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High electric fields affect the diffusion dynamics of atoms on a metal surface, causing biased surface diffusion that possibly leads to the growth of intensively field emitting protrusions and consequent vacuum breakdown (VBD). The scientific understanding of this process, as well as other fundamental VBD initiation mechanisms, is far from complete. Here we investigate the exact atomic behaviour of metal surfaces exposed to extremely high electric fields using density functional theory (DFT). Previous theories describe the field-surface dynamics in terms of the effective dipole moments and polarizability of surface atoms, disregarding higher-order (hyperpolarizability) terms. The validity of this approximation has been evaluated only for electric fields up to 3 GV/m, due to computational limitations of the plane-wave DFT basis used in previous works. In this work, we test the validity of this approximation for a much wider field range, relevant for VBD and field emission (FE), using Cu nanoparticles as our test structures. We find that although such high fields can change the entire structure of Cu nanoparticles, their energetics are described very precisely by the permanent dipole moment and polarizability terms. Thus, we show that neglecting the hyperpolarizability terms is valid even for field values that exceeds the range that is relevant for intense FE and VBD. This work lays a solid foundation for further developing atomic-level simulation models for electric field-induced surface diffusion on metal surfaces and its effects on protrusion growth and VBD initiation.
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INTRODUCTION
The behaviour of metal surfaces is modified by the influence of external electric fields, which can alter the interatomic interactions in a complex manner [1–3]. This results in electric fields playing a key role in the diffusion dynamics of the atoms on metal surfaces, resulting in various types of field induced surface modifications, with significant implications in various technologies. For instance, vacuum arcs, also known as vacuum breakdowns, are detrimental for a wide range of technologies, such as particle accelerators, fusion reactors, vacuum switches, electron sources, etc. [4–8] Despite years of study, the physical mechanisms leading to vacuum breakdown remain unclear. Although it is quite established that VBD is initiated from field enhancing protrusions on the metal surface that acts as intense field emitters, their formation mechanisms remain unknown. One of the most plausible explanations is field-induced growth of nano-protrusions on metal surfaces by biased diffusion. Similar effects can also be detrimental for the stability of field emitting electron sources. Meanwhile, if the field-induced surface modifications can be clearly understood and reliably modelled, it will offer possibilities for the controllable manipulation, nanopatterning and fabrication of surface structures.
The diffusion behaviour of adatoms on metal surfaces under external electric fields attracts the wide attention of both theoretical and experimental studies. Tsong and Kellogg [9–11] proposed a formula to describe the biased diffusion of an adatom in the presence of non-uniform fields, assuming that the modification of its migration barriers by the field is determined by the atomic polarization characteristics. Their formulae provided a strong qualitative understanding of how the migration barriers and the binding energies are modified in the presence of a high electric field. Yet, the atomic polarization characteristics were not rigorously defined for a non-isolated adatom that interacts and shares its charge with other surface atoms in its vicinity. This issue was recently tackled by the development of a complete theory [12, 13] that considers the entire charge redistribution on the surface. This theory defined rigorously and exactly the relevant effective atomic dipole characteristics, based on the systemic dipole characteristics of a slab system, which can be calculated by density functional theory methods. Although this method has been successful in describing the polarization characteristics and the biased diffusion dynamics for low fields up to a few GV/m, it is not clear whether higher-order hyper-polarizability terms can be neglected for higher electric fields.
In the present work, we investigate the behaviour of Cu nanoparticles under high electric field to verify the validity of neglecting hyper-polarizability terms. We compare the total energy of the nanoparticles under electric field as calculated directly by density functional theory (DFT) and by the polarization formula. We verify that leaving out hyper-polarizability terms is a valid approximation for applied fields up to 15 GV/m. In addition, we show that Cu nanoparticles are subjected to significant structural modifications when exposed to high electric fields, which due to their non-diffusion properties as well.
Simulation methods
We performed DFT calculations by combining the Vienna Ab initio Simulation Package (VASP) [14] 6.3.0 and Gaussian 16 package. All our calculations were performed with the Perdew–Burke–Ernzerhof (PBE) [15] generalized gradient approximation (GGA) [16, 17] for both VASP and Gaussian calculations. In VASP, the wave functions are expanded in a plane-wave basis sets, using the projector augmented wave (PAW) method [18]. The cut-off energy was set to 600 eV, and a single gamma-point grid sampling was used for Brillouin zone integration, as the simulation cell size was larger than 30 Å × 30 Å × 30 Å. The electronic convergence criterion was set to 10–5 eV, ionic relaxation was run until the maximum interatomic force was less than 0.01 eV/Å, and σ = 0.2 was chosen for the Methfessel-Paxton smearing scheme [19]. Gaussian uses a localized basis set. The PBE functional was used in conjunction with the triple zeta valence polarization (TZVP) [20, 21] basis set.
Nanoparticle structure relaxation with and without field
We simulated four distinct types of Cu nanoparticle structures, shown in Figure 1. The simulated NP structures include a simple atomic dimer (a, e), a 14-atom cube (b, f), two stacked 23-atom cubes (c, g) and three stacked 32-atom cubes (d, h) with Cu atoms at the corner and at the centre of the faces in the FCC positions. We started by relaxing the structures without field using the Gaussian DFT simulation package. The relaxed structures are shown on the left-hand side (a-d) of Figure 1.
[image: Figure 1]FIGURE 1 | From top to bottom, side views of Cu dimer (A,E), single cube NP (B,F), two stacked cubes NP(C,G) and three stacked cubes NP (D,H), respectively. Bond lengths are marked by solid lines. Structures (A), (B), (C), and (D) are relaxed without field, while (E) and (F) are relaxed under a 15 GV/m applied field, (G) under a 2 GV/m field, and (H) under 1 GV/m. In all cases the field is applied vertically along the positive z-axis.
Then, to demonstrate the significance a high electric field plays in the dynamics of such atomic structures, we applied a strong electric field in the upward (+z) direction and relaxed the structures under the influence of the field, as shown on the right-hand side (e-h) of Figure 1.
For the Cu atom dimer, we find that the bond length (minimum energy distance) increases from 2.2 Å at zero field to 2.4 Å at a field of 15 GV/m. For the 1-cube NP, the bond lengths along the direction of an applied field (the vertical axis) are elongated by about 9%, while on the contrary, the bond lengths perpendicular to the direction of an applied field (the horizontal axis) are shortened by about 1%, causing the cube to be tetragonally distorted. In the case of 2-cube NP, a field of 2 GV/m is sufficient to cause significant structural deformation as shown in Figure 1G. The applied field exerts a strong external force on leading to atoms at the corner move upwards, thus bending the whole NP structure. Finally, for the 3-cube NP, even 1 GV/m field is sufficient to cause a complete reconstruction of the NP, as shown in Figure 1H. We see that the NP compactifies along the horizontal axis and stretches along the vertical axis. The most top face centre Cu atoms corresponding to that in ideal FCC positions move upwards along + z-axis and the atoms at corner move towards the middle to reach energy minimum.
Polarization characteristics
The total diploe moment [image: image] of a system of atoms under an applied field [image: image] can be expressed as [11]
[image: image]
where [image: image] and [image: image] are the permanent diploe moment and polarizability of a given atomic system (set of atomic positions), respectively. The total energy [image: image] of a given system under high electric fields can be then obtained in terms of [image: image] and [image: image] as [11]
[image: image]
where [image: image] is the total energy in the absence of an external field. The parameters [image: image] and [image: image], similarly to [image: image] depend on the atomic structure and can be calculated for any atomic structure by using DFT in the presence of an applied field. However, it is not clear what is the field range for which higher order [image: image] (also known as hyperpolarizability) terms can be neglected. Previous DFT calculations [11] have shown that [image: image], [image: image] in Eqs 1, 2 can be neglected for electric field strengths up to 3 GV/m. Here we shall investigate whether this approximation is valid for higher field strengths as well.
The commonly used DFT package VASP, can perform accurate calculations when electric fields range from 0 to [image: image] 3 GV/m, using the dipole layer method introduced by Neugebauer [22]. However, this method becomes unreliable when the applied field is larger than about 3 GV/m, as the electrons tunnel through the surface barrier and accumulate at the artificial potential well introduced near the dipole layer, thus leading to an unreliable result, especially in the calculation of the dipole moment of the system. Due to the limitations of the abovementioned method, we used the Gaussian package for high-field calculations, as the latter is capable of tackling DFT calculations with 15 GV/m field due to its localized basis wavefunctions. However, this basis is appropriate for simulating non-periodic, isolated structures, rather than the periodic slab models that are typically used for such calculations and are more representative of the interaction of high fields with large-scale metal surfaces. As we are here more interested in assessing the general behaviour of the polarization characteristics of metal surface structures exposed to high electric fields, we simulate different Cu nanoparticles, which can reveal typical characteristics, while remaining appropriate for the localized basis set of Gaussian.
To investigate the effect of hyper-polarizability terms at extremely high fields, we combine two widely used DFT calculation approaches and packages (VASP and GAUSSIAN), in a process schematically represented in the flow chart of Figure 2. For each relaxed structure of Figure 1, we use GAUSSIAN to directly calculate the total energy of a given atomic system for fields up to 15 GV/m and fit a parabola through them to obtain the optimum values for [image: image] according to Eq. 2 that reproduce the calculated energy values. To validate different computational approaches, we also use VASP to calculate the polarization coefficients [image: image] and [image: image] from only low-field (<3 GV/m) simulations. We can then substitute [image: image] and [image: image] obtained by both methods into Eq. 2 to obtain the total field-induced energy in the entire field range, while disregarding hyper-polarizability terms. Finally, we compare the energy-field curves obtained by the three different methods to validate the more general, up-scalable, and computationally efficient method of Eq. 2. Note that the total energy [image: image], [image: image], [image: image] , coefficients [image: image] and [image: image] are uniquely dependent on the atomic positions, thus the atomic positions displayed in Figure 1 are kept fixed at each field increment step, ensuring that the extraction of [image: image] for is valid for the given system and three different evaluation methods are comparable.
[image: Figure 2]FIGURE 2 | Workflow to illustrate the procedures of Cu nanoparticle simulations conducted in this work.
The results of the three different evaluation methods are presented in Figure 3, where we plot the field-induced energy of all simulated NP structures as a function of the applied field. The total energies of GAUSSIAN calculations ([image: image]) are plotted as dots, while the curves obtained by Eq. 2 by neglecting hyper-polarizability terms are given by lines, with dashed lines representing [image: image] calculated by GAUSSIAN (i.e., [image: image] of Figure 2) and solid lines representing [image: image] values calculated by VASP (i.e., [image: image] of Figure 2). Table 1 summarizes the corresponding values of [image: image] obtained by the two different methods and the two different DFT software. The values obtained from VASP by fitting the dipole Equation 1 are listed as on the left hand side columns, while the corresponding values by fitting energy Eq. 2 from GAUSSIAN total energies, are given in the right hand side columns. The permanent dipole moments of structures (a), (b), (c), (d), (e) are zero due to their symmetry, while structures (f), (g), (h), relaxed under field lose their symmetry and obtain a non-zero permanent dipole moment. For all values, the error margin corresponds to the square root of the corresponding element of the curve fitting covariance matrix. Finally, the values of polarizability per atom (obtained from GAUSSIAN) are listed in the last column.
[image: Figure 3]FIGURE 3 | The field-induced energy of all simulated NP structures as a function of the applied field, structures in (A) are those relaxed without field, while structures in (B) are those relaxed after applied fields, all of them correspond to the labels of Figure 1.
TABLE 1 | The dipole moment µ and polarizability α of different NP structures as obtained from VASP by fitting the dipole Eq. 1 are listed as on the left-hand side columns, while the corresponding values by fitting energy Eq. 2 from GAUSSIAN total energies are given in the right-hand side columns, polarizability α per atom from GAUSSIAN are listed in the rightest column.
[image: Table 1]We clearly see that the [image: image] values perfectly follow the parabolic shape of the [image: image] curve. The deviation between the two does not exceed a 0.025 eV, clearly showing the irrelevance of hyperpolarizability terms in the <15 GV/m field range. Furthermore, the two different calculation approaches are in very good agreement when the applied field is less than 12 GV/m, with small deviations for higher field values (>12 GV/m). The slight differences are clearly attributable to the differences in the calculated polarization characteristics, as the two methods have different accuracies and the DFT methods use different basis sets.
To investigate the impact of the field on the potential energy landscape, in Figure 4 we show the total energy of the dimer system as a function of the interatomic distance for three different field values, comparing the direct GAUSSIAN calculation versus Eq. 2. The energy of the Cu dimer at 1.5 Å distance without applied field is set to be the reference (0 eV). We see that the two calculation methods are in very good agreement even for the F = 15 GV/m (blue curve). Therefore, the computationally efficient and more scalable method based on VASP is found to be reliable for the calculation of the potential energy landscape. Finally, we see that the potential well, i.e., the minimum of the curves gradually disappears with the field increased up for F = 15 GV/m.
[image: Figure 4]FIGURE 4 | Total energy of Cu dimer as a function of the interatomic distance ranging from 1.5 Å to 4.0 Å. Solid curves are total energy curves obtained by GAUSSIAN, dash curves are total energies obtained by evaluating Eq. 2 using VASP-calculated [image: image].
DISCUSSION
Our results show that disregarding the hyperpolarizability terms is valid for electric field values at least up to 15 GV/m, which is the relevant range for vacuum breakdown and electron emission. This validates the calculation approach for surface dynamics based on Eq. 2, as introduced by Kyritsakis et. al [12]. According to our simulations, Cu nanoparticle structures change dramatically when exposed to applied fields, after significant structural modifications, their total energies are still sufficiently described very precisely by the permanent dipole moment µ and polarizability terms α. We can see that the total energy curves by neglecting hyperpolarizability terms coincide perfectly with total energy curves including these terms, especially when applied fields less than 12 GV/m. The permanent dipole moment µ and the polarizability α presented in Table 1 show good agreements with each other. Note that µ, α obtained from VASP are based on Eq. 1, i.e., calculated by fitting a straight line on the dipole-field curve obtained from VASP, while µ, α obtained from GAUSSIAN are obtained by Eq. 2, i.e., by fitting a parabola to the calculated energy-field curve. The agreement of these parameters confirm that the first two terms are sufficient to predict U and [image: image]. Our results for Cu nanoparticles have confirmed that the validity of neglecting the hyperpolarizability terms for field values close to intense FE and VBD.
A noteworthy finding is that the polarizability per atom of all nanoparticles is very similar, inlying in the range of 0.26–0.34 eÅV-1, with the exception of the dimer system, where it is significantly larger Since the polarizability of a system represents the effective “atomic volume of repelling the field” (see analysis in Ref. [12], Appendix A), it is expected that the polarizability per atom would be quite close for all systems that form a cohesive metallic structure, since each atom introduces roughly the same field-free volume to the system. On the other hand, the dimer is expected to give higher polarizability per atom, since the number of atoms is not enough to establish a metallic behaviour and the entirety of the electronic density is displaced under field, as contrasted to “bulkier” systems, where only a part of only the surface atoms polarizes under field. Finally, we note that upon relaxation, all systems move towards higher polarizability values, as expected from Eq. 2, where increased polarizability under field contributes to the reduction of the system energy.
CONCLUSION
In conclusion, we investigate the behaviour of Cu nanoparticles of various atomic structures under high electric field. We compare the field-induced energy as predicted by the polarization characteristics of each structure − µ and α by disregarding hyper-polarizability terms. Our results show that hyperpolarizability terms are negligible in the investigated range below 15 GV/m, which is relevant for electron emission and vacuum breakdown phenomena. Furthermore, we show that reliable values for [image: image] and [image: image] can be obtained from low-field calculations of the dipole moment of a structure, which is accessible in the more computationally efficient and up-scalable plane-wave-basis density functional theory approach. Finally, we find that the atomic structures like the investigated nanoparticles undergo significant structural modifications when exposed to such high electric fields, demonstrating the importance of the accurate incorporation of high electric fields in atomistic simulations.
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