Optics and Spectroscopy, 2023, Vol. 131, No. 9

19

Optical properties of materials for magnesium plasmonics described

within DFT+U approach

© V.A. Durymanov, L.A. Avakyan, V.V. Srabionyan, D.S. Rubanik, L.A. Bugaev

Southern Federal University,
344006 Rostov-on-Don, Russia

e-mail: durymanov@sfedu.ru

Received April 01, 2023
Revised September 26, 2023
Accepted September 28, 2023

The most widely used and applied plasmonic materials, namely silver and gold, has limitations due to their high
cost and restriction on the spectral position and shape of the plasmon resonance. This remains true for bimetallic
silver-gold nanoparticles. Higher flexibility is required, in particular, for the design of broadband absorbers of
light, and for this task the metals other than silver and gold are considered. In this paper we study the optical
extinction spectra of alloy and composite nanoparticles containing magnesium and gold. The dielectric properties are
calculated within the approximation of independent particles (IPA) based on the electronic structure obtained using
density functional theory (DFT) with Hubbard correction (DFT+U). The obtained spectra of optical extinction
of magnesium-gold alloy nanoparticles demonstrate that the most sensitive to the composition is the region of
wavelengths below 500 nm. Simultaneously, the position of the plasmon resonance predicted by Vegard’s law is
higher than obtained from accurate DFT+U based calculations. We managed to describe the experimental optical
extinction spectra of the glass sample containing gold and magnesium atoms using the calculated spectra. The
results points on the formation of composite nanoparticles with core of AuzMg alloy and shell of Au in the
considered sample.
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1. Introduction

Plasmonic materials are now used widely in vari-
ous branches of activity [1], including structural surface-
enhanced Raman scattering (SERS) studies [2,3], conver-
sion of light energy into heat [4], medical imaging [5],
catalysis [6], photovoltaics, and optoelectronics [7]. The
unique optical properties [8-10] of materials based on
gold and sliver nanoparticles have made them the most
widespread of all plasmonic ones. However, the high
cost of these plasmonic materials based on monometallic
gold and sliver nanoparticles is their major disadvantage.
Other plasmonic metals and alloys, such as copper [11],
aluminum oxide, gallium, and magnesium [12-14], are
regarded as possible alternatives. These metals are more
commonly occurring and relatively inexpensive, but are
also far less resistant to oxidation, which may induce
degradation of the optical properties of materials based
on them. The fundamental restriction on positioning and
width of the localized surface plasmon resonance (LSPR)
peak is another drawback common to all materials based
on monometallic plasmonic nanoparticles. This restriction
makes it more difficult to use them for the design of
broadband absorbers aimed at converting light into heat,
energy accumulation and transport, the construction of
selective absorbers adjustable within a wide wavelength
range, etc.

The fabrication of bimetallic nanoparticles with both
core-shell [15,16] and alloy/solid solution [17,18] structures
is one of the possible ways to overcome the mentioned con-
straints. The resultant LSPR in such bimetallic nanoparticles
with components having widely different LSPR energies
may be adjusted within a wide range (bounded by LSPRs
of each component) by varying the component composition
and the atomic architecture of particles (ie., the nature of
distribution of components over the particle volume). This
approach to synthesis of bimetallic gold—silver nanoparticles
with a core-shell structure has been implemented in [19].
It was demonstrated that the resultant LSPR band may
be positioned anywhere within the range from ~ 450 to
600nm, which is several times wider than the range of
LSPR adjustment for monometallic nanoparticles performed
by varying their size.

Recent reports on the potential application of relatively
large (greater than 100nm) magnesium nanoparticles in
broadband light absorbers [14] and the positioning of the
LSPR band of monometallic magnesium nanoparticles with
a diameter of ~ 50nm, which is located at wavelengths
A ~ 350 nm, suggest that more readily available magnesium
is a viable substitute for expensive silver in gold-silver
nanoparticles with a core—shell structure designed to be
used in both broadband and selective light absorbers.
However, one should bear in mind that probable structural
instabilities with respect to component mixing [20] make it
virtually impossible to obtain an ideal core-shell structure
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in experiments. This factor should also be taken into
account in the analysis of bimetallic nanoparticles. However,
it should be noted here that recent data on gold-silver
nanoparticles [21] reveal that nanomaterials of this kind with
core—shell structures and alloys have different patterns of
variation of plasmonic properties with component concen-
trations. This result suggests the possibility of determination
of the structure of bimetallic nanoparticles based on their
optical extinction spectra and underscores once again the
significance of examination of plasmonic materials with a
doped structure.

Although bimetallic nanoparticles based on gold and
magnesium have application potential, a directed search
for novel plasmonic materials of this type and estimation
of their expected optical properties require data on the
dielectric properties (complex refraction index) of alloys
of gold and magnesium. These data are incomplete or, in
certain cases, entirely absent.

The present study is focused on the determination of
dielectric functions of a series of alloys with AuyMg;_y
(x =0.25, 033, 05, 0.75) compositions via ab initio
calculations performed using density functional theory
(DFT) with a Hubbard correction (DFT+U). The obtained
dielectric functions are used to calculate the extinction
spectra of MgAu nanoparticles in glass, which are then
compared to the experimental spectral for synthesized
samples. The methods and approaches to calculation of
the electron structure and the dielectric properties of alloys
and the extinction spectra for nanoparticles are discussed in
Section 2. The obtained results are presented and analyzed
in Section 3, and the key findings are summarized in
Section 4.

2. Methods and approaches

The DFT+U approach has already been used [22] to
predict the optical properties of plasmonic materials: certain
binary alloys of gold, magnesium, silver, and aluminum.
However, only one alloy (x=0.5) with the smallest
periodic cell from the AuxMg;_y series has been examined.
Alloys with larger cells are analyzed in the present study,
which is also distinct in that a more widespread, free,
and open-source software package (Quantum Espresso,
QE [23]) with an active community is used in it. QE
is updated constantly and is on par in terms of features
with commercial software. Specifically, QE does not only
support self-consistent cycles of electron structure optimiza-
tion within the LDA (local density approximation) +U
approach, but also provides an opportunity to perform ab
initio calculations of Hubbard parameter U [24], potentially
allowing one to analyze advanced materials that have no
experimental data available for them. The differences
between QE and GPAW [25] related to the implementation
of Kohn-Sham equations solving algorithms, the internal
representation of electron densities, the pseudopotential
form, and the method for calculation of the dielectric
function or the system response to an external electric field
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make it necessary to perform justification for the choice of
Hubbard correction U.

Structural data on gold, magnesium, and their alloys were
taken from the COD database [26]. Wave functions in
the QE approach were expanded in a plane-wave basis.
The basis size was defined by the highest kinetic energy
of a plane wave, which was set to 545¢eV as a result of
convergence tests for the total energy and the Fermi energy.
The states of core electrons were accounted by optimized
norm-conserving Vanderbilt pseudopotentials [27]. To
improve the convergence of the self-consistency procedure,
the occupation numbers of states were characterized by a
distribution similar to the Fermi-Dirac one with smearing
parameter o = 0.01 eV.

The stability of examined compounds (energetic advan-
tage of formation of a material with an alloy structure over
the emergence of elementary phases of its components)
was estimated by analyzing per-atom formation energies E¢
defined as

Er = (E™Y — Napa — Npus)/(Na + Ng),

where E¥% is the energy of a cell containing N, and
Ng atoms of types A and B, respectively. The formation
energy of a stable compound should be negative. Chemical
potentials up were estimated as the total energy per-atom
(ua = E;”°/N) of a crystal in the standard phase of atoms
A (a face-centered cubic (FCC) crystal for Au and a close-
packed hexagonal (HCP) crystal for Mg).

Self-consistent calculations of the electron structure of a
primitive gold cell (cell parameter a = 4.07A) were carried
out with a 15 x 15 x 15 k-point grid. The electron structure
of pure magnesium and AuMg alloys was determined using
a k-point grid with a density equivalent to the point density
in calculations for pure gold; in the case of HPC magnesium,
the size of this grid is 23 x 23 x 12.

Dielectric functions (g) were calculated within the ran-
dom phase approximation (RPA) that is implemented in
the epsilon.x code, which is a part of the QE package [23].
The energies and wave functions of states needed for the
calculation of dielectric functions were estimated in a non-
self-consistent fashion based on the self-consistent density
of occupied states. Denser k-point grids with approximately
the same density corresponding to all materials were used
for this purpose. Specifically, a 27 x 27 x 27 grid was used
for gold. The number of unoccupied states was chosen
so as to leave no less than four unoccupied states per a
single gold atom and no less than three unoccupied states
per a magnesium atom. The dielectric function of pure
magnesium was calculated within LDA without Hubbard
correction U, since no d states are occupied in this case.

Complex refraction index nc =n+ik was calculated
based on the dielectric function as

n=+/(le|+e)/2, k=+/(le| —e1)/2.

Optical extinction spectra for spherical nanoparticles
and composite core—shell (core@shell) nanoparticles were
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Figure 1. (a) Dependence of residual ¥> on Hubbard parameter U and shift Aw. (b) Comparison of the optical extinction spectra of
gold nanoparticles 30 nm in diameter in a glass matrix calculated with the use of different dielectric functions: the experimental function
of Rioux et al. [31] (solid curve) and functions with parameters U = 2.5 and 2.0eV (dashed and dotted curves, respectively).

modeled using the multi-sphere T-matrix method [28] with
the MSTM-Studio Python interface [29]. The size of
nanoparticles in models was set to 30nm, which corre-
sponds to diameters of the largest nanoparticles introduced
into glass in an experiment on laser melting of a gold
film [19]. The refraction index of the matrix was set to
1.5, which corresponds to optical glasses.

3. Discussion and results

3.1. Selection of parameter U for the Hubbard
correction

Although the Hubbard correction parameter for pure
gold has already been chosen in the previous study, the
obtained values cannot be used directly in QE [30]. The
calculation of parameter U from linear-response theory [24]
requires considerable computational resources and may lead
to suboptimal characterization of experimental spectra.

In the present study, parameter U was chosen by
comparing the imaginary parts of experimental & and
theoretical £ dielectric functions. The similarity between
them was characterized by residual x> defined as

2
¥ = (eg"p(w) — e (0 + Aw, U)) ,
where Aw is the additional shift of the dielectric function

in the frequency w scale. The residual value of Aw =0
indicates on direct proximity of compared functions, while

the ,shape” similarity of dielectric functions is evaluated
at nonzero shift Aw to offset the shift between them
associated with the imperfection of the exchange-correlation
functional. The data from [30] for pure gold were used as
the experimental ones. Figure 1,a presents the calculated
dependence of this residual on Hubbard parameter U
and additional shift Aw. It can be seen from Fig. 1,a
that the residual is minimized at U = 2.0 — 2.5eV. The
extinction spectra of nanoparticles (spectra for a gold
nanoparticle with a diameter of 30nm in glass are shown
as an example in Fig. 1,b) demonstrate that the dielectric
functions calculated with U =2.5e¢V with no additional
shift Aw are preferable. The obtained U value was used in
subsequent calculations for gold atoms in all the examined
materials.

3.2. Simulation results for elementary metals

Before examining the alloys, let us make sure that
the DFT4U approach implemented in QE is applicable
to the calculation of dielectric functions of elementary
metals. Figures 2,a, b present the comparison of calculated
complex refraction indices of pure gold and magnesium
with the experimental data obtained by Rioux et al. [31]
(for gold) and Hagemann et al. [32] (for magnesium). It
is evident that a qualitative agreement the theoretical and
experimental functions, which could not be achieved for
gold within the common DFT approach, was reached. Note
that the remaining discrepancies between the experimental
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Figure 2. Comparison of the calculated complex refraction indices of (a) gold and (b) magnesium (dashed curves) with the experimental
data (solid curves) obtained by (a) Rioux et al. [31] and (b) Hagemann et al. [32]. The results of calculation of optical extinction spectra
of spherical (c) gold and (d) magnesium nanoparticles 30 nm in diameter in a dielectric matrix with n = 1.5 with the use of refraction

indices from panels (a), (b) are presented at the bottom.

and theoretical functions do not translate into any marked
differences between experimental and theoretical plasmon
resonance spectra. This is illustrated by Figs. 2, c,d where
the calculated extinction spectra for nanoparticles 30 nm
in diameter are shown. It is evident that the error of
determination of the LSPR maximum position is ~ 2% for
both gold and magnesium, and the errors of estimation of
the extinction maximum are ~ 18% and ~ 2% for gold and
magnesium, respectively.

3.3. Simulation results for alloys

Data on the atomic structure of AuyMg;_x alloys with
various gold concentrations X = 0.25, 0.33, 0.5, 0.75 were
taken from the COD crystallographic database [26] without
optimization of lattice parameters (to make them closer to
the experimental data). A hypothetical AuMg structure with
a NaCl-type lattice was taken as the initial one, and the
cell parameter was optimized for it. The same Hubbard
correction U = 2.5eV was introduced for all gold atoms.
The obtained alloy formation energies are listed in the table.
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All of them are negative, indicating that the alloys are stable
and the calculated data are correct. Since the formation
energy for the AuMg alloy (with a CsCl structure) turned
out to be the lowest, this alloy should be the most likely
to form if gold and magnesium are present in the required
proportion. Although the hypothetical alloy with a NaCl-
type structure also has a negative formation energy, it is
0.029 eV/atom higher than the one for the alloy with a CsCl-
type structure. Note that alloys with a high concentration of
gold (above 50at.%) should be the ones best suited for the
design of broadband light absorbers [22].

Figures 3,a,c,e,g present the results of calculation of
complex refraction indices of bulk AuyMg;_x alloys at
x =0.25, 0.33, 0.5, 0.75, while Figs. 3,b,d,f, h show the
corresponding extinction spectra for gold nanoparticles with
a diameter of 30nm in glass that are formed from alloys
with the calculated refraction indices. Comparing these
data with Fig. 2, one finds that the refraction indices are
much closer to those of magnesium than to the indices
of gold. This is reflected in the plasmonic properties
of nanoparticles. Specifically, the plasmon resonance of
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Figure 3. Comparison of the calculated complex refraction indices of AuxMg;_y alloys with various gold concentrations X = 0.25, 0.33,
0.5, 0.75 (a,c,e,g). Panels b, d, f, and & present the results of calculation of optical extinction spectra of nanoparticles 30 nm in diameter
in a dielectric matrix with n = 1.5, which have the compositions of the corresponding AuxMg;_x alloys. Arrows point at the bumps
attributed to the contribution of gold.
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Formation energies for the examined alloys and illustrations of the corresponding structures

Ilustration
of the structure

Alloy Au,Mgg AugMgs AusMgs AuMg(CsCl type) | AuMg(NaCl type) AuzMg
COD ID 1510237 1510235 1510233 9008804 - 1510506
Symmetry P63/mmc P —3cl Pnma Pm3m Fm—3m Cmecm
Au:Mg 1:3 1:3 1:2 1:1 1:1 3:1
Et, eV/Atom —0.009 —0.029 —0.035 —0.045 —0.016 —0.030

these nanoparticles is located in the UV region and its
positioning depends only weakly on the gold concentration
in a particle, indicating that the magnesium contribution
is dominant. The LSPR intensities also depend weakly
on the fraction of gold in all the examined alloys; the
sole exception is AuMg with a NaCl-type structure, which
exhibits an almost twofold reduction in intensity. As
the gold concentration increases, a bump emerges and
grows within the 400—500 nm wavelength interval. These
bumps, which are denoted with arrows in Figs. 3,b,d,f, A,
represent the contribution of gold. It is evident that the
refraction index of the AuzMg alloy (Fig. 3,g) has more
pronounced features associated with gold (300—400 nm).
Just as in the NaCl-type AuMg alloy, the LSPR intensity
for AuzMg nanoparticles undergoes an almost twofold
reduction relative to the compositions containing fewer gold
atoms. At the same time, considerable broadening of the
LSPR band (from 300—400nm for AuMg with a CsCl
structure to ~ 200 — 450 nm) is observed. This broadening
is the result of growth of the bump associated with the
contribution of gold.

The obtained results verify the assumption made in [22]
that the use of AuyMg;_x nanoparticles of moderate
sizes (< 60nm) and a gold concentration below 50at.%
should not be a feasible route to absorption within a
wide wavelength range, while AuyMg;_x nanoparticles
containing more than 50at.% Au hold promise for the
design of broadband light absorbers.

3.4. Applicability of the Vegard’s law in
determination of the LSPR position

The applicability of the Vegard’s law in determination
of the LSPR position for gold-silver nanoparticles has
been considered in [21]. As was expected, the resonance
position for nanoparticles formed from disordered AuAg
alloys follows this linear law rather closely. Let us examine
the case of ordered alloys of gold and magnesium. Figure 4
shows the variation of position of the plasmon resonance
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peak in AuxMg;_y alloys with gold concentration. It can be
seen that the LSPR positions predicted for alloys are well
below the curve representing a linear behavior consistent
with the Vegard’s law. This differs from the results obtained
for nanoparticles formed from AuAg alloys and core—shell
AuAg nanoparticles [21]. The LSPR band position remains
almost unchanged (the deviation is < 5%) as the gold
concentration increases up to 33%,; therefore, one cannot
adjust the resonance position in nanoparticles of this kind
by varying their composition.

3.5. Characterization of the experimental
extinction spectrum of the AuMg/glass
sample

The calculated optical properties of AuMg alloys provide
an insight into the structure of real materials. Let us consider
an example extinction spectrum for a sample prepared by
irradiating a thin film, which was positioned on glass and
contained gold and magnesium, by a nanosecond laser (100
pulses, each with a mean fluence of 100 mJ/cm?). Since Au
and Mg were present in the initial film, it is to be expected
that nanoparticles produced under irradiation should also
contain these metals [19].

Since magnesium may evaporate completely or oxidize
and lose its plasmonic properties, an attempt at character-
izing the extinction spectrum of the produced composite
material with contributions of just the gold nanoparticles
taken into account was made first. Figure 5,a presents the
result of fitting the experimental extinction spectrum with
model contributions of gold nanoparticles with their sizes
distributed lognormally [33]. The distribution parameters
and the constant background contribution were varied to
obtain the best fit to the experimental curve. As one
can see, the experimental spectrum deviates considerably
from the theoretical curve plotted under the assumption
that gold nanoparticles are the only ones present in
the sample. This assumption also led to an unrealistic
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size distribution of gold nanoparticles (see the inset in
Fig. 5,a), which failed to provide even a remotely faithful
reproduction of experimental data. The comparison of
extinction spectra in Fig. 5 suggests that model contributions
of pure gold nanoparticles and their ensembles in glass
are not sufficient to characterize the experimental spec-
trum.

In order to obtain a better fit to the experimental extinc-
tion spectrum of the examined AuMg/glass nanocomposite,
contributions of monodisperse nanoparticles, such as mag-
nesium particles and AuMg particles with an alloy or core—
shell structure, were added to the dominant contribution
of an ensemble of gold nanoparticles. The weight fraction
and characteristics of monodisperse nanoparticles (their size

Optics and Spectroscopy, 2023, Vol. 131, No. 9
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and the core size for composite particles) were varied
together with the parameters of the ensemble of gold
nanoparticles. The best fit (see Fig. 5, ) was obtained when
the contribution of the ensemble of gold nanoparticles was
summed with the contribution of particles with a core@shell
structure (a gold shell and an Aus3Mg alloy core). The
fitting procedure yielded a realistic size distribution of
»background” gold nanoparticles with a mean diameter of
~ 60nm and provided an estimate of the size of composite
nanoparticles: 8 and 16 nm for the core and shell diameters,
respectively.

4. Conclusion

The following facts were established by applying density
functional theory with a Hubbard correction (DFT+U) to
gold, magnesium, a series of alloys of these materials, and
AuMg nanoparticles.

The use of Hubbard parameter U = 2.5 eV for gold atoms
within the LDA+U approach allows one to characterize the
extinction spectra of gold nanoparticles. The wavelength
and the intensity of localized plasmon resonance may then
be determined with an error of ~ 10nm and ~ 18%,
respectively.

The calculated formation energies indicate that the AuMg
alloy with a CsCl structure has an energetic advantage over
other alloys. The extinction spectra of nanoparticles of
Auy,Mg_y alloys at gold concentrations X < 50% are close
to the spectra of pure magnesium nanoparticles.

The AuzMg alloy with a Cmcm structure holds the most
promise for production of broadband light absorbers.

Calculated refraction indices were used to determine the
structural features of a material synthesized in the process of
laser melting of a film that contained gold and magnesium
and was positioned on glass. The best fit to the experimental
extinction spectrum revealed that both an ensemble of gold
nanoparticles and composite nanoparticles with an AuzMg
alloy core and a gold shell were present in this composite
material.
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