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The capability of collective excitations, such as localized surface plasmon resonances, to produce a versatile
spectrum of optical phenomena is governed by the interactions within the collective and single-particle responses
in the finite system. In many practical instances, plasmonic metallic nanoparticles and arrays are either
topologically or chemically heterogeneous, which affects both the constituent transitions and their interactions.
Here, the formation of collective excitations in weakly Cu- and Pd-doped Au nanoarrays is described using
time-dependent density functional theory. The additional impurity-induced modes in the optical response can
be thought to result from intricate interactions between separated excitations or transitions. We investigate the
heterogeneity at the impurity level, the symmetry aspects related to the impurity position, and the influence of
the impurity position on the confinement phenomena. The chemically rich and symmetry-dependent quantum
mechanical effects are analyzed with transition contribution maps demonstrating the possibility to develop
nanostructures with more controlled collective properties.
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I. INTRODUCTION

The interaction of light with finite metallic nanoparticles
and arrays can excite localized surface plasmon resonances
(LSPR). The collective oscillation of electrons emerges from
early descriptions of a degenerate electron gas [1]. Recently,
time-dependent density functional theory (TD-DFT) based
methods are applied to increasingly large systems, such as Au
[2] and Ag nanoparticles [3—5]. The prospect of improving the
understanding of the interaction among the electron-hole pairs
within plasmons has motivated exploration for photocatalysis
[6] or hot electron generation at metal-semiconductor in-
terfaces [7,8]. Goal-oriented studies necessitate investigation
of nanosystems which are not topologically or chemically
homogeneous for their unique pathways of plasmon formation
and decay. Introducing heterogeneity will affect the extended
electronic structure and its excitations.

Collective electron excitations, such as LSPR in nanoparti-
cles and molecular plasmons in smaller atomic arrangements
or molecules, can be analyzed as interactions between con-
tributing electron-hole transitions. Indeed, the identification
and analysis of the electron-hole contributions in excitation
peaks of photoabsorption spectra has become easily attainable
with analysis methods [9,10] alongside TD-DFT. A transition
contribution map (TCM) visually parses the energy of the
individual electron-hole transition contributions and informs
about the interactions between electron-hole pairs [10,11].
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Plasmons and single-particle excitations are also differenti-
ated by the distinct dependence on the Coulomb interaction
scaling parameter A [9]. Moreover, the generalized plasmonic-
ity index is an analogous method to quantify the contributions
from low-energy transitions [12] which shows clearly the
formation of the LSPR [13].

TCMs are increasingly practical for the analysis of plas-
monic systems [10,11,14-17]. TCMs of the intense pho-
toabsorption excitations have provided fundamental insight
into how the individual electron-hole contributions are pieced
together from the nodal structure of the delocalized sp states
within homogeneous metallic arrays of varying width [16].
States containing more transverse nodes become more ener-
getically stable and occupied in wider arrays. The collectivity
of the so-called molecular plasmon grows as more transitions
are possible.

Molecular plasmons exhibit effects from finite-size quan-
tum confinement, symmetry, and avoided crossings within
nanosystems such as metallic clusters [18-24], arrays
[16,25,26], chains [27-29], and conjugated and aromatic hy-
drocarbons [30-34]. As evidenced by previous computational
studies [16,25,26], double-chain atomic arrays of metals,
which we consider in this study, contain many of the physical
and chemical phenomena which are central to any molecular
plasmon. They exhibit plasmonic excitations arising from a
clearly identifiable nodal structure and a more discernible col-
lective character than a single chain. Further, two-dimensional
arrays require fewer atoms to study long structures without
needlessly increasing computational tractability. As shown
below, these advantages become clear when chemical hetero-
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geneity changes the symmetry and electronic structure and re-
sulting formation of molecular plasmons in arrays containing
substitutional dopants.

In this paper, we calculate the optical response of weakly
doped free-standing double-chain arrays using TD-DFT. The
geometries and the computational methods employed in the
TD-DFT calculations are described in Sec. II. In Sec. III,
the effects within homogeneous Au double-chain arrays are
briefly discussed. Then, we describe how the electronic struc-
ture and plasmonic features change when the double-chain
arrays are weakly doped with either Cu or Pd. The chemical
heterogeneity introduces phenomena that are distinct from
those found earlier in arrays containing mixed homonuclear
chains or homogeneous arrays of varying size. The origins of
the new phenomena are clarified with some of the analysis
methods described above.

II. METHODS

Gold (Au) atomic wires are constructed 10 to 20 atoms in
length. One atom in the chain is doped by substituting the
Au atom with either a noble (Cu) or transition metal (Pd)
at different positions along the chain, and then two similarly
doped chains are assembled to form arrays of heteronuclear
chains up to 5.5 nm in length (cf., Fig. 1). For brevity, the
finite-size double-chain array atomic nanosystems are called
arrays. A single Au chain 19 atoms in length and doped with
either one Cu or one Pd atom was also considered. To mimic
supported nanostructures in realistic systems, a square lattice
is assumed and the bond length is set to 2.89 A, as measured in
experimentally realized Au chains on the NiAl(110) substrate
[35]. Note that in a related earlier work it was found that
the absorption spectra are not very sensitive to changes in
the Au bond length in the range 2.5 to 2.89 A [36]. The
free-standing model allows a straightforward identification
and analysis of the nodal structure and discrete electron-hole
transitions. The emphasis on simple geometric and chemical
modification results in clear changes in the photoabsorption
spectra and electronic structure which can guide analyses of
measured systems.

The electronic structure of the free-standing doped nanos-
tructures was calculated with DFT [37,38] using the solid-
state modified GLLB-SC exchange-correlation potential [39]
which accurately describes the energy level positions of the
d states in noble metals [40,41]. We employ the GPAW code
package [3,42-44] based on the projector-augmented-wave
(PAW) method [45] and utilize the ASE package [46]. Elec-
tronic wave functions are expanded as linear combinations
of atomic orbitals (LCAO) [47] and occupied with less than
0.05 eV Fermi-Dirac smearing. Spin-orbit coupling was not
considered, but relativistic effects are included at the scalar-
relativistic level in the PAW setups. The pseudo wave func-
tions are evaluated in real space with a grid spacing of 0.3
A and the electron density and potentials are evaluated on a
doubly fine 0.15 A grid. The arrays are surrounded by at least
6 A of vacuum and the Hartree potential is evaluated on a
larger and coarser grid with at least 48 A of vacuum.

The optical response of each array and single chain was
calculated with TD-DFT [48]. The 10 x 2 arrays and sin-
gle chains were calculated within the Casida formulation of
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FIG. 1. Photoabsorption spectra of weakly doped double-chain
arrays. Photoabsorption spectra of a 10 x 2 (a) and 20 x 2 (b)
double-chain Au array doped with Pd or Cu within the array (off
center) compared to that of a corresponding pristine Au array. There
is one impurity atom in each chain, and the impurities are nearest
neighbors.

linear-response TD-DFT [49] and the LCAO time propagation
(TP) TD-DFT code [3]. In the Casida approach, the matrix
eigenvalue equation [49]

QF; = w'F; )]

is solved to yield the excitation energies w; and correspond-
ing Casida eigenvectors F;. The matrix 2 is constructed in
electron-hole space such that the Kohn-Sham (KS) excitations
i — aand j — b are written as

Qia,jbp = 01810 jb + 23 Frawiah Kia jo/ Fip@jp,  (2)

where f;, is the occupation-number difference, w;, = €, — €;
is the KS eigenvalue difference, and K, j, represents the first-
order interaction (“‘coupling”) between the excitations i — a
and j — b. The dimensionless scaling factor A provides a
transformation from the noninteracting framework at A = 0
to the fully interacting framework at A =1 [9]. Note that
the transformation scales the Hartree—exchange-correlation
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kernel with A and constitutes a possible path for interme-
diate values. The path depicts the renormalization of the
excitations with other transitions and allows analysis of the
nature of the excitations [9]. Here, the adiabatic PBE [50]
kernel is used. The Gaussian broadening of the spectra is o
=0.07 eV.

In the TP TD-DFT approach [3], the electron wave func-
tions are evolved after an initial external electric (in dipole
approximation) § pulse [51] along the long wire axis. The
time-dependent induced density provides the time-dependent
dipole moment from which the dynamical polarizability and
the ensuing frequency-dependent photoabsorption spectrum
are determined. The photoabsorption spectrum with Gaus-
sian broadening of o = 0.07 eV is obtained using a total
propagation time of 30 fs and a time step of 10 as. The
noninteracting spectra were calculated with the interaction
strength parameter (A) equal to 0. The spectrum calculated
using the TP method with full interaction was equivalent to
the optical spectrum from the Casida formulation.

Both for the Casida and TP formulations of TD-DFT, the
linear response of the real part of the KS density matrix
3 pia(w) and the corresponding dipole matrix elements allow
the photoabsorption spectrum to be decomposed into con-
tributions from individual discrete electron-hole transitions
[10,11]. The different discrete electron-hole transitions are
denoted by spots on a two-dimensional map [cf., Fig. 2(a)]
with an intensity proportional to the normalized photoabsorp-
tion decomposition weight of the KS electron-hole transition
(Sia/S) [see Eqgs. (17) and (21) in Ref. [10]]. The red (blue)
color of the spots corresponds to the positive (negative) sign
of the photoabsorption decomposition of the transition. The
extent is given by a two-dimensional Gaussian broadening
function (orcm = 0.04 eV) and is distinct from the broad-
ening of the photoabsorption spectrum o. In this paper, the
initially unoccupied and initially occupied energies €, and
€, and density of states (DOS) are given on the vertical
and horizontal axes of TCM, respectively. The photoabsorp-
tion energy is noted as w and spots on the line w = ¢, —
€, correspond to the electron-hole transition contributions
which are not affected by the Hartree—exchange-correlation
interactions.

The induced density can be decomposed into partial den-
sities corresponding to the different electron-hole transition
contributions. The density contribution from the transition
from an occupied ground state wi(o)(r) to an unoccupied
ground state ¥(?(r) is given by

8nia(r, w) = 29 @) V% ()8 pia () 3)

and the density contributions sum to the total induced electron
density én(r, w) = Zf: én;,(r, ). Further theoretical details
about these analysis tools can be found elsewhere [10].

Some of the nanowire systems were also calculated using
Gaussian 03 [53] with a B3PWO91 hybrid functional [54-56]
and a LanL2DZ basis set [57]. The main features of the pho-
toabsorption spectra were consistent with the results herein
(see Supplemental Material [58]).
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FIG. 2. Homogeneous 10 x 2 Au array. (a) Contributions to the
plasmonic excitation at w = 1.48 eV. The total induced density is
shown in the inset and relevant KS orbitals are provided adjacent to
the density of states. (b) A-dependent photoabsorption spectra of the
array. The red dots denote the A-dependent pseudoexcitation energies
of two interacting KS transitions (v¢_.7 and the HOMO — LUMO).
The partial induced density of each KS transition is shown adjacent
to the noninteracting spectrum, and the total induced density of the
low-energy excitation is shown adjacent to the spectrum with full
interaction. The arrow indicates the photoabsorption mode analyzed
in the TCM.

III. RESULTS AND DISCUSSION

Nanoalloy arrays contain numerous physical and chemical
aspects fundamental to molecular plasmonics in chemically
heterogeneous systems. In this section, the photoabsorption
modes in the spectra of 10 x 2 and 20 x 2 Au arrays weakly
doped with Cu or Pd (Fig. 1) are described qualitatively.
In the subsequent subsections, TCMs and the A scaling of
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the collective response are used to examine the interactions
among the electron-hole contributions and their influence on
the plasmon formation.

Molecular arrays with varying number of chains have been
examined elsewhere [16,25,26] and have a nonmonotonic
shift of the plasmon frequency due to the evolving subband
structure and nodal planes. TCMs demonstrated an increase
in collectivity as the transitions within each contributing sub-
band become more numerous [16]. Double-chain Au arrays
were shown to have a strong photoabsorption mode from
predominantly the subband with zero transverse nodes (with
nodal surfaces parallel to the chain axis) [16]. Strong well-
resolved peaks are seen in Fig. 1 for the absorption spectra
of the 10 x 2 and 20 x 2 arrays which are the basic model
systems considered in this paper.

Elongating the arrays will modify the subband structure
and shift the plasmon frequency. The 10 x 2 Au array has an
intense photoabsorption mode at 1.48 eV as seen in Figs. 1(a)
(black line) and 2. The photoabsorption mode redshifts to
1.05 eV in the elongated 20 x 2 array as seen in Figs. 1(b)
(black line) and 3(a).

Introducing chemical heterogeneity to the Au array by
doping can shift the energy of the mode or generate additional
strong photoabsorption modes. For example, a split of the
plasmon mode is observed when Cu doping is used within
the small array [Fig. 1(a)]. The arrays are an even number of
atoms in length and the dopants are situated just off center
the middle of the array as shown in the cartoon. The modes
coalesce into an unresolved strong mode by lengthening the
Cu-doped array [Fig. 1(b)]. The situation is different for Pd-
doped arrays; two or more additional peaks form irrespective
of the array length. This behavior differs qualitatively also
from the case in which a whole chain of Pd atoms replaces
a chain of Au atoms in a mixed double-chain array, i.e., the
Pd row substitution quenches the plasmon of the Au double
chain [16].

The photoabsorption spectra of homogeneous and doped
single chains 19 atoms in length are shown in Fig. S1 [58].
The second chain focuses the electron density between the
chains, which leads to a blueshift of the plasmon energy
from homogeneous single- to double-chain arrays. The shift
in plasmon energy for arrays of vary width is reflected in the
work function and electron density spillout and is discussed in
detail elsewhere [16]. A high-energy shoulder appears in the
photoabsorption spectrum of a Cu-doped single chain when
the dopant is positioned in the interior (Fig. SIA [58]). A
single intense mode appears when a Pd atom is positioned at
the end of a single Au chain (Fig. S1B [58]). The plasmon
energy shifts to a higher energy when the Pd is located in the
middle of the chain. Details regarding the influence of a single
Cu or Pd dopant on the photoabsorption spectra of a single
chain 19 atoms in length are provided in the Supplemental
Material, Figs. S2 and S3 [58].

In the following sections, we discuss how the plasmonic
features of Cu- or Pd-doped Au arrays are determined by
their electronic structures and point-group symmetries. The
hybridization of states in nanoscale particles and interactions
within the homogeneous and chemically heterogeneous arrays
are identified and characterized using TCMs, group theory,
and the A-scaling approach.
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FIG. 3. Homogeneous 20 x 2 Au array. TCM of the photoab-
sorption excitations at (a) 1.05 and (b) 2.08 eV. The total induced
density of each excitation is shown in the inset and relevant KS
orbitals are provided adjacent to the density of states.

A. Homogeneous double-chain array

In this section, the plasmon formation within homogeneous
Au arrays is described using TD-DFT methods and TCMs of
the KS transition contributions. The symmetry and interaction
between the transition contributions in the chemically pure
arrays form the basis of the later discussion of chemically
heterogeneous systems.

The undoped 10 x 2 Au double-chain array has a single
intense mode at @ = 1.48 eV and the construction of the
electronic excitation from the individual KS transition con-
tributions is illustrated in the TCM in Fig. 2(a). The electronic
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excitation consists of a contribution from the KS transition
between sp-delocalized states with six and seven longitudinal
nodes (with nodal surfaces transverse to the chain axis),
Vg7 or (6,0) — (7,0) wherein (I,t) denotes the number
of longitudinal / and transverse ¢ nodes. This contribution is
shown as a bright red dot on the TCM. The transition is clearly
below the line €, — €, = w which reflects the increase of the
excitation energy due to the interaction [9,10]. The KS orbitals
of the initial and final states are shown adjacent to the TCM.
In double-chain arrays, the transitions within other subbands
are weak due to the presence of a node between the two
chains. Nevertheless, the HOMO — LUMO transition, i.e.,
(2, 1) — (3, 1), has a minor contribution and is dimly visible
in the lower right corner. The longitudinal nodal difference
of both contributing transitions is unity producing a collective
excitation with the dipolar total induced density shown in the
TCM inset.

The evolution of the photoabsorption spectrum with the
interaction strength parameter A is shown in Fig. 2(b). See
Eq. (2) in the Methods section for details. A dark red stripe
originating at vg_.7 blueshifts as A increases. This shift has
been used to indicate plasmonicity in similar atomic arrays
and molecules [9,13,30]. The weak mode, initially at 0.17 eV,
gradually diminishes while blueshifting with increasing A.
The light horizontal stripes around 2.5 eV are formed by the
interband transitions from the d band. These transitions are
marginally affected by the interaction parameter indicating
single-particle character.

The interaction between specific KS transitions can be ex-
amined by renormalizing the excitation energies of a subset of
KS transitions. The renormalized excitation energies consist-
ing of a subset of KS transitions are called pseudoexcitations.
The A evolution of the pseudoexcitation energies consisting
of only two transition contributions, v¢_.7 and the HOMO —
LUMO, are drawn as red dots and superimposed onto the full
set of possible interacting transitions in Fig. 2(b). The two
KS transitions interact to form symmetric and antisymmet-
ric combinations at higher and lower energies, respectively.
The two pseudoexcitation energies blueshift to about 0.5
and 1.5 eV at A = 1. The spectra with full interaction also
include the interaction with the background transitions. The
background transitions have low oscillator strengths and weak
interaction, and yet lower the energy of the dark red stripe
compared to the energy of the red dots of the symmetric
pseudoexcitation.

The interference between the two first-order transition con-
tributions is destructive in the antisymmetric combination and
constructive in the symmetric combination. The constructive
addition of dipoles has been used to gauge the coherence of an
excitation [24]. While both excitations scale with A, the very
weak excitation at about 0.4 eV does not have the coherence
required to be a plasmonic excitation.

Elongating the double-chain array to 20 x 2 redshifts
the intense photoabsorption mode to 1.05 eV. The transition
energy (eigenvalue difference of the KS states in the transi-
tion) of the dominant contribution to the molecular plasmon
decreases in the longer homogeneous array. In the 10 x 2
array, the first-order, fundamental transition, i.e., having Al =
1 and zero transverse nodes, is (6, 0) — (7, 0). Whereas in a
20 x 2 array the fundamental transition occurs from the (13,0)

to the (14,0) KS orbital [Fig. 3(a)]. The transition energies are
consistent with those of a noninteracting homogeneous elec-
tron gas, which has been discussed for molecular plasmons
elsewhere [9]. In TCMs the decrease of the transition energies
in longer arrays manifests as a shift of the contribution toward
the lower right corner.

The decreased energy spacing of the sp-delocalized states
in the longer arrays can be observed in the DOS alongside
the respective TCMs. For example, the virtual sp states are
more dense in the longer array than the well-separated states
in the shorter array. The KS orbitals (8,0) and (15,0) of the
10 x 2 and 20 x 2 array have been identified in the TCMs in
Figs. 2(a) and 3(b), respectively.

Even-order transitions in the centrosymmetric arrays are
parity forbidden. Dipole-forbidden dark modes, such as the
second order vg_.g in the homogeneous 10 x 2 array, are
absent in the noninteracting spectrum [Fig. 2(b), left panel].
The three possible third-order transitions, however, are parity
allowed. These higher-order transitions are visible in the TCM
when they mix with the interband single-particle excitations at
higher energies. For example, the TCM at 2.08 eV is shown
in Fig. 3(b).

B. Cu-doped double-chain array

In this section chemical heterogeneity is introduced to the
homogeneous Au arrays by substituting one Au in each chain
with Cu (cf., Fig. 1). We first explain the symmetry-dependent
influence of the chemical heterogeneity on the electronic
structure and how doping introduces higher-order transitions.
Then, we analyze the interaction between the multiorder KS
transitions and the consequence on the collective excitations.

Doping a 10 x 2 Au array with Cu off center produces
two photoabsorption modes at 1.46 and 1.66 eV as seen
in Fig. 1(a) (red line). The transition contributions to the
electronic excitation in the higher-energy excitation in the
doped array are illustrated in Fig. 4(a). See Fig. S4A [58] for
the TCM of the lower-energy mode of the doped array. Like
the homogeneous array discussed above, the Cu-doped array
hosts a KS transition between sp-delocalized states with six
and seven longitudinal nodes, i.e., v¢_7. The KS transition
V—7, shown in the TCM, strongly contributes to both excita-
tions of the doped array. In addition, there are contributions
from two additional transitions, labeled vs_,7 and vg_.g. These
contributions are from second-order transitions between the
sp-delocalized states (5, 0) — (7, 0) and (6, 0) — (8, 0). The
corresponding KS transitions in the pure centrosymmetric ar-
ray are dipole-forbidden dark transitions. By being positioned
off center the Cu dopants break the symmetry of the pure array
and change the point group from D, to Cyp, and transitions
between states with an even-number difference in longitudinal
nodes are no longer dipole forbidden.

The effect of the dopants on the initial and final wave
functions of vs_,7 are depicted in Fig. 4(c), left. V(s 0y and
Y¥(7,0) of the homogeneous and Cu-doped array are plotted 3 A
off the array edge and in the plane of the array. The sinusoidal
pattern depicts the five and seven longitudinal nodes of the
sp-delocalized states. The valence electron configurations of
atomic Cu and Au are 4s'3d'" and 6s'54'0, respectively.
Thus, doping the Au array with Cu breaks the symmetry of
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FIG. 4. Off-center Cu-doped 10 x 2 array. There is one impurity
atom in each chain and the impurities are nearest neighbors as shown
in Fig. 1. (a) Contributions to the doping-induced photoabsorption
mode at w = 1.66 eV. The total induced density is shown in the inset
and relevant KS orbitals are provided adjacent to the density of states.
(b) A-dependent photoabsorption spectra of the Cu-doped array. The
red arrow indicates the photoabsorption mode analyzed in the TCM.
The partial induced density of each KS transition and total induced

the magnitude of the wave functions along the array axis, i.e.,
along the direction of the external electric field, while main-
taining the nodes. The influence of doping is also observed
in the isosurface plots of the KS orbitals and in the partial
transition density between these states is given in Fig. 4(c),
right as a three-dimensional representation (top) and as a slice
0.75 A above the plane of the array (bottom). There is an
overall dipole because the magnitude on the left side of the
array is greater than that on the right side of the array.

Two additional weak modes from vs_,7 and v¢_.g appear in
the noninteracting spectrum in the left panel of Fig. 4(b). Each
mode occurs at the energy corresponding to the respective
eigenvalue difference of the KS states in the transition (Ae
= 1.47 and 1.78 eV). The magnitudes of vs_,; and ve_,g are
weak relative to that of vg_,7, which is the strong mode at
Ae = 0.88 eV. The large overall dipole moment of vg_.7 is
evident in the well-separated partial induced density shown
adjacent to the noninteracting spectrum. vs_,7 and ve_,g have
weak dipole moments due to the even order of the transitions.

Once the even-order KS transitions have become dipole
allowed through the doping, they can interact with fundamen-
tal KS transition. The evolution of the doped photoabsorp-
tion spectra with the interaction strength parameter is shown
in Fig. 4(b). Similar to the homogeneous array, there is a
strong blueshifting mode originating at ve_,7. The interactions
among the KS transitions lead to a gradual brightening of the
additional mode at a higher energy indicated by an arrow in
Fig. 4(b). The resulting excitations consisting of mixed KS
transitions are examined below using the TCMs and within
the Casida framework.

Transitions vs_,7 and ve_.g lie below and above the line at
o = 1.66 eV, respectively. The position reflects the energy of
the photoabsorption mode (w) relative to the difference of the
eigenenergies of the initial and final states of the KS transition,
i.e., Ae. It can be seen easily by comparing the noninteracting
(A = 0) and fully interacting (A = 1) spectra in Fig. 4(b).
The energy of vs_,7 in the noninteracting spectra is less than
1.66 eV and thus it lies below the w-probe line in the TCM.
Similarly, the contribution of vg_,g to the excitation at 1.66 eV
lies above the w-probe line.

The photoabsorption bands at 1.46 and 1.66 eV are col-
lective excitations of multiorder KS transitions. The second-
order transitions are not single-particle excitations despite
the proximity of their contributions to the w-probe line. The
collectivity of the excitations is validated by inspecting the
interaction among the KS transition contributions identified
by the TCM.

The interaction strength or “coupling constant” between
each electron-hole contribution pair is given by the off-
diagonal matrix elements in Kj, j» [see Eq. (2)]. All KS
transitions of the subset have A; symmetry and interact, and
yet the interaction is stronger among the KS transitions with

density of the low-energy excitation are shown adjacent to the
noninteracting and fully interacting spectra, respectively. (c) Wave
functions of the (5,0) and (7,0) states along the chain axis adjacent to
the array in homogeneous and Cu-doped 10 x 2 Au array (left) and
the respective partial transition density in the Cu-doped array (right).
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FIG. 5. Off-center Cu-doped 20 x 2 Au array. There is one
impurity atom in each chain and the impurities are nearest neigh-
bors. TCM of the photoabsorption excitations at w = (a) 0.98 and
(b) 1.90 eV. The total induced density of each excitation is shown in

the same order, i.e., between the two first-order transitions
(having either zero or one transverse node) and between the
two second-order transitions. This pairing is demonstrated in
the A evolution of the pseudoexcitation energies of smaller
subsets of KS transitions given in Fig. S5 [58].

The weak interaction between vg_,7 and vs_,; does not
produce two excitations around 1.5 eV on its own. It is
necessary for this to be accompanied by the strong pairing
between the second-order transitions. The multiorder inter-
actions among the electron-hole contributions are contained
within the subset consisting of all the KS transitions identified
in the TCM (vs_.7, Vg3, V6—7 and the HOMO — LUMO).
The A evolution of each pseudoexcitation energy is drawn as
a red dot superimposed onto the full set of possible inter-
acting transitions in Fig. 4(b). The subset of these four KS
transitions reconstitutes the energies of the excitations with
full interaction at 0.41, 1.46, and 1.66 eV [Fig. 4(b), right
panel] better than the restricted subsets in Fig. S5 [58]. The
excitations are the result of multiorder KS transitions induced
by the Cu dopant. As previously mentioned in the discussion
of the homogeneous arrays, the pseudoexcitations exclude
the interaction with the background transitions leading to
differences with the spectra with fully interaction and a strong
X dependence of the pseudoexcitation extending from ve_,g.

We now turn to the longer 20 x 2 array containing off-
center Cu dopants. The second-order transitions A/ = 2 are
dipole active like those in the shorter Cu-doped array. This
array will demonstrate the effect of reducing the energy
difference between the interacting first- and second-order KS
transitions. The energy spacing between the orders of the
longer array follows from the discussion of homogeneous
arrays and is validated by inspection. The KS orbitals near
the Fermi level are provided in Fig. S6 [58]. Due to the
narrow energy gap in the longer array, the symmetric and
antisymmetric excitations coalesce into an intense mode with
asymmetric line shape at 0.98 eV.

Again, contributions from second-order transitions are vis-
ible in the TCM of the molecular plasmon in Fig. 5(a). We
validate that these are indeed contributions from second-order
KS transitions by showing the respective KS orbitals adjacent
to the TCM in Fig. 5(b). The weak mode, which is indicated
by a black line in the spectrum with A = 0 in Fig. 5(c), corre-
sponds to vi»—, 14 and vi3_15 (0.82 and 0.90 eV, respectively).

The excitation is formed by the collective interaction of
transitions with different orders. The added contribution from
the second-order transitions does not significantly change the
well-separated total induced density from the homogeneous
array as seen in the TCM insets. A more drastic effect is
observed in the asymmetric line shape of the mode. The
photoabsorption on the low-energy shoulder is formed by
the plasmon splitting between the first- and second-order
transitions. See the TCM at 0.83 eV in Fig. S4B [58] in
which the second-order contributions to the photoabsorption
intensity are negative (blue spots).

the inset and relevant KS orbitals are provided adjacent to the density
of states. (c) Noninteracting (dashed line) and fully interacting (solid
line) photoabsorption spectra.
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The loss of symmetry is also displayed when the low-
energy excitations mix with the interband single-particle ex-
citations at higher energies. A 1-2-3 pattern from the first-,
second-, and third-order transition contributions is revealed
in the TCM of a less intense mixed mode at 1.90 eV in
Fig. 5(b). The pattern expresses the number of possible transi-
tions within each order, and the sum of all transitions follows
the triangular number sequence in Pascal’s triangle [59]. The
dipole-forbidden second-order transitions are absent in the
homogeneous 20 x 2 Au array as demonstrated in the TCM
at 2.08 eV [Fig. 3(b)]. The mixed mode at 2.08 eV contains
more contributions from single-particle excitations than the
weak mixed mode at 1.90 eV [Fig. 5(b)], which lies at the
edge of the interband single-particle excitations.

Centrosymmetric Cu-doped arrays present a unique situa-
tion in which the array is doped but has a transverse mirror
plane and belongs to the D, point group. We demonstrate
this situation in a 19-atom long double-chain array. As ex-
pected, the second-order transitions are dipole inactive and
are absent in the TCM of the molecular plasmon at 1.05 eV
as seen in Fig. S7TA [58]. For comparison, the molecular
plasmon within a homogeneous array at 1.06 eV is shown
in Fig. S7B [58].

The situation of dopants placed within the arrays con-
trasts to the arrays formed with mixed homonuclear chains

which are considered in detail elsewhere [16]. Both doped
arrays have C,, symmetry, but in mixed arrays, the chemical
heterogeneity is not along the axis of the external electric
field causing the transition dipole moment of the higher-order
modes along this axis to be negligible. The mixed arrays are
similar to the situation when the Cu dopants are placed at the
end of the array. Then, the even-order KS transitions (5, 0) —
(7,0) and (6,0) — (8,0) are allowed, but their oscillator
strengths are very weak as seen by the absence of even-order
modes in the noninteracting spectrum in Fig. S8 [58].

C. Pd-doped double-chain array

The type of chemical heterogeneity affects the electronic
structure of the molecular array. Doping with Pd introduces
d states near the Fermi level which hybridize with the sp-
delocalized states. Weak doping is sufficient to construct new
photoabsorption modes as seen in Fig. 1. In this section, we
show that the formation of the modes is initiated by the sd
hybridization and coupling to higher-order transitions.

The long (20 x 2) Au array doped off center with Pd
[Fig. 1(b)] has an intense photoabsorption mode at 1.04 eV
with a low-energy shoulder and a weaker but very clearly re-
solved mode at 1.37 eV. As described above, the higher-order
modes are closer in energy to the fundamental transition in an
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array of this length. Select KS orbitals are given in Fig. S9B
[58], and for convenience the order has been identified within
the TCM in Fig. 6(b). It is clear the TCMs do not exhibit the
same 1-2-3 pattern of the number of transition contributions
within the first, second, and third orders as in the case of the
Cu-doped array in Fig. 5(b). The s(p)d hybridization between
the Pd d states and the Au sp states increases the number of
possible KS transitions within the each order and increases the
collectivity.

Notably, the TCMs indicate that there are contributions
from the even-order transitions. Consistent with the discussion
above, the point group of the array doped off center with Pd
changes to Cp,. A weak mode from the KS transitions with
Al = 2 appears at about 0.8 eV in the noninteracting (A = 0)
photoabsorption spectra in Fig. 6(c). This energy corresponds
to the low-energy shoulder in the spectrum with full inter-
action (A = 1) indicating that the active even-order transition
contributions split the plasmon. This splitting is confirmed by
a change in the sign of the second-order transition contribu-
tions at 0.80 eV (see TCM in Fig. S9A [58]). Such even-order
transitions and low-energy shoulder are not observed in a
centrosymmetric Pd-doped array (Fig. S10 [58]).

The moderately intense mode at higher energy (1.37 eV)
consists of contributions from the third-order transitions
[Fig. 6(b)]. Participation from the third-order transitions was
not observed in the main plasmon of homogeneous or Cu-
doped arrays [Figs. 3(a) and 5(a), respectively]. Next, we an-
alyze one transition contribution to verify that the transitions
are interacting to enhance the higher-energy excitation.

The excitation at 1.37 eV lies just above the second- and
among the third-order transition contributions. Some of the
third-order transition contributions change sign between the
modes at 1.04 and 1.37 eV rather than existing as a fleeting
single-particle transition on the w-probe line. The change in
sign for the above transitions occurs while the low-energy
transitions remain unchanged. One such transition contribu-
tion is circled in Fig. 6(a). This behavior is present also in
Cu-doped arrays [compare Figs. S4A [58] and 4(a)] and has
previously been described as strong coupling between a tran-
sition contribution [such as the circled one in Fig. 6(a)] and
the plasmon [10]. It results in fragmentation in the spectrum
[60,61]. Here, we demonstrate the ability of sd hybridization
to access the higher-order odd transitions in two-dimensional
nanosystems.

Within the array, sd hybridization can localize the density
of a given orbital predominantly on either side of the array. KS
transitions occur between these states and they participate in
the collective excitations. The wave functions of the indicated
transition contribution, ¥ (223) and v (234), are plotted 3 A
off the array edge and in the plane of the array in Fig. 6(d)
(left). The notation is changed from the homogeneous and
Cu-doped array because of the complications due to the sd
hybridization. Along the array edge 1(223) and 1 (234) have
13 and 16 longitudinal nodes, respectively. The nodes are also
observed in the corresponding isosurface plots in Fig. 6(d)
(center). It is clear that the amplitude of 1/ (223) is larger on
the left end of the array, and consequently the partial induced
density will also be stronger on the left end [Fig. 6(d) (right)].
The transition ¥ (223) — ¥(234) is just one contribution
within the collective excitation and does not localize the total

transition density of the plasmon completely. The contribution
from the third-order transitions is reflected in the increase of
the internal nodes in the total induced density. The ends of the
array continue to have the opposite charge.

The effect of the Pd remains strong even when the dopant
is placed at the end of a small array. The d character near
the Fermi level can induce a transition dipole even at the end
of an array. The effect is lost in an elongated array because
the dipole moments of the third-order transitions are weak.
Details are provided in the Supplemental Material and Figs.
S11 and S12 [58]. To check the effect of organization within
the doped arrays, two Pd atoms were substituted in alternative
configurations in the 20 x 2 Au array. The geometries and
photoabsorption spectra of arrays containing either two Pd
atoms situated kitty corner in the middle of the array or one
Pd in the middle and one Pd at the end of the array are
given in Fig. S13 [58]. The intense photoabsorption mode has
an asymmetric line shape in both configurations, suggesting
the plasmon is fragmented by the various combinations of
transition contributions. The contributions from transitions
among the d- and sd-hybridized states to the excitations are
validated with TCMs (Figs. S14 and S15 [58]) and details are
provided in the Supplemental Material [58].

IV. CONCLUSIONS

We have demonstrated how the plasmon formation in
atomic arrays doped with Cu or Pd is influenced by symmetry
and hybridization induced coupling to higher-order transitions
using TD-DFT methods. The extended length and simplified
nodal structure of double-chain arrays makes identification
straightforward and yet the electronic and optical properties
of chemically heterogeneous atomic arrays are more tangled
than a single chain doped with a transition metal [36] and
arrays of mixed homonuclear chains [16].

The generation of additional dipole-allowed transitions is
dependent on the chemical composition, position, and sym-
metry of the doped atomic array. In these finite systems,
collectivity arises through the interacting KS transition con-
tributions, which produce composite photoabsorption modes.
Cu dopants activate even-order KS transitions which are
also strongly dependent on the interaction strength parameter
A. The antisymmetric and symmetric combination with the
first-order transitions produces a new photoabsorption mode.
The modes coalesce in elongated arrays due to the narrowed
energy difference of the antisymmetric and symmetric combi-
nations.

The Pd d states are energetically close to the Fermi level
and hybridize with the delocalized sp states. The second-order
KS transitions between hybridized states have a nonzero tran-
sition dipole moment and persist even when the Pd dopants are
located at the end of the array. In addition, the Pd dopants al-
low the fundamental transition to interact with the odd higher-
order transitions. The third-order transition contributions par-
ticipate in collective excitations and can form an additional
excitation in the centrosymmetric or noncentrosymmetric ar-
rays. The access to the third-order KS transitions increases the
plasmon fragmentation. Similar coupling between transitions
has been observed in small homogeneous metal nanoparticles
in which a plasmon resonance emerges from the interaction
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between confined transitions within the nanoparticle [10,61].
Here, the collective effects and access to sd-hybridized transi-
tions with localized character are demonstrated in long two-
dimensional systems with doping. Chemical heterogeneity
changes the electronic structure and orbital hybridization and
enables the participation of transitions with different orders.
The multiorder interactions induced by the heterogeneity dic-
tate the plasmon formation and decay processes. The aspects
in doped two-dimensional nanoarrays might be applied more
generally to other chemical heterogeneous materials, such
as metal nanoparticles with adsorbed molecules or ligands,
structural defects, or at an interface.

The optical response of the large arrays (19 x 2 and 20
x 2) were calculated with only the TP DF-DFT code. The
calculated spectra are available [52]
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