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            Abstract
The defining characteristic1,2 of Cooper pairs with finite centre-of-mass momentum is a spatially modulating superconducting energy gap Δ(r), where r is a position. Recently, this concept has been generalized to the pair-density-wave (PDW) state predicted to exist in copper oxides (cuprates)3,4. Although the signature of a cuprate PDW has been detected in Cooper-pair tunnelling5, the distinctive signature in single-electron tunnelling of a periodic Δ(r) modulation has not been observed. Here, using a spectroscopic technique based on scanning tunnelling microscopy, we find strong Δ(r) modulations in the canonical cuprate Bi2Sr2CaCu2O8+δ that have eight-unit-cell periodicity or wavevectors Q ≈ (2π/a0)(1/8, 0) and Q ≈ (2π/a0)(0, 1/8) (where a0 is the distance between neighbouring Cu atoms). Simultaneous imaging of the local density of states N(r, E) (where E is the energy) reveals electronic modulations with wavevectors Q and 2Q, as anticipated when the PDW coexists with superconductivity. Finally, by visualizing the topological defects in these N(r, E) density waves at 2Q, we find them to be concentrated in areas where the PDW spatial phase changes by π, as predicted by the theory of half-vortices in a PDW state6,7. Overall, this is a compelling demonstration, from multiple single-electron signatures, of a PDW state coexisting with superconductivity in Bi2Sr2CaCu2O8+δ.
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                    Fig. 1: Schematic of unidirectional 8a0 PDW order intertwined with a density wave.[image: ]


Fig. 2: Superconducting gap energy modulations.[image: ]


Fig. 3: The PDW order parameter amplitude and phase.[image: ]


Fig. 4: The interplay of N(r) and PDW, and the possible half-vortices.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Analysis of the tip isotropy.
a, Topography T(r) within 40 nm × 40 nm FOV. b, Real part of Fourier transform of T(r). c, Line profile ReT(q) along the line in the middle panel, representing nearly equal Bragg peak height (difference is less than 7%).


Extended Data Fig. 2 Estimation of the nanoflake tip geometry.
a, Autocorrelation of Δ(r). b, Line profile measured from centre in a is azimuthal-angle averaged. The size of the nanoflake on the tip is estimated from the full-width at half-maximum and is around 3.3 nm.


Extended Data Fig. 3 Possible process of the Josephson tunnelling.
Schematic representation of planar Josephson tunnelling in the presence of two order parameters (OPs): homogeneous SC and PDW.


Extended Data Fig. 4 Preliminary experimental data analysis.
a, c, Preliminary Δ(r) independently measured at 4.2 K on different pieces of  nearly optimally doped Bi2Sr2CaCu2O8+δ. b, d, The magnitude of Fourier transform of Δ(r) in a and c, respectively, representing early observations of 1/8 peaks marked by the red circles.


Extended Data Fig. 5 Differential conductance map and its ratio.
a, g(r, E = 54 meV) map. The eight-unit-cell CDW modulation, that is, the PDW induced N(r) modulation at Q, can be seen. b, Z(r, E = 54 meV) calculated by Z(r, E) = g(r, E)/g(r, −E).


Extended Data Fig. 6 Cut-off-length dependence of \(|{{\bf{D}}}_{2{{\bf{Q}}}_{{\boldsymbol{x}}}}^{{\boldsymbol{Z}}}({\bf{r}})|\) and \(|{{\boldsymbol{\Delta }}}_{{{\bf{Q}}}_{{\boldsymbol{x}}}}({\bf{r}})|\).
The left column shows \(|{D}_{2{{\bf{Q}}}_{{\boldsymbol{x}}}}^{Z}({\bf{r}})|\) at different cut-off lengths, similarly for the right column for \(|{\varDelta }_{{{\bf{Q}}}_{{\boldsymbol{x}}}}({\bf{r}})|\).


Extended Data Fig. 7 Distance analysis.
a, A count distribution sorted by distances between the topological defects in the induced N(r) modulation at 2Q from Fig. 4b and the nearest point on the yellow strings in the PDW phase map from Fig. 4c. b, Average distribution of 100 configurations, within each configuration 25 points are randomly generated in the same FOV and distances to the same yellow strings are calculated and sorted.


Extended Data Fig. 8 Spatial evolution of the PDW phase.
a, A phase map \({\varPhi }_{{{\bf{Q}}}_{{\boldsymbol{x}}}}^{\varDelta }({\bf{r}})\) of the PDW order. Three representative contours surrounding the 2π topological defects from \({\varPhi }_{2{{\bf{Q}}}_{{\boldsymbol{x}}}}^{Z}({\bf{r}})\) across the yellow strings. b, An evolution of the phase along each contour in a. The upside-down black triangle marks the starting point of winding and the upright black triangle marks the ending point, in correspondence with the winding directions in a. π phase windings are clearly seen in the PDW phase surrounding the 2π topological defects from \({\varPhi }_{2{{\bf{Q}}}_{{\boldsymbol{x}}}}^{Z}({\bf{r}})\).
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