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Understanding and quantifying the electronic inelastic interactions of swift ions and electrons in metals is fundamental for many applications of charged particle beams. A common theoretical approach is moreover desirable for the case of both types of projectiles, as large numbers of secondary electrons arise as the result of ion interaction with metals. The electronic cross section, stopping power and energy-loss straggling resulting from the interaction of swift protons, alpha particles and electrons when moving through the metals aluminum, iron, copper, molybdenum, platinum and gold, are calculated theoretically for a wide energy range of the projectiles. The model is based on the dielectric formalism, which realistically accounts for the excitation spectrum of each metal through the Mermin Energy-Loss Function–Generalized Oscillator Strength (MELF-GOS) methodology. The impact of the complexity of the excitation spectrum of each metal (encompassing interband transitions and collective excitations), as well as the different sources of (sometimes conflicting) optical data is analysed in detail. Specific interactions are considered for each projectile, such as electron capture/loss and electron cloud polarisation for ions, and indistinguishability, exchange and low-energy corrections for electrons. An estimate of possible contributions of surface excitations to the interaction probabilities of low energy electrons is given. Comparison of our results with a large collection of available experimental data shows good agreement. As a practical and useful outcome of the work, we provide analytical expressions fitting all our calculated quantities, which can be applied for simulation or comparison purposes.
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1 INTRODUCTION
The interaction of energetic charged particles (either electrons or ions) with condensed matter underpins numerous techniques for both analysing and tailoring materials properties (Nastasi et al., 1996; Sigmund, 2006). Among the former, electron microscopy is nowadays routinely used not only for microscopic imaging, but also for various spectroscopies, such as electron energy-loss (EELS) or energy-dispersive X-ray (EDX) spectroscopies (Egerton, 2011; Goldstein et al., 2018; Dapor, 2020), giving important information on the electronic structure and composition of materials. Lately, focused ion beam (FIB) imaging is also gaining popularity (Utke et al., 2008; Córdoba et al., 2019), and Rutherford backscattering (RBS) is a well established analytical technique (Jeynes et al., 2012), among others.
Materials modification can be accomplished by focused beams of charged particles in techniques such as electron- or ion-beam lithography (Udalagama et al., 2009; Manfrinato et al., 2014; Jesse et al., 2016; Huth et al., 2018) or ion-induced sputtering (Mookerjee et al., 2008; Sigmund, 2013). For these purposes, ion beams are particularly useful, as they deposit larger amounts of energy per unit path length as compared to electrons, but they also do it in nanometric radial distances from their path (a quality referred to as a high linear energy transfer, LET). This feature is exploited both in nanofabrication techniques (Utke et al., 2008; Sigmund, 2013; Jesse et al., 2016) and in cancer treatment by hadrontherapy (Schardt et al., 2010; Loeffler and Durante, 2013; Solov’yov, 2017). The latter benefit from the complex damage patterns induced in the scales of sensitive molecules, such as lithography resists, writing precursor molecules or the DNA in living cells. However, it should be kept in mind that the high LET of ion beams originates from the generation and propagation of large numbers of (mainly low energy) secondary electrons, being the latter the responsible of the energy propagation around the ion’s path, so ion and electron interactions are intimately interlinked in all ion beam applications.
Particularly, the interaction of charged particles with metals is of great interest, both basic and applied. Metals are not only essential components for advanced nanodevices for electronics (Janes et al., 2000), catalysis (Heiz and Landman, 2014) or many other fields, but they are also finding new applications in nanomedicine. Transition metal (such as Au or Pt) nanoparticles are being explored as sensitisers for hadrontherapy (Kuncic and Lacombe, 2018; Kempson, 2021), as they can be coated with specific molecules that allow targeting cancer cells. Ion interaction with the metals prompts the production of a considerable number of electrons, which enhance the large nanoscopic doses along ion tracks, improving their relative biological effectiveness.
From the fundamental point of view, the interaction of ions and electrons with metals is also a complex problem. Charge exchange between the impinging ion and the metal results in a collection of possible charge states, whose distribution depends on both ion’s velocity and ion-target combination, strongly affecting the ion electronic energy loss. In the case of primary electrons, the interaction is even more intricate due to their indistinguishability with the target’s electrons (Mott, 1930; Berger and Seltzer, 1982). This brings about several complexities related to exchange, but also to the complex electronic structure of metals, as individual and collective excitations need to be treated differently (de Vera and Garcia-Molina, 2019). Last, but not least, in most cases low energy electrons (≲ 100 eV) are the most relevant in practice. However, larger discrepancies are reported in the literature with regard to their interaction probabilities, both from the experimental (Knapp et al., 1979; Ogawa et al., 1997; Bourke and Chantler, 2010; Chantler and Bourke, 2010; Bauer et al., 2015) and theoretical (Emfietzoglou and Nikjoo, 2005; Bourke and Chantler, 2012; Emfietzoglou et al., 2013; Nguyen-Truong, 2017) sides.
In this context, the dielectric formalism (Lindhard, 1954; Ritchie, 1959) (a theory dating back to Fermi (Fermi, 1940)) is gaining popularity in recent years for obtaining the necessary cross sections for different materials (Nguyen-Truong, 2017; Azzolini et al., 2019; Flores-Mancera et al., 2020; Poignant et al., 2020; Gibaru et al., 2021), as it represents a very convenient theoretical approach for the study of this problem. First of all, its independent description of projectile’s and target’s properties facilitates the implementation of methods to both treat primary ions and electrons. The target’s electronic excitation spectrum is modelled through its complex dielectric function, which can be both obtained from optical or electron energy-loss experiments (Palik and Ghosh, 1999; Werner et al., 2009; Xu et al., 2017; Pauly et al., 2020) and phenomenological models (Garcia-Molina et al., 2012), or from advanced ab initio calculations (Nguyen-Truong, 2017; Pedrielli et al., 2021; Taioli et al., 2021), providing a good balance between easiness of implementation and theoretical rigour. Finally, several extensions of the dielectric formalism allow the consideration of the particularities arising from low energy electrons, including their increased probabilities for surface excitation (Chen and Kwei, 1996; Zhang et al., 2004; Chen et al., 2007; Dapor, 2022) and the improvement of the method accuracy at low energies (Emfietzoglou and Nikjoo, 2005; de Vera and Garcia-Molina, 2019). Thus, the dielectric formalism represents a method of choice for the practical yet physically motivated modelling of ion and electron interaction with metals in a wide range of energies.
In the present article, we focus our study on the electronic interactions of protons, alpha particles and electrons beams with bulk Al, Fe, Cu, Mo, Pt, and Au targets by means of the dielectric formalism. The different models to deal with ion and electron projectiles will be discussed, including the improvements necessary to describe low energy electrons. The metals chosen include Al, a representative free electron-like metal with a spectrum dominated by an intense plasmon excitation, and a selection of transition metals along the d-block in the periodic table presenting complex excitation spectra, combining plasmon, intra- and interband excitations. These materials count on with a rather extensive compilation of experimental data on electronic interactions (both for electron and ion beams) with which the calculations can be compared. Particularly, for Cu and Mo there are recent X-ray absorption fine structure spectroscopy (XAFS) measurements of very low energy electrons inelastic mean free paths (Bourke and Chantler, 2010; Chantler and Bourke, 2010), which are in conflict with previous experimental data (Knapp et al., 1979; Ogawa et al., 1997; Bauer et al., 2015), allowing for the discussion of some theoretical considerations. The noble metals Au and Pt are commonly used as radioenhancing nanoparticles (Kuncic and Lacombe, 2018; Kempson, 2021), and accurate information on ion and electron interaction with them is necessary to advance in the understanding of the mechanisms underlying their application in therapy. For most of these metals there are several datasets for their optical properties available (sometimes in conflict among them) (Palik and Ghosh, 1999; Werner et al., 2009; Xu et al., 2017; Pauly et al., 2020), whose consistency can be analysed by means of theoretical tests and comparison to experimental observables obtained from ion and electron interactions.
2 THEORY OF THE ENERGY LOSS OF SWIFT CHARGED PARTICLES IN METALS
In the quantum theory of electronic excitations of atoms or molecules by a charged particle impact (see, e.g., (Fano, 1963; Moiseiwitsch and Smith, 1968; Inokuti, 1971; Bichsel, 1988)), the most fundamental quantity is the inelastic doubly differential cross section (DDCS), [image: image], giving the probability for the incident particle of kinetic energy T to lose some specific amount of energy E = ℏω and of momentum [image: image] ([image: image] and [image: image] being, respectively, the momenta of the incident and the scattered particle) as a result of the interaction. The macroscopic cross section (or electronic inverse mean free path) Λ = λ−1 is related to the microscopic electronic interaction cross section σ by the relation [image: image], where [image: image] is the target’s atomic density. The DDCS depends on the direct f and the exchange g scattering amplitudes as (Prasad, 1965; Rudge, 1965):
[image: image]
The last term in Eq. (1) accounts for the interference between the direct and exchange scattering amplitudes.
In the first Born approximation (FBA) only the direct scattering amplitude is taken into account, so the exchange and interference terms in Eq. (1) are neglected. Within the FBA, the dielectric formalism provides a compact expression for the DDCS for a charged particle of charge Z, mass M and kinetic energy T inelastically interacting with the electrons of a condensed-phase medium (see Ref (Lindhard, 1954) for the derivation from electrodynamics, Refs (Fano, 1963; Moiseiwitsch and Smith, 1968; Inokuti, 1971; Bichsel, 1988) for quantum-mechanical treatments, and Ref (Nikjoo et al., 2012) for a comprehensive review):
[image: image]
Here e is the elementary charge and ρq(k) represents the Fourier transform of the electronic charge density corresponding to the incident particle, for a given charge state q. For electrons, which are point charges, [image: image] and the electron mass m appears instead of M. The quantity [image: image] is the so-called material’s energy-loss function (ELF), representing its electronic excitation spectrum, where ϵ(k, E) = ϵ1(k, E) + i ϵ2(k, E) is the complex dielectric function of the material. In this work we limit ourselves to non-relativistic charged particles, so the above expression only includes longitudinal excitations. For relativistic particles, transverse excitations must be accounted for (Fano, 1963; Bichsel, 1988). The treatment of the target properties is discussed in Section 3, while the particularities of the ion and electron projectiles are discussed in detail in Section 4.
For projectiles of sufficient velocity (i.e., when the energy loss is small with respect to the projectile’s kinetic energy), the FBA is sufficiently accurate, so Eq. (2) will be used in what follows; all equations without subscript will correspond to FBA results, except when otherwise stated. At low and intermediate energies, different projectile charge states q are possible for the case of ion beams, which have to be taken into account, as will be explained in Section 4.1. However, when the primary projectile is an electron, its indistinguishability and exchange with the secondary (target) electron must be considered; the influence of this contribution will be more sizeable when both electrons have similar velocities, i.e., for the lower primary electron energies (of the order of tens and hundreds of eV). The treatment of the exchange, together with low-energy corrections for electrons, are discussed in Section 4.2.
Appropriate integration of the DDCS over energy and momentum transfers yields integral energy-loss quantities that are necessary for modelling the propagation of charged particles in the condensed phase metals, and which can be experimentally measured. The inverse mean free path (IMFP) is given by:
[image: image]
the stopping power is given by:
[image: image]
and the energy-loss straggling is:
[image: image]
While the mean free path λ = Λ−1 represents the average distance between inelastic collisions, Λ denotes the average number of inelastic interactions per unit path length of the charged particle. The stopping power S characterises the average energy lost by the projectile per unit path length, and Ω2 corresponds to the second moment of the energy-loss distribution, related to the statistical deviations from the average energy lost per unit path length. As it will be discussed in Section 4, the energy and momentum transfer limits depend on both the type of projectile and on the characteristics of the electronic excitation spectrum. Whereas Eq. (3) is used mainly for electrons, particular versions of Eqs. (3), (4) and (5) will be given later for ions and electrons.
3 DESCRIPTION OF THE TARGET EXCITATION SPECTRUM
In the dielectric framework (Lindhard, 1954; Fermi, 1940; Ritchie, 1957) the electronic excitation spectrum of a material is connected to its energy-loss function (ELF), which can be divided into the excitation of the loosely-bound outer-shell electrons and of the atomic-like inner-shell electrons (Heredia-Avalos et al., 2005):
[image: image]
The second term in the right hand side of the equation accounts for the excitation of the inner-shells (with quantum numbers nl) of the atoms j forming the material with stoichiometric weight νj. Their ELF can be obtained by means of atomic hydrogenic generalised oscillator strengths (GOS) for the K-, L- and M-shells (Heredia-Avalos et al., 2005), which analytically provide the dispersion relation over the whole (k, E)-space:
[image: image]
where [image: image] are the GOS of the hydrogenic wavefunctions that are obtained using an effective nuclear charge for each inner shell. [image: image] is a Heaviside step function with the threshold at the ionization energy [image: image] of the nl-shell of the atom j.
The ELF describing the excitation of the outer-shell electrons can be obtained either from optical experiments (k = 0) extended to finite momentum transfer by appropriate models (Garcia-Molina et al., 2012), or alternatively by means of time-dependent density functional theory (TDDFT) calculations (Nguyen-Truong, 2017; Pedrielli et al., 2021; Taioli et al., 2021; Taioli et al., 2023). While the latter approach allows a totally ab initio calculation of the excitation spectrum (which could be very convenient for targets that are difficult to study experimentally, such as nanostructured materials), the description of bulk matter has typically relied on the use of optical experimental data, which is usually rather reliable (Raether, 1965; Egerton, 2011). There exist many techniques to study the optical properties of materials, and several sources for metals are available, such as the classical compilation of refractive indexes and extinction coefficients by Palik and Ghosh (Palik and Ghosh, 1999) or the most recent electron energy-loss measurements by Werner et al. (Werner et al., 2009), among others.
In the optical limit, the experimental ELF (k = 0, E) can be described by a linear combination of Drude-type functions with energy thresholds (de Vera and Garcia-Molina, 2019):
[image: image]
where Ai, Ei and γi are fitting parameters denoting the intensities, positions and widths of the peaks comprising the optical spectrum; notice that the form [image: image] was sometimes used, instead of [image: image], but both provide the same result. Eth,i are threshold energies, and F(E − Eth,i) is a switching function which can be either a simple Heaviside step Θ(E − Eth,i) or a continuous function of the form:
[image: image]
which provides a soft onset for the excitation of some outer shells. The additional fitting parameter Δi determines the steepness of the soft threshold.
Among the different available approaches to extend the optical outer-shells ELF to finite momentum transfers (ℏk ≠ 0) (Garcia-Molina et al., 2012), here we use Mermin energy-loss functions (Mermin, 1970), which have been successfully applied to many condensed-phase targets by means of the so-called Mermin Energy-Loss Function–Generalised Oscillator Strengths (MELF-GOS) methodology (Heredia-Avalos et al., 2005; Heredia-Avalos and Garcia-Molina, 2007; Denton et al., 2008a; Denton et al., 2008b; Garcia-Molina et al., 2011; de Vera et al., 2014; de Vera and Garcia-Molina, 2019). The Mermin functions, which are identical to the Drude functions at the optical limit, automatically account for the dispersion to finite k-values including the damping of the excitations.
Traditionally, the sum of Drude-type functions in Eq. (8) is just meant to provide an appropriate fitting of the optical ELF, assessed by the fulfillment of physically motivated sum rules (Smith and Shiles, 1978; Tanuma et al., 1993; Smith, 1998). However, following detailed parameterisations of the excitation spectra (ϵ2 (k = 0, E)) of materials such as liquid water (Dingfelder et al., 1998; Emfietzoglou, 2003) and some metals and oxides (Kwei et al., 1993), it was suggested in Ref. (de Vera and Garcia-Molina, 2019) that Drude ELFs can be also approximately identified with particular energy-loss channels, such as plasmon, intra- and interband excitations.
The quality of a model ELF can be checked in terms of sum-rules (Tanuma et al., 1993), of which it is particularly important the f-sum rule, which gives the effective number of electrons participating in the excitations with energy transfers lower or equal than E:
[image: image]
This equation, when using the full ELF, Eq. (6), must converge to the total number Zt of electrons per atom (or molecule, in the case of compounds) in the target material, when E → ∞. However, it was also shown in Ref. (de Vera and Garcia-Molina, 2019) that individual contributions of the outer-shells ELF given by the corresponding terms in Eq. (8) should also approximately converge to the number of electrons expected in a particular transition. Therefore, the f-sum rule will be very useful for assessing the quality of a particular set of optical data, both in terms of total and partial numbers of electrons. Additionally, the Kramers-Kronig (KK) sum rule must be also fulfilled for the complete ELF, which for conductors becomes (Tanuma et al., 1993):
[image: image]
4 DESCRIPTION OF THE PROJECTILE
4.1 Ion projectiles
As commented in Section 2, exchange and interference terms in the DDCS can be ignored for ion projectiles, and FBA results are discussed in the following. Ions large mass M in comparison with electron mass m makes them more energetic than electrons for the same velocity, thus the dielectric formalism becomes valid for ions at lower velocities as compared to electron projectiles (Rudd et al., 1992). Later on, the range of validity of the dielectric approach will be checked in comparison to the available experimental data for ion projectiles.
However, ions can lose electrons and capture them from the target, dynamically changing their charge state q, which affects their energy-loss quantities through the term [image: image] in Eq. (2). Besides, the ions can also lose energy during the electron exchange events (Denton et al., 2008b), what is accounted for through the term SC&L, to be discussed below. The displacement of the electronic cloud with respect to the ion nucleus, due to the induced electric field [image: image] at the position of the projectile (i.e., the self-induced electric field), leads to a modification of Eq. (4) for the stopping power, which is now denoted by Spol,q because it explicitly accounts for the polarization of the projectile charge distribution (Heredia-Avalos and Garcia-Molina, 2002) and whose form will be detailed later. For a given kinetic energy T, an equilibrium between electron capture and loss processes is quickly reached, giving place to equilibrium charge fractions ϕq(T). The stopping power is evaluated in the following way:
[image: image]
where the sum goes over all possible charge states q, typically from 0 to Z. Analogously, the energy-loss straggling is calculated as:
[image: image]
The charge fractions ϕq(T) can be obtained from the parameterisation included in the CasP code (Schiwietz and Grande, 2001), based on a large compilation of experimental measurements for several projectiles and targets.
The model implemented in Ref. (Heredia-Avalos and Garcia-Molina, 2002) for Spol,q is used in this work for both protons and alpha particles:
[image: image]
The previous equation can be written as Spol,q = (Sq + Se) + Sinterf, where the terms in parentheses correspond to the stopping due to the nucleus and to the electron cloud, while the last term accounts for their interference, in clear analogy with the result obtained by Arista (Arista, 1978) for the energy loss of a pair of charges in correlated motion. The present expression corrects some misprints appearing in Refs. (Denton et al., 2008a; Denton et al., 2008b), which did not affect the results presented in those works. The energy-loss straggling including polarisation, [image: image], is calculated according to the same equation, but replacing E by E2 in the argument of the integrals.
As for the integration limits, they are obtained from energy and momentum conservation in an inelastic collision. Assuming scattering with a free electron at rest, the upper limit in the energy transfer is E+ = 4 (m/M)T (Rudd et al., 1992). For metals, which have no band gap, the lower limit for the energy transfer is E− = 0. The limits for the momentum transfer are:
[image: image]
which correspond to complete forward (ℏk−) or backward (ℏk+) scattering.
The displacement of the center of the electron cloud from its nucleus is [image: image], where αq is the projectile’s polarisability. The projectile self-induced electric field is given by (Heredia-Avalos and Garcia-Molina, 2002):
[image: image]
This expression corrects misprints appearing in Ref. (Heredia-Avalos and Garcia-Molina, 2002), which did not affect its results.
The electron capture and loss processes can also lead to additional energy losses. For both protons and alpha particles, an approximate model to account for this energy loss was implemented in Ref. (Denton et al., 2008b), based on the charge-exchange cross section from Ref. (Brandt and Sizmann, 1975). The electron capture and loss (C&L) contribution, if only single-electron exchange processes are considered, is given by (Denton et al., 2008b):
[image: image]
where σi→j are the cross sections for electron loss or capture, changing from the charge state i to the j, and ΔTi→j is the energy loss associated to these processes. When charge equilibrium is reached, ϕq(T) σq→q+1(T) = ϕq+1(T) σq+1→q(T), so the previous expression reduces to:
[image: image]
The energy lost by the projectile in an electron loss and capture cycle can be estimated as [image: image], where v is the ion’s velocity, with Bp and Bt being, respectively, the first ionization potentials of the projectile and the target atoms. These values can be obtained from the literature (Huheey et al., 1993) or estimated as the energy of an electron in a hydrogenic Coulomb field with an effective Slater’s nuclear charge (Slater, 1930).
The loss cross section for K-shell electrons (for hydrogen and helium ions, in our case) (Brandt and Sizmann, 1975; Chateau-Thierry et al., 1976) is given, following Ref. (Denton et al., 2008b), by:
[image: image]
where nK is the number of K-shell electrons in the projectile, v0 is the Bohr velocity, v is the projectile velocity, ϒ is a screening length (introduced in the next paragraph), and Zt is the target’s atomic number.
The Fourier transform of the electronic density ρq(k) is obtained here through the modified Brandt-Kitagawa approach (Brandt, 1982), which is suitable for ions with 1 or 2 bound electrons:
[image: image]
Here, the screening length ϒ is given by (Brandt, 1982):
[image: image]
with a0 being the Bohr radius.
4.2 Electron projectiles
One of the main aspects that influences the energy loss for primary electrons (i.e., projectiles) is their indistinguishability from the secondary electrons (i.e., those resulting from the ionisation of the target atoms). This affects their maximum energy loss E+ in two ways. First, the primary electron moves in the conduction band of the metal with a kinetic energy T that is measured from the bottom of that band, which is filled with target electrons up to the Fermi energy EF. Therefore, Pauli’s exclusion principle forbids that the primary electron losses an energy larger than T − EF, as otherwise it would fall into already occupied levels.
Apart from this, any energy loss E that results in the transition of a bound electron from a band with binding energy Ba to the conduction band, with final kinetic energy W = E − Ba, results into two indistinguishable electrons. By convention, the primary electron is always the most energetic one after the collision, so this situation imposes an additional restriction to the maximum energy loss E+,a = (T + Ba)/2. Since this maximum energy loss is now shell-dependent through Ba, Eqs. (3), (4) and (5) have to be rewritten for electron projectiles, within the FBA, as:
[image: image]
[image: image]
and:
[image: image]
Notice that we have recovered in these equations the subscript FBA because, later on, we will introduce corrections to the first Born approximation. For any intra- or interband transition, the energy integration limits are:
[image: image]
where the subscript ‘a’ refers either to an outer-shell Mermin function i or to an inner-shell with quantum numbers nl of an atom j, with Ba = Eth,i for the former and [image: image] for the latter. It should be noted that the above energy integration limit E+ corresponds to individual electronic transitions. However, as noted in Refs. (Bourke and Chantler, 2012; de Vera and Garcia-Molina, 2019), when the primary electron excites a plasmon or collective excitation, the quasi-particle is distinguishable from the primary electron, and in such a case this upper limit is simply:
[image: image]
The integration limits for the momentum transfer are given by Eq. (15).
The FBA ignores the electron exchange and interference terms in Eq. (1). However, for primary electrons with an energy closer to that of the target electrons ([image: image] eV), this approximation does not hold anymore, and Eq. (1), which includes terms beyond the FBA, should be written as:
[image: image]
where d2ΛFBA(T, E, k)/dE dk ∝|f|2 and d2Λxc(T, E, k)/dE dk ∝|g|2 − Re[fg*].
Despite the existence of more rigorous and complex methodologies accounting for the exchange amplitude (Rudge, 1968; Emfietzoglou et al., 2017), Ochkur developed convenient analytical approximations (based on the Born-Oppenheimer perturbation treatment (Oppenheimer, 1928)), which are proportional to the FBA direct amplitude (Ochkur, 1965). The Born-Ochkur (BO) exchange amplitude for the ionisation process is given by (Ochkur, 1965; Prasad, 1965; Rudge, 1968):
[image: image]
where fFBA denotes the direct scattering amplitude calculated within the FBA, [image: image], and [image: image] is the momentum of the secondary electron (note that Ochkur proposed a different exchange amplitude for excitation to discrete levels (Rudge, 1968; de Vera et al., 2021)). Any individual transition, which promotes a bound electron to the conduction band, is considered in this context an ionization, so the exchange term of the DDCS is rewritten, according to Eq. (28), as:
[image: image]
where:
[image: image]
which reproduces the classical Mott exchange for binary collision theory (Rudd et al., 1996) at high electron energies and is similar to the expression for ionisation given by Fernández-Varea et al. (Fernández-Varea et al., 1993). Note, however, that plasmon or collective excitations are distinguishable from the primary electron, so in this case Fxc (T, k) = 0.
Additionally, for primary electrons with energies T ≤ 100 eV, primary and secondary electrons may have similar kinetic energies, so the FBA expressions, Eqs. (22), (23), and (24), require further corrections to increase their accuracy. Some theoretical approaches have been developed to try to account for these corrections (Emfietzoglou et al., 2017), although usually they result too complex to be easily generalised to arbitrary materials. As a consequence, other simpler phenomenological approaches are usually preferred (Emfietzoglou and Nikjoo, 2005). In this work, we implement a classical Coulomb-field correction, in which the primary electron gains an additional amount of potential energy due to the interaction with the field of the target atoms, then increasing its kinetic energy T to T ′ as (Emfietzoglou and Nikjoo, 2005):
[image: image]
where Ba is the electron binding energy (Ba = Eth,i for the target outer shells and [image: image] for the inner nl-shell of the j-th atom). No particular correction is applied for unbound plasmon excitations.
As a result of the above low-energy corrections to the FBA plus addition of the exchange term, the inverse mean free path for electrons is finally written as:
[image: image]
Similar expressions arise for the stopping power S(T) = Scorr(T) + Sxc(T) and the energy-loss straggling [image: image], where the integrands are further multiplied by E and E2, respectively. The integration limits for the energy transfer are those given by Eqs. (25) or (26), depending on the individual or collective nature of the excitations, while the momentum transfer limits ℏk± are given by Eq. (15). The Born-corrected momentum limits are (Vriens, 1966):
[image: image]
with Ba = Eth,i for the outer shells and [image: image] for the inner nl shells of the j-th atom.
5 RESULTS AND DISCUSSION
In the following, the methodology described above will be used to obtain the stopping power and energy-loss straggling of protons and alpha particles, as well as the inelastic cross section (ICS), stopping power and energy-loss straggling of electrons in the bulk (i.e., neglecting surface effects) metals Al, Fe, Cu, Mo, Pt and Au. Rather than discussing the results for the metals in order of ascending atomic number, we rather proceed in a way that facilitates the discussion of the different physical considerations involved. The materials whose electron inelastic mean free paths were already analysed in Ref (de Vera and Garcia-Molina, 2019). (Al, Au and Cu, which results for protons and alpha particles also prsented here) are discussed first, and then continue with the other targets Mo, Fe, and Pt. Aluminum will serve to discuss the nature of collective excitations for electrons, as well as the role of electron capture and loss, and polarisation processes for ions. With gold, the importance of low-energy corrections to the dielectric formalism for electrons will become evident. Copper, molybdenum, iron and platinum will serve to discuss the possible influence of surface excitations for low energy electrons (when required for some experimental situations), as well as to point out the influence of different and conflicting experimental datasets for the optical ELF of the materials.
The main physical properties of the targets analysed are gathered in Table 1, namely, atomic number Zt, atomic weight At, mass density ρt, Fermi energy EF, and bulk plasmon energy Epl. As outer- and inner-shell electron excitations are treated differently in our model (see section 3), we specify in Table 2 which shells are considered as outer or as inner for each material. An additional fundamental property of each metal can be obtained from the integration of its optical ELF over the entire excitation energy range, namely, the mean excitation energy I (Shiles et al., 1980):
[image: image]
which is the main parameter determining the stopping power at high ion or electron energies through the Bethe equation (Inokuti, 1971). In Table 3 the values of I obtained in this work for each target, from different sources of the optical experimental ELF (Palik and Ghosh, 1999; Werner et al., 2009; Pauly et al., 2020; Xu et al., 2017), are presented and compared to the values compiled in the ICRU Reports 37 (Berger et al., 1984) and 49 (ICRU, 1993). These I -values correspond to substances in the condensed phase, and the uncertainties reported by ICRU attempt to take into account the uncertainties of the underlying measurements, the errors inherent to the data analysis and the dispersion in the I-values derived from various sources.
TABLE 1 | Physical properties of the targets discussed in this work: atomic number (Zt), atomic mass (At), mass density (ρt), Fermi energy (EF) and plasmon energy (Epl).
[image: Table 1]TABLE 2 | Outer and inner excitation levels of the targets described by the MELF-GOS model.
[image: Table 2]TABLE 3 | Mean excitation energy I (in eV) of the metals discussed in this work, obtained by the MELF-GOS model from different sources of the optical ELF. Values appearing in ICRU Reports 37 (Berger et al., 1984) and 49 (ICRU, 1993) are also provided for comparison purposes.
[image: Table 3]5.1 Aluminum
Aluminum is a paradigmatic free electron-like metal, whose spectrum is dominated by an intense plasmon excitation at [image: image] eV due of its outermost 3p and 3s electrons. Its optical properties have been intensively studied during decades, with its optical (k = 0) ELF being well known (Palik and Ghosh, 1999), which is shown in Figures 1A, B as a function of the excitation energy E. Magenta circles are experimental data from Palik and Ghosh’s compilation (Palik and Ghosh, 1999) obtained from optical constants and reflectivity of evaporated metallic Al films at room temperature in high vacuum from Refs. (Bennett et al., 1963; Ditchburn and Freeman, 1966; Mathewson and Myers, 1971; Shiles et al., 1980; Smith et al., 1983). Panel A shows in linear scale the ELF due to the outer-shell electron excitations, whereas the panel B depicts in a log-log scale the contribution due to the semi-core 2p and 2s shells, and the 1s inner-shell excitation. At large excitation energies, Henke’s (black crosses) (Henke et al., 1993) and NIST’s calculations (gray stars) (Chantler, 2003; Chantler et al., 2005), based on atomic data, are also included. The red solid line in both panels represent the MELF-GOS fit to the previous data (as explained in section 3), whose parameters are given in Supplementary Table S1 in the Supplementary Material.
[image: Figure 1]FIGURE 1 | (A) and (B): Optical ELF (k = 0) of Al as a function of the excitation energy E. Round magenta symbols are experimental data from Palik and Ghosh’s compilation (Palik and Ghosh, 1999) and the fit by the MELF-GOS model is depicted by a red solid line. Calculations from Henke (Henke et al., 1993) and NIST (Chantler et al., 2005) are also included. (C) and (D): effective number of electrons in Al as a function of the excitation energy E, as calculated from both datasets.
The effective number of electrons Neff in Al as a function of the excitation energy E, as calculated from the MELF-GOS fit, is depicted in Figures 1C, D. Dashed gray lines correspond to 3 electrons (outer shells), 11 electrons (where the K-shell excitations start) and 13 electrons (the total number of electrons). The MELF-GOS fitting allows to approximately assign Mermin functions to particular electronic excitations. In this case, we assumed that the first Mermin function accounts for the intense plasmon excitation, the second one for the interband transitions of the 3s and 3p electrons to the conduction band (which should be the ones appearing at lower excitation energies), while the third function represents the excitation of the semi-core 2p and 2s electrons to the conduction band. The excitation of the 1s inner-shell is modelled through the K-shell GOS. The quality of such an assignment can be assessed by means of their partial f-sum rules (obtained by means of Eq. (10) applied to each Mermin or GOS function), which are given in Table 4; these values are in excellent agreement with the results reported by Shiles et al. (Shiles et al., 1980). As can be seen, the first two Mermin functions nearly contain the 3 outermost 3p and 3s electrons, which mainly interact through the plasmon excitation. Similarly, the third Mermin function contains around the 8 expected 2p and 2s electrons.
TABLE 4 | Comparison of the expected number of electrons Nexpect in each excitation level of aluminum, and the corresponding effective number of electrons Neff, as obtained from Eq. (10) with the MELF-GOS model fit to the experimental optical ELF (Palik and Ghosh, 1999). The values of the f- and KK-sum rules (with their corresponding relative errors, compared to the expected values) appear in the last two rows.
[image: Table 4]In total, 11.41 outer-shell electrons are found. The slight excess of 0.41 electrons in the outer shells compensates for the electrons missing from the K-shell GOS. These differences arise from Pauli’s exclusion principle: as inner-shell electrons cannot transit to upper energy levels occupied by the outer-shell electrons, they lack some amount of oscillator strength; similarly, the outer electrons cannot decay to lower energy levels occupied by the inner-shell electrons, thus lacking some amount of negative oscillator strength (Egerton, 2011). This is a general feature for all materials, which makes the number of electrons in the outer shells always slightly larger than expected. Overall, each assumed transition contains nearly the expected number of electrons, and the total f-sum rule is fulfilled within a negligible relative error (ɛrel = 0.07%). The error in the KK-sum rule is larger (ɛrel = 6.47%), but still within a tolerable level. Furthermore, for the mean excitation energy we obtain a value of I = 165.1 eV, which is in reasonable agreement with the values appearing in ICRU Reports 37 (Berger et al., 1984) and 49 (ICRU, 1993) (see Table 3). All the previous validates the experimental optical ELF, as well as the partial excitation assignment in terms of the MELF-GOS model. Please note that the ELF data obtained in this work go up to excitation energies of 30 keV. We have checked that the integrals over the ELF, at this upper energy range, increase around 10–5% per energy step, while at the bottom of the range these increments can be as high as 100% or more, so at 30 keV all integrals are converged, as can be seen in Figure 1D. The same applies to the rest of metals analysed in this work.
The ELF of Al obtained by means of the MELF-GOS methodology over the whole (k, E) plane is used to calculate the stopping power of protons and alpha particles as explained in Section 4.1. In Figures 2A,B our results are shown by red solid lines, which are compared with available experimental data, depicted by letters, from the extensive database gathered by the late Helmut Paul (International Atomic Energy Agency Nuclear Data Services, 2021), now maintained by the International Atomic Energy Agency. The latest measurements by Moro et al. (Moro et al., 2016) are also included in the figure, although they are completely indistinguishable from the overlapped data from the database. Our theoretical results agree with the experiments at energies larger than around 50 keV/u including the region of the maximum stopping power. The underestimation at lower energies may be due to the possible inaccuracy of the dielectric formalism at this energy range, or perhaps to the existence of negatively charged ions due to electron capture and loss processes in aluminum (Penalba et al., 1992), a case that is not considered in our model. The insets of Figures 2A,B compare our calculations with the most recent experimental data around the maximum of the stopping power curve, for protons (Eppacher and Semrad, 1992; Martínez-Tamayo et al., 1996; Shiomi-Tsuda et al., 1999; Møller et al., 2002) and for helium ions (Bianconi et al., 2005; Hsu et al., 2005; Diwan and Kumar, 2015; Moussa et al., 2015; Trzaska et al., 2018), where it can be seen that our calculations are within error bars of the experiments above [image: image] keV/u.
[image: Figure 2]FIGURE 2 | Energy-loss quantities for charged particles in Al as a function of energy: (A) electronic stopping power for H and (B) for He, (C) electronic energy-loss straggling for H and (D) for He, (E) inelastic cross section (ICS) for electrons and (F) stopping power for electrons. Red solid lines correspond to calculations from the dielectric formalism with the MELF-GOS model fit to the experimental optical ELF (Palik and Ghosh, 1999). A comparison with experimental data (symbols) is made for ions stopping power (International Atomic Energy Agency Nuclear Data Services, 2021) (the insets show the corresponding stopping power around its maximum value for the most recent experimental data (Eppacher and Semrad, 1992; Martínez-Tamayo et al., 1996; Shiomi-Tsuda et al., 1999; Møller et al., 2002; Bianconi et al., 2005; Hsu et al., 2005; Diwan and Kumar, 2015; Moussa et al., 2015; Trzaska et al., 2018)), ions straggling (Kido and Hioki, 1983; Kido, 1986; Kido, 1987; Bauer et al., 1989; Yang et al., 1991; Yang et al., 1991; Eckardt and Lantschner, 2001; Andersen et al., 2002; Amadon and Lanford, 2006; Møller et al., 2008), electrons ICS (Kanter, 1970b; Kanter, 1970a; Tracy, 1974; Callcott and Arakawa, 1975; Powell et al., 1977; Lesiak et al., 1996; Bauer et al., 2015) and electrons stopping power (Kalil et al., 1959; Garber et al., 1971; Fitting et al., 1974; Ishigure et al., 1978; Al-Ahmad and Watt, 1983; Hovington et al., 1996; Joy, 1995), as well as with other theoretical models (ICRU, 1993; Grande and Schiwietz, 2002; Schiwietz and Grande, 2012; Ziegler, 2013; Schleife et al., 2015; Brown et al., 2016; Montanari and Miraglia, 2017). For the other lines, please see details on the text.
We further report results from the present model in Figures 2A,B, but without considering some of the terms appearing in Eq. (12), i.e., ignoring both the energy losses due to the projectile polarisation and the electron capture and loss processes (dotted blue line), only ignoring polarisation (dash-dotted red line) and only ignoring capture and loss (dashed dark green line). As can be seen, disregarding these processes makes the calculated stopping power noticeably deviate from the experimental data around and below the maximum (T ≤ 200 keV/u). For protons, both processes present similar contributions around the maximum, with capture and loss having an increasing influence at lower energies. For helium ions polarisation has an almost negligible contribution.
Results from other widely used codes are also included in Figures 2A,B. The cyan dashed line corresponds to the stopping values recommended by the International Commission on Radiation Units and Measurements (ICRU) (ICRU, 1993) based on the PSTAR and ASTAR programs, where the stopping power at the lower energies is based on a fit to experimental data, extrapolated to high energies using a corrected Bethe equation. The dotted green line depicts the results of the semiempirical code SRIM (Ziegler, 2013). Results of the CasP code within the Unitary Convolution Approximation (UCA) by Grande and Schiwietz (Grande and Schiwietz, 2002; Schiwietz and Grande, 2012) are depicted by a magenta dot-dashed line. The orange dot-dot-dashed line corresponds to dielectric calculations for protons by Montanari and Miraglia (Montanari and Miraglia, 2017) where, for low and intermediate energies, a nonlinear model based on a central screened potential for a projectile moving in a free-electron gas was used. We note the similarity between Montanari and Miraglia’s and our calculations at energies around the maximum stopping power and beyond, and our departure from them and from experiments for T ≤ 40 keV/u. This may point to the deficiencies of the dielectric formalism at this low energy range, due to its lack of nonlinearity. First-principles calculations based on real-time propagation within time-dependent density functional theory are shown by a short-dashed olive line (Schleife et al., 2015) for He in crystalline aluminum at energies lower than 40 keV/u. Overall, our methodology based on the dielectric formalism provides reliable stopping powers both for protons and alpha particles for energies larger than 40 keV/u, covering the maximum of the stopping curve and all larger energies within a single theoretical formalism, without any particular fitting to experimental data (apart from that to the ELF in the optical limit).
In Figures 2C,D we present results for the energy-loss straggling of H and He beams in Al as a function of the ions kinetic energy. High energy ions present an asymptotic value, known as Bohr straggling, [image: image], so present results are normalised to [image: image]. Red lines depict our calculated results based on the experimental optical ELF of Al (Palik and Ghosh, 1999), which are compared to a large collection of experimental determinations (Kido and Hioki, 1983; Kido, 1986; Kido, 1987; Bauer et al., 1989; Yang et al., 1991; Yang et al., 1991; Eckardt and Lantschner, 2001; Andersen et al., 2002; Amadon and Lanford, 2006; Møller et al., 2008), shown by symbols. It can be seen how the calculations follow very well the shape of the experimental data and, in general, also their absolute values, approaching [image: image] for energies around 104 keV/u. The dispersion of the experimental data is large, but lines go within or close to the point clouds within the whole energy range.
The results for the inelastic cross section (ICS) and stopping power for electrons in aluminum (based on the same model ELF, and obtained according to the procedures explained in section 4.2) are shown by red solid lines in Figures 2E,F. The theoretical ICS is compared with available experimental data (symbols) (Kanter, 1970b; Kanter, 1970a; Tracy, 1974; Callcott and Arakawa, 1975; Powell et al., 1977; Lesiak et al., 1996; Bauer et al., 2015) in the panel E, where also a comparison with the results of ab initio calculations is included (Brown et al., 2016). We obtain an excellent agreement with experiments down to energies as low as 5 eV above the Fermi energy. The contributions of the plasmon and electronic transitions to the ICS are also presented by thin solid lines. Clearly, the plasmon excitation at around 15 eV makes the main contribution to the ICS over the entire energy range, with the contribution from the semi-core 2s and 2p shells slightly increasing the cross section for energies larger than 300 eV.
The panel F of Figure 2 reports by a thick solid line the calculated stopping power of electrons in aluminum, along with the contribution from each type of excitation (thin lines). Again, at energies around and lower than the maximum stopping power the main contribution comes from the collective plasmon excitation, while interband transitions from the 2s and 2p bands only have an influence at high energies. The comparison with available experimental data (symbols) at energies higher than 200 eV (Kalil et al., 1959; Garber et al., 1971; Fitting, 1974; Ishigure et al., 1978; Al-Ahmad and Watt, 1983) is satisfactory, especially at energies [image: image] keV. At lower energies, we include results by Hovington et al. (Hovington et al., 1996) taken from Joy’s database (Joy, 1995) (assuming that the energies quoted there correspond to T − EF), which compare well with our calculations for energies larger than 100 eV and below 30 eV. It should be noted that these latter data, although claimed to be experimental by their authors, were obtained by calculations within the dielectric formalism performed using the excitation spectrum measured by electron energy-loss spectroscopy (Hovington et al., 1996). Therefore, their similitude with our calculations is not surprising.
The comparison of our calculations and the experimental data for the ICS for the case of electrons in aluminum allows us to discuss the role of collective electronic excitations, as this material is basically dominated by its bulk plasmon. Particularly, for a long time there has been a controversy around the maximum energy loss which is allowed for primary electrons in metals (Denton et al., 2008a; Bourke and Chantler, 2012; Nguyen-Truong, 2013; de Vera and Garcia-Molina, 2019). While in a previous work of our group we considered the latter to be given by E+ ∼ T/2 due to indistinguishability (Denton et al., 2008a) (see Section 4.2), Bourke and Chantler considered that excitations in metals are dominated by collective excitations, thus making this limit too restrictive (Bourke and Chantler, 2012). They then assumed that it has to be determined exclusively by Pauly’s exclusion principle as E+ = T − EF. In Figure 2E, the solid lines show the calculations assuming the limit E+ = T − EF for the plasmon excitation (which dominates the spectrum), while the dashed lines use the limit E+ = T/2. As can be seen for the ICS, calculations reproduce very well the experimental data over the entire energy range when the maximum energy loss for the plasmon excitation is solely determined by Pauly’s exclusion principle, confirming Bourke and Chantler’s hypothesis (Bourke and Chantler, 2012) for the case of Al. Results for other metals in the following subsections, where interband transitions coexist with the plasmon, will serve to further elucidate this issue. Regarding the stopping power, it should be noted in panel F of Figure 2 that when the maximum energy loss is (incorrectly) considered to be solely determined by exchange, our calculations converge with those by Hovington et al. (Hovington et al., 1996; Joy, 1995), who probably used the same upper limit (E+ ≃ T/2).
Experimental measurements for the stopping power of low energy electrons would be needed to further assess the current calculations around the maximum of the energy loss. However, experimental measurements over the entire energy range are available for the ICS, which coincide very well with our calculations, supporting the assumptions of our energy-loss model for the case of electron projectiles.
Figure 3 shows by lines the calculated energy-loss straggling for electrons in all the materials studied in this work. The black solid line corresponds to the case of Al, based on the experimental optical ELF. Unfortunately, it has been impossible for us to find experimental information on the energy-loss straggling for electron beams. However, Ashley et al. (Ashley et al., 1975) reported theoretical calculations, which are depicted in the figure by a gray dash-dotted line. As can be seen, both curves are rather close, which indicates that these probably provide reasonable estimates of the energy-loss straggling for electrons in Al. It would be desirable to perform experimental measurements of this quantity.
[image: Figure 3]FIGURE 3 | Electronic energy-loss straggling of electrons in all metals studied in this work, as a function of the incident energy. Solid lines correspond to calculations using the experimental optical ELF from Ref. (Palik and Ghosh, 1999), dashed lines are calculations based on the ELF obtained from REELS experiments (Werner et al., 2009), and the dotted lines for Mo and Fe are additional calculations using the optical ELFs from Refs. (Pauly et al., 2020; Xu et al., 2017), respectively. The grey dash-dotted line for Al depicts a previous calculation by Ashley et al. (Ashley et al., 1975).
Once all the calculated results have been presented for H, He and electron beams in Al, we emphasize the fact that it is possible to provide empirical fitting formulas for all the quantities, i.e., stopping power, straggling, and inelastic cross section. Such a fitting is very convenient for the straightforward implementation of these energy-loss quantities in Monte Carlo codes. We provide in the Supplementary Material a description of all the empirical formulas used, and we provide in tabular form the parameters that can be used to fit all the calculated results. This has been done for aluminum, as well as for the rest of metals analysed in the rest of the manuscript.
5.2 Gold
Now we turn our attention to gold, which is a very important material, whose complex excitation spectrum contains both collective excitations as well as intra- and interband transitions. Two important experimental sources for the optical ELF of gold exist (Palik and Ghosh, 1999; Werner et al., 2009). Figures 4A, B depict by symbols the data from Palik and Ghosh’s compilation of refractive index and extinction coefficient (Palik and Ghosh, 1999) (magenta circles), together with the most recent data by Werner et al. (Werner et al., 2009) (blue squares) obtained from reflection electron energy-loss spectroscopy (REELS). Panel A shows in linear scale the complex excitation spectrum of the outer-shell electrons, whereas panel B depicts in log-log scale the excitation of the semi-core and inner shells. Calculations based on atomic data from Henke et al. (crosses) (Henke et al., 1993) and NIST (stars) (Chantler et al., 2005) are also included, which are only valid at large excitations energies.
[image: Figure 4]FIGURE 4 | (A) and (B): Optical energy-loss function, ELF (k = 0, E), of Au as a function of the energy transfer E. The experimental data come from Palik and Ghosh compilation (Palik and Ghosh, 1999) (magenta circles), and from Werner et al. (Werner et al., 2009) (blue squares); solid lines correspond to the fit by the MELF-GOS model. Calculations from Henke et al. (Henke et al., 1993) (black crosses) and NIST (Chantler et al., 2005) (gray stars) are included. (C) and (D): Effective number of electrons, Neff, in Au as a function of the excitation energy E, as obtained from both datasets (Henke et al., 1993; Chantler et al., 2005).
The thick solid red and dashed blue lines in Figure 4 represent the MELF-GOS fittings to these two sets of experimental data for Au, where the K, L and M electron shells are treated by GOS. The outer-shells are described by a sum of Mermin-type ELFs which, as in the case of Al, have been assigned to particular excitation channels. Thin lines in Figure 4A depict the Mermin functions attributed to each excitation (for the particular case of the fitting to Palik and Ghosh’s data (Palik and Ghosh, 1999)), and a summary of the assignment is given in Table 5. First of all, the plasmon energy of 24.8 eV has been taken from Ref. (Egerton, 2011), which coincides with the main second peak in the spectrum. The rest of main features of the optical ELF are attributed following the order of growing binding energies for the different atomic shells (Chantler et al., 2005). Features below 20 eV are attributed to the excitation of the outermost 6s electrons to the conduction band, those immediately above the plasmon energy to the 5d excitations (as also done for Au by Verkhovtsev et al. (Verkhovtsev et al., 2015)), then the 5p electrons above 45 eV and the 5s above 80 eV. The excitation of the semi-core levels 4s, 4p, 4d and 4f is contained in the broad feature above 100 eV. Please note that different assignements of the peaks in the spectrum of gold have been proposed in other references [see e.g. Ref. (Taioli et al., 2023)], and that the current assignment may be subject to revision in future work. The fitting parameters are given in Supplementary Tables S2, S3 in the Supplementary Material.
TABLE 5 | Comparison of the expected number of electrons Nexpect in each excitation level of gold, and the corresponding effective number of electrons Neff, as obtained from Eq. (10) with the MELF-GOS model fit to the experimental optical ELF from Palik and Ghosh (Palik and Ghosh, 1999) and Werner et al. (Werner et al., 2009). The values of the f- and KK-sum rules appear in the last two rows.
[image: Table 5]In Figures 4C, D, the effective number of electrons Neff, Eq. (10), is plotted as a function of the transferred energy E. As can be seen, the fitting to both datasets for the optical ELF leads to the correct atomic number at high excitation energies. Thin grey dashed lines correspond to 51 electrons (including the outer shells as well as the semi-core electrons 4s, 4p, 4d, and 4f, all described by MELF), 69 (including the M-shell electrons), 77 (with the L-shell electrons already accounted for) and 79 electrons (the total number of electrons in Au). The results of the evaluation of individual f-sum rules for each excitation are gathered in Table 5, together with the total sum rules, for the optical ELFs by Palik and Ghosh (Palik and Ghosh, 1999) and Werner et al. (Werner et al., 2009). The total errors in the f-sum rules are very small for both sets of data, although the total KK-sum rule is better fulfilled for the case of Werner et al.’s data (Werner et al., 2009), which may indicate a better representation of the optical ELF at low excitation energies.
Let us take a closer look to the number of electrons contained in the outermost shells. Particularly, we should consider together excitation of the 6s and 5d electrons together with the plasmon, as both 6s and 5d electrons may contribute to the bulk plasmon. As can be seen in Table 5, for both Palik and Ghosh’s (Palik and Ghosh, 1999) and Werner et al.‘s ELF (Werner et al., 2009) the plasmon is built up mainly by 2s electrons, with a small contribution coming from 5d electrons. The third Mermin function sums up, in both cases, almost the 10 electrons expected in the 5d shell. In any case, for both experimental ELFs, the three first functions contain nearly the 11 6s+5d expected electrons. However, Werner et al.‘s data (Werner et al., 2009) matches slightly better the expected number of 6s+5d electrons, which could be related to the better fulfillment of the overall KK-sum rule. For the rest of shells, both sets of optical ELFs satisfy rather well the expected number of electrons, with a slight greater agreement in the REELS data for the 5s shell. Again, the electrons missing from the inner-shell GOS are redistributed among the outer-shell Mermin functions. The mean excitation energies obtained from optical (I = 761.6 eV) and REELS data (I = 775.4 eV) are both in between the values recommended by ICRU37 (I = 790 ± 30 eV) (Berger et al., 1984) and ICRU49 (I = 741.9 eV) (ICRU, 1993).
Once the two sources of optical ELFs for Au have been analysed, they can be extended to arbitrary momentum transfers by means of the MELF-GOS method in order to obtain the stopping power for protons and alpha particles. The results are depicted by solid red lines (using Palik and Ghosh’s ELF (Palik and Ghosh, 1999)) and by dotted blue lines (using Werner et al.‘s ELF (Werner et al., 2009)) in Figures 5A,B. As the two optical ELFs are not radically different, they provide very similar results, which are in rather good agreement with the large collection of experimental data (letters) (International Atomic Energy Agency Nuclear Data Services, 2021) almost in the entire energy range, both for protons and helium ions. The insets present the most recent experimental data around the maximum stopping power with the corresponding error bars, for protons (Semrad et al., 1990; Eppacher and Semrad, 1992; Martínez-Tamayo et al., 1996; Heredia-Avalos et al., 2007; Denton et al., 2008a; Primetzhofer, 2012) and alpha particles (Trzaska et al., 2002; Hsu et al., 2004; Heredia-Avalos et al., 2007; Zhang et al., 2005; Primetzhofer, 2012; Kumar et al., 2018; Trzaska et al., 2018), which are in a fair agreement with our calculations. The results of other widely used codes are also displayed: the recommended values of ICRU49 (ICRU, 1993) are shown by a cyan dashed line, the semiempirical results from SRIM (Ziegler, 2013) by a dotted green line, the theoretical model from Montanari et al. (Montanari et al., 2009) by an orange dash-dot-dotted line, as well as the Casp 5.2 calculations by Grande and Schiwietz (Schiwietz and Grande, 2012) by a magenta dash-dotted line. As for Al, for proton energies similar and larger than the maximum stopping power, our results agree well with those by Montanari et al. (Montanari et al., 2009), although this time with smaller deviations at lower energies as well as in better agreement with the experiments.
[image: Figure 5]FIGURE 5 | Energy-loss quantities for charged particles in Au as a function of energy: (A) electronic stopping power for H and (B) for He, (C) electronic energy-loss straggling for H and (D) for He, (E) inelastic cross section (ICS) for electrons and (F) stopping power for electrons. Red solid and blue dotted lines correspond to calculations from the dielectric formalism with the MELF-GOS model fit to the experimental optical ELF from Refs. (Palik and Ghosh, 1999; Werner et al., 2009), respectively. A comparison with experimental data (symbols) is made for ions stopping power (International Atomic Energy Agency Nuclear Data Services, 2021) (the insets show the corresponding stopping power around its maximum value for the most recent experimental data (Semrad et al., 1990; Eppacher and Semrad, 1992; Martínez-Tamayo et al., 1996; Trzaska et al., 2002; Hsu et al., 2004; Heredia-Avalos et al., 2007; Heredia-Avalos et al., 2007; Denton et al., 2008a; Zhang et al., 2005; Primetzhofer, 2012; Primetzhofer, 2012; Kumar et al., 2018; Trzaska et al., 2018)), ions straggling (Besenbacher et al., 1980; Alberts and Malherbe, 1983; Eckardt and Lantschner, 2001; Andersen et al., 2002; Hsu et al., 2004; Amadon and Lanford, 2006; Møller et al., 2008), electrons ICS (Sze et al., 1963; Kanter, 1970b; Lindau et al., 1976; Gergely et al., 2004; Tanuma et al., 2005; Bauer et al., 2015) and electrons stopping power (Al-Ahmad and Watt, 1983; Luo et al., 1991), as well as with other theoretical models (Montanari et al., 2009; Schiwietz and Grande, 2012; Ziegler, 2013; Brown et al., 2016). For the other lines, please see details on the text.
Figures 5C,D shows the energy-loss straggling of H and He beams in Au. Red solid lines depict our calculated results based on the experimental optical ELF by Palik and Ghosh (Palik and Ghosh, 1999), while dotted blue lines correspond to Werner et al.’s ELF (Werner et al., 2009). Symbols depict experimental data (Besenbacher et al., 1980; Alberts and Malherbe, 1983; Eckardt and Lantschner, 2001; Andersen et al., 2002; Hsu et al., 2004; Amadon and Lanford, 2006; Møller et al., 2008), The lines reproduce very well the experimental points, very often within error bars. The experimental datasets are less scattered in this case, supporting the reliability of our calculations.
Regarding electron projectiles, Figure 5E shows the results of the inelastic cross section (ICS) in Au. The symbols correspond to experimental data (Sze et al., 1963; Kanter, 1970b; Lindau et al., 1976; Gergely et al., 2004; Tanuma et al., 2005; Bauer et al., 2015) and the cyan shaded region depicts results from ab initio calculations (Brown et al., 2016). The dashed red and blue lines in this figure represent our calculations as described in Section 4.2, using Palik and Ghosh’s (Palik and Ghosh, 1999) and Werner et al.’s (Werner et al., 2009) optical ELFs, respectively; thin lines depict the contributions from the different excitation channels. In this case, despite the plasmon has a noticeable contribution, the ICS is dominated by the excitation of the 6s electrons at low energies and by the 5d electrons around the maximum and larger energies. These calculations (which are not very dependent on the optical ELF used for Au) agree well with the experimental data for energies [image: image] eV and [image: image] eV, but underestimate the maximum around 100 eV. In Ref. (de Vera and Garcia-Molina, 2019), it was argued that the excitation of the 5d electrons in transition metals may be of collective character. This was justified by the claim by Verkhovtsev et al. that the 5d excitations in Au are a result of atomic giant resonances (Verkhovtsev et al., 2015). Other authors also comment about the presence of multiple plasmons in transition metals due to the excitation of the d-block electrons (Chen et al., 2007; Iakoubovskii et al., 2008). If the 5d excitations are considered as collective, the maximum allowed energy loss grows (as discussed in Sections 4.2 and 5.1) and their contribution (depicted by a thin dashed purple line in Figure 5E if considered as interband transitions) grows to the solid thin purple line. The total ICS are now represented by the thick solid red and blue lines in the figure, which match much better the experimental data around the maximum, including its characteristic shape. Therefore, these results seem to support the interpretation of collective character of the 5d electron excitations. Moreover, the consideration of plasmon and intra- and interband transitions (taking into account appropriately their collective or individual character) provides an almost perfect reproduction of the experimental ICS of electrons in Au, a for which there exist empirical data over almost the entire energy range.
Surprisingly, the calculated ICS for electrons in Au agrees rather well with experimental data down to energies as low as 2 eV above the Fermi energy, while the dielectric formalism is not expected to work as well in this energy range. At this point, it is reasonable to wonder if this is due to the use of exchange and low-energy corrections in our formalism (Section 4.2). Figure 5E shows by a green line our results when such exchange and low-energy corrections are not used. As can be seen, the agreement with experimental data (especially in the 5–10 eV range) is significantly worsened, what supports the algorithms implemented in this work for these low-energy corrections to the dielectric formalism.
Figure 5F presents the results for the stopping power of electrons in Au, where experimental data are shown by symbols (Al-Ahmad and Watt, 1983; Luo et al., 1991). As in the case of the ICS, red and blue lines correspond to calculations using Palik and Ghosh’s (Palik and Ghosh, 1999) or Werner et al.’s (Werner et al., 2009) optical ELFs, considering (solid) and not considering (dashed) the 5d-electron excitations as collective. The green line corresponds to the calculation without including exchange and low-energy corrections. For the stopping power, these low-energy corrections are not as crucial as for the ICS (as stopping power arises mainly from the excitation of higher-energy shells), but the individual or collective character of the 5d-electron excitations changes significantly the stopping power for energies ≤500–1,000 eV. The agreement with the experimental data by Al-Ahmad et al. (Al-Ahmad and Watt, 1983) at high energies ([image: image] keV) is very good. Again, the data from Luo’s database (Luo et al., 1991) are not to be really considered experimental, but rather dielectric formalism calculations based on experimentally-determined EELS data. Our results agree well with these data for T ≥ 100–200 eV when the 5d-electron excitations are not considered as collective, but overestimate Luo’s data when they are.
Our calculated energy-loss straggling for electrons in Au is shown in Figure 3, for the two sets of ELF, as indicated in the figure caption.
5.3 Copper
In the case of copper, we now face a more noticeable discrepancy in its optical ELFs, depending whether it comes from optical parameters measurements (Palik and Ghosh, 1999) or from REELS experiments (Werner et al., 2009). These ELFs are depicted, respectively, by magenta circles and blue squares in Figures 6A, B, in linear scale for the outer shells (A) and log-log scale for the semi-core and inner shells (B). Henke and Ghosh’s (crosses) (Henke et al., 1993) and NIST’s (stars) (Chantler, 2003) calculations based on atomic data are also included, which are valid at large excitation energies.
[image: Figure 6]FIGURE 6 | (A) and (B): Optical energy-loss function, ELF (k = 0, E), of Cu as a function of the energy transfer E. The experimental data from Palik and Ghosh’s compilation (Palik and Ghosh, 1999) (magenta circles) and from Werner et al. (Werner et al., 2009) (square blue symbols) are presented as well as the MELF-GOS fit to these experimental data. Calculations from Henke et al. (Henke et al., 1993) and the NIST (Chantler et al., 2005) are included. (C) and (D): Effective number of electrons in Cu as a function of the excitation energy E, obtained from the MELF-GOS model fitted to Palik and Ghosh (Palik and Ghosh, 1999) (red solid line), to Werner et al. (Werner et al., 2009) (blue dotted line) and to the effective ELF from Zhang (Zhang et al., 2004) (dash-dotted green line). (E) Effective optical ELF (k = 0) of Cu as a function of the excitation energy E derived from experimental REELS measurements (solid dark cyan line) (Zhang et al., 2004), and surface ELF (dashed orange line) (Zhang et al., 2004). The MELF-GOS model fitted to the effective ELF is presented by a dotted green line and other symbols are as in panels (A) and (B).
The MELF-GOS fitting to these data (solid red line for optical data, dotted blue line for REELS data in Figure 6) have been done assuming that the bulk plasmon is located at 19.3 eV (Egerton, 2011) (second major feature in the ELF). Excitation of the 4s electrons is at lower energies, and of 3d, 3p, and 3s electrons at larger energies in order of ascending binding energies. Inner-shell electrons 1s, 2s, and 2p are described by K and L GOS. The fitting parameters can be found in Supplementary Tables S3, S4 in the Supplementary Material.
As in the previous cases, the effective number of electrons as a function of the excitation energy are plotted in Figures 6C, D and the effective number of electrons per shell are those indicated in Table 6. For Cu, Palik and Ghosh’s optical ELF (Palik and Ghosh, 1999) provides a closer approximation to the 11 electrons expected in the excitation of the 4s and 3s shells (including the plasmon excitation) than Werner et al’s (Werner et al., 2009). Similarly, the errors both in the total f- and KK-sum rules are significantly smaller for the optical measurements dataset (Palik and Ghosh, 1999). Also, the mean excitation energy I can be obtained from the optical ELF from Eq. (34), getting the values of I = 347.5 eV for Palik and Ghosh’s ELF (Palik and Ghosh, 1999) and I = 309.9 eV for Werner et al.‘s ELF (Werner et al., 2009), which are in rather good agreement with the values recommended by ICRU37 (Berger et al., 1984) and ICRU49 (ICRU, 1993), see Table 3.
TABLE 6 | Comparison of the expected number of electrons Nexpect in each excitation level of copper, and the corresponding effective number of electrons Neff, as obtained from Eq. (10) with the MELF-GOS model fit to the experimental optical ELF by Palik and Ghosh (Palik and Ghosh, 1999) or Werner et al. (Werner et al., 2009). The values of the f- and KK-sum rules appear in the last two rows.
[image: Table 6]Let us analyse the impact of both optical ELFs, extended to arbitrary momentum transfer by means of the MELF-GOS methodology, in the calculation of the stopping power of H and He ions in Cu. Figures 7A,B show by red solid and blue dotted lines the calculations done with the optical and REELS ELFs, respectively, together with the large compilation of experimental data (letters) (International Atomic Energy Agency Nuclear Data Services, 2021). For Cu, the slightly more intense ELF by Werner et al. (Werner et al., 2009) gives slightly larger stopping powers around the maxima as compared to Palik and Ghosh’s ELF (Palik and Ghosh, 1999), although both calculations are close to the cloud of experimental points in the entire energy range. The insets focus around the maxima of the stopping power, showing the most recent sets of experimental determinations with their error bars for H (Kido and Hioki, 1983; Semrad et al., 1983; Bauer et al., 1984; Khodyrev et al., 1984; Sirotinin et al., 1984; Semrad et al., 1986) and He (Desmarais and Duggan, 1984; Kuldeep and Jain, 1985; Harith et al., 1987; Majackij and Pucherov, 1988). In general, the calculations based on optical data seem to coincide somewhat better than those based on REELS data (which seems to go in line with the somewhat better fulfillment of the sum rules), although the differences are not very significant in any case. We also compare with the recommended values of ICRU49 (ICRU, 1993) (cyan dash line), the semiempirical SRIM2013 code (Ziegler, 2013) (green short-dotted line) and the theoretical model by Montanari and Miraglia (Montanari and Miraglia, 2013).
[image: Figure 7]FIGURE 7 | Energy-loss quantities for charged particles in Cu as a function of energy: (A) electronic stopping power for H and (B) for He, (C) electronic energy-loss straggling for H and (D) for He, (E) inelastic cross section (ICS) for electrons and (F) stopping power for electrons. Red solid and blue dotted lines correspond to calculations from the dielectric formalism with the MELF-GOS model fit to the experimental optical ELF from Refs. (Palik and Ghosh, 1999; Werner et al., 2009), respectively. A comparison with experimental data (symbols) is made for ions stopping power (International Atomic Energy Agency Nuclear Data Services, 2021) (the insets show the corresponding stopping power around its maximum value for the most recent experimental data (Kido and Hioki, 1983; Semrad et al., 1983; Bauer et al., 1984; Desmarais and Duggan, 1984; Khodyrev et al., 1984; Sirotinin et al., 1984; Kuldeep and Jain, 1985; Semrad et al., 1986; Harith et al., 1987; Majackij and Pucherov, 1988)), ions straggling (Hoffman and Powers, 1976; Nomura et al., 1976; Friedland and Kotze, 1981; Kido, 1987; Kawano and Kido, 1988; Kido and Koshikawa, 1991; Amadon and Lanford, 2006), electrons ICS (Sze et al., 1963; Kanter, 1970b; Lindau et al., 1976; Gergely et al., 2004; Tanuma et al., 2005; Bauer et al., 2015) and electrons stopping power (Al-Ahmad and Watt, 1983; Luo et al., 1991), as well as with other theoretical models (ICRU, 1993; Montanari and Miraglia, 2013; Ziegler, 2013; Brown et al., 2016). For the other lines, please see details on the text.
The energy-loss straggling of H and He beams in Cu appears in Figures 7C,D. Red solid lines depict our calculated results based on the experimental optical ELF by Palik and Ghosh (Palik and Ghosh, 1999), while dotted blue lines correspond to Werner et al.’s ELF (Werner et al., 2009). Experimental data are represented by symbols (Hoffman and Powers, 1976; Nomura et al., 1976; Friedland and Kotze, 1981; Kido, 1987; Kawano and Kido, 1988; Kido and Koshikawa, 1991; Amadon and Lanford, 2006). The lines agree well with the experimental data for protons, and reasonably reproduce the few data for helium.
Figure 7E shows the results for the ICS of electrons in Cu, calculated using the ELF from optical data (red lines) (Palik and Ghosh, 1999) and that from REELS (blue lines) (Werner et al., 2009), in comparison with a relatively wide collection of experimental data (symbols). In this case, there are experiments performed for energies larger than 50 eV (Tanuma et al., 2005; Da et al., 2014), and for lower energies there is a discrepancy between the classical experiments (Knapp et al., 1979; Ogawa et al., 1997; Bauer et al., 2015) and the most recent ones obtained from XAFS measurements (Bourke and Chantler, 2010), which differ in more than one order of magnitude. Ab initio calculations are also shown by a cyan shaded area (Brown et al., 2016) which, although very noisy, seem to correlate better with the classical experimental determinations. Dashed lines treat the 3d-electron excitations as individual, while solid lines as collective. Both sets of optical ELF give ICS which agree very well with the experimental data for energies [image: image] eV when the 3d electrons are treated as collective. Particularly, calculations using Palik and Ghosh’s ELF (Palik and Ghosh, 1999) perfectly agree with the experiments by Tanuma et al. (Tanuma et al., 2005). At low energies, the agreement with the classical experimental data (Knapp et al., 1979; Ogawa et al., 1997; Bauer et al., 2015) is remarkable down to 2 eV above the Fermi energy (notably, the calculations using the REELS ELF (Werner et al., 2009) match perfectly with the data by Knapp et al. (Knapp et al., 1979)).
Our calculations (as well as the ab initio results from Ref (Brown et al., 2016)) seem to support the classical experimental data for the ICS of electrons in bulk Cu. However, the question arises of why there is such a big discrepancy with the most recent XAFS measurements by Bourke and Chantler (Bourke and Chantler, 2010). In Ref (de Vera and Garcia-Molina, 2019). we suggested that these most recent experiments may be affected in some way by surface excitations. In Figure 6E we plot, together with the two already discussed sets of optical ELF for Cu (Palik and Ghosh, 1999; Werner et al., 2009), the surface excitation ELF and the effective ELF (corresponding to 500 eV primary electrons) determined by Zhang et al. from REELS experiments (Zhang et al., 2004). The concept of effective ELF was developed as an empirical approximation to reproduce by simulations the REELS spectra obtained experimentally in conditions where surface excitations affect the energy spectrum of reflected electrons. As can be seen, the effective ELF (which depends on the energy of the primary electrons) mixes the surface and bulk contributions to the ELF in a way that enhances the surface excitations, while also retaining the bulk ones. In order to test the surface excitation hypothesis, we have fitted this effective ELF (corresponding to 500 eV, the lowest energy reported by Zhang et al. (Zhang et al., 2004)) by means of the MELF-GOS methodology and then performed new calculations of the ICS. The results are shown by a green thick solid line in Figure 7E. Strikingly, the ICS obtained using the effective ELF, which weights bulk and surface excitations, matches almost perfectly Bourke and Chantler’s data at low energies (Bourke and Chantler, 2010), within error bars down to 5 eV above the Fermi energy. The calculation converges with the high energy data (Tanuma et al., 2005; Da et al., 2014), for which surface excitations are deemed to be less relevant. Therefore, these results seem to point out to the contribution of these surface excitations in the most recent XAFS data (Bourke and Chantler, 2010), which would explain the discrepancy with the classical experiments (Knapp et al., 1979; Ogawa et al., 1997; Bauer et al., 2015).
Results for the stopping power of electrons in Cu are given in Figure 7F. Here, pure experimental data (squares) are only available from Al-Ahmad et al. at high energies (Al-Ahmad and Watt, 1983), which agree very well with our calculations. Red lines represent results using the optical ELF (Palik and Ghosh, 1999) and blue lines using the REELS ELF (Werner et al., 2009). Solid lines are calculations treating the 3d-electron excitations as collective while dashed lines as individual. The latter coincide well with the results reported by (Luo et al., 1991) and Hovington et al. (Hovington et al., 1996), although it should be remembered that these are rather calculations than experiments, as discussed previously. Surface excitations (accounted by means of the effective ELF (Zhang et al., 2004) and represented by a green solid line) tend to diminish the stopping power around the maximum at [image: image] eV, while they increase it at low energies [image: image] eV above the Fermi energy. More experimental measurements of the stopping power of low electrons in Cu would be needed to check these calculations.
Finally, Figure 3 shows by lines our calculated energy-loss straggling for electrons in Cu, for the two sets of ELF, as indicated in the figure caption which, as for the other cases, cannot be compared with any other experiment or reference calculation.
5.4 Molybdenum
The next metal we analyse is molybdenum, for which, as in the case of copper, there exist very low-energy electron measurements of the ICS by XAFS (Bourke and Chantler, 2010) that will serve us to check the assumptions made for the case of copper. For this material, there are three sets of experimental data available for the optical ELF, one relying on measured optical data (Palik and Ghosh, 1999) and two based on REELS experiments (Werner et al., 2009; Pauly et al., 2020). These sets of data are depicted in Figures 8A,B: magenta circles denote the experiments compiled by Palik and Ghosh (Palik and Ghosh, 1999), which are very different, above 30 eV, from those from Werner et al. (blue squares) (Werner et al., 2009) and Pauly et al. (red triangles) (Pauly et al., 2020) (these being rather similar to the results reported by Windt et al. (Windt et al., 1988)). In fact, the MELF-GOS fitting to Palik and Ghosh’s compiled data (Palik and Ghosh, 1999) did not fulfill the total f-sum rule. It should be mentioned that the measured data from Weaver (Weaver et al., 1974) goes up to 30 eV, and at larger excitation energies it is just an extrapolation. These experiments may possibly be affected by oxidation, impurities or roughness in the surface of the target, as mentioned in Palik and Ghosh’s book (Palik and Ghosh, 1999). Therefore, above 30 eV we better rely on the atomic information by Henke et al. (black crosses) (Henke et al., 1993), which, together with NIST’s (Chantler et al., 2005) (gray starts), are also represented, and are more relevant for Figure 8B where a log-log scale is used at large excitation energies.
[image: Figure 8]FIGURE 8 | (A) and (B): Optical energy-loss function, ELF (k = 0, E), of Mo as a function of the energy transfer E. The experimental data from Palik and Ghosh’s compilation (Palik and Ghosh, 1999) (magenta circles), from Werner et al. (Werner et al., 2009) (square blue symbols) and from Pauly et al. (Pauly et al., 2020) (red triangle symbols) are presented as well as the MELF-GOS fit to these experimental data. Calculations from Henke et al. (Henke et al., 1993) and the NIST (Chantler et al., 2005) are included. (C) and (D): Effective number of electrons in Mo as a function of the excitation energy E, obtained from the MELF-GOS model fitted to Palik and Ghosh (Palik and Ghosh, 1999) (red solid line), to Werner et al. (Werner et al., 2009) (blue dotted line), to Pauly et al. (Pauly et al., 2020) and to the effective ELF from Zhang (Chen et al., 2007) (dashed green line). (E) Effective optical ELF (k = 0) of Mo as a function of the excitation energy E derived from experimental REELS measurements (solid dark cyan line) (Chen et al., 2007). The MELF-GOS model fitted to the effective ELF is presented by a dotted green line and other symbols are as in panels (A) and (B).
The MELF-GOS fittings to these sets of data are shown in Figures 8A,B by lines, and the corresponding parameters are gathered in Supplementary Tables S6–S8 in the Supplementary Material. The effective number of electrons Neff in Mo (calculated from the MELF-GOS model) as a function of the excitation energy E is depicted in Figures 8C,D. No important differences appear in the evolution of Neff with the excitation energy, except for a slight underestimation of the number of outer-shell electrons below 100–300 eV for Pauly et al.’s data (Pauly et al., 2020). The grey dashed lines correspond to 42 (the total number of electrons), 40 (where the K-shell starts), 32 (where the L-shell starts) and 14 (where the M-shell starts). Table 7 indicates that the total f- and KK-sum rules are fulfilled for the three fittings when the excitation energy tends to infinity. The effective number of electrons for each electronic excitation is reasonably satisfied, with Pauly et al.’s data (Pauly et al., 2020) slightly better respecting the expected number of 5s and 4d electrons. Noticeably, for Mo a vast majority of the outermost electrons participate in the plasmon excitation slightly above 20 eV. Another noticeable difference is observed for the excitation of the 4p electrons above 35 eV, which is underestimated by Pauly et al.’s data (Pauly et al., 2020), hence giving the lower number of outer-shell electrons with respect to Palik and Ghosh’s (Palik and Ghosh, 1999) (combined with Henke’s (Henke et al., 1993)) and Werner et al.’s (Werner et al., 2009) datasets. Regarding the mean excitation energies I obtained from these optical ELFs, they have values of 443.4 eV when Werner et al.’s ELF (Werner et al., 2009) is used, 469.2 eV for Palik and Ghosh’s (Palik and Ghosh, 1999) and 503.9 eV for Pauly et al.’s (Pauly et al., 2020), while the recommended values by ICRU37 and ICRU49 are, respctively, 424 ± 15 eV (Berger et al., 1984) and 424 eV (ICRU, 1993).
TABLE 7 | Comparison of the expected number of electrons Nexpect in each excitation level of molybdenum, and the corresponding effective number of electrons Neff, as obtained from Eq. (10) with the MELF-GOS model fit to the experimental optical ELF from Palik and Ghosh (Palik and Ghosh, 1999) and Werner et al. (Werner et al., 2009). The values of the f- and KK-sum rules appear in the last two rows.
[image: Table 7]The stopping powers for H and He ions in Mo obtained by means of the MELF-GOS model from the different optical ELFs are represented by lines in Figures 9A,B respectively. Results obtained from Palik and Ghosh’s data (Palik and Ghosh, 1999) are shown by solid red lines, from Werner et al.’s data (Werner et al., 2009) by blue dotted lines and from Pauly et al.’s experiments (Pauly et al., 2020) by orange dashed lines. All calculations agree at high and low energies but are different around the maximum. The experimental data available from Paul’s database (International Atomic Energy Agency Nuclear Data Services, 2021), which are rather scarce for Mo, are depicted by letters. We note that the most recent measurements for H by Moro et al. (Moro et al., 2016) (yellow symbols) coincide almost perfectly with the calculated stopping powers based on Palik and Ghosh’s (Palik and Ghosh, 1999) and Werner et al.’s (Werner et al., 2009) ELFs, while the use of Pauly et al.’s data (Pauly et al., 2020) underestimates them. In the insets, the most recent measurements around the maximum are presented. In the case of H in Mo we include the data from Refs. (Izmailov et al., 1980; Sirotinin et al., 1984), whereas for He we represent measurements from Refs. (Chu et al., 1973; Lin et al., 1973; Leminen and Fontell, 1974). For H, all calculations underestimate the scarce experimental data, although those based on Palik and Ghosh’s (Palik and Ghosh, 1999) and Werner et al.’s (Werner et al., 2009) data coincide very well with experiments above 200 keV/u. For the case of He, calculations based on Palik and Ghosh’s and, especially, on Werner et al.’s ELF coincide very well with the data data by Ref. (Leminen and Fontell, 1974). Calculations based on Pauly et al.’s data (Pauly et al., 2020) significantly underestimate all experimental data. However, further measurements will be needed to confirm such trends. A comparison with the semiempirical code SRIM (Ziegler, 2013) is also included (green dotted line), together with the theoretical calculations by Montanari and Miraglia (Montanari and Miraglia, 2019).
[image: Figure 9]FIGURE 9 | Energy-loss quantities for charged particles in Mo as a function of energy: (A) electronic stopping power for H and (B) for He, (C) electronic energy-loss straggling for H and (D) for He, (E) inelastic cross section (ICS) for electrons and (F) stopping power for electrons. Red solid and blue dotted lines correspond to calculations from the dielectric formalism with the MELF-GOS model fit to the experimental optical ELF from Refs. (Palik and Ghosh, 1999; Werner et al., 2009), respectively. A comparison with experimental data (symbols) is made for ions stopping power (International Atomic Energy Agency Nuclear Data Services, 2021) (the insets show the corresponding stopping power around its maximum value for the most recent experimental data (Chu et al., 1973; Lin et al., 1973; Leminen et al., 1974; Izmailow et al., 1980; Sirotinin et al., 1984), electrons ICS (Tanuma et al., 2005; Chantler and Bourke, 2010; Bauer et al., 2015; Jablonski, 2016), as well as with other theoretical models (Ziegler, 2013; Montanari and Miraglia, 2019). For the other lines, please see details on the text.
Figures 9C,D depict the energy-loss straggling of H and He beams in Mo. Red solid and blue dotted lines show our calculated results based either on the experimental optical ELF by Palik and Ghosh (Palik and Ghosh, 1999) or by Werner et al.’s ELF (Werner et al., 2009). In this case, there are no experimental data to compare with.
In what follows, we discuss the energy-loss quantities of electrons in Mo. As we are going to analyse the possible influence of surface excitation effects, as we did for Cu, we will use the effective ELF for Mo obtained from 500 eV-electron REELS measurements by Chen and coworkers (Chen et al., 2007), which is shown by a solid line in Figure 8E. The MELF-GOS fitting is shown by a green dotted line, which is used to calculate the energy-loss quantities.
The inelastic cross section (ICS) of electrons in Mo is presented in Figure 9E. Calculations based on Palik and Ghosh’s (red line) (Palik and Ghosh, 1999), Werner et al.‘s (blue lines) (Werner et al., 2009) and Pauly et al.’s (Pauly et al., 2020) (orange dashed line) optical ELFs are depicted, as well as those obtained from the effective ELF by Chen et al. (Chen et al., 2007) (dotted green line). For the case of Werner et al. ELF, we present contributions from the excitation of each band, including calculations treating the excitation of the 4d electrons as individual transitions (thin blue dashed line) and collective excitations (thin blue solid line). As in the case of Cu, treating the 4d electrons as collective causes an increment of the ICS value around the maximum, although in this case the increase is considerably smaller, as Mo has less d electrons than Cu. Symbols in the figure correspond to experimental data from Tanuma et al. (Tanuma et al., 2005), Chantler and Bourke (Chantler and Bourke, 2010), Bauer et al. (Bauer et al., 2015), and Jablonski (Jablonski, 2016). The comparison between the calculated and experimental ICS is excellent at energies larger than 100 eV and very good even around the maximum for all three optical ELFs. At very-low electron energies all calculations agree reasonably well with the measurements by Bauer et al. (Bauer et al., 2015), but are much lower than those by Chantler and Bourke (Chantler and Bourke, 2010). Notably, the latter high accuracy XAFS measurements (Chantler and Bourke, 2010), as well as the data by Jablonski around the maximum (Jablonski, 2016), perfectly agree with the results obtained from the effective ELF (Chen et al., 2007), again indicating that they might be affected by surface excitations.
The stopping power of electrons in Mo is shown in Figure 9F. Calculations are derived from the three different experimental optical ELFs (Werner et al., 2009): (blue lines), (Pauly et al., 2020), (dashed orange line), and the effective ELF (Chen et al., 2007) (dotted green line). In all cases the values at high and low electron energies are rather similar, and they only differ around the maximum. Unfortunately, to our knowledge there are no experimental data or other calculations to compare with. Pauly et al.‘s ELF (Pauly et al., 2020) leads to a somewhat lower stopping power around the maximum as compared to the other experimental ELFs, which is similar to that obtained using the effective ELF (Chen et al., 2007). However, the latter ELF gives rise to slightly larger stopping powers at energies lower than 50 eV.
Figure 3 shows by lines our calculated energy-loss straggling for electrons in Mo for the two sets of ELF, as indicated in the figure caption.
5.5 Iron
Iron is a metal with a reasonable amount of experimental data for the energy-loss quantities, both for ions and electrons, and for which three conflicting sources of optical ELF are available, from optical (Palik and Ghosh, 1999) and REELS (Werner et al., 2009; Xu et al., 2017) measurements. These are shown, respectively, by magenta circles, blue squares and orange triangles in Figure 10A. The MELF-GOS fittings are depicted by solid red, dotted blue and dashed orange lines, respectively, with parameters given in Supplementary Tables S9–S11 in the Supplementary Material. As can be seen, REELS-based measurements seem to provide much sharper and intense peaks, while the optical data are broader and in general less intense, with the maxima being around half of the source of data by Werner et al. (Werner et al., 2009). As a consequence, although all optical ELFs respect the total f-sum rule, as well as the KK-sum rule to a good extent, Palik and Ghosh’s data (Palik and Ghosh, 1999) give a somewhat lower number of electrons for excitation energies up to several hundreds of eV, as can be seen in Figure 10C. Total and individual sum-rules are given in Table 8. Individual effective number of electrons are close to expected numbers for all excitation channels for all optical ELFs, although the error in the total KK-sum rule is significantly larger for Palik and Ghosh’s (Palik and Ghosh, 1999) and Xu et al.’s data (Xu et al., 2017) as compared to Werner et al.’s (Werner et al., 2009). Nonetheless, Xu et al.’s ELF (the most recent one, based on a reverse Monte Carlo algorithm using REELS measurements (Da et al., 2013; Xu et al., 2017)) seems to give, overall, a somewhat lower error in the individual sum rule for the electrons described by Mermin functions.
[image: Figure 10]FIGURE 10 | (A) and (B): Optical energy-loss function, ELF (k = 0, E), of Fe as a function of the energy transfer E. The experimental data from Palik and Ghosh’s compilation (Palik and Ghosh, 1999) (magenta circles), from Werner et al. (Werner et al., 2009) (square blue symbols) and from Xu et al. (Xu et al., 2017) (orange triangles) are presented as well as the MELF-GOS fit to these experimental data. Calculations from Henke et al. (Henke et al., 1993) and the NIST (Chantler et al., 2005) are included. (C) and (D): Effective number of electrons in Fe as a function of the excitation energy E, obtained from the MELF-GOS model fitted to different optical ELF. (E) Effective optical ELF (k = 0) of Fe as a function of the excitation energy (green line), estimated as explained in the text. Other symbols are as in panels (A) and (B).
TABLE 8 | Comparison of the expected number of electrons Nexpect in each excitation level of iron, and the corresponding effective number of electrons Neff, as obtained from Eq. (10) with the MELF-GOS model fit to the experimental optical ELF from Palik and Ghosh (Palik and Ghosh, 1999), Werner et al. (Werner et al., 2009) and Xu et al. (Xu et al., 2017). The values of the f- and KK-sum rules appear in the last two rows.
[image: Table 8]The calculated stopping powers for H and He in Fe are presented by lines (solid red line for Palik and Ghosh’s ELF (Palik and Ghosh, 1999), blue dotted line for Werner et al.’s (Werner et al., 2009), orange dashed line for Xu et al.’s (Xu et al., 2017)) in Figures 11A,B, and compared to the experimental data (letters) compiled in Paul’s database (International Atomic Energy Agency Nuclear Data Services, 2021). Although the amount of experimental information is not very large for Fe, we can clearly see, both for H and for He ions, that Werner et al.’s (Werner et al., 2009) and Xu et al.’s (Xu et al., 2017) optical ELFs gives place to stopping powers in rather good agreement with experiments, while Palik and Ghosh’s ELF (Palik and Ghosh, 1999) leads to an important underestimation around the maximum. The inset of Figure 11A zooms, for protons, the most recent experimental data around the maximum, revealing that the agreement with calculations based on Xu et al.’s ELF coincide very well in the maximum and around, while those based on Werner et al.’s ELF slightly overestimate them for energies larger than 200 keV/u.
[image: Figure 11]FIGURE 11 | Energy-loss quantities for charged particles in Fe as a function of energy: (A) electronic stopping power for H and (B) for He, (C) electronic energy-loss straggling for H and (D) for He, (E) inelastic cross section (ICS) for electrons and (F) stopping power for electrons. Red solid, blue dotted and orange dashed lines correspond to calculations from the dielectric formalism with the MELF-GOS model fit to the experimental optical ELF from Refs. (Palik and Ghosh, 1999; Werner et al., 2009; Xu et al., 2017), respectively. A comparison with experimental data (symbols) is made for ions stopping power (International Atomic Energy Agency Nuclear Data Services, 2021) (the insets show the corresponding stopping power around its maximum value for the most recent experimental data) electrons ICS (Pappas et al., 1991; van Dijken et al., 2002; Tanuma et al., 2005; Zdyb et al., 2013; Bauer et al., 2015) as well as with other theoretical models (ICRU, 1993; Montanari and Miraglia, 2013; Ziegler, 2013; Brown et al., 2016). For the other lines, please see details on the text.
Figures 11C,D show the energy-loss straggling of H and He beams in Fe. Red solid lines correspond to our calculations based on the optical ELF by Palik and Ghosh (Palik and Ghosh, 1999), while dotted blue lines correspond to Werner et al.’s ELF (Werner et al., 2009) and dashed orange lines to Xu et al.’s data (Xu et al., 2017). For this metal, there are no experimental data to compare with.
Let us now study electrons in Fe. For this material there is no effective ELF available. However, we estimated an effective ELF, equivalent to those measured for Cu and Mo for 500 eV electrons (Zhang et al., 2004; Chen et al., 2007). For that purpose, we determined the ratio of the effective ELF for Cu with respect to its measured surface ELF (Zhang et al., 2004), and applied this ratio to the surface ELF measured by Werner et al. for Fe (Werner et al., 2009). The result is depicted by a solid line in Figure 10F.
The calculated ICS for electrons in Fe are shown by lines in Figure 11E, together with experimental data (symbols) by Refs. (Pappas et al., 1991; van Dijken et al., 2002; Tanuma et al., 2005; Zhukov et al., 2006; Zdyb et al., 2013; Bauer et al., 2015). Thick dashed lines are calculations treating the excitation of the 3d electrons as individual transitions, and solid thick lines treat them as collective. As the number of d electrons is not very large in this case, both calculations are not so different and they agree rather well with Tanuma’s experimental data (Tanuma et al., 2005) above 50 eV. The dispersion of the data around the maximum avoids drawing conclusions about the quality of the optical ELFs used, although both Werner et al.’s (Werner et al., 2009) and Xu et al.’s ELFs (Xu et al., 2017) agree better with the experimental ICS above 100 eV. None of the calculations agree with the experimental data at lower energies (Zhukov et al., 2006; Zdyb et al., 2013; Bauer et al., 2015; Pappas et al., 1991), even though for other metals the agreement with the experiments by Bauer (Bauer et al., 2015) was typically good. The use of the estimated effective ELF somewhat improves the agreement, bringing the calculation (green line) closer to the data by (Pappas et al., 1991; Zdyb et al., 2013; Zhukov et al., 2006), but still underestimating Bauer’s data (Bauer et al., 2015). This calls for the measurement of the effective ELF for electrons in Fe, which might help to close this gap.
The calculated stopping powers of electrons are shown by thick lines in Figure 11F, although in this case there are no experimental data to compare with. Thin curves showing the contribution of different excitations correspond to the values obtained from Palik and Ghosh’s optical data (Palik and Ghosh, 1999). The difference appearing by treating the excitation of the 3d electrons as individual or collective is more clearly seen here, with the slight increase of the stopping around the maximum when they are treated as collective. The stopping power obtained by using Palik and Ghosh’s optical ELF (Palik and Ghosh, 1999) is significantly lower than that using Werner et al.‘s (Werner et al., 2009) and Xu et al.‘s ELFs (Xu et al., 2017). The use of the effective ELF (based on Werner et al.‘s data) produces a maximum value of the stopping power similar to calculations based on Palik and Ghosh’s data, and it is slightly increased for low electron energies below 50 eV.
Figure 3 contains our calculated energy-loss straggling for electrons in Fe for the three sets of ELF (see figure caption).
5.6 Platinum
We finalise our analysis with platinum, a relevant material for catalysis and nanoparticle enhancement of radiotherapy, with again two sets of experimental data available for the optical ELF, coming from optical data (Palik and Ghosh, 1999) and REELS (Werner et al., 2009), which are shown in Figure 12 as a function of the excitation energy E. The optical ELF from Palik and Ghosh’s compilation (Palik and Ghosh, 1999), which is based on reflectivity measurements, is shown by magenta circles, and the most recent optical ELF based on REELS experiments developed by Werner et al. (Werner et al., 2009) is depicted by blue squares. Panel A shows data in linear scale in order to appreciate the complex excitation spectrum, whereas panel B appears in a log-log scale, which is more appropriate at high excitation energies, where inner shells excitation are presented. Atomic calculations by Henke et al. (Henke et al., 1993) (black crosses) and NIST (Chantler, 2003) (grey stars) are also included which are valid at large excitations energies. Lines represent the fit by the MELF-GOS model to Palik and Ghosh’s (Palik and Ghosh, 1999) (red solid line) and to Werner et al.’s ELFs (Werner et al., 2009) (blue dotted line), which parameters are given in Supplementary Tables S12, S13 in the Supplementary Material.
[image: Figure 12]FIGURE 12 | (A) and (B): Optical ELF (k = 0, E) of Pt as a function of the excitation energy E. Experimental data from Palik and Ghosh (Palik and Ghosh, 1999) and Werner et al. (Werner et al., 2009) are depicted by symbols and the fitting by the MELF-GOS model by lines. Henke et al. (Henke et al., 1993) and the NIST (Chantler, 2003) calculations are included. (C) and (D): Effective number of electrons, Neff, in Pt as a function of the excitation energy E.
Panels C and D in Figure 12 correspond to the effective number Neff of electrons in Pt, as a function of the excitation energy E. The dashed gray lines correspond to 78 (the total number of electrons), 76 (where the K-shell starts), 68 (where the L-shell starts) and 50 (where the M-shell starts). It is immediate to verify that the total f-sum rule is verified and that at high transferred energies the number of electrons approaches the atomic number of the target, 78 electrons, for both sources of the optical ELF. The partial numbers of effective electrons appear in Table 9, where it can be seen that, in general, both optical ELFs fulfill rather well the expected number of electrons. The total KK-sum rule is better satisfied by Werner et al.’s optical ELF (Werner et al., 2009). The I-values obtained are 738.6 eV for Palik and Ghosh’s and 739.0 eV for Werner et al.’s ELFs, while the value recommended by ICRU37 is 790 ± 30 eV (Berger et al., 1984) and by ICRU49 741.9 eV (ICRU, 1993).
TABLE 9 | Effective number Neff of electrons in each excitation level for Pt obtained by the MELF-GOS model fit to the experimental optical ELF from Palik and Ghosh (Palik and Ghosh, 1999) and Werner et al. (Werner et al., 2009).
[image: Table 9]The electronic stopping powers of Pt for H and He ions are presented in Figures 13A,B as a function of the incident ion energy. The experimental data (letters) are from Paul’s database (International Atomic Energy Agency Nuclear Data Services, 2021). Our calculations based on the ELF from Palik and Ghosh (Palik and Ghosh, 1999) are depicted by a red solid line and the results based on Werner et al.’s ELF (Werner et al., 2009) are shown by a blue dotted line. Both results are very similar for the energy range analysed, with only slight differences below 200 keV/u, and are compatible with the collection of experimental data down to 30–40 keV/u. The insets in the figure compare the calculated stopping powers in Pt with the most recent experimental data around the maximum stopping, from Refs. (Selau et al., 2020; Moro et al., 2020) for H, and from Ref. (Moro et al., 2020) for He. As can be seen, the agreement is excellent, with the calculations within error bars for H and also for He above 100 keV/u. The recommended values of the stopping power from ICRU49 (ICRU, 1993) (cyan dashed line) and from the semiempirical SRIM code (Ziegler, 2013) (green dotted line) are also presented. It should be noted that the values predicted by the SRIM code (Ziegler, 2013) for H in Pt do not agree with the most recent experimental determinations.
[image: Figure 13]FIGURE 13 | Energy-loss quantities for charged particles in Pt as a function of energy: (A) electronic stopping power for H and (B) for He, (C) electronic energy-loss straggling for H and (D) for He, (E) inelastic cross section (ICS) for electrons and (F) stopping power for electrons. Red solid and blue dotted lines correspond to calculations from the dielectric formalism with the MELF-GOS model fit to the experimental optical ELF from Refs. (Palik and Ghosh, 1999; Werner et al., 2009), respectively. A comparison with experimental data (symbols) is made for ions stopping power (International Atomic Energy Agency Nuclear Data Services, 2021) [the insets show the corresponding stopping power around its maximum value for the most recent experimental data (Selau et al., 2020; Moro et al., 2020)], ions straggling (Kido and Koshikawa, 1991), electrons ICS (Tanuma et al., 2005; Jablonski, 2016) and electrons stopping power (Luo, 1991; Hovington et al., 1996), as well as with other theoretical models (ICRU, 1993; Ziegler, 2013). For the other lines, please see details on the text.
In Figures 13C,D we show the energy-loss straggling of H and He beams in Pt. Red solid lines and blue dotted lines represent our calculations based on the experimental optical ELF by Palik and Ghosh’s (Palik and Ghosh, 1999) and by Werner et al.’s ELF (Werner et al., 2009) respectively, which are close to the experimental data for protons (Kido and Koshikawa, 1991).
For electron interactions in Pt, experimental data for the ICS are very scarce (being only available at the maximum value and larger energies), while there are no experimental data for the stopping power. The experimental ICS by Tanuma et al. (Tanuma et al., 2005) and Jablonski (Jablonski, 2016) are shown by symbols in Figure 13E, along with our calculations based on Palik and Ghosh’s (red line) (Palik and Ghosh, 1999) and Werner et al.’s (blue line) (Werner et al., 2009) ELFs. In the theoretical calculation, we can treat the 5d-electron excitations as collective (solid thin line) or as individual transitions (dashed thin line). At high electron energies the ICS are rather similar independently of the optical ELF used and they match quite well with the experimental data (Tanuma et al., 2005; Jablonski, 2016). However at low electron energies the ICS calculated from Palik and Ghosh’s ELF (Palik and Ghosh, 1999) is somewhat larger than the values obtained from Werner et al.’s ELF (Werner et al., 2009), but the scattering of the experimental results and the absence of data for lower energies prevents drawing further conclusions. In any case, considering the d electrons as collective excitations again seems to improve agreement with experiments.
The calculated stopping powers are similarly shown by lines in Figure 13F, together with the data by Luo et al. (Luo et al., 1991) and Hovington et al. (Hovington et al., 1996) (symbols) that appear in Joy’s compilation (Joy, 1995), which are dielectric calculations based on EELS measured spectra. Our calculations are very similar to those by Hovington et al. (Hovington et al., 1996) at high energies, and also at lower energies around the maximum when the excitation of the 5d electrons is considered as collective. However, more measurements of the stopping power would be desirable to draw more conclusions.
Our calculated energy-loss straggling for electrons in Pt appears in Figure 3, for the two sets of ELF, as indicated in the figure caption.
6 SUMMARY AND CONCLUSION
The dielectric formalism approach for charged particle interaction with condensed-phase metals has been reviewed, and models for the particular treatment of the electronic inelastic scattering of light ion (protons and alpha particles) and electron beams have been explained.
For ions, we considered the electron capture and loss processes with the target (resulting in the dependence of their charge fractions with energy, which affect their stopping), the energy loss due to these charge exchange processes themselves, as well as the effect of the ion’s electron cloud polarisation to the energy loss.
For electrons, especial attention has been payed to the indistinguishability between the primary and target’s electrons in terms of exchange (through the Born-Ochkur exchange term) and how it affects the maximum allowed energy loss in inelastic collisions during individual and collective electronic excitations. A simple low-energy modification to the dielectric formalism (based on a Coulomb-field correction) has been also implemented.
The application of the present methodology for both light ion and electron beams has been tested by analysing and comparing energy-loss quantities for these projectiles in the relevant metals Al, Fe, Mo, Cu, Pt, and Au. These targets are good representatives of metals with complex excitation spectra, featuring both collective plasmon excitations and individual interband transitions. They also count on with a relatively large collection of experimental data to compare with, as well as with different sources for their optical excitation spectra (the ELF at vanishing momentum transfer k = 0), derived either from light or electron scattering experiments. These provide, in some cases, conflicting results, and the same happens for some of the experimental energy-loss quantities, particularly for very low energy electrons. Such discrepancies have been analysed in terms of the theoretical calculations, which use the MELF-GOS methodology to extend the experimental optical ELF to finite momentum transfers, both for the excitation of the outer and the inner-shell electrons, through the Mermin dielectric function and hydrogenic generalised oscillator strengths, respectively. A possible interpretation of the ELF in terms of contributions from the excitation of different electronic bands is proposed, which is based on the approximate fulfillment of partial f-sum rules.
Aluminum is an example of a metal with an excitation spectrum dominated by a very intense plasmon. An excellent agreement of the calculated stopping powers of Al for H and He ions is obtained in comparison with the abundant experimental data compiled in the database by the late Helmut Paul (International Atomic Energy Agency Nuclear Data Services, 2021), down to energies around 40 keV/u, well below the stopping maximum. To achieve these results, it is necessary to include in the model both the projectile’s polarisation and the energy loss due to electron capture and loss processes as, otherwise, the agreement with experiments is only attained for energies larger than 200 keV/u (already above the maximum S). This highlights the role of energy loss due to projectile’s polarisation and electron capture and loss for ions at the energies around the maximum of the stopping, so relevant for practical applications.
For electrons in Al, an excellent agreement with the experimental inelastic cross sections (ICS) available in the whole energy range is obtained, down to energies as low as 5 eV above the Fermi energy. The best agreement is obtained when, for the collective plasmon excitation, the maximum energy loss E+ = T − EF is considered, instead of the limit E+ ∼ T/2 appropriate for individual transitions due to electron indistinghishability. This clarifies a controversy on this point arisen in a series of works by several authors (Denton et al., 2008a; Bourke and Chantler, 2012; Nguyen-Truong, 2013; de Vera and Garcia-Molina, 2019), a point which is also further demonstrated for other metals.
In the case of gold, we find two different sets of its optical ELF, derived from Palik and Ghosh’s optical parameters’ compilations (Palik and Ghosh, 1999) and from REELS experiments by Werner et al. (Werner et al., 2009), as it will happen for all the rest of materials. In this case, however, the analysis of the sum rules does not reveal major differences between these two optical ELFs, what is confirmed by the calculation of the energy-loss quantities both for ions and electrons, which are very similar using both sources of data.
For H and He ions in Au, full calculations give excellent agreement with the most recent experimental stopping power data down to ∼ 40 keV/u (or even lower energies for He), despite of the scattering in the abundant experimental measurements.
The comparison with the rich collection of experimental ICS for electrons in gold permits to assess the good performance of the calculations in the entire energy range, down to energies as low as 2 eV above the Fermi energy, and to further test other assumptions in the model. An almost perfect agreement with experiments is got when all excitations (individual transitions) are treated with the maximum energy loss E+ = (T + Ba)/2 (where Ba is the binding energy of the involved band), except for the plasmon and the excitation of 5d electrons. When the latter are considered as collective excitations (and hence E+ = T − EF), an excellent agreement with experiments is found. To treat the excitation of the 5d electrons as collective may be justified on the claim from Verkhovtsev et al. (Verkhovtsev et al., 2015) that these are excited through giant atomic resonances, and from other authors who discuss the presence of multiple plasmons in transition metals due to the excitation of the d-electrons (Chen et al., 2007; Iakoubovskii et al., 2008). However, here we limit ourselves to remark the almost perfect agreement with experiments when this is considered. Also, it was demonstrated with the case of electrons in gold that, when exchange and low-energy correction terms are not included in the calculations, results become unreliable below ∼ 100 eV, highlighting the importance of these improvements.
Similar arguments can be used for the case of copper. Calculations based on the optical ELF from Palik and Ghosh’s compilation (Palik and Ghosh, 1999) give very good results for H and He ions stopping powers in comparison with experimental data down to a few tens of keV/u. Calculations based on the REELS optical ELF (Werner et al., 2009) also give good results, although apparently slightly off from the most recent experimental data. This may be the result of a slight better fulfilling of the total and partial sum rules for Palik and Ghosh’s data, although both sets of optical experiments seem to be very reasonable in this case.
As for electrons in Cu, the better agreement with most of the experimental ICS is got again considering the excitation of the 3d electrons as collective. Calculations based on both optical ELFs give excellent results. However, a big discrepancy is found when comparing with the most recent XAFS experimental determinations by Bourke and Chantler (Bourke and Chantler, 2010), which are off from calculations and previous experiments by more than an order of magnitude for energies below 50 eV.
This issue has been here analysed in the context of potential surface excitations. These can be qualitatively taken into account in the calculations by using the effective ELF obtained experimentally by Zhang et al. for 500 eV-electrons in copper (Zhang et al., 2004). The effective ELF is claimed to include a weighted sum of bulk and surface electronic excitations, which can be used to interpret REELS experiments. Notably, when this effective ELF is used for performing the calculation of the electrons ICS in Cu, results almost perfectly matching the XAFS determinations are obtained (Bourke and Chantler, 2010). This fact seems to point out to a possible influence of surface excitations in these experimental measurements, a point which is further analysed for other targets. The use of the effective ELF also prompts a reduction in the stopping power around the maximum and an increase at energies below 50 eV, which could have relevant implications for situations in which low energy electrons are ejected in the vicinity of surfaces, such as in nanoparticle radiosensitisation.
The case of molybdenum serves to further discuss some of the above aspects. In this case, there is the ELF from optical measurements (Palik and Ghosh, 1999) as well as two sets obtained from REELS (Werner et al., 2009; Pauly et al., 2020). While Palik and Ghosh’s (Palik and Ghosh, 1999) and Werner et al.’s (Werner et al., 2009) data give almost identical results for H and He stopping powers (which agree well with the most recent experimental data for H above 200 keV/u and also for He around the maximum), Pauly et al.’s optical ELF (Pauly et al., 2020) gives stopping powers significantly underestimated. This seems to be mainly related to the somewhat week excitation of the 4p electrons starting at ∼ 35 eV, which underestimates the partial number of expected electrons. This remarks the important role of semi-core levels in the stopping power.
The effective ELF for 500 eV-electron REELS has also been measured for Mo (Chen et al., 2007), for which again there are recent XAFS measurements for its low-energy ICS available (Chantler and Bourke, 2010). Full calculations give good results with the high energy ICS measured by Tanuma et al. (Tanuma et al., 2005), as well as with very low energy determinations compiled by Bauer et al. (Bauer et al., 2015), while calculations using the effective ELF provide again an excellent comparison with the XAFS measurements (Chantler and Bourke, 2010) for energies around 100 eV and below, and with the experiments by Jablonski (Jablonski, 2016) around 100 eV and above, remarking the potential impact of surface excitations on the determination of low energy electron ICS.
For iron, there are also conflicting data for the optical ELF coming from optical (Palik and Ghosh, 1999) and electron experiments (Werner et al., 2009; Xu et al., 2017) as, even though their shapes are similar, the ones based on REELS are much sharper and intense. In this case, the calculated stopping powers of Fe for H and He ions are only in reasonable agreement with the scarce experimental data when Werner et al.’s (Werner et al., 2009) or Xu et al.’s (Xu et al.., 2017) ELFs are used, whereas calculations based on Palik and Ghosh’s (Palik and Ghosh, 1999) significantly underestimate S around the maximum. Particularly, Xu et al.’s data (the most recent determination based on the reverse Monte Carlo method) gives results in very good agreement with the ion stopping power experiments. This case highlights the importance of the semi-core excitations and of counting with reliable methods for the ELF determination.
The differences between the optical ELF datasets does not seem to be so critical for calculating the electron ICS, although again Werner et al.’s and Xu et al.’s data (Werner et al., 2009; Xu et al., 2017) seem to give results closer to experiments at high energies. In this case, low-energy experiments (Pappas et al., 1991; Zhukov et al., 2006; Zdyb et al., 2013; Bauer et al., 2015) disagree with the calculations. However, although there is no effective ELF measured for this material, we estimated it based on the data for Cu (Zhang et al., 2004), again finding a very significant improvement in the agreement with the cited experimental data at low energies.
Finally, similar results are obtained for the relevant metal platinum, for which both sets of optical ELF based on optical measurements and REELS also give almost identical results for H and He stopping powers, in excellent agreement with very recent experimental determinations from Refs. (Selau et al., 2020; Moro et al., 2020), both within experimental error bars. Experimental data is very scarce for electron ICS in Pt, but calculations are in reasonable good agreement with them around and above 100 eV.
Overall, the proposed methodology is capable of yielding, within a common theoretical framework, accurate electronic energy-loss quantities for both H and He ions, as well as electrons, in comparison with experimental measurements, in a very wide energy range down to energies as low as ∼ 40 keV/u for light ions and ∼ 2 eV for electrons, sometimes even for lower energies. For that, it is important that energy-loss due to electron capture and loss and projectile electronic cloud polarisation is considered for ions, and that exchange and indistinguishability and low-energy corrections are appropriately accounted for electrons. Unfortunately, there is a lack of experimental stopping powers for electrons, especially around the maximum value, at energies T ∼ 100 eV, data which would be very useful to further check models at the low energy range.
In some cases, it is also important to appropriately chose the experimental optical ELF to be used for calculations. Judging by the comparison between calculated I-values and the ones recommended by ICRU (Berger et al., 1984) (see Table 3), in general the optical ELF derived from REELS by Werner et al. (Werner et al., 2009) seem to give a somewhat better agreement for all the metals analysed. Total and partial sum rules are also advisable to perform in order to detect possible inconsistencies. The clearer examples shown in this work are those of the optical ELFs of Mo derived from REELS experiments by Pauly et al. (Pauly et al., 2020) and of Fe obtained from Palik and Ghosh’s compilation (Palik and Ghosh, 1999); the former seems to underestimate the number of electrons expected in the excitation of the 4p-band, while the latter underestimates all outer-shell electrons. This turns out to be important for correctly assessing the stopping power for light ions. By judging the available optical ELFs in the light of the calculation results, for Au, Mo and Pt, both Palik and Ghosh’s (Palik and Ghosh, 1999) and Werner et al.’s (Werner et al., 2009) ELFs give correct and similar energy-loss quantities for both ions and electrons. The differences are small for Cu, with Palik and Ghosh’s data providing somewhat closer agreement with the experimental stopping powers for H and He ions. For Fe, both Xu et al.’s and Werner et al’s ELF give correct stopping powers for H and He around the maximum, the latter slightly overestimating the experiments above 200 keV/u. Both datasets provide a better agreement with experimental electron ICS for energies larger than 100 eV.
For the assessment of optical ELF data, apart from relying on total and partial sum rules (which could give some guidance in their assessment, but are not always so conclusive), one could nowadays also count on with the help of ab initio time-dependent density functional theory calculations (TDDFT). It was already shown by Werner et al. (Werner et al., 2009) that DFT calculations on the random-phase approximation can provide reasonable estimates of the optical ELF. However, more recently it is becoming clear that already established TDDFT codes are able to provide prediction of the ELF that almost perfectly match the experimental data available for some materials (Pedrielli et al., 2021; Taioli et al., 2021; Taioli et al., 2023). These methods might then be very useful to check conflicting sets of optical ELF data which could affect the reliability of the dielectric formalism calculations. Both experimental optical data and ab initio calculations can be also combined to provide recommended optical ELFs in wide energy ranges, as it was done, for example, for Si by Bichsel (Bichsel, 1988).
Furthermore, the proposed theoretical method for calculating the electronic cross sections may further benefit from TDDFT calculations. It has been already made evident here how surface excitations can very importantly affect the interaction probabilities for very low energy electrons. This fact, apart from affecting the experimental determination of electron mean free paths, can have important practical applications in contexts in which low energy electrons are produced in the vicinity of metal surfaces, as it is the case of using metal nanoparticles for the enhancement of ion beam cancer therapy (Kuncic and Lacombe, 2018; Kempson, 2021). Ab initio TDDFT calculations could be exploited for understanding the excitation spectrum not only of bulk metals, but also of nanostructured ones, which could then extend the use of the dielectric formalism, already demonstrated very effective for bulk materials, to accurately describe the electronic interactions of ions and (especially low energy) electrons with metallic nanosystems, an endeavour which is currently underway.
We would like to highlight that analytical expressions have been provided to calculate (by fitting) all the energy-loss quantities obtained and discussed in this paper. These formulas and the corresponding parameters are gathered in the Supplementary Material, due to the interest for providing analytical expression to compare with or to be used in simulation codes.
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