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High-temperature superconductivity in 
monolayer Bi2Sr2CaCu2O8+δ

Yijun Yu1,2,3,7, Liguo Ma1,2,3,7*, Peng Cai1,2,3,7, Ruidan Zhong4, Cun Ye1,2,3, Jian Shen1,2,3, G. D. Gu4, 
Xian Hui Chen3,5,6* & Yuanbo Zhang1,2,3*

Although copper oxide high-temperature superconductors constitute a complex  
and diverse material family, they all share a layered lattice structure. This curious fact 
prompts the question of whether high-temperature superconductivity can exist  
in an isolated monolayer of copper oxide, and if so, whether the two-dimensional 
superconductivity and various related phenomena differ from those of their  
three-dimensional counterparts. The answers may provide insights into the role of 
dimensionality in high-temperature superconductivity. Here we develop a 
fabrication process that obtains intrinsic monolayer crystals of the high-
temperature superconductor Bi2Sr2CaCu2O8+δ (Bi-2212; here, a monolayer refers to a 
half unit cell that contains two CuO2 planes). The highest superconducting transition 
temperature of the monolayer is as high as that of optimally doped bulk. The lack of 
dimensionality effect on the transition temperature defies expectations from the 
Mermin–Wagner theorem, in contrast to the much-reduced transition temperature 
in conventional two-dimensional superconductors such as NbSe2. The properties of 
monolayer Bi-2212 become extremely tunable; our survey of superconductivity, the 
pseudogap, charge order and the Mott state at various doping concentrations 
reveals that the phases are indistinguishable from those in the bulk. Monolayer Bi-
2212 therefore displays all the fundamental physics of high-temperature 
superconductivity. Our results establish monolayer copper oxides as a platform for 
studying high-temperature superconductivity and other strongly correlated 
phenomena in two dimensions.

In systems with reduced dimensions, long-range order (superconduc-
tivity in particular) is strongly suppressed1,2, as in the case of conven-
tional Bardeen–Cooper–Schrieffer-type superconductors3,4, and yet 
all high-temperature copper oxide superconductors have a layered 
structure with varying degrees of anisotropy. This apparent dichotomy 
may be the key to high-temperature superconductivity (HTS)5–9, and 
it raises the question of whether HTS and various correlated phenom-
ena associated with it are different in two dimensions. This question 
is important for two reasons. First, most HTS theories are based on 
purely two-dimensional (2D) models10–12, whereas experiments show 
that supercurrent phase coherence13, charge ordering14,15 and charge 
dynamics16 all have a 3D nature17. Second, much of what we know about 
HTS came from experimental tools such as scanning tunnelling micros-
copy/spectroscopy (STM/STS) and angle-resolved photoemission 
spectroscopy (ARPES) that probe the surface of the materials18–36; HTS 
as a bulk property was inferred from the surface measurements. The 
bulk–surface correspondence becomes ideal if the HTS is truly 2D. 
To resolve these issues experimentally, an isolated monolayer high-
temperature superconductor is needed. Such an atomically thin crystal 

would represent an ideal correlated 2D system for exploring quantum 
phenomena in reduced dimensions.

Monolayer HTS has previously been studied mostly in epitaxial oxide 
heterostructures37–39, where the active layers are buried between inter-
faces. Such systems are not accessible to spectroscopic tools such as 
STM/STS and ARPES. In recent years, an alternative, top-down approach 
has emerged: it has become possible to mechanically exfoliate mon-
olayer atomic crystals (termed ‘2D materials’) from the layered bulk40,41. 
High-quality 2D materials ranging from insulators to metals and super-
conductors42 have been produced this way.

Experimentally extracting monolayers from bulk high-temperature 
superconductors, however, turned out to be extremely challenging. 
Although many of the bulk high-temperature superconductors are 
considered stable under ambient conditions, they are highly prone 
to chemical degradation when thinned to monolayers. Indeed, mon-
olayer Bi-2212 has been found to be insulating41,43 or superconducting 
with a much reduced transition temperature (Tc)44. The suppression 
is seemingly consistent with increased fluctuations expected in 2D 
superconductors. But given that the material is extremely sensitive 
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to environment and to doping variations, all extrinsic factors must 
be eliminated before ascribing the reduction of Tc in monolayers to 
the effect of dimensionality. The outstanding challenge has been to 
fabricate high-quality monolayer crystals and probe their intrinsic 
electronic structure.

Here we overcome these challenges by developing sample fabrication 
processes that preserve the intrinsic properties of monolayer Bi-2212. 
We first pinpoint two main causes of sample degradation—reaction 
with water vapour and rapid loss of oxygen dopant. We find that the 
degradation slows down in a cold, inert environment, in which pristine 
monolayer Bi-2212 can be obtained. Unlike the bulk crystal, the mon-
olayer Bi-2212 is extremely tunable: we can continuously vary its doping 
level in situ and map out major phases from the over-doped regime to 
the Mott insulating regime, in a single monolayer device. We find that 
the highest Tc of the monolayer is as high as that of optimally doped 
bulk. Moreover, STM/STS study reveals that the monolayer develops the  
same rich set of phases—HTS, pseudogap, charge order and Mott 

insulating phase, in particular—that were observed on the bulk surface. 
Detailed characterization of the phases reveals that they are indistin-
guishable from those in the bulk. A monolayer, therefore, contains all the  
essential physics of Bi-2212: that is, HTS in Bi-2212 is essentially a 2D 
phenomenon.

Fabricating pristine monolayer Bi-2212
We start with bulk Bi-2212 with a slightly modified stoichiometry, 
Bi1.9Sr2.1CaCu2O8+δ, which has a highest Tc of 88 K at optimal doping. In a 
monolayer Bi-2212, two CuO2 planes—separated by a Ca layer—are sand-
wiched between SrO and BiO planes to form a charge-neutral, septuple-
layered slab as shown in Fig. 1a. The parent compound of Bi-2212 is an 
antiferromagnetic Mott insulator45. Doping holes into the CuO2 planes 
generates a pseudogap phase that is characterized by strong depletion 
of density of states (DOS) near the Fermi level18–20. As the doping level 
p (holes per CuO2 plaquette) increases, the pseudogap phase evolves 
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Fig. 1 | Fabrication and characterization of atomically thin Bi-2212 transport 
devices. a, Atomic structure of Bi-2212. ‘Monolayer’ refers to a half unit cell in the 
out-of-plane direction that contains two CuO2 planes. The monolayers are 
separated by van der Waals gaps in bulk Bi-2212. b, Optical image of a typical Bi-
2212 thin flake exfoliated on Si wafer covered with 285-nm-thick SiO2. Scale bar, 
30 μm. c, Atomic force microscopy (AFM) image of the same flake shown in b 
(region marked by the black square). L, layer. Scale bar, 10 μm. d, Cross-sectional 
profile of optical contrast along the red line in b, in comparison with the cross-

sectional profile of AFM topography at the same location (blue line in c).  
The quantized steps in contrast and height profiles correspond to monolayer 
terraces of Bi-2212. e, Optical image of a monolayer Bi-2212 device. The bulk flake 
in contact with the monolayer is cut into separate pieces, which serve as 
electrical leads for transport measurements. Scale bar, 100 μm. f, Typical 
temperature-dependent resistance of a monolayer Bi-2212 sample (red) in 
comparison with that of an optimally doped bulk crystal (blue). Resistances are 
normalized by their values at T = 200 K.
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into a superconducting phase with highest Tc reaching 91 K at an opti-
mal doping level of p = 0.16 (ref. 46). Oxygen doping is therefore a key 
variable that determines the electronic structure in Bi-2212. Because 
the van der Waals interaction between the layers is weak, atomically 
thin Bi-2212 flakes can be obtained through mechanical exfoliation  
on an oxygen-plasma-treated SiO2 surface47. Figure 1b and e displays opti-
cal images of few-layer Bi-2212 in which the monolayer region is as large 
as several hundreds of micrometres in diameter (the number of layers is 
identified from the optical contrast, which correlates well with the thick-
ness of the crystals determined from atomic force microscopy; Fig. 1d).

The exfoliated monolayer Bi-2212 is extremely sensitive to its environ-
ment. We find that the monolayers are insulating if the specimen is pre-
pared under ambient conditions, consistent with previous reports41,43. 
A systematic investigation (see Extended Data Table 1 and Extended 
Data Fig. 1) reveals that exposing the monolayers to air, albeit briefly, 
renders them insulating. Guided by the investigation, we succeeded 
in obtaining high-quality, intrinsic monolayer Bi-2212 by fabricating 
samples on a cold stage kept at −40 °C inside an Ar-filled glove box with 
water and oxygen content below 0.1 ppm. Finally, we make electrical 
contacts to the monolayer flakes by cold-welding indium/gold micro-
electrodes (see Methods and Extended Data Table 1) on top. The flakes 
are then cut into an appropriate geometry with a sharp tip (Fig. 1e), and 
quickly transferred into an evacuated sample chamber for subsequent 
transport measurements. We have also obtained monolayer Bi-2212 of 
similar quality at low temperatures under ultra-high vacuum (UHV) for 
separate STM/STS study; details of the sample fabrication procedure 
are provided in the Methods.

Figure 1f shows the normalized resistance of a monolayer in compari-
son with that of optimally doped bulk Bi-2212. The monolayer retains 
HTS, and the sharp superconductivity transition signifies the high 
quality of the sample. More surprisingly, the Tc of the monolayer is 
almost as high as the optimal Tc in the bulk, indicating that HTS in 2D 
monolayer Bi-2212 does not differ appreciably from that in 3D bulk. This 
is corroborated by an accurate quantitative comparison of monolayer 
and bulk Tc, which we discuss below.

Tunable high-temperature superconductivity
The reduction in dimensionality produces a key advantage: the HTS in 
monolayer Bi-2212 becomes extremely tunable. The tunability stems 
from the fact that both sides of the monolayer are exposed, making it 
easy for interstitial oxygen to escape from or enter the crystal. Specifi-
cally, we find that mild vacuum annealing at temperatures between 
300 K and 380 K drives oxygen out of the monolayer. Meanwhile, anneal-
ing at about 200 K in ozone (partial pressure approximately 0.5 mbar) 
increases the oxygen concentration (Extended Data Fig. 2). These  
findings enable us to continuously vary the doping level and track the 
evolution of various phases, including superconductivity, from an  
over-doped to deeply under-doped regime (and vice versa) in a single 
monolayer sample. Figure 2a displays a set of measurements of  
temperature-dependent resistivity, □R T( ), of a monolayer Bi-2212  
(sample A), acquired between annealing treatments at 300–380 K in 
vacuum (base pressure <10−4 mbar). The annealing treatments progres-
sively lower the hole doping level in the monolayer and induce a tran-
sition from superconducting to insulating behaviour. Meanwhile, the 
room-temperature resistivity increases by one order of magnitude 
from about 1 kΩ to about 30 kΩ. Details of the transition become more 
apparent when the resistivity of the same sample (normalized to its 
value at T = 200 K) is plotted as a function of temperature and hole 
doping level p, as shown in Fig. 2b. (Here the hole doping level is deter-
mined from □p R T= const./ ( = 200 K); the value of the constant (const.) 
is chosen so that p = 0.16 at optimal doping48,49, and the precise value 
of p does not affect our conclusions.) As p decreases, Tc (defined as the 
temperature at which □R Td /d = 02 2 ; see Extended Data Fig. 3) rises at 
first, then falls continuously, giving rise to a superconducting dome 
that ends at  p ≈ 0.022. An insulating phase appears next to the  
superconducting dome. In addition, we observe at T T* > c the onset of 
the pseudogap phase that is marked by deviation from a linear  

□R T( ) in the normal state of a high-temperature superconductor under 
various doping levels (open black circles in Fig. 2b; see Extended Data 
Fig. 3 for detailed analysis). Figure 2b, therefore, maps out a phase 
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Fig. 2 | Tunable high-temperature superconductivity in monolayer Bi-2212. 
a, Temperature-dependent resistivity □R p T( , ) of a monolayer Bi-2212 (sample A)  
that is initially over-doped. Data were acquired between annealing cycles that 
progressively lower the doping level of the sample (from purple to red).  
b, Conductivity plotted as a function of temperature and doping level. Doping 
level p is determined from □p R T= 217 Ω/ ( = 200 K). Black circles denote the 
onset of the pseudogap state at T*. Here the vertical error bars represent 
uncertainties in locating T* at which the temperature-dependent resistance 

deviates from linear behaviour. White circles mark the superconducting 
transition temperature Tc. The phase diagram spans the optimal doping at which 
Tc reaches its maximum value T c

max. c, T c
max obtained from different monolayer  

Bi-2212 samples (an example is shown in b), in comparison with Tc in optimally 
doped bulk crystals. The highest T c

max represents the maximum Tc of the most 
intrinsic monolayer in our experiment, and its value lies within the uncertainty 
range of the Tc in optimally doped bulk.
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diagram of the monolayer that is strikingly similar to that of bulk cop-
per oxides50.

Close examination of the phase diagram in Fig. 2b provides further 
insights into the 2D HTS in monolayer Bi-2212. We focus on the high Tc 
that characterizes the superconducting transition in the monolayer. 
Specifically, we use the phase diagram to accurately determine how 
much, if at all, Tc is suppressed in the monolayer compared with in the 
bulk. Because Tc strongly depends on hole doping level, a comparison 
is valid only when it is made at the same doping level. The maximum Tc 
at optimal doping, T c

max, therefore serves as a natural metric for such 
comparison, given that varying the sample thickness does not alter the 
optimal doping level itself. Figure 2c summarizes the measured T c

max of 
monolayer Bi-2212 in comparison with the Tc of optimally doped bulk 

crystals. (Here T c
max of monolayers was extracted from phase diagrams, 

exemplified in Fig. 2b, and we ensured that the superconducting domes 
of all monolayer samples spanned the optimal doping so that T c

max 
could be reliably determined; T c

max determined by different methods 
is shown in Extended Data Fig. 3.) Both datasets exhibit appreciable 
spread that most likely reflects variations in the impurity level in dif-
ferent specimens. More importantly, the highest T c

max of 88.1 K that 
represents the most intrinsic monolayer is within the uncertainty of 
optimal bulk Tc. The difference of about 2% between the average of T c

max 
in the monolayer and the average of optimal Tc in bulk may be explained 
by inevitable slight sample degradation from our fabrication process. 
Our observations therefore reveal a robust 2D HTS in monolayer Bi-2212 
with optimal transition temperature as high as that in 3D bulk.
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Fig. 3 | Tunnelling spectroscopy of monolayer Bi-2212. a, Schematic 
illustration of the STM measurement set-up. Monolayer Bi-2212 (and the bulk 
crystal nearby) is electrically connected to a pre-patterned Au electrode, 
which provides a returning path for the tunnelling current. b, High-resolution 
STM topograph of a monolayer Bi-2212. The image was taken at a junction 
resistance of 2 GΩ and a sample bias voltage of −300 mV. Inset: magnified view 
of top Bi atoms and supermodulation ridges. c, Fourier transform of the STM 
topograph in b. Peaks are clearly visible at multiples of supermodulation 
wavevector qSM. Bragg peaks of the atomic lattice are marked by broken 
circles. d, Line cut of the Fourier transform in c along the [1,1] direction. 
Monolayer curve (1L, blue) is compared with bilayer (2L, red) and bulk (black) 
data; peaks at qSM and 2qSM align within an uncertainty of 1.5% of 2π/a0.  

e, Spatially averaged differential conductance spectra acquired on monolayer, 
bilayer and bulk Bi-2212 at near optimal doping. Broken lines mark the position 
of coherence peaks. The horizontal bars mark the zero of each curve.  
f, Spatially averaged spectral temperature dependence on a nearly  
optimal doped monolayer Bi-2212 showing a smooth transition from the 
superconducting to pseudogap state at T ≈ 85 K. g, Evolution of spatially 
averaged tunnelling spectra of monolayer Bi-2212 with diminishing doping 
level p. Here the doping level is characterized by Δ p¯ ( )1 . The energies Δ1 (black 
arrows) are extracted at the pseudogap edge, and the energies Δ0 (vertical 
bars) are identified as the ‘kink’ energy23. Curves are offset for clarity, and 
horizontal bars mark the zero of each curve.
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Monolayer topography and tunnelling spectroscopy
STM topography measurement (schematic set-up shown in Fig. 3a) 
confirms the high quality of monolayer Bi-2212, which retains the orig-
inal atomic structure found in the bulk crystals. Figure 3b displays the 
atom-resolved topography of the top BiO plane of a Bi-2212 monolayer. 
The surfaces are as clean as the bulk surface and are continuous over 
macroscopic distances (about 100 μm; Extended Data Fig. 6). Nearly 
commensurate supermodulation ridges along the [110] direction—a 
distinctive feature in Bi-based bulk copper oxides18—are clearly 
observed. Fourier transform of the topography images reveals that 
the period of the supermodulation qSM exactly matches that on the 
bulk surface (Fig. 3c, d); no additional surface reconstructions were 
detected. Despite the identical atomic structure, monolayer Bi-2212 
does exhibit a feature not seen on the bulk surface: large scale corruga-
tions with a root-mean-square (r.m.s.) value of 0.2 nm, in contrast to 
the flat surface of the bulk crystal. We attribute the corrugations to the 
underlying substrate: few-layer Bi-2212 may become flexible and 

partially conform to the rough surface of amorphous SiO2 (r.m.s. 
approximately 0.25 nm).

We now turn to the electronic structure of monolayer Bi-2212. We 
note that a variety of spectroscopy studies revealed a rich set of phases 
that are characterized by two energy scales, referred to as Δ0 and Δ1, in 
bulk Bi-2212 (refs. 20,21). Specifically, excitations in the superconducting 
state occur at energies ≲E Δ0, whereas charge-order and other highly 
correlated broken-symmetry states appear at pseudogap energy scale 
E Δ≈ 1; the competition or cooperation between these intertwined 
phases remains one of the central problems of HTS (refs. 5,12). In the 
following, we examine these strongly correlated states in monolayer 
Bi-2212.

Figure 3e displays the differential conductance spectra g(E), which 
is proportional to the DOS at energy E, of monolayer and bilayer samples 
cleaved from a nearly optimally doped bulk crystal with Tc = 88 K 
(referred to as OP88). Here the spectra are spatial averages of the local 
differential conductance spectra r rg E eV I V( , = ) ≡ d /d | V,  over a 500 Å 
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Broken line marks the antiferromagnetic zone boundary. j, Superconducting 
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the procedure described in refs. 24,26. Solid line is a fit to the data with d-wave 
gap function Δ θ Δ A θ A θ( ) = [ cos(2 ) + (1 − )cos(6 )]k k kQPI , where ΔQPI = 47.3 meV and 
A = 0.844 are fitting parameters.
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× 500 Å field of view; I and V are tunnelling current and sample-bias 
voltage, respectively, and e is the charge of an electron. The V-shaped 
superconducting energy gap and the large coherence peaks on both 
sides of the gap are clearly observed in the spectra. The size of the gap, 
defined as half the separation between two coherence peaks, Δ0, in the 
monolayer and bilayer is almost identical to that in the bulk (Fig. 3e, 
black curve) from which the monolayer and bilayer were obtained. Close 
examination reveals that the monolayer and bilayer spectra also faith-
fully reproduce the fine details, the dip–hump structure outside of the 
gap and the electron–hole asymmetric background in particular, that 
are found in the bulk spectrum18. Differential conductance spectra at 
elevated temperatures show that the pseudogap state, too, persists in 
monolayer Bi-2212. The pseudogap state manifests as a gap in g(E) well 
above the Tc of the bulk source crystal (Fig. 3f). Finally, we note that Δ1 
coincides with Δ0 in the nearly optimally doped monolayer. On lower-

ing the doping level, however, the two energy scales diverge: Δ1 moves 
to higher energies, whereas Δ0 becomes smaller (Fig. 3g), consistent 
with the behaviour in bulk copper oxide superconductors18,23. The close 
match between the monolayer and bulk spectra is the first indication 
that the superconducting state (and electronic structures associated 
with it) remains intact in the 2D limit.

Quasi-particle interference and superconducting gap
The low-energy excitations inside the superconducting energy gap 
carry crucial information on the superconducting state. The excitations, 
also known as Bogoliubov quasiparticles, scatter off impurities and 
produce interference patterns that can be detected by spatial mapping 
of the tunnelling conductance in rg eV( , ) at a given bias V on the bulk 
Bi-2212 surface21,24. Further, the Fourier transform of the interference 
patterns reveals maxima at a set of energy-dependent wavevectors 
q i( = 1, …, 7)i  —a result of elastic scattering between the eight high joint-
density-of-state loci of the ‘banana-shaped’ constant energy contour 
of Bogoliubov quasiparticles24 (referred to as the ‘octet model’; Fig. 4b). 
The quasi-particle interference has therefore been a powerful tool for 
reconstructing the superconducting gap dispersion Δ kk( ) of copper 
oxide superconductors18,26.

We used the quasi-particle interference technique to probe Δ kk( ) in 
monolayer Bi-2212. We focus on the conductance ratio map 

r r rZ E eV g eV g eV( , = ) ≡ ( , + )/ ( , − ), which eliminates systematic errors 
related to the tunnelling setpoint associated with directly mapping the 
conductance rg eV( , ) (ref. 26). Figure 4a displays an example of the  
conductance ratio map of monolayer Bi-2212 obtained at E = 20 meV. 
The Fourier transform of the conductance ratio map, qZ E eV( , = ), shows 
clear maxima at qi that are fully consistent with the octet model, except 
that peaks at q4 and q5 are too weak to be detected (Fig. 4f). As the tun-
nelling bias V is varied, we observe that the measured qi disperse with 
energy E = eV, and the dispersions qi(E) are again consistent with those 
expected from the octet model (Extended Data Figs. 7 and 8). The dis-
persions qi(E) allow us to extract the energy-dependent locations of the 
octet ends of the ‘bananas’ in k space, and the obtained loci can be inter-
preted as the normal-state Fermi surface24. Our result, shown in Fig. 4i, 
is consistent with a cylindrical Fermi surface centred at (π,π) that is 
observed in bulk Bi-2212 and various other bulk copper oxide  
superconductors26. Finally, we determine the superconducting gap 
dispersion Δ kk( ) from q E( )i . Figure 4j displays the measured supercon-
ducting gap energy of the monolayer as a function of θk along the Fermi 
surface. The data agree with the d-wave superconducting gap disper-
sion of bulk Bi-2212 at similar doping level23. We therefore conclude 
that reducing the material’s dimensions from three to two does not 
fundamentally alter the superconducting gap structure.

Electronic inhomogeneity and charge-ordered state
Next, we focus on the electronic structure of monolayer Bi-2212 beyond 
the superconducting energy gap Δ0. In particular, the energy scale Δ1 
is associated with the anti-nodal pseudogap and other correlated states 
that are intricately linked to superconductivity21. In contrast to the 
relatively homogeneous superconducting gap Δ0, the pseudogap Δ1 
varies widely at the nanometre length scale on bulk copper oxides18. 
To study the inhomogeneity in monolayer Bi-2212, we extract Δ1 from 
the local differential conductance spectra collected on a dense array 
of locations on samples at various doping levels, and construct the gap 
map rΔ ( )1  as shown in Fig. 5a–c. Similar to previous measurements on 
bulk Bi-2212, we find that wide, nanometre-scale variations in Δ1 dimin-
ish as the doping level increases in the monolayer; meanwhile Δ1  
averaged over the entire field of view, Δ̄1, shifts to lower energies.  
Close examination of Δ1 histograms reveals that Δ̄1 in monolayers is in 
general larger than that in bulk source crystals from which the monolay-
ers are cleaved (Extended Data Fig. 9), and the deviation varies from 
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sample to sample. Such deviation is consistent with results from trans-
port measurements; we attribute it to slight loss of oxygen doping (up 
to 3% in over-doped samples) during sample fabrication. The gap dis-
tributions in monolayer and bulk, however, converge if Δ1 is normalized 
to Δ̄1 in each gap map (Fig. 5d). This observation suggests that the  
microscopic mechanism of the Δ1 disorder remains the same in the 
monolayer, even though the monolayer’s dielectric environment is, in 
absence of the interlayer Coulomb interaction, very different from  
the bulk.

Despite the large spatial inhomogeneity at high energy scale, a peri-
odic chequerboard charge order emerges outside of the superconduct-
ing energy gap in various bulk copper oxides12,28,29. Recent experiments 
show mounting evidence that a periodic modulation of Cooper pair-
ing—that is, a pair density wave—may coexist with the charge order12,31,32. 
These charge-ordered states are intimately related to the superconduc-
tivity in the CuO2 plane12,29. An important question is then whether these 
states persist in the 2D limit. Our conductance mapping of an under-
doped monolayer answers the question in the affirmative. As shown in 
Fig. 5e, a chequerboard pattern is resolved on the conductance map 

rg E( , ) obtained at E = 20 meV. Fourier transform of the map (Fig. 5h) 
shows that the chequerboard pattern corresponds to wavevector qCO 
around 1/4 of the lattice wavevector 2π/a0 along the Cu–Cu bond direc-
tion (a0 is the distance between neighbouring Cu atoms). The CO there-
fore has a real-space wavelength of about 4a0, with a correlation length 
of about 14 a0 obtained from a Gaussian fit to its peak profile (Extended 
Data Fig. 10). These results agree well with bulk values28,29,34. As the 
doping level increases, the CO diminishes and eventually disappears 
in the over-doped regime (Fig. 5i, j), consistent with observations in 
bulk copper oxides29. Finally, we present evidence that pair density 

waves also exist in monolayer Bi-2212. Here we examine spatial variation 
in the amplitude of the coherence peak in the tunnelling spectrum, 
which empirically correlates with Cooper-pair density modulation in 
bulk Bi-2212, using the procedure described in ref. 32. The coherence 
peak amplitude map (of the same area as in Fig. 5a, e; Extended Data 
Fig. 11) exhibits a chequerboard pattern with a period of about 4a0—a 
clear signature of a pair density wave order.

Electronic structure in the Mott insulating regime
Because oxygen in monolayer Bi-2212 escapes easily at elevated tem-
peratures, we are able to access a wide, continuous doping range in 
a single specimen by gentle annealing in ultra-high vacuum (Fig. 6a 
and Extended Data Table 2). Here we focus on the extremely under-
doped regime, where the pseudogap and charge-ordered states start 
to emerge from the parent Mott insulator10,34. Figure 6b displays typical 
tunnelling spectra obtained on an extremely under-doped monolayer 
(see inset). The evolution of the spectra is strikingly similar to that in 
severely under-doped bulk copper oxides34,51. A large charge transfer 
gap of 1.2 eV is observed on Mott insulating patches. (The gap value is 
20% larger than that in bulk Bi-2212 (ref. 51); we attribute the discrepancy 
to the tip-induced band-bending effect that is common in tunnelling 
spectroscopy studies of insulators35 and 2D materials52.) Outside the 
Mott insulating patches, a broad in-gap state develops within the charge 
transfer gap, giving rise to a pseudogap-like spectra around the Fermi 
level. As in the bulk, the conductance maps at low bias and high bias 
are anticorrelated (Fig. 6b inset), which implies that the in-gap state  
comes from spectral weight transfer from the upper Hubbard  
band of the parent Mott insulator. Our results on monolayers, therefore, 
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indicate that the dimensionality effect, if it exists at all, does not  
play an important role in the transition from Mott to pseudogap phase 
in Bi-2212.
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Methods

Fabricating monolayer Bi-2212 for transport measurements
Monolayer flakes of Bi-2212 can be obtained through mechanical exfo-
liation41. However, the size of thin flakes tends to be small because 
brittle Bi-2212 crystals break easily during exfoliation. Activating the 
SiO2 surface with oxygen plasma treatment greatly increases the area 
and yield of monolayer crystals on the SiO2/Si wafer47. We attribute the 
improvement to the enhanced adhesion between Bi-2212 and SiO2—the 
plasma treatment functionalizes the SiO2 surface with hydroxyl groups 
that strongly bind to Bi-2212 (ref. 53).

Our systematic investigation (Extended Data Table 1 and Extended 
Data Fig. 1) reveals that exposing the monolayers to air, albeit briefly, 
renders them insulating41,43,54,55. An inert Ar atmosphere preserves the 
superconductivity in the monolayers, but the protection is incomplete: 
Tc is much suppressed after a prolonged fabrication process at room 
temperature, and shortening the fabrication time leads to a higher 
Tc. These observations point to (1) reaction with water vapour in air 
and (2) rapid oxygen loss at room temperature as two main causes of 
degradation in monolayer Bi-2212. (The same degradation pathways 
are also present in bulk crystals56–58.) The oxygen loss, however, slows 
down considerably at moderately low temperatures, so we are able to 
obtain high-quality, intrinsic monolayers by fabricating samples on a 
cold stage kept at −40 °C inside an Ar-filled glove box with water and 
oxygen content below 0.1 ppm.

To avoid heating during electrode deposition, we make electrical 
contacts to the exfoliated monolayers by cold-welding indium/gold 
microelectrodes on the cold stage. Once the device fabrication is com-
plete, we seal each device in a chip carrier (we use ceramic dual-in-line 
chip carriers) with vacuum grease and a cover glass inside the glove box, 
and then transfer the whole package into the cryostat. The cover glass 
comes off once the sample space of the cryostat is evacuated before 
low-temperature transport measurements, so the doping level can be 
tuned in situ.

Fabricating monolayer Bi-2212 for STM/STS measurements
We used a vacuum-compatible tape (Kapton tape with silicone adhesive; 
Accu-Glass Products) to exfoliate thin flakes of Bi-2212 onto Si wafer 
(covered with a 285-nm-thick SiO2 layer) in a vacuum chamber with a 
base pressure of 1 ×10−10 mbar. Few-layer Bi-2212 on the substrate exhib-
its quantized contrast that correlates well with the number of layers 
(see also Fig. 1). The correlation makes the search (also done in UHV with 
12× Ultrazoom (Navitar) through a re-entrant viewport) for monolayers 
convenient. Some of the flakes touch electrodes (Cr/Au with thickness 
of 2 nm and 3 nm, respectively) in the form of stripes that are pre-pat-
terned on the wafer before the exfoliation; we choose these flakes for 
STM measurements (Fig. 3a). Except for brief moments when the sam-
ples were being transferred to the STM stage, the temperature was always 
kept below −120 °C. Finally, we confirm the thickness of the samples 
with AFM outside the UHV after all measurements are completed, to 
ensure that they were indeed monolayers (Extended Data Fig. 6).

Finite-size scaling analysis of the superconductor-to-insulator 
transition in monolayer Bi-2212
At the superconductor-to-insulator transition (SIT) in monolayer Bi-2212, 
HTS emerges from the parent Mott insulator as the sample is doped 
beyond a critical level. Such a transition is an important example of a 
continuous quantum phase transition (QPT) that is driven by an exter-
nal parameter x at absolute zero temperature59; the quantum critical 
point at xc separates ground states with different symmetry. Exactly 
how Cooper pairs form in the 2D copper oxide plane and condense into 
the superconducting phase is a key outstanding question. However, 
crucial information on the transition can be obtained by investigating 
the scaling behaviour of □R x T( , ) as x approaches xc at finite T. This is 
accomplished by finite-size scaling analysis under the general scheme 

of QPT60,61. Near the quantum critical point, the correlation length ξ and 
correlation time τ become the only characteristic scales in length and 
time, respectively, and they diverge as ∝ξ x x− ν

c
−  and ∝ ∝τ ξ x x−z νz

c
− ; ν  

and z are critical exponents. The theory of finite-size scaling asserts that 
physical quantities have a scaling form that, together with exponents 
ν and z, depend only on global properties of the system, but not  
on microscopic details. For 2D SIT, the appropriate finite-size scaling 
form is59:

◻R x T R f x x T( , ) = (| − | ). (1)νz
c c

−1/

Here the transition is driven by doping variation, so x p≡ ; Rc is the criti-
cal resistivity at the p p→ c and T → 0 limit, and f is a universal scaling func-
tion. Such scaling does not depend on the exact value of p, but the 
exponent νz and the critical resistivity Rc encode the fundamental prop-
erties of the transition. In particular, νz is determined by the universal-
ity class that the system belongs to; its value thus provides precious 
information such as the symmetry of order parameter manifold and 
types of disorder in 2D Bi-2212 (ref. 48).

Extended Data Fig. 4a–c illustrates the finite-size scaling analysis of 
the SIT in sample A. Following the procedure described in ref. 59, we first 
invert the □R p T( , ) data matrix in Extended Data Fig. 4a, and locate the 
critical point pc, where all isotherms converge to ◻R R= ≈ 10.2 kΩc  
(Extended Data Fig. 4b). We then scale the horizontal axis of Extended 
Data Fig. 4b as u p p t T= | − | ( )c  in Extended Data Fig. 4c. Here a single set 
of temperature-dependent parameters t(T) can force all curves to col-
lapse to a universal scaling function. Further analysis shows that t(T) 
follows a power law dependence, ∝t T T( ) −1/1.53 (Extended Data Fig. 5a, 
blue circles). The SIT in monolayer Bi-2212 is, therefore, well described 
by continuous 2D QPT, with νz = 1.53 matching the critical exponents of 
the SITs driven by ionic gating in thin films of La2−xSrxCuO4 (LSCO, ref. 48),  
lithium-intercalated Bi2Sr2CaCu2O8+δ (LixBi-2212, ref. 62), and La2CuO4+δ 
(LCO, ref. 63). The close match indicates that the SIT transitions in these 
copper oxides all belong to the same universality class, even though the 
critical resistivities differ among these systems.

A survey of critical exponents in copper oxide superconductors, how-
ever, shows that not all νz agree with the value in monolayer Bi-2212; 
various νz values were found to cluster around two different values: 3/2 
and 7/3 (refs. 48,49,62–64; Extended Data Fig. 4b, blue squares). It therefore 
appears that the transitions fall into two distinct universality classes, 
even though in all copper oxide superconductors the superconductivity 
arises from doping Mott insulating CuO2 planes. These observations 
raise two fundamental questions: (1) what specifically causes the dis-
parate critical exponents in copper oxide superconductors? and (2) 
what universality classes do they correspond to? We now address these 
questions by investigating the SIT in monolayer Bi-2212 along another 
dimension in the parameter space—the disorder level. Here we tune the 
disorder level by introducing a small amount of air (that contains water 
vapour, the main degradation agent) into the sample chamber while 
annealing monolayer Bi-2212 at elevated temperatures.

Extended Data Fig. 4g displays the temperature-dependent resistiv-
ity, □R T( ), of a monolayer Bi-2212 (sample C). The sample undergoes a 
sequence of annealing cycles in 10 mbar of air (containing about 0.3 mbar 
of water vapour) at room temperature. The curves were obtained 
between each annealing cycle. We observe that the resistivity drops to 
zero in two steps as the temperature is lowered. The higher-temperature 
drop occurs at the apparent Tc of the monolayer, but the resistivity drops 
to zero only after a second transition at a lower temperature (Extended 
Data Fig. 4g). Such a two-step transition resembles the superconducting 
transition in 2D Josephson-coupled superconducting arrays65,66 and is 
ubiquitous in disordered 2D superconducting systems in general67,68. A 
simplified picture captures the basic physics of the two-step transition: 
the disordered 2D superconductor can be modelled as superconduct-
ing islands embedded in normal metal that provide weak Josephson 
coupling between the islands. The higher-temperature transition 
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corresponds to the superconducting transition within the islands, but 
the entire sample becomes superconducting only when the global, 
inter-island phase coherence is established after a second transition at 
a lower temperature65.

The SIT takes place at the lower-temperature transition in this disor-
dered monolayer Bi-2212. Because the apparent Tc does not change 
appreciably during the SIT transition (Extended Data Fig. 4g), the tran-
sition is now predominantly driven by disorder that mainly affects the 
metallic region between the islands. Finally, we perform finite-size scal-
ing analysis of the disorder-driven SIT in monolayer Bi-2212. We param-
eterize the phenomenological disorder level as □d R T= const . / ( = 200 K) . 
(The value of the constant does not affect our analysis; we chose 
const.= 213 Ω.) Using the scaling form (1) with x d≡ , we obtained a crit-
ical exponent of νz = 2.35 which is close to 7/3. The same analysis on a 
less disordered monolayer yields a similar νz (Extended Data Fig. 4d and 
Extended Data Fig. 5a).

We can now explain the two disparate critical exponents observed in 
copper oxide superconductors. We first note that the two distinct critical 
exponents in monolayer Bi-2212 confirm early observations that SITs in 
copper oxide superconductors fall into two universality classes. The 
mystery is, however, resolved—our results show that the two universal-
ity classes characterize the doping-driven SIT in the clean limit and the 
disorder-driven SIT in the dirty limit, respectively. The exponent νz = 7/3 
points towards a quantum percolation model that indeed describes a 
strongly disordered superconductor69. Meanwhile, νz = 3/2 encodes the 
essential physics of an intrinsic copper oxide superconductor in both 
bulk and 2D limits. The fact that bulk and monolayer Bi-2212 belong to 
the same universality class suggests that the antiferromagnetic order 
found in bulk Bi-2212 may persist in the monolayer. The microscopic 
origin of νz = 3/2 however, remains an open question that requires  
further investigation.

Data availability
The datasets generated and analysed during the current study are avail-
able from the corresponding author on reasonable request.
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Extended Data Fig. 1 | Transport properties of typical monolayer Bi-2212 
samples fabricated by various methods. a, Temperature-dependent 
resistance of monolayer Bi-2212 samples. Here (#1)–(#5) refer to five typical 
samples fabricated by different methods indicated in Extended Data Table 1.  
b, Resistance of a typical cold-welded Bi-2212 monolayer device measured with 

two-terminal (blue) and four-terminal (red) configurations. The four-terminal 
configuration is adopted in all our measurements presented in the main text, 
because it eliminates spurious signals from electrical contacts. The two-
terminal resistance in the superconducting state gives an estimate of the 
contact resistance of the order of 1 Ω.
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Extended Data Fig. 2 | Temperature-dependent resistance of a monolayer  
Bi-2212 sample annealed in ozone. Annealing cycles were performed under an 
O3 partial pressure of about 50 Pa at temperatures between 220 K and 240 K.  
O3 was purged with helium gas between annealing cycles, and data were 
obtained in helium vapour. Each annealing cycle lasts 5–30 min. Monolayer  

Bi-2212 was initially at optimal doping (black curve). The annealing cycles 
progressively increase the doping level of the sample. The red curve was 
obtained after first annealing, and blue curve was obtained after second 
annealing.



Extended Data Fig. 3 | Extracting Tc and T* from temperature-dependent 
resistance of monolayer Bi-2212. a, Illustration of Tc and T* extraction from 
temperature-dependent resistance (black curve, which mostly overlaps with the 
red curve) and its derivative (blue curve). We used two definitions of Tc in our 
analysis: (i) Tc,diff where the slope of resistance vs temperature curve is 
maximum70; (ii) Tc0 from fitting with Aslamasov–Larkin paraconductivity 
model71 Δσ σ T σ T a T T= ( ) − ( ) = ( / − 1)normal c0

−1. Near optimal doping, 
σ T bT c( ) = ( + )normal

−1, so Tc0 can be extracted from fitting with 

R T bT c T T T T a( ) = ( + )( − )/( − + )c0 c0  (red curve). T* is determined as the 
temperature at which the derivative of temperature-dependent resistance 
deviates from constant value (broken blue line; ref. 72). b, c, T c,diff

max  (b) and T c0
max (c) 

of monolayer and bulk Bi-2212. Bulk data were obtained from optimally doped 
crystals (OP88). Under both definitions, the highest maximum Tc of monolayers 
is within the statistical uncertainty range of the Tc in optimally doped bulk 
crystals.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Superconductor–insulator transition in monolayer 
Bi-2212. a, Temperature-dependent resistivity □R p T( , ) of sample A. The doping 
level, fixed for each curve, is tuned by repeated annealing cycles under vacuum 
(pressure below 10−4 mbar). The initially superconducting sample becomes 
insulating via a QPT. Broken line marks the separatrix where the transition occurs. 
Blue shaded region indicates the temperature range in which we perform the 
finite-size scaling analysis; the slight up-turn in resistivity at lower temperatures 
suggests intermediate phase or additional QCP between the superconducting 
and insulating phases49. b, Same dataset in a plotted inversely, that is, □R p T( , ) 
plotted as a function of doping level at fixed temperatures between 6 K and 24 K. 
Each colour refers to a fixed temperature. Continuous curves are interpolations 
of data points at different temperatures. The point where all curves cross defines 
the critical point the QPT, R p( = 10.2± 0.6 kΩ, = 0.022± 0.002)c c . c, Scaling of the 
same data with respect to variable u p p t T= − ( )c . A single set of temperature-
dependent parameters t(T) can force all data to collapse to a universal scaling 
function on both sides of the SIT. d, Temperature-dependent resistivity of 
sample B. Data were obtained between annealing cycles performed under 
10 mbar−1  of air that contains about 3 × 10 mbar−3  of water vapour. The annealing 
cycles progressively increase the normal state resistivity, and induces SIT in the 
monolayer. Blue shaded region marks the temperature range in which we 
perform the finite-size scaling analysis.e, Same resistivity data in d plotted as a 

function of ◻x R T= 194 Ω/ ( = 200 K). Here x is a phenomenological variable  
that parametrizes the external factor (doping or disorder level) that drives  
the SIT; the precise value of x does not affect the finite-size scaling analysis 
according to formula (1). The critical point of the SIT is identified as 

R x( = 8.7 ± 0.6 kΩ, = 0.022± 0.002)c c . f, Scaling analysis of the dataset in e. The 
analysis yields a critical exponent of νz = 2.45. The νz differs from the critical 
exponent in doping-driven SIT in sample A, but coincides with the value in 
disorder-driven SIT in sample C. Similar to sample C, sample B also features a 
two-step superconducting transition (marked by black arrow) that indicates 
considerable amount of disorder. We therefore conclude that disorder level 
drives the SIT in sample B. g, Temperature-dependent resistivity of sample C. 
Curves are obtained between annealing cycles performed under about 10 mbar 
of air. Such annealing cycles introduce disorders into the monolayer, and the 
superconductivity transition occurs in two steps. The disorder-driven SIT takes 
place at the lower-temperature transition (blue shaded region). h, Inverse of the 
dataset in g. Horizontal axis represents the phenomenological disorder level 
that is parametrized as ◻d R T= 213 Ω/ ( = 200 K). Smooth interpolations of the 
data points cross at the critical point R x( = 2.86± 0.17 kΩ, = 0.028± 0.002)c c .  
i, Scaling of the same data in h with respect to variable u d d t T= | − | ( )c . t T( ) is 
chosen such that all data collapse to a universal scaling function.
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Extended Data Fig. 5 | Critical exponents of superconductor–insulator 
transitions in copper oxide superconductors. a, Temperature-dependent 
parameter t T( ) obtained from finite-size scaling analysis in Extended Data Fig. 4. 
Values of t T( ) from all three monolayer Bi-2212 samples follow power-law 
dependence; the slope of the line fits (solid lines) yields the critical exponents of 
the SIT νz = 1.53, 2.45 and 2.35 for samples A, B and C, respectively. b, Critical 

exponents νz obtained in monolayer Bi-2212 (red circles) and various other 
copper oxide superconductors (black squares). All νz fall into the 
neighbourhood of one of the two values, 3/2 and 7/3, that characterize the SIT in 
the clean and dirty limit, respectively (see text). Solid vertical lines mark the 
mean, and broken lines the standard deviation, of the νz values in each category.



Extended Data Fig. 6 | Characterization of monolayer Bi-2212 after STM 
measurements. a, Optical image of typical Bi-2212 flakes exfoliated on SiO2/Si 
substrate. The monolayer (light purple region in the centre) is identified from its 
optical contrast. b, A magnified view of the area marked by the square in a.  
c, AFM topography of the area marked by the square in b. Both the optical image 

and the AFM topography were obtained in an Ar atmosphere inside a glove box 
after STM measurements performed in UHV. d, Line cut of the AFM topography 
along the line shown in c. The step height of about 1.6 nm confirms that the  
Bi-2212 flake measured in STM was indeed a monolayer.
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Extended Data Fig. 7 | Fourier transform of the conductance ratio map 
obtained on monolayer Bi2212 at various energies. Each panel displays a 
Fourier transform of the conductance ratio map rZ E( , ) of nearly optimally 
doped monolayer Bi-2212 at the energy labelled on the panel. The rZ E( , ) maps 

are obtained from a set of 200 × 200-pixel conductance maps taken on an area of 
500 Å × 500 Å with an energy resolution of 2 meV. Data were obtained from the 
same sample in Fig. 4 (here we show the full dataset).



Extended Data Fig. 8 | Energy dispersion of the q-vectors. Amplitudes of 
measured qi (in units of 2π/a0) are plotted as functions of energy (i = 1 … 7, except 
that q4 and q5 are too weak to be detected). We followed the method described in 
ref. 23 to obtain qi. Solid lines are energy dispersion of the q-vectors expected in 
the octet model.
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Extended Data Fig. 9 | Histograms of rΔΔ ( )1  gap maps in monolayer and bulk 
Bi-2212. Solid and empty symbols represent data from monolayer and bulk Bi-
2212, respectively. Δ1 distributions in monolayers shift towards higher energies 
compared with those in bulk crystals. The shift reflects slight loss of oxygen 
doping during monolayer sample fabrication. Specifically, the doping level p is 
directly related to the average value of the pseudogap. From the average 
pseudogap, we estimate that p = 0.06± 0.02, 0.16± 0.02 and 0.19± 0.02 for 

monolayers obtained from UD50, OP88 and OD55, respectively23,36,73. These 
values are lower than the doping levels extracted in the bulk crystals 
( p = 0.08± 0.02, 0.17 ± 0.02 and 0.22± 0.01 for UD50, OP88 and OD55, 
respectively). Here we used the relations Δ p2 = 152 meV × (0.27 − )/0.221  for 

p0.1 < < 0.22 and Δ p2 = 85 meV × (0.12 − )/0.021  for p0.06 < < 0.08 to estimate 
the doping level in both bulk crystals and monolayers.



Extended Data Fig. 10 | Wavevector of the CDW order in monolayer Bi-2212 
obtained in UD50. Line cut (blue line) of the FFT of rg E( , = 20 meV) map in Fig. 5h 
along the Cu–O bond direction exhibits a peak at q a= 0.25 (2π/ )CO 0  that is 
associated with the charge-ordered state. The magenta line is a Gaussian fit to 
the peak plus a decaying exponential background. The full-width at half-
maximum of the peak yields a correlation length of about 14a0.
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Extended Data Fig. 11 | Pair density wave in monolayer Bi-2212. a, Four 
representative conductance spectra ( I Vd /d ; upper panel) and the negative of 
their second derivative (D I V= − d /d3 3; lower panel) in under-doped monolayer Bi-
2212 obtained from UD50. We additionally define H I V E Δ I V E= d /d ( = ) − d /d ( = 0)0

, which corresponds to the amount of low-energy DOS gapped out by Cooper 
pairing (here Δ = 15 meV0 ). The pair density wave can be visualized by spatially 
mapping either H or D (ref. 32). b, rH( ) map on a 40 nm × 40 nm area. A 
chequerboard pattern is clearly resolved. c, Fourier transform of the rH( ) map  
in b. Peaks at q a= (0.25± 0.02)2π/ 0 (marked by broken circles) along the Cu–O 
bond directions indicate the emergence of pair density wave order32. d–h, rD( ) 
maps obtained on the same area in b at various energies. i–m, Fourier transform 

of the rD( ) maps in d–h. The q a= 2π/4 0 spatial modulations at E = 15 meV 
(broken circles in j) again indicate the existence of pair density wave32. Red 
crosses mark q a= (0, ± π/ )0  and a(±π/ , 0)0 . We followed the method described in 
ref. 32 to obtain rH( ) and rD( ) maps. First, a set of conductance (dI/dV) spectra was 
taken on a 160 × 160 grid over the 40 nm × 40 nm area. Here we used a set-point 
bias voltage of −300 mV, which is far beyond the energy scale of the charge-
ordered state, to eliminate possible set-point effects. We then fitted each dI/dV 
spectrum with a second-order polynomial, and took the second derivative of the 
polynomial to obtain the D spectrum. The rH( ) map is directly obtained from the 
dI/dV spectra grid.



Extended Data Table 1 | Optimizing fabrication process for monolayer and bilayer Bi-2212 samples

We have systematically investigated the effects of the following key factors on the transport properties of monolayer and bilayer Bi-2212: contact method, air-exposure time and total fabrication 
time in glove box. We observe that monolayer Bi-2212 is more prone to degradation than is bilayer graphene. In particular, exposure to air is most detrimental to sample quality of the monolayers.  
Evaporating metal contacts (through shadow mask) also causes considerable degradation. We find that cold-welding indium contacts in the glove box preserves the monolayer sample quality. 
Here, thin indium foils make stable contacts with a thick flake that is connected to the monolayer, so that the thick flake electrically bridges the indium electrodes and the monolayer (Fig. 1e). 
The monolayer samples exfoliated from an over-doped crystal (OD55) are slightly over-doped, and their maximum Tc is comparable to the Tc of optimally doped bulk crystals (Fig. 2c). 
(#1)–(#5)Transport properties of typical monolayer samples from these categories are shown in Extended Data Fig. 1.
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Extended Data Table 2 | Annealing sequence of monolayer Bi-2212

This sequence relates to the monolayer Bi-2212 shown in Fig. 6. The as-exfoliated monolayer Bi-2212 (over-doped; Δ = 28± 1 meV1 ) was annealed under UHV with a base pressure of 1 × 10−10 mbar. 
The pseudogaps Δ1 were extracted from spatially averaged conductance spectra.
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