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            Abstract
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.
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                    Fig. 1: Fabrication and characterization of atomically thin Bi-2212 transport devices.[image: ]


Fig. 2: Tunable high-temperature superconductivity in monolayer Bi-2212.[image: ]


Fig. 3: Tunnelling spectroscopy of monolayer Bi-2212.[image: ]


Fig. 4: Quasi-particle interference and superconducting gap in monolayer Bi-2212.[image: ]


Fig. 5: Electronic inhomogeneity and charge-ordered state in monolayer Bi-2212.[image: ]


Fig. 6: Electronic structure of monolayer Bi-2212 in the Mott insulating regime.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Graphene nanoribbons grown in hBN stacks for high-performance electronics
                                        
                                    

                                    
                                        Article
                                        
                                         27 March 2024
                                    

                                

                                Bosai Lyu, Jiajun Chen, … Zhiwen Shi

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Metal telluride nanosheets by scalable solid lithiation and exfoliation
                                        
                                    

                                    
                                        Article
                                        
                                         03 April 2024
                                    

                                

                                Liangzhu Zhang, Zixuan Yang, … Hui-Ming Cheng

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Heterostructures coupling ultrathin metal carbides and chalcogenides
                                        
                                    

                                    
                                        Article
                                        
                                         01 April 2024
                                    

                                

                                Alexander J. Sredenschek, David Emanuel Sanchez, … Mauricio Terrones

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability


The datasets generated and analysed during the current study are available from the corresponding author on reasonable request.



References
	Mermin, N. D. & Wagner, H. Absence of ferromagnetism or antiferromagnetism in one- or two-dimensional isotropic Heisenberg models. Phys. Rev. Lett. 17, 1133–1136 (1966).
ADS 
    CAS 
    
                    Google Scholar 
                

	Kosterlitz, J. M. & Thouless, D. J. Ordering, metastability and phase transitions in two-dimensional systems. J. Phys. C 6, 1181–1203 (1973).
ADS 
    CAS 
    
                    Google Scholar 
                

	Saito, Y., Nojima, T. & Iwasa, Y. Highly crystalline 2D superconductors. Nat. Rev. Mater. 2, 16094 (2017).
ADS 
    CAS 
    
                    Google Scholar 
                

	Uchihashi, T. Two-dimensional superconductors with atomic-scale thickness. Supercond. Sci. Technol. 30, 013002 (2017).
ADS 
    
                    Google Scholar 
                

	Keimer, B., Kivelson, S. A., Norman, M. R., Uchida, S. & Zaanen, J. From quantum matter to high-temperature superconductivity in copper oxides. Nature 518, 179–186 (2015).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Chakravarty, S., Sudbø, A., Anderson, P. W. & Strong, S. Interlayer tunneling and gap anisotropy in high-temperature superconductors. Science 261, 337–340 (1993).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Anderson, P. W. Interlayer tunneling mechanism for high-T
c superconductivity: comparison with c axis infrared experiments. Science 268, 1154–1155 (1995).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Leggett, A. J. WHERE is the energy saved in cuprate superconductivity? J. Phys. Chem. Solids 59, 1729–1732 (1998).
ADS 
    CAS 
    
                    Google Scholar 
                

	Kresin, V. Z. & Morawitz, H. Layer plasmons and high-T
c superconductivity. Phys. Rev. B 37, 7854–7857 (1988).
ADS 
    CAS 
    
                    Google Scholar 
                

	Lee, P. A. & Wen, X.-G. Doping a Mott insulator: physics of high-temperature superconductivity. Rev. Mod. Phys. 78, 17–85 (2006).
ADS 
    CAS 
    
                    Google Scholar 
                

	Scalapino, D. J. A common thread: the pairing interaction for unconventional superconductors. Rev. Mod. Phys. 84, 1383–1417 (2012).
ADS 
    CAS 
    
                    Google Scholar 
                

	Fradkin, E., Kivelson, S. A. & Tranquada, J. M. Colloquium: Theory of intertwined orders in high temperature superconductors. Rev. Mod. Phys. 87, 457–482 (2015).
ADS 
    CAS 
    
                    Google Scholar 
                

	Rajasekaran, S. et al. Probing optically silent superfluid stripes in cuprates. Science 359, 575–579 (2018).
ADS 
    MathSciNet 
    CAS 
    PubMed 
    MATH 
    
                    Google Scholar 
                

	Gerber, S. et al. Three-dimensional charge density wave order in YBa2Cu3O6.67 at high magnetic fields. Science 350, 949–952 (2015).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Bluschke, M. et al. Stabilization of three-dimensional charge order in YBa2Cu3O6+x via epitaxial growth. Nat. Commun. 9, 2978 (2018).
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hepting, M. et al. Three-dimensional collective charge excitations in electron-doped copper oxide superconductors. Nature 563, 374 (2018).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Schneider, T. Dimensional crossover in cuprate superconductors. Z. Phys. B Condens. Matter 85, 187–195 (1991).
ADS 
    CAS 
    
                    Google Scholar 
                

	Fischer, Ø., Kugler, M., Maggio-Aprile, I., Berthod, C. & Renner, C. Scanning tunneling spectroscopy of high-temperature superconductors. Rev. Mod. Phys. 79, 353–419 (2007).
ADS 
    CAS 
    
                    Google Scholar 
                

	Damascelli, A., Hussain, Z. & Shen, Z.-X. Angle-resolved photoemission studies of the cuprate superconductors. Rev. Mod. Phys. 75, 473–541 (2003).
ADS 
    CAS 
    
                    Google Scholar 
                

	Timusk, T. & Statt, B. The pseudogap in high-temperature superconductors: an experimental survey. Rep. Prog. Phys. 62, 61–122 (1999).
ADS 
    CAS 
    
                    Google Scholar 
                

	Schmidt, A. R. et al. Electronic structure of the cuprate superconducting and pseudogap phases from spectroscopic imaging STM. New J. Phys. 13, 065014 (2011).
ADS 
    
                    Google Scholar 
                

	McElroy, K. et al. Atomic-scale sources and mechanism of nanoscale electronic disorder in Bi2Sr2CaCu2O8+δ. Science 309, 1048–1052 (2005).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Kohsaka, Y. et al. How Cooper pairs vanish approaching the Mott insulator in Bi2Sr2CaCu2O8+δ. Nature 454, 1072–1078 (2008).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	McElroy, K. et al. Relating atomic-scale electronic phenomena to wave-like quasiparticle states in superconducting Bi2Sr2CaCu2O8+δ. Nature 422, 592–596 (2003).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hoffman, J. E. et al. Imaging quasiparticle interference in Bi2Sr2CaCu2O8+δ. Science 297, 1148–1151 (2002).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hanaguri, T. et al. Quasiparticle interference and superconducting gap in Ca2−xNaxCuO2Cl2. Nat. Phys. 3, 865–871 (2007).
CAS 
    
                    Google Scholar 
                

	Lang, K. M. et al. Imaging the granular structure of high-T
c superconductivity in underdoped Bi2Sr2CaCu2O8+δ. Nature 415, 412 (2002).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hanaguri, T. et al. A ‘checkerboard’ electronic crystal state in lightly hole-doped Ca2−xNaxCuO2Cl2. Nature 430, 1001–1005 (2004).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	daSilva Neto, E. H. et al. Ubiquitous interplay between charge ordering and high-temperature superconductivity in cuprates. Science 343, 393–396 (2014).
ADS 
    CAS 
    
                    Google Scholar 
                

	Comin, R. et al. Charge order driven by Fermi-arc instability in Bi2Sr2−xLaxCuO6+δ. Science 343, 390–392 (2014).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hamidian, M. H. et al. Detection of a Cooper-pair density wave in Bi2Sr2CaCu2O8+x. Nature 532, 343–347 (2016).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ruan, W. et al. Visualization of the periodic modulation of Cooper pairing in a cuprate superconductor. Nat. Phys. 14, 1178 (2018).
CAS 
    
                    Google Scholar 
                

	Mesaros, A. et al. Commensurate 4a
0-period charge density modulations throughout the Bi2Sr2CaCu2O8+x pseudogap regime. Proc. Natl Acad. Sci. USA 113, 12661–12666 (2016).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Cai, P. et al. Visualizing the evolution from the Mott insulator to a charge-ordered insulator in lightly doped cuprates. Nat. Phys. 12, 1047–1051 (2016).
CAS 
    
                    Google Scholar 
                

	Kohsaka, Y. et al. Visualization of the emergence of the pseudogap state and the evolution to superconductivity in a lightly hole-doped Mott insulator. Nat. Phys. 8, 534–538 (2012).
CAS 
    
                    Google Scholar 
                

	Alldredge, J. W. et al. Evolution of the electronic excitation spectrum with strongly diminishing hole density in superconducting Bi2Sr2CaCu2O8+δ. Nat. Phys. 4, 319–326 (2008).
CAS 
    
                    Google Scholar 
                

	Gozar, A. et al. High-temperature interface superconductivity between metallic and insulating copper oxides. Nature 455, 782–785 (2008).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bollinger, A. T. & Božović, I. Two-dimensional superconductivity in the cuprates revealed by atomic-layer-by-layer molecular beam epitaxy. Supercond. Sci. Technol. 29, 103001 (2016).
ADS 
    
                    Google Scholar 
                

	Terashima, T. et al. Superconductivity of one-unit-cell thick YBa2Cu3O7 thin film. Phys. Rev. Lett. 67, 1362–1365 (1991).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Frindt, R. F. Superconductivity in ultrathin NbSe2 layers. Phys. Rev. Lett. 28, 299–301 (1972).
ADS 
    CAS 
    
                    Google Scholar 
                

	Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc. Natl Acad. Sci. USA 102, 10451–10453 (2005).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ajayan, P., Kim, P. & Banerjee, K. Two-dimensional van der Waals materials. Phys. Today 69, 38–44 (2016).
CAS 
    
                    Google Scholar 
                

	Sandilands, L. J. et al. Origin of the insulating state in exfoliated high-T
c two-dimensional atomic crystals. Phys. Rev. B 90, 081402(R) (2014).
ADS 
    
                    Google Scholar 
                

	Jiang, D. et al. High-T
c superconductivity in ultrathin Bi2Sr2CaCu2O8+x down to half-unit-cell thickness by protection with graphene. Nat. Commun. 5, 5708 (2014).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Zaanen, J., Sawatzky, G. A. & Allen, J. W. Band gaps and electronic structure of transition-metal compounds. Phys. Rev. Lett. 55, 418–421 (1985).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Presland, M. R., Tallon, J. L., Buckley, R. G., Liu, R. S. & Flower, N. E. General trends in oxygen stoichiometry effects on T
c in Bi and Tl superconductors. Physica C 176, 95–105 (1991).
ADS 
    CAS 
    
                    Google Scholar 
                

	Huang, Y. et al. Reliable exfoliation of large-area high-quality flakes of graphene and other two-dimensional materials. ACS Nano 9, 10612–10620 (2015).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Bollinger, A. T. et al. Superconductor–insulator transition in La2−xSrxCuO4 at the pair quantum resistance. Nature 472, 458–460 (2011).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Leng, X., Garcia-Barriocanal, J., Bose, S., Lee, Y. & Goldman, A. M. Electrostatic control of the evolution from a superconducting phase to an insulating phase in ultrathin YBa2Cu3O7−x films. Phys. Rev. Lett. 107, 027001 (2011).
ADS 
    PubMed 
    
                    Google Scholar 
                

	Ando, Y., Komiya, S., Segawa, K., Ono, S. & Kurita, Y. Electronic phase diagram of high-T
c cuprate superconductors from a mapping of the in-plane resistivity curvature. Phys. Rev. Lett. 93, 267001 (2004).
ADS 
    PubMed 
    
                    Google Scholar 
                

	Ruan, W. et al. Relationship between the parent charge transfer gap and maximum transition temperature in cuprates. Sci. Bull. (Beijing) 61, 1826–1832 (2016).
CAS 
    
                    Google Scholar 
                

	Brar, V. W. et al. Gate-controlled ionization and screening of cobalt adatoms on a graphene surface. Nat. Phys. 7, 43–47 (2011).
CAS 
    
                    Google Scholar 
                

	Masteika, V., Kowal, J., Braithwaite, N. S. J. & Rogers, T. A review of hydrophilic silicon wafer bonding. ECS J. Solid State Sci. Technol. 3, Q42–Q54 (2014).
CAS 
    
                    Google Scholar 
                

	Sterpetti, E., Biscaras, J., Erb, A. & Shukla, A. Comprehensive phase diagram of two-dimensional space charge doped Bi2Sr2CaCu2O8+x. Nat. Commun. 8, 2060 (2017).
ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zhao, S. Y. F. et al. Sign reversing Hall effect in atomically thin high temperature superconductors. Phys. Rev. Lett. 122, 247001 (2019).
ADS 
    PubMed 
    
                    Google Scholar 
                

	Jin, S.-G., Zhu, Z.-Z., Liu, L.-M. & Huang, Y.-L. Water reactions of superconducting Bi2Sr2CaCu2O8 phase at 0 °C and ambient temperature. Solid State Commun. 74, 1087–1090 (1990).
ADS 
    CAS 
    
                    Google Scholar 
                

	Gao, W. & Vander Sande, J. B. The degradation behavior of high-T
c BSCCO/Ag superconducting microcomposites in water. Mater. Lett. 12, 47–53 (1991).
CAS 
    
                    Google Scholar 
                

	Yun, S. H. & Karlsson, U. O. Water degradation of a- and c-axis oriented HgBa2CaCu2Ox superconducting thin films. J. Appl. Phys. 82, 6348 (1997).
ADS 
    CAS 
    
                    Google Scholar 
                

	Marković, N., Christiansen, C., Mack, A. M., Huber, W. H. & Goldman, A. M. Superconductor–insulator transition in two dimensions. Phys. Rev. B 60, 4320–4328 (1999).
ADS 
    
                    Google Scholar 
                

	Fisher, M. P. A. Quantum phase transitions in disordered two-dimensional superconductors. Phys. Rev. Lett. 65, 923–926 (1990).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Sondhi, S. L., Girvin, S. M., Carini, J. P. & Shahar, D. Continuous quantum phase transitions. Rev. Mod. Phys. 69, 315–333 (1997).
ADS 
    
                    Google Scholar 
                

	Liao, M. et al. Superconductor–insulator transitions in exfoliated Bi2Sr2CaCu2O8+δ flakes. Nano Lett. 18, 5660–5665 (2018).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Garcia-Barriocanal, J. et al. Electronically driven superconductor–insulator transition in electrostatically doped La2CuO4+δ thin films. Phys. Rev. B 87, 024509 (2013).
ADS 
    
                    Google Scholar 
                

	Zeng, S. W. et al. Two-dimensional superconductor–insulator quantum phase transitions in an electron-doped cuprate. Phys. Rev. B 92, 020503 (2015).
ADS 
    
                    Google Scholar 
                

	Eley, S., Gopalakrishnan, S., Goldbart, P. M. & Mason, N. Approaching zero-temperature metallic states in mesoscopic superconductor–normal–superconductor arrays. Nat. Phys. 8, 59–62 (2012).
CAS 
    
                    Google Scholar 
                

	Bøttcher, C. G. L. et al. Superconducting, insulating and anomalous metallic regimes in a gated two-dimensional semiconductor–superconductor array. Nat. Phys. 14, 1138–1144 (2018).

                    Google Scholar 
                

	Allain, A., Han, Z. & Bouchiat, V. Electrical control of the superconducting-to-insulating transition in graphene–metal hybrids. Nat. Mater. 11, 590–594 (2012).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Chen, Z. et al. Carrier density and disorder tuned superconductor-metal transition in a two-dimensional electron system. Nat. Commun. 9, 4008 (2018).
ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Steiner, M. A., Breznay, N. P. & Kapitulnik, A. Approach to a superconductor-to-Bose-insulator transition in disordered films. Phys. Rev. B 77, 212501 (2008).
ADS 
    
                    Google Scholar 
                

	Kim, D. H., Goldman, A. M., Kang, J. H. & Kampwirth, R. T. Kosterlitz–Thouless transition in Tl2Ba2CaCu2O8 thin films. Phys. Rev. B 40, 8834–8839 (1989).
ADS 
    CAS 
    
                    Google Scholar 
                

	Aslamasov, L. G. & Larkin, A. I. The influence of fluctuation pairing of electrons on the conductivity of normal metal. Phys. Lett. A 26, 238–239 (1968).
ADS 
    
                    Google Scholar 
                

	Ito, T., Takenaka, K. & Uchida, S. Systematic deviation from T-linear behavior in the in-plane resistivity of YBa2Cu3O7−y: evidence for dominant spin scattering. Phys. Rev. Lett. 70, 3995–3998 (1993).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hüfner, S., Hossain, M. A., Damascelli, A. & Sawatzky, G. A. Two gaps make a high-temperature superconductor? Rep. Prog. Phys. 71, 062501 (2008).
ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank D.-H. Lee, Z.-Y. Weng, Q.-K. Xue, S.-W. Cheong, Y. Wang, H. Ding and H. Luo for discussions. We also thank X. Jin and D. Feng for their help with the experiment. Part of the sample fabrication was conducted at Nano-fabrication Laboratory at Fudan University. Work at Brookhaven National Laboratory was supported by the Office of Science, US Department of Energy under contract no. DE-SC0012704. Y.Y., L.M. and Y.Z. acknowledge support from the National Key Research Program of China (grant nos. 2016YFA0300703, 2018YFA0305600), National Science Foundation of China (grant nos. U1732274, 11527805, 11425415 and 11421404), Shanghai Municipal Science and Technology Commission (grant no. 18JC1410300) and Strategic Priority Research Program of Chinese Academy of Sciences (grant no. XDB30000000). Y.Y. acknowledges support from the National Postdoctoral Program for Innovative Talents (grant no. BX20180076) and China Postdoctoral Science Foundation (grant no. 2018M641907). P.C. acknowledges support from National Postdoctoral Program for Innovative Talents (grant no. BX201600036), Shanghai Sailing Program (grant no. 17YF1429000), Shanghai Municipal Natural Science Foundation (grant no. 17ZR1442400) and China Postdoctoral Science Foundation (grant no. 2017M610221). X.H.C. acknowledges support from the National Science Foundation of China (grant no. 11888101, 11534010), the National Key R&D Program of China (grant no. 2017YFA0303001 and 2016YFA0300201), Strategic Priority Research Program of the Chinese Academy of Sciences (grant no. XDB25000000) and the Key Research Program of Frontier Sciences, CAS (grant no. QYZDY-SSW-SLH021).


Author information
Author notes	These authors contributed equally: Yijun Yu, Liguo Ma, Peng Cai


Authors and Affiliations
	State Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai, China
Yijun Yu, Liguo Ma, Peng Cai, Cun Ye, Jian Shen & Yuanbo Zhang

	Institute for Nanoelectronic Devices and Quantum Computing, Fudan University, Shanghai, China
Yijun Yu, Liguo Ma, Peng Cai, Cun Ye, Jian Shen & Yuanbo Zhang

	Collaborative Innovation Center of Advanced Microstructures, Nanjing, China
Yijun Yu, Liguo Ma, Peng Cai, Cun Ye, Jian Shen, Xian Hui Chen & Yuanbo Zhang

	Condensed Matter Physics and Materials Science Department, Brookhaven National Laboratory, Upton, NY, USA
Ruidan Zhong & G. D. Gu

	Hefei National Laboratory for Physical Science at Microscale and Department of Physics, University of Science and Technology of China, Hefei, China
Xian Hui Chen

	Key Laboratory of Strongly Coupled Quantum Matter Physics, University of Science and Technology of China, Hefei, China
Xian Hui Chen


Authors	Yijun YuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Liguo MaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Peng CaiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ruidan ZhongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Cun YeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jian ShenView author publications
You can also search for this author in
                        PubMed Google Scholar



	G. D. GuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xian Hui ChenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yuanbo ZhangView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
The order of the first two authors was determined arbitrarily. Y.Z. conceived the project. Y.Z. and X.H.C. supervised the experiments. R.Z. and G.D.G. synthesized bulk crystals. Y.Y., L.M. and C.Y. developed sample fabrication techniques. Y.Y. did transport measurements. L.M. led the STM study. L.M., P.C. and C.Y. did STM measurements and J.S. provided support. Y.Y., LM., P.C. and Y.Z. analysed the data and wrote the paper with input from all authors.
Corresponding authors
Correspondence to
                Liguo Ma, Xian Hui Chen or Yuanbo Zhang.


Ethics declarations


Competing interests

The authors declare no competing interests.




Additional information
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Peer review information Nature thanks Tetsuro Hanaguri and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.


Extended data figures and tables

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.


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 \(\varDelta \sigma =\sigma (T)-{\sigma }_{{\rm{normal}}}(T)=a{(T/{T}_{{\rm{c}}0}-1)}^{-1}\). Near optimal doping, \({\sigma }_{{\rm{normal}}}(T)={(bT+c)}^{-1}\), so Tc0 can be extracted from fitting with \(R(T)=(bT+c)(T-{T}_{{\rm{c}}0})/(T-{T}_{{\rm{c0}}}+a)\) (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, \({T}_{c,\mathrm{diff}}^{{\rm{\max }}}\) (b) and \({T}_{{\rm{c}}0}^{{\rm{\max }}}\) (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.


Extended Data Fig. 4 Superconductor–insulator transition in monolayer Bi-2212.
a, Temperature-dependent resistivity \({R}_{\square }(p,T)\) 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, \({R}_{\square }(p,T)\) 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, \(({R}_{{\rm{c}}}=10.2\pm 0.6\,{\rm{k}}\Omega ,{p}_{{\rm{c}}}=0.022\pm 0.002)\). c, Scaling of the same data with respect to variable \(u=|p-{p}_{{\rm{c}}}|t(T)\). 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 \({10}^{-1}\,{\rm{mbar}}\) of air that contains about \(3\times {10}^{-3}\,{\rm{mbar}}\) 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 \(x=194\,\Omega /{R}_{\square }(T=200\,{\rm{K}})\). 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 \(({R}_{{\rm{c}}}=8.7\pm 0.6\,{\rm{k}}\Omega ,{x}_{{\rm{c}}}=0.022\pm 0.002)\). 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 \(d=213\,\Omega /{R}_{\square }(T=200\,{\rm{K}})\). Smooth interpolations of the data points cross at the critical point \(({R}_{{\rm{c}}}=2.86\pm 0.17\,{\rm{k}}\Omega ,{x}_{{\rm{c}}}=0.028\pm 0.002)\). i, Scaling of the same data in h with respect to variable \(u=|d-{d}_{{\rm{c}}}|t(T)\). \(t(T)\) is chosen such that all data collapse to a universal scaling function.


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.


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 \(Z({\bf{r}},E)\) of nearly optimally doped monolayer Bi-2212 at the energy labelled on the panel. The \(Z({\bf{r}},E)\) maps are obtained from a set of 200 × 200-pixel conductance maps taken on an area of 500 Å \(\times \) 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 (\(i=1\ldots 7\), 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.


Extended Data Fig. 9 Histograms of \({{\boldsymbol{\Delta }}}_{1}({\bf{r}})\) gap maps in monolayer and bulk Bi-2212.
Solid and empty symbols represent data from monolayer and bulk Bi-2212, respectively. \({\varDelta }_{1}\) 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 \(p=0.06\pm 0.02,\,0.16\pm 0.02\,{\rm{and}}\,0.19\pm 0.02\) for monolayers obtained from UD50, OP88 and OD55, respectively23,36,73. These values are lower than the doping levels extracted in the bulk crystals (\(p=0.08\pm 0.02,\,0.17\pm 0.02\,{\rm{and}}\,0.22\pm 0.01\) for UD50, OP88 and OD55, respectively). Here we used the relations \(2{\varDelta }_{1}=152\,\,{\rm{m}}{\rm{e}}{\rm{V}}\times (0.27-p)/0.22\,\) for \(0.1 < p < 0.22\) and \(2{\varDelta }_{1}=85\,\,{\rm{m}}{\rm{e}}{\rm{V}}\times (0.12-p)/0.02\,\) for \(0.06 < p < 0.08\) 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 \(g({\bf{r}},E=20\,{\rm{meV}})\) map in Fig. 5h along the Cu–O bond direction exhibits a peak at \({q}_{{\rm{CO}}}=0.25\,(2{\rm{\pi }}/{a}_{0})\) 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.


Extended Data Fig. 11 Pair density wave in monolayer Bi-2212.
a, Four representative conductance spectra (\({\rm{d}}I/{\rm{d}}V\); upper panel) and the negative of their second derivative (\(D=-{{\rm{d}}}^{3}I/{\rm{d}}{V}^{3}\); lower panel) in under-doped monolayer Bi-2212 obtained from UD50. We additionally define \(H={\rm{d}}I/{\rm{d}}V(E={\varDelta }_{0})-{\rm{d}}I/{\rm{d}}V(E=0)\), which corresponds to the amount of low-energy DOS gapped out by Cooper pairing (here \({\varDelta }_{0}=15\,{\rm{m}}{\rm{e}}{\rm{V}}\)). The pair density wave can be visualized by spatially mapping either H or D (ref. 32). b, \(H({\bf{r}})\) map on a \(40\,{\rm{nm}}\times 40\,{\rm{nm}}\) area. A chequerboard pattern is clearly resolved. c, Fourier transform of the \(H({\bf{r}})\) map in b. Peaks at \(|{\bf{q}}|=(0.25\pm 0.02)2{\rm{\pi }}/{a}_{0}\) (marked by broken circles) along the Cu–O bond directions indicate the emergence of pair density wave order32. d–h, \(D({\bf{r}})\) maps obtained on the same area in b at various energies. i–m, Fourier transform of the \(D({\bf{r}})\) maps in d–h. The \(|{\bf{q}}|=2{\rm{\pi }}/4{a}_{0}\) spatial modulations at \(E=15\,{\rm{meV}}\) (broken circles in j) again indicate the existence of pair density wave32. Red crosses mark \({\bf{q}}=(0,\pm {\rm{\pi }}/{a}_{0})\) and \((\pm {\rm{\pi }}/{a}_{0},0)\). We followed the method described in ref. 32 to obtain \(H({\bf{r}})\) and \(D({\bf{r}})\) 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 \(H({\bf{r}})\) map is directly obtained from the dI/dV spectra grid.


Extended Data Table 1 Optimizing fabrication process for monolayer and bilayer Bi-2212 samplesFull size table


Extended Data Table 2 Annealing sequence of monolayer Bi-2212Full size table
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