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Our examination of the optical properties of small gold chains containing up to 24 atoms doped
with a transition metal (TM) atom (Ni, Rh, Fe), using the time-dependent density functional theory,
show the splitting of the collective plasmon peak. We associate the additional peak with a local
plasmonic mode which corresponds to charge oscillations around the potential created by the d-
orbitals of the impurity atoms. The effect is almost independent of the position of the TM atom in
the chain, as long as it is not at the chain edge. This behavior is opposite to that of larger noble-
metal-TM clusters (radius >1nm), in which doping with TM atoms does not lead to generation of
new modes, and often produces a suppression of the main plasmon peak.

PACS numbers: 78.67.Bf, 36.40.Gk, 73.22.-f, 71.15.Mb

Introduction.—The characteristics of bimetallic nanos-
tructures consisting of a noble and a transition metal is
an active area of both experimental and theoretical study,
owing to their great potential for application in modern
technology, including catalysis[1], biomedicine [2], photo-
physics [3], and photonics [4]. One of the main reasons is
that bulk noble metals such as Au and Ag and their ex-
tended layered structures display plasmon excitations in
the visible frequency range which may be further tuned
by changing either the geometry or chemical composition
via doping with TM atoms. Since the TM atoms have
both extended s- and localized d-states, one may expect
interesting and unusual interplay of the role of these two
types of states in determining the properties of noble-
metal-TM systems, particularly at the nanoscale.

Collective excitations in few-atom clusters shown ini-
tially by Kummel et al.[5] have been the subject of several
theoretical investigations following recent Scanning Tun-
neling Microscope (STM) observations showing develop-
ment of 1D band structure when the number of atoms
in Au chains on NiAl(110) exceeds 10 [6]. Subsequent
theoretical calculations at the same time confirmed the
presence of collective plasmon mode for Na[7], Ag[8], and
Au [9, 10] chains containing more than 10 atoms. More
germaine to our interest, is the experimental study of
TM(Pd) doped small Au chains on NiAl(110) [11] which
were found to display local electronic resonances around
the dopant atom. As for optical properties of TM doped
noble metal chains, we are not aware of any previous
study. In this Letter, we present results of theoreti-
cal calculations of the optical properties of Au chains,
Auy_ Xy, consisting of n=2 to 24 atoms and weakly
doped with different TM atoms (X= Ni, Rh and Fe and
m=1 to 4) which demonstrate an unusual response of the
system, including generation of extra plasmon peaks.
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Computational details.—We have applied the Time De-
pendent Density Functional Theory (TDDFT) approach
as employed in the Gaussian 03 code [12] with a B3PW91
hybrid functional [13, 14] and a LanL.2DZ basis set [15].
This choice of potential and basis set allowed us to repro-
duce reasonably well the experimental results for the low-
est excited states of the Au dimer [16, 17]. For pure Au
chains, we reproduce the results from previous TDDFT
calculations [9]. The slight shift in plasmon frequency is
attributed to differences in the functionals. Calculations
of optimized Au-Au bond lengths show that the optical
absorption spectrum does not depend significantly on the
interatomic distance d in the range 2.5A (optimized bond
length for the chains) and 2.89A (the experimental inter-
atomic distance corresponding to Au chains on NiAl(110)
substrate[6]). We have set the Au-Au distance as the lat-
ter to mimic the experimental setup, while cognizant of
the fact that even though NiAl(110) surface does not af-
fect the electronic properties of the Au chains [18], it can
have strong implications for its optical properties. For
doped chains, we optimized the bond lengths in the Au-
X dimer and Au-X-Au trimer. To both focus our atten-
tion on the response of the system in the visible spectrum
and to make the computation of excited states feasible,
we consider states below 5eV. This choice allowed as to
study the longitudinal plasmon modes in all cases, but
not the transverse plasmon modes (ultra-violet) found in
Au chains [10]. After obtaining the energy levels E; and
the transition dipole moments (i| D|j), we calculated the
absorption spectrum

Alw) =Y (B = Ey)|(i|D]j)[Pe PPl (1)
i#]

where w is the frequency and I' is the peak broadening.
For clarity, in plotting A(w) we neglected the contribu-
tion of dipole moments whose intensity was <1% of main

plasmon peak.
Results.—In accordance with the finding of Lian et.al.
[9], we show in Fig.la that a new collective (longitudi-
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FIG. 1: The optical absorption spectrum of the Au, (n=4-24)
(a) and Auy—1Ni (n=8-24) (b) chains.

nal) plasmonic mode emerges in the optical absorption
spectrum when the number of atoms n is of order 10.
Similar to inter-band transitions, the magnitude of the
plasmonic peak grows with increasing number of atoms.
While peaks related to atomic levels shift only slightly as
the number of atoms in the chain increases (peaks on the
right in Fig.1a), plasmonic peaks emerge only beyond a
certain number of atoms in the chain (here n ~ 10), at
which point we have ”an extended system” necessary for
plasmon excitations (see also Ref. [9]). The position of
the peaks moves into the infrared region with increasing n
and becomes close to the asymptotic value ~ 0.6eV when
n=20. The redshift of the plasmon energy with increas-
ing n is related to the reduction in the energy gap (the
bandgap in the many-atom case) involved in the dipole
excitation.

The interesting result for the Au chains doped with one
Ni atom is the presence of an additional plasmon peak
close in energy to that of the main peak (Fig 1b). Since
this additional peak does not exist in the case of short
chains (n<12), it must originate from a collective behav-
ior of the chain i.e. the presence of plasmon resonance in
the entire chain. The fact that this peak appears when
the Au chain is doped with one TM atom and that its po-
sition is independent of the position of the doping atom

in the chain (except when it is very close to the chain
edge) suggests that it itself is localized in the region near
the TM atom (see below). This localized plasmon mode
also appears when the doping atom is Fe, Cu and Pt , al-
though subtle differences in the spectrum appear in each
case. Somewhat different is the case of Rh as a dopant
(Fig.2a) in which the localized peak is not prominent.
As we shall see, the presence of the extra peak may be
closely related to the charge redistribution in the doped
chains, which is expected to be much larger for Ni or Fe
atoms, with unfilled d orbitals, than for Rh, the d-levels
of which are filled. In other words, the effective attrac-
tion potential created by the impurity atom forces the
electrons to oscillate around it. Since the second peak
appears at chain lengths of approximately 12 atoms, it
means that this strong local potential affects only elec-
trons within the radius of 6 inter-atomic distances around
it. Therefore, ”the collective” nature of the local plasmon
comes from the fact that it exists only when ~ 12 elec-
trons are involved in these oscillations. However, it can
be regarded as "local” compared to the main extended
mode, since the local potential affects only these twelve
electrons involved in the oscillations around the impurity
and further increase of the chain length does not affect
significantly this plasmon mode (see also Discussion be-
low).

The origin of the extra peak is further delineated in
Fig.2a which compares the absorption spectrum of the
AugNi and AujgRh chains with those of Augg, Aug,
Auyg with a hole in the middle. One of the peaks for
AugNi coincides with that of Aujg reflecting that it is
indeed the collective excitation of the 19 Au atoms in the
chain while the other is inherently linked to the presence
of the Ni atom. The absorption spectrum of the Au;gRh
chain in Fig.2a asserts that its optical behavior is like the
Ausg chain with a small lower energy peak revealing the
effect of the dopant. On the other hand, a hole in the
Auyg chain breaks the response into that for a 10-atom
and 9-atom chain. A closer look at the plasmonic modes
for the Ni doped chains (Fig. 2b) in which the number of
Au atoms is close to that for saturation of the plasmon
peak (n=18-24) reveals that interchange of the positions
of two modes occur when n changes from 18 to 24. The
main, collective, higher-energy peak an n=18, shifts to
the left with number of atoms increasing (broadening
of electronic levels participating in the collective oscil-
lations), while the position of the "local” peak with in-
creasing number of atoms changes relatively little, since a
fixed number of electrons participate in these oscillations
around the impurity atom, and it is not strongly affected
by the increase in the number of atoms. The local max-
imum of the second peak at n=20 can be explained by a
hybridization (or even resonance) of two peaks, since at
this length the number of electrons participating in the
collective and ”local” oscillations is of the same order (20
and 12 correspondingly).

We find that the plasmonic peaks in the optical ab-
sorption spectrum disappear when the number of dopant
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FIG. 2: (a) The optical absorption spectrum of the Augg,
Auyg, AuigNi, AuigRh, Aujghole (b) The optical absorption
spectrum of the Au,_1Ni, n=18, 20, 24, chains.
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FIG. 3: The optical absorption spectrum of the

Augs—nNin(n =1,..,5) chains.

atoms is around 5 as seen in Fig.3 for the 24-atom chain.
Indeed, in the case of 5 impurities, consisting of five 3-
atom and one 4-atom Au chains separated by the TM
atoms, the constituent chains are too short to excite ei-
ther collective or local plasmons (see Fig.1). However
when the 5 Ni atoms are situated next to each other
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FIG. 4: The Mulliken atomic charge distribution in the case
of Au1oX(X = Au, Ni, Rh). The impurity atom is put at site
10 from the left.

(clubbed together, as it were) at the very end of chain
the main plasmon peak survives but the local peak dis-
appears. In particular, with Au;gNis, there are two plas-
mon peaks in both the separated and the clubbed cases,
separated by ~0.1eV, though the center of the peak po-
sitions is different in the two cases. This result also
suggests that there are two kinds of excitations in the
system: collective motion in subchains and local-charge
oscillations near the Au-Ni border.

Discussion.— We turn now to an analysis of the Mul-
liken atomic charge distributions these chains. The re-
sults for the Augg, AujgNi and AujgRh are presented in
Fig.4. Since the charge distribution on the edges is al-
most identical in all three cases and the fact that there
is no second plasmon peak in the pure Au chain, we in-
fer that the edge oscillations are not responsible for the
second peak in the doped chains. On the other hand,
among the three cases there are quite strong differences
in charge distribution near the impurity atom at the cen-
ter of the chain. One can think of this situation as a
jellium-electron model (Fig.5) in the presence of one high
potential wall and two neighboring valleys; the rest of the
chain can be considered as the positive background as in
classical plasmon description. To understand the differ-
ence between the results for Rh as an impurity, on one
hand, and Ni and Fe on the other, one should note that
in Fig.4 the height of the potential wall and the depth of
the valleys are much smaller for Rh. In the latter case,
when the part of the charge from the right subchain in
the ”impurity” valley moves to the right, it cannot move
back because of weak restoring force, and hence no lo-
cal oscillations result. For the other cases the plasmon
oscillations can be modeled as a local mode and an ex-
tended mode (Fig.5d and 5e). As our calculations show
the magnitude of the corresponding local peak does not
grow with increasing number of chain atoms, in contrast
to the collective peak (Fig.1), which again confirms that
when the subchains are longer than 4-5 atoms, the ad-
ditional charge (beyond 4-atom region) is much less in-
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FIG. 5: Schematic form of the positive charge background
potential for the Auig (a) and AuisX (¢) chains. In the case
of Auie, the plasmon excitation corresponds to the charge os-
cillation along all the chain (b). In the case of Aui5X chains,
there are possible two kinds of plasmonic oscillations: col-
lective plasmon excitations in each half of the chain (d) and
local plasmon oscillations on both sides of the impurity atom
potential wall (e).

volved in the local (or quasi-local) plasmonic oscillations.
Also, since the removal of the Ni atom from the middle of
the chain in the case of long (~ 20 atom) chains (leaving a
hole) shows no second peak in the absorption spectrum,
the second peak cannot be the result of two subchain-
plasmon interaction. Thus, the local plasmon oscilla-
tions are charge oscillations around the local electrostatic
ionic potential created by the impurity atom due to the
corresponding redistribution of the equilibrium electric
charge. A rough estimate of the strength of the poten-
tial necessary for causing local oscillations is that the
restoring energy should be at least of the order of the
kinetic energy in the system. The kinetic energy of elec-
trons, on the other hand, may be assumed to be twice the
nearest-neighbor hopping energy. We approximate the
latter by the expression for the Slater-Koster parameter
Viso = 1.32/ md?, where m is the electron effective mass,
which for simplicity we put equal to the free electron mass
me[6] and d = 2.894 is the inter-atomic distance (here
and below we put i = 1). This gives Fy;, = leV. The
potential energy is thus of the order of the local plasmon
energy wyp, which can be estimated from the bulk for-

mula wy, = y/4mne?/m, where n is the electron density.
We can further model the chain as a tube of radius r and
length ( (Natoms — 1) X 2.89A4 + 2r). We estimate the
radius of the tube as such that it contains 90% of the Au
6s electronic charge, which corresponds to 21.07A. This
gives the potential energy of the chain as 0.638eV, which
is in good agreement with what we obtain from our cal-
culations( 0.66eV). When an impurity is introduced, its
charge shifts to its neighboring Au atoms. This charge
density increase in turn causes the plasmon frequencies
to increase. From the estimations above, to excite the
local plasmon oscillations wy; ~ Ejsy, ~ 1€V, which cor-
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responds to (1eV/0.66eV)? ~ 2 electrons per atom. In
other words, the Au atoms nearest to the impurity atoms
receive one extra electron — and in doing so generate lo-
cal plasmons. As we see from Fig.4, this analysis gives
semi-quantitatively correct results in the case of Ni and
Rh atoms. In the first case, the extra charge is ~ 0.5
electrons, i.e., on the order of one electron, while in the
case of Rh atom the charge received is almost an order
of magnitude smaller.

The hybridization of the atomic orbitals between the
Au s- and TM d-orbitals may also result in electron den-
sity pinning on the impurities. Since there is only one va-
lence s-electron in the case of the Rh atom, this electron
participates in o bonding, while the eight d-electrons are
not chemically very active. Thus, one can assume that
the charge of the Rh core is +1, similar to that for the
Au atoms, with the result that the positive and negative
charges of the Au,_1Rh and Au, plasmas are almost the
same(Fig.2a). Hence, the type of the excitations in these
chains will be similar, i.e. a single plasmon peak. In the
case of Ni and Fe atoms, the valence s-state is doubly
occupied which means that it is mainly the d-states that
contribute to atomic bonding. A more precise look shows
that dg, dy~ and d,,, orbitals donate most of the charge to
the bonding, resulting in a positively charged core with
charge Z > +1. This is the main reason for the potential
well at the impurity atom. The arguments above further
substantiated by quantitative results from TDDFT cal-
culations, thus provide measures for determining a priori
the absorption spectrum of a TM doped Au chain.

To summarize: We have shown that a weak doping
of Au chains with TM atoms may lead to generation of
local plasmonic modes. This effect is a result of a deli-
cate balance between the s- and d-states of TM atoms,
a situation that may lead to strong charge redistribution
in the chain near the impurity atom. We have also pro-
posed a simple criterion for determining (in advance of
experiment and engineering) the likelihood that a given
potential dopant will generate a local plasmon, namely,
the nature of the charge redistribution between it and the
nearest host atoms. Specifically, our results show that
TM atoms can be used to tune the optical properties of
nanostructures — welcome news for many potential ap-
plications (solar cells and sensors being two key areas).
Several important questions related to this project re-
main open, including the role of the substrate in the op-
tical response of the chains and the possibility of gener-
ating magneto-plasmons by tailoring ferromagnetically-
ordered TM impurities (see, e.g., Ref. [19]). Of course,
experimental verification of the prediction here will pro-
vide further motivation for detailed examination of these
and related issues.

Acknowledgments

This work was supported in part by US- DOE under
Grant No. DE-FG02-07ER46354.



[1] A.T. Bell, Science 299, 1688 (2003)
[2] L.R. Hirsch, R.J. Stafford, J.A. Bankson et al, Proc. Natl.
Acad. Sci. U.S.A. 100, 13549 (2003).
[3] J.H. Hodak, A. Henglein, and G.V. Hartland, J. Phys.
Chem. B, 104, 9954 (2000).
[4] E. Ozbay, Science 311, 189 (2006).
[5] S. Kummel, K. Andrae and P.G. Reinhard Appl.Phys. B
:Lasers Opt. 73,293 (2001).
[6] N. Nilius, T.M. Wallis, and H. Ho, Science 297, 1853
(2002).
[7] J. Yan , Zh. Yuan and Sh. Gao, Phys. Rev. Lett. 98,
216602 (2007)
[8] Jun Yan and Shiwu Gao Phys. Rev. B 78, 235413 (2008)
9] K.-Y. Lian, P. Salek, M. Jin, and D. Ding,
J.Chem.Phys.130, 174701 (2009).
[10] Liu Dan-Dan and Zhang Hong Chin. Phys. B 20 097105
(2011)
[11] N. Nilius, T.M. Wallis, and H. Ho, Appl. Phys. A 80,

951 (2005).

[12] M. J. Frisch and G. W. Trucks, and H. B. Schelgel et al.,
GAUSSIAN 03, revision D.01, (Gaussian, Inc., Walling-
ford, CT, 2004).

[13] A.D. Becke, J. Chem. Phys., 98, 5648 (1993).

[14] J.P. Perdew and Y. Wang, Phys. Rev. B 33, 8800 (1986);
J.P. Perdew, Electronic Structure of Solids, Eds. P. Zi-
esche and H Eschrig (Berlin: Academic, 1991).

[15] P. J. Hay and W. R. Wadt, J. Chem. Phys. 82, 299
(1985).

[16] G.A. Bishea and M. D. Morse, J. Chem. Phys. 95, 5646
(1991).

[17] W.E. Klotzbuecher and G. A. Ozin, Inorg. Chem. 19,
3767 (1980).

[18] A. Calzolari, M.B. Nardelli, Phys. Rev.B72, 045416
(2005).

[19] G. Weick, D. Weinmann, Phys. Rev. B 83, 125405 (2011).



