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Plasmon-driven sub-picosecond breathing of
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We present the ﬁrst real-time atomistic simulation on the quantum dynamics of icosahedral silver nanoparticles under strong laser pulses, using time dependent density functional theory (TDDFT) molecular
dynamics. We identify the emergence of sub-picosecond breathing-like radial oscillations starting
immediately after laser pulse excitation, with increasing amplitude as the ﬁeld intensity increases. The
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1.

ultrafast dynamic response of nanoparticles to laser excitation points to a new mechanism other than
equilibrium electron–phonon scattering previously assumed, which takes a much longer timescale.
A sharp weakening of all bonds during laser excitation is observed, thanks to plasmon damping into
excited electrons in anti-bonding states. This sudden weakening of bonds leads to a uniform expansion of
the nanoparticles and launches coherent breathing oscillations.

Introduction

For decades, since the invention of femtosecond spectroscopy
techniques, scientists have been studying thermalization of
electrons excited by laser pulses in metal nanoparticles and
thin films.1 By the end of the 1990s, mechanical oscillations at
the picosecond time scale after laser illumination were
observed for the first time in semiconductors2 followed by
silver3 and gold4 nanoparticles, evidenced by a transmission
signal change in pump–probe measurements. These oscillations were quickly found to match the lowest frequency
radial mode (or breathing mode) of the particles, modeled as
an elastic sphere by classical calculations. Their frequency is
inversely proportional to the nanoparticle radius.5,6 Similar behavior was observed in tin and gallium nanoparticles.2 This
discovery paved the way to more research in electron–phonon
dynamics in metal nanoparticles in the following years.1,7–14
In particular, experimental studies for monolayer-protected
nanoparticles also confirmed relaxation of electronic excitation
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to vibrational modes, although diﬀerences in features such us
excited state lifetime and vibrational periods with respect to
uncapped nanoparticles were found.12,15,16
The proposed explanation, supported by experimental
evidence, considers that electrons thermalize in the hundred
femtosecond timescale, and then transfer heat to phonons
faster than the period of the breathing mode (typically in the
order of 1–2 ps); the consequent increase in lattice temperature increases suddenly the equilibrium radius of the particle,
inducing atoms to oscillate around the new potential energy
minimum.5,6,9 Experimental evidence in uncapped nanoparticles is consistent with this mechanism, since oscillations
could not be observed for small particles (for which the
characteristic oscillation time is shorter).5
However, even though thermalization dynamics are clearly
understood, the reason why the oscillations are launched is yet
not very clear. In particular, investigations within the small
size and short time regime are needed to prove that electron–
phonon coupling driving an indirect displacive mechanism is
the main cause for the oscillations in all size and time
regimes. In particular, hot-electron pressure has been reported
as responsible for the mechanical vibrations in small particles
and for the initial phase of the oscillations.10,17–20
Computational studies have helped to explore the aforementioned conditions21–23 but have not yet been able to
account for real-time laser induced phenomena.
Here, we report the first real-time computational study that
shows evidence of breathing oscillations in the sub-picosecond
regime, via surface plasmon excitation. Since our method does
not explicitly account for dissipation from electrons to
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phonons, the breathing oscillations we see occur as a quasiadiabatic process, in the sense that no direct dissipative electron–phonon interaction is included in the model. An explanation for the observed results is proposed based on a displacive excitation mechanism. The use of a density functional
tight binding method for larger particles is proved to be valid
by comparing with the results obtained by time-dependent
density functional theory.

2. Computational methods
2.1.

Time-dependent density functional theory

Time-dependent density functional theory (TDDFT) calculations were performed using the time-dependent ab initio
package (TDAP) as implemented in SIESTA.24 This method has
been used recently to study dynamics after excitation in several
systems.25–27 Numerical atomic orbitals with double zeta polarization (DZP) were used as the basis set, while the electron–
nuclear interactions were described by Troullier–Martins
pseudopotentials in the local density approximation (LDA) and
a real-space grid equivalent to a plane-wave cutoﬀ of 250 Ry
was adopted.
Structures were converged using a standard conjugate-gradient technique until an energy tolerance of 10–6 eV was reached.
Forces on each atom were found to be less than 0.01 eV Å−1.
Absorption spectra were computed from real-time propagation of the density matrix (DM) ρ of the system after an
initial step perturbation (eqn (1)) to the ground state DM. The
frequency-dependent polarizability tensor α is obtained within
the linear response regime by deconvoluting the dipole
moment signal in the time domain, leading to the absorption
cross-section which is directly proportional to the imaginary
part of the polarizability:
Eν ðtÞ ¼ E0ν ð1  ΘðtÞÞ:

ð1Þ

Non-adiabatic molecular dynamics simulations were performed integrating the time-dependent Kohn–Sham equations
as described by Meng and Kaxiras.24 We used a time step of
0.05 fs and reached a total simulation time of 800 fs. The laser
pulse was described as shown in eqn (2), where the frequency
ωp matches the plasmon energy (3.8 eV). The pulse peak time
was set at t0 = 20 fs while the width was chosen to be σ = 6 fs.
E0 was set to 0.5 V Å−1:
EðtÞ ¼ E0 cosðωp tÞexpððt  t0 Þ2 =2σ 2 Þ:

ð2Þ

This highly accurate method could be used to describe the
time-dependent behavior of particles of up to 55 atoms, due to
its high computational cost. For larger systems we used the
more approximate time-dependent density functional tightbinding method.
2.2.

Time-dependent density functional tight-binding

The electronic description of the ground state is achieved
using the self-consistent charge density functional tight-
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binding (DFTB) approach, as implemented in the DFTB+
package.28 This method is based on a second order expansion
of the Kohn–Sham functional around a reference density and
has proven useful for accurate descriptions of the properties of
metallic nanostructures, semiconductors and large molecules.
The Slater–Koster parameters were obtained using the Hyb-0-2
parameter set.29,30 The conjugate-gradient method was used to
optimize the structures.
The methodology used to calculate the absorption spectra
is similar to the one described in section 2.1, using in this
case a Dirac-delta-like perturbation. The Liouville–von
Neumann equation for non-orthogonal basis (eqn (3)) is then
numerically integrated using the Leapfrog algorithm. In
eqn (3) Sij = 〈ϕi|ϕj〉 is the overlap matrix, H is the Hamiltonian
matrix and i the imaginary unit:
ρ̇ ¼ iðS1 H½ρρ  ρH½ρS1 Þ:

ð3Þ

In this case, the polarizability tensor can be calculated by
Fourier-transforming the dipole moment signal in the time
domain and dividing by the Dirac-delta-like pulse field intensity (eqn (4)). A damping factor of 0.1 fs−1 was used to obtain
uniform broadening of the peaks. This choice of damping is
related to the length of the trajectory used as the input in eqn
(4) and is only used to obtain a well-resolved plasmon peak
and to identify its energy precisely. This methodology has
been applied to study the optical properties of a range of molecular and nanostructured systems:31–34
αðωÞ ¼

μðωÞ
:
E0

ð4Þ

For the systems under analysis in the present paper, we propagated 20 000 steps using a time step of 0.0048 fs and an electric field intensity of E0 = 0.001 V Å−1, well within the linear
response regime. Plasmon energies were identified as the lowestenergy peak in the absorption spectra as described elsewhere.34
Non-adiabatic molecular dynamics were performed within
the Ehrenfest approximation, in which electrons are treated as
quantum and nuclei as classical particles that move in a mean
field caused by the instantaneous electronic wave-function. In
this approximation, non-adiabaticity is described only approximately, and inelastic dissipation from electrons to phonons is
neglected.35
This is due to the neglect of quantum fluctuations of the
position and momentum within the Ehrenfest approximation.
This approximation can be seen as the first term of a moment
expansion of the coupled equations of motion of the electron
density matrix and the position and momentum operator
probability distributions around their average values.36 It can
be shown that spontaneous phonon emission and the description of processes such as inelastic current–voltage spectroscopy (involving the proper description of electron–phonon
scattering) requires the expansion to be carried out up to the
second moment of the momentum and position distributions.37 In the results shown in this paper this drawback is
used as an advantage, as it is discussed in section 3.
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The formalism described as follows was derived from formulations reported in the literature38,39 and implemented in
the DFTB+ package. The equation of motion of the DM is
similar to the Liouville–von Neumann equation but including
non-adiabatic coupling terms (eqn (5)):
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ρ̇ ¼ iðS1 H½ρρ  ρH½ρS1 Þ  ðS1 Dρ þ ρD† S1 Þ

ð7Þ

Time-dependent forces are calculated at each electronic
step and are used to propagate the nuclei simultaneously
using the velocity Verlet algorithm. The expression for the
forces can be found in the ESI.† Phonon frequencies and displacement vectors were calculated using the modes program of
the same package (see below for explanation of the method).
2.3.

55

147

309

d/nm
ħωp/eV

1.09
3.21

1.64
2.95

2.19
2.85

Their diameter and plasmon energy as calculated by TDDFTB
are summarized in Table 1.

ð6Þ

An external laser field can be applied by adding a timedependent term to the Hamiltonian of the form V = −μ(t )·E(t ).
For a sin2-shaped pulse, the electric field is determined by
using eqn (7), where ωp matches the plasmon energy for each
case, and the total duration of the pulse was set to τ = 25 fs for
all simulations. We varied E0 exploring the range between
0.001 V Å−1 and 0.75 V Å−1. Here Θ(t ) is the Heaviside step
function. The pulse envelope function is diﬀerent from what is
shown in section 2.1, but its eﬀect in the dynamics is minor,
aﬀecting only its amplitude (see the ESI†):
EðtÞ ¼ E0 sinðωp tÞsin2 ðπt=τÞð1  ΘðτÞÞ:

n

ð5Þ

where DkBlA = vA·〈ϕkB|∇AϕlA〉 is the non-adiabatic coupling
matrix, vA being the velocity of atom A and ∇AϕlA the gradient
of the orbital ϕl (which is localized on atom A) with respect to
the coordinates of A. In our implementation, we approximated
〈ϕkB|∇AϕlA〉 as the gradient of the overlap matrix with respect
to the AB interatomic vector, RAB, for A ≠ B, and 0 otherwise
(see eqn (6), where δAB is Kronecker’s delta function):
hϕkB j∇A ϕlA i ¼ ∇AB SkB lA ð1  δAB Þ:

Table 1 Number of atoms n, structure, diameter d and plasmon energy
ħωp of the silver nanoparticles under study

3. Results and discussion
The 55-atom NP, after geometry optimization and having zero
initial velocities, was illuminated with laser pulses of intensity
E0 = 0.5 V Å−1 as described in sections 2.1 and 2.2. The system
evolves freely after this initial perturbation for 800 fs. The NP
average radius, calculated by averaging the distance of all
surface atoms to the central atom, is shown as a function of
time in Fig. 1 for both methods. An oscillatory behavior is
observed for both simulations, although similarities are only
qualitative. There is an evident mismatch of the period
between the two methods, being ca. 300 fs for TDDFT and ca.
390 fs for TDDFTB. By normal mode analysis with DFT and
DFTB we found that the QBM periods for each method (304 fs
and 393 fs, respectively) are strikingly similar to the ones
found by the TD calculations. The dashed lines in Fig. 1 are

Normal mode analysis

The mass-weighted Hessian matrix F, defined in eqn (8), is
computed by numerical diﬀerentiation using either self-consistent DFT or DFTB for the energy calculation. Within the harmonic approximation, the normal modes frequencies and the
normalized displacement vectors are the eigenvalues and
eigenvectors of F, respectively:
1
d2 ε
Fij ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
:
mi mj dqj dqi

ð8Þ

The eigenvectors are then projected along the radial direction, and the modes with the highest projection are analyzed
to find the fundamental radial mode, hereafter called the
quasi-breathing mode (QBM), since the pure breathing mode
exists only up to n = 13.40
2.4.

Model systems

Icosahedral silver nanoparticles (NPs) of three diﬀerent sizes
(number of atoms n = 55, 147, 309) were studied in this work.
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Fig. 1 Radius (solid lines) as a function of time from TDDFT (top) and
TDDFTB (bottom). Sine functions showing the calculated QBM are
shown (dashed lines). Calculations were performed on an n = 55 Ag
nanoparticle using a 25 fs laser pulse, with E0 = 0.5 V Å−1.
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sin functions with a period equal to the QBM. This confirmed
that the QBM is selectively excited in the system under analysis. Diﬀerent periods can be attributed to the diﬀerent hardnesses of the potential energy surface that is obtained using
the two approaches. The same fact can account for the diﬀerence in amplitude.
TDDFT’s higher accuracy is due to a larger basis set and a
better description of the electronic interaction through
exchange and correlation eﬀects, and it is an excellent tool to
study these processes. However, for practical limitations only
the n = 55 NP could be studied using this method. In the previous discussion, we have validated TDDFTB as a valid
approach to study this process, with quantitative diﬀerences in
the results when compared to TDDFT. As we were mostly interested in trends and elucidating the general mechanism rather
than reproducing exact results, we used TDDFTB for the
remaining part of this work.
Molecular dynamics on the three NPs described in section
2.4 were run after illumination with 25 fs-long laser pulses as
described in section 2.2, in resonance with plasmon excitation
(identified as the lowest-energy peak in the absorption spectra,
see the ESI†). The fact that the laser pulse is shorter than in
most experimental studies (where 100–180 fs pulse widths are
commonly used) does not alter the validity of the results, since
as long as the pulse is shorter than the period of the QBM (as
it is explained below), the main eﬀect of a longer pulse (using
a weaker field) would be to start the oscillations later in time,
precluding us from studying an adequate time span due to its
high computational cost.
The electronic energy (mostly the band component)
increases quadratically with the laser field.41 In Fig. 2(a) the
changes of the average radii of the NPs are shown as time
evolves. For laser intensities higher than the threshold value of
0.1 V Å−1 an oscillatory behavior is observed. The shaded area
indicates the length of the laser pulse. Even when the period is
clearly dependent on the size (see below for detailed discussion), the amplitude of the change in the radius seems to be
independent of the NP size and radius (note that the scale in
the vertical axis is the same for each row). An interesting
feature is that vibrations start during the laser pulse, implying
that they are directly launched as a consequence of the
electron excitation.
The change in the lattice temperature with these field intensities ranged from 0.15 K to 70 K, while higher temperatures
and oscillation amplitudes were found using higher field
intensities.†
The observed oscillations show a large radial component by
visual inspection of the animations. To find out whether the
QBM is excited, normal modes are computed within the DFTB
framework as described in section 2.3 and the QMB period is
plotted as a function of the NP diameter as shown in Fig. 2(b).
A linear relationship is found, in agreement with the expected
trend from atomistic and elastic sphere calculations according
to Lamb’s theory,42 plotted in the same figure. The oscillation
period observed in the molecular dynamics simulations is also
shown in the same figure, evidencing good agreement with the
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Fig. 2 (a) Change in the radius for three particle sizes (columns) and
three laser ﬁeld intensities (rows). Shaded areas indicate the laser pulse.
(b) Period of oscillation as a function of diameter calculated from continuum (Lamb’s) theory (gray line), normal mode analysis within DFTB
(blue dots), laser induced oscillations (red triangles) and normal mode
analysis using a Gupta potential, reproduced from Sauceda et al.21
(green squares).

result obtained from the normal mode analysis, emphasizing
the fact that the QBM is excited by the laser pulse. These
diﬀerences can be attributed to the anharmonicity in the
potential (discussed below) and excitation of other modes. In
Fig. 2(b) the QBM period calculated by Sauceda et al.21 by
normal mode analysis using the Gupta potential is also
plotted for comparison. Even though there is an oﬀset
between the trends of about 70 fs, the slopes are very similar.
As it has been reported, the slope of the period vs. diameter
relationship is a characteristic of the QBM mode. The oﬀset
can then arise from systematic diﬀerences related to the
employed methodology (i.e. the DFTB method).
Given that our method does not account explicitly for electron–phonon inelastic scattering, which would allow heat
transfer to occur, this result is puzzling in light of the mechanism reported in the literature.
To understand the origin of such oscillations we investigated the band component of the pairwise bond energy for all
pairs of atoms A ≠ B, hereafter denoted as EAB
pb (eqn (9)), as a

This journal is © The Royal Society of Chemistry 2017
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function of time. This quantity is practically zero unless A and
B are the nearest neighbors. The self-consistent charge (scc)
and repulsive contributions to the energy28 are not considered
since their variation is much smaller than the band
contribution:
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AB
Epb
¼

XX
μ[A ν[B

0
ρμν Hμν
:

ð9Þ

In Fig. 3 the change in Epb for all nearest-neighbor pairs of
atoms and its mean value are plotted for the n = 309 NP with
E0 = 0.25 V Å−1. The inset shows the first 50 fs, where all bond
energies increase due to the excitation of electrons caused by
the laser pulse (25 fs). We conclude that such homogeneous
weakening of all bonds launches the atomic oscillations.
During the first 700 fs the mean bond energy oscillates accompanying the nuclei but does not decrease to its original value,
consistently with the fact that no electron–phonon dissipation
mechanism is considered in the simulations. Fig. 3 also shows
which bonds weaken and strengthen the most (top and
bottom NP diagrams embedded in the figure, respectively).
The proposed mechanistic picture is then given as follows:
as electrons absorb energy they populate the excited states,
which are of antibonding character (see Fig. 4 which evidences
electrons being promoted from the occupied states of the sp
and d bands to the antibonding states). These excitations are
highly delocalized all over the particle due to the delocalized
nature of the plasmon excitation, uniformly weakening all
bonds. As a consequence of this, the potential energy surface
changes (bonds become looser) and the equilibrium radius R0
of the particle increases. The initial expansion is isotropic, and

Fig. 3 Change in pairwise bond energy for all ﬁrst-neighbor bonds in
the n = 309 NP as function of time. The inset shows a magniﬁcation of
the ﬁrst 50 fs of the main plot. The bonds that correspond to some
curves in the 200–300 fs range are shown in the ﬁgure.

This journal is © The Royal Society of Chemistry 2017

Fig. 4 Change in the population of states as a function of state energy
and time. The density of states is plotted on the left panel. The dashed
vertical line at 25 fs indicates the end of the laser pulse.

when the particle reaches R0 it overshoots by inertia of the
atoms, contracting afterwards due to the attractive component
of the force, which results in an impulsive excitation of the
quasi-breathing mode.
The described mechanism is very similar to the displacive
excitation of coherent phonons previously reported,43 which
considers excited electrons as the driving force for the initial
expansion instead of fast heat transfer from the electrons to
the lattice. This result is also in agreement with the calculations by Lethiec et al.,23 where it was found that, for tetrahedral silver clusters, breathing mode excitation arises from
internal conversion after excitation rather than from vertical
excitation itself.
This kind of impulsive nuclear motion induced by electronic excitation is caused by the sudden change in the expectation value of the force at the expectation value of the position, a process that is correctly described by the first order
term in the expansion mentioned in section 2.2.36,37 This is
the case for other impulsive processes such as the induced dissociation of molecules described in ref. 25 and 26. This is the
reason why displacive excitation is observed in the simulations
despite that no direct electron–phonon coupling (i.e. quantum
scattering) can occur within the used simulation scheme.
Several studies have reported features in the vibrations that
are compatible with the displacive excitation mechanism.
Direct coupling processes such as hot-electron pressure show a
sine response with amplitude increasing with the frequency of
the mode,9 which is larger for smaller particles. Experiments
on non-spherical particles with anisotropic acoustic vibrations
have shown that hot-electron pressure is an important contribution to thermal expansion17 and can even excite a particular
mode.18
Further support of this mechanism comes from measurements in monolayer-protected clusters. High-frequency
vibrations observed in gold clusters of the 1.1–4 nm size range
capped with hexane thiolate were explained using this
approach.12 However, unlike our results, the vibrational fre-
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quency was found to be size-independent and compatible with
a local mode of the core gold atoms, not the breathing mode
of the whole cluster. This eﬀect may be explained considering
that ligands induce strong surface disorder,44,45 leaving a crystalline core (at least for NPs larger than 2 nm) leading to the
aforementioned feature which has also been seen in other relevant studies.15,16
The validity of the displacive excitation mechanism was
analized by Hodak et al.5 and did not succeed in explaining
their experimental results since (i) the lifetime of excited electrons in metals is too short and (ii) it would lead to higher
amplitudes as the field intensity increases, while the opposite
behavior is observed. The reason given for (ii) is that for high
fields/small particles the heat transfer to the lattice is slower
than the QBM period, leading to non-coherent excitation which
precludes its experimental observation in ensemble experiments. However, for our modeled scenario these arguments are
less important since (i) we consider shorter times than the electron–phonon coupling times, so most electrons remain excited
(only redistribution of energy in the electronic subsystem
occurs†) and (ii) we look at a single particle and hence coherent
excitation in a polydisperse sample is not considered.
With this picture in mind, simple scaling laws relating to
the parameters of the oscillation with the external perturbation can be obtained. The radius vs. time plots as those
shown in Fig. 2 were fitted to a sine function R = A sin(ωt + ϕ)
+ R0 using standard non-linear least-squares techniques. Five
simulations for each particle size, with laser field intensities
ranging from 0.01 V Å−1 to 0.25 V Å−1 were considered here
(their radius vs. time profile and fittings can be found in the
ESI†). The frequency ω and phase ϕ show little dependence on
the field intensity, since the QBM is excited in all cases except
for small fields.
Some general scaling laws can be obtained from the picture
described in the preceding paragraph. Both the new equilibrium radius R0 and amplitude A increase proportionally with
the external field E0, but they remain almost independent of
the particle size.† Better insight can be drawn if the absorbed
electronic energy, ΔEel, is considered instead of E0. Since
ΔEel is proportional to the absorbed power, it is directly
proportional to the number of atoms n and quadratically
proportional to E0 (since the cross section increases with
volume32 (∝n) and the instantaneous power absorbed from
the external field is proportional to its square41).
P P AB
Also ΔEel 
ΔEpb , therefore, ΔEel/n is a good approxiA

Fig. 5 Scaling of the (a) amplitude and (b) change in the equilibrium
radius of the particles as a function of absorbed energy normalized by
the (a) volume and (b) volume/radius.

normalized weakening of bonds ΔEel/n should be multiplied
by n1/3 (since R ∝ n1/3) to account for the previous conditions.
This leads to ΔEel/n × n1/3 = ΔEel/n2/3.
These simple scaling laws nicely illustrate the proposed
picture of how the plasmon excitation drives the displacive
QBM excitation in our simulations.

4.

Conclusions

We have proved for the first time that mechanical oscillations
compatible with the quasi-breathing mode can be launched in
small silver nanoparticles even “turning oﬀ” electron–phonon
interactions. Hence, the mechanism in this case is based on a
quasi-adiabatic process in which excited electrons populate
the excited states of antibonding character, weakening the
bonds uniformly and causing an expansion of the nanoparticle, which then vibrates around a new equilibrium radius.
New scaling laws can be derived from this explanation, in
which the amplitude is proportional to the absorbed electronic
energy normalized by the number of atoms n and the change
in the equilibrium radius follows the same trend using n2/3 as
the normalization factor. These conclusions have been validated by highly accurate TDDFT calculations, despite diﬀerences observed due to the hardness of the oscillator that
emerges from the diﬀerent approaches.
Our results imply that a diﬀerent, quasi-adiabatic mechanism, might be playing a role in the short-time small-size
regime where electron–phonon scattering is not relevant due
to its longer time scale.

B

mation to the increase of bond energy per unit volume. In
Fig. 5(a) the amplitude is plotted vs. ΔEel/n for all particle sizes. A
linear trend is found where slopes are all similar regardless of
the particle size. Hence, this relationship can help predict the
oscillation amplitude as a function of field intensity.
The change in the equilibrium radius ΔR0 also follows a
similar trend, as plotted in Fig. 5(b), but considering ΔEel/n2/3
as the abscissa. This is explained considering that the average
increase of the particle radius due to the excited electrons has
to be proportional to the radius itself. Hence, to the volume-
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