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ABSTRACT

In this work, we investigate the equilibrium atomic structure of the Cu/Ta interface in the Ta—Cu system, focusing
on the Nishiyama—Wasserman orientation relationship, by means of atomistic simulations employing angu-
lar-dependent potentials (ADP). Two distinct lattice-mismatch regions, denoted as ZI and ZII, are identified
at the interface. The static properties of vacancies and solute—vacancy complexes are systematically analyzed
within the first interfacial planes. We find that the vacancy formation energy strongly depends on the local
interfacial environment, exhibiting significant variations between ZI and ZII. For solute—vacancy complexes,
both binding energies and exchange migration barriers are calculated, revealing noticeable deviations from
their corresponding bulk values. Furthermore, the vacancy—solute interaction is found to depend sensitively on
the distance from the interface core. In particular, vacancies located on the Ta side act as efficient traps for Cu
atoms, promoting an enhanced Cu solubility in the interfacial region. These results provide insight into defect
energetics and solute behavior at Cu/Ta interfaces.
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1. INTRODUCTION

Atomistic computer simulations provide valuable insight into the mechanisms governing the stability and
mechanical strength of immiscible Cu—Ta alloys, which are of interest for nanocrystalline applications due to
their rapid grain growth at elevated temperatures [1, 2]. Cu and Ta adopt FCC and BCC structures, respectively,
and exhibit negligible mutual solubility in the solid state [3]. However, mechanical alloying can produce meta-
stable FCC solid solutions in which Ta atoms are incorporated into Cu [4, 5], where solute clustering is believed
to contribute to enhanced mechanical properties.

Recent studies on nanoscale metallic multilayers have emphasized the critical role of interfaces in con-
trolling defect evolution, strain distribution, and atomic transport, particularly under irradiation conditions.
Experimental and atomistic investigations in systems such as Zr/Nb have revealed a strong asymmetry in defect
behavior across interfaces, associated with differences in defect migration barriers and elastic fields [6, 7]. These
differences lead to distinct defect accumulation and recovery mechanisms in adjacent layers, highlighting the
importance of interface structure in determining material response.

In the Cu—Ta system, most previous atomistic studies have focused on bulk properties and vacancy-
mediated diffusion using first-principles methods [8]. These works indicate that interstitial-mediated transport
is less relevant due to the high formation energies and low equilibrium concentrations of interstitial defects.
However, a detailed atomistic description of defect energetics at Cu/Ta interfaces, particularly accounting for
local structural variations, remains limited.

In this work, we present an atomistic study of the Cu/Ta interface based on angular-dependent potentials
(ADP) fitted to previuos first-principles based on density functional theory (DFT) and experimental data [1, 2, 9].
We focus on the Nishiyama—Wasserman orientation relationship and identify two structurally distinct interfacial
regions (ZI and ZII) arising from lattice mismatch.
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Although the interface considered in this work is idealized, it provides a controlled framework to inves-
tigate the fundamental atomistic mechanisms governing vacancy behavior at metal interfaces. Such simplified
models are widely used to isolate the role of local atomic environments and to extract physically meaningful
trends that would otherwise be obscured by structural complexity. The insights obtained here are particularly
relevant for understanding defect evolution and void formation in immiscible systems such as Cu—Ta, which are
of interest in nanoscale metallic devices. Future work will extend this approach to more realistic, experimentally
motivated interface structures and more advanced diffusion descriptions.

Then, we investigate the static properties of vacancies and solute—vacancy complexes in bulk Cu and Ta,
as well as in the vicinity of the interface. In particular, we analyze vacancy formation energies, binding energies,
and their dependence on the local interfacial environment. Additionally, migration barriers are evaluated to
assess possible vacancy-mediated transport mechanisms across the interface.

This work provides insight into the role of interfacial structure in governing defect energetics and solute
behavior in Cu/Ta systems, which is relevant for the design of temperature-resistant nanostructured materials.

The remainder of this paper is organized as follows: Section 2 presents our computational methodology,
while Section 3 validates the ADP potential developed by PURJA PUN e al. [1, 2] through bulk property cal-
culations, and discusses the numerical results for bulk Cu and Ta to assess the potential’s accuracy. Section 4
describes the construction of the interface, serving as a prototype for modeling Cu and Ta trapping. In Section 5,
we present the formation and binding energies of vacancy-solute complexes within the first atomic planes of the
interface core. Also, same section discusses possible vacancy migration pathways in the Cu/Ta system. Finally,
the last section summarizes our conclusions.

2. MATERIALS AND METHODS

The static properties were investigated using the molecular statics (MS) technique, implemented in an in-house
code named The Monomer method [10], together with angular-dependent (ADP) interatomic potentials for the
Cu-Ta system [1]. The Cu-Ta interatomic potential is based on the ADP formalism for Cu and Ta developed by
PURJAPUN et al. [1, 2, 9]. These potentials provide an accurate description of a wide range of properties of Cu
and Ta, including alloys with varying chemical compositions.

Migration is investigated using the Monomer method [10], a static technique designed to explore the
potential energy surface and identify saddle-point configurations. The method determines the direction of low-
est local curvature relying exclusively on force evaluations. Conceptually, the Monomer approach starts from a
local minimum and searches for the saddle points that connect it to neighboring minima.

In practice, the system is driven across the potential energy surface by means of a modified force. This
pseudo-force coincides with the conventional downhill force in all directions except one: the component along
the eigenvector associated with the lowest curvature is inverted, effectively pushing the system uphill along that
direction. As a result, the method converges toward first-order saddle points without requiring explicit Hessian
calculations. Owing to this strategy, the Monomer method efficiently identifies the relevant eigenvector using
only local force information.

The Ta/Cu interface was constructed following the procedure of SIMONELLI and FERNANDEZ [11],
and the results are compared with those reported by HEINO [12].

3. THE BULK

First, we evaluated the bulk defect formation properties. Point defect was introduced into a cubic crystallite
consisting of several thousand atoms under periodic boundary conditions. The atoms were then allowed to relax
in the presence of the defect as vacancies, where the formation energies is computed according to the following
expression,

E/=E(N-1)-E(N)+u (1)

In Eq. (1), £ (N — 1) and E (N) are the total energy of the supercell with and without a vacancy (V), and
u is the chemical potential of the atom removed taken as the energy per atom in the bulk u = £ (N)/N. Table 1
summarizes the bulk properties, including the lattice parameters, a, and cohesive energies, £, of FCC Cu and
BCC Ta calculated using the ADP potential [1], in comparison with experimental data and DFT calculations.
The characteristics of point defects are also reported, including the vacancy formation energies, E;;, vacancy
formation entropies, S;;, attempt jump frequencies, v, and migration energies, £ ., obtained using the Monomer
method [10], together with the corresponding activation energies.
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Table 1: Bulk properties of FCC Cu and BCC Ta computed with the ADP potential from Ref.[1], in comparison with DFT
calculations and experimental data.

FCC CU ADP EAM [8] DFT EXP.
a, (A) 3.615 3.615 3.52-3.64 [13] 3.615[14]
E, (eV) 3.540 3.540 3.47-4.15 [13] 3.54[15]
E/(eV) 1272 1272 1.08-1.30 [13], 1.19[16] | 1.27-1.28[17]
E¥ (eV) 0.689 0.689 0.69 [18] 0.71[19]
0" (eV) 1.961 1.962 1.98
Sk, 1.399 1.404 235[19]
v, (THz) 7.60 7.690
BCCTA ADP EAM1 [1] DFT EXP.
a, (4) 3.304 3.304 3.36 [20] 3303 [21]
E,(eV) 8.100 8.100 1 [14]
E!(eV) 3.060 2.430 2.99 [22] 1 [23]
E¥ (eV) 0.820 0.990 0.83 [22] 7123]
0" (eV) 3.880 3.420 3.98 [23] 8 23]
3 T T T L
25 . ' * A
~ 2T S =
2 osp - o .
i’ 1= . . s . ‘. .
Y S S T P
SEETEN L R A I
05 1 I 1 1
0 0.2 0.4 0.6 0.8 1
X1a

Figure 1: Formation energy per atom AE for different Cu-Ta intermetallic structures as a function of X , the atomic fraction
of Ta.

Table 1 shows well agreement between EAM [8], EAM1 [1], ADP, DFT, and experimental results. The
largest deviation is observed for the BCC Ta vacancy formation energy obtained with the EAM1 potential, rel-
ative to experiment and to both DFT and ADP values.

Next, we test the ADP cross-interaction between Cu and Ta by evaluating the formation energy AE =
E, - (1-X,) ., — X, 1, of different intermetallic structures, where E_is the minimized energy per atom of
structure a, X, the Ta atomic fraction and p ., the chemical potentials of each component as defined above.
Figure 1 shows the results for around 160 such structures. It must be noted that no negative values of AE are
obtained, suggesting the immiscibility of both components under the ADP model.

Our results are consistent with previously reported values [1], confirming the reliability of the ADP
potential in reproducing the bulk and defect properties of FCC Cu and BCC Ta. The agreement with both
experimental measurements and DFT calculations provides additional confidence in the accuracy of the present
approach.

4. THE INTERFACE

The Nishiyama-Wasswerman (N-W) interface generation method follows a standard computational procedure [11].
Briefly, the interface configuration shown in Figure 2, consists of a Cu/Ta bi-crystalline slab, oriented such that
the closest-packed planes and directions of each phase are parallel, i.e., (111),, (001)

ala aCu ala”
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Figure 2: The relaxed Cu/Ta interface structure. The unit cubes on the left indicate the crystallographic axes on both sides:
(a) Cu and (b) Ta. In (c), a projection of the interface along the x axis is shown, with the coherent (ZI) and incoherent (ZII)
zones labeled. Atomic planes are numbered by an integer n = 0; £1; +2; ... Grey (orange) circles correspond to Cu (Ta) atoms.
In (d), only the interface core region is represented, with one plane of Cu and one of Ta. Different color shades on atoms at
the interface stand for zones of good (ZI) and bad (ZII) lattice mismatch.

Around twenty compact planes are considered for each phase. Atomic positions were relaxed under periodic
boundary conditions parallel to the interface plane and free-surface conditions perpendicular to it.

In this system, most interfaces are incommensurable, i.c., the plane dimensions of the two blocks do
not perfectly match due to a lack registry between the lattice parameters of the two materials. Under periodic
boundary conditions, commensurability is enforced by slightly deforming the structures, which induces a stress
field whose magnitude grows with the plane-size mismatch and must be considered when evaluating interface
energies. To reduce these effects, block sizes were selected to minimize deviations from commensurability. The
simulation block finally contains 23328 Cu and 36656 Ta atoms, with dimensions 92.267 x 79.564 x 73.098 A®.

In the relaxed configuration, the energy contribution from the stress field due to the interface plane
mismatch, £ , increases linearly with the number of planes parallel to the interface. This contribution must be
excluded when computing the interfacial energy, E,. Accordingly, £(z) was calculated as the sum of the energy
differences per unit area for all atoms i,

E(z)=)(E +E,)/4 2)

In Eq. (2), 4 is the interface area, £, is the energy of atom i with coordinate z, < z and E|  is the cohesive
energy of the corresponding phase. The atomic layers contributing most to £, are highly localized at the interface
on the Cu side, while they extend slightly further into the Ta phase.

Figure 3 shows an example of the plots employed to compute £, - E, is taken as the difference between
the values of the lines at z = 0. In general, it is observed that the atomic layers that contribute significantly to
E are highly localized at the interface in the Ta phase and more extended in the Cu phase.
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Figure 3: Accumulated energy per unit area and determination of the interfacial energy.

The calculated interfacial energy, £, = 178 meV/A?, differs from the 131 meV/A? reported by HEINO
[12], although both values are of the same order of magnitude, the difference with our calculated value can be
attributed to methodological and modelling choices. Heino used an embedded-atom method (EAM) potential,
whereas our calculation employed the ADP potentials [1, 2]. The two results are consistent in magnitude, and
the discrepancy is within the expected uncertainty for different modelling approaches.

5. RESULTS

After relaxation, the Ta/Cu interface constructed following the NW orientation exhibits two distinct regions
associated with lattice mismatch accommodation referred as coherent (ZI) and incoherent (ZII) zones.

A coherent region (ZI) is characterized by relatively small atomic displacements and reduced local strain,
whereas an incoherent region (ZII) exhibits larger structural distortions arising from misfit accommodation. To
quantitatively distinguish between coherent (ZI) and incoherent (ZII) interface regions, we analyze the local
atomic environment of Cu and Ta atoms in the first interfacial layers.

Figure 4 shows atomic maps of different magnitudes for the first two layers of Cu and Ta close to the NW
interface. Cu atoms sitting directly on Ta atoms (shown on Figure 4-a/b as small red circles around the center and
top of the figure) correspond to positions with the highest energies and pressures (Figure 4-a/b). After relaxation,
those Cu atoms do not move appreciably on the interface plane (shown as blue/green in Figure 4-c) but they
instead move away in the perpendicular direction (shown in red in Figure 4-d).

On the other hand, Ta atomic displacements are comparatively much smaller (large blue/green circles
in Figures 4-c/d). Cu atoms suffering large relaxations in the z direction constitute zones of bad lattice mismatch
which will be referred to as ZII zones, in opposition to other zones where lattice mismatch are better, or ZI
zones. Atomic positions in zone ZII (high energy and pressure) are expected to bring the lowest vacancy forma-
tion energies as this defect will release lattice local pressure.

The Cu side exhibits pronounced site-to-site variations in all three quantities, revealing a highly hetero-
geneous local environment induced by the interface. In particular, regions associated with ZII display enhanced
stress concentrations and larger atomic displacements, while ZI regions remain comparatively uniform. These
spatial fluctuations correlate directly with the oscillatory behavior of vacancy formation energies observed in Cu.

In contrast, the Ta side shows a much more homogeneous distribution of local properties, consistent with
the nearly constant vacancy energetics in the BCC phase.

In order to extend the analysis beyond bulk properties, point defects were introduced into the ideal NW
interface system. In particular, vacancies were generated at selected atomic sites in the vicinity of the interface,
allowing us to evaluate their formation and stability in the interfacial environment. The presence of vacancies
plays a key role in diffusion-mediated processes and defect interactions in metallic systems. Based on these
configurations, solute—vacancy complexes were subsequently constructed by placing Ta (Cu) atoms in sub-
stitutional positions adjacent to the vacancy sites. These configurations also provide the basis for constructing
solute—vacancy complexes, which are known to significantly influence diffusion mechanisms and segregation
behavior. Accordingly, Ta (Cu) atoms were positioned in substitutional sites adjacent to the vacancies, enabling
the study of their interaction at the atomic scale.
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Figure 4: Projections of the relaxed NW interface with atomic maps of different magnitudes for the first layers of Cu (n=1) and
Ta (n = —1): a) potential energies (as a percentage of their respective cohesive energies, 3.54 ¢V for Cu and 8.1 eV for Ta),
b) pressure (as p = (5, + o, * c,)/3) where o, are the stress tensor components, in units of their bulk moduli B, 138.3 GPa
for Cu and 194.7 GPa for Ta), ¢) displacements on the interface plane and d) displacements perpendicular to the interface
plane (with respect to the initial atomic positions). Small (large) circles correspond to Cu (Ta) atoms and colors indicating
the magnitude of the given value as shown in each scale.

5.1. Segregation

Vacancies can segregate at interfaces, as their formation energies are typically lower than in the bulk, affecting
diffusion and interface stability. Vacancies were thus created at different atomic positions within both zones
along the perpendicular Z direction, extending up to about the eleventh layer in each material through ZI and ZII
(see Figure 1). Concerning segregation, the energy relative to a reference plane n_ (usually a bulk-like position
far from the interface) is defined in terms of the vacancy formation energy in Eq. (1) as,
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AE(n)=E) (n)~E; (n.) (3)

In Eq. (3), a negative value of AE(n) indicates that the vacancy preferentially segregates to plane n rel-
ative to the bulk reference, whereas a positive value indicates that segregation is unfavorable. Table 2 lists, in
eV, both the vacancy formation energy £ I; and the segregation energy AE(n), calculated from Egs. (1) and (3),
respectively. Note that in Figure 1, the plane at the center of the Ta/Cu interface is defined as n = 0, with the
adjacent planes above (Cu) and below (Ta) labeled 7 = 1 and n = 1, respectively. Using this notation, we present
our numerical results for the interface.

Formation energies (E;) and segregation energies (AE), summarized in Table 2, indicate that E; is
positive in both ZI and ZII regions for the Ta and Cu phases. On the Cu side (n — 1), the values range from
lower (0.664 eV) to higher (1.766 ¢V) than the vacancy formation energy in bulk Cu (1.272 eV, see Table 1). A
similar trend is observed for Ta, particularly at plane n = 1, where both lower (2.085 eV) and higher (3.357 eV)
formation energies are obtained compared to bulk Ta (3.06 eV, see Table 1). Concerning segregation, negative
values were found on both sides of the interface; on the Cu side at planes n = 1 (in ZI), while on the Ta side on
plane n = 1 (in both ZI and ZII). In Table 2, our ADP calculations show that segregation energies are negative
on the first two planes n = +1 on both the Ta and Cu sides.

On the Cu side, negative segregation occurs in ZI at n = 1, with a minimum energy of —0.608 eV, whereas
on the Ta side, negative segregation energies are instead found at » = 1 in both ZI and ZII zones. The negative
segregation energies observed at the n = =1 planes indicate that vacancies preferentially occupy these planes
relative to the bulk, whereas the positive values from »n > 2 make these sites less favorable. This energetic pref-
erence suggests that vacancies tend to migrate toward the n = 1 Cu plane at ZI, thereby promoting Ta diffusion
into the Cu region through the vacancy mechanism. Conversely, Cu atoms can migrate at » = 1 in both ZI and
ZII zones.

The bulk vacancy formation energies for both Cu and Ta are recovered and used as reference values.
As expected, Ta exhibits very low, nearly negligible solubility in Cu, and vice versa, reflecting the immiscible
character of the system. However, this behavior is modified in the vicinity of the interface core, where vacancy
formation energies and solute—vacancy interactions deviate from their bulk values, leading to locally enhanced
stability of certain configurations.

The preferential segregation of vacancies to specific interfacial planes can be understood in terms of the
local structural and chemical environment [6, 7]. The interface introduces regions of modified atomic coordi-
nation and local strain associated with lattice mismatch and structural relaxation. These conditions reduce the
energetic cost of vacancy formation relative to the bulk by partially relieving local stress and altering bonding

Table 2: Formation energy, £ /V., and segregation energy, AE, (in eV) calculated in Zone ZI and ZII.

Cu: n - PLANE EY(eV) (ZV/Z11) AE (eV) (Z1/ZIT)
n=1 0.664/1.766 ~0.608/0.494
n=2 1.287/1.455 0.015/0.183
n=3 1.299/1.321 0.027/0.049
n=4 1.326/1.329 0.054/0.057
n=>5 1.339/1.347 0.067/0.075
n=17 1.272 ~0.0

Ta: n — PLANE EY(eV) (Z1/Z11) AE (eV) (Z1/Z1T)
n=1 2.085/3.357 ~0.975/-0.703
n=2 3.099/3.164 0.039/0.104
n=3 3.216/3.298 0.156/0.238
n=4 3.216/3.277 0.156/0.217
n=>5 3.224/3.253 0.164/0.193
n=7 3.060 ~0.0
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interactions. As a result, vacancies are energetically stabilized at the interface, leading to negative segregation
energies. This behavior is consistent with general trends reported in immiscible metallic systems, where inter-
facial environments provide energetically favorable sites for defect accommodation due to combined strain and
coordination effects.

5.2. Migration

In this context, vacancy-mediated diffusion of solute atoms (Ta in Cu and Cu in Ta) is expected to be enhanced
near the interface region. To investigate the influence of the local environment on migration, a solute atom was
positioned as a first-nearest neighbor to a single vacancy on both sides of the interface. This setup enables a
direct comparison between solute and solvent migration barriers.

Additionally, the binding energy between the solute atom and the vacancy, £, is computed as:
E,=[E(N-1LV)+E(N-1S8)]-[E(N-2.8)+E(N)] Q)

where N is the number of solvent atoms, E(N — 1, V) and E(N — 1, S) are the energies of a crystallite containing
(N — 1) atoms of solvent plus a vacancy V or a solute atom S, respectively; and E(N — 2, S) is the energy of a
crystallite containing (N — 2) solvent atoms plus one solute atom as the nearest neighbor of a single vacancy.
According to the sign convention used here, £, > 0 value means attractive solute-vacancy interaction, whereas
E, <0 means repulsion.

Here, we studied a single vacancy at sites 1 through 7 (see Figure 5) placed at n = £1 planes, calculating
the vacancy formation energies (summarized in the first column of Table 3) and assessing the stability of each
relaxed configuration.

Table 3 summarizes the solute-vacancy exchanges calculated using the Monomer [10]. The first column
reports the vacancy formation energy, Ej'f, in the n = £1 planes on both sides of the interface, together with
the binding energy of solute-vacancy complexes C=8-V., constructed by placing the solute at site j (with
j=1,...,7) and the vacancy at its first neighbor j + 1 and translatmg the pair to cover zones ZI and ZII, as shown
in Figure 5. In this figure, on the Ta side, the Cu atom acts as a solute forming the complex Cu,— V|, whereas on
the Cu side, Ta forms the complex 7z, — V. This figure also illustrates the associated lattice distortions induced
by the interface misfit. Furthermore, on each side of the interface we calculated the solvent-vacancy exchange as

well as the binding energy of initial and final configurations after vacancy-solute or vacancy-solvent exchange.

In this way, we can study the effects of the lattice mismatch on the vacancy formation energy and on
the binding energy of the complex. Figure 6, shows the vacancy formation energy in the first two planes of the
interfacial core as a function of the vacancy position (sites 1-7), with the values summarized in the first column
of Table 3.

The structural variations are more pronounced on the Cu side of the interface, leading to spatial modula-
tion of vacancy energetic. In contrast, the Ta side exhibits a more uniform local atomic environment, consistent
with the weak variation of vacancy energies as shown in Table 2 and Figure 6.

It is worth noting that, along plane n = 1 (Cu side), the vacancy formation energy displays an oscillatory
behavior across atomic layers, revealing strain-induced relaxations that extend into the Cu region and indicating
stronger lattice distortion in the FCC Cu near the interface. In contrast, on plane n = —1 (Ta side), the formation
energy is nearly uniform, except at one site where the vacancy is unstable.

The structural variations are more pronounced on the Cu side of the interface, leading to a spatial mod-
ulation of vacancy energetics. This behavior can be attributed to the higher structural sensitivity of the FCC Cu
lattice, where local distortions induced by lattice mismatch and interfacial relaxation produce significant vari-
ations in the atomic environment. In contrast, the BCC Ta lattice, characterized by lower packing density and

»X C,=|S},—-V,; S=TaorCu

(.\ @@@
@
2 @ ZIl

Figure 5: Scheme of complex in planes n = +1.
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energies are reported only for the initial/final configurations after solute-vacancy exchange.

EY(n==1) COMPLEX E" E,(C) CONFIG.
1.272 V-Cu 0.820 0.029
3.060 V-Ta 1.236 -0.658 ./9,/7.
T‘ @
1.299 C =Ta -V, 0.039/0.137 —-0.036/0.063 stable
1.418 C,=Ta,~V, 0.387/0.202 0.179/-0.221 stable
1.403 C3 = Ta3 -V, 0.010/0.153 —0.094/0.053 stable
1.659 C4 = Ta4 - V5 0.016/0.328 -0.371/-0.059 stable
1.827 C.=Ta -V, 0.571/0.531 —0.555/-0.594 stable
1.952 C=Ta,~V, 0.358/0.545 —0.618/-0.491 stable
1.915 C,=Ta, -V, 0.447/0.126 0.731/0.417 stable
2.481 C =Cu -V, Figure 5 Unst.
2.559 C,=Cu,~V, 0.118/0.286 —0.875/-1.043 stable
2.571 C,=Cu,—V, Figure 6 Unst.
2.549 C,=Cu,~V, Figure 7 stable
2.485 C.=Cu,—V, 0.305/0.288 —1.063/-1.140 stable
2.494 C.=Cu,—~V, 0.324/0.436 —1.041/-1.154 stable
2.508 C, =Cu,~V, no exch. -0.929 stable
0 1 2 3 4 S 6 7 8 9
3.5 1 1 1 1 1 1 1 1 3.5
3 3
%‘z.s-_ .——.“l‘l«.—_.——.—l 25
= —i— CuBulk [
w 1| —f- CulFn=1 i
w24 s Ta Bulk I/.“l [ °
1| L~ TaiFn=-1 - \- [
1.5 4 -~ - 15
] _ B-m :
1 BF :
1 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9

Figure 6: Vacancy formation energy (in eV) within n = 1 and n = —1 planes within the interface core region in terms of
atomic position along x-axis.

Position at n= t 1 planes
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higher mechanical stiffness, accommodates interfacial strain more uniformly. As a result, the local atomic envi-
ronment on the Ta side remains closer to its bulk configuration, consistent with the weaker variation observed
in vacancy formation energies.

Table 3 summarizes the solute—vacancy exchange processes. On the Cu side, all complexes are stable,
with migration consistently occurring between Ta atoms and the vacancy. On the Ta side, most complexes are
also stable, except for two cases where negative binding energies between Cu and the vacancy indicate instability.

Here, a configuration is classified as unstable when structural relaxation leads to dissociation of the initial
vacancy-solute complex and convergence to a different atomic configuration. Such behavior is generally asso-
ciated with negative binding energies, indicating an energetically unfavorable interaction between the defects.

Other jumps involving solvent atoms and a vacancy are summarized in Figures 7 to 11. These figures
present the solvent-vacancy exchange migration barriers for direct and reverse jumps between initial and final
configurations, together with their corresponding binding energies £, (in blue), calculated from Eq. (4).

Figure 7 shows in panel (a) the initial complex configuration C, = Cu, — V,, which becomes unstable
after relaxation. The relaxed state corresponds to a delocalized vacancy in the n = £1 planes, with a Cu atom at
the center (b). Two saddle points connect this state to distinct final configurations: (¢) Cu labeled 2 (d) migrates
to n = 1, yielding two Cu atoms at n = 1 (Ta side) and a vacancy at n =1 (0.001/0.032 eV forward/reverse);
and (b) a multiple-jump involving three atoms of Cu labeled 1, 2 and 3 with a direct/reverse migration barriers
0f 0.093/0.549 eV.

Figure 8(a) shows the C, = Cu, - V,, complex configuration. After relaxation, Cu(2) occupies the vacancy
at n = 1, leaving one at n = 1 (Cu side). Unlike the delocalized vacancy obtained in Figure 7, this relaxed state
is localized, and Cu (3) at n = 1 exchanges with the vacancy in the same plane, with migration barriers of
0.132/0.753 eV (forward/reverse).

In the complex C, = Cu, — V,, no solute-vacancy exchanges were observed. However, two Ta-
mediated transitions were identified, exhibiting migration barriers of 0.038/0.599 eV and 0.038/0.456 ¢V for the
forward and reverse jumps, respectively (Figure 9-a/b). These transitions correspond either to the migration of
a single Ta atom (labeled 2) along the x direction, or to a collective jump within the xy plane involving two Ta

atoms (labeled 3 and 4).

Figures 10(a) and (b) panels show the complex C, = Cu, — V,, in which two distinct transitions were
identified: (a) the migration of Ta (2) into the vacancy site, with migration barriers of 0.083/0.555 eV, and (b) a
solute-vacancy exchange, with migration barriers of 0.228/0.305 eV.

The C, = Cu, — V, complex, also located in zone ZII, exhibits similar behavior. Two distinct transitions
are identified: (1) a Cu-vacancy exchange with migration barriers of 0.324/0.436 eV, and (2) migration of a
solvent atom (Ta) into the V 7 site with 0.010/0.496 eV. These processes are illustrated in Figures 11(a) and (b).

Figures 10 and 11 allow a comparison of solute and solvent jumps toward the vacancy site. In jump (a) of
both figures, the solvent atom Ta (2) migrates with a barrier roughly an order of magnitude lower than that of the
solute-vacancy exchange in jumps (b). In Figure 11 (a), the jump left the vacancy away from the solute, whereas

2

% () Initial configuration 2 (b) After relaxation

-1.494 eV - -  -1.205eV

Figure 7: (a) Unstable initial configuration. (b) Relaxed configuration of the solute-vacancy complex, Cu, — V. (c) Schematic
of a single Cu jump (atom labeled 2). (d) Schematic of a concerted three-atom jump involving atoms 1, 2 and 3. Arrows
indicate direct/reverse atomic jumps.



[nc_ RAMUNNI, V.P.; PASCUET, M.L; FERNANDEZ, J.R., revista Matéria, v.31, 2026

2 (a) Initial configuration (b) After relaxation

-1.032 eV

Cu;—-V,

-1.450 eV

Figure 8: (a) Unstable initial configuration. (b) Relaxed configuration of the solute-vacancy complex Cu, - V,. (c) Migration
of the Cu atom labeled 3 into the vacancy site located in the n =1 plane on the Cu side.

A
z

-1.032 eV

-1.592 eV

-1.450 eV

Figure 9: (a) Stable initial configuration of the Cu, — V; complex. Two jumps involving (b) one Ta atom labeled 2 and (c) a
cooperative migration of two Ta atoms labeled 3 and 4 within the # = 1 plane on the Ta side.

-1.399 eV

@y/
(b) . I =T.

-1.611 eV

Figure 10: (a) Relaxed configuration of the C, = Cu, — V, complex. (b) Migration jump involving a single Ta atom (solvent).
(c) Migration of a Cu atom (solute). Both jumps (b) y (c) occuring in the n — 1 plane of the BCC Ta side.

in Figure 10, the vacancy remains a first neighbor to the solute after exchanging with Ta (2). In summary, a wide
range of migration barrier values is observed, which can be attributed to atomic mismatch effects within the
core region of the interface, where the two crystals join. Another observation is that, on the Cu side in zone ZII,
vacancy segregation is favorable and can lead to the trapping of Ta atoms within the interfacial core, but only
at specific sites forming preferential pathways of contiguous Ta atoms (hereafter referred to as “Ta channels”).
In the next section, we focus on solute atom jumps, either Ta or Cu, that cross the interface from n =1 to
n = 1or vice-versa.
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-1.041 eV
n=1

-1.528 eV -1.154 eV

Figure 11: (a) Relaxed complex configuration Cu, — V., (b) Ta (solvent) and (c) Cu (solute) migration within n = Tat BCC
Ta side.

Cooperative multi-atom jumps, such as the mechanisms illustrated in Figure 7(d) and Figure 9(c),
corresponding to Cu and Ta solvent atom migration, are indeed intriguing and may become relevant at finite
temperature. Their contribution is primarily governed by the associated activation energies. In the present case,
the mechanism involves the displacement of two Cu/Ta atoms and can be interpreted as two coupled atomic
jumps rather than a fully concerted motion, emerging as a viable minimum energy pathway within the distorted
interfacial environment. As interfaces such as Cu/Ta, are characterized by significant lattice mismatch and local
strain, can facilitate correlated atomic rearrangements that are unlikely in bulk systems.

Although the dimer method identifies this mechanism as an energetically accessible transition path, it
does not provide direct information on its statistical weight. Therefore, while the existence of such cooperative
jumps suggests that they may contribute to diffusion under certain conditions, their actual relevance at finite
temperature would require further assessment, for instance through kinetic Monte Carlo or molecular dynamics
simulations.

It is worth noting that the migration barriers associated with this mechanism are comparable to those of
single-atom vacancy jumps. Moreover, the forward migration barrier is significantly lower than the reverse one,
indicating an asymmetric energy landscape along this pathway.

The calculated vacancy formation tendencies and migration barriers provide the atomistic energetic
parameters that ultimately control macroscopic diffusion behavior. The results indicate that the interfacial region
exhibits a heterogeneous energy landscape, where defect transport is expected to be spatially non-uniform.
Regions characterized by enhanced vacancy stability and reduced migration barriers are likely to act as prefer-
ential pathways for vacancy-mediated transport, whereas regions associated with higher local strain and larger
activation energies are expected to hinder defect motion. Consequently, the interface is predicted to function as
a spatially selective transport pathway. A quantitative evaluation of macroscopic diffusion coefficients would
require finite-temperature simulations and kinetic modeling, which are beyond the scope of the present work.

Finally, our findings indicate that the minimum-energy configuration corresponds to a delocalized
vacancy that can adopt two distinct arrangements: (i) two vacancies in the n = +1 planes with a Cu atom at the
center, and (ii) a similar configuration with a Ta atom at the middle. Among the various possible migration path-
ways within the interface, we propose one that connects these two configurations as shown in Figure 12. This
delocalized vacancy configuration is taken as the starting point for the search of saddle points. We start from a
delocalized vacancy between n = +1, with a Cu atom located at the center of both planes (C, in Figure 10(a)).
The Cu atom migrates toward one of the vacancies at n = 1, leaving behind a vacancy at n = 1, corresponding
to the final configuration C,, which involves two Cu atoms (labeled 1 and 2). From this final configuration,
we perform a new saddle point search, resulting in a Ta jump (labeled 3) from n = 1 toward n = 1. This analy-
sis reveals that Ta again forms a delocalized vacancy configuration, now with the Ta atom at the center. Both
configurations, (1) and (2), with either Cu or Ta at the center of the two vacancies at n = 1 and n = 1, are also
connected by a direct jump, as illustrated in Figure 11(b). In Figure 12, we show how configurations (C,) and
(c f) are connected through the migration steps indicated by green arrows. We have also identified other stable
configurations with higher formation energies than (C,) and (C f), which migrate along the x and y directions on
the n = £1 planes, with migration barriers around 0.7 and 0.8 eV close to that obtained for the bulk of fcc Cu
and bcc Ta, respectively.

Based on the results presented in Table 3, we propose a solute Ta migration pathway driven by a
vacancy mechanism within the interface core from ZI to ZII. Figures 11 (a) and (b) summarize the migration
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Figure 12: Schematic representation of delocalized vacancy migration pathways in £.

Figure 13: Ta (a) and Cu (b) migration within n = +1 planes driven by vacancies, respectively. In (b), grey and orange arrows
represent Cu and Ta jumps toward the vacancy at n = —1, from n = 1 and n = 2, respectively.

energies of (a) Ta-solute atoms driven by vacancies along the n = 1 of the Cu side and (b) Cu migration in Ta
(n = 1), respectively.

In Figure 13(a), Ta-vacancy exchanges within the » = 1 plane are indicated by black and green arrows.
The green arrows correspond to jumps between zones ZI and ZII, defining a transition region centered on the
site labeled as 4. In contrast, for Cu in Ta, only three possible solute-vacancy exchanges were found, with the
most probable being the exchange of the vacancy in the n = —1 complex with atoms located in the » = 1 and
n =2 planes, as shown by the green and orange arrows in Figure 13(b). This case will be explored in more detail
in a forthcoming study, where we will show that Cu migration in Ta proceeds through jumps to the n = 1 plane
in the Cu phase, promoting Cu motion toward the n = 1 plane. Also in Figure.13, grey and orange arrows corre-
spond to Cu and Ta jumps towards the vacancy forming the complex at n = 1, from n =1 and n = 2, respectively.
This type of jumps will be studied in an upcoming paper.

The vacancy-solute complexes in the bee Ta region (z < 0) can be stabilized in certain areas within zones
ZI1, Z11, and their transition region. In other cases, relaxation drives the vacancy toward the Cu side, leaving two
Cu atoms on the Ta side that repel the vacancy. Some regions enable facile Cu migration within Ta, whereas
in others, Cu remains immobile and solvent migration becomes dominant. The combination of low forward/
reverse migration barriers for solvent jumps and higher forward/reverse barriers for solute motion highlights the
complexity of the energy landscape and the asymmetric defect mobility across the interface.
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The present study focuses on migration energetics and atomistic transport pathways at the Cu/Ta
interface. The preferential stabilization of vacancies and the identification of energetically favorable migration
pathways near the n = £1 interfacial planes indicate that atomic transport is spatially localized at specific regions
of the interface. These results provide the atomistic foundation required for the future determination of effective
diffusion coefficients and their comparison with experimental interfacial diffusion behavior. A comprehensive
analysis of diffusion processes and their macroscopic implications is beyond the scope of the present work and
will be addressed in a forthcoming study. In this context, the present results represent a step forward in the atom-
istic investigation of metal/metal interfaces using ADP interatomic potentials, which will be extended to more
complex and realistic interfacial configurations in future work.

In summary, the spatial variation of vacancy formation energies and migration barriers observed at the
Cu/Ta interface can be interpreted in terms of heterogeneous local strain arising from lattice mismatch accom-
modation. Such strain-mediated modifications of defect energetics have been widely reported in heterogeneous
and multilayer systems, where local structural distortions influence defect stability, migration pathways, and
sink efficiency [7,8]. In the present system, we have demonstrated that the coexistence of structurally distinct
interfacial regions produces a non-uniform local environment that modulates both vacancy stability and binding
energies. These results support the general view that defect energetics at metal/metal interfaces are governed
primarily by local structural and stress fields.

The trends observed in this work are consistent with recent atomistic and experimental studies on metal-
lic interfaces, which highlight the dominant role of the local atomic environment in governing defect energetics
and diffusion behavior. In particular, the strong dependence of vacancy formation energies on the interfacial
region (ZI vs. ZII) reflects the heterogeneous energetic landscape typically reported for immiscible interfaces,
where local coordination and structural features give rise to spatially varying defect stability.

Similar behavior has been reported in Zr/Nb multilayers, where interfaces act as active regions for defect
absorption and significantly modify the local strain and defect distribution, behaving as efficient sinks for irradi-
ation-induced defects [24]. These findings support the interpretation that the interface is not a passive boundary,
but rather a region with distinct thermodynamic and kinetic properties.

Furthermore, the preferential trapping of Cu atoms by vacancies on the Ta side of the interface is in line
with previous studies showing that defect—solute interactions are strongly enhanced at interfaces, leading to local
deviations from bulk solubility and to non-uniform segregation patterns. Recent atomistic works have empha-
sized that such behavior originates from the interplay between lattice mismatch, chemical interactions, and local
atomic coordination, which together define energetically favorable trapping sites and diffusion pathways.

In this context, the identification of specific regions within ZII that promote vacancy segregation and sol-
ute trapping suggests the emergence of preferential migration pathways, consistent with the concept of localized
diffusion channels reported in complex metallic interfaces.

Overall, these results reinforce the general picture that interfaces in immiscible systems exhibit highly
heterogeneous energetic and kinetic landscapes, where defect stability, segregation, and migration are controlled
by the local atomic structure rather than by bulk properties alone.

6. CONCLUSION

In this work, we have analyzed vacancy formation, segregation, and migration energies, as well as the binding
energies of vacancy-solute complexes, both in the bulk and at the Cu/Ta interface. The interface was examined
in two distinct regions, ZI and ZII, where lattice mismatch occurs. Preliminary migration calculations reveal
how vacancies and vacancy-mediated solute exchanges respond to the local environment on both the Cu and Ta
sides. Overall, our results show that vacancy behavior at the interface is strongly region-dependent, with solutes
generally stabilizing delocalized vacancies in the n = +1 planes at the interface core. These findings highlight the
crucial influence of the fcc-bec lattice mismatch on vacancy energetics and provide a solid foundation for future
studies of mechanical and transport properties in Cu-Ta nanostructures. In addition, we have demonstrated the
reliability of the Cu-Ta ADP potential in modeling the structural and energetic properties of Cu-Ta systems.
Finally, this study represents a first step toward a comprehensive understanding of point defects at the Ta/Cu
interface, focusing here on vacancies.

Vacancy energetics correlate with spatial variations in local atomic volume induced by mismatch
accommodation. Concerning migration we have observed that saddle points are sensitive to the local stress state
through changes in the activation volume associated with atomic transport.

Future work will extend the present framework by explicitly incorporating vacancy and solute diffu-
sion, allowing direct comparison with experimentally observed defect transport and accumulation phenomena.
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In particular, the combination of atomistic simulations and experimental techniques such as positron annihila-
tion spectroscopy and nanoindentation will provide a comprehensive understanding of the interplay between
interface structure, defect dynamics, and macroscopic material response.
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