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Supplementary Text

Surface pressure and curvature radius calculation
Surface atom diffusion of the hill-like structure can be driven by the surface pressure. The surface

pressure P can be calculated by the Laplace pressure equation: p = Rl +Rl, where v is the surface
1 2

energy, R1 and R are the main curvature radius of the hill-like structure as shown in Fig. S2A.
Since the surface of the hill-like structure is approximately semispherical (11), R: and Rz can be

considered equal. Hence, the above equation can be rewritten as: p = %. The surface energy of

(001) plane for Au is 0.864 J/m?(37). In Fig. S2B, at the initial moment of the Au ligament fracture,
the curvature radius of the newly formed hill-like structure is 0.90 nm. Thus, the surface pressure
is calculated to be 1.91 GPa. This value is comparable to the ideal yield strengths of Au and is
sufficiently high to break the atomic bonds and lead to surface atom diffusion (46). The changes
in the curvature radius and the surface pressure against time are plotted in Fig. S2C. As diffusion
proceeded, the curvature radius of the hill-like structure gradually increased to ~3.63 nm and the
surface pressure decreased to 0.48 GPa. Correspondingly, the atom diffusion gradually slowed
down and eventually stopped.

In accordance with the aforementioned calculation method, we determine the curvature radius of
layer “5” during diffusion process as shown in Fig. S4. The topmost atomic layer can also be
conceptualized as a semispherical surface, denoted by a blue arc defined by three red points.
Similar to Fig. S2A, we can express the curvature radius of semispherical in terms of the curvature
radius of a two-dimensional blue arc. Therefore, the radius of the outer circle of the purple triangle,
determined by three red points (i.e., the radius of the blue arc) is denoted as R, calculated as R =

a_zc’ where a, b and c are the lengths of the sides of the triangle, and S is the area of the triangle

as indicated in Fig. S4A. The side length and area of the triangle can be defined by the number of
atomic columns and the radius of the Au atom. Therefore, the curvature radius of the topmost
atomic layer can be derived by the number of atomic columns and the radius of one Au atom.

2
Consequently, the formula is given by R = (4+iv )r, where R is the curvature radius, N is the number

of atomic columns, and r is Au atomic radius (0.139nm) (47). As atom diffusion on the topmost
layer, the height of the topmost atomic layer remains constant, while the number of atomic columns
gradually decreases, leading to increase in curvature.

Atomic stress calculation

To calculate atomic stress near the surface dislocation, we constructed an atomistic model using
the coordinate extracted from the atomic tracking program, where the length per pixel is 0.018 nm.
As the view direction is along <110>, the out-of-plane coordinate of each atom column has two
possibilities. Then, the in-plane scaled coordinates sx, Sy of each atom are fixed, because the relative
positions of atom columns are considered accurate from experiments. The unknown out-of-plane
coordinates s; and simulation cell are optimized to minimize the total energy. In the final
equilibrated configuration, we calculate the atomic stress tensor using the “compute stress/atom”
command in LAMMPS, where the interatomic potential is EAM/alloy (48). This command
computes the stress tensor times the atomic volume for each atom. The final stress tensor is
obtained by dividing the quantity by the equilibrium atomic volume of FCC Au. Atomic stress
near the surface dislocation is shown in Fig. S8.




A surface dislocation annihilation

Figure S10 presents a time series of HRTEM images, showing the annihilation of a surface
dislocation on layer “6”. We extracted the intensity profiles across layer “6” enclosed by the white
rectangle areas in Fig. SI0A-C, as shown in Fig. S10D. Since the white spots in the HRTEM
images represent Au atomic columns while the dark spots represent channels between atomic
columns, the peaks on the profiles correspond to the atomic columns and the valleys correspond
to the channels. From 0 s to 0.05 s, the two atomic columns at the core of the dislocation began to
merge. At 0.1 s, the two atomic columns completed the merging. As shown in Fig. S10D, two
atomic columns of the dislocation core in profile A transformed into one atomic column in profile
C, implying the rearrangement of the atomic columns and the annihilation of a surface dislocation.




Strain actuator

Fig. S1. Microstructure of the nanoporous gold and the schematic illustration of tensile test.
(A) A typical bright-field TEM image of the as-prepared NPG film. Scale bar: 100 nm. (B)
Schematic illustration showing in situ TEM tensile tests with the homemade strain actuator.
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Fig. S2. Surface pressure calculation of the hill-like structure. (A) A schematic illustration of
the curvature radius of a surface. (B) HRTEM images showing the hill-like structure of the
fractured Au ligament with curvature radius. Scale bar: 1 nm. (C) The change of the surface
pressure and curvature radius of the hill-like structure as a function of time.
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Fig. S3. Surface atom diffusion on (001) plane. (A to H) Time series of HRTEM images showing
the surface atom diffusion on layer “7”. The surface dislocation core is denoted by the red triangles.
The insets on the top right represent the schematic illustrations of the atom configurations on the

topmost layer. Scale bars: 1 nm.
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Fig. S4. The relationship between curvature and diffusion velocity. (A) A schematic
illustration for calculating the curvature of the topmost atomic layer. The blue curve and the black
double arrow are the curvature arc and radius of the topmost atomic layer, respectively. (B) The

measured diffusion velocity of atomic column (1/t) and surface pressure versus curvature of layer
“5”-



Fig. S5. Surface atom diffusion on (001) plane. (A to H) Time series of HRTEM images showing
the surface atom diffusion on layer “4”. The surface dislocation core is denoted by the red triangles.
The cyan and purple triangles indicate the removal and adding back of atomic columns. The insets
on the top right represent the schematic illustrations of the atom configurations on the topmost
layer. Scale bars: 1 nm.



Fig. S6. Surface atom diffusion on (001) plane. (A to C) Time series of HRTEM images showing
the surface atom diffusion on layer “4”. The surface dislocation core is denoted by the red triangles.
The cyan triangles indicate the removal and adding back of atomic columns. The insets on the top
right represent the schematic illustrations of the atom configurations on the topmost layer. Scale
bars: 1 nm.



Fig. S7. Temporal dynamic change of the hill-like structure. (A to F) Successive Fourier-
filtered HRTEM images show that the crystal plane orientation of side plane undergoes dynamic
changes. Scale bars: 1 nm.



Fig. S8. Atomic stress calculation of surface dislocation. (A) The HRTEM image captures the
nucleation of surface dislocation, corresponding to Fig. 3(C). (B) Evaluation of atomic stress in
distinct regions of the hill-like structure reveals substantial compressive stress at the dislocation
core, suggesting the induction of local drastic compressive strain by the surface dislocation.
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Fig. S9. Atomic columns trajectories of surface dislocation movement. Atomic column
trajectories and associated atomic displacement map extracted from Fig. 3(C to D) from automated
analysis. The upper right image is an enlarged view within the dotted box. The red triangles with
different edge colors indicate the location of the surface dislocation at different time, and the red
arrow indicates the surface dislocation movement.
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Fig. S10. A surface dislocation annihilation. (A to C) A time-series of Fourier-filtered HRTEM
images showing the annihilation of a surface dislocation by the merging of two adjacent atomic
columns at the core of the surface dislocation. Scale bars: 1 nm. (D) Intensity profiles extracted
along the white dotted rectangle areas in (A to C).
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Fig. S11. Surface atom diffusion on (111) plane of a hill-like structure with initial 1.09 nm
curvature radius. (A) Fourier-filtered HRTEM image of an Au nanowire. (B to I) Successive
Fourier-filtered HRTEM images showing layer-by-layer diffusion on (111) plane, acquired from
Fig. 4. Scale bars: 1 nm.



Fig. S12. Surface atom diffusion on (111) plane of a hill-like structure with initial 1.85 nm
curvature radius. (A) Fourier-filtered HRTEM image of an Au nanowire. (B to G) Successive
Fourier-filtered HRTEM images showing layer-by-layer diffusion on (111) plane. Scale bars: 1
nm.
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Fig. S13. Surface atom diffusion on (111) plane of a h||| like structure with |n|t|al 2.5 nm
curvature radius. (A) Fourier-filtered HRTEM image of an Au nanowire. (B to I) Successive
Fourier-filtered HRTEM images showing layer-by-layer diffusion on (111) plane. Scale bars: 1
nm.



Movie S1.

Surface atoms layer-by-layer diffusion process of fractured Au ligament, recorded at a rate of
100 frames per second and played at 1x speed.



REFERENCES

1. N. Kamiuchi, K. Sun, R. Aso, M. Tane, T. Tamaoka, H. Yoshida, S. Takeda, Self-activated

surface dynamics in gold catalysts under reaction environments. Nat. Commun. 9, 2060 (2018).

2. P. Feng, H. Ji, L. Zhang, X. Luo, X. Leng, P. He, H. Feng, J. Zhang, X. Ma, W. Zhao, Highly
stretchable patternable conductive circuits and wearable strain sensors based on

polydimethylsiloxane and silver nanoparticles. Nanotechnology 30, 185501 (2019).

3. M. Li, K. Duanmu, C. Wan, T. Cheng, L. Zhang, S. Dai, W. Chen, Z. Zhao, P. Li, Y. Zhu, R. Yu,
J. Luo, K. Zang, Z. Lin, M. Ding, J. Huang, H. Sun, J. Guo, X. Pan, W. A. Goddard III, P.
Sautet, Y. Huang, X. Duan, Single-atom tailoring of platinum nanocatalysts for high-

performance multifunctional electrocatalysis. Nat. Catal. 2, 495-503 (2019).

4. A.R. S. Olaya, F. Kiuhling, C. Mahr, B. Zandersons, A. Rosenauer, A. Rosenauer, J.
Weissmuller, G. Wittstock, Promoting effect of the residual silver on the electrocatalytic
oxidation of methanol and its intermediates on nanoporous gold. ACS Catal. 12, 4415-4429
(2022).

5. P. Liu, P. Guan, A. Hirata, L. Zhang, L. Chen, Y. Wen, Y. Ding, T. Fujita, J. Erlebacher, M.
Chen, Visualizing under-coordinated surface atoms on 3D nanoporous gold catalysts. Adv.
Mater. 28, 1753-1759 (2016).

6. Q. Zhang, J. He, R. Guo, Y. Zhao, W. Zhang, W. Zhang, S.-S. Pang, Y. Ding, Assembling highly
coordinated pt sites on nanoporous gold for efficient oxygen electroreduction. ACS Appl. Mater.
Interfaces 10, 39705-39712 (2018).

7. S. Shi, Y. Li, B.-N. Ngo-Dinh, J. Markmann, J. Weissmuller, Scaling behavior of stiffness and
strength of hierarchical network nanomaterials. Science 371, 1026-1033 (2021).

8. L. Wang, J. Teng, Y.Wu, J. Zou, G.Yu, Z. Zhang, X. Han, Size dependence of dislocation
activities and independence on theoretical elastic strain limit in Pt nanocrystals revealed by

atomic-resolution in situ investigation. Mater. Today Nano 2, 1-6 (2018).



9.Y. Yue, N. Chen, X. Li, S. Zhang, Z. Zhang, M. Chen, X. Han, Crystalline liquid and rubber-like
behavior in Cu nanowires. Nano Lett. 13, 3812-3816 (2013).

10. L. Tian, J. Li, J. Sun, E. Ma, Z.-W. Shan, Visualizing size-dependent deformation mechanism
transition in Sn. Sci. Rep. 3, 2113 (2013).

11. D. Kong, T. Xin, S. Sun, Y. Lu, X. Shu, H. Long, Y. Chen, J. Teng, Z. Zhang, L. Wang, X.
Han, Surface energy driven liquid-drop-Like pseudoelastic behaviors and in situ atomistic

mechanisms of small-sized face-centered-cubic metals. Nano Lett. 19, 292-298 (2019).

12. H.Gobel, P. von Blanckenhagen, A study of surface diffusion on gold with an atomic force
microscope. Surf. Sci. 331-333, 885-890 (1995).

13. H. P. Hagan, P. A. Campbell, K. W. Smith, R. J. Turner, D. G. Walmsley, Temporal behaviour
of nanofeatures on Au. Ultramicroscopy. 42—-44, 587-593 (1992).

14. D. A. Sommerfeld, R. T. Cambron, T. P. Beebe, Jr, Topographic and diffusion measurements of
gold and platinum surfaces by scanning tunneling microscopy. J. Phys. Chem. 94, 8926-8932
(1990).

15. J. Schneir, R. Sonnenfeld, O. Marti, P. K. Hansma, J. E. Demuth, R. J. Hamers, Tunneling
microscopy, lithography, and surface diffusion on an easily prepared, atomically flat gold
surface. J. Appl. Phys. 63, 717-721 (1988).

16.J. Sun, L. He, Y.-C. Lo, T. Xu, H. Bi, L. Sun, Z. Zhang, S. X. Mao, J. Li, Liquid-like
pseudoelasticity of sub-10-nm crystalline silver particles. Nat. Mater. 13, 1007-1012 (2014).

17. B. Song, J. Jansen, F. D. Tichelaar, H. W. Zandbergen, G. Gajewski, C. W. Pao, D. J. Srolovitz,
In-situ transmission electron microscopy and first-principles study of Au (100) surface
dislocation dynamics. Surf. Sci. 608, 154-164 (2013).

18. H. W. Zandbergen, C.-W. Pao, D. J. Srolovitz, Dislocation injection, reconstruction, and atomic
transport on {001} Au terraces. Phys. Rev. Lett. 98, 036103 (2007).



19. D. G. Fedak, N. A. Gjostein, A low energy electron diffraction study of the (100), (110) and
(111) surfaces of goldEtude, par diffraction d'electrons de basse energie, des surfaces (100),
(110) et (111) de I'orEine beugungsuntersuchung der (100), (110) und (111)-flachen von gold
mit niederenergetischen elektronen. Acta Metall. 15, 827-840 (1967).

20. C.-W. Pao, Thermodynamic and kinetic properties of surface dislocations on Au(001) from
atomistic simulations. Phys. Rev. B 75, 195405 (2007).

21. P. Havu, V. Blum, V. Havu, P. Rinke, M. Scheffler, Large-scale surface reconstruction
energetics of Pt(100) and Au(100) by all-electron density functional theory. Phys. Rev. B 82,
161418(R) (2010).

22. H. Yoshida, Y. Kuwauchi, J. R. Jinschek, K. Sun, S. Tanaka, M. Kohyama, S. Shimada, M.
Haruta, S. Takeda, Visualizing gas molecules interacting with supported nanoparticulate
catalysts at reaction conditions. Science 335, 317-319 (2012).

23. M. Benlattar, E. Elkoraychy, K. Sbiaai, M. Mazroui, Y. Boughaleb, Ehrlich-Schwdbel barriers
and adsorption of Au, Cu and Ag stepped (100) surfaces. Mod. Phys. Lett. B 31, 1750037 (2017).

24. R. L. Schwoebel, E. J. Shipsey, Step motion on crystal surfaces. J. Appl. Phys. 37, 36823686
(1966).

25. G. Ehrlich, F. G. Hudda, Atomic view of surface self-diffusion: Tungsten on tungsten. J. Chem.
Phys. 44, 1039-1049 (1966).

26. P. Liu, X. Wei, S. X. Song, L. Wang, A. Hirata, T. Fujita, X. Han, Z. Zhang, M. Chen, Time-
resolved atomic-scale observations of deformation and fracture of nanoporous gold under
tension. Acta Mater. 165, 99-108 (2019).

27.S. Chu, P. Liu, Y. Zhang, X. Wang, S. X. Song, T. Zhu, Z. Zhang, X. Han, B. Sun, M. Chen, In
situ atomic-scale observation of dislocation climb and grain boundary evolution in
nanostructured metal. Nat. Commun. 13, 4151 (2022).



28. L. Wang, X. Han, P. Liu, Y. Yue, Z. Zhang, E. Ma, In situ observation of dislocation behavior
in nanometer grains. Phys. Rev. Lett. 105, 135501 (2010).

29. P. Liu, S. C. Mao, L. H. Wang, X. D. Han, Z. Zhang, Direct dynamic atomic mechanisms of
strain-induced grain rotation in nanocrystalline, textured, columnar-structured thin gold films.
Scr. Mater. 64, 343-346 (2011).

30. X. Han, P. Liu, Y. Zhang, Y. Yue, Z. Zhang, Device and method for measuring
electromechanical properties and microstructure of nano-materials under stress state, U.S. Patent
US8069733B2 (2011).

31. S. J. Liu, H. Huang, C. H. Woo, Schwoebel-Ehrlich barrier: From two to three dimensions.
Appl. Phys. Lett. 80, 3295-3297 (2002).

32. L. Wang, Y. Zhang, Z. Zeng, H. Zhou, J. He, P. Liu, M. Chen, J. Han, D. J. Srolovitz, J. Teng,
Y. Guo, G. Yang, D. Kong, E. Ma, Y. Hu, B. Yin, X. Huang, Z. Zhang, T. Zhu, X. Han,
Tracking the sliding of grain boundaries at the atomic scale. Science 375, 1261-1265 (2022).

33. A. Einstein, The motion of elements suspended in static liquids as claimed in the molecular
kinetic theory of heat. Ann. Phys. 17, 549-560 (1905).

34. R. Tran, Z. Xu, B. Radhakrishnan, D. Winston, W. Sun, K. A. Persson, S. P. Ong, Surface
energies of elemental crystals. Sci. Data 3, 160080 (2016).

35. C. L. Liu, J. M. Cohen, J. B. Adams, A. F. Voter, EAM study of surface self-diffusion of single
adatoms of fcc metals Ni, Cu, Al, Ag, Au, Pd, and Pt. Surf. Sci. 253, 334-344 (1991).

36. K. Potting, W. Schmickler, T. Jacob, Self-diffusion on Au(100): A density functional theory
study. ChemPhysChem 11, 1395-1404 (2010).

37. R. Ferrando, G. Treglia, Step-descent mechanisms on Ag and Au (111). Surf. Sci. 377-379,
843-846 (1997).



38. R. Ferrando, G. Treglia, Anisotropy of diffusion along steps on the (111) faces of gold and
silver. Phys. Rev. B 50, 1210412117 (1994).

39. R. L. Coble, A model for boundary diffusion controlled creep in polycrystalline materials. J.
Appl. Phys. 34, 1679-1682 (1963).

40. C. Cao, K. Huang, J. Shi, D. Zheng, W. Wang, L. Gu, H. Bai, Liquid-like behaviours of metallic

glassy nanoparticles at room temperature. Nat. Commun. 10, 1966 (2019).

41. L. Zhong, F. Sansoz, Y. He, C. Wang, Z. Zhang, S. X. Mao, Slip-activated surface creep with
room-temperature super-elongation in metallic nanocrystals. Nat. Mater. 16, 439445 (2017).

42. S. Sun, D. Kong, D. Li, X. Liao, D. Liu, S. Mao, Z. Zhang, L. Wang, X. Han, Atomistic
mechanism of stress-induced combined slip and diffusion in sub-5 nanometer-sized Ag
nanowires. ACS Nano 13, 8708-8716 (2019).

43. P. Vajda, Anisotropy of electron radiation damage in metal crystals. Rev. Mod. Phys. 49, 481—
521 (1977).

44. 1. F. Shalzarini, P. Koumoutsakos, Feature point tracking and trajectory analysis for video
imaging in cell biology. J. Struct. Biol. 151, 182-195 (2005).

45. D. B. Allan, T. Caswell, N. C. Keim, C. M. vanderWel, R. W. Verweij, soft-matter/trackpy:
v0.6.1 (Zenodo 2023); https://zenodo.org/records/7670439. (2023).

46. K. Gall, J. Diao, M. L. Dunn, The strength of gold nanowires. Nano Lett. 4, 2431-2436 (2004).

47. L. Pauling, The use of atomic radii in the discussion of interatomic distances and lattice
constants of crystals. Acta Crystallogr. 10, 685 (1957), 687.

48. X. Zhou, R. Johnson, H. Wadley, Misfit-energy-increasing dislocations in vapor-deposited
CoFe/NiFe multilayers. Phys. Rev. B 69, 144113 (2004).





