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            Abstract
For centuries, the scientific discovery process has been based on systematic human observation and analysis of natural phenomena1. Today, however, automated instrumentation and large-scale data acquisition are generating datasets of such large volume and complexity as to defy conventional scientific methodology. Radically different scientific approaches are needed, and machine learning (ML) shows great promise for research fields such as materials science2,3,4,5. Given the success of ML in the analysis of synthetic data representing electronic quantum matter (EQM)6,7,8,9,10,11,12,13,14,15,16, the next challenge is to apply this approach to experimental data—for example, to the arrays of complex electronic-structure images17 obtained from atomic-scale visualization of EQM. Here we report the development and training of a suite of artificial neural networks (ANNs) designed to recognize different types of order hidden in such EQM image arrays. These ANNs are used to analyse an archive of experimentally derived EQM image arrays from carrier-doped copper oxide Mott insulators. In these noisy and complex data, the ANNs discover the existence of a lattice-commensurate, four-unit-cell periodic, translational-symmetry-breaking EQM state. Further, the ANNs determine that this state is unidirectional, revealing a coincident nematic EQM state. Strong-coupling theories of electronic liquid crystals18,19 are consistent with these observations.
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                    Fig. 1: EQM imaging in hole-doped CuO2.[image: ]


Fig. 2: Training an ANN to identify broken-symmetry states in SISTM data.[image: ]


Fig. 3: ANN analysis of experimental EQM visualization data.[image: ]


Fig. 4: ANN detection of the evolution of broken symmetry with electron density.[image: ]


Fig. 5: ANN detection of broken symmetry at different electron energies.[image: ]
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                Data availability

              
              The data that support the findings of this study are available from the corresponding author upon reasonable request. The data include experimental datasets, their standardized input forms for ANN analysis, the ANN output statistics, as well as Mathematica notebook files for generating training sets, standardizing input images and defining colour scales. The data used for Extended Data Figs. 1, 4 are provided as Source Data.

            

Code availability

              
              The custom computer codes used to build and train the ANNs and to use the trained ANNs for data analysis are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 ANN detection of unidirectionality at different electron energies.
Output categorization by 81 ANNs of 16 nm × 16 nm Z(r, E) images of Bi2Sr2CaCu2O8 in the electron energy range E = 30–150 meV in steps of 6 meV for P = 0.08 (Tc = 45 K). Markers are larger than the statistical spread (one standard deviation) of the ANN outputs, as estimated from our ensemble of 81 ANN realizations (see Methods). a, The output for modulation orientation X is obtained by inputting the Z(r, E) image array to the ANNs. b, The output for modulation orientation Y is obtained by inputting the 90°-rotated versions of the Z(r, E) used in a to the ANNs.

                          Source Data
                        


Extended Data Fig. 2 Schematic of DWs arising in the CuO2 plane according to strong-coupling position-based theories.
a, The d-symmetry 4a0 charge DW. The charge density at the Ox site is modulated with four-unit-cell periodicity along the horizontal direction, and similarly for that at Oy, but out of phase by π (d symmetry). Cu locations are marked by small dots. b, The 8a0 pair DW state. The d-wave Cooper pair density is modulated with eight-unit-cell periodicity along the horizontal direction. Such modulation in the Cooper pair density can cause a 4a0-period modulation in the local density of states N(r).


Extended Data Fig. 3 Local commensurate motifs in scanning tunnelling microscopy images.
a, Large-field-of-view, high-precision scanning tunnelling microscopy image of the electronic structure of Bi2Sr2CaCu2O8 with p ≈ 0.08, integrated to E = 100 meV. The larger inset shows the FT of the power spectral density, whereas the smaller inset shows the same data plotted along a line from 0.1 to 0.5 in units of 2π/a0. Clearly, the maximum intensity peak occurs at \(\left\langle Q\right\rangle =0.28\). b, Within each of the eight 6.5-nm2 regions marked in a there are many commensurate, unidirectional 4a0 electronic-structure motifs (inside the white rectangles). The Cu sites, independently determined from topographic imaging, are shown as fine dots.


Extended Data Fig. 4 Categories defined by electronic orders.
a–d, Example images from the simulated training set, from category C = 1 (a), C = 2 (b), C = 3 (c) and C = 4 (d), defined by DFF unidirectional modulation with wavelengths λC = 4.348a0, 4a0, 3.704a0 and 3.448a0, respectively. The CuO2 unit-cell size a0 is 6 pixels diagonally.

                          Source Data
                        


Extended Data Fig. 5 ANN training and testing.
a, Examples of the accuracy of the ANN outputs for the independent validation dataset and the cross-entropy cost function are compared for different neuron activation functions during the initial training processes. The inset illustrates the nonlinear activation functions, that is, the sigmoid function and the rectified linear unit (ReLU). b, Examples of the accuracy and the cross-entropy cost versus the number of neurons in a single hidden layer after 25 epochs of training.


Extended Data Fig. 6 Experimental SISTM images.
a, Example Z(r, E) of underdoped Bi2Sr2CaCu2O8 with hole density p = 0.06 (Tc = 20 K). The inset is a zoom-in with marked atom positions determined from the topograph (Cu, red/light; O, purple/dark). b, A small region of a. c, Standardized version of b (see Methods).


Extended Data Fig. 7 Experimental SISTM images used as input for categorization.
a, Z(r, E) of underdoped Bi2Sr2CaCu2O8 with p = 0.06 (Tc = 20 K) at energy E = Δ1 (see main text). f, The 516 × 516 pixel (2 × 86 × 86 CuO2 unit cells) input data from a (see Methods). b–e, g–j, As in a, f, but for underdoped Bi2Sr2CaCu2O8 with p = 0.08 (Tc = 45 K) (b, g), underdoped Bi2Sr2CaCu2O8 with p = 0.085 (Tc = 50 K) (c, h), underdoped Bi2Sr2CaCu2O8 with p = 0.14 (Tc = 74 K) (d, i) and overdoped Bi2Sr2CaCu2O8 with p = 0.20 (Tc = 82 K) (e, j). Too-small images are tiled, with unit cells intact at the tiling boundary, whereas too-large images are cropped.


Extended Data Fig. 8 Benchmarking categorization using experimental images.
a, Input data for the topograph of overdoped Bi2Sr2CaCu2O8 with p = 0.22 (Tc = 70 K). b, Output categorization of a by 81 ANNs, showing absence of a translation-breaking signal. Results for the modulation orientations x and y are obtained by inputting the image in a and its 90°-rotated version, respectively, to the ANNs (see Methods). c, The input Z(r, E) data for NCCOC with a doping of p = 0.12 at E = 150 meV. d, Output categorization of c by 81 ANNs, showing commensurate modulations (category 2).


Extended Data Fig. 9 Categorization is robust to changes in training-set parameters.
a–d, The evolution of output categorizations upon increasing hole doping (as in Fig. 4k–m, o). e, Energy dependence of the output categorizations (as in Extended Data Fig. 1a). f–j, Categorizations of the same inputs as for a–e, respectively, obtained from the output of a single ANN trained using a different training set (see Methods).


Extended Data Fig. 10 Weakness of FT analysis of EQM.
a, b, The DFF Fourier amplitude, \(\left|\widetilde{\Psi }\left({\boldsymbol{q}}\right)\right|\), with the wavevector q restricted to a square area with its corner at the origin of Fourier space (black square) and its centre at \({{\boldsymbol{Q}}}_{X}=\frac{1}{4}{{\boldsymbol{G}}}_{X}\) (in a) and \({{\boldsymbol{Q}}}_{Y}=\frac{1}{4}{{\boldsymbol{G}}}_{Y}\) (in b), where GX amd GY are the Bragg peaks. Data from a Bi2Sr2CaCu2O8 sample with a doping level of p = 0.10 (Tc = 65 K). Figure reproduced from ref. 28 with permission from PNAS. c, The modulation is the real part of the complex wave \(\psi \left(x\right)=A\left(x\right){{\rm{e}}}^{i\left[{Q}_{0}x+\phi \left(x\right)\right]}\), which has commensurate domains with local wavevector \({Q}_{0}=\frac{1}{4}\times \frac{2{\rm{\pi }}}{a}\) (period 4a). The amplitude A(x) ≥ 0 varies smoothly around 1. Phase slips are incorporated in φ(x) (see d). The average wavevector is \(\bar{Q}=0.3\times \frac{2{\rm{\pi }}}{a}\). d, The local phase φ(x) of ψ(x) in c, constructed as a discommensuration array in the phase argument \(\Phi \left(x\right)={Q}_{0}x+\phi \left(x\right)\). Phase slips of all discommensurations are set to +π. The distances between neighbouring discommensurations vary randomly around the average distance set by the value of incommensurability, \(\delta =\bar{Q}-{Q}_{0}=0.05\times \frac{2{\rm{\pi }}}{a}\). e, Fourier amplitudes \(\left|\widetilde{\psi }\left(q\right)\right|\) of the modulation ψ(x) in c (blue line) show a narrow peak at \(\bar{Q}=0.3\times \frac{2{\rm{\pi }}}{a}\). The demodulation residue |Rq| (red dashed line) has its minimum exactly at the average \(\bar{Q}\).





Source data
Source Data Extended Data Fig. 1.

Source Data Extended Data Fig. 4.
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