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            Abstract
Most engineering materials are based on multiphase microstructures produced either through the control of phase equilibria or by the fabrication of different materials as in thin-film processing. In both processes, the microstructure relaxes towards equilibrium by mismatch dislocations (or geometric misfit dislocations) across the heterophase interfaces1,2,3,4,5. Despite their ubiquitous presence, directly probing the dynamic action of mismatch dislocations has been unachievable owing to their buried nature. Here, using the interfacial transformation of copper oxide to copper as an example, we demonstrate the role of mismatch dislocations in modulating oxide-to-metal interfacial transformations in an intermittent manner, by which the lateral flow of interfacial ledges is pinned at the core of mismatch dislocations until the dislocation climbs to the new oxide/metal interface location. Together with atomistic calculations, we identify that the pinning effect is associated with the non-local transport of metal atoms to fill vacancies at the dislocation core. These results provide mechanistic insight into solidâ€“solid interfacial transformations and have substantial implications for utilizing structural defects at buried interfaces to modulate mass transport and transformation kinetics.
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                    Fig. 1: Formation of mismatch dislocations at the Cu2O/Cu interface.


Fig. 2: In situ TEM visualization of the stop-and-go ledge flow of the Cu2Oâ€‰â†’â€‰Cu interfacial transformations at 623â€‰K and 5.3â€‰Pa of H2 gas.


Fig. 3: In situ atomic-scale observations of the intermittent ledgeÂ flow regulated by mismatch dislocations during the Cu2Oâ€‰â†’â€‰Cu interfacial transformations at 623â€‰K and 5.3â€‰Pa of H2 gas flow.


Fig. 4: DFT modelling of the stop-and-go Cu2Oâ€‰â†’â€‰Cu interfacial transformations.
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              All data generated or analysed during this study are included in the published article and itsÂ Supplementary Information files.
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Extended data figures and tables

Extended Data Fig. 1 NEB calculations of energy barriers for vacancy-assisted diffusion of O atoms with the absence (upper panel) and presence (lower panel) of interstitial H in Cu2O.
a, Surface/subsurface: migration of an O atom in the second layer to a vacant lattice site in the topmost layer. b, Bulk: interlayer (1â†’0) and intralayer (2â†’0) O-vacancy exchanges. c, Cu2O/Cu interfacial ledge pinned at the mismatch dislocation core: migration of the O atom at the mismatch dislocation core to its adjacent, non-equivalent vacant lattice sites. d, Cu2O/Cu interface ledge away from the dislocation core by two Cu lattice spacings: migration of the O atom in front of the ledge to its adjacent, non-equivalent vacant lattice sites. eâ€“h, Vacancy-assisted O diffusion along the same pathways as aâ€“d with the presence of interstitial H in the Cu2O lattice.


Extended Data Fig. 2 DFT calculations of O-vacancy formation energies and Cu-vacancy exchange barriers.
Black arrows mark the O-vacancy formation (and the associated energy) at the interfacial ledge (2.1â€‰eV) and terrace (2.6â€‰eV), respectively, indicating that the Cu2Oâ†’Cu transformation occurs preferentially from the interfacial ledge, resulting in ledge flow. Blue arrows mark the interlayer Cu-vacancy exchange with and without the interfacial H, respectively, along two non-equivalent pathways in Cu2O. Green arrows mark atom-vacancy exchanges in the bulk of the Cu substrate. Cyan arrows mark the interfacial jumps of metallic Cu to the vacant site of the mismatch dislocation core in front of the interfacial ledge. Three non-equivalent types of atom-vacancy diffusion pathways are identified with the diffusion barriers in the range of 0.22 to 0.31â€‰eV.


Extended Data Fig. 3 HRTEM and STEM-HAADF imaging of Cu vacancies in interfacial ledges.
a, b,Â HRTEM and HAADF images of the Cu2O(110)/Cu(110) interfaces showing the presence of a double-atomic-height interfacial ledge pinned at the mismatch dislocation core. c, d,Â HRTEM and HAADF images of the Cu2O(100)/Cu(100) interface showing a monoatomic interfacial ledge pinned at the mismatch dislocation. Shown on the right are the intensity profiles of the Cu2O/Cu interface region marked by the red dashed rectangle in aâ€“d. The yellow arrows mark the interfacial ledges. The relatively dimmed image contrast of the atom column of the interfacial ledges compared to the neighbouring interfacial terrace Cu atom columns indicates the presence of Cu vacancies within the interfacial ledge. Scale bar: 0.5 nm.


Extended Data Fig. 4 HRTEM and HAADF simulations of interfacial ledges with different length ratios of the Cu and vacancy segments in the ledge.
a, b, Cu2O(110)/Cu(110) interface model with LCu/LVâ€‰=â€‰3 and 1 for the ledge atom columns marked by the cyan and green arrows, respectively, (LCu and LV stand for, respectively, the lengths of the Cu and vacancy segments in the ledge) before a and after b DFT relaxation. c, e,Â Simulated HRTEM and HAADF-STEM images based on the DFT relaxed interface structure in b. d, f,Â Intensity profiles drawn from the red rectangles in c and e, respectively. g, h, Cu2O(110)/Cu(110) interface model with LCu/LVâ€‰=â€‰1 and 1/3 in the two ledge atom columns marked by the green and yellow arrows, respectively, before g and after h DFT relaxation. i, k,Â Simulated HRTEM and HAADF-STEM images based on the DFT relaxed interface in h. j, l,Â Intensity profiles drawn from the purple rectangles in i and k, respectively, showing the decreased image intensity with increasing the length of the vacancy segment, consistent with the experimental HRTEM and HAADF images in Extended Data Fig. 3.


Extended Data Fig. 5 Energetically unfavourable events of interfacial ledge propagation and possible pathways for filling the vacancy column of the interfacial ledge.
a, b,Â Ledge flow without filling up the Cu-vacancy columns transforms the mismatch dislocation into an isolated edge dislocation in Cu. The mismatch dislocation (blue â€œTâ€�) is buried by the newly formed Cu and becomes an isolated edge dislocation (red â€œTâ€�), which will increase its energies due to the required presence of many broken bonds along the isolated dislocation line. By contrast, it is thermodynamically more favourable for the mismatch dislocations to climb to the new interface, by adsorbing extra Cu from the Cu substrate, to release some lattice mismatch strain upon the Cu2Oâ†’Cu interfacial transformation. c, An initially straight ledge stops at a mismatch dislocation core. d, e,Â A segment of Cu vacancies (marked in red colour) in front of the interfacial ledge is filled up and the segment then resumes its propagation to the next mismatch dislocation core (marked by the blue dashed lines). This is an unfavourable event because it will result in large geometric kinks with their side lengths of seven Cu lattice spacings for each propagation. Such an unsynchronized ledge flow leads to a highly kinked ledge with significantly increased ledge lengths and therefore is energetically unfavourable compared to the propagation of a straight ledge that happens only after all the Cu vacancies in front of the entire interfacial ledge are filled up. fâ€“h, Two possible pathways of filling the vacancies in the interfacial ledge with Cu atoms supplied from the Cu bulk: f, g, randomly occupying the vacant sites, resulting in a high density of atomic kinks in the ledge; g, h, aggregation of Cu atoms into a one-dimensional (1D) segment of Cu, which subsequently grows along the ledge.


Extended Data Fig. 6 Evaluation of the system energy changes as a function of the distance of Cu vacancies from the Cu2O/Cu interface and of the aggregation of vacancies in the interfacial ledge.
a, The swap of one Cu vacancy in the dislocation core with a Cu atom that is away from the Cu2O/Cu interface by one, three and five atomic spacings in the Cu bulk, respectively.Â b, The swap of two Cu vacancies in the dislocation core with the Cu atoms that have increased distance from the Cu2O/Cu interface. c, Upper panel, Cu2O/Cu interfacial ledge consisting of isolated vacancies and Cu atoms; lower panel, Cu2O/Cu interfacial ledge consisting of 1D segments of aggregated Cu atoms and vacancies. The aggregation of vacancies (and Cu atoms) into 1D segments along the ledge lowers the system energy by 0.29â€‰eV.


Extended Data Fig. 7 In situ HRTEM observations of the positive climb motion of edge dislocations in the bulk of the Cu substrate during the stop-and-go Cu2Oâ†’Cu transformation along the low-index Cu2O(110)/Cu(110) interface at 623â€‰K and 5.3â€‰Pa of H2 gas flow.
a, HRTEM micrograph showing the presence of edge dislocations (marked by yellow T) in the bulk of the Cu substrate. b, In situ HRTEM images (Supplementary VideoÂ 5) showing the glide and positive climb of an edge dislocation in the region marked with the blue dashed square in a. The edge dislocation has a projected Burgers vector of \(b=\frac{1}{2}[100]\) and is observed to glide (from yellow to cyan T positions) and climb (from cyan to red T positions) during the stop-and-go propagation of the interfacial ledges. Scale bar, 0.5â€‰nm (a,Â b).


Extended Data Fig. 8 In situ HRTEM observations of the stop-and-go Cu2Oâ†’Cu transformation along a high-index Cu2O/Cu interface during the H2 exposure at 623â€‰K and 0.021â€‰Pa of H2 gas flow.
aâ€“d, Time-sequence HRTEM micrographs (Supplementary VideoÂ 6) showing the presence of a high density of interfacial ledges that are constantly pinned at the mismatch dislocations during the Cu2O/Cu interface propagation toward the Cu2O side. The propagation of the interfacial ledges is accompanied by the glide and climb of the mismatch dislocation in front of the ledges. Meanwhile, an edge dislocation in the Cu bulk is observed to glide and climb deeper toward the Cu substrate during the Cu2Oâ†’Cu interfacial transformation. Scale bar, 2â€‰nm.


Extended Data Fig. 9 (Left panel) In situ plan-view HRTEM imaging of the Cu2O(100)/Cu(100) interfacial transformation at 623â€‰K and 5.3â€‰Pa of H2 gas; (right panel) HRTEM simulation and intensity profile for the interfacial stop-and-go ledge flow along the e-beam direction.
aâ€“d, Time-sequence HRTEM images (Supplementary VideoÂ 8) showing that the image contrast of the Cu2O(100)/Cu(100) interfacial layer marked with red, cyan, blue and green rectangles becomes progressively dimmed in an intermittent manner. e, Time-sequence intensity profiles along the interface layer marked in aâ€“d, showing intermittent attenuation in the image intensity of atomic columns in the interface layer. Similar intensity profiles are grouped in the same colour. f, Time-sequence intensity profiles showing the constant image contrast of the pure Cu2O and Cu regions (marked by yellow and pink rectangles, respectively, in aâ€“d). The intermittent attenuation of the image intensity within the Cu2O(100)/Cu(100) interface layer reveals that the Cu2Oâ†’Cu interfacial transformation occurs also via the stop-and-go ledge flow along the fore-and-aft direction that is parallel to the e-beam direction of the TEM imaging. g, h, Side- and front-views of the Cu2O(100)/Cu(100) interface model with the interfacial ledge pinning at the dislocation core. iâ€“l, Simulated HRTEM images based on the front-view model (h), where the increased L1/L2 ratios correspond to the progressive Cu2Oâ†’Cu transformation within the Cu2O/Cu interface layer. The inset intensity profiles are extracted from the Cu2O/Cu interface layer marked by red dashed rectangles in the simulated HRTEM images. m, Intensity ratios of high/low peaks of the intensity profiles of the Cu2O/Cu interface of the simulated HRTEM images as a function of the L1/L2 ratio. n, Evolution of the intensity ratios of high/low peaks of the intensity profiles (e) of the Cu2O/Cu interface of the experimental HRTEM images as a function of the reaction time. Scale bar, 0.5â€‰nm (aâ€“d).


Extended Data Fig. 10 Pinning of interfacial ledges at the core of mismatch dislocations at a Cu2O/Cu interface formed from the oxidation of bulk Cu.
a, SEM image of a TEM lamella prepared by focus ion beam (FIB) milling of a bulk Cu sample oxidized at 423â€‰K for 10â€‰min in air under the atmospheric pressure. b, TEM image showing a high density of interfacial ledges that are pinned at the core of mismatch dislocations at the Cu2O/Cu interface. Insets: HRTEM images of the core region of the mismatch dislocations along with the pinned ledge. Scale bar, 5â€‰\({\rm{\mu }}\)m (a), 2â€‰nm (b).
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