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In this paper, we present a systematic computational study based on the density functional theory
(DFT), which aims to shed light on the potential effects of doping gold Au clusters with platinum Pt atom,
and to find new structural, magnetic and optical properties that platinum-doped gold clusters PtAu,
(n = 1-9) will have, so that clusters with the lowest and most stable energy are selected from the rest of the
isomers for each cluster size. Stable structures with lower energy reveal that they have three-dimensional
structures starting with n = 6. The process of doping gold Au, clusters with platinum Pt atom does not lead
to an improvement in their stability, but we find that all the properties, whether magnetic or optical,
changed for Au, clusters after doping with platinum. All calculated properties were discussed and com-
pared with similar previous studies, where the magnetic moment, absorption, reflectivity, optical conduc-
tivity, refractive index, and damping coefficient showed impressive results as a function of the cluster size.
All properties computed by the generalized gradient density approximation (GGA) were compared with the
local density approximation (LDA). In general, the results showed that doping Au. clusters with platinum
atom significantly changed their properties.
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1. INTRODUCTION

In the last few years, there has been a growing in-
terest in the physics and chemistry of nanocluster sci-
ence. The researchers' work focused on re-searching to
find the unique properties of these clusters, whose
unique structure between the molecule and the size
(mass) was the main reason for theoretical researchers
to delve into the understanding of the transition from
atoms to clusters, molecules and finally to solid state.

For several years, great effort has been devoted to
the study of the structural and chemical properties of
mixed bimetallic clusters. This type of clusters is very
important in its use thanks to the possibility of using it
according to special requests.

Nano-sized bimetallic groups have received great
attention due to their wide applications in many fields,
including optics, magnetism and catalysis [1], and be-
cause they have physical and chemical properties that
change with size as a result of the surface change with
size. The nanoclusters made of noble metals, especially
PtAu. nanoclusters, are attractive catalysts [2]. The
physical and chemical properties of bimetallic clusters
depend not only on the size and shape, but also on the
atomic structure of two metallic elements [3]. There-
fore, the researchers were interested in doing current
studies to find new structural and electronic variables
that the groups have due to their new size [4, 5].

Both particles of noble metals such as gold and plat-
inum have wide applications, whether in organic chem-
istry, where they play an important role in protein
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delivery [6] or cancer treatment [7], the ability to resist
fungi [8]. Because of their potential as optical sensors
contributing to phototherapy, they generally play a
broad role in sensor synthesis and biomedicine [9, 10].
Platinum particles are also included in the catalytic
oxidation of blue carbon, as well as in the general elec-
trochemical behavior of amino compounds, and general-
ly in many applications in various fields [11, 12].

2. DETAILS OF CALCULATIONS

The electronic structure calculations of PtAux
(n=1-9) clusters were performed using the density
functional theory (DFT) [13], as implemented in the
SIESTA program [14]. It is noted that this code uses
norm-conserving Troullier-Martins nonlocal pseudopo-
tentials [15], and, at the same time, as the researchers
note, shares flexible basis sets of localized Gaussian-
type atomic orbitals. The exchange correlation energy
was evaluated using the generalized gradient approxi-
mation (GGA) parameterized by Perdew, Burke, and
Ernserh (PBE) [16] and local density approximation
(LDA) [17]. The self-consistent field (SCF) calculations
were carried out with convergence criterion of 1 x 10~
4 a.u. for the total energy; we used a double { (DZ) basis
with polarization function for Pt and Au atoms. For an
energy shift parameter of 50 meV, the variation density
was intended in a regular real-space grid with a cut-off
energy of 170 Ry. The simulated clusters were posi-
tioned in a big cubic supercell with a parameter of 30 A,
including enough vacuums between neighboring clus-
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ters and periodic boundary conditions were executed.
To sample the Brillouin zone, only a single k-point
centered at I' was used because of the extended size of
the super cell. The conjugated gradient method within
Hellmann-Feynman forces was used and all the forces
after structural relaxation were less than 10 -3 eV/A.
We first searched for the lowest-energy structures of
pure Au, clusters with 2-10 atoms. Second, the most
stable ground state structures obtained for Au, clusters
were doped through substitution with one Pt atom.
Then, the obtained Pt-Au. clusters were optimized
until reaching their ground states. In order to get low-
est-energy structures of PtAu, clusters, several initial
isomeric structures, including some high and low sym-
metries, were optimized by placing one Pt atom in dif-
ferent possible sites of the pure corresponding Au, in
order to get as close as possible to the low energy struc-
ture. Then, we cannot be sure that a more stable struc-
ture than those found in our calculations does not exist.
The aim of our study is to highlight the variation of the
properties of gold cage clusters due to the Pt doping
atom. We hope that this work would be useful to un-
derstand the influence of the Pt atom on the properties
of gold clusters and to provide some guidelines for the
probable future experimental studies. The calculated
study results were found to be consistent with the lite-
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rature, confirming the reliability of the study protocol
for simulating small Au clusters.

3. RESULTS AND DISCUSSION

3.1 Structural Properties of Aun+1 and PtAun
(n =1-9) Clusters

The calculated structural properties of pure gold
and platinum-doped gold clusters depend on the groups
structure, in addition to the positions of the atoms and
the average bond length between them; the DFT was
chosen using GGA and LDA to reach the most stable
structures with lower energy. In this work, we have
come up with the electronic structures of the most sta-
ble groups using the application of annealing simula-
tion (AS), which has gone through the following stages.

= The first stage: a random group of atoms is placed
in the block simulation box.

=  Stage 2: we raise the system temperature until it
is about 1000 K in a total of 1000 iterations.

= Stage 3: the system temperature is stable at
T =1000 K for about 500 iterations.

=  Stage 4: we gradually reduce the system tempera-
ture until ¢ =0 K in 1000 iterations.

Fig. 1 and Fig. 2 represent the most stable pure gold
and platinum-doped groups, respectively.
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Fig. 1 — The most stable Au, (n = 2-10) clusters
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Fig. 2 — The most stable PtAu, (n = 1-9) clusters

3.2 Magnetic Properties

The magnetic moment is defined as the difference
between the total number of spin-up electrons and the
total number of spin-down electrons. All the calculated
magnetic moment results for pure gold Au, +1 and plat-
inum-doped gold PtAu. clusters are shown in Fig. 4a
and Fig. 4b, respectively, where two figures represent
the magnetic moments of Aun+1 and PtAu. clusters in
terms of cluster size in both approximations used, GGA
and LDA, respectively.

We note that Aun+1 clusters have magnetic mo-
ments except for Aus, Aus and Auio clusters, while we
find that platinum-doped gold PtAu, clusters also have
magnetic moment values except for n =2, 3, 4, 6, and 8
clusters, which are zero magnetic moment. Also, the
magnetic moment values recorded for all studied clus-
ters range from (1-2) upB, our results are also fairly close
to the results of [18].
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Fig. 3 — Magnetic moments of Au,+1 and PtAu, clusters in:
(a) GGA and (b) LDA approximations

3.3 Optical Properties
3.3.1Absorbance

Absorption occurs when electromagnetic radiation
falls on a material and the energy of photons is con-
verted into internal energy. The absorption coefficient
a is defined as the percentage of decrease in radiation
energy per unit distance in the direction of propagation
within the medium [18]. It is calculated as follows:

a=4nkiA, (1)

where 1 is the wavelength (cm 1), & is the coefficient of
extinction.

Fig. 4 represents the absorbance in terms of energy
changes for Auz and PtAu clusters.
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Fig. 4 — Absorbance of Auz and PtAu clusters

Light absorption occurs, that is, there is a value for
the upper and lower limits of the energy gap estimated
at 0.9 eV, which means that no direct electronic transi-
tions occur from the valence band to the conduction
band.

As for fields [0.9-2.5] eV, [7.5-8.55] eV, [10.8-11.5]
eV which correspond to [0-5000] cm —1, [0-12000] cm 1,
[0-11000] cm —1, respectively, we recorded low absorp-
tion. Except for these areas, we recorded peaks with
high absorption, where the highest peak of 90000 cm -1
was recorded at 7 eV energy.
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For the PtAu cluster, we notice that when the clus-
ter is exposed to minimum energy values, absorption
occurs at 12000 cm -1 and then decreases to notice its
increase and decrease at other times to record its high-
est value at an energy of 5.5 eV with a value estimated
at 78000 cm —! followed by two peaks of lowest intensi-
ty corresponding to energies of 8.5 eV and 11 eV with
values estimated at 30000 cm—! and 35000 cm 1, re-
spectively. It is also seen that the two absorption coeffi-
cients in Fig. 4 are identical based on an energy of
11.25 eV. Finally, we conclude that the Auz cluster is
characterized by high absorbance in the field of [4.5-
7.5] eV.

3.3.20ptical Conductivity

It is an electrical phenomenon in which a material
becomes more electrically conductive as a result of
absorbing electromagnetic radiation such as light, and
thus increasing electron gaps; this was achieved by the
relationship:

J(w)

o(@) =g @
where o is the optical conductivity (Sm/m), J is the
current density (A/m?) and E is the electric field (N/C).

Fig. 5 represents the changes in the optical conduc-
tivity value of Auz and PtAu clusters in terms of the
energy applied to them.
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Fig. 5 — Optical conductivity of Auz and PtAu clusters

Fig. 5 shows that in the energy field 0-0.9 eV there
is no optical conductivity for the pure gold Aus cluster,
while the opposite is recorded for PtAu with a small
peak of 27,000 Q/cm -1 at 0.5 eV. As for the Auz cluster,
the photoconductivity experiences either increase or
decrease, starting from 0.9 eV, where the optical con-
ductivity registers the highest intensity with a peak at
22500 Q/cm -1 at an energy of 6.5 eV, followed by the
two least intense peaks within this field estimated at
200 Q/cm -1 and 9500 Q/cm 1, respectively, while the
PtAu cluster recorded the highest intensity of the opti-
cal conductivity value estimated at 20000 Q/cm — 1.

Starting from an energy of 11.3 eV, it is observed
that the optical conductivity curves of both clusters are
similar.
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3.3.3. Refraction Index

The refractive index no is defined as the change in
the path of light rays from one transparent medium to
another [20]:

1
1+R)\2 2 14R
ny = [(ﬁ) = (k§ + 1)] e 3)
where k2 is the damping coefficient.
The following Fig. 6 represents the spectra of light
refractive index in terms of photon energy for Aus and
PtAu clusters.
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Fig. 6 — Refractive index of Auz and PtAu clusters

It can be seen from the figure that, as the energy of
photons incident on it increases, the refractive index of
the Auz cluster remains almost constant at the value
(1.0), except for some changes in the value at energies
of 4.8 eV and 6.4 eV, where a very slight increase in the
value of the refractive index is seen. As for the PtAu
cluster, at an energy of 0.1 eV, the refractive index had
the highest value, estimated at about (1.8) to start
decreasing, to reach a value of (0.89), and this is within
the energy range [0-0.5] eV.

The value of the refractive index gradually increas-
es due to the increase in the photon energy, reaching a
less intense peak than the previous one, estimated at
(1.1), and, starting from 7 eV, fluctuations of the refrac-
tive index around the value of 1 are observed for both
clusters.

3.3.4Damping Coefficient

The damping coefficient K is defined as the amount
of energy of photons of the incident radiation absorbed
by the electrons of the material [19] and is determined
by the relationship:

ko = alldr. 4)
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Fig. 7 represents the changes of the damping coeffi-
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¥ craTTi Mu mpesCcTaBIsSEMO CUCTEMATHYIHE 00YMC/IIOBAIbHE TOCITILKEeHHs, 3aCHOBaHe Ha Teopil PyHKIL-
onaiy rycruau (DFT), meToro sikoro e mposmTu CBITJIO HA IIOTEHINHI e)eKTH JIETYBAaHHS 30JI0TUX Au KJiac-
TepiB aromoM miatuHu Pt, a TaK0K yCTAaHOBUTH HOBI CTPYKTYPHI, MATHITHI T4 OITUYHI BJIACTHUBOCTI, K1 Oy-
IyTh MATHU JIETOBAHI IJIATUHOIO 30J10T1 Kyiactepu PtAu, (n = 1-9), Tak 1o Kjaacrepu 3 HAWHHMIKYOI Ta HAU-
OliIbII CTAOLIBHO0 eHeprield BUOMPAIOTHCS 3 PEINTH 130MepiB I KOKHOrO po3mipy kiacrepa. Crabiibmi
CTPYKTYPH 3 HHUKUYOI eHeprielo IMOKA3yloTh, 1[0 BOHU MAIOTh TPUBUMIDHI CTPYKTYPH, IIOYUHANYNA 3 N = 6.
IIporec sreryBaHHs 30510TUX KyacTepiB Au, aToMOM ILIATHHU Pt He IPU3BOAUTH JI0 MOKPAIIEHHS 1X CTa0L/Ib-
HOCTI, ajle MM BHABWJIM, II[0 BC1 BJIACTUBOCTI, OyIb TO MATHITHI 200 OIITHYHI, 3MIHUJINACA IJIs KJIacTepiB Au,
micyis JieryBaHHA aTroMaMu Pt. Vel pospaxoBaHi BJIacTHBOCTI OyJiv 0OroBOPEH] Ta IMOPIBHAHI 3 aHAJIOTTIHUME
TOIIePeIHIMH JOCTIIKeHHAMY, e MATHITHUM MOMEHT, IIOTJIMHAHHSA, BiJOMBHA 3IaTHICTh, ONTHUYHA IIPOBIJI-
HICTD, ITIOKA3HUK 3aJIOMJICHHS Ta KOe(iIlleHT 3aracaHHs, AKl 3aJIeaTh BiJ po3Mipy KjacTepa. ¥Yci BIaCTUBO-
cTl, 00YMCIIeH] 3a JOIIOMOroK0 HAOIMMKEHHsA y3arajbHeHol rpamienTHol ryctuau (GGA), mopiBHOBaIM 3 Ha-
Gsmsxennsam sokanbHol ryctuan (LDA). 3aranom pesysibraty mokasasiu, 10 JIETYBAaHHS KjacTepie Au, aTo-

Mamu Pt IIoMITHO 3MIHHMJIO IXHI BJIACTHUBOCTI.

Kmiouori cnosa: Teopis dyurmionany rycruau (DFT), Jlerysaumus, Kmacrep, CTpykTypHI BIacTHBOCTI,

Marwuitai Biactugocti, OOTHYHI BJIACTHBOCTI.
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