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On the existence of a local dipolar plasmon mode in doped small gold atomic arrays
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Impurity doping in atomic chains provides a potentially effective way to adjust its electronic excitation.
Recently, it was reported that doping transition-metal atoms into small gold atomic chains induces a local dipolar
plasmon mode which corresponds to charge oscillations around the impurity atoms, whereas our studies indicate
that such a local mode does not exist. In this paper, using time-dependent density functional theory, we exten-
sively investigate the excitation properties of plasmons in doped gold nanostructures. Our results show that all the
plasmon peaks are affected by impurity, and the corresponding plasmon modes mutate into different forms com-
pared to pure gold atomic chains. The propagation of charge oscillations in some plasmon modes is blocked in the
doped chain, so that the charges oscillate mainly in half of the chain. Furthermore, the 5d electrons of gold atoms
reduce the energies and intensities of plasmon resonances for both the transverse and longitudinal modes, and
cause the end and center features of the induced charge distributions to nearly vanish in the transverse plasmon

modes.
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I. INTRODUCTION

Metal atomic structures play an essential part in opto-
electronics due to the unique properties of surface plasmon
resonances such as local- and near-field enhancement, sub-
wavelength binding of electromagnetic waves, and selective
absorption of light [1-7]. The metal materials exhibit sig-
nificant plasmon resonances in different scales. In terms of
small clusters, Kummel et al. [8] have theoretically proved the
existence of density oscillations even for the smallest metal
clusters. Compared with large-scale structures, atomic struc-
tures with nanoscale dimensions make the quantum effect
more obvious [9—12]. When the nanoparticles are subjected
to an applied external electromagnetic field, free electrons on
the surface of an atomic structure are polarized and produce
a recovering force, which makes the free electrons oscillate
periodically on the nanoparticle surface and results in an
increase of electric field intensity. This phenomenon is called
a “localized surface plasmon” (LSP) [13]. In addition, the
resonance frequency of LSP is always related to impurities,
atomic species, shapes, sizes, and the directions of the external
field [14-26]. For example, Luther et al. [27] demonstrated
that active on-chip control of localized surface plasmon reso-
nances can be achieved by free-carrier doping of a semicon-
ductor nanocrystal. Shu et al. [28,29] explained that the tun-
able plasmons can be implemented by changing the number
of layers in N-doped graphene nanostructures. Meanwhile,
Conley et al. [30] also have reported that arrays of mixed
noble- and transition-metal chains might be used to manipu-
late the plasmon resonances, splitting them into several peaks
and eventually achieving broadband photoabsorption. It is
worth mentioning that the relativistic and spin-orbit effects
have an important position in the plasmon resonances of noble

*apybyu@hnu.edu.cn

2469-9950/2020/101(8)/085421(10)

085421-1

metals. Khodabandeh et al. [31] demonstrated that for Au
atomic chains and rods doped by Ag atoms, the quantum ef-
fects, scalar-relativistic contributions, and spin-orbit coupling
can significantly affect the oscillation strengths and energies
of plasmon excitations. The influence of relativistic effects in
Au chains is greater than that in Ag and Cu chains [32]. In
addition, Gao et al. [33,34] introduced for the first time the
end (TE) and the central (TC) modes in a pure Na chain, and
then compared the differences and relations of K, Na, and
Ag chains. The single-particle transitions and the quantum
coherence of these transitions in the plasmon resonances
are also investigated in longitudinal and transverse modes
for Ag and Au nanowires [35-37]. With continual advances
in nanotechnology, researchers can already use scanning
tunneling microscopy or atomic force microscopy to observe
and to manipulate a single atom, which allows us to place a
dopant atom in an accurate position [38—41].

With respect to single-chain structures, the longitudinal
plasmons in gold chains doped with a transition-metal atom
(Ni, Rh, Fe) were comprehensively studied by Nayyar et al.
[42], and due to the dopant an additional plasmon resonant
peak appeared near the main peak in the optical absorption
spectra. They ascribed the additional peak to the local plas-
mon mode which corresponds to charge oscillations around
the impurity atoms, whereas they did not study the distribu-
tions of the induced charge. Motivated by their results and
interpretations, we investigate the distributions of the induced
charge at additional resonant peaks. Our results demonstrate
that such local plasmon modes do not exist in doped gold
atomic chains, and the impurity can only make the original
spectra and induced charge distributions change markedly.

In this paper, we present detailed and systematic inves-
tigations for gold atomic structures containing an impurity,
including a single atomic chain and a square array. We find
that in the Au chain the oscillations of the charge density from
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side to side are hindered by the dopant Ni on the longitudinal
modes, and the oscillations of s electrons in half of the doped
chain are suppressed on the transverse modes. Meanwhile,
transverse plasmon resonances with weak features of TE and
TC are disrupted by the effect of impurity. However, the local
dipolar modes reported in Ref. [42] are not found in the doped
Au chain. We also study the effects of 5d electrons on the
plasmon resonance, and find that the energies and oscillation
strengths of the plasmon resonance are considerably reduced
by the screening of d electrons and s-d coupling for both
the longitudinal and transverse modes, and the degree of
d-electron obstruction on the transverse oscillations of 6s
electrons is larger than that on the longitudinal oscillations.
In addition, the results for doped square arrays show that
local dipolar modes also do not appear in both the s- and
d-electronic oscillating regions, while the whole charge oscil-
lations in the two-dimensional (2D) modes are changed by the
impurity. Meanwhile, we find the edge mode and the center
mode when 5d valence electrons are not taken into account in
pure gold square arrays.

II. COMPUTATIONAL METHODS

The electronic excitations of small metal chains and arrays
are calculated using the time-dependent density functional
theory (TDDFT) method. All these calculations are based
on the real-time TDDFT (RT-TDDFT) code in the OCTOPUS
package [43,44]. The local density approximation (LDA)
[45,46] is used to describe the exchange-correlation potential.
We have tried different functions of exchange correlations,
and the results show that different exchange-correlation func-
tions have little influence on the optical absorption spectra.
Hartwigsen-Goedecker-Hutter pseudopotentials are used, and
the pseudopotential can have a good effect instead of core
electrons and the nuclei [47]. Also, the gold nanostructures
are calculated taking 5d4'°6s' as valence electrons, unless
otherwise specified. All the atoms are fixed in the Carte-
sian coordinates. The atomic chains are along the x axis,
and the square arrays are perpendicular to the z axis. The
impulse excitations are applied to the nanostructures in the
longitudinal and transverse directions. In order to further
illustrate the resonance mechanism of the plasmon modes,
we calculate the induced charge distributions of the Fourier
transform corresponding to each resonant peak. All the slices
of the induced charge distributions are based on the method of
MULTIWEN [48]. Here, we will compare the calculated results
of the doped gold nanostructures with the pure ones.

The following is a brief description of the parameters used
in our calculation. The simulation zone is defined by assigning
spheres which surround each atom with a radius of 6 A and
a grid spacing is 0.25 A. The atomic spacing of gold atoms
is 2.89 A, which is obtained by experimental measurements
[49]. In the doped chains, the distance between Au and the
transition-metal atoms is maintained at 2.36 A, which is the
same as Nayyar’s parameter values. The distance becomes
2.89 A in the arrays to retain the square shape. In real-time
propagation, well-converged results are obtained after 15 000
time steps with a timescale of 0.003//eV and a momentum
increase of 0.05 1/A.
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FIG. 1. The optical absorption spectra of linear gold chains, with
a variable number of atoms from 2 to 20, to an impulse excitation
applied in the longitudinal direction.

III. RESULTS AND DISCUSSIONS
A. Plasmon resonances in a one-dimensional chain structure

Figure 1 shows the optical absorption spectra of gold
chains as a function of the length for longitudinal modes,
which are consistent with the results obtained by Lian et al.
[50] based on the linear response TDDFT (LR-TDDEFT). For
example, in the 20-atom gold chain (Aujg) the resonance
energies 0.55 and 1.35 eV agree well with their results, and
both the oscillation strengths are coincident quantitatively.
However, our results are very different from the ones calcu-
lated by Nayyar et al. using the LR-TDDFT method [42]. One
can see that in our results, the resonance energies of the peaks
are smaller than the values of Nayyar’s results, and most of the
resonant peaks with moderate optical strengths are distributed
in the region from 1 to 3 eV.

In the following, we will study the effects of impurities
on the plasmon excitations for doped gold chains. Nayyar
et al. [42] reported an additional plasmon peak in the optical
absorption spectrum of an Au chain doped with Ni, and
interpreted it as the local plasmon mode around the site of
the dopant Ni atom. Meanwhile, Li et al. [51] also employed
the same method to calculate the Ag chains doped with
transition-metal atoms (Fe, Cu, Ni, Rh), and reached the same
conclusions. However, the two groups did not present the
distributions of the induced dynamic charge that correspond
to the additional plasmon peaks. In order to verify their results
and conclusions, we recalculate the spectrum of the doped
chain Auj9Ni;-10, and the results are shown in Fig. 2. The
absorption spectrum of the chain Au9Ni;-10 is quite different
from that of the chain Au,g, especially in the visible light
range (1.61-3.10 eV). The plasmon peaks of the doped chain
become more complex, and the main peak at 0.64 eV has a
blueshift. On the other hand, we find that some additional
plasmon peaks appear in the doped chain, e.g., the peak at
1.22 eV in the doped chain AujgNi;-10 which is an Auy
chain doped with a Ni atom at site 10, and we call them “the
impurity peaks,” whereas, contrary to what was reported by
Nayyar et al., we do not find a significant impurity peak near
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FIG. 2. The optical absorption spectra of different atomic chains,
with the impurity atom at the middle (at site 10) or the edge position
(at site 20), to an impulse excitation applied in the x direction.

Energy (eV)

the main peak. When the dopant Ni is replaced by a Rh atom,
the main peak of the doped chain Au;9Rh;-10 at 0.65 eV has a
displacement in a similar way as in the chain Au;9Ni;-10, and
an unobvious additional peak appears in the point of 1.09 eV.
On the other hand, the absorption spectrum of the chain with
a hole at site 10 is similar to the spectrum of Aujy, which
has two plasmon peaks at 2.11 and 2.44 eV. This result can be
understood as a superposition of two spectra of Aug and Auy.
In addition, when the dopant Ni is at site 20, one can find that
the shape of the spectrum is very similar to that of the pure
gold chain Auyp, and the spectrum has only a small blueshift.
We speculate that the dopant in the end of the doped chain has
less effect on the longitudinal mode.

To further illustrate the conclusion mentioned above,
we calculate the Fourier transforms of the induced charge
distributions that correspond to those plasmon peaks,
where the formula of the Fourier transform is 5,0(7, w) =
[ exp (iwt)(—e)[p(F, 1) — p(7, 0)dt. Here, T is the total
evolution time of the electron wave functions, and p(7, t)
represents electron densities at position 7 and time 7. It
is worth pointing out that only the imaginary part of the
Fourier transforms of the induced charge distributions would
be presented because it corresponds to the optical absorption.
The resonance energies of the gold chain Auy, are 0.55, 1.35,
1.57,1.88,2.07,2.37,2.65,2.95,3.08, 3.43, 3.85,and 4.79 eV,
while the resonance energies of the doped chain Au;9Ni;-10
are 0.64, 1.01, 1.22, 1.37, 2.03, 2.24, 2.48, 2.70, 3.04, 3.37,
3.74, 4.15, 4.74, and 4.95 eV. After the calculations of all
the induced charge distributions at those resonance energies,
we do not find any mode of particular concern, especially
any local plasmon mode as described in Ref. [42]. Here, we
choose some representative charge distributions to show the
difference between the pure gold chains and the doped gold
chains. Figure 3 shows the induced charge distributions of the
main peaks for longitudinal resonances in the doped chain
Au9Ni;-10 and in the pure gold chain Auyy, where the in-
duced charges are in the plane z = 0 A. The induced charges at
the main peak in the inner and outer region of each atom have
opposite signs for the pure chain Auyg, as shown in Fig. 3(a),
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FIG. 3. The induced charge distributions of the Fourier transform
are in the planes z = 0 A, which correspond to the resonance energies
of the gold chain Au,, (a) 0.55 eV and (b) 1.88 eV, and the resonance
energies of the doped chain AuyNi;-10, (c) 0.64 eV, (d) 1.22 eV, and
(e) 2.03 eV, respectively. The impulse excitations are added in the x
direction.

which means that the oscillations of the induced charges in
the inner and outer regions of the atoms are opposite in
phase. Figure 3(c) shows the induced charge distribution at
the main resonant peak of the doped chain Au9Ni;-10, and in
comparison with Fig. 3(a) we find that the oscillating charges
are to some extent suppressed by the dopant, but the charges
in the vicinity of the impurity are significantly enhanced.
Figure 3(d) shows that at a resonance energy 1.22 eV the
dopant Ni seems to block the oscillation of the induced charge
from one side to another, and local polarizations appear in the
chain, which weaken the total polarization. The distribution of
induced charges at 2.03 eV shown in Fig. 3(e) is remarkably
changed by the Ni atom in comparison with Fig. 3(b), and
also the charges in the vicinity of the impurity are significantly
enhanced. In addition, in Figs. 3(b) and 3(e) one can find that
the induced charges distributed in the inner region occupy
a dominant position. By comparing various induced charges
under different conditions, we conclude that the impurity
atoms can lead to additional plasmon resonances, and give rise
to charge redistributions in the doped metal atomic chains;
however, for all the doped chains, in the distributions of
an induced oscillating charges we cannot find a local mode
of distribution in which the charges oscillate only around
the impurity as is described in Ref. [42]. By the way, with
different kinds of general gradient approximations (GGA),
such as GGA-PWO1 [52,53], GGA-PBE [54], GGA-AMOS5
[55,56], and hybrid GGA-B3PW91 [57], and the random
phase approximation, we also calculate the absorption spectra
and the corresponding induced charge distribution for all the
observable resonant peaks, and find that the obtained results
are in agreement with each other. Therefore, we believe that
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FIG. 4. The electron density of the ground state as a function of
x corresponding to the doped chain Au;gNi;-10 in (a). The charge
density —e(p — po) as a function of x shows that the electron density
p subtracts the “chain AujgNi;-10 without impurity scattering,”

00 = PAuyy T+ PNi — Pau, in (b).

no local mode of a plasmon, in which the induced charges
oscillate around the impurity, appears in the small atomic
chains, at least in the dipolar response case.

We now calculate the electron density of the ground state as
a function of x in the doped chain AugNi,-10, and the result
is shown in Fig. 4(a). In order to reveal the Friedel oscillation
obviously, in Fig. 4(b) we plot the charge density —e(p — po)
as a function of x. Here, p is the electron density of the ground
state in the doped chain Au9Ni;-10, and pg = pauy, + ONi —
PAy 18 the electron density of the “chain Auj9Ni;-10 without
impurity scattering,” where pa,,, is the electron density in the
pure chain Auyg, and pn; and pa, are the electron densities
of one Ni and one Au atom doped at site 10, respectively.
The definition of charge density in this way is because the
Ni atom has more valence electrons than the Au atom in the
calculation. Figure 4(b) displays the feature of charge density
induced by the impurity atom Ni. The Friedel oscillation only
extends to the region with a radius of 2—-3 atoms, which can
be also seen in the Mulliken charge distribution presented in
Ref. [42]. However, the local impurity charges do not give rise
to local plasmons. This seems to us that the Friedel oscillation,
which is the static charge fluctuation induced by an impurity
in the ground state, has little relation to the plasmon of
dynamic charges.

Next, we investigate the transverse plasmon modes of the
chain structures by applying an impulse excitation in the y
direction. Figure 5 shows the optical absorption spectra of
pure gold chains as a function of the length. It is not difficult
to find that the resonance energies of the plasmon peaks in
all pure gold chains are larger than 5 eV. The plasmon peaks
slightly shift toward blue with an increase of the chain length.
It can be understood that the transverse resonances are mainly
related to the interband excitation between the occupied and
unoccupied bands. The electron transition motivated by the
impulse excitation mainly occurs near the Fermi level, which
is less affected by the coupling of neighboring atomic orbitals.
On the other hand, the requirements of energies in the inter-
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FIG. 5. The optical absorption spectra corresponding to linear
gold chains, to an impulse excitation applied in the y direction, with
a variable number of atoms from 2 to 20.

band transition are greater than that in the intraband transition,
hence the low-limit resonance energy on the transverse modes
is larger.

In order to understand the effect of impurities on transverse
modes, we compare the optical absorption spectra in the y
direction of doped chains with the ones of pure gold chains, as
shown in Fig. 6. One can find that the spectrum of Aujghole;-
10 is similar to that of Au,g, and the spectrum of Au;gNi;-10
is similar to that of Au;9Ni;-20, but somewhat different from
that of Auyg. These results suggest that the impurity position
has little effect on the optical absorption spectra in the trans-
verse direction. This may be because the transverse modes
are mainly caused by the interband transition, which is only
slightly influenced by the effect of the dopant. Comparing the
spectrum of chain Au;9Ni;-10 with Auyg, one can find that the
three main peaks of Auyy around 6.31 eV merge to one peak
of AugNi;-10, which is very different from the longitudinal
case.

—T—Au_Rh-10" ' '

Strength (1/eV)

Energy (eV)

FIG. 6. The optical absorption spectra of doped gold chains and
pure gold chains, to an impulse excitation applied in the y direction,
with the impurity atoms including Ni, Rh, and a hole.
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FIG. 7. The induced charge distributions of the Fourier transform
of the transverse plasmon are in the planes z = 0A and z =14,
which correspond to the resonance energies of the pure chain Auyg,
(a) 6.13 eV and (b) 6.50 eV, and the resonance energies of the doped
chain Au9Ni;-10, (c) 6.31 eV and (d) 6.31 eV, respectively.

To elucidate the mechanism of these transverse plasmon
resonances, we now study the induced charge distributions of
the transverse plasmons. In Figs. 5 and 6, one can find many
resonant peaks, which correspond to the resonance energies of
the gold chain Auyg, 6.13, 6.35, 6.50, 6.69, 6.92, 7.15, 7.39,
7.70, 7.96, 8.26, 8.52, 8.77, 9.03, 9.26, 9.49, and 9.80 eV,
and the resonance energies of the doped chain Au;9Ni;-10,
6.31,6.55,6.77,6.99, 7.24,7.47,7.98, 8.23, 8.43, 8.77, 9.10,
and 9.46 eV. Similar to the discussion about longitudinal
resonances, we choose some representative charge distribu-
tions to show the difference between the pure gold chain and
doped chain in Fig. 7. Here, Figs. 7(a) and 7(b) show the
charge distributions at the two main resonant peaks of the
pure gold chain Auyj, which somewhat display the features
of TE and TC modes [33,34]. The oscillation strengths of
plasmon resonances in both sides of the chain are stronger
than that in the middle in Fig. 7(a), while the strength of
the plasmon resonance in Fig. 7(b) is opposite to it. One can
find that the characters of TE and TC modes are not obvious,
and below we will illustrate that the phenomenon is due to
the effect of 5d electrons . Figures 7(c) and 7(d) show the
charge distributions in the planes z =0A and z = 1 A for
the main peak of 6.31 eV in the doped chain Au;9Ni;-10,
which is between the two peaks of 6.13 and 6.50 eV in the
Auyo chain, and can be regarded as a merging of the two
transverse modes into one mode due to the dopant Ni. One
can find that Fig. 7(c) exhibits a more complex structure than
Figs. 7(a) and 7(b), and in the plane z = 0 A the polarization
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FIG. 8. The optical absorption spectra of Au;s and Auyy without
the 5d valence electrons (bottom panel), and the one of Au,, with 5d
valence electrons (top panel). The impulse excitations are applied in
the longitudinal (left) and transverse directions (right), respectively.

of the charges on the left seems to be opposite to the right,
while in the plane of z = 1 A they are the same. Meanwhile,
the oscillation strength of the induced charge on the left is
much weaker than on the right. This indicates that the dopant
weakens the oscillation of induced charge on the left. Since
d electrons are relatively closer to the nucleus of Au atoms
than s electrons, we infer that the charge oscillations in the
outer shell are dominated by 6s electrons, and the ones in
the inner shell are dominated by 5d electrons. Based on these
two points, we conclude that the impurity disrupts the original
two transverse plasmon resonances mainly by suppressing the
oscillation of s electrons in half of the doped chain.

In order to further understand the effect of 5d electrons on
the plasmon resonances, we calculate the optical absorption
spectrum of the Auyy chain only taking 6s' as the valence
electrons. In this case not only is the effect of d-electron
screening [58] to the 6s electrons ignored, but also the s-d
hybridization [59] is not considered. The optical absorption
spectra are clear the resonant peaks are the same as the ones
found by Liu and Zhang using the RT-TDDFT method [60]. In
addition, Wang and Ke [61] reported the TE and TC modes of
transverse excitation plasmons in Au chain doped with two Ni
atoms. However, we calculate the optical absorption spectra
of chain AujeNip oy without 5d valence electrons, which are
in good agreement with their result, where Au;sNiy ) is the
chain Au;g doped with two Ni atoms at sites 9 and 10. There-
fore, the studied chains in Ref. [61] are in fact the ones without
5d valence electrons. As a concrete example, the spectra of
the Auyy chain are shown in Fig. 8, where the main resonant
peak (at 0.55 eV) of the chain with 5d valence electrons has a
redshift compared with that (at 0.76 eV) of the chain without
5d valence electrons. The observed redshift of the plasmon
peaks can be qualitatively explained in terms of the s-d screen-
ing interaction, and the s-d and p-d hybridizations in the
collective excitations. The screening of d electrons causes an
overall lowering of resonance energy of the spectra as pointed
by Liebsch [62], and the s-d and p-d hybridizations diminish
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FIG. 9. The induced charge distributions of the Fourier transform
of pure chain Auy, are in the planes z = 0A and z=1A. (a) and
(d) are longitudinal charge oscillations at resonance energies 0.76
and 0.55 eV, respectively. (b), (c), (e), and (f) are the transverse
charge oscillations at resonance energies 6.79, 7.16, 6.13, and
6.50 eV, respectively. 5d valence electrons are not taken into account
in the figures of the left column, while they are considered in the
other figures of the right column.

the energy-level interval. On the other hand, in the chain with
5d valence electrons the oscillation strength of the spectrum
is significantly reduced, which may be because the electron
mobility is reduced by the s-d coupling. This is shown clearly
in Fig. 9, which are the induced charge distributions in
atomic planes z = 0 A and z = 1 A, respectively. Figure 9(d1)
indicates that in the chain with 5d valence electrons the
longitudinal oscillation has a phase difference of = between
the inner and outer space of the atoms. Since 5d valence
electrons are mainly localized in the inner shell of atoms,
this phase difference illustrates the electric screening between
the charges of s and d electrons, and hence the oscillation of
s-electron charges is suppressed. A similar case can be seen in
the transverse oscillation [Figs. 9(e) and 9(f)]. By comparing
Figs. 9(b2) and 9(e2), we find that the oscillation strength
of 6s electrons without the effect of 54 valence electrons is
much stronger than the one with the effect of 54 valence
electrons, while the oscillation strength of the induced charge
in Fig. 9(a2) is only slightly stronger than Fig. 9(d2). We
can conclude that the degree of d-electron obstruction on the
transverse oscillations of 6s electrons is more considerable
than on the longitudinal oscillations. It is worth mentioning
that we have used real-time propagation along with scalar-
relativistic pseudopotentials to calculate the absorption spec-
tra, as done by Yan et al. [34]. In Fig. 8, the longitudinal opti-
cal absorption spectrum of Au;¢ without 5d valence electrons
is quite close to the results at the nonrelativistic level reported
by Khodabandeh et al. [31], but has a somewhat blueshift
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FIG. 10. The optical absorption spectrum of doped gold array
Au7,7-Ni(4,4) including a dopant Ni at site (4,4), by comparing with
the spectrum of pure gold array Au;.;. The figure in the last row
does not take into account 5d valence electrons. The direction of an
impulse excitation is parallel to the plane along the x axis.

relative to the latter; the blueshift becomes larger, and the
strength is suppressed in comparison with the results at the
scalar-relativistic and fully relativistic levels. This indicates
that the influence of d electrons on the plasmon spectrum
would be enhanced by considering the relativistic effect, as
shown in Ref. [31] that the d electrons and relativistic effects
have the same influence on the strength and energy of plasmon
resonance.

B. Plasmon resonances in a two-dimensional array structure

Similarly, we investigate the plasmon excitations in square
arrays. Figure 10 shows the optical absorption spectrum of
the 2D doped gold array Au;,7-Ni(4,4) compared with the 2D
pure gold array Auy.7. Here, the impulse excitation is applied
in the x direction. The resonance energies of the square atomic
array Auy,; are 2.29, 2.80, 3.23, 3.49, 3.72, 4.09, 4.30, 4.64,
498, 5.32, 5.69, 591, 6.29, and 6.53 eV, while the resonance
energies in the doped array Au;,7-Ni(4,4) are 2.20, 2.35,
2.68, 2.89, 3.28, 3.53, 3.73, 4.03, 4.31, 4.57, 4.78, 5.32,
5.83,6.02, 6.41, and 6.74 eV, respectively. Because there are
many plasmon peaks with roughly equivalent strengths in the
optical absorption spectra, we only discuss those peaks having
obvious oscillation strengths. The strengths of the three peaks
(i.e., 2.68, 4.31, and 5.32 eV) in the doped square array are
smaller than those in the pure square array (i.e., 2.80, 4.09, and
5.32 eV). Also, with the effect of the dopant Ni, the peak in
the pure square array with a spread around 4.64 eV splits into
two peaks at 4.57 and 4.78 eV. We can observe that the peaks
become unsharp, and the number of plasmon peaks increases
due to the effect of the impurity. The results show that the
impurity changes the whole spectra of 2D arrays. In order
to study the effect of d electrons, we also present the optical
absorption spectrum of the pure gold array Auy.; without 5d
valence electrons in the bottom panel. The structure of this
spectrum is simple and clear, and has only one large main
peak at 2.82 eV. This illustrates the significant effect of 5d
valence electrons on the plasmon excitations in the square
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FIG. 11. The induced charge distributions of the Fourier trans-
form in the plane z = 0 A corresponding to the longitudinal plasmon.
The resonance energies of the pure gold array Auy,7 are (a) 2.80 eV,
(b) 4.09 eV, and (c) 5.32 eV. The resonance energies of the doped
gold array Auy,7-Ni(4,4) are (d) 2.68 eV, (e) 4.31 eV, (f) 4.78 eV,
and (g) 5.32 eV, respectively. Without the effect of d electrons, the
induced charge distributions of resonance energy 2.82 eV are shown
in (h).

array. Recently, Xue et al. [26] reported studies of plasmon
excitations in square atomic arrays by using a free-electron
gas model, in which the excitation field is a point-charge field
instead of an optical field, and in their results an absorption
spectrum for the half filling of electrons is similar to the above
result for the square without d valence electrons.

Figure 11 shows the induced charge distributions for the
longitudinal resonances in the square arrays. All the induced
charge distributions in the array display a similar pattern, and
we only show the results of the main peaks, the subpeaks, and
the additional peaks. The induced charge distributions in the
pure gold array for resonance energies 2.80, 4.09, and 5.32 eV
are shown in Figs. 11(a)-11(c), respectively. In the doped
square array, the resonance energies are 2.68, 4.31, 4.78, and
5.32 eV, and the corresponding induced charges are shown
in Figs. 11(d)-11(g). In the doped array the induced charges
around the dopant Ni at a peak of 2.68 eV have a larger
oscillation strength than the charges at the same position and a
corresponding peak (at 2.80 eV) in the pure gold array, while
the induced charge distributions of the two additional peaks
(at4.31 and 4.78 eV) are not found to have obviously different
characteristics. These results show that the impurity changes
the whole distributions of induced charge in the square arrays,
especially in the vicinity of the impurity, as was pointed out
in Ref. [21]. Meanwhile, here we also do not find a local
mode of the plasmon in which the induced charges oscillating
around dopant Ni appear in the 2D arrays. Figure 11(h) shows
the induced charge distribution at the peak of 2.82 eV in
the pure gold square array without 5d valence electrons. The
charge oscillation is antisymmetric with respect to the center
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FIG. 12. The optical absorption spectrum of the doped square ar-
ray Au;,7-Ni(4,4) including the dopant Ni at site (4,4), by comparing
with the one of the pure square array Auy,;. The figure in the last
row does not take into account 5d valence electrons. The impulse
excitation is perpendicular to the square arrays along the z axis.

line perpendicular to the direction of the impulse excitations,
and its amplitude reaches the maximum on the ends of the
array. This result is considerably different from the atomic
array with 5d valence electrons [Fig. 11(a)], and is somewhat
similar to the one reported by Wang et al. [17] for Na atomic
arrays, in which the induced charge is mainly distributed
around the four corners of the arrays. In a comparison of an
array with 5d valence electrons to one without 5d electrons,
the effect of d electrons makes the induced charge distribution
more complex.

Next, we study the out-of-plane plasmon mode by calcu-
lating the optical absorption spectra under an impulse excita-
tion in the direction perpendicular to the 2D atomic arrays.
Figure 12 shows a comparison of the optical absorption
spectrum of the doped square array Au;.7-Ni(4,4) with a
pure square array Au7.7. The resonance energies of the pure
square array Ausyy are 6.11, 6.22, 6.49, 6.85, 7.20, 7.44,
7.67, 7.91, 8.30, 8.59, 9.04, 9.53, and 9.90 eV, while the
resonance energies of the doped square array Auyy7-Ni(4,4)
are 6.11, 6.44, 6.89, 7.20, 7.46, 7.71, 7.86, 8.16, 8.54, 8.98,
9.23, 9.62, and 9.87 eV, respectively. It can be easily seen
that the absorption onset is roughly 4.5 eV, somewhat lower
than that of the one-dimensional (1D) situations. This may be
because the band gap of 2D systems is smaller than the 1D
band gap. Meanwhile, the impurity causes the intensity of the
main peak to decrease, and some of the secondary peaks split
in two or merge, but the overall spectrum changes little. In
addition, for the pure square array Auy,; without 5d valence
electrons (see the bottom panel of Fig. 12) the absorption
spectrum of a transverse excitation is above 7.5 eV, and the
resonance energies are 8.03, 8.15, 8.43, 9.05, 9.26, 9.44, 9.67,
and 9.92 eV. We can extrapolate that the degree of the redshift
caused by the effect of 5d valence electrons in 2D systems is
greater than the 1D case.

The induced charge distributions of the transverse-mode
plasmons in 2D arrays are presented in Fig. 13. As mentioned
above, 5d electrons make a prominent contribution to the
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inner induced charge, and 6s electrons dominate the outer
induced charge. In order to get a better understanding of
the transversely induced charge distributions of the square
arrays, and to observe the clear oscillation mode of s electrons
(the s electron plays a major role in the oscillation mode
for Au), here we take the integral of the induced charges
along the z axis in the range (—oo, —1), (—1,0), (0,1), and
(1, 00), respectively, but only show the positive parts (the
induced charge distributions are antisymmetric along the z
axis). The main peaks correspond to resonance energies 6.49,
8.30, 8.59, and 9.04 eV in the pure square array Au;7, which
are compared with resonance energies 6.44, 8.54, 8.98, and
9.23 eV in the doped square array Auy,7-Ni(4,4), respectively.
Both in the doped and pure square arrays, the induced charge
distributions are symmetrical in the xy plane. The dopant Ni
changes all the induced charge distributions, especially in
the region around the doped site, e.g., at a resonance energy
8.54 eV the oscillation of the induced charge in this region is
much stronger than the others, as shown in Fig. 13(f1). Away
from the doped site, we observe that the oscillation strength
of the induced charge in the corner sites experiences small
changes by comparing Figs. 13(el) with 13(al). This change
is more obvious in the range (1, co). The charge retains strong
oscillation in the four corners of Fig. 13(e2), while it is weak
in the corners of Fig. 13(a2). However, the plasmon mode
in which the oscillating charge is localized around the Ni
atom is not found in both the s- and d-electron regions, and
this means that for the out-of-plane plasmons the localized
mode still does not exist. In addition, we do not find the
obvious features of the TE and TC modes in the pure and
doped square arrays. Meanwhile, in Figs. 13(i)-13(1) we also
present the induced charge distributions of plasmon resonance
in a pure gold square array Auy.; without 54 valence elec-

trons, where the range of the integral of induced charges
is (0, c0). Here, two types of modes, which are similar to
TE and TC modes in atomic chains, can be observed very
clearly. The two modes correspond to the charge distributions
at resonance energies 8.03 and 8.15 eV and 9.26 and 9.44 eV,
respectively. In Figs. 13(i) and 13(j) the collective oscillations
appear on the four edges of the array, while in Figs. 13(k)
and 13(1) the collective oscillations are observed in the wide
central area, and we call them the edge mode and center
mode, respectively. These plasmons are a bit similar to the
transverse modes in Ref. [17]. Therefore, this indicates that
the disappearance of the edged and the central characteristics
of the transverse modes are caused by an increase in s-d
screening and s-d coupling in the 2D array structures.

IV. CONCLUSIONS

Based on the TDDFT calculations, we have systematically
compared the electronic excitations of pure gold nanostruc-
tures with doped gold nanostructures. The primary conclu-
sions to be drawn from the present work are as follows:

(1) The doped gold chains with a dopant Ni may produce
impurity peaks in longitudinal resonance, and the impurity
redistributes the corresponding oscillations of induced charge.
In the impurity states, the dopant Ni prevents the propaga-
tion of induced charge oscillation from one side to another,
whereas we do not find the local mode in which local elec-
tronic resonances surround the dopant atom as reported in the
literature.

(2) The low-limit resonance energies in the transverse
modes are larger than those in the longitudinal modes for the
atomic chain, which is because of the difference of the needed
energies coming from the interband and intraband transitions.
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The impurity position has less effect on the optical absorption
spectra in the transverse direction. The transverse plasmon
resonances with the unobvious features of TE and TC modes
can be disrupted by the impurity which mainly suppresses the
oscillations of 6s electrons in half of the doped chain.

(3) The studies of the effect of d valence electrons show
that the 5d electrons of gold atoms reduce the energies and
oscillation strengths of plasmon resonances for both the lon-
gitudinal and transverse modes, and cause the end and center
features of the induced charge distributions to be invisible in
the transverse modes.

(4) In two-dimensional (2D) gold arrays, with the effect
of dopant Ni, the plasmon peaks become unsharp, and the
number of peaks increases when the impulse excitation is
applied in the x direction. The impurity also changes the
whole distributions of induced charge, especially around the

impurity. However, a local plasmon mode in which the oscil-
lating charge is localized around dopant Ni does not appear in
the 2D arrays. When the direction of impulse excitation is per-
pendicular to the xy plane, the absorption onset is somewhat
lower than that of the 1D situations, and the overall spectrum
affected by the Ni atom slightly changes. Meanwhile, the local
mode is not found in both the s- and d-electronic oscillating
regions. The 5d electronic screening and the s-d electronic
coupling can cause the edge mode and the center mode to
disappear completely in the square arrays.
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