of the
superconducting puddles.

Next, we focus on the origin of the gap filling. According to BAG
theory, the excitations that fill the gap are quasiparticles of the Fermi
liquid normal state that are released by breaking up Cooper pairs.
Well-known causes for pair breaking are potential disorder*” (for a
d-wave superconductor) and thermal phase fluctuations®2°. However,
if potential disorder were the only culprit, the areas where the pair
breaking is smallest (where superconductivity survives best) should
have the largest gaps, which is not what we observe. We demonstrate
this in Fig. 4c, where we show the local relationship between the gap
size 4 and the pair-breaking I, and find a clear positive correlation
between the two. Further, we can exclude thermal phase fluctuations
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based on our temperature-dependent measurements, up to 20 K for
the overdoped sample with 7,=9 K (OD9K). Thermal phase fluctuations
should lead to astrongly temperature-dependent filling, in contrast to
our observations (Supplementary Section III).

We therefore consider an alternative candidate for pair break-
ing: the decay of Cooper pairsinto smaller gap or metallic regions, as
previously suggested®”*®, This can be seen as akin to an inverse prox-
imity effect®”. We are not aware of self-consistent simulations for this
scenario in the literature, but they are possible with state-of-the-art
numerical methods. We start with a large real-space supercell imple-
menting a realistic tight-binding band structure. We then introduce
the superconducting puddles by switching on a local pairing inter-
action characterized by a linear dimension L that is approaching
the (bulk) coherence length. The BdG equations are then solved
self-consistently (Supplementary Section IV for further details), and
typical outcomes are shown in Fig. 1e. The simulated spectra are sur-
prisingly similar to the experimental ones, and one might wonder
whether this gap-filling-dominated physics is connected to certain
disordered superconductors™*° and interface superconductors®
with alocal density of states phenomenology that is not dissimilar
from what we observe here.

However, there is one aspect of our data that is markedly incon-
sistent with the BAG description of granular superconductors. Our
data show that the largest gaps also exhibit the strongest gap filling
(Fig. 4c), while within BdG, gap filling should always go hand in hand
witha decrease of the gap magnitude. Our self-consistent simulations
confirmthat thisisindeed also valid for the heterogeneous case: upon
application of our fitting model to the calculated spectra shown in
Fig. 1e, we find that the regions with the largest gaps show the least
amount of pair breaking, as shown in Fig. 4d. Self-consistency in the
calculations is necessary here; fixing the gap magnitude artificially
would obscure any effect from pair breaking on the gap magnitude.
The comparison in Fig. 4c¢,d shows a striking inconsistency between
the experiment and BdG expectation.

In summary, our real-space imaging reveals a strongly hetero-
geneous superconductivity consisting of superconducting puddles
with asize set by the coherence lengthimmersed in a metallic matrix.
This explains the diminishing superfluid density** and the origin of
the large fraction of metallic carriers': it stems from the filling of
the gap. Our data further demonstrate that superconductivity does
not, as it is often assumed, become conventional in the strongly
overdoped regime. The breakdown of superconductivity is not the
consequence of a vanishing pairing interaction and does not follow
the BAG description. Furthermore, the gap filling is entirely differ-
ent from simple quasiparticles populating the gap and counting the
number of broken BCS Cooper pairs. Instead, what fills the gap might
berelated to the strange normal state”, for example, collective excita-
tionsof anunknown kind rooted in the ‘strange metal’ physics, which
at present cannotbe calculated, or to electrons from a different sec-
tor, but not by means of simple pair breaking. Last but not least, this
unconventional physics may not be limited to the low-temperature,
overdoped regime. Scanning tunnelling microscopy studies at an
optimal doping of Bi2212 showed a rather similar puddling effect
uponapproaching the superconducting transition temperature®?,
This may imply that the physics of the thermal transition—the ‘high
T. problem itself—is governed by unknown physics. Therefore, it
wouldbeinteresting torevisit the high-temperature regime in Bi2212
to make this more precise.
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