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Supplementary Note 47 

Note SI-1: Scanning tunnelling microscopy and spectroscopy 48 

STM topography image obtained with U = -1 V and It = 200 pA on nanocrystalline copper 49 

films is shown in Fig. SI-1a. It shows the triple junction of eGB26 on the top right corner. We 50 

draw a line away from TJ and show in Fig. SI-1b the spectra recorded at different locations 51 

away from the TJ. These data show the presence of additional states around 0.5 V above the 52 

Fermi surface at the TJ location, which are different from that on a free surface, possibly due 53 

to hybridization of surface states and bulk states1,2. To check the effect of density of states, we 54 

also scanned the same area of the bicrystal with difference biases, shown in Fig. SI-1c. There 55 

is additional corrugation seen at ~ 0.5V, which is consistent with the spectra results on NC 56 

copper films. Hence to determine an accurate groove shape, we collected images with sample 57 

biases lower than 0.5V to avoid this electronic effect.  58 

Note SI-2: Framework for energetic analysis  59 

To test the formation and stability of rotated crystal, we perform an energetic analysis of a 60 

valley formed at an eGB based on the scheme outline in Fig. 3b. Figure SI-9 shows two 61 

equivalent pathways for realizing the out-of-plane rotation 𝜑 of a surface layer of thickness h, 62 

driven by the 〈111〉 → 〈112〉 rotation of the misorientation axis within the grain boundary 63 

plane. The rotated layer preserves its commensurability with the rest of the crystal, and this is 64 

achieved by mating it to the rest of the crystal (Fig. SI-9c) or by introducing a V-shaped notch 65 

with included angle 𝜑  and thickness ℎ0 , and using shear stresses to stitch it at the grain 66 

boundary (Fig. SI-9b). The latter forms the basis for our computational scheme shown in Fig. 67 

3b. 68 

Using the initial unrotated bicrystal as the reference, the total energy change (per unit grain 69 

boundary width) can be expressed as 70 

 ∆𝑈 = ∆𝑈𝐺𝐵 + ∆𝑈𝑠 + ∆𝑈𝑇𝐽 + ∆𝑈𝑒  , [S1] 71 

where ∆𝑈𝐺𝐵 is the change in the grain boundary energy, ∆𝑈𝑇𝐽 is the change in triple junction 72 

energy at the emergent grain boundary, ∆𝑈𝑠 is the change in surface energy associated with 73 

elimination of film surface following the stitching operation, and ∆𝑈𝑒 the elastic energy stored 74 

within the rotated bicrystal to bring it into commensuration with the remainder of the bicrystal.   75 

 Grain boundary energy: The driving force for the rotation follows from the geometry 76 

of the rotation and the depth of the rotated bicrystal ℎ (in general, distinct from the prescribed 77 

thickness ℎ0 ). eenoting 𝛾[112]  and 𝛾[111]  as the bulk grain boundary energies (sans surface) 78 

within the rotated and unrotated (reference) bicrystals corresponding to the grain boundary 79 

inclination, the energy change follows from the change in both the grain boundary energy and 80 

area,     81 

 ∆𝑈𝐺𝐵 = 𝛾112
ℎ

cos(𝜑/2)
− 𝛾111ℎ . [S2] 82 

Note that the contribution of the grain boundary energy change to the driving force for rotation 83 

is 
𝛾112

cos 𝜑/2
− 𝛾111.  84 
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 Surface energy: The contribution is based on the surface area eliminated by shear-85 

stitching the notch, 86 

 ∆𝑈𝑠 = −𝛾𝑠 [2ℎ tan (
𝜑

2
)] , [S3] 87 

where 𝛾𝑠  is the energy of the 〈111〉  film surface. For simplicity, we ignore higher order 88 

corrections due to surface stresses and related surface reconstructions.    89 

Triple junction energy: The change in energy of the surface TJ    before and after the 90 

rotation Δ𝑈𝑇𝐽 = 𝑈𝑇𝐽
112 − 𝑈𝑇𝐽

111  is extracted using MS simulations within computational cells 91 

consisting of 2 GBs and the relaxed [111] free surfaces subject to in-plane periodic boundary 92 

conditions, as shown in Fig. SI-7. The energy of the TJ within each computational cell is 93 

𝑈𝑇𝐽
112, 𝑈𝑇𝐽

111 =
𝑈 − 4𝑈𝑠𝐿𝑥𝐿𝑦 − 2𝑈𝐺𝐵𝐿𝑧𝐿𝑋

4𝐿𝑥
  , 94 

where 𝑈 is the total energy of the system, 𝐿𝑥, 𝐿𝑦, 𝐿𝑧 are the dimensions of the configuration 95 

in three directions, 𝑈𝑠 is the [111] surface energy, and 𝑈𝐺𝐵 is the corresponding grain boundary 96 

energy. Table SI-2 summarizes the results of the TJ energy calculations. The changes in TJ 97 

energies are ∆𝑈𝑇𝐽 = 0.0038 nJ/m and −0.0010 nJ/m for the eGB26 and eGB3.89 systems, 98 

respectively. They are negligible compared to the changes in the bulk GB and surface energies 99 

and therefore this contribution is ignored for the remainder of the analysis.  100 

Elastic energy: To quantify the elastic energy stored within the rotated and reference 101 

regions, we employ a combination of finite element method (FEM)-based continuum 102 

simulations (Methods) and dimensional analyses. Figure SI-11 shows the details of the 103 

computational cell employed to extract the stress field associated with stitching together a V-104 

shaped surface notch of thickness ℎ and included angle 𝜑. Stresses are applied along the layer 105 

on each side of the notch until it vanishes. Unlike the atomic-scale simulations, the stitched 106 

notch yields a perfect yet stressed crystal rather than a rotated bicrystal. As such, the continuum 107 

computations ignore the corrections to the stress field, if any, due to stress accommodations at 108 

the grain boundary that forms as the notch is eliminated. 109 

The elastic displacement fields are plotted in Fig. SI-12. The horizontal displacement field 110 

decays almost radially away from emergent grain boundary, resulting in tensile stresses on the 111 

film surface, while the vertical displacement exhibits a tear-drop profile around the grain 112 

boundary. For linear elastic displacements and stresses and for an infinitely thick film ℎ/𝐻 ≪113 

1, we expect the elastic energy per unit grain boundary width to scale quadratically with the 114 

height of the notch (~𝐺 ℎ2) and the strain (~𝜑2), that is 115 

 ∆𝑈𝑒 =  𝐶 𝐺𝜑2ℎ2 , [S4] 116 

with 𝐶 a material constant. We have validated the variation by performing FEM simulations 117 

for notches with varying ℎ and 𝜑. Figure SI-12a shows the elastic energy ∆𝑈𝑒/𝐺ℎ2 plotted as 118 

a function of 𝜑. The scaling is well-described by a quadratic fit with a Poisson's ratio dependent 119 

material constant, 𝐶 ≡ 𝐶(𝜈) = 0.1224.     120 

For finite thickness of the reference crystal, the elastic energy partitions differently 121 

between the rotated and reference crystals and is therefore modified. To a leading order, the 122 

elastic field scales with ℎ for the same height ratio, ℎ/𝐻 . Then, the elastic energy can be 123 

expressed as, 124 

∆𝑈𝑒 = 𝑓 (
ℎ

𝐻
)  𝐶 𝐺𝜑2ℎ2,   𝑓 (

ℎ

𝐻
) = 1 + 𝐴1 exp (−

𝐵1𝐻

ℎ
) + 𝐴2 exp (−

𝐵2𝐻

ℎ
)  [S5] 125 

where the finite thickness effect is captured by the function 𝑓(ℎ/𝐻). Figure SI -12b shows the 126 
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correction to the elastic energy within the FEM simulations, plotted as the extracted value of 127 

𝑓(ℎ/𝐻) for varying thickness ratios, ℎ/𝐻. Again, the elastic energy correction is in excellent 128 

agreement with the exponential dependence on the thickness ratio (Eq. S5).  129 

Note SI-3: Valley formation and stability 130 

Energetic analysis: Combining Eqs. S1-S5, the total energy associated with the relaxation 131 

of the emergent grain boundary via rotation into a valley can be expressed as 132 

∆𝑈(ℎ) = −2𝛾𝑠 [ℎ tan (
𝜑

2
)] + (

𝛾[112]

cos(
𝜑

2
)

− 𝛾[111]) ℎ − 𝑓 (
𝐻

ℎ
)  𝐶 𝐺𝜑2ℎ2 , [S6] 133 

where the linear term captures the changes in the surface and grain boundary energies, while 134 

the quadratic term is the elastic energy contribution. Minimization of ∆𝑈(ℎ)  yields the 135 

equilibrium thickness ℎ∗ of the rotated layer that stabilizes the valley.  136 

Below, we perform the minimization for the two 〈111〉 symmetric tilt grain boundaries: a 137 

𝜃 = 26.008o HAGB and a 𝜃 = 3.890o LAGB. The energy change is quantified using values 138 

extracted from atomic-scale simulations for a 𝐻 = 50 nm thick film (Tables SI 3 and 4). For 139 

both bicrystals we take the surface energy to be 𝛾𝑠 = 1.239 J/m2 and the material constant 𝐶 =140 

0.1224. The equilibrium thickness of the rotated layer ℎ∗ and the energy change for both eGB 141 

systems extracted in the continum and atomic-scale computations are summarized in Tab. SI-142 

5. 143 

eGB26 system: The misorientation axis rotation that minimizes the GB energy for a 144 

misorientation 𝜃 = 26.008o  is associated with an out-of-plane rotation of 𝜑 = 9.097o . The 145 

grain boundary energies (enthalpies) before and after rotation are (see Methods): 𝛾111 =146 

0.833 J m−2 and 𝛾112 = 0.721 J m−2. The rotated layer thickness dependence of the surface, 147 

grain boundary and elastic energies are plotted in Fig. 4d. The energy minimization yields ℎ∗ =148 

1.000 nm with ∆𝑈∗ = −0.1536 nJ/m, which corresponds to a little less than six 〈111〉 layers 149 

with the FCC crystal. Atomic simulation of the relaxed bicrystal with rotation limited to the 150 

top five layers yields an enthalpy of ∆𝑈∗ = −0.0954 nJ/m , in good agreement with the 151 

continuum predictions.   152 

eGB3.89 system: The 𝜃 = 3.890o grain boundary exhibits an energy minimizing out-of-153 

plane rotation of 𝜑 = 1.375o, with 𝛾111 = 0.289 J m−2 and 𝛾112 = 0.219 J m−2 (Table SI-3). 154 

The thickness dependence of the surface, grain boundary and elastic energies are plotted in Fig. 155 

5b, and they together yield an equilibrium rotated layer thickness of ℎ∗ = 13.131 nm  with 156 

∆𝑈∗ = −0.676 nJ/m . As a comparison, the enthalpy extracted within the atomic-scale 157 

simulations is ∆𝑈∗ = −0.513 nJ/m.  158 

Infinite thickness limit: Taking the 𝐻/ℎ ≫ 1 (𝑓 = 1) limit for the energy change functional, 159 

we get  160 

ℎ∗ =
𝛾111−𝛾112/ cos(𝜑/2)+2𝛾𝑠 tan (𝜑/2)

2𝐶 𝐺𝜑2
 . [S7] 161 

The equilibrium values for the LAGB and HAGB are  ℎ∗ = 1.000 nm and ℎ∗ = 14.211 nm, 162 

respectively, with corresponding values of ∆𝑈∗ = −0.1536 nJ/m  and ∆𝑈∗ = −0.708 nJ/m . 163 

As expected, increasing film thickness has a negligible effect on the thickness of the rotated 164 

layer for the HAGB as the rotated layer less than a nanometer thick for 𝐻 = 50 nm. 165 

Vanishing out-of-plane rotation limit: For 𝜑 → 0, the surface contribution becomes negligible 166 

[tan (
𝜑

2
) → 0]  and the grain boundary contribution is simply the difference between the 167 
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energies of the rotated and unrotated grain boundaries [cos (
𝜑

2
) → 1]. Then, Eq. S7 simplifies 168 

to 169 

 170 

ℎ∗ =
(𝛾111−𝛾112)

2𝐶 𝐺𝜑2
 .                                              [S7] 171 

 172 

Supplementary Figure 173 

Figure SI-1 Scanning tunneling microscopy and spectroscopy 174 

(a) STM topography image obtained with U = -1 V and It  = 200 pA on nanocrystalline copper 175 

film at eGB26. (b) Four dI/dV curves taken along the line in (a) away from the triple junction. 176 

Modulation bias and frequency are 15 mV and 1066 Hz, respectively. (c) Topographic profile 177 

of the eGB26 TJ groove in the bicrystal recorded along the cross section in Fig. 2b at different 178 

bias together with the profile of the TJ groove at the eGB26 nanocrystalline sample.  179 

 180 

 181 

Figure SI-2 Geometrical specification 182 

(a) Symmetric tilt grain boundary with tilt axis [𝟏𝟏𝟏], angle 𝜽 = 𝟐𝟔. 𝟎𝟏°, and boundary 183 

normal y, created by rotating the median lattice by ±𝜽 𝟐⁄  along [𝟏𝟏𝟏] into black and white 184 

crystals, respectively. (b) Rotating the black and white crystals by ±𝝋 𝟐⁄  along [𝟏̅𝟏̅𝟐] in the 185 

median lattice respectively.  186 

 187 
  188 
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Figure SI-3 Calculated boundary energies in bulk 189 

(a). Calculated energy of two symmetric tilt boundaries with mean boundary plane (11̅0) and  190 

(112̅), shown as black and red, respectively. Green line corresponds to the calculated [112] 191 

boundary energy as a function of in-plane angle. (b). Calculated boundary energy as the 192 

composite rotation axes shift away from [111] for a range of in-plane angles from 32.20° to 193 

60° . (c) Calculated energy variation between [111]  boundary and corresponding [112] 194 

boundary and its variation ratio. (d) Comparison of the line profile in experiment shown in Fig. 195 

1(c) and that of (111) plane at a boundary in bulk with tilt axis [112]. 196 

 197 
  198 
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Figure SI-4 Atomic-simulation of unrotated eGB26 system 199 

Atomic-scale configuration of the equilibrated eGB26 system comprised of the [111] - 𝜃 =200 

26.1° symmetric tilt HAGB terminating at the surface of an 𝐻 = 50 nm thick [111] copper 201 

film. (a, top and bottom) Top and side view of the bicrystal with the orientations of the grains 202 

as indicated. The color indicates atomic (virial) stress. (b) The atomic configuration of the 203 

surface triple junction showing the repeat structural units and the periodicity vector. The atoms 204 

are colored based on their depth coordinate. (c) Line profile (solid black) and its slope (solid 205 

green) across one of the groove minima indicated in (b) (dashed white line).  206 

 207 
  208 
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Figure SI-5 Computational cell for the rotated eGB26 system 209 

Atomic-scale simulation cell with (a) in-plane rotation 𝜃  and (b) out-of-plane rotation 𝜑 210 

associated with (c) the tilting of the misorientation axis 𝜓  of the eGB26 system and the 211 

formation of a coupled valley-ridge at the two free surfaces.   212 

     213 

 214 

 215 

Figure SI-6 Configurations of the rotated and mechanically constrained eGB26 system 216 

Effect of out-plane rotation and mechanical constraint on the surface TJ structure for an 217 

equilibrated eGB26 system. (left) The reference unrotated eGB, (middle) the eGB with an 218 

out-of-plane rotation of 𝜑, and (right) the rotated and reoriented eGB. Atoms are colored 219 

based on their potential energy.  220 

 221 

      222 

 223 
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Figure SI-7 Computational scheme for calculations of surface TJ energies 224 

The atomic simulation cells for calculations of TJ energies before (left) and after (right) the 225 

rotation of the eGB26 system. The atoms are colored based on their potential energies. 226 

 227 

 228 

 229 

Figure SI-8 Effect of the film thickness on the surface profiles for the eGB26 system 230 

Effect of the film thickness 𝐻 on the surface profiles for the eGB26 system extracted using MS 231 

simulations. 232 

 233 

 234 
  235 
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Figure SI-9 Computational framework for studying partially rotated eGBs  236 

Computational scheme for GB relaxation on surface using two strategies: surface notch 237 

followed by shear as shown in the main text (Fig. 3b), or surface notches at the edges followed 238 

by rotation to the substrate. 239 

 240 

 241 

Figure SI-10 Surface profiles for varying rotated layers depth for the eGB26 system. 242 

Surface profiles averaged over groove minima for varying depths of the rotated layers within 243 

a 𝐻 = 50 nm thick film for the eGB26 system. 244 

 245 

 246 
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Figure SI-11 FEM computational cell for elastic deformations at an eGB valley 247 

(left) Finite element method computational cell with a V-shaped notch and fixed boundary 248 

conditions. (a, b) Contour plots of scaled (a) horizontal and (b) vertical absolute displacements 249 

|𝑢𝑦|/𝑢𝑦
𝑚𝑎𝑥  and |𝑢𝑧|/𝑢𝑧

𝑚𝑎𝑥 respectively, normalized by their maximum absolute values 𝑢𝑦
𝑚𝑎𝑥 250 

and 𝑢𝑧
𝑚𝑎𝑥. Colors (blue to red) represent low to high displacements. 251 

 252 

 253 

 254 

Figure SI-12 FEM computed thickness-dependent elastic energies 255 

(a) The computed elastic energy ∆𝑈𝑒/𝐺ℎ2 as a function of 𝜑, and its power fit to the form 256 

∆𝑈𝑒/𝐺ℎ2 = 𝐶𝜑𝑛. (b) The correction to the elastic energy, 𝑓(ℎ/𝐻) as a function of thickness 257 

ratio ℎ/𝐻  and an exponential fit of the form 𝑓(ℎ/𝐻) = 1 + 𝐴1 exp (−𝐵1(𝐻/ℎ)) +258 

𝐴2 exp (−𝐵2(𝐻/ℎ)). See Supplementary Notes for details. 259 

 260 

 261 
  262 
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Figure SI-13 Same as in Fig. SI-6, but for the eGB3.89 system 263 

Same as in Fig. SI-6, but for the eGB3.89 system.  264 

 265 

 266 

Supplementary Table 267 

Table SI-1.  Geometry and size of the bicrystal eGB simulation cells 268 

The computational cell geometries and size used in the atomistic simulations of the eGB26 and 269 

eGB3.89 systems. 𝑃𝑥, 𝑃𝑦, and 𝑃𝑧 denote the crystal orientations along the 𝑥, 𝑦 and 𝑧 directions 270 

respectively. See Fig. SI-4~5 for details.  271 

 272 

𝜃(o) 𝜑(o) 𝑃𝑥  𝑃𝑦 𝑃𝑧 𝜓(o) 

26.008 0 [-3 -7 10] [17 -13 -4] [1 1 1] 0 

 0 [-7 -3 10] [13 -17 4] [1 1 1] 0 

26.008 9.097 [-3 -7 10] [6 -4 -1] [47 57 54] 19.471 

 9.097 [-7 -3 10] [4 -6 1] [57 47 54] 19.471 

Cell size  9.1 nm 50 nm 50.1 nm  

3.890 0 [-8 -9 -17] [26 -25 -1] [1 1 1] 0 

 0 [-9 -8 17] [25 -26 1] [1 1 1] 0 

3.890 1. 375 [-8 -9 -17] [35 -33 -1] [570 587 579] 19.471 

 1.375 [9 8 -17] [33 -35 1] [587 570 579] 19.471 

Cell size  15.1 nm 100.1 nm 50.1 nm  

 273 
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Table SI-2. Computed triple junction energies 274 

Triple junction energies calculated using MS simulations of the computational cell geometry 275 

shown in Fig. SI- 4.  276 

 277 

 𝑈𝑇𝐽
<111>(nJ/m) 𝑈𝑇𝐽

<112>(nJ/m) ∆𝑈𝑇𝐽(nJ/m) 

LAGB -0.07515 -0.07610 -0.0010 

HAGB -0.07512 -0.07134 0.0038 

 278 

Table SI-3. Physical parameters of pure copper employed for continuum analyses 279 

Physical parameters for pure copper obtained using atomic-scale (molecular statics) 280 

simulations, including those reported in prior studies3,4. 281 

 282 

Cohesive energy (𝑢𝑐) −3.54 eV/atom 

Elastic modulus (𝐺) 128.500 GPa 

Shear modulus (𝐺) 47.762 GPa 

Surface energy (𝛾𝑠) 1.239 J/m2 

Poisson's ratio (𝜈) 0.345 

 283 

Table SI-4. Mechanical properties for pure copper employed for continuum analyses 284 

Mechanical properties for pure copper along horizontal and vertical directions obtained using 285 

atomic-scale (molecular statics) simulations. 286 

 287 

Crystal orientation Elastic modulus 
𝐸(GPa) 

Poisson ratio  

𝜈 

Shear modulus 
𝐺(GPa) 

Polycrystalline average 128.500 0.345 47.762 

HAGB horizontal [17 -13 -4] 137.216 0.225 56.006 

HAGB vertical   [1 1 1] 181.550 0.267 71.646 

LAGB horizontal [26 -25 -1] 134.587 0.224 54.978 

LAGB vertical   [1 1 1] 181.550 0.267 71.646 

 288 

  289 



 14 

Table SI-5. Parameter set used in the FEM computations 290 

The parameter set used in the continuum computations and the corresponding equilibrium 291 

thickness ℎ∗ and energy of the two eGB systems. The results of the atomic-scale computations 292 

are also tabulated for comparison. 293 

  294 

Crystal orientation  Elastic 
modulus 
𝐸 (GPa) 

Poisson's 
ratio  

𝜈 

Shear 
modulus 
𝐺 (GPa) 

𝐶(𝜈) Equilibrium 
thickness 

ℎ∗ (𝑛𝑚) 

Energy 
change 

∆𝑈∗ (nJ/m) 

HAGB 

(polycrystalline 
average) 

128.500  0.345 47.762 0.1227 1.000 -0.1536  

eGB26 horizontal 

[17 -13 -4] 

137.216  0.225 56.006 0.1080 1.007 -0.1547 

eGB26 normal 

[1 1 1] 

181.550 0.267 71.646 0.1141 0.745 -0.1144 

eGB26 atomic-scale 
simulations 

/ / /  1.25 -0.0954 

eGB3.89 

(polycrystalline 
average) 

128.500  0.345 47.762 0.1227 13.131 -0.676 

eGB3.89 horizontal 

[26 -25 -1] 

134.587 0.224 54.978 0.1122 12.975 -0.668 

eGB3.89 normal 

[1 1 1] 

181.550  0.267 71.646 0.1187 9.676 -0.493 

eGB26 atomic-scale 
simulations 

/ / /  14.4 -0.513 

 295 
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