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Spatial disorder has been shown to drive two-dimensional (2D) su-
perconductors to an insulating phase through a superconductor—
insulator transition (SIT). Numerical calculations predict that with
increasing disorder, emergent electronic granularity is expected in
these materials—a phenomenon where superconducting (SC) do-
mains on the scale of the material’s coherence length are embedded
in an insulating matrix and coherently coupled by Josephson tunneling.
Here, we present spatially resolved scanning tunneling spectroscopy
(STS) measurements of the three-dimensional (3D) superconductor
BaPb,_,Bi,03 (BPBO), which surprisingly demonstrate three key sig-
natures of emergent electronic granularity, having only been previ-
ously conjectured and observed in 2D thin-film systems. These
signatures include the observation of emergent SC domains on
the scale of the coherence length, finite energy gap over all space,
and strong enhancement of spatial anticorrelation between pairing
amplitude and gap magnitude as the SIT is approached. These ob-
servations are suggestive of 2D SC behavior embedded within a
conventional 3D s-wave host, an intriguing but still unexplained
interdimensional phenomenon, which has been hinted at by previ-
ous experiments in which critical scaling exponents in the vicinity of
a putative 3D quantum phase transition are consistent only with
dimensionality d = 2.

superconductivity | superconductor-insulator transition | phase
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In the two-dimensional (2D) limit of the superconductor—
insulator transition (SIT) (1-3), there is evidence of emergent
electronic granularity in numerical simulations (4-6) and thin-film
experiments (7-10). It has been recently discovered (11, 12) that
bulk three-dimensional (3D) BaPb,_,Bi,O; (BPBO) (Fig. 14) ex-
hibits a magnetic field—tuned SIT with unexpected 2D scaling which
hints at a “hidden” two dimensionality in the superconductivity.
Lacking further experiments, the origin of this interdimensional
order was not clear. For example, the phase could be emergent
due to increased interactions and localization near the SIT.
Such unusual scaling behavior has also been connected to a
partially disordered stripe-like nanoscale structural phase separation
due to the fact that the stripe width matches the superconducting
coherence length at the Bi composition which maximizes 7, (the
optimal doping point) (13, 14). Additionally, the role played by
the high-temperature dimorphic nature of BPBO (two coex-
isting crystal structures with different electronic properties) in
the composition range x = [0.18—0.30] (Fig. 1B) on the low-
temperature electronic structure is not known. This possible
competition between emergence, macroscopic electronic proper-
ties, and microscopic structure is fascinating, but a detailed study
of the local electronic superconducting and localization properties
and their connection to disorder potential was necessary to pro-
vide further insight.
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Scanning tunneling microscopy and spectroscopy (STM/STS)
enable a local probe of the electronic properties through mea-
surements of local density of states (LDOS) along with topographic
information. This technique has been used to study the LDOS
homegeneity in quasi-2D superconductors (SC), including high-T.
superconductors (HTSC) (15-17) and 2D thin-film SC systems (10,
18-20). STS reports that examine the influence of disorder on the
SC state in 3D systems are limited (21, 22).

Motivated by these challenges, we performed topographic and
spatially resolved LDOS measurements of BPBO for three Bi
compositions, x = 0.19, 0.25, and 0.28, which we refer to as Xjow, Xopt>
and xpigh, respectively. All measurements were performed at 4.4 K,
well below T for all dopings measured; hence, we are exploring the
component of the phase diagram consisting of the superconducting
dome as we approach the SIT from under-doping through optimal
doping to over-doping (Fig. 14). Our results are summarized in
Fig. 1C, which show spatially resolved properties for x = 0.28, the Bi
composition closest to the SIT. The electronic properties extracted
from LDOS measurements (coherence peak height /., and gap size
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We report signatures of a new phenomenon wherein a hidden
“interdimensional” order emerges from a bulk three-dimensional
superconductor tuned to approach a phase transition to an in-
sulator. Prior electrical transport measurements found that the
superconductor-insulator transition of BaPb,_,Bi,O; demon-
strated critical scaling behavior but inexplicably required pa-
rameters consistent only with two dimensions. Here, we directly
image the three-dimensional superconducting state as it ap-
proaches an insulating phase and discover that signatures of a
two-dimensional granular superconducting phase spontane-
ously emerge at the transition. Moreover, the properties of this
phase precisely match the theory of emergent electronic gran-
ularity specific to two-dimensional materials. These findings
posit that a three-dimensional superconductor electronically re-
organizes itself into a two-dimensional granular superconductor
before ultimately transforming to an insulator.
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Fig. 1. BPBO structure and electronic phase diagram. (A) Perovskite-like crystalline structure of three-dimensional BPBO single crystal. Orthorhombic and

tetragonal phases result from rotational instabilities of the Og units. (B) Electronic phase diagram of BPBO as a function of temperature and Bi composition
(x), exhibiting a superconducting dome peaked at x = 0.25 (optimal doping). Critical temperature (T.) values were obtained from measurements of resistivity
(full and open squares) and magnetic susceptibility (full circles) (11). Compositions studied in this work are highlighted in green (x = 0.19), blue (x = 0.25), and
red (x = 0.28). (C) Diagram summarizing coherence peak height (h.,, a measure of SC pairing amplitude), energy gap size (A), zero-bias conductance (go, a
measure of disorder potential), and topography (z, a measure of physical disorder) from our spatially resolved observations for BPBO near the SIT (x = 0.28).
The inset shows anticorrelation between measured features as a function of Bi composition. Anticorrelation between A and h, (squares) increases near the

SIT, while anticorrelation between A and gy (circles) and between h, and gy (triangles) remain low.

A) show a distinct spatial anticorrelation and have a characteristic
length scale &, which we show is very close to the calculated BPBO
coherence length. These properties are uncorrelated with measure-
ments of disorder potential gy and topography z. These observations
are all consistent with an emergent electronic granularity atx = 0.28.
The spatial correlations between properties for all Bi compositions
are summarized in the anticorrelation plot in Fig. 1C.

analyzed in the rest of the paper. The spectra contain SC gaps of
varying type, ranging from those with strong coherence peaks
(yellow) to those with muted coherence peaks (red). The gap size
A, defined as half the peak-to-peak distance, is measured uti-
lizing derivative analysis to determine maxima. For optimally
doped samples (Fig. 2B), the spectra are mostly symmetric with
strong coherence peaks. In contrast, spectra measured for sam-

dI/dV measured along a line for the three Bi compositions is
shown in Fig. 2, providing an overview of the inhomogeneity

ples away from x,p, tend to be asymmetric with coherence peaks
less well defined (Fig. 2. A and C). The gap size and coherence
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Fig. 2. Spatial variation snapshots of the local density of states. Measurements of d//dV along a line of length 15 nm for x = 0.19 (A), x = 0.25 (B), and 40 nm
for x = 0.28 (C) (/ = 200 pA). Upper insets show corresponding position in the x—T. phase diagram and the spatially-averaged dl/dV curve. STS spectra show
symmetric gap with (yellow spectra) and without (red spectra) coherence peaks at the gap edge. Each lower color snapshot plots all di/dV spectra acquired
along the line, but here spectra are stacked up along the vertical axis and arranged by increasing gap magnitude. For each snapshot, the horizontal axis
matches the sample bias scale for the corresponding linecut (A-C), and dl/dV magnitude is represented by a color scale ranging from black through orange up
to yellow (regions outside the gap are identified in light blue). In this visualization, gap edges with strong coherence peaks are highlighted in yellow, gap
edges with weak coherence peaks appear orange, and the gap region appears in dark colors.
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peaks are strongly inhomogeneous for xuign. These spatial vari-
ations in the magnitude of A have been explored before in STS
studies of HT'SCs (15, 23, 24) and SC thin films (8-10, 18-20, 25)
but thus far not reported in a conventional 3D SC system.

The gap (A) and normalized coherence peak height (/) vari-
ations are quantified by the histograms plotted in Fig. 3 A and B.
The coherence peak height A, is determined by measuring the
average of the coherence peak height at positive and negative bias
relative to a curve passing through the high bias background (see
Fig. 54 for schematic). That value is then normalized by the
highest A, value to determine 4,. The most frequent A and A,
values were found by fitting the histograms to Gaussians and are
shown with corresponding bars depicting the SDs in Fig. 3 C and
D, respectively. Here we observe that both A and 4, as a function
of Bi composition follow a trend similar to the dome-like behavior
of the critical temperature T, (see inset between Fig. 3 C and D).
This is in stark contrast to other SC systems such as hole-doped
cuprates where measured gap with doping does not appear to
follow T, (15). Since the coherence peaks are directly associated
with the phase coherence in the superconductor (5, 6, 8, 26), the
height of the coherence peaks provides a direct measure of the
local SC order parameter phase stiffness. The obtained £, dome-
like behavior (Fig. 3D) confirms an increase of SC disorder in
BPBO (loss of global superconductivity) for Bi compositions away
from xop.

According to the observed spatial gap variation, which is widely
understood as a measure of SC disorder (25, 27-29), SC disorder in
BPBO increases considerably for samples with Bi composition away
from xgp;. From xp; t0 Xphien, variations in gap size range from 35 to
243%. At xpigp, there is an important asymmetry in the variation of
A (red histogram in Fig. 34), weighted toward higher values. Ob-
served asymmetry in A variations for xu., suggests that disorder
displaces A toward higher values (instead of toward lower values as
a SC dome would indicate). This leads to a SC phase half-dome
shape similar to the one observed for Ba; ,K,BiO; (30-33).

The normalized SC gap, 2A/kgT., where kg is the Boltzmann
constant, is the best indicator of the electron—phonon coupling
strength within mean field theory (34). For a superconductor with
strong coupling, 2A /kpT, is larger than the value expected for
BCS theory in the weak coupling limit, 3.52 (35). The value of the
electron—phonon coupling strength for each doping, according to
our tunneling spectroscopy data combined with critical tempera-
tures obtained from resistivity and magnetic susceptibility mea-
surements (Fig. 1B), is 2A/kgT, ~ 9, 9.7, and 11.6 for x = 0.19,
0.25, and 0.28, respectively. This trend might be due to a pro-
gressive increase in electron—phonon coupling strength as function
of Bi composition. A similar increase has been seen in BPBO
using macroscopic point-contact tunneling measurements (36, 37).
However, those reports showed a 2A/kpT, value of 2.3 for x =
0.18 that saturates to the BCS value above x = 0.22.

These results can be understood in terms of disorder. For
strongly disordered superconductors, A is expected to be much
larger than the pairing field which leads (when moving toward the
SIT) to a lower macroscopic 7 value that is no longer determined
by A (19). For BPBO samples near the SIT, macroscopic T, values
(11, 36, 38, 39) would be then suppressed due to phase incoher-
ence effects originated in the spatial disorder. Hence controlling
disorder would be a key to increasing 7 in this material, which in
turn would decrease the 2A/kpT, ratio, approaching the BCS
estimate. Similar interpretation of an anomalously large 2A /kpT,
has been explored in NbN (8) and InO (19) thin films.

To visualize spatial variations, we map the SC gap values for
the three Bi compositions over nanometer-scale areas (Fig. 4).
The color bar below each map shows the range of A measured
for that particular composition, which varies from 1.1 to 12 mV
across all compositions. Percentage variation with respect to the
mean gap value as previously seen in Fig. 34 is represented by
the right color scale bar. Large spatial variations of A were found
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Fig. 3. Statistics of the gap size and coherence peak inhomogeneity. (A and
B) Histograms of A and B[p respectively obtained from STS for samples with
x = 0.19, 0.25, and 0.28. A Gaussian has been fit to each histogram to
quantify the mean gap value and the gap variation. Since A for x = 0.28 and
frcpfor x = 0.25 are so asymmetric, two separate Gaussians were fit for each
side of the data (only one shown in the case of gap). Values of h., were
normalized to the highest measured value. (C and D) Gap size and coherence
peak height as a function of Bi concentration obtained from histogram in A
and B, with corresponding bars denoting SD. A and Ecp values versus x follow
a dome-like shape matching the x-versus-T, phase diagram (inset). However,
strong asymmetry for A variations for x = 0.28 is observed (red bar), biased
toward higher gap values (dashed black line).

for xpign (Fig. 4C), in contrast to the more homogeneous gap
values measured for x,,, doping (Fig. 4B). The characteristic
length scale of the gap inhomogeneity for x = 0.28 is measured to
be 4.5 + 0.5 nm according to spatial correlation analysis. This is
comparable to the Ginzburg-Landau coherence length & (~5 nm,
obtained from upper critical field H.»(T) measurements through
the standard Werthamer—Helfand-Hohenberg approximation) for
the same doping, in addition to being similar to the length scale of
structural phase separation, ~8 nm (11, 13).

The observed spatial inhomogeneity in the SC gap is unrelated
to topographic disorder as measured by STM. Due to the 3D
nature of the crystal, topographic images show a highly disor-
dered surface for all Bi compositions (SI Appendix, Fig. S1) with
characteristic length scales ranging from atomic level up to
~3 nm. For xygn, both the topography (z) and zero-bias conduc-
tance (go) map are uncorrelated with the observed SC electronic
disorder (SI Appendix, Fig. S2).

Recent zero-field-cooled magnetic susceptibility measurements
of the SC volume fraction (12) show a maximum value of 45% for
x = 0.25, which was attributed to structural dimorphism. A higher
SC volume fraction of around 70% was measured in a different
study (40). Our local measurements show that even though the
local gap size is highly inhomogeneous for Bi compositions close
to the SIT, there exists a finite gap over all space.

It was previously mentioned that A and 4, values follow the
same dome-like behavior of 7, with varying Bi composition, but
we now seek further information connecting these two parameters
from a spatially resolved point of view. This analysis uncovers a
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Fig. 4. Spatial gap inhomogeneity in the superconducting dome. Map of spatial variations of the SC gap of BPBO, deduced from STS experiments for
different Bi concentrations: A, Xiow (15 X 15 nm?), B, Xopt (15 % 15 nm?), and C, Xhigh (9 %9 nm?) (/= 100 to 200 pA). Overall gap size variations range from 1.6 to
6.6 mV. Corresponding gap values are represented by the color scale bar below each map. The right color scale bar is defined as percentage variation of gap
size with respect to the mean gap value (0% or white). Areas with colors ranging from green to yellow correspond to points where gap size exceeds the mean
A value, while colors ranging from light to dark blue are associated with gaps below the mean A value.

striking behavior: A and h., become strongly spatially anti-
correlated for Bi compositions near the SIT (Fig. 5). Comparing
three representative dI/dV spectra (Fig. 54, acquired from posi-
tions marked o, B, and y in Fig. 5B from an xpis, sample), strong
variations in A, and in A can be seen. In fact, the magnitudes of
these two values are visibly anticorrelated. To highlight this anti-
correlation, A and 4, maps for x = 0.28 are plotted in Fig. 5 B and
C. The anticorrelation for xpig is quantified in a two-parameter
histogram (Fig. 5D) that shows a count distribution with negative
slope and a cross-correlation value of r = —0.42, indicating a ro-
bust anticorrelation. In contrast, very weak correlation coefficients
are found for x = 0.19 and x = 0.25, with » = +0.1 and r = —0.14,
respectively (See SI Appendix, Fig. S3 for all maps). In addition,
zero-bias conductance measurements, a measure of potential
disorder (41), show an even weaker correlation with A and A,
(r=-0.1 and r = 0.01, respectively) (SI Appendix, Figs. S3 and S4).

The signatures presented here suggest that an emergent
electronic granularity is present in BPBO at xp;gh. This has been
theoretically predicted to occur in 2D superconductors (4-6, 42)
and experimentally observed in 2D systems, such as InO (7, 19),
NbN (8, 25, 43), and TiN (2, 18) thin films, where temperature is
the parameter used to tune disorder in analogy to how Bi com-
position acts in our system. In this picture, SC domains in BPBO
close to the SIT, which are separated by insulating areas with size

di/dV (a.u.)

-10 1 2.2

comparable to the coherence length, become correlated through
coherent Josephson tunneling of Cooper pairs between the SC
domains. This would lead to the apparent absence of insulating
domains in our local spectroscopic measurements. One possible
interpretation of SC gap and coherence peak height maps for x =
0.28 is that areas with wider gap values and smaller coherence
peak height (red areas in Fig. 5B and blue areas in Fig. 5C) can
be associated with insulating domains (which show a gap due to
proximity effects) that are separated by SC domains (smaller gap
values and larger coherence peak height in Fig. 5 B and C), al-
though the one-to-one identification might not be as simple as
suggested by the anticorrelation relation between gap size and
coherence peak height. The &, map (Fig. 5C) shows a granular
structure with a characteristic length scale of 4.4 + 0.5 nm, in
close agreement with the length scale for the A spectral map
quoted above. Both of these length scales are comparable to the
calculated coherence length, a feature shared by systems with
emergent electronic granularity (44). Additionally, our observa-
tion of a finite gap over all space supports this picture. Finally,
the anticorrelation between gap size and coherence peak height
(associated with pairing amplitude) that occurs most strongly at
x = 0.28 provides a third signature of emergent electronic
granularity.

r=40.1:

0.19 0.250.28
Bi composition x

T ir=0.42)

40 58 76 9.2 12
A (mV)

Fig. 5. Correlation between superconducting gap and pairing amplitude. (A) Representative spectra taken at points «, B, and y in B (or C equivalently).
Spatial variation of SC gap (B) and coherence peak height (C) for Bi composition x = 0.28 (9 x 9 nm?). An anticorrelation between A and f)cp is clearly observed
for this Bi composition closest to the SIT. (D) Two-parameter histogram of A and Ecp for x =0.19 (green color scale), x = 0.25 (blue color scale) and x = 0.28 (red
color scale). Cross-correlation values r for each composition are displayed in green (+0.1), blue (-0.14), and red (-0.42).
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We contextualize this interpretation within the framework of
other intertwined orders such as a relationship between the su-
perconductivity and structural polymorphism [studied previously
using high resolution TEM (13)] and a proximal charge density
wave (CDW) phase. The similarity between electronic length
scales, coherence length, and structural polymorph segregation
length scale (13) is enigmatic. However, no strong correlation
between the gap size and the two measures of spatial disorder
(topography z, potential disorder gy) are observed (SI Appendix,
Figs. S3 and S4), suggesting that the electronic length scales are
emergent. Notably, the structural polymorphs are not identified
via STM topography, although the crystal is viewed through the
disordered surface. Interestingly, our BPBO samples are in close
proximity to a competing CDW phase. Such a CDW phase—if
coexistent with superconductivity—would manifest itself with an
energy gap, which creates a possible ambiguity in our data: Are
the gaps (especially those with small coherence peaks) due to
superconductivity or a charge density wave phase? Evidence fa-
vors the superconductivity interpretation. First, CDW order has
only been observed in the normal state and not simultaneously in
the superconducting state, although coexistence was conjectured
due to overlapping crystal dopings (45). However, and most sig-
nificantly, typical CDW gaps in bismuthates are almost an order of
magnitude larger than the gaps observed in this work (45-47).

Although BPBO is expected to be an s-wave superconductor,
it apparently shares some phenomenology of d-wave layered
superconductors such as anticorrelation between A and /., and
the “V”-shape of dI/dV spectra seen in Figs. 54 and 2 (typical of
underdoped cuprates) (48). This d-wave resemblance has been
discussed before for s-wave SC films (4) in terms of gap persis-
tence across phase transitions. However, the role of disorder
over this phenomenology, mainly driven by the proximity to a
Mott insulator, is expected to be secondary. Additionally, our
data show how the pairing amplitude &, for x = 0.28 covers a
very wide range of values including being completely suppressed
for the largest gap values, in contrast to previously reported data
from cuprates (48) where such behavior is not as extreme. Gap
variations are also extreme at x = 0.28, significantly larger than
the reported values for cuprates (15).

In conclusion we found in BPBO—a bulk 3D SC material—
three signatures expected for 2D SC systems near a SIT: evidence
for an emergent electronic granularity on the scale of the SC co-
herence length &, finite energy gap over all space, and strong
spatial anticorrelation between energy gap A and pairing ampli-
tude hcp. The length scale of electronic disorder is uncorrelated
with local structural disorder as measured by STM, supporting the
emergent nature of the observed granularity. Our observations
suggest a complex interplay between the low-temperature super-
conductivity, the electronic disorder landscape, high-temperature
microstructure, and localization.

The observed crossover in length scales for electronic granu-
larity and & could possibly explain the previously reported but
unexplained 2D critical scaling at a quantum phase transition in
BPBO. There has been recent work in one-dimensional (1D)
disordered superconducting nanowires showing that 2D scaling
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anomalously provides superior “scaling collapse,” which may
point to a reverse microscopic phenomenon (49). On the other
hand, it was explicitly noted that for BPBO, the scaling data for
all of the compositions studied could not be fit to a 3D quantum
phase transition and ruled out any temperature-dependent pre-
factor T-@=2/% in the resistivity; hence, d = 2 provided the best
scaling for more than three orders of magnitude in the scaling
variable (11). We note that recent theoretical studies of duality
between superconducting and superinsulating phases enable a
3D generalization of 2D emergent granularity (50, 51).

Local pairing amplitude measurements for xu,n, samples are
larger than expected based on the macroscopic 7. values, which
implies that this material has a higher intrinsic 7 that is limited
by disorder. Statistical analysis of spatially resolved measurements
suggests that the SIT is determined by phase rather than ampli-
tude fluctuations. Our results also raise the question of whether
the origin of V-shape conductance spectra is due to d-wave pairing
as in the case of cuprates, or simply due to electronic disorder.
Notably, the 3D superinsulator phase has been conjectured to be
associated with the pseudogap phase of high-temperature super-
conductors (52). Very recently, numerical calculations have sug-
gested that a disordered superconductor driven through the 3D
Anderson transition shares some of the 2D phenomenology, in-
cluding strong spatial fluctuations and enhancements of the order
parameter, although only in the weak-coupling limit, and specific
connections to local variables accessible via STM/STS are out of
reach (53). Our work presents a detailed study of local effects of
disorder in a 3D SC system, and we expect that it will be a first
step in understanding the interdimensional interconnection in
local SC behavior between 2D and 3D quantum materials.

Methods

Single crystals of BPBO with 0.19 < x < 0.28 were grown using a self-flux
technique similar to the one described in (11). The Bi composition was de-
termined by electron microprobe analysis. These measurements revealed a
uniform composition across each sample within an experimental uncertainty
of +0.02 in x.

The spatial variations of spectral features were measured by performing
STM/STS measurements on BPBO with three different Bi compositions: x =
0.19 (under doped), x = 0.25 (optimally doped), and x = 0.28 (over doped).
The sample was mechanically cleaved in ultrahigh vacuum (UHV) at 77 K and
then immediately placed into a cryogenic STM held at 4.4 K. We obtained
STM topographs in constant-current mode using a chemically etched tung-
sten tip that was first verified on a Au(111) surface for sharpness, cleanliness,
and spectral flatness. The differential conductance dl/dV was measured by
using a standard lock-in technique with sinusoidal bias modulation of 100 pV
to 1 mV and a frequency of 757 Hz. Typical junction resistances were be-
tween 1.5 and 3 MQ.

Data Availability. All study data are included in the article and/or S/ Appendix.
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