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Emergent grain boundaries at free surface control material properties such as nanomaterial strength, catalysis,
and corrosion. Recently the restructuring of emergent boundaries on copper (111) surfaces was discovered
experimentally and atomic calculations point to its universality in fcc metal systems. Restructuring is due to a
preference for boundaries to shift their tilt axis across the (110) plane towards [112] and ultimately to form low
energy [112] core shifted boundaries (CSBs). However, the observed geometry of these emergent boundaries is

not reproduced by atomic calculations and the driving force is still controversial due to inconsistencies between
the computational continuum analysis and atomic calculations. Here, using atomic calculations that involve a
methodical shift of the dislocation core, we confirmed the geometry of emergent boundaries observed in
experiment and reconciled the atomic calculations with the elastic analysis through the inclusion of a straight
wedge disclination at the free surface.

The properties of emergent grain boundaries (eGBs) at free surfaces
and other interfaces have attracted attention for more than half a cen-
tury [1]. Intensive research has explored the effect of eGBs on growth
and residual stress evolution in thin films and coatings [2-10], elec-
trocatalytic phenomena such as CO; reduction [11,12], chemical
catalysis [13], intergranular corrosion [14-16], and the mechanical
properties of nanocrystalline materials [17,18]. In polycrystalline films
of face-centered cubic metals, [111] textures are important and hence
symmetrical tilt grain boundaries with [111] axis are common [19,20].
Symmetrical [111] tilt boundaries usually have two types of mean
boundary planes (110) and (112) [21]. Recently, the restructuring of
emergent boundaries with [111] tilt axis and (110) mean boundary
planes in nanocrystalline copper films and macroscopic bicrystal copper
samples with (111) surfaces was discovered experimentally [21,22].
High angle boundaries with [111] tilt axis and (112) mean boundary
planes have been reported in electron microscopy analysis of the
microscale polycrystalline copper films [23,24]. Although the restruc-
turing phenomenon was initially reported for copper, simulations shows
that this behavior is expected in all fcc metals [25].

Restructured eGBs observed in experiment involve the formation of
axis shifted boundaries in which the original [111] tilt axis is shifted
across the (110) plane towards [112], so the boundary cores lie in the
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low energy close packed (111) plane. This axis shift requires a
commensurate out-of-plane rotation of the adjoining grains either side
of the boundary and leads to the generation of elastic stresses in the
triple junction region [21,22]. The energetics of eGB formation was
analyzed by comparing continuum elastic modelling and atomic calcu-
lations, in an attempt to reproduce the observed eGB structure. To
achieve this, computational continuum elastic analysis considered both
the elastic anisotropy of the single crystalline material and elastic
properties of polycrystals [21]. Only a small number of low-energy
atomic structures were identified based on a cut-paste-shear-stitch
method developed via a genetic algorithm and Monte-Carlo method
[21]. The level of agreement and consistency between the two methods
was limited, so that further analysis is necessary to lay a rigorous
foundation for this approach. This analysis shows in a straightforward
manner how the boundary energy reduction scales with the elimination
of energetically-unfavorable boundary core facets [25].

In this paper, we introduce what we refer to as the core-shift method
to systematically build, and to evaluate energetically restructured eGBs,
instead of having to rely on a structure search. In this manner, it is
possible to build all possible low energy core-shifted eGBs. We then
analyzed the core structure of these calculated [112] core-shifted eGBs,
uncovered the principles underlying our framework and demonstrated
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its wide applicability and consistency. Our analysis of the energetics of
[112] core-shifted eGBs shows that eGBs at free surfaces are well
described as a straight wedge disclination from the perspective of wedge
geometry, the volume, the elastic stress and the surface stress.

The relationship between the in-plane boundary angle 6, shown in
Fig. 1a-b, the out-of-plane rotation angle ¢ and the core shift angle (or
inclination angle) yw away from [111], shown in Fig. lc, tany
= tan(¢ /2)/sin(0 /2) was verified experimentally for low angle [111]
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Fig. 1. Boundary geometry. (a) the median lattice adhering
to the xyz coordination system. (b) bicrystals and their own
coordination system are rotated +0,/2 along axis z or [111] of
) the median lattice. (c¢) out-of-plane rotation ¢, to shift the
. 5 composite rotation axis I. (d) [112] core-shifted boundary at
. top surface implied from experiment [21]. (e) core shift
! Q’\ method illustrated with a pure edge dislocation in a single
! NQ layer of the simple cubic lattice [27]. The grey atoms show the
[ NN
N R\
I

inserted atoms. Deleting the core atom or adding one atom
below the core L shifts the dislocation line in this layer.

core at surface

core in bulk

[111]
1/2[112] 1/2[110]

symmetrical tilt grain boundaries [22,26]. However, for boundaries
with in-plane angles between ~ 15° to 30°, experiments point to a shift of
the tilt axis from [111] to [112] close to the surface, while deep within
the material the tilt axis is still [111] as shown in Fig. 1d [21]. This
complex boundary structure involves a local symmetric rotation of the
adjoining grains and is most appropriately described as a straight wedge
disclination (Fig. 1c). At present there is no unified self-consistent
description of [112] CSB formation that accounts for the depth

Fig. 2. Core-shift boundary with in-plane angle 13.17°. To
shift the boundary core, we delete atoms at eGB in a step-by-
step manner from the top surface. Core shift (CS) depth and
total deleted atoms (D) are indicated. CSODO is the relaxed
ideal eGB. After deleting one core atom each layer from the top
3 layers of CSODO, we get CS3D3, whose stacking fault ribbon
goes through 6 atoms layer from the top. After deleting one
core atom each layer from the top 6 layers from CS3D3, we get
CS6D9, whose stacking fault ribbon goes through 9 atoms layer
from the top. The number of atomic layers in the stacking fault
ribbon SFRno and the corresponding rotation depth h are
shown in the middle panel for CS9D18. In the low panel for
CS9D18 and CS12D30, the two partial dislocations are also
shown.

CS12D30
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dependence of the associated disclination.

To develop a systematic approach to model the energetics and depth
of [112] CSB formation, we first consider the emergence of a single
dislocation onto a surface (Fig. 1e). To shift the boundary core in each
layer at the surface, deleting or inserting core atoms is necessary, as
illustrated in Fig. 1e [27]. In the schematic shown, deleting one core
atom shifts the local dislocation line upward in the boundary plane
while adding one atom below the core atoms shift the local dislocation
line downward. Both essentially involve movement of jogs along the
boundary cores or jog nucleation and elimination, in contrast to dislo-
cation climb which involves moving the dislocation lines [28-30]. Core
atom deletion (insertion) creates valley (ridge) emergent boundaries, as
described previously [21]. Using this approach, we developed a meth-
odology to systematically evaluate the energetics at all stages in the
core-shifting process, that keeps track of the number of atoms that are
deleted or inserted and the formation of the associated wedge
disclination.

The suspended films are built by stacking relaxed boundaries of ABC
layers along [111] direction with the top layer C stacking, and adding an
additional vacuum layer, as detailed in Fig. S1. The calculation methods
used are described in the Supplementary Materials. The defect energy or
the excess energy as a result of the presence of the interfaces, comprised
of the top and bottom surfaces and two boundaries, and the four ideal
eGBs [1,31]isEy = E?\, + ¢;, where N is the total number of atoms in the
system, the interfacial energy is Ey = 27gy-Agp + 275-As, Vg is the
boundary energy, y, the surface energy, Ay, the boundary area, A, the
surface area and ¢; the total energy of the four relaxed ideal eGBs in the
calculated suspended films (see Fig. S1). The defect energy is calculated
as Ey = Zfi 16 — Necon, where e; and e.,;, are atomic cohesive energy in
the simulation system and in the bulk, respectively [21,22]. The ideal
eGB refers to the boundary in which no atoms have been deleted or
inserted. Taking the vacuum energy as the potential reference, the
cohesive energy of a single copper atom is e,,;, = —3.54eV and the defect
energy of the single vacancy in bulk is 1.27eV. Both values are consistent
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with earlier calculations [32].

Then we calculated the defect energy Ex_p = ( ?’:’ID e; —(N—D)econ)
of suspended films, which includes a core-shifted eGB with D atoms
deleted. The deleted atoms are added into the copper bulk while inserted
atoms are taken from the copper bulk. In case of D = 0, the defect system
is the same as the relaxed ideal eGB. Comparing the suspended films
with relaxed ideal eGBs, the defect energy of the suspended film with a
single core-shifted eGB includes the same surface energy, the same
boundary energy, but a different eGB energy since any variation of the
local surface energy or boundary energy is due to the presence of the
triple junction itself. That is Ey_p = E + &5, where & is the energy of
the one core-shifted eGB and 3 ideal eGBs (see Fig. S1). The defect en-
ergy variation

AE =Ey_p—Ey =€, — € = (€cee — €ic) 1 D
is the extensive energy difference between the core-shifted eGB energy
ecse and the corresponding relaxed ideal eGB energy e;., where [, is the
triple junction length along one period vector.

Fig. 2 shows the core shift process for an emergent grain boundary
with in-plane angle  =13.17° (eGB13.17). We find the boundary core
by visualizing only high energy atoms of the calculated system in OVITO
[33]. The top panel shows the top view, the middle panel the structure
projected along the boundary normal, and the bottom panel the struc-
ture projected along the period vector. To shift the boundary core, we
delete atoms step by step from the top surface layers of the eGB. The core
shift (CS) depth and total deleted atoms (D) are indicated. CSODO is the
relaxed ideal eGB with zero deleted atoms. After deleting one core atom
from each of the top 3 layers of CSODO, we get CS3D3, whose stacking
fault ribbon (SFR) now extends 6 atom layers from the top. In this way,
we removed one energetically-unfavorable segment 1/2[110] or jog
along the boundary core [34] and hence the boundary energy is
reduced. For low angle boundaries, the dislocation line then lies in a
(111) plane and can dissociate into two partials with a stacking fault
in-between (see CS9D18 & CS12D30 in Fig. 2) [22]. After deleting one
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Fig. 3. Number of deleted atoms and core-shifted eGB energy. Upper panels (a-d) show the relationship between number of deleted atoms and effective depth
from SFR thickness for representative eGBs with in-plane angle 3.89, 13.17, 18.73, 26.01. Lower panel (e-h) show dependence of eGB energies on wedge depth.
Valley and ridge boundaries are shown as black and red curves, respectively. The fitting parameters to Eq. (3) are shown for each in-plane angle. The suspended film
thickness used is shown - for the low energy boundary with in-plane angle 3.89, a thick suspended film with 200 ABC layer stacking or 600 total layers and nearly 10
million atoms was used. The coefficient G/(4m(1 —v)) and the surface stress are shown as cG and p, respectively.
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Fig. 4. Analysis of the quadratic & linear coefficients. (a) Dependence of the coefficient u of h? on out-of-plane angle. Data points are for eGB3.89, eGB13.17,
eGB18.73 and eGB26.01. This plot demonstrates that the quadratic term of the defect energy is proportional to @2h2. (b) Plot of the linear term coefficient v,
boundary term, the difference between previous two terms versus out-of-plane angle. The proportional fitting of the difference with constant ~ -1.03 is also shown.
(c) Schematic show of one positive straight wedge disclination with the opening width 2k-tan(¢ /2) at the free surface. The period vector pe, points out of the paper
and Frank vector for the wedge disclination is ge,. The boundary normal is ne,. The surface normal is le,. The transition from the [111] boundary in bulk and the

[112] CSB are schematically shown as the white dash line.

core atom from each of the top 6 layers of CS3D3, we get CS6D9, whose
SFR extends 9 atom layers from the top and the total number of the
deleted atoms is 9. Similarly, further deletion yields CS9D18 from
CS6D9 and finally CS12D30 from CS9D18. The bottom panel clearly
shows the emerging SFR as the number of deleted atoms is increased.
Additional deletions continue to remove the energetically unfavorable
boundary segments but increases the elastic energy contribution to the
total energy, even though the boundary energy still decreases. The lower
panel in Fig. 2 also shows that the SFR narrows when it meets the bulk
boundary core and widens when it meets the free surface. In contrast,
the emerging SFR at a ridge eGB becomes narrower when it meets both
the bulk boundary core and the free surface (see Fig. S2). This predicted
change in SFR width is consistent with earlier studies by electron mi-
croscopy, simulation, and surface technique [22,35-37].

To analyze the resulting core-shifted boundaries, we first determine
the rotation depth h through which the adjoining grains have been
rotated (see AD in Fig. 1c and green dash line in Fig. 1d), which is critical
to accurately model the energy of systems containing a disclination.
Since CSB formation involves grain rotation an incorrect depth gives the
wrong coefficients for the quadratic terms for the bulk energy and
consequently the wrong shear modulus (see below). Even a systematic
offset in the depth gives a different linear term that is related to the
interfacial energy contribution.

For each [112] CSB at the surface, the number of atomic layers in SFR
is designated as SFRno in units of the atomic layer thickness. The number
of layers that have been core shifted (CS) and from which atoms have
been deleted is SFRno — 3, which is clearly seen in Fig. 2. The difference
is related to the 3 layers at the transition between the bulk core and SFR
core, which are in the SFR but not core shifted. During deletion or
insertion of atoms, the corresponding eliminated volume or added vol-
ume per period vector length [, is proportional to the volume variation

(SFRno — a)2~lp. To determine the appropriate scaling, we determined
the numbers of deleted or inserted atoms as a function of the SFRno for
four representative eGBs (eGB3.89, eGB13.17, eGB18.73 and
eGB26.01). Since the number of deleted atoms D is in principle pro-
portional to the volume, the best proportional fitting in Fig. S3 shows
that @ = 1.5 for each grain boundary and hence the rotation depth is

h = (SFRno — 1.5)~a/\/§ (2)

where a is lattice constant and a/v/3 the layer thickness. This can be
understood by recognizing the [111] boundary core can be decomposed
into a 1/2[112] facet, which involve three atomic layers (Fig. 1d). When

this facet connects with the eGB core, half of the length belongs to the
bulk boundary core and the other half belongs to the emergent boundary
core. For example, in CS9D18 the SFR depth SFRno, shown in Fig. 2, and
core shifted depth from which the atoms are deleted are 12 and 9,
respectively. Hence the rotation depth is 10.5 in unit of atomic layer
thickness along [111], which corresponds to the rotation depth h of the
wedge disclination associated with CS9D18.

Separately, we can calculate the volume of the wedge-shape dis-
clination whose base is defined by the ABC vertices in Fig. 1lc as
h*-tan(p /2)l, = b-ah?/8, where b is number of full dislocations 1/

2[110] per period vector. This volume divided by the single atom volume
is the number of the deleted atoms per period. From this expression for
the volume and Eq. (2), the calculated number of the deleted atoms per
period for eGB03.89, eGB13.17 (both have a single core per period or
b = 1) are 1/6-(SFRno — 1.5)* and for eGB18.73 and eGB26.01 (that

have four cores per period or b = 4) are 2/3-(SFRno — 1.5)2. The coef-
ficient 1/6 for eGB13.17 is consistent with the linear coefficient 0.1666
in Fig. S3. The result of this scaling analysis is shown in the top panel of
Fig. 3(a-d) where all points plotted show an uncertainty of less than one
atom. Note this scaling works equally for valley and ridge boundaries,
where core atoms are deleted and added, respectively (see Fig. S1).
Based on the depth analysis of the atomic structure, it is obvious that the
volume variation for building core-shifted eGBs is well described by the
wedge disclination.

The calculated defect energies for the four representative eGB
structures as a function of the wedge depth are shown in the lower
panels of Fig. 3(e-h). In each case, we kept the eGB period the same as
the bulk boundaries and so we may miss some low energy eGB structures
with long periods [38]. Each data point in the figure represents one
core-shift [112] eGB structure. We find that the best way to fit the en-
ergy points at different depths in Fig. 3(e-h) is a parabolic equation [39,
40]. The intensive core-shifted eGB energy can be written as

€ese — €1 = Wh* +Vv-h+w 3)

in units of J/m, where h is the rotation depth and u, v, w are coefficients
to be determined. The fitting results for valley and ridge eGBs are shown
in the graphs in the lower panels in Fig. 3(e-h) for each of the four
representative in-plane angles 6. In all instances, the depth of the dis-
clination wedge is larger for valley eGBs. The parabola shape is deter-
mined by coefficient u and the lateral position is determined by the ratio
-v/2u. The vertical position is determined by coefficient w. The quadratic
term and linear term correspond to the bulk energy and interfacial
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energies, respectively [39,40]. The constant term corresponds to the
energy variation of the linear defect and relates to the relaxed ideal eGB.

To understand the energy-depth dependence of the eGBs in Fig. 3(e-
h), the contributions of the quadratic and linear terms to the defect
energy of the core-shifted eGB were analyzed for each of the four
representative in-plane angles 6. Fig. 4a shows the coefficient u of the
quadratic term as a function of the corresponding out-of-plane angle ¢
given by tany = tan(¢p /2)/sin(6 /2), with y =19.5° for each [112] core-
shifted eGB. We found that this coefficient u is proportional to ¢? and
hence the quadratic term is proportional to ¢2h?. This is consistent with
finite element calculations in our previous paper [21]. The quadratic
term has the form of the linear elastic energy of a straight wedge dis-
clination G/(4x(1 — v))-@*h?, where G is shear modulus and v Poisson’s
ratio, even though the discrete deletion or insertion of atoms cannot
exactly describe a continuum wedge disclination [41-43]. Taking the
Voigt average Poisson ratio v = 0.324 and the average coefficient 6.70
for ¢?h? based on Fig. 4a yields a shear modulus of 56.9 GPa, which is
close to the Voigt average value of 54.6 GPa shear modulus in poly-
crystals [28]. Alternatively, we fitted the energy-depth dependence to
@*h? for each valley eGB (see lower panel of Fig. 3, black curves), we
find that the values of G/(4z(1 —v)) are 6.28, 6.28, 6.28 and 6.85 cor-
responding to eGB3.89, eGB13.17, eGB18.73 and eGB26.01, respec-
tively, which is consistent with an average value of 6.70. In summary,
the quadratic coefficient is u = G/(47(1 —v))-¢? and a direct measure of
the materials elastic properties at their triple junctions.

To analyze the energy contributions to the interfacial linear terms in
Fig. 3(e-h), we plot in Fig. 4b the coefficient v of the linear term (red
curve) and the coefficient of the grain boundary energy (green curve)
versus the out-of-plane angle ¢ for each valley eGB. The variation of the
boundary energy per wunit length along the period vector
—(rgpp11) —¥gpa12) /€08( /2))h ~ —(rgp1n —7gpiz)-h is a significant
driver for CSB formation [21,34] but from Fig. 4b it makes an increas-
ingly smaller contribution to the interfacial energy as both 6 and ¢ in-
crease. In fact, the difference between these two coefficients (blue curve)
shows, particularly for low angle boundaries, a nearly linear dependence
on ¢, with a proportional constant 8 that has dimensions J/m?. Hence
the non-boundary contribution to the linear term per unit length along
the period vector is —fp-h or —2ph-tan(¢ /2) and depends on the wedge
width 2h-tan(¢ /2). We find that the value of g for our four represen-
tative eGBs are 0.64, 0.82, 0.89 and 1.17 J/m? and the linear fitting gave
an average value of 1.03 J, /m? (see the black solid line in Fig. 4c). These
values are clearly different from the (111) surface energy 1.239 J/m?
(plotted as the black dashed line in Fig. 4c) yet fall in the range of the
reported values of the surface stress 0.7 ~ 1.3 J/m? [44]. As detailed in
Tab. S2 the lowest energy eGB for each of our representative boundary
has the wedge width of atomic scale dimensions is much smaller than
the emergent SFR width and the groove width at the surface found in
experiment and simulation. Therefore, the effect of the wedge dis-
clination on the surface energy variation and the surface area variation
can be modelled within the linear elastic approximation and the linear
constant f is the effective surface stress in the system due to the for-
mation of the local [112] CSB from the continuum wedge disclination.

In addition, we find that the effective surface stress at ridge eGBs is
much smaller than that at valley eGBs. For ridge eGB13.17 and
eGB26.01, the surface stress is negative and hence the triple junction is
not stable and should spontaneously reorganize. Clearly additional
experiment and simulation is needed to understand the non-boundary
contribution to the linear term and the behavior of ridge eGBs. In
summary, the  coefficient for the linear term is
V= —(Ygp11 — Yepp12)/cos(¢ /2)) — 2ptan(p /2) and captures the
boundary energy and effective surface stress contributions to [112] CSB
formation.

In conclusion, we have shown that [112] core-shifted emergent
boundaries are well described as a straight wedge disclination at the free
surface. The subsurface geometry found is consistent with our previous
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geometrical analysis of experimental data. The determination of the SFR
depth and in turn the depth of the disclination wedge is supported by our
deleted atom and volume analysis. The results derived from an analysis
of the quadratic and linear terms of the energy-depth relationship in Eq.
(3) yield elastic parameters in bulk and surface stresses that are
consistent with reported values.

The core shift method introduced here can be used as the starting
point for research on other low energy structures beyond [112] wedge
disclination. In this manner, it is possible to screen for the lowest energy
structures that are consistent with experimental results, for example by
fixing the CS depth and varying the out-of-plane angles through the
insertion of jogs along the SFR. On this basis, the core shift method can
also be used to calculate low energy structures at emergent metastable
boundaries, to identify low energy structures in clusters and nano-
particles with dislocations, or to build subsurface metastable structures,
and even to carry out structure searches at triple junctions in bulk.
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