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Abstract: In this work, we consider the inelastic scattering of incident electrons as a key process
for analyzing the significant differences in secondary electron (SE) emission between diamond and
graphite. Dielectric functions and energy- and momentum-dependent energy loss functions were
obtained by first-principle calculations. These were then used to calculate the inelastic mean free path
(IMFP) and stopping power in different directions. The results show that the properties of diamond
are very close in different directions, and its IMFP is lower than that of graphite when the electron
energy is higher than 30 eV. In graphite, the incident electrons may exhibit directional preferences
in their motion. These results indicate that, in graphite, SEs are excited in deeper positions than in
diamond, and more SEs move in a horizontal direction than in a vertical direction, which leads to the
difference in secondary electron yield (SEY).

Keywords: diamond; graphite; secondary electron emission; inelastic scattering

1. Introduction

Secondary electron (SE) emission from solid materials under electron bombardment
plays an important role in many scientific and industrial applications. It is widely used in
various fields of vacuum electronics, such as microscopic structure analysis, photoelectron
spectroscopy, and SE spectroscopy. On the other hand, SE emission is undesired in many
applications. For example, SE emission is the causative mechanism for a multipactor
effect that damages high-power vacuum electron devices. Depending on the requirements,
various surface treatments have been proposed to modify the secondary electron yield
(SEY) of the material, among which, the coating of carbon-based materials is a widely used
technique, especially using diamond and graphite.

Although diamond and graphite are both very good thermal conductors [1], their
SEYs were found to be significantly different. The carbon films that show more graphite-
like properties, such as amorphous carbon films, usually exhibit a lower SEY [2,3]. For
amorphous carbon coatings, measurements with a SEY less than 1.2 were reported [4]. In
contrast, the SE emission properties of diamond films with different treatments have been
investigated, and the SEY of single crystal diamond was found to be greater than 10 [5,6].
The combined SEY and X-ray photoelectron spectroscopy study by Cimino et al. [7] showed
that the formation of a graphitic film is the fingerprint and the actual chemical origin of the
SEY reduction for a vast class of industrial materials. Allotropes of carbon, diamond, and
graphite show great divergence in their SE emission properties, indicating that the internal
structure of the materials has an important effect on SE emission. However, the theory
about the connection between the internal structure of the material and the SE emission is
still not well developed. Therefore, it is important to investigate the relationship between
the structure of these two carbon materials and their SE emission properties in order to
better understand SE emission.
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Inelastic electron scattering is the fundamental physical mechanism associated with
SE generation and has long attracted theoretical consideration. It occurs due to various
interactions involving energy transfer between the primary incident electrons and the
electrons inside the materials. The electrons are then excited in the material and generated
as the SE. The probability of an electron being inelastically scattered is expressed in terms
of the inelastic scattering cross section, often referred to as the inelastic mean free path
(IMFP), which is defined as the average distance traveled by an energetic electron between
successive inelastic scatterings. The IMFPs are calculated from energy- and momentum-
dependent energy loss functions, the latter usually obtained by extrapolation of the optical
energy loss function. Therefore, many scholars have intensively studied the methods for
obtaining the energy loss function, which is a key step in the analysis of SE emission char-
acteristics. Penn [8] developed an algorithm for optical energy loss function extrapolation
and the evaluation of electron IMFPs based on dielectric function theory. This method
was further developed by Ding and Shimizu [9–11] in a Monte Carlo study of SE emission.
Ding’s group developed a consistent scheme on this method [12,13].

In recent years, the development of first-principle calculations has led to a method of
calculating physical properties directly from basic physical quantities based on the principle
of quantum mechanics. Time-dependent density functional theory calculations have been
used to yield energy- and momentum-dependent energy loss functions and to evaluate
the IMFP.

The results of density functional theory calculations can further describe SE generation
and emission [14,15]. In this work, we have performed first-principle calculations for dia-
mond and graphite and discussed the physical process of energy decay during the motion
of incident electrons as they enter the interior of the material. Energy- and momentum-
dependent energy loss functions were calculated for both materials, which were then used
as input parameters for the evaluation of IMFP, with incident energies in the range of
0.1–1000 eV. By comparing the results of diamond and graphite, it is possible to reveal the
essential reasons for the discrepancy of SE emission. The SE emission characteristics of
materials can also be modified through structural modification.

2. Methods and Settings

Two types of structure were treated here, shown in Figure 1. The structure information
of diamond and graphite crystals was obtained from the Material Project website [16]. The
diamond structure was modeled using a two-atom FCC primitive unit cell (Fd3m) with
carbon atom sp3 hybridization. The lattice parameter a was 2.527 Å. The atoms of the
graphite structure line up in the same plane and were modeled as a two-atom hexagonal
primitive unit cell (P6/mmm) with carbon atom sp2 hybridization. The lattice parameters
a and b were 2.467 Å, and c was 3.830 Å.

2.467 Å

3.83 Å

(a) Diamond (b) Graphite

2.527 Å

Figure 1. Structures for the primitive cells of diamond and graphite. The solid line is the boundary of
the primitive cells, and the atoms on the boundary are equivalent.
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The first-principle calculation in this work was performed using a plane wave and
a time-dependent density function perturbation theory module, with codes distributed
with the QUANTUM ESPRESSO suite, version 6.6 [17–19]. The ultrasoft pseudopotential with
the Perdew–Burke–Ernzerhof density function revised for solids [20,21] was used within
a generalized gradient approximation [22,23] and a non-linear core correction, and scalar
relativistic approximations were introduced. This ultrasoft pseudopotential has a relatively
low cutoff radius, which is based on the fact that the bonds in the molecule are short, thus
reducing computational time while ensuring the accuracy of the calculation [24].

Three steps were involved in obtaining the energy loss function data. First, relevant
properties about the system, such as the ground state Kohn–Sham orbitals, the total energy,
and charge density, were generated by the pw.x unit [17–19]. The turbo_eels.x unit [19,25–27]
was then used to perform the Lanczos recursion at a given transferred momentum q.
Finally, the charge density susceptibility was computed and output as a complex dielectric
function and an energy loss function. This step was performed by the turbo_spectrum.x
unit [17–19] as a post-processing step.

In the first step, a self-consistent calculation was performed to generate the ground-state
plane wave, setting the convergence threshold of self-consistency to less than 10−5 Hartree,
the mixing factor to 0.3, and the grid of k points in the first Brillouin zone to 15× 15× 15,
with k being the wave vector. A higher convergence threshold and a lower mixing factor
can facilitate the convergence of the self-consistent calculations. Since the ideal crystal
structure is used in this work and the primitive cell itself is stable, lowering the convergence
criterion and using a denser k-point grid can improve the computational efficiency.

For the time-dependent calculations, to obtain the energy loss function, the Liouville–
Lanczos method was used, with the number of iterations set to 2000, along with the
extrapolation technique. Crystallographic directions [100], [001], [011], and [111] were
chosen for the momentum-dependence of the energy loss function calculation. At a small
momentum transfer, there is a significant difference in the energy loss function, while the
difference becomes smaller when the momentum transfer increases. The increments of
momentum transfer are as follows: |q| = 0.01 between 0.005 and 1.755, |q| = 0.02 between
1.775 and 3.495, |q| = 0.05 between 3.555 and 5.255, |q| = 0.1 between 5.355 and 6.955,
|q| takes the unit of 2π/a, and a is the lattice parameter.

For an electron with kinetic energy E, when transporting in a solid, inelastic scattering
occurs, and energy is lost to the solid during transport. The expression of differential
inverse IMFP is given by

dλ−1

dh̄ω
=

1
πEa0

∫ q+

q−

dq
q

Im[
−1

ε(q, ω)
], h̄q± =

√
2m(
√

E±
√

E− h̄ω) (1)

where λ indicates the IMFP, m is the electron mass, a0 is the Bohr radius, h̄q and h̄ω are the
momentum transfer and energy loss, and h̄ is the Planck constant. ε(q, ω) is the dielectric
function, and the energy loss function is Im[−1/ε(q, ω)]. Fermi energy EF is the reference
energy, and the energy loss dE on unit path length ds is given by the stopping power:

dE
ds

=
∫ E−EF

0
h̄ωdω

∫ q+

q−

dq
q

Im[
−1

ε(q, ω)
] (2)

3. Results and Discussion
3.1. Dielectric Functions

Figure 2 demonstrates the complex dielectric functions in different crystallographic
directions for a small momentum transfer at the optical limit (|q| → 0). In this work,
|q| ≈ 0.01 Å−1 (|q| = 0.005× 2π/a), as in others works [27–30]. All energy values in this
work are expressed with respect to the Fermi energy.

As a cubic structure with high symmetry, the dielectric functions of the diamond are
equivalent along the crystallographic directions [001] and [011], and are close to that in
direction [111], as shown in Figure 2a–c, respectively. The zero with a positive slope on
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the real part of dielectric function ε1 is expressed as the character energy of self-sustaining
oscillation, i.e., plasmon excitation [27]. It is shown that the characteristic energy of
diamond associated with plasmon resonance is at approximately 29.4 eV. The plasmon-like
peak on the energy loss function is located at approximately 35 eV, which is in agreement
with the calculation by Timrov et al. [26] and Waidmann et al. [31] with the local-density
approximation density function. The energy loss function curve of 0.01 Å−1 in the [001]
direction in this work is smoother than the result of Timrov et al. for 0.15 Å−1 in the
[100] direction (equivalent to [001]), which may be due to the interband transition caused
by the local field effect of the density function in their study. Compared to the results
of Waidmann et al. (0.5 Å−1), the energy loss function in this work shows anisotropy at
smaller momentum transfers. This difference may be mainly attributed to the accuracy of
the pseudopotential.
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Figure 2. Dielectric functions and energy loss functions at the optical limit for the [001], [011], and
[111] directions of diamond and the [100], [100], and [111] directions of graphite.

The dielectric functions and energy loss functions of graphite in Figure 2d–f exhibit
completely different behaviors from those of diamond. The properties of the [001] direction
perpendicular to the carbon atomic layer are significantly different from the properties
of the other two in-plane directions due to the different symmetry. The real part of the
dielectric function ε1 is always greater than zero in the [001] direction, indicating that
there is no plasmon excitation in this direction. There is no strong peak on the energy
loss function in the [001] direction. For the other two in-plane directions, on the contrary,
there are two zeros for ε1 and two main peaks on the energy loss function. It can be
speculated that these zeros are coupled with collective plasmon excitations [15], but have
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less association with interband transitions because of the irrelevance of the ε2 peaks and
energy loss function valleys [28]. Very high dielectric function values in the lower energy
area are related to a high in-plane conductivity (ε1) and the absorption of energy (ε2).

Energy loss functions with a greater momentum transfer were also calculated. The
momentum-dependent energy loss function can be regarded as the susceptibility of a sys-
tem to a single- or bulk-plasmon excitation at a given energy and momentum transfer [32].
Figure 3 shows the energy- and momentum-dependent energy loss functions of diamond
and graphite. |q| ranges from 0.005 × 2π/a to 0.405 × 2π/a, with steps of 0.02 × 2π/a.
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0 . 0
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Figure 3. q-dependent energy loss functions for the [001], [011], and [111] directions of diamond
and the [100], [100], and [111] directions of graphite. For clarity, zero on energy loss axis coincides
with the energy loss function calculated for |q| ≈ 0.01 Å−1 (0.005 × 2π/a). Successive energy loss
functions for increasing q-values have been moved downward to |q| ≈ 1.00 Å−1 (0.405 × 2π/a) in
decrements of 0.02 × 2π/a.

For the three directions of [100], [011], and [111], the energy loss functions of diamond
have a similar trend. On the curve with the smallest |q|, there is a plasmon peak centered
at around 34 eV. As |q| increases, another peak at around 23 eV progressively becomes
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more pronounced. Both peaks become flatter on the lower energy side and steeper on
the high energy side. The peak at around 34 eV decreases more rapidly than the peak at
around 27 eV, with decrements of 3.5% and 1.7%, respectively. The difference between
these results and Waidmann et al.’s [31] results is the peak near 23 eV. In this work, the
peak near 23 eV becomes apparent when the momentum transfer increases to 1.00 Å−1.
According to Waidmann et al., this peak appears at a momentum transfer of 0 and becomes
less pronounced when the momentum transfer increases, especially in the [001] direction.

The energy loss functions of graphite are more complex than those of diamond. Unlike
the diamond, the energy loss functions of graphite are various in different directions. In the
[100] direction parallel to the atomic plane, there is a strong peak centered around 30 eV
and a lower peak around 8 eV. As |q| increases, the intensity of the two peaks decrease
by 48.0% and 41.8%, respectively. In the [001] direction, the distribution of the peaks is
clearly different. There are four ripples in the energy range from 10 to 50 eV, and their
spacing varies little with q (less than 10%). These peaks have very little variation in the
position of their maximum at high |q| values and correspond to interband transition or core
excitation [31]. In addition, the energy loss function is also given along the [111] direction,
which has an angle to the atomic layer. The distribution of and variation in energy loss
function peaks along [111] are similar to those along [100], whereas the intensity of the
energy loss function peaks is lower. The [111] direction can be regarded as both parallel
and perpendicular to the atomic plane, whereas the energy loss function is closer to the
[100] direction, indicating that the energy loss function distribution in the [100] direction
plays a major role in the overall energy loss of electrons.

3.2. Transport of Energetic Electrons

Based on the energy loss functions, we calculated the IMFPs using Equation (1)
and shown in Figure 4. Furthermore, stopping powers are also given in Figure 5 using
Equation (2). In the discussion, the data are compared with the results from reference [33,34].
The IMFP reference data for both diamond and graphite above 100 eV are close to those
for graphite in the [100] direction. The reference values are approximately 90% of the
graphite [100] value at 100 eV, decreasing with increasing energy to approximately 75% at
1000 eV. For the stopping power, all peaks occur in relatively close proximity. The peak of
the reference data is between diamond [111] and graphite [100], the peak of diamond [111]
is 24.10% higher than its reference, the graphite reference is 26.25% higher than the peak of
graphite [100], and the diamond reference is 31.3% higher than the graphite reference.

For the diamond, the energy loss functions are similar for all directions, and the results
for any direction are representative of all directions. Therefore, only the [111] direction in
diamond and the two unrelated directions in graphite are given. The curve of the IMFP vs.
the energy has a universal shape [35]. It is V-shaped: first decreasing and then increasing,
with a minimum around 78 eV. The distribution of stopping power is opposite that of IMFP.
The smaller the IMFP, the greater the probability of inelastic scattering and electron energy
loss over the same moving distance, and the bigger the corresponding stopping power.

There are evident differences in the IMFPs of graphite between the in-plane direction
[100] and the perpendicular direction [001]. In general, the IMFP in [001] is larger than that
in [100]. For an energy less than 30 eV, the former is one order of magnitude larger than
that in the [100] direction. Their minimum values are both around 80 eV, approximately
equal to 4.8 Å and 6.7 Å, respectively. The stopping power values of graphite also present
great differences in different directions. Values in the [001] direction are lower than those
in the [100] direction.
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Figure 4. IMFP of diamond in the [111] direction and of graphite in the [100] and [001] directions.
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Figure 5. Stopping power for the [111] direction of diamonds and the [100] and [001] directions
of graphite.

Considering the difference in the IMFP between the reference data and the results in
the present work, diamond and graphite belong to different cases. The results of Tanuma
et al. [33,34] are derived from the optical energy loss function to a finite momentum transfer.
Moreover, the shape and value of the energy loss function are constrained to decrease mono-
tonically as the momentum transfer increases, and no new peaks appear [12]. In addition,
for diamond and graphite, the IMFPs calculated from the optical data have relatively high
uncertainty [35]. Therefore, the reference data for diamonds may overestimate the IMFP
and underestimate the stopping power for the reasons mentioned above. For graphite, the
IMFP in the [001] direction is higher than that in the [100] direction because of the lower
energy loss function according to the inversion relation in Equation (1). The energy loss
function in the [100] direction plays a major role and is compared with the reference data.
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As the first few curves in Figure 3d show, the IMFP in [100] is higher than the reference
data, probably because the energy loss function in the small momentum transfer region
decays faster than that in the high momentum transfer region, whereas the extrapolation in
the reference data may decay more slowly and produce a larger total value of the energy
loss function.

3.3. Secondary Electron Excitation

We present here a brief discussion on the SE excitation in the material based on the
obtained calculations. According to Equation (1), the larger energy loss function of |q| also
contributes to the inelastic cross section, whereas the plasmon excitation is expected to
have little effect [31]. Due to the similar properties in all three directions, the movement
of the energetic electron in the diamond can be considered the same in all directions. In
this case, a large amount of internal SE can be produced in the diamond in all directions
by interband transitions and core excitation. For graphite, the in-plane direction in which
SEs are mainly generated plays a major role in the energy loss function. At the same time,
the energy loss function associated with the [001] direction, which is perpendicular to the
atomic plane, is relatively small, resulting in only a small amount of internal SEs being
produced when the incident electrons move in this direction.

After being generated inside the material, SE can only be detected after escaping from
the surface. That is, the SE must undergo a movement in the direction perpendicular to the
surface. The IMFP and stopping power are used here to explain the difference in the SEY
between diamond and graphite.

Considering the energy range of a few tens of volts, the probability of SE excitation
by incident electrons is relatively high. In this energy interval, the minimum value of
the diamond IMFP is smaller than that of the graphite, implying that SE is generated at
a shallower location under the material surface. Moreover, the stopping power of the
diamond is larger than that of the graphite, resulting in more internal SEs being excited by
the incident high-energy electrons. According to the energy spectrum of SE, most of the
SEs are within a few electron volts of energy. The diamond has a larger IMFP in the interval
of a few electron volts, indicating that most SEs can travel further in the material, leading
to a high probability of excitation. In conclusion, more SEs are produced near the surface,
and the excitation properties are similar in all directions, which may be a factor related
to the high SEY in diamond. On the other hand, the stopping power value of graphite is
relatively small, and fewer internal SEs are excited by the incident electrons in this energy
range. In addition, the band structure of graphite leads to less SE production in the lower
energy range [36]. In graphite, the IMFP in the [001] direction is higher than that in the
[100] direction, whereas the stopping power in the [001] direction is smaller than that in the
[100] direction, which implies a preference for the [001] direction during the motion of the
incident electrons. The higher IMFP in the [001] direction compared to diamond suggests
that SEs are produced in the material more deeply in graphite than in diamond. Therefore,
more SEs move within the atomic plane rather than in the perpendicular direction, and SEs
in the plane are more difficult to escape, resulting in a very low SEY in the graphite structure.

4. Conclusions

This work discusses the inelastic scattering process of diamond and graphite and
attempts to explain the differences between their SE emission. In diamond, 3D symmetric
sp3 hybridization leads to quasi-isotropy in a momentum-dependent energy loss function
and the IMFP, which means that the pattern of SE generation and electron motion in all
directions within the material is very close. Graphite, on the other hand, shows different
properties in different directions due to its laminar structure. Incident electrons tend to
move deeper into the material, and the SE inside the graphite is biased to move in the
horizontal direction. The energetic electrons inside the material, whether incident electrons
or SEs generated within the material, may need to undergo multiple inelastic scattering
towards the surface before they are emitted from inside the material. In comparison,
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energetic electrons in diamond are more likely to be produced near and move toward the
surface than in graphite. This discrepancy may lead to the small SEY of graphite.

This paper does not consider the differences in elastic scattering, which is another
part of electron scattering. Monte Carlo simulation, a well-established method based on
elastic scattering properties, can be used to gain a detailed understanding and simulation
of the SE emission. In addition, other factors, such as material surface potential and surface
morphology, also have an effect on SE emission. More research work is needed for a clear
relationship between different factors and SE emission and the degree of influence.

Author Contributions: Conceptualization, M.C. and Y.-D.L.; methodology, M.C.; software, R.-Q.Y.;
validation, M.C.; formal analysis, M.C.; investigation, R.-Q.Y.; resources, M.C. and Y.-D.L.; data
curation, R.-Q.Y.; writing—original draft preparation, R.-Q.Y.; writing—review and editing, M.C.;
visualization, R.-Q.Y.; supervision, M.C. and Y.-D.L.; project administration, M.C. and Y.-D.L.; fund-
ing acquisition, M.C. and Y.-D.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China, grant No.
61971342, U1537210.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all the subjects involved in the study.

Data Availability Statement: The data are contained within the article.

Conflicts of Interest: The authors declare that there is no conflict of interest.

References
1. Mendes, J.C.; Liehr, M.; Li, C. Diamond/GaN HEMTs: Where from and Where to? Materials 2022, 15, 415. [CrossRef] [PubMed]
2. Zhang, Y.; Wang, Y.; Wang, S.; Wei, W.; Wang, Y. Comparison of Carbon Thin Films with Low Secondary Electron Yield Deposited

in Neon and Argon. Coatings 2020, 10, 884. [CrossRef]
3. Cao, M.; Zhang, X.S.; Liu, W.H.; Wang, H.G.; Li, Y.D. Secondary electron emission of graphene-coated copper. Diam. Relat. Mater.

2016, 73, 199–203. [CrossRef]
4. Salemme, R.; Baglin, V.; Bregliozzi, G.; Chiggiato, P.; Kersevan, R. Amorphous carbon coatings at cryogenic temperatures

with LHC type beams: First results with the COLDEX experiment. In Proceedings of the 6th International Particle Accelerator
Conference (IPAC’ 15), Richmond, VA, USA, 3–8 May 2015.

5. Wei, K.; Wang, R.; Li, J.; Liu, B.; Wang, H. Secondary electron emission properties of double-layer B-doped diamond films. Diam.
Relat. Mater. 2020, 106, 107826. [CrossRef]

6. Wei, K.; Li, J.; Liu, B.; Wu, R.; Wang, H. Effect of Hydrogen Plasma Treatment on Secondary Electron Emission Properties of
Polycrystalline Diamond Films. Vacuum 2019, 172, 109046. [CrossRef]

7. Cimino, R.; Commisso, M.; Grosso, D.R.; Demma, T.; Baglin, V.; Flammini, R.; Larciprete, R. Nature of the Decrease of the
Secondary-Electron Yield by Electron Bombardment and its Energy Dependence. Phys. Rev. Lett. 2012, 109, 64801. [CrossRef]

8. Penn, D.R. Electron mean-free-path calculations using a model dielectric function. Phys. Rev. B Condens. Matter 1987, 35, 482.
[CrossRef]

9. Ding, Z.J.; Li, H.M.; Tang, X.D.; Shimizu, R. Monte Carlo simulation of absolute secondary electron yield of Cu. Appl. Phys. A
2004, 78, 585–587. [CrossRef]

10. Ding, Z.J.; Tang, X.D. Monte Carlo study of secondary electron emission. J. Appl. Phys. 2001, 89, 718. [CrossRef]
11. Ding, Z.J.; Shimizu, R. A Monte Carlo Modeling of Electron Interaction with Solids Including Cascade Secondary Electron

Production. Scanning 1996, 18, 92–113. [CrossRef]
12. Mao, S.F.; Li, Y.G.; Zeng, R.G.; Ding, Z.J. Electron inelastic scattering and secondary electron emission calculated without the

single pole approximation. J. Appl. Phys. 2008, 104, 251. [CrossRef]
13. Da, B.; Shinotsuka, H.; Yoshikawa, H.; Ding, Z.J.; Tanuma, S. Extended Mermin Method for Calculating the Electron Inelastic

Mean Free Path. Phys. Rev. Lett. 2014, 113, 063201. [CrossRef] [PubMed]
14. Polak, M.P.; Morgan, D. MAST-SEY: MAterial Simulation Toolkit for Secondary Electron Yield. A monte carlo approach to

secondary electron emission based on complex dielectric functions. Comput. Mater. Sci. 2021, 193, 110281. [CrossRef]
15. Gutierrez, R.E.; Matanovic, I.; Polak, M.P.; Johnson, R.S.; Morgan, D.; Schamiloglu, E. First principles inelastic mean free paths

coupled with Monte Carlo simulation of secondary electron yield of Cu-Ni, Cu-Zn, and Mo-Li. J. Appl. Phys. 2021, 129, 175105.
[CrossRef]

16. Materials Project. Available online: https://materialsproject.org/ (accessed on 11 January 2022).

http://doi.org/10.3390/ma15020415
http://www.ncbi.nlm.nih.gov/pubmed/35057131
http://dx.doi.org/10.3390/coatings10090884
http://dx.doi.org/10.1016/j.diamond.2016.09.019
http://dx.doi.org/10.1016/j.diamond.2020.107826
http://dx.doi.org/10.1016/j.vacuum.2019.109046
http://dx.doi.org/10.1103/PhysRevLett.109.064801
http://dx.doi.org/10.1103/PhysRevB.35.482
http://dx.doi.org/10.1007/s00339-002-1994-3
http://dx.doi.org/10.1063/1.1331645
http://dx.doi.org/10.1002/sca.1996.4950180204
http://dx.doi.org/10.1063/1.3033564
http://dx.doi.org/10.1103/PhysRevLett.113.063201
http://www.ncbi.nlm.nih.gov/pubmed/25148325
http://dx.doi.org/10.1016/j.commatsci.2021.110281
http://dx.doi.org/10.1063/5.0049522
https://materialsproject.org/


Materials 2022, 15, 3315 10 of 10

17. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo,
I.; et al. QUANTUM ESPRESSO: A modular and open-source software project for quantum simulations of materials. J. Phys.
Condens. Matter 2009, 21, 395502. [CrossRef]

18. Giannozzi, P.; Andreussi, O.; Brumme, T.; Bunau, O.; Nardelli, M.B.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Cococcioni,
M.; et al. Advanced capabilities for materials modelling with Quantum ESPRESSO. J. Phys. Condens. Matter 2017, 29, 465901.
[CrossRef]

19. QUANTUMESPRESSO—QUANTUMESPRESSO. Available online: https://www.quantum-espresso.org/ (accessed on 8
March 2022).

20. Perdew, J.P.; Chevary, J.A.; Vosko, S.H.; Jackson, K.A.; Pederson, M.R.; Singh, D.J.; Fiolhais, C. Erratum: Atoms, molecules, solids,
and surfaces: Applications of the generalized gradient approximation for exchange and correlation. Phys. Rev. B 1993, 48, 4978.
[CrossRef]

21. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
22. Rappe, A.M.; Rabe, K.M.; Kaxiras, E.; Joannopoulos, J. Optimized pseudopotentials. Phys. Rev. B 1990, 41, 1227. [CrossRef]
23. Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formalism. Phys. Rev. B 1990, 41, 7892. [CrossRef]
24. Corso, A.D. Pseudopotentials periodic table: From H to Pu. Comput. Mater. Sci. 2014, 95, 337–350. [CrossRef]
25. Timrov, I.; Vast, N.; Gebauer, R.; Baroni, S. Electron energy-loss and inelastic X-ray scattering cross sections from time-dependent

density-functional perturbation theory. Phys. Rev. B Condens. Matter 2013, 88, 064301. [CrossRef]
26. Timrov, I.; Vast, N.; Gebauer, R.; Baroni, S. turboEELS—A code for the simulation of the electron energy loss and inelastic X-ray

scattering spectra using the Liouville–Lanczos approach to time-dependent density-functional perturbation theory. Comput. Phys.
Commun. 2015, 196, 460–469. [CrossRef]

27. Motornyi, O.; Vast, N.; Timrov, I.; Baseggio, O.; Baroni, S.; Dal Corso, A. Electron energy loss spectroscopy of bulk gold with
ultrasoft pseudopotentials and the Liouville-Lanczos method. Phys. Rev. B 2020, 102, 035156. [CrossRef]

28. Alkauskas, A.; Schneider, S.D.; Hebert, C.; Sagmeister, S.; Draxl, C. Dynamic structure factors of Cu, Ag, and Au: Comparative
study from first principles. Phys. Rev. B 2013, 88, 195124. [CrossRef]

29. Alkauskas, A.; Schneider, S.D.; Sagmeister, S.; Ambrosch-Draxl, C.; Hébert, C. Theoretical analysis of the momentum-dependent
loss function of bulk Ag. Ultramicroscopy 2010, 110, 1081–1086. [CrossRef]

30. Timrov, I.; Markov, M.; Gorni, T.; Raynaud, M.; Motornyi, O.; Gebauer, R.; Baroni, S.; Vast, N. Ab initio study of electron energy
loss spectra of bulk bismuth up to 100 eV. Phys. Rev. B 2017, 95, 094301. [CrossRef]

31. Waidmann, S.; Knupfer, M.; Arnold, B.; Fink, J.; Fleszar, A.; Hanke, W. Local-field effects and anisotropic plasmon dispersion in
diamond. Phys. Rev. B Condens. Matter 2000, 61, 10149. [CrossRef]

32. Bourke, J.D.; Chantler, C.T. Momentum-Dependent Lifetime Broadening of Electron Energy Loss Spectra: A Self-Consistent
Coupled-Plasmon Model. J. Phys. Chem. Lett. 2015, 6, 314–319. [CrossRef]

33. Tanuma, S.; Powell, C.J.; Penn, D.R. Calculations of electron inelastic mean free paths. Surf. Interface Anal. 2005, 37, 1–14.
[CrossRef]

34. Tanuma, S.; Powell, C.J.; Penn, D.R. Calculations of stopping powers of 100 eV–30 keV electrons in 31 elemental solids. J. Appl.
Phys. 2008, 103, 063707. [CrossRef]

35. Szajman, J.; Liesegang, J.; Jenkin, J.G.; Leckey, R. Is there a universal mean-free-path curve for electron inelastic scattering in
solids? J. Electron Spectrosc. Relat. Phenom. 1981, 23, 97–102. [CrossRef]

36. Bellissimo, A.; Pierantozzi, G.M.; Ruocco, A.; Stefani, G.; Taborelli, M. Secondary Electron Generation Mechanisms in Carbon
Allotropes at Low Impact Electron Energies. J. Electron Spectrosc. Relat. Phenom. 2019, 241, 146883. [CrossRef]

http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1088/1361-648X/aa8f79
https://www.quantum-espresso.org/
http://dx.doi.org/10.1103/PhysRevB.48.4978.2
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.41.1227
http://dx.doi.org/10.1103/PhysRevB.41.7892
http://dx.doi.org/10.1016/j.commatsci.2014.07.043
http://dx.doi.org/10.1103/PhysRevB.88.064301
http://dx.doi.org/10.1016/j.cpc.2015.05.021
http://dx.doi.org/10.1103/PhysRevB.102.035156
http://dx.doi.org/10.1103/PhysRevB.88.195124
http://dx.doi.org/10.1016/j.ultramic.2009.12.004
http://dx.doi.org/10.1103/PhysRevB.95.094301
http://dx.doi.org/10.1103/PhysRevB.61.10149
http://dx.doi.org/10.1021/jz5023812
http://dx.doi.org/10.1002/sia.1997
http://dx.doi.org/10.1063/1.2891044
http://dx.doi.org/10.1016/0368-2048(81)85039-6
http://dx.doi.org/10.1016/j.elspec.2019.07.004

	Introduction
	Methods and Settings
	Results and Discussion
	Dielectric Functions
	Transport of Energetic Electrons
	Secondary Electron Excitation

	Conclusions
	References

