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Supplementary Figures 

  

Supplementary Figure 1. Lattice strain measurement of Ag NW under <112> tensile 

deformation. a, Lattice strain was obtained by measuring lattice expansion along loading 

direction. The scale bar is 1 nm. b, Interplanar spacing over 20 atomic planes of the unstressed 

state. c, Interplanar spacing over 20 atomic planes of the deformed state. An elastic lattice strain 

of 2.56 % was obtained via comparing the difference in interplanar spacings. 

 

 

Supplementary Figure 2.  Elastic strain limit before yielding in tensile tests of metallic 

NWs. a, Ag NWs at a strain rate of ~10-2 s-1 and ~10-3 s-1. b, Pt NWs at a strain rate of ~10-3 s-



1. Error bars represent the variation in the lattice strain limits measured at different locations of 

a nanocrystal. 

 

 

Supplementary Figure 3. Cumulative probability for measured yield strengths of metallic 

NWs. a, Ag NWs with diameters above 15 nm. b, Ag NWs with diameters blow 15 nm. c, Pt 



NWs. The dotted purple line is a fit for the analytically derived cumulative distribution function 

F(σ). 

 

 

Supplementary Figure 4. The surface dislocation nucleation in the Ag NW with 30 nm. 

(a-d) The elastic tension of Ag NW before the dislocation nucleation. (e) The formation of one 

slip-activated surface step. (f) The motion of the slip-activated surface step. The slip-activated 

surface step was marked by the yellow arrow in e and f. The motion of the step was indicated 

by the blue arrow. Scale bar 2 nm. 

 



 

Supplementary Figure 5. Atomic diffusion at the onset of plasticity in Ag NWs under 

<112> tensile loading at strain rates of 105 s-1 and 107 s-1. a,b,c, 6-nm-diameter Ag NWs at 

the temperature of 300 K (a), 500 K (b) and 800 K (c). d, 20-nm-diameter Ag NWs at the 

temperature of 800 K. Non-affine squared displacement (Dmin
2 ) was used to quantify diffusion 

in small samples1. Each atom in the samples is colored according to its value of Dmin
2 , and the 

red atoms are diffusive. 

 



 

Supplementary Figure 6. Atomic diffusion at the onset of plasticity in 6-nm-diameter Pt 

NWs deformed along <112> tensile loading under strain rate of 105 s-1 and at, a-c, 

temperature of 300 K (a),500 K (b) and 800 K (c), respectively. Non-affine squared 

displacement (Dmin
2 ) was used to quantify diffusion in small samples1. Each atom in the samples 

is colored according to its value of Dmin
2 , and the red atoms are diffusive. 

 

 



Supplementary Figure 7. Dislocation nucleation assisted by long-range surface atom 

diffusion. a,b, Two surface steps formed by surface diffusion. c,d, Step 2 migrated to the right 

side of Ag NW. e, Overlap of surface defects (step 1 and step 2). f, Dislocation nucleation at 

the overlapping position of surface defects. 

 

 



Supplementary Figure 8. Atomic diffusion in metallic NWs deformed along <112> tensile 

loading at a temperature of 800 K and a strain rate of 105 s-1. a, Two atomic steps (step 1 

and 2) formed by surface diffusion in a 6-nm-diameter Ag NW. b, Surface-diffusion-assisted 

migration of atomic steps (steps 1 and 2) to the right side of NW. c, Overlap of surface defects. 

d, Nucleation and propagation of leading partial dislocations at the overlapping position of 

surface defects. e, Dislocation nucleation assisted by single-atom diffusion at the surface of a 

6-nm-diameter Ag NW in a random and chaotic way. f, Dislocation nucleation in a 20-nm-

diameter Ag NW with weak surface diffusion. g, Dislocation nucleation in a 6-nm-diameter Pt 

NW with nearly no surface diffusion. h, No surface diffusion during plastic flow in the Pt NW 

causing that surface steps remained immobile. Surface steps caused by full dislocation 

activities are colored by dark purple and light purple in g,h. Non-affine squared displacement 

(Dmin
2 ) was used to quantify diffusion in small samples1, and the red atoms are diffusive. 

 



 

Supplementary Figure 9. MD simulations of dislocation nucleation mechanism in <112>-

oriented Ag NWs at 800 K and a strain rate of 107 s-1. a, Sequential snapshots (from the left 

to right) showing dislocation nucleation in a 6-nm-diameter Ag NW, assisted by single-atom 

diffusion in a random and chaotic way. b, Snapshots showing atomic diffusion in the deformed 

Ag NWs corresponding to a. c, Sequential snapshots (from the left to right) showing dislocation 

nucleation in a 20-nm-diameter Ag NW where weak surface diffusion occurred. d, Snapshots 

showing atomic diffusion in the deformed Ag NWs corresponding to c. Non-affine squared 

displacement (Dmin
2 ) was used to quantify diffusion in small samples1. Each atom in the samples 

is colored according to its value of Dmin
2 , and the red atoms are diffusive. 



 

 

Supplementary Figure 10. Stress-strain curves obtained by MD simulations of tensile 

straining of Ag NWs at strain rates of 105 s-1 and 107 s-1. a, 6-nm-diameter Ag NWs. b, 20-

nm-diameter Ag NWs. With the increase in strain rate, the nucleation stress controlled by 

surface-diffusion-assisted nucleation increased from 1.98 GPa to 2.73 GPa in 6-nm-diameter 

Ag NW, while the nucleation stress controlled by surface dislocation nucleation increased from 

1.97 GPa to 2.15 GPa in 20-nm-diameter Ag NW. Surface-diffusion-assisted nucleation 

mechanism exhibit a higher strain-rate sensitivity of nucleation stress. 

 

 

Supplementary Figure 11. Surface atom diffusion induced abnormal softening during 

plastic flow in an Ag NW. a, Pristine Ag NW with a diameter of 30 nm as viewed along [1̅10] 

and loaded along [1̅1̅2]-orientation at room temperature and a strain rate of ~10-3 s-1. b, One 



surface steps (step 1) formed by a full dislocation activity. c-e, Continuous migration of step 1 

to the right side of the NW during tensile loading. f, A new surface step (step 2) in NW formed 

by a full dislocation activity. g, No obvious surface diffusion during further loading. h, A new 

surface step (step 3) in NW formed by a full dislocation activity. All scale bars are 2 nm. Each 

surface step is tracked by an arrow of specific color. i, Lattice stress versus applied strain curve 

during tensile loading; points (a-h) indicate the states of deformation shown in the TEM images 

of a–h. The initial strains were nominalized by subtracting the plastic strain in previous plastic 

deformation history. The error bars represent the variations of the measured lattice stresses at 

different locations of the nanowire.  

 

 

Supplementary Figure 12. The gauge lengths of metallic NWs. a, 6.6-nm-diameter Ag NW. 

b, 13.1-nm-diameter Ag NW. c, 30.0-nm-diameter Ag NW. d, 5.9-nm-diameter Pt NW. All 

scale bars are 2 nm.  

 



 

Supplementary Figure 13. The diffusion-contributed plastic strain during tension in Ag 

NWs. (a-b) Necking behavior in an Ag NW caused by surface atom diffusion under tensile test. 

(c-e) Non-surface diffusion. Surface steps activated by slipping were indicated by arrows. Steps 

1 and T1(T means the twin part) were disappeared near the twin boundary at 92s in e. Scale 

bar, 2nm 

 

 

Supplementary Figure 14. Schematics of the plastic deformation process in Ag NWs 

caused by, a, crystal slip and, b, surface diffusional creep.  



 

Supplementary Figure 15. Surface diffusional creep in Ag NWs. a, Pristine Ag NW with a 

diameter of 6 nm as viewed along [1̅10] and loaded along [1̅1̅2]-orientation at temperature of 

800 K and a strain rate of 105 s-1. The atoms at surface and in the interior of NW is colored by 

red and grey, respectively. b, Some surface atoms diffused onto the (1̅10) surface of Ag NW. 

c, The diffused atoms moved on (1̅10) surface. d, Surface atom diffused into the interior of the 

NW. 

 

Supplementary Figure 16. Surface diffusional creep in Ag NWs deformed along <112> 

tensile loading at temperature of 800 K and a strain rate of 105 s-1. a, Pristine Ag NW with 

a diameter of 6 nm as viewed along [1̅1̅2]-orientation. The atoms at surface and in the interior 



of NW is colored by red and grey, respectively. b, Surface atoms diffused into the interior of 

NW during mechanical loading. 

 

 

Supplementary Figure 17. Stress-strain curve obtained by the MD simulation of tensile 

straining of a 6-nm-diameter Ag NW. The arrow indicates the first dislocation nucleation 

event. 

 

Supplementary Figure 18. The facet evolution of the silver nanowire in MD simulation. (a) 

The Ag nanowire (6 nm) in MD simulation under tensile loading. (b) Left view for the cutting 

part marked by the red line in (a). The sample showed different facets. Note that the {100} 



plane is not the edge-on plane with [112] axis. (c) The facet of the sample after the further 

diffusion under loading. Different facets were marked by different color atoms. 

 

Supplementary Tables 

Supplementary Table 1. Physical property parameters of Ag and Pt. 

 
Ag NWs Pt NWs 

Young’s modulus E (GPa) 83.61 185.01 

Lattice constant a (nm) 0.4079 0.3924 

Full dislocation burgers vector b (nm) 0.2921 0.2810 

Activation energy barrier for diffusion (eV) 0.064 0.171 

Surface mobility µs (m
2⸱J-1⸱s-1) 1.4*104 4.3 

Surface energy γ (J/m2) 1.17 2.3 

 

Supplementary Table 2. Activation parameters for dislocation nucleation in metallic 

NWs at room temperature. 

 Ag NWs 

(<15 nm) 

Ag NWs 

(>15 nm) 

Pt NWs 

Critical nucleation strength σc (GPa) 2.610.150 2.960.163 5.460.135 

Athermal nucleation strength σath 

(GPa) 
4.270.054 3.860.085 9.200.135 

Shear strength along primary slip 

system ath (GPa) 

1.680.021 1.520.033 3.610.053 

Helmholtz free energy of activation 

U (eV) 

0.160.010 0.600.022 1.300.049 

Gibbs free energy of activation G 

(eV) 

0.0630.005 0.1410.010 0.3160.012 

Activation volume  (b3) 0.240.013 1.000.011 1.020.003 

Nucleation rate prefactor N0 (s
-1) 3.20.080 280.132.124 132363.62950.494 

Nucleation rate  (s-1) 0.280.047 1.160.510 1.590.482 

 

Supplementary Table 3. Experimental and theoretical values of strain increments 

corresponding to different stress drops caused by dislocation activities. 

Sample 6.6-nm-diameter Ag NW 13.1-nm-diameter Ag NW 



Stress drop 

(GPa) 

Stress drop 1 

(1.56- 0.99) 

Stress drop 2 

(0.99- 0.88) 

Stress drop 3 

(1.57- 0.87) 

Stress 

drop 4 

(1.46-

1.00) 

Stress drop 1 

(2.22- 1.01) 

Stress drop 2 

(2.09- 0.95) 

Stress drop 3 

(1.97- 1.27) 

Dislocation 

activity 

One leading 

partial 

One trailing 

partial 

Two full 

dislocations 

One 

leading 

partial 

Two full 

dislocations 

Two full 

dislocations 

One full 

dislocation 

Experimental 

strain 

increment (%) 

0.346 0.027 1.448 0.535 1.201 1.613 0.246 

Theoretical 

strain 

increment (%) 

0.299 0.065 1.705 0.431 1.265 1.349 0.519 

Absolute error 

(%) 

0.047 0.018 0.257 0.174 0.064 0.264 0.273 

Sample 30.0-nm-diameter Ag NW  5.9-nm-diameter Pt NW 

Stress drop 

(GPa) 

Stress drop 1 

(2.19- 1.08) 

Stress drop 2 

(2.11- 0.96) 

Stress drop 3 

(2.03- 1.07) 

 Stress drop 1 

(6.36- 3.07) 

Stress drop 2 

(5.85- 3.21) 

Stress drop 3 

(5.65- 2.99) 

Dislocation 

activity 

One full 

dislocation 

One full 

dislocation 

One full 

dislocation 

 One full 

dislocation 

One full 

dislocation 

One full 

dislocation 

Experimental 

strain 

increment (%) 

1.089 1.004 1.251  0.480 0.757 0.825 

Theoretical 

strain 

increment (%) 

1.036 0.988 1.216  0.444 0.795 

 

0.784 

Absolute error 

(%) 

0.053 0.016 0.035  0.036 0.038 0.041 

 

Supplementary Discussion 

1. Measurement of the yield strengths and flow stresses in Ag and Pt NWs during 

mechanical loading 

To analyze the lattice strain evolution, lattice spacings were measured in a TEM 

software of DigitalMicrograph® developed by Gatan Inc (Supplementary Fig. 1). Lattice strain 

can be determined at atomic scale by analyzing the difference in interplanar spacings over 20 

atomic planes between the unstressed state and the deformed state (Supplementary Fig. 1). The 

lattice stresses (yield strengths and flow stresses) were calculated by multiplying the lattice 

strains (Supplementary Fig. 2) with the Youngs’ modulus of different materials 

(Supplementary Table 1). To minimize measurement errors, 20-planes measurements were 



conducted in NWs. Supplementary Fig. 2 showed the error bars of the measured lattice strain, 

that came from the variations between repeated measurements. The emission of the first 

dislocation was regarded as the starting point of the plastic deformation, i.e. the yielding point. 

The lattice strain at a yield point was obtained from the frame prior to first dislocation 

nucleation, which is different from the yield point obtained using the 0.002 offset 

criterion2.Nevertheless, there is no nominal yielding point on the creep curve of materials of 

which deformation is dominated by diffusion.3 One basic criterion to determine the elastic 

instability point under deformation is in terms of the second law of thermodynamics that the 

change of Helmholtz free energy is larger than or equal to the mechanical work done by the 

applied stress 𝛿𝐹 ≥ 𝛿𝑊.4 In-situ TEM observation opens up the opportunity to capture the 

real-time microstructural evolution including the surface diffusion and the dislocation 

nucleation, providing the simple unified criterion to evaluate the yielding strength of 

nanocrystals or nanowires as considering the dislocation nucleation.  

 

2. Determining activation parameters for dislocation nucleation in Ag NWs and Pt NWs 

 According to the transition state theory (TST), the rate of dislocation nucleation is 

expressed as5 

  =N0exp (-
∆G(σ,T)

kBT
), (1) 

where N is the number of equivalent nucleation sites 0 is the attempt frequency, G (σ, T) is 

the activation free energy, σ is the applied stress, kB is the Boltzmann constant, T is the 

experimental temperature. The activation free energy for dislocation nucleation is given by6 

 ∆G (σ, T)=∆U(T)(1-
σ

σath
), (2) 

where U(T) is the Helmholtz free energy of activation, σath is the athermal nucleation strength. 

The activation free energy (G (σ, T)) can also be expressed as 



 ∆G (σ,T)=∆U(T) − ,  (3) 

where  is the activation volume defined as the derivative of activation energy with stress 

(=
∆U(T)

σath
)5. Combining Eqs. (1) and (3), the rate of dislocation nucleation can be expressed as 

  =N0exp (-
∆U(T)

kBT
)exp (

E𝜀̇t

kBT
), (4) 

in which we assume σ=Eε̇t, where E is the Young’s modulus of the NWs, ε̇ is the strain rate 

(~10-3 in this work) and t is the loading time. Recasting Eq. (4) into the following expression 

for the cumulative distribution function (CDF)7 

 F(t)=1-exp(- ∫ (t)dt ), (5) 

the cumulative probability of dislocation nucleation related to the stress can be obtained and 

expressed as 

 F(𝜎)=1-exp{
N0kBT

Eε̇
[exp (-

∆U(T)

kBT
)-exp (

Eε̇t-∆U(T)

kBT
)]} (6) 

Fitting Eq. (6) to the experimental CDFs using nonlinear least-squares regression 

(Supplementary Fig. 3), the activation parameters including , N0, U(T) and other calculated 

parameters (G,  and σath) are obtained and summarized in Supplementary Table 2. For Ag 

NWs (< 15 nm), the fitted value for   is 0.24 b3, where b is the Burgers vector of a full 

dislocation. This activation volume is on the same magnitude order of the  of ~0.1 b3 for 

diffusion8. Additionally, the fitted activation energy of 0.063 eV is comparable to the activation 

energy of 0.064 eV for atom self-diffusion on {111} Ag surface hopping along <112> 

direction9.  

For Ag NWs (>15 nm), the fitted value for  is 1 b3, which is on the same magnitude 

order of the  of 1-10 b3 for surface dislocation nucleation in NWs without surface diffusion8, 

10, 11. Besides, the fitted ∆G of 0.141 eV is in the range of 0.16-0.34 eV in the simulations of 

surface dislocation nucleation in a Cu NW in tension where  is about 4 b35. Moreover, the ∆G 

of 0.141 eV in Ag NWs (> 15 nm) is at least an order of magnitude higher than that of 0.063 



eV in Ag NWs (< 15 nm) and the ∆G of 0.064 eV for atom self-diffusion. Thus, the activation 

parameters reported here are effective ones, verifying that dislocation nucleation in Ag NWs 

(> 15 nm) is not associated with surface diffusion. Likewise, the fitted activation parameters 

for Pt NWs (∆G is 0.316 eV and  is 1.02 b3) also demonstrate that surface dislocation 

nucleation occurred in Pt NWs. 

The reason why the fitted N0 in this work (Supplementary Table 2) are much lower 

than those in MD simulations (1011 s-1 -1013 s-1) may be attributed to the following two reasons. 

First, the vibrational frequency of surface atoms are different from their bulk counterparts12. 

Second, the individual atomic vibration frequency may not be a suitable attempt frequency 

given that dislocation nucleation is associated with a collective group of atoms6. The calculated  

 in Ag NWs (< 15 nm), Ag NWs (> 15 nm) and Pt NWs are 0.28, 1.16 and 1.59 respectively, 

which are comparable to the short timescale of 1 s for yielding observed in our experiments. 

For constant strain rate experiments and simulations, the nucleation rate is on the order of the 

applied strain rate, which is about 107 s-1-108 s-1 in MD simulations and 10-2 s-1-10-3 s-1 in 

experiments11. Thus, the calculated nucleation rates through mathematical analysis, that are 

much lower than those in MD simulations (2.5107 s-1 -2.5109 s-1), are effective ones13.  

By obtaining the fitted  and U(T), it is also possible to get the athermal strength (σath) 

for Ag NWs and Pt NWs based on the equation =
∆U(T)

σath
. The shear strengths, σath resolved 

along with the primary slip system, are 1.68 GPa for Ag NWs (< 15 nm), 1.52 GPa for Ag 

NWs (> 15 nm) and 3.6 GPa for Pt NWs respectively. These values of 1.6 GPa and 1.52 GPa 

for heterogeneous nucleation in Ag NW closely approach the reported ideal shear strength of 

1.65 GPa in Ag from ab initio calculations14. Likewise, the shear strength of 3.61 GPa in Pt 

NW for dislocation nucleation is comparable to the reported value of 2.75 GPa in Pt15.  

 

3. Contribution of full/partial dislocation activities to the plastic strain during tensile tests 



As is well known, a metallic NW experiences both elastic deformation and plastic 

deformation during mechanical loading. If a metallic NW experiences elastic deformation, the 

strain during tensile loading is given by εelastic=
σ2-σ1

E
, where σ1 and σ2 are stresses before and 

after deformation respectively and E is the Young’s modulus of metallic NW. As the lattice 

stress inside a NW is high enough to reach a yield point, the nucleation, propagation 

andannihilation of a full/partial dislocation in NW can result in permanent plastic deformation16. 

The plastic strain induced by a dislocation activity in a [112̅] -orientated metal NW is 

quantitatively calculated as follows. One of the activated full dislocations with the largest 

Schmid factor on (111̅) is 
1

2
[101] a, where a is the lattice constant of the metal. Each full 

dislocation activity can contribute to an axial elongation of 
√6

6
a along the [112̅]  loading 

direction (Supplementary Fig. 12a). Thus, each full dislocation activity contributes to a plastic 

strain of 
√6

6

a

L
, where L is the gauge length. Likewise, the Burgers vectors of the activated leading 

and trailing partial dislocations on (111̅)  are 
1

6
[21̅1] a  and 

1

6
[1̅21] a , respectively based on 

Schmid law. Each leading and trailing partial activity can contribute to an axial elongation of 

5√6

36
a  and 

√6

36
a , respectively along the [112̅]  loading direction (Supplementary Fig. 14a). 

Accordingly, each leading and trailing partial dislocation activity contribute to a plastic strain 

of 
5√6

36

a

L
 and 

√6

36

a

L
, respectively. Previous MD studies reported that yielding resulted in 

precipitous stress drop under the displacement controlled loading17. Compared with the 

recording interval of 4 ps in MD simulations17, the frame rate of 0.5s/frame in the CCD camera 

was much larger. The accurate lattice stresses before and after a yield point were not captured 

in our work such that the significant stress drops with nearly no strain increments after yielding 

were not observed in the stress-strain curves in our work (Fig. 2m, Fig. 3g, Fig. 5m and 

Supplementary Fig. 11i). The strain increments corresponding to stress drops in the present 



study were composed of the elastic strain induced by elastic deformation and the plastic strain 

caused by dislocation activities, which can be expressed as 

  ε=
σ2-σ1

E
+εplastic (7) 

where σ1 and σ2 are the lattice stress in a NW before and after a plastic event, respectively and 

plastic is the plastic strain caused by full/partial dislocation slip activities. The experimentally 

measured and theoretical strain increments corresponding to different stress drops were 

tableted in Supplementary Table 3. The average absolute errors between the theoretical values 

and the experimental values of the strain increments is less than 0.1% (Supplementary Table 

3), verifying that the evaluation method for the stress-strain curves in this work is feasible and 

reliable. 

 

4. The details of the mechanical behaviors in Ag NWs with sample diameters of 6.6 nm, 

13.1 nm and 30.0 nm  

 Upon tensile loading of a 6.6-nm-diameter Ag NW, steps 2 and 3 migrated to the right 

side of the NW, while step 1 migrated to the left side (Fig. 2a-d). When step 3 migrated to the 

initial location of step 2 (marked by the green circle), a leading partial dislocation was nucleated 

from this site leaving behind a surface step with a height of one-third of an atomic-layer (Fig. 

2g), which was subsequently eliminated by a trailing partial dislocation at the same site to form 

a full dislocation leaving behind a one-atomic-layer-step denoted by step 4 (Fig. 2h). With 

further tensile loading, the migration of surface steps was not observed, as shown in Fig. 2i. 

When the accumulated lattice strain in the Ag NW was high enough again, two full dislocations 

nucleated and propagated through the Ag NW, leaving behind two one-atomic-layer-steps 

denoted by step 5 and 6 respectively (Fig. 2j). The migration of surface steps was not observed 

during the further loading (Fig. 2k), and then one partial dislocation nucleated and propagated 



through the Ag NW leaving behind a stacking fault and a surface step with one-third of the 

height of an atomic-layer (Fig. 2l). 

A 13.1-nm-diameter Ag NW was chosen to investigate the influence of surface atom 

diffusion on plastic flow as shown in Fig. 5. The Ag NW only experienced elastic deformation 

without detectable surface diffusion before yielding, as shown in Fig. 5a. With subsequent 

tensile straining, two dislocations nucleated and propagated in Ag NW leaving behind two one-

atomic-layer-steps denoted by steps 1 and 2 respectively (Fig. 5b), and then these two steps 

migrated to the right side of the NW (Fig. 5c-h). When the accumulated elastic strain in Ag 

NW was high enough, full dislocation activities occurred, leaving behind two one-atomic-

layer-steps (denoted by steps 3 and 4 respectively) at the surface of the Ag NW (Fig. 5i). The 

steps 1, 2, 3 and 4 further migrated to the right side of the Ag NW (Fig. 5i-k) before the next 

plastic event (Fig. 5l). Eventually, one-atomic-layer-step (step 5) formed by a full dislocation 

activity emerged at the surface.  

The mechanical behaviors of the 30-nm-diameter Ag NW were investigated, as shown 

in Supplementary Fig. 10. A one-atomic-layer-step (denoted by step 1) appeared at the surface 

of Ag NW after yielding, (Supplementary Fig. 10b) before which the Ag NW suffered from 

elastic deformation (Supplementary Fig. 11a). With the increase in applied strain, step 1 

migrated to the right side of the sample (Supplementary Fig. 11c-e).  Subsequently, a one-

atomic-layer-step formed at the surface of the Ag NW caused by a full dislocation activity 

(Supplementary Fig. 11f). Upon further deformation, dislocation nucleated in Ag NW 

(Supplementary Fig. 11h), before which the migration of surface step was not observed 

(Supplementary Fig. 11g).  

 

5. Surface-diffusion-assisted dislocation nucleation 

(1) The driving force for surface diffusion 



The potential energy change for a surface atom migrating from the middle to either end 

of the NW can be expressed by18, 19 

 ∆E=
γ

ρ
(

1

R2
-

1

R1
-

1

R3
)+

σ2

2ρE
(
R1

4

R2
4 -1) , (8) 

where R1 is the radius of curvature in the middle of the NW, R2 is the radius of curvature at 

both ends, R3 is the radius of curvature of a stable curved contour where a series of surface 

steps connects the NW to the tips (Supplementary Fig. 14b),  is the bulk density, γ is the 

surface energy, σ is the applied stress during tensile test and E is Young’s modulus of the 

metallic NW. To obtain the relation of the driving force with the sample size, we set the 

following assumptions: The NW’s  diameter is 𝐷 = 2𝑅1,  𝑅2 = 2𝑅1, and 𝑅3 = 2𝑅1. The ∆E 

can be simply expressed by 

          ∆E=-
2γ

ρD
-

15σ2

32ρE
 ,                                                               (9) 

where the driving force of diffusion would increase with decreasing the sample size of NWs. 

(2) The size dependence of the diffusivity 

The relation of the melting point of metal particles with the size can be expressed by20, 21 

𝑇𝑚(𝐷)

𝑇𝑚(∞)
= 1 −

4

𝜌𝑠𝐿
{𝛾𝑠 − 𝛾𝑙 (

𝜌𝑠

𝜌𝑙
)

2
3⁄

}
1

𝐷
,                                     (10) 

where 𝑇𝑚(∞) is the bulk melting temperature, 𝑇𝑚(𝑟) is the melting temperature of the particle 

with a diameter D, L is the molar heat of fusion, 𝜌𝑠, 𝜌𝑙 are the solid and liquid densities. Then, 

the relation of diffusivity with the melting temperature can be expressed by20
 

𝐷𝐷 = 𝐷𝑚𝑒𝑥𝑝 [−∆𝐻(𝑟) (
1

𝑇
−

1

𝑇𝑚(𝐷)
)],                                     (11) 

where 𝐷𝑚  is the diffusion coefficient at the bulk melting temperature, 𝐷𝐷  is the diffusion 

coefficient of the particle with a diameter D, ∆𝐻 is the activation enthalpy of diffusion, T  is 

the temperature and 𝐷0  is the prefactor. Based on equations (10) and (11), the surface 

diffusivity is inversely proportional to the sample size. 



The athermal nucleation stress with the surface step 𝜎̂ath  can be expressed by  

              𝜎̂𝑎𝑡ℎ = (1 − ∆ ∙ 𝜌𝐷) ∙ 𝜎𝑎𝑡ℎ,                                             (12) 

where  ∆  is the stress decrement due to the step,22 and 𝜌𝐷 is the probability function of the 

involvement of the step for the nucleation which is proportional to the surface diffusivity. 

The nucleation site number with the diffusion activities can be expressed by  

Ñ = 𝑁 +
𝐷𝐷∙𝑡

𝜋∙𝐷∙𝐿
,                                                       (13) 

where 𝑁 is the nucleation site number without diffusion, 𝑡 is the unit time.  
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