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mulations of transition metals for
diodes: challenges and approaches to overcome
inaccuracies in calculations
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Davide Mencarelli,b Emiliano Laudadio *a and Luca Pierantonib

The electronic, optical, and mechanical properties of transition metals belonging to groups 4B (Cr, Mo, and W),

8B (Ni, Pd, and Pt), and 9B (Cu, Ag, and Au) were investigated using Density Functional Theory (DFT). Three

exchange–correlation functionals PBE, R2SCAN, and HSE06 were used and compared to evaluate their

capability in prediction performance based on different physical properties. The results obtained from the

density of states (DOS) calculations revealed a strong agreement between PBE and R2SCAN, while HSE06

introduced significant shifts in the valence and conduction regions due to the inclusion of the exact Hartree–

Fock exchange. The optical properties of these metals highlighted that PBE and R2SCAN have reproduced

the experimental curves with higher accuracy for metals with filled or nearly filled d bands, whereas HSE06

performs better for metals with more localized d states. The mechanical properties were considered in terms

of Young's modulus; the outcomes revealed that metals which did not exhibit electronic d promotions

possess higher values of the elastic modulus. This work highlights how electronic structure prediction, bond

hybridization, and electronic promotion determine the properties of the considered metallic elements,

highlighting the strengths and weaknesses of the three computational approaches and suggesting guidelines

for obtaining reliable simulations for pure metal systems.
Introduction

Atomistic simulations are widely recognized as essential tools in
materials science, offering a powerful means to investigate the
intrinsic properties of metallic elements,1 and organic,2,3 and
inorganic systems4 at the atomic level. Modeling studies have
been produced in recent years to investigate the boundary
systems in terms of oscillations and turbulence, also considering
thermal effects.5,6 Using advanced computational techniques
such as Density Functional Theory (DFT) and Molecular
Dynamics (MD) simulations, it is possible to analyze the ther-
modynamic, mechanical, and structural behavior of many
different systems across a range of conditions.7–9 These methods
enable the exploration of complex phenomena, including phase
transformations, defect evolution, and mechanical responses
that are oen difficult to observe through experimental tech-
niques.10 In practical applications of DFT, the crucial aspect is the
need corresponded to approximate the exchange–correlation (xc)
functional; in fact, xc functionals can exhibit self-interaction and
delocalization errors. One type of approach for these terms is
local-density approximations (LDA), where the contribution of
atter, Environment and Urban Planning,
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the corresponding homogeneous electron density system is equal
to the local value of the density itself. Thismethod is the simplest
approximation, and it is local in the sense that the xc energy at
any point in space is a function only of the electron density at that
point.11 Generalized gradient approximations (GGAs) are still
local but also consider the density gradient in the same coordi-
nates. Using the most recent GGAs, good results have been ob-
tained for determining molecular geometries and ground-state
energies.12 Many further improvements have been made to DFT
by developing better representations of the functionals. For
example, hybrid functionals are a class of approximations to the
xc energy that incorporate a portion of exact exchange (x) from
Hartree–Fock theory with the rest of the xc energy from other
sources, which could be ab initio or empirical.13 Anyway, themost
prominent strategy to improve the reliability of DFT has been the
addition to the GGA approach of new corrective terms, leading to
improved or broader accuracy.14 Some historical examples of this
have been the introduction of density gradients, Hartree–Fock
exchange, kinetic energy density, various ways to include
nonlocal correlation, and range separation.15

Focusing on metallic properties, the reliability and accuracy
of atomistic simulations have been signicantly improved
through the choice of the best functional and the concomitant
development of sophisticated interatomic potentials, including
the Embedded Atom Model (EAM)16 and the introduction of
pseudopotentials (PPs).17 The EAM is a semi-empirical method
Nanoscale Adv.
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that describes interatomic interactions in metals, while PPs
simplify the interaction between electrons and nuclei in
quantum mechanical calculations. This aspect appears crucial
for metals, since they can have many different core electron
levels in their shell, and then the description of the electrons–
nuclei interactions cannot be ignored.18 This approach has
shown success in describing properties of body centered cubic
(bcc) metals such as tantalum, capturing key characteristics
from elastic constants to dislocation behavior. Furthermore, the
incorporation of atomistic techniques within multiscale
modeling frameworks allows for a more holistic understanding
of materials performance, bridging the gap between atomic
interactions and macroscopic properties.19

Nonetheless, signicant challenges continue to hinder the
full potential of atomistic simulations in predictions of metal
systems.20,21 One major limitation is to accurately represent the
complex grain boundary structures and their interactions with
lattice defects, and these features are vital to the mechanical
integrity and optical properties of metals. Additionally, the high
computational demand required to simulate large-scale
systems or long-time durations oen forces compromises in
model delity. Another persistent issue is the limited trans-
ferability of interatomic potential, as those calibrated for
specic systems may perform poorly when applied to different
environments or material states. Another important aspect to
consider is that the quantum mechanical simulations have
approximations to the Schrodinger equation, and the use of
these terms is extremely specic for the metal type used. This
means that a quantum mechanical method calibrated on
a metal can be a worse choice to simulate another metal system.

In this paper, different quantum and classical mechanical
atomistic approaches were used to simulate the electronic,
optical, and mechanical properties of chromium, molybdenum,
tungsten, nickel, palladium, platinum, copper, silver, and gold.
These transition metals comprise groups 4B, 8B, and 9B of the
periodic table, lling 4, 5, and 6 energy levels depending on the
period to which they belonged. Cr, Mo, and W, in the 4B group,
are known to adopt a bcc phase with the space group 229, while
the 8B and 9B metals have a face-centered-cubic (fcc) phase,
with the space group 225 (Table 1).

Each of these transition metals possesses unique physical
properties that determine their industrial and technological
applications. They are characterized by high electrical conduc-
tivity due to their metallic bonding and the presence of mobile
Table 1 Structural properties of metals analyzed

Metal Phase Space group Unit cell

Cr bcc 229 2.885 Å3

Mo bcc 229 3.147 Å3

W bcc 229 3.165 Å3

Ni fcc 225 3.252 Å3

Pd fcc 225 3.890 Å3

Pt fcc 225 3.924 Å3

Cu fcc 225 3.615 Å3

Ag fcc 225 4.089 Å3

Au fcc 225 4.078 Å3

Nanoscale Adv.
valence electrons. For example, Ag has a high electrical
conductivity of 63 × 106 S m−1, applicable in high frequency
electronic applications, followed by Cu and Au.22 On the other
hand, Mo and W are used in electronics (like OLED backplanes)
because they maintain electrical performance and dimensional
stability under extreme thermal stress.23 Au and Pt are preferred
for high-precision connectors and sensors because they do not
oxidize, ensuring consistent contact resistance over time.24

Moreover, Cr has a signicantly higher electrical resistivity of
125 nUm at 20 °C and is used in high-performance electronics,
industrial heating, and aerospace applications.25 Measurement
of optical constants like the refractive index and extinction
coefficient for Ni shows consistent emissivity values at
temperatures around their melting points.26 This feature of Ni is
critical for precise, non-contact temperature sensing in high-
temperature metallurgy and aerospace engineering, ensuring
that thermal modeling and radiation-based controls remain
accurate during phase changes.27 While alloys like Ni–Cr–Mo
are engineered for high yield strength over 500 MPa and are
used in demanding applications such as medical implants,28 W
and Mo are refractory metals with exceptionally high melting
points and high creep resistance, allowing them to retain
strength at temperatures where other metals soen.29

As mentioned above, these metals were chosen because they
are currently used as components of many different devices, but
despite this aspect, some of their properties are not always
investigated in detail. This is due to the electron conguration
of these metals, which is difficult to describe, since each of
them shows external electronic congurations in which an ns

valence electron could be (or not) promoted to the n − 1d

orbitals, completely or half-lling the energy shell. This means
that the description of the energy of the free electrons of these
materials is crucial to predict the behaviors of metals and for
the hybridization phenomena. Furthermore, the literature in
this respect is oen contradictory, and in many cases, calcula-
tion methods that are presented as excellent show questionable
reliability even in certain metallic contexts. For instance,
Werner et al.30 used DFT simulations to investigate the optical
real and imaginary parts of the complex dielectric constant as
well as the energy loss function (ELF) for some of these metals
like Co, Ni, Cu, Mo, Pd, Ag, W, Pt, and Au. They found that the
consistency between the DFT and the experimental data is
better than 5% for all considered elements over the entire
energy range considered; however, the atomistic calculations
showed signicant differences with the earlier optical data.

In this study, the electronic properties of the band structure
and the density of states (DOS) calculations were reported for
each metal. Then, optical properties in terms of the refractive
index (n) and extinction coefficient (k) were considered with
mentions about the interactions with the applied eld and
dispersive phenomena. To perform these calculations, three
different quantum-mechanical methods were used for each
metal. In detail, the GGA of the Perdew–Burke–Ernzerhof (PBE)
functional31 was used as the rst method, then, the meta-GGA
(MGGA) approach in terms of the R2SCAN functional32 was
applied to determine the effect of the inclusion of local kinetic
energy density of the electrons. Finally, the hybrid functional
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Heyd–Scuseria–Ernzerhof (HSE06)33 was utilized to investigate
the effect of the inclusion of the exact Hartree–Fock (HF)
exchange energy on the simulations. PBE provides a robust
reference for itinerant metallic bonding, R2SCAN offers a better
balanced semilocal description of structural and energetic
properties in transition metals, and HSE06 tests the sensitivity
of the results to short-range exact exchange and d electron
localization. The choice of these three different functionals
concerns the need to identify the capabilities and limitations of
each method for each simulated metal. The idea is to tailor the
best prediction approach to use for each specic metal,
choosing between these three different methods on the basis of
the specic property to be predicted. Furthermore, mechanical
properties in terms of Young's modulus were evaluated using
a force eld approach through molecular dynamics (MD)
simulations. This means that different metals were investigated
with different methodologies, underlining the ongoing chal-
lenges that must be addressed to enhance predictive accuracy in
relation to the metal type. This approach is necessary to identify
the best metal conguration to use for the fabrication of diodes,
in order to maximize the performance of the device itself before
even producing it.
Materials and methods
Quantum-mechanics methods

All the DFT-based simulations were carried out using the
Quantum Atomistic ToolKit (Q-ATK).34 Three different quantum
mechanics methodologies were used for each metal. In detail,
GGA-PBE, MGGA-R2SCAN, and hybrid-HSE06 functionals were
compared between them. The rst method is based on the
assumption that the exchange and the correlation energy at
a point depends not only on the density at that point, but also
on its gradient of electron density following eqn (i):

EGGA
xc ½n� ¼

ð
nðrÞ˛xcðnðrÞ; jVnðrÞjÞdr (i)

in which the term jVn(r)j is the addition for the gradient, and
the density n(r) represents the number of electrons per unit
volume. In the second method, an additional term is included
following eqn (ii):

EMGGA
xc ½n� ¼

ð
nðrÞ˛xcðnðrÞ; jVnðrÞj; s ðrÞÞdr (ii)

where the kinetic energy density is dened as the following
summation over all occupied orbitals (r) following eqn (iii)

sðrÞ ¼ 1

2

Xocc
i

ðV4iðrÞÞ2 (iii)

The hybrid HSE06 functional involves a screened exchange–
correlation energy that mixes the short-range exact Hartree–
Fock exchange with the PBE exchange and correlation energy.
This means that the PBE functional is used for the long-range
part, and it includes a specic screening parameter (m = 0.2
Å−1). The general formula can be expressed as eqn (iv)
© 2026 The Author(s). Published by the Royal Society of Chemistry
EHSE06
xc = 1

4
EHF,sr
x (m) + 3

4
EPBE,sr
x (m) + EPBE,lr

x (m) + EPBE
c (iv)

where EHF,sr
x (m) is the Hartree–Fock (exact) exchange compo-

nent, which is limited to the short-range (sr) part of the
Coulomb potential and screened by a parameter m; EPBE,srx (m) is
the PBE exchange energy component for the short-range part,
also screened by m; EPBE,lrx (m) is the PBE exchange energy
component for the long-range (lr) part of the potential, which is
not screened; EPBEc is the standard PBE correlation energy
functional. This approach uses a mixing parameter of 25% for
the exact exchange (1/4) and a screening parameterm of 0.2 Å−1.

For each simulation, despite the functional, each approxi-
mation was coupled with LCAO Ultra description of Basis set
and Norm-conserving PseudoDojo PPs.

This means that for this formalism, the single-electron
eigenfunctions, ja, are expanded in a set of nite-range
atomic-like basis functions 4i following eqn (v):

jaðrÞ ¼
X
i

cai4iðrÞ (v)

An energy cut-off was set to 150 hartree with a k-point density
sampling of 20 Å3. The DOSs were calculated considering an
energy range of 10 eV above and 10 eV below the Fermi level. In
the optical spectra, 20 bands above and 20 bands below the
Fermi level were considered, with an energy range between 1
and 4 eV, and writing 801 points per graph with a k-point
density of 28 Å3. For each metal, intraband contributions were
also considered together with the plasma frequency and the
inverse lifetime as follows:

Plasma frequency: 11 eV (Cr), 3 eV (Mo), 10.99 eV (W), 4.88 eV
(Ni), 7.4 eV (Pd), 5.145 eV (Pt), 8.76 eV (Cu), 9.013 eV (Ag), 8.9 eV
(Au).

Inverse lifetime: 4.68 × 1014 Hz (Cr), 1 × 1014 Hz (Mo), 1 ×

1015 Hz (W), 1 × 1014 Hz (Ni), 1 × 1014 Hz (Pd), 1.67 × 1015 Hz
(Pt), 8.34 × 1014 Hz (Cu), 4.35 × 1012 Hz (Ag), 4.35 × 1012 Hz
(Au).

The choices of k-point density sampling, cut-off energy, and
convergence criteria were retained moving between different
functionals to avoid variables in the comparison.

Classical-mechanics methods

For each metal, a simulation box of x = 10 nm, y = 10 nm, z =
100 nm was generated, including periodic boundary conditions
(PBCs) along the x and y axes. Aer a minimization step, an
equilibration phase was adopted to introduce the room
temperature effect for generating the velocity of motions. Then,
a production phase of 100 ns was performed. GROMACS 2023.3
soware35 was chosen for MD simulations. The CHARMM27
force eld was adapted for metals by modifying the Lennard-
Jones parameters for metal–metal interactions.36 Young's in-
plane modulus was calculated using the deformation dash-
board in the .mdp le, applying stress and strain in the simu-
lation box along the z-direction. Then, the Vir-ZZ and P-ZZ terms
were detected as stress using the gmx energy gromacs tool and
the displacement of metal systems rather than the initial length
was determined as strain. The stress–strain curve was nally
Nanoscale Adv.
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obtained for each metal, and the slope of the initial region was
the Young's in-plane modulus value.

From a theoretical point of view, Young's in-plane modulus
was obtained using eqn (vi).

Ys ¼ 1

A0

v2Es

v32
(vi)

where A0 is the cross-sectional area of the unit cell at the equi-
librium position and Es is the strain energy whose second
derivative is computed with respect to the strain 3. To calculate
v2Es/v3

2, the compressive and tensile strains were identied as
negative and positive percentages, respectively. At the rst step,
the relaxed unit cell of each metal was subjected to uniaxial
compressive and tensile loading, changing the pressure applied
to the simulation box. Using this approach, v2Es/v3

2 was
calculated and then substituted in the equation to obtain the in-
plane Young's modulus.
Results
Electronic properties

Analyzing the DOS obtained for Cr reveals that the peaks ob-
tained with PBE and R2SCAN are very similar i.e., the conduc-
tion and valence band proles show slight shis towards the
Fermi level. The curves obtained with HSE06, indeed, indicated
the evident shi of the valence band from the Fermi level and
lower density of the conduction bands. This is attributable to
the fact that the exact Hartree–Fock contribution allows for
a more detailed description of the excited states. The graphs for
Mo follow the same trend previously described, with a clear
agreement between the results obtained with PBE and R2SCAN.
In this case, despite a more evident shi in the peaks, which
move away from the Fermi level, the description obtained with
HSE06 also seems to follow the trend highlighted with the other
two functionals (Fig. 1). This type of result is also observed inW;
in fact, the signals are evidently the same, with a greater shi
when using the hybrid functional. This means that the func-
tionals are in greater agreement with each other in simulating
the DOS of Mo and W, and even if there is a more evident
discrepancy for Mo, these results demonstrate how, surpris-
ingly, the energy level inuences the prediction. Indeed, valence
electrons in shells closer to the nucleus seem to suggest a more
Fig. 1 Comparison of the DOS of chromium (left), molybdenum (cent
yellow), and HSE06 (in green) functionals are compared.

Nanoscale Adv.
marked difference in description, which attenuates as the
valence level increases.

Inspection of the data calculated from DOS for Ni, Pd, and Pt
shows that a common trend is observed. In fact, in every case,
the results obtained with PBE and R2SCAN are superimposable,
therefore, it is not possible to notice whether the contribution of
the local kinetic energy density of the electrons is present. The
outcomes predicted with the hybrid functional are character-
ized by an underestimation in terms of signal intensity, but with
the same position of the signals in the conduction band;
conversely, a clear shi of the peaks in the conduction band is
observed (Fig. 2). These results show how, in this case the
functionals exhibit different degrees of accuracy as the simu-
lated energy in the DOS increases. For the values below and
close to the Fermi level, the simulations are in excellent agree-
ment with each other, while above 6 eV, marked differences are
observed, especially using HSE06.

Finally, evaluating the DOS calculations of the metals Cu, Ag,
and Au indicated that a common trend is also evident with the
peaks approximatedwith PBE andR2SCAN, which are very similar,
particularly for Cu, although not overlapping as in the previous
case. Also in this group, the results obtained with HSE06 differ
from those gained with the other two systems. For H in this case,
the shi away from the Fermi level is much more evident than for
the metals in the different groups, although the intensity of the
peaks in terms of eV−1 is in line with the other results (Fig. 3). In
this case, the determining factor appears to be the large number of
valence electrons, whose approximations in any case determine
more marked differences, regardless of the energy level.

To summarize, the DOS investigation highlighted that for
metals with partial lling of the d orbitals (i.e., Cr, Mo, and W),
the methods exhibit different sensitivities, with greater
discrepancies being found at lower energy levels. The simula-
tions of group 8B metals show the best agreement among them,
with no effects of energy shells or electronic promotions, which
is surprising. Finally, the analysis of the metals Cu, Ag, and Au
highlighted an increased discrepancy between the methods
beyond the simulated 6 eV, demonstrating a reliability that
depends on the simulated eld range. The shis detected with
the use of HSE06 were quantied using the Fermi level as
a reference. In terms of agreement with the experimental data,
these shis are a bit far from the experimental values, thus
er), and tungsten (right). Data obtained with PBE (in red), R2SCAN (in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of the DOS of nickel (left), palladium (center), and platinum (right). Data obtained with PBE (in red), R2SCAN (in yellow), and
HSE06 (in green) functionals are compared.

Fig. 3 Comparison of the DOS of copper (left), silver (center), and gold (right). Data obtained with PBE (in red), R2SCAN (in yellow), and HSE06 (in
green) functionals are compared.
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determining PBE and R2SCAN as more suitable for this type of
calculation for metals. The reason for this discrepancy could be
ascribed to the treatment of delocalized itinerant d electrons in
HSE06, in which this effect is delicate. Indeed, the metallic
systems screen exchange strongly; thus, the physically appro-
priate exact-exchange fraction is smaller, and HSE06 can over-
shi the d manifold, also overestimating magnetic splitting.

Another reason for the discrepancy in the use of HSE06 is
surely attributable to the inclusion of exact Hartree–Fock
exchange, affecting the electronic structure of delocalized and
localized d-electron systems. In more detail, this makes the
localized d electron states less spuriously delocalized,
increasing the separation between occupied and empty d levels,
and strengthening the exchange splitting enough to open or
enlarge d-derived gaps. About the delocalized itinerant d elec-
trons, the metallic systems screen the exchange contribution
strongly; thus, the physically appropriate exact-exchange frac-
tion is smaller, and HSE06 can over-shi the d manifold, also
overestimating magnetic splitting. This means that the effect is
more delicate for delocalized d electrons, and HSE06 appears
more benecial for localized d electrons.
Optical properties

The optical properties of the different metals were investigated
through the simulation of n and k obtained using three different
functionals previously described. The calculation values were
then compared to the experimental values found in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
literature in the energy range from 1 to 4 eV. We chose this
energy range following the availability of the experimental data
for comparison. The discrepancy in terms of absolute values of
optical properties in the energy range detected was used as
a quantication criterion for the accuracy. The different metals
studied were then divided based on their respective groups on
the periodic table.

Fig. 4 shows the results approximated for the 4B group
metals (Cr, Mo, and W). For Cr, all the computational methods
used yield similar values for n. Among them, the hybrid func-
tional HSE06 provides values which are closer to the experi-
mental results,37 particularly within the 1.3–2.3 eV energy range,
and this is correlated with the additional term of the exact
Hartree–Fock exchange contribution included in HSE06. On the
other hand, at higher energies, an increased discrepancy was
observed, and all computational methods systematically gave
overestimated values, meaning that the inclusion of the exact
exchange contribution is not enough to mimic the Cr behavior
at high energies. With regard to the k, a signicant deviation
from the experimental curves was detected, with all the
methods that tend to overestimate the experimental values.37

The results for Mo reveal high degrees of consistency across all
computational methods. In fact, the n was slightly over-
estimated with respect to the experimental data, and while
starting from approximately 2 eV, the calculated values correctly
approximated the experimental results.38 For W, all the
computational methods give similar results. The R2SCAN
functional approximated almost perfectly the experimental n
Nanoscale Adv.
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Fig. 4 Comparison of the refractive index (left) and extinction coefficient (right) of chromium (on the top), molybdenum (in the middle), and
tungsten (at the bottom). Data obtained with PBE (in red), R2SCAN (in yellow), and HSE06 (in green) functionals are compared to the experimental
values (in blue) found in the literature.
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from about 1.4 eV, while all the methods tended to overestimate
the k compared to the experimental values,38 particularly in the
low-energy range, up to approximately 3 eV. This means that to
better replicate the k, the MGGA approach in the use of R2SCAN
seemed to work a bit better than the other methods. The local
kinetic energy density of the electrons is a necessary parameter
to consider, which is the most important part of the MGGA
R2SCAN method.

Fig. 5 shows the comparison between computational and
experimental n and k for metals of the group 8B (Ni, Pd, and Pt).
For Ni, both these optical properties were well described by all
the computational methods. The PBE and R2SCAN functionals
provided almost identical results, which appeared well aligned
with the experimental curves for both n and k.38 In the low-
energy range, the n values from PBE and R2SCAN tended to be
Nanoscale Adv.
overestimated, and this overestimation is more evident using
the HSE06 functional with respect to the experimental curve.
The analysis of Pd reveals that the experimental n was better
reproduced by R2SCAN/PBE functionals, while all methods
provided an almost perfect approximation of the experimental
curves of the k.37 The results for Pt (Fig. 5, on the bottom) show
that all the functionals used are able to approximate the
experimental values well.38 The best outcomes were obtained
with R2SCAN/PBE functionals, while HSE06 tended to slightly
overestimate the data. However, at lower energies, the results t
the experimental curve worse. For the k, all methods gave good
results. Although the curve obtained with HSE06 better repre-
sents the shape of the experimental one, the values obtained
using R2SCAN/PBE functionals were in better agreement with
the data.38 This means that the trend for the metals in group 8B
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparison of the n (left) and k (right) of nickel (on the top), palladium (in the middle), and platinum (at the bottom). Data obtained with
PBE (in red), R2SCAN (in yellow), and HSE06 (in green) functionals are compared to the experimental values (in blue) found in the literature.
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seems to be inverted with respect to that observed in group 4B,
suggesting that the GGA and MGGA approaches could be more
accurate with the increase in the number of valence d electrons.

Fig. 6 shows the comparison of the n and k for metals of the
group 9B (Cu, Ag, and Au). For Cu, the n calculated with PBE and
R2SCAN is slightly overestimated and shied to the le when
compared to the experimental curve.38 The values of the n ob-
tained with HSE06 were better consistent with the experimental
data, while for the k, HSE06 yielded underestimated values,39

and the best results were provided by PBE/R2SCAN. For Ag, the
HSE06 functional provided results in perfect accordance with
the experimental values for both the n and the k,38,39 while the
PBE and the R2SCAN functionals indicate slightly
overestimated/underestimated values for the n/k, particularly at
higher energies. Moreover, both the simulated curves of n and k
were le shied with respect to the experimental ones. The n of
© 2026 The Author(s). Published by the Royal Society of Chemistry
Au was correctly described by the HSE06 functional, while other
methods showed a greater deviation from experimental
values.38 However, for the k, from approximately 2.5 eV, HSE06
underestimated the experimental data,39 while PBE and R2SCAN
functionals appeared to be a better choice in this energy range.

In summary, PBE and R2SCAN functionals generally yielded
similar results, while the HSE06 functional almost always
showed a deviation. Furthermore, the functionals had different
reliability not only depending on the metal and the type of
hybridization, but also in relation to the applied eld strength.
In fact, in many cases, the results showed variable accuracy
depending on the eld strength, thus outlining reliabilities that
were not always equal.

To summarize, PBE and R2SCAN givemore precise results for
metals with lled or nearly lled d bands, while HSE06 excels
for more localized d states. To provide a physical explanation,
Nanoscale Adv.
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Fig. 6 Comparison of the n (left) and k (right) of copper (on the top), silver (in the middle), and gold (at the bottom). Data obtained with PBE (in
red), R2SCAN (in yellow), and HSE06 (in green) functionals are compared to the experimental values (in blue) found in the literature.
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the key issue is screening versus localization. As the d manifold
becomes more lled and more metallic, the electrons become
more itinerant and the system screens exchange more effi-
ciently. In that limit, the physically appropriate amount of exact
exchange becomes very small. PBE and R2SCAN perform better
for metals with lled or nearly lled d bands: both remain
semilocal, so they preserve the short-ranged, strongly screened
exchange–correlation picture that is appropriate for itinerant
metallic bonding. In bulk-solid benchmarks, PBE is quite good
for metals, while R2SCAN results are especially well balanced for
cell volumes, cohesive energies, and related properties across
3d, 4d, and 5d transition metals. By contrast, for more localized
d states, the main problem of semilocal functionals is self-
interaction or delocalization error: they tend to spread the
d electrons too much and underestimate the separation
between occupied and empty d levels. HSE06 helps precisely
Nanoscale Adv.
this point, because its screened Hartree–Fock exchange
removes part of that error and stabilizes a more atomic-like
picture of localized d-electrons.

To conclude, itinerant, strongly screened d-band metals
favor PBE and R2SCAN; narrow-band, weakly screened, localized
d states favor HSE06. The same mechanism that helps HSE06
for localized electrons can actually make it too aggressive for
true metals, where screened hybrids have even been shown to
spuriously stabilize ferromagnetism and not systematically
improve transition-metal surface chemistry over PBE.
Mechanical properties

The mechanical properties were then calculated in terms of the
Young's modulus of each metal investigated. Hardness is the
property of solid materials expressing resistance against perma-
nent or plastic deformation. Different responses to pressure
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Stress–strain ratio for the metals of 4B (A), 8B (B), and 9B (C) groups.
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variation along the z direction were registered for each metal
(Fig. 7). The dependence of Young’s modulus on composition is
non-systematic; on the other hand, themetal type considered has
some peculiar effects. In general, Young's modulus tends to
increase with increasing connectivity,40 but in this case, since
transition metals are investigated, the hybridization phenomena
occurring in the metal atoms are crucial to identify the elastic
response of metals. From our results, Cr, Mo, and W, which
exhibit the bcc phase, have higher Young moduli with respect to
those of the other metals, which adopt the fcc phase. Bcc and fcc
structures in metals exhibit different mechanical properties due
to their differing atomic arrangements and slip systems. The bcc
structures resulted in stronger and harder materials, and on the
other hand, less ductile materials. The fcc structures are more
ductile, thus possessing higher toughness. This difference in
mechanical behavior is inuenced by the number of slip systems,
the ease of dislocation motion, and the packing density of atoms
within each structure. Comparing the three bcc phase systems
among them, W showed the highest Young modulus, reaching
360 GPa, while Mo had a value of 315 GPa. Cr has the highest
value below 300 GPa, with a value of 252 GPa. This trend is in line
with the literature, which indicates that Young’s modulus
increases from top to bottom along the group in the periodic
table (i.e., increasing period number). Cr promotes an electron
© 2026 The Author(s). Published by the Royal Society of Chemistry
from 4 s to 3d orbitals to partially ll all ve 3d orbitals. Mo shows
the same behavior, with the promotion of an electron from 5s to
4d orbitals, which ismore favored with respect to Cr. On the other
hand, W does not seem to behave in the same way. The reason is
ascribed to the higher number of protons in W nuclei, which
exert a stronger attraction to the electrons that will move closer to
the nucleus. The 6s electrons will remain more in the shielding
core, so they aren't shielded as much as the 5d electrons, leading
to the inert pair effect. The difference in energy between the 6s

and 5d orbitals, which is higher than between the 5s and 4d

orbitals, is larger than the energy gained from the exchange
energy by promoting the ns electron to the n − 1d orbital, as
shown by Cr and Mo. Electron promotion seems to inuence the
strength of bonding, decreasing the Young’s modulus of metals.

On analyzing the slope obtained for the fcc metals, the ex-
pected trend of Young’s modulus is respected along the same
period in the periodic table, since it increases from right to le.
Ni exhibited the highest Young’s modulus observed for fcc
systems, reaching 204 GPa, and no electron promotion was
observed, conrming the previously reported notion about the
inuence on the strength of bonds regardless of the lengths. On
the other hand, Pd shows an important decrease in Young
modulus, reaching 119 GPa. This value is in line with the
literature, and to explain this trend, it's important to note that
Nanoscale Adv.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na01105a


Table 2 Elastic properties of metals in relation to the face

Metal type Young’s modulus (exp) Young’s modulus (sim) Face Bond length

Cr 240–260 GPa (ref. 41) 252 GPa bcc 2.50 Å
Mo 310–330 GPa (ref. 42) 315 GPa bcc 2.73 Å
W 340–405 GPa (ref. 43) 360 GPa bcc 2.74 Å
Ni 190–220 GPa (ref. 44) 204 GPa fcc 2.49 Å
Pd 115–125 GPa (ref. 45) 119 GPa fcc 2.75 Å
Pt 154–172 GPa (ref. 46) 165 GPa fcc 2.77 Å
Cu 110–130 GPa (ref. 47) 120 GPa fcc 2.56 Å
Ag 69–74 GPa (ref. 48) 72 GPa fcc 2.89 Å
Au 76–81 GPa (ref. 49) 80 GPa fcc 2.88 Å
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Pd promotes both 5s2 electrons to completely ll the 4d orbitals.
Pt exhibits a modulus of 165 GPa, it has a partially lled 5d

orbital, and the 6s orbital can be involved in bonding, making it
more susceptible to electron promotion. To analyze the
behavior of metals in the 8B group, the double promotion in Pd
leads to the smallest Young’s modulus, Pt shows an interme-
diate value, with promotion of one electron, and nally, Ni
shows the highest value, and it does not promote electrons.

Cu has a Young’s modulus of 120 GPa, with the promotion of
4s to 3d orbitals to completely ll them, while Ag showed the
lowest Young’s modulus with a value of 72 GPa, again
promoting an n + 1s electron to the nd level.

Finally, Au has an intermediate value of 80 GPa, completing
the 5d orbitals with the promotion of one 6s electron. To
conclude, the two main effects on the elastic properties of metals
investigated are the phase, since the bcc structure exhibited high
hardness, and the electron promotion, which decreases the
strength of chemical bonds. Moreover, it is interesting to note
that no correlation between the Young’s modulus and bond
length was observed, to show the importance of identifying short-
range phenomena in terms of electron propagations (Table 2).

To summarize the analysis of elastic moduli, even if the
metals with bcc have higher Young's moduli compared to those
with fcc, the crystal symmetry is not always specic for a trend
in elastic moduli. On the other hand, the most critical aspect to
determine Young's modulus is related to the bonding hybrid-
ization, and the metals which do not exhibit electronic
promotion preserve higher values.

Conclusions

In the present study, nine metals from three different groups of
the periodic table such as 4B (Cr, Mo, and W), 8B (Ni, Pd, and Pt),
and 9B (Cu, Ag, and Au), were investigated in terms of electronic,
optical, and mechanical properties using three different func-
tionals of PBE, R2SCAN and HSE06. The results related to the
electronic properties reveal that the PBE and R2SCAN functionals
predicted similar results in terms of DOS proles, conrming that
the inclusion of the kinetic energy density term in R2SCAN does
not signicantly alter the description of metallic elements. In
contrast, the hybrid functional HSE06 led to energy shis,
reecting its improved treatment of exchange interactions.

In more detail, the DOS calculations of different metals show
that the elements with partial lling of the d orbitals like Cr, Mo,
Nanoscale Adv.
and W, are more sensitive to the functional used. Furthermore,
the Ni, Pd, and Pt metals indicated a great agreement among
them below the Fermi level, while the HSE06 functional
approximated higher intensity of the DOS curves in all three
cases. In addition, the analysis of the last group of themetals (Cu,
Ag, and Au) highlighted a high discrepancy between the methods
since increasing the number of valence electrons can remarkably
affect the predictions with respect to the metals from 4B and 8B.

The optical spectral calculations indicated that for metals
such as Ni, Pd, and Pt, PBE and R2SCAN functionals are more
consistent for metals with delocalized electrons, while HSE06
provides a better description and results closer to the experi-
mental data for others (Cr or Ag).

Regarding the mechanical properties, the results conrmed
that bcc metals (Cr, Mo, and W) exhibit higher Young's moduli
than fcc metals (Ni, Pd, Pt, Cu, Ag, and Au), in agreement with
experimental data.

These results provide guidelines in the choice of the correct
computational method for each type of metal, with the aim to
design the best diodes in terms of performance in the specic
frequency range of work. Since many papers investigate mate-
rials with metals in complexes with other elements, such as O,
S, Se, or Te, one of the novelties is the investigation of the
advanced properties of these metals in pure state, because the
literature to date is extremely lacking in this regard. Further
theoretical investigation will focus on the key parameters for
metals used in diodes such as evaluating the metal’s work
function, and evaluating their electrical resistivity and
conductivity as well as thermal stability.
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for Mo, W, Pt, Cu, Ag, and Au). These experimental data were
used to validate our simulation results. All data supporting
the ndings of the study are included within the article.
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