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Plasmon-induced nonlinear response of silver
atomic chains†

Lei Yan, Mengxue Guan and Sheng Meng *

Nonlinear response of a linear silver atomic chain upon ultrafast laser excitation has been studied in real

time using the time-dependent density functional theory. We observe the presence of nonlinear

responses up to the fifth order in tunneling current, which is ascribed to the excitation of high-energy

electrons generated by Landau damping of plasmons. The nonlinear effect is enhanced after adsorption

of polar molecules such as water due to the enhanced damping rates during plasmon decay. Increasing

the length of atomic chains also increases the nonlinear response, favoring higher-order plasmon exci-

tation. These findings offer new insights towards a complete understanding and ultimate control of

plasmon-induced nonlinear phenomena to atomic precision.

1. Introduction

Boosting nonlinear optical and electronic effects at the nano-
scale is an important subject of extensive theoretical and
experimental studies. Since the photon–photon interaction is
intrinsically weak, nonlinear effects can be generated only
with very high light intensities before significant material
damage occurs, limiting the choice of materials.1 A promising
route for circumventing this difficulty and achieving efficient
nonlinear responses is to strengthen the localized optical field
through the excitation of localized surface plasmon resonance
(LSPR). LSPR can be exploited to dramatically enhance light–
matter interaction, enabling nonlinear effects observable with
low incident light intensity.2,3 LSPR exhibits extraordinary
properties including extended lifetime, ultrafast dynamics,
and easy tunability through the choice of materials, dielectric
environment, and specific size and shape of nanostructures.4–6

Various noble metal nanostructures can be used to accommo-
date LSPR. Among these materials, prototype structures such
as linear atomic chains, which can be assembled with a scan-
ning tunneling microscope (STM),7,8 have attracted intensive
attention. The size and shape of such structures are tunable
down to the precision of a single atom.7,8 Collective electronic
oscillation at such a scale is a fundamental subject of its own
interest.9,10

Nonlinear plasmonics is a fast-growing field of research
due to its potential applications in energy,11 optoelectronic
devices,12 and biological imaging and sensing.13 LSPR can

boost nonlinear optical effects by tuning the shape of the nano-
structures such as non-centrosymmetric gold nanocup14 for
enhanced second-harmonic generation (SHG) and gold bowtie
antenna15 for third-harmonic generation (THG). Plasmon can
also respond on the timescale of a few femtoseconds,16 favoring
the appearance of specific nonlinear processes via electron
bouncing and rescattering. Recently, Kravtsov et al. demon-
strated plasmon-enhanced four-wave mixing (FWM) on a gold
tip by femtosecond near-field imaging.17 However, fundamental
understanding of the nonlinear response associated with
plasmon excitation, especially quantum and nonlocal effects on
the scale of a single atom, is still lacking.

For the systems with a size of tens of nanometers, classical
methods such as the finite-difference time-domain (FDTD)
approach based on the Drude model and Maxwell equations
can yield accurate plasmonic modes.18 However, when the
system sizes further shrink to a few nanometers, the classical
approaches fail due to the lack of nonlocal responses in the
dielectric function and interband transitions.19 In this case,
classical approaches may overestimate field enhancement20

and produce smaller resonant energy.21 In such small systems,
quantum mechanical descriptions such as time-dependent
density functional theory (TDDFT) have become necessary.

Rigorous TDDFT calculations for nanoparticles (NPs) show
low-order (up to 2–3 orders) nonlinear oscillations at the
plasmon frequency.3,11,22,23–28 Higher order (>3) nonlinear
responses are rarely reported. In addition, only few studies
reveal nonlinear effects in terms of the electron tunneling
current between NP and a nearby molecule, which is impor-
tant for plasmon-driven photocatalysis. Moreover, questions of
how these high-frequency currents couple to molecular
excitations, how to enhance the nonlinear responses, and the
origin of plasmon-induced nonlinearity remain to be
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explored.29 Herein, we report high-order nonlinear responses
in the tunneling current spectra and reveal their atomistic
mechanisms.

Herein, we investigate the nonlinear response of a model
plasmonic system, a linear silver chain coupled to molecules,
using ab initio TDDFT. The spectra of tunneling currents upon
femtosecond laser excitation have been analyzed, which show
features of double and high-order excitations. Upon adsorp-
tion of polar molecules such as water, the nonlinear response
is dramatically enhanced. We further demonstrate that this
enhancement results from faster decay of plasmons in the
presence of adsorbed molecules. More importantly, we observe
the nonlinear response up to the fifth order in the current
spectrum, and we ascribe it to hot electron generation as a
consequence of ultrafast plasmon decay. Increasing the length
of the silver chain increases the nonlinear response, generat-
ing higher-order plasmon modes. This study provides a theore-
tical basis for understanding the microscopic mechanism of
plasmon-induced nonlinear response and achieving ultimate
control at the atomic scale.

2. Computational methods

First-principles calculations have been performed with the
real-space TDDFT code OCTOPUS30 using Adiabatic Local
Density Approximation (ALDA) for the exchange correlation
functional. The simulation zone is defined by assigning a
sphere of radius 6.0 Å around each atom. The electronic wave
functions are represented on a uniform mesh inside the simu-
lation zone with a spacing of 0.2 Å between the grid points.
Charge transfer is estimated by integrating the total charge
density in a sphere with a radius of 4.5 Å around a water mole-
cule. Hartwigsen–Goedecker–Hutter31 pseudopotentials are
used to represent the interaction between valence electrons
and the atomic core. Spectra of photoabsorption and tunnel-
ing current are obtained by propagating the electronic density
for 40 000 steps with a time step of 0.002 fs following an
impulse excitation E(t ) = E0δ(t ) and Gaussian wavepackets of
laser pulses.

In our simulations, Ag atoms in the chain are frozen, and
an interatomic distance of 2.89 Å is chosen from the experi-
mental value for Ag chains on NiAl(110) surface.32 We select
the Ag chain with N = 6 atoms as an example. Such a chain can
be created by manipulating single Ag atoms on the NiAl(110)
surface with a STM tip.32 After geometry relaxation, the con-
figuration of H2O adsorbed on the silver atomic chain with
Ag–O distance of 2.43 Å is shown in Fig. 1(a).

3. Results and discussion

We first explore the optical absorption of the silver chain with
a water molecule (Ag6H2O) induced by an impulse field with
different intensities, as shown in Fig. 1(a). The absorption
spectrum is dominated by Mie resonance at ∼1.7 eV. For linear

sodium chains with N = 1–18 atoms, the plasmon energy calcu-
lated by TDDFT is well-fitted with Mie frequencies calculated
using the ellipsoidal jellium model.33 We identify the analo-
gous resonance at ∼1.7 eV as a Mie resonance. After increasing
the field strength, E0, the width of absorption spectra
increases, and the absorption intensity per unit field strength
decreases, implying the breakdown of linear response. The
intensity of the major absorption peak decreases from 42 to 26
eV−1 for E0 = 0.01–0.10 V Å−1. The corresponding full width at
half maximum value (FWHM) increases from 0.14 eV to 0.19
eV (Fig. S1†), whereas the oscillator strength remains almost
constant (6.05–6.12). Meanwhile, the resonance energy also
redshifts from 1.69 to 1.66 eV for E0 = 0.01–0.10 V Å−1

(Fig. 1(b)). In contrast, for the isolated silver chain Ag6, the
variation in absorption intensity with an increase in E0 is
much less than that for Ag6H2O, and FWHM exhibits almost
no change (Fig. S1†). The charge transfer around the water
molecule increases from 0.03 to 0.14e with E0 varying from
0.01 to 0.10 V Å−1. This means that more electrons are trans-
ferred from the silver chain to the water molecule, leading to
broadening and redshifting of the plasmon excitation peak.34

Meanwhile, the increased FWHM value indicates faster
dephasing of the plasmon.35 Thus, these changes in the
absorption spectrum suggest that electron transfer processes
result in stronger dephasing of the plasmon excitation, which
is similar to the results observed in the case of gold nanorods
on graphene.36

To illustrate how charge transfer affects plasmon excitation
processes, we display the response in tunneling currents
induced by the impulse field (Fig. 2). The current It is collected
at the central plane between the end atom of the silver chain
and water molecule in Ag6H2O, and it is at the same position
for the isolated chain Ag6. The variation in the current can be
related to experimentally measurable quantities such as emis-
sion of high-energy photoelectrons or localized high harmonic
generation.37,38 The current localized at the end of the chain
Ag6 shows resonance at the Mie frequency ω = 1.67 eV, and its
intensity increases linearly from 0.13 mA to 1.35 mA for E0 =
0.01–0.10 V Å−1 (Fig. 2(a)). The primary plasmon excitation
characterizes the collective oscillation of many electrons in the
system.

Fig. 1 (a) Absorption spectrum of a linear Ag6 chain with adsorbed
water molecule induced by an impulse field with intensity E0 = 0.01,
0.03, 0.05, 0.07, 0.09 V Å−1. (b) Changes in peak energy and intensity in
the absorption spectra with varying laser intensity.
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In addition to Mie resonance at 1.67 eV, there is a second
peak at 3.34 eV, and the energy of this peak is exactly twice the
primary excitation energy. This local mode corresponds to
SHG in the outgoing radiation. The intensity of the double
excitation increases from 0.01 mA to 0.81 mA, following a
quadratic relationship with laser intensity E0 (Fig. 2(c)), indi-
cating that it is induced by a two-step process.29 Tunneling
current in primary excitation is always higher than that in the
second-order response for the isolated silver chain.

When adsorbing a water molecule at the end of the silver
chain, the tunneling current displays both plasmon resonance
and double excitations, as shown in Fig. 2(b). For weak laser
intensities below 0.015 V Å−1, the current for Mie resonance
increases linearly, and the current for double excitation
increases quadratically with the increasing field strength E0.
This trend is very close to that observed in the case of Ag6.
However, for strong laser fields beyond 0.015 V Å−1, the
current for the primary plasmon mode obviously diverges
from linear behavior. The current for double excitation
increases abruptly, and its contribution even exceeds that for
primary Mie resonance for E0 > 0.04 V Å−1 (Fig. 2(d)). This
can be ascribed to the excitation of hot electrons, which
experience a lower tunneling barrier.22 Therefore, with a water
molecule adsorbed, a transition from linear response to
nonlinear regime is observed at a critical field strength of
0.04 V Å−1.

To better understand the effect of the adsorbed molecule
on plasmon-induced nonlinear response, we directly analyze
the tunneling current with ultrafast femtosecond laser pulses,

as displayed in Fig. 3. The laser field polarized along the chain
direction is shaped as a Gaussian wave packet,

EðtÞ ¼ Emax exp½�ðt� t0Þ2=2τ 2�cosðωt� ωt0Þ;

Here, the width τ is 3.3 fs, and ω is set to the plasmon reso-
nance frequency 1.69 eV (see Fig. 3(a)). The laser field value
reaches the maximum intensity Emax = 0.01 V Å−1 at time t0 =
10 fs. Similar few-cycle pulses have been widely applied experi-
mentally to engineer electronic excitations and ultrafast
dynamics in gases and solids.39

In the isolated silver chain Ag6, the tunneling current coher-
ently oscillates following the external field, and it continues to
increase before t = 20 fs (Fig. 3(b)). After field attenuation at t =
20 fs, the current continues to oscillate and shows negligible
decay. With a water molecule adsorbed, the tunneling
current exhibits phase shifts in the oscillations and shows the
emergence of high-frequency modulation. The high-frequency
modulation becomes more obvious as time progresses
(Fig. 3(c)).

We display the spectra of tunneling current obtained by the
Fourier transform of its time evolution (Fig. 3(d)). We find that
in addition to Mie resonance and SHG, the third, fourth, and
fifth-order excitations emerge for Ag6H2O. The SHG peak is
even stronger than that for Mie resonance. In contrast, for the
isolated silver chain Ag6, Mie resonance dominates the spec-
trum, and nonlinear responses are weaker than those for
Ag6H2O. Adsorbing a water molecule at the end of the silver
chain greatly enhances the nonlinear responses.

To gain a deeper insight into plasmon-induced nonlinear
responses, we analyze the time-evolved occupation of Kohn–
Sham (KS) states, calculated by projecting time-dependent KS
states onto the ground state. For Ag6, the occupation of the
lowest unoccupied molecular orbital (LUMO) oscillates coher-
ently and increases to 0.06 (i.e., ∼0.12e) before t = 20 fs
(Fig. 4(a)). After the laser field falls off at t = 20 fs, the occu-
pation continuously oscillates without decay. Other virtual
orbitals have low occupation. Upon water adsorption, the
occupation of LUMO increases to 0.055 (i.e., ∼0.11e) before t =
20 fs. Surprisingly, with laser field attenuation, the occupation

Fig. 2 Evolution of tunneling current spectrum with respect to laser
intensity (E0 = 0.01, 0.03, 0.05, 0.07, and 0.09 V Å−1) during impulse
excitation (a) at the end of silver chain Ag6 and (b) in the gap between
the silver chain and water molecule in Ag6H2O. Field intensity depen-
dences of the two dominant peaks at Mie resonance ω and double exci-
tation 2ω for (c) Ag6 and (d) Ag6H2O. The inset in panel (d) is a zoomed-
in plot corresponding to the boxed area.

Fig. 3 Time evolution of the applied laser field (a) and tunnel currents
for Ag6 (b) and Ag6H2O (c). The maximum laser intensity Emax is
0.01 V Å−1 with a resonant frequency of 1.69 eV. (d) Corresponding
tunneling current spectra for Ag6 and Ag6H2O.
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starts to decline and reaches 0.015 (i.e., ∼0.03e) at t = 80 fs
(Fig. 4(b)), which is very different from the results observed in
the case of Ag6. Thus, water adsorption at the end of the silver
chain greatly accelerates plasmon decay.

The occupation of LUMO decreases exponentially
(Fig. 4(b)), resulting in the excitation of high-energy electrons.
Therefore, this plasmon decay of the silver chain into high-
energy electron–hole pairs is identified as nonradiative
Landau damping.40 From t = 20 fs to t = 80 fs, the number of
electrons on the LUMO orbital (calculated by projecting the
time-dependent Kohn–Sham orbitals to adiabatic eigenstates)
is decreased by 0.08e. That is, the number of high-energy hot
electrons generated by the plasmon decay after a single laser
pulse illumination is about 0.08e within ∼60 fs.

In addition, the occupations of a few high-energy orbitals of
Ag6H2O, particularly the LUMO+17 state, also change signifi-
cantly. Before t = 40 fs, the occupation of LUMO+17 is almost
zero (Fig. 4(c)). After that, the occupation increases drastically
to 0.002 at t = 80 fs. We further display in Fig. 4(d) the
transition coefficients |CLUMO+17,i|

2. The coefficients are
defined as time-dependent occupied KS orbitals |i(t )> pro-
jected onto the initial LUMO+17 state. The transition mainly
comes from the HOMO−1 state, showing a gradual increase in
transition coefficient after t = 40 fs. This observation suggests
the generation of hot electrons promoted from HOMO−1 to
LUMO+17 by Landau damping of plasmon.41 The KS level
difference between HOMO−1 and LUMO+17 is 6.70 eV, which
is approximately four times the incident laser frequency (1.69
eV). We infer that the fourth-order nonlinear response results
from electron transitions from HOMO−1 to LUMO+17 through
Landau damping during plasmon decay. Other nonlinear
responses including SHG and THG have similar origins.

We then explore the laser intensity dependence of non-
linear responses (Fig. S2†). For laser intensity Emax below 0.003
V Å−1, the tunneling currents increase linearly, quadratically,
trebly, and quadruply with an increase in Emax for the first,
second, third, and fourth-order responses, respectively.
However, for stronger laser fields, the trend obviously diverges
from linear response behaviors, similar to that observed in the

case shown in Fig. 2(d). Furthermore, laser frequency depen-
dence compares well with the overall shape of the optical
absorption spectrum (Fig. S2†), which confirms that the non-
linear effect of tunneling current results from plasmon-
induced hot electrons. If we replace water with a CO molecule,
which has a tiny dipole moment of 0.12 Debye, the nonlinear
responses significantly decrease (Fig. S3†). Therefore, the non-
linear response of the silver chain can be easily tuned by
adjusting laser parameters and adsorption environment.

We also explore the dependence of tunneling current on
the length of the atomic chain, as shown in Fig. 5(a). For silver
chains with varying number of atoms N = 4, 6, 8, 10, and 12,
the resonant energies redshift and Mie resonances decrease
from 0.18 mA to 0.13, 0.11, 0.09, 0.08 mA, respectively, as N
increases from 4 to 12. For the chains with N = 4 and 6,
there exist responses up to the second-order in the tunneling
current spectrum. For N = 8 and 10, a third-order response
also appears. For N = 12, fourth- and even fifth-order responses
are observed. Therefore, increasing the length of the silver
chain enhances nonlinear plasmon responses.

In addition, we analyze induced charge densities for peaks
in the tunnel current spectra of Ag12 as shown in Fig. 5(b). In
our simulations, we utilize the impulse excitation along the
chain to obtain the resonance peak in the absorption spec-
trum (see Fig. 1), and the energy of this peak corresponds to
that of a first-order peak in the tunneling current spectrum.
The nature of the resonance can also be reflected by the
induced charge density at the resonance frequency, as shown
in Fig. 5(b). For n = 1 in Ag12, the density response is asym-
metric across the chain with its maximum at one end and
minimum at the other, which shows the dipolar character of
the plasmon oscillation. Along the chains, the difference in
density envelope is monotonic for the n = 1 mode, but exhibits
oscillatory structures for n = 2 and 3 modes (Fig. 5(b)) with n
oscillation periods, which results from the longitudinal quan-
tization of plasmon in one dimension.33 Fig. 4(b) also shows
unambiguously the presence of multiple electronic excitations
excluding single electron–hole excitation and reveals the col-
lective nature of plasmons. More details are described in ref.

Fig. 4 Time-evolved occupation of initially unoccupied Kohn–Sham
states in (a) Ag6 and (b) Ag6H2O driven by a laser pulse shown in Fig. 3(a).
(c) Zoomed-in plot for the occupation of the LUMO+17 state shown in
panel (b). (d) Corresponding time-dependent transition coefficient
|CLUMO+17, i|

2 from all occupied states i to the LUMO+17 state for
Ag6H2O.

Fig. 5 (a) Tunneling current spectra of linear silver chains with varying
number of atoms (N = 4, 6, 8, 10, and 12). Laser field strength: E0 =
0.05 V Å−1. (b) Fourier transform of time-evolved charge densities
projected in the atomic plane at four peak frequencies n = 1, 2, 3, and
4 for the chain Ag12.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2018 Nanoscale, 2018, 10, 8600–8605 | 8603

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 I
ns

tit
ut

e 
of

 P
hy

si
cs

, C
A

S 
on

 3
1/

05
/2

01
8 

15
:4

3:
50

. 
View Article Online

http://dx.doi.org/10.1039/c8nr02086h


10 and 33. Clearly, for the peaks where n = 1, 2, 3, and 4, the
charge densities display first, second, third, and fourth order
charge transfer patterns of dipolar plasmonic excitation,
respectively. Therefore, we conclude that the nonlinear
responses in the tunneling currents of silver chains are related
to multiple-order plasmon excitations.

Due to the stringent requirements for computational
resources in large-scale TDDFT calculations, we could only
simulate up to a few tens of atoms as model systems, rather
than large nanoparticles comprising millions of atoms used in
typical experiments. We note that the LSPR response was
dependent on the particle size. However, many conceptual
models in TDDFT could produce the same phenomenon and
explain puzzles in the experiments.10,18,22,41–43 For example,
using TDDFT, Yan et al.10 studied LSPR of linear sodium
chains with N = 1–18 atoms, and they revealed the nature of
transverse plasmonic mode observed in experiments. By
employing TDDFT, Lauchner et al.43 demonstrated the exist-
ence of molecular plasmon resonances in electrically doped
materials, which were in excellent agreement with results from
experiments. In this sense, the basic effect (high-order non-
linearities) can also be studied using cheaper approaches,
which may be applied to more realistic systems as long as the
quantum effects of electrons are included. We infer that the
effect shown in Fig. 5(a) would persist in experimentally rele-
vant system sizes and also, evidences from future experiments
are desired. We thereby believe that the results presented
herein provide implications on plasmon-induced nonlinearity,
which is helpful for future experiments on similar and larger
nanoparticles.

4. Conclusions

In conclusion, we have investigated the nonlinear response in
the current spectra of silver atomic chains using TDDFT. We
demonstrate that the nonlinear effect results from the high-
energy hot electrons generated by plasmon decay. The non-
linear response is greatly enhanced with the adsorption of
polar molecules such as water, due to faster Landau damping.
When coupled with polar molecules, plasmons can decay to
hot electrons within ∼50 fs, which is responsible for the high-
order nonlinear effects in tunneling currents. This relaxation
pathway needs to be further justified in future experiments
using similar and larger sized nanoparticles. In addition,
increasing the length of silver chain also enhances the
plasmon-mediated nonlinear effects. Our results shed light on
the atomistic mechanisms regarding how hot electrons gener-
ated by plasmon decay contribute to nonlinear responses. This
new knowledge provides a theoretical basis for understanding
plasmon-induced catalysis and integrated nanophotonics. At
the fundamental level, the coupled plasmon-molecule system,
as a unique model, reveals relaxation pathways of collective
excitations to the localized molecular state, which is a general
and open issue in the field of quantum dissipation. On the
practical side, adjusting the sizes of plasmonic nanosystems,

laser parameters, and adsorption environments can greatly
tune plasmon-induced nonlinear responses, offering possible
paths for the ultimate control of plasmon-induced nonlinear
phenomena to atomic precision. We expect that such insights
into the fundamental plasmon-molecule coupling mechanism
and the possibility of tuning the nonlinear response of LSPR
are generally applicable to all plasmonic nanostructures and
not limited to the model systems considered herein.
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