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S1 Fluctuating Charges Force Field

The goal of the Fluctuating Charge (FQ) Force Field (FF)%*is to provide a way to accurately
describe electrostatic interactions between atoms. To this end, each atom is endowed with a
charge (q) which is not fixed, but can vary according to the Electronegativity Equalization
Principle (EEP), which states that at the equilibrium all atoms have the same electroneg-
ativity, i.e. differences in electronegativity drive the flux of charge and thus polarization
between atoms.

For a given set of N atoms, the FQ energy functional can be defined in terms of electroneg-
ativities and chemical hardnesses. In particular, the FQ energy functional is obtained by

defining the energy in terms of a Taylor expansion with respect to charges:

bB= Z a q’ Z a qu + Z‘]’UQZq] (Sl)
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where energy first and second derivatives with respect to charges define the electronegativity
x and chemical hardness 7, respectively. The last term of the equation takes into account
charge interactions. By imposing the diagonal terms of the interaction matrix J to be atomic

chemical harnesses, the above equation can be rewritten in the following form:
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where the Latin index ¢ runs over the atoms. A\ is a set of Lagrangian multipliers used to
impose the total charge conservation. J is the charge interaction kernel as defined above.

Several ways have been proposed in the literature to define J in order to avoid the so called
“polarization catastrophe”.* Remarkably, in this paper, the charges g are not simply defined

as point-like FQ charges,” but a charge distribution function (an s-type Gaussian function)
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is instead assigned to each atom. Such a choice permits easy and efficient computation of the
interaction kernel J, by exploiting the machinery developed in common quantum chemistry

codes. In fact, the integrals that need to be calculated read:
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o(r —r;) = W@
rij = |r; —rj| is the distance between a pair of FQs and R; is the width of the Gaussian dis-
tribution, which can be obtained by imposing the diagonal term of the matrix to correspond
to the atomic chemical hardness:
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The stationarity conditions of the functional in Eq. [52|are defined by the following equations:

2 Jiiti t A= —xi
(S4)

Zi ¢ = Qtot

The previous system of equations can be recast in a more compact formalism by introducing

the extended D matrix:

J |1
D=

T
1, 0
where 1, is a rectangular matrix containing the Lagrangian multipliers. The linear system

of equation then reads:
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where Cg collects atomic electronegativities and total charge constraints, whereas charges
and Lagrange multipliers are collected in qx. D includes the J matrix and the Lagrangian

blocks.

S2 Linear Response Equations

S2.1 Static Response

In order to calculate static response properties (such as the system polarizability), Eq. has
to be modified. In particular, in the case of one-metal nanoparticles, all the atoms are of the
same type, and thus no polarization occurs due to differences in atomic electronegativies,
which in the pristine FQ model define the polarization “source” in the Maxwell’s meaning
of the term. However, the system polarizes under the effect of a static external electric field.
Static response equations are derived by simply adding to the whole energy a term accounting
for the interaction with the external electric field. It is worth noticing that this can be in
principle achieved either by defining the external perturbation in terms of an electric field,
or an associated electric potential. Since FQ is defined in terms of charges, the use of the

potential V¢! is more convenient.

Thus, Eq. [S2] becomes:
F(a,\) =q'x + %qTJ a+Alq+q'ver (S6)
By minimizing F'(q, \), the static response equations are obtained:
Dqs = ~Cq — V* (87)

Once FQ charges are calculated by solving Eq. [S7] the static polarizability can be calculated
by evaluating the induced dipole moment.

Notice also that standard FQ equations can be reformulated by introducing the electrochem-
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ical potential pg':

1
;(qx + i + Viai) (S8)
Vi = V4 T (S9)
ki
OF
pt = oq Xi + qini + Vi (510)

where Jy, is the proper electrostatic non-diagonal matrix element (i.e., the Gaussian kernel

defined in Eq. .

S2.2 Frequency dependent Response

When nanoparticles of finite dimension are irradiated by an external oscillating electric field,
local plasmons arise.

Because in the FQ approach a charge is placed on each atom, the frequency-dependent
response of the system is defined once the variation of the charges in time is obtained. In
our newly developed wFQ model, we assume electron transfer to occur under two alternative

regimes:

e Conductive regime: the exchange of electrons between contiguous atoms is governed

by the dynamics of the delocalized conduction electrons, giving rise to a damping.

e Tunneling regime: the conductive exchange of electrons between the atoms is mediated

by a quantum tunneling mechanism.

These two different regimes were considered in order to obtain the final equation of WFQ
approach as exposed in the main text (see Egs. 5,6,7). Starting from Eq. 6, the complex

linear equation that is needed to be solved in order to obtain the complex electric charges is:
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Once wFQ frequency-dependent charges are obtained by solving Eq. [S1I], the complex

polarizability @ is easily calculated. In particular, starting from the charges, the complex

electric dipole @ is calculated:

where r; is the distance between the atom ¢-th and the origin. From the complex dipole

moment, the complex polarizability « is calculated by solving:

_ Oy k;
QR = 8_El = ;Ch E (Sl3)

where k and | are x,y,z directions. From such a quantity, the absorption cross section is

recovered:

4
Cabs = B—Zw tr (Im@) (S14)

where c is the speed of light, w is the external frequency and Ima is the imaginary part of

the complex polarizability @.

S2.3 Calculation of the electric current

To calculate the electric current that flows across the studied systems, we have reformulated
for the atomistic case what already reported by Marchesin et al.® in case of ab-initio calcula-
tions. Since we are dealing with a finite object we can use the continuity equation to define
the current that flows across a plane perpendicular to the dimer axis and passing through
the center of the junction (see Fig.. wFQ calculations yield complex response charges to

an external monochromatic field in the frequency domain. The continuity equation gives a
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Figure S1: Pictorial view of a dimer junction. Charges on the blue atoms are those considered
in the definition of the electric current (Eq{S15]).

relation between the total induced charge and the current flowing across the junction I(t) at
time ¢. By referring for instance to the dimer junction in Fig[SI] the most intuitive way of
calculating the current is to only consider charges belonging to one of the two regions of the
dimer, for instance those assigned to the blue atoms. In the frequency domain, the current

can be obtained as:

I{w) = —iwzqi(W) (S15)

Therefore, the modulus of the current (maximum current) flowing across the junction in

response to a given external electric field E = Eg cos(wt) reads:

naali)| = w\/z (Re(q?(w)) + Im(g?())) (s16

In this paper, the current is calculated for any of the plasmon resonances for each geometry

of the two systems under investigation.

S3 Computational Details

wFQ has been implemented in a stand-alone program, named nanoF'Q written in Fortran77.

The final equation is directly solved by an LU decomposition (by exploiting ZSYSV

S7



Lapack subroutine),” however the computational time can be further reduced by iterative
methods for solving complex linear equations involving a sparse matrix.® This will be con-

sidered in future works.

S4 Model Parametrization

wFQ was tested against sodium nanoparticles (see below), which have been chosen because
of their simple electronic structure (only one valence electron is present on each atom). Eq.
4 depends on several parameters, which were recovered from the literature whenever possible
or were fitted to reproduce reference ab-initio plasmonic energy of selected spherical sodium

nanoparticles (vide infra). Such parameters are summarized in Table [S1]

Table S1: wFQ parameters for sodium nanoparticles used in this paper. t.w.: this work. All
data are given in atomic units.

Parameter Eq. Value (a.u.) Ref

7 0.292 t.w.
T 5 1323 2
oo 5 5.21 10
d 7 12.0 t.w.
S 7 1.1 t.w.
19 7 6.92 10

S4.1 Single Sodium Nanoparticles

wFQ was first tested against selected sodium clusters (see Table in order to assign
the parameters entering wF(Q equations. Such parameters were defined as the best set to
reproduce reference ab-initio plasmon resonances (wyor). The differences between wFQ (w)
and reference values (wyef) can be inferred by data reported in table and also depicted in
Figure [S2]

As it comes out evident, our choice of the model parameters makes wFQ able to reproduce the

plasmon resonance almost perfectly for most of the selected nanoparticles. Almost perfect
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Table S2: Calculated wFQ (w) and reference values (wyef) plasmonic resonances for selected
sodium clusters. The method used in case of reference values is also reported.

@ plan-wave DF'T calculations performed with Quantum Espresso, LDA xc functional, ultra-
soft pseudopotential, plane wave cut-off of 35 Ry (140 Ry on the density), TDDFT calcula-
tions with the Lanczos Liouville approach TurboTDDFT4¢

b Sodium spherical nanoparticle of 10 nm diameter.

Nay | Method — wpet (eV) | w (eV)
15 | TDLDA™ 2.75 2.80
59 TDDFT* 2.20 2.28
169 | TDLDA™ 3.01 3.09
331 | TDLDA'2 2.98 3.06
331 | TDLDA% 3.06 3.06
331 jellium™ 3.17 3.06
832 jellium™ 3.25 3.21
1000 | jellium"4 3.30 3.21

13803 Mie? 3.30 3.30

3.5

3.2

29 |

w (eV)

26 |

23 e

2 23 26 29 32 35
(l)ref(eV)

Figure S2: Graphical depiction of wFQ (w) and reference values (wyef) for the sodium clusters
reported in Table The slope of the dotted line is 0.99
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linearity with respect to the reference ab-initio data is also reported (the slope of the dotted
line is 0.99). It is also worth stressing that such results show that the free parameters of
wFQ, i.e. those which cannot be recovered from the literature, can easily be determined once
the optical properties of small nanoparticles are known. This means that the extension of
the model to nanomaterials based on other kind of metal atoms would simply require the
knowledge of the associated plasmon resonances. However, as stated in the main text wFQ
needs to be properly extended to account for the atomic core polarizability that characterizes
d-metals.

To show the computational advantages of using a classical approach such as wFQ with respect
to ab-initio approaches, we report in Table [S3|computational time together with the memory
used in case of Nas9 cluster. Notice that, as stated in section S3, nanoF(Q solves Eq. S11
for each frequency given as input. In this case, we have calculated the plasmonic response
of Nasg by considering 300 frequencies in input, from 0.0 to 3.0 eV with a step of 0.01 eV.

The results reported in Table [S3| refer to the total computational time.

Table S3: * MacBook Pro 2011, 2,3 GHz Intel Core i5, 4GB RAM. 4 cores used for OpenMP
parallelization. ® Intel Xeon X5650 2.6 GHz, 12 cores, 48 GB RAM

RAM  computational time
wkFQ* 1.3 MB 0.534 s
TDDFT? 900 MB 2 h

In addition, to demonstrate the applicability of the code to large nanoparticles we have
performed a calculation on a 10 nm diameter sodium nanoparticle (13803 atoms, see Table
and Figure , by putting 200 frequencies as input (from 2.0 to 4.0 eV, 0.01 eV steps).
We have exploited an Intel(R) Xeon(R) CPU E5-2667 v2 @ 3.30GHz, 16 cores, 128 GB
RAM machine, by requiring 8 cores for OpenMP parallelization. The computational time
was 191h and the memory (RAM) used was 60.72 GB. We want to remark here that the
computational cost of our approach scales as O(N3) due to the fact that the equation S11
is solved by an LU decomposition. We are working on the implementation of an iterative

scheme to solve Eq. S11, which will reduce the computational cost to O(N2).
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Figure S3: Graphical depiction of a 10 nm diameter spherical sodium nanoparticle (13803
atoms)
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S4.2 Test on Single Silver Nanorods

In order to show the applicability of wFQ to the case of d-metals nanoparticles, Silver
nanorods of different size were selected because the absorption maxima are far from interband
transitions.™ Nanorod structures have been constructed by using OpenMD"® nanorod_pentBuilder

functionality, by imposing the lattice constant to be equal 4.08 A. wFQ parameters are re-

ported in Table [S4]

Table S4: wFQ parameters for silver nanoparticles used in this paper. t.w.: this work. All
data are given in atomic units.

Parameter Eq. Value (a.u.) Ref

n 0.379 tw.
T 5 1200 2
(o)) 5} 13.7 L
Ajj 5 15.46 t.w.
d 7 12.0 t.w.
s 7 0.92 t.w.
19 7 5.45 1

wFQ results are reported in Figure (panel a), together with ab-initio data reproduced
from Ref.™” (panel b, red curve).

As it is evident, wFQ spectra are in excellent agreement with ab-initio reference data.

S12



a) oFQ Agys
1300 | ] Ad. 45
AR =10.59
0 D :
1400 Ag103 .
~ 700 1
-
=
2 0 AN ‘
< 1000 t 1
= Agg;
8=
-
2 500 | ]
n
2
5 o
= Ags i
S 400 | I 8%888%
g =k 937
=1 -
-8 200 | 4 bcﬂ 50 — AR—2.873
< L
0 ‘ 0 P
Agio i &8®
200 | I TDDFT A
2 20— Local optics 919
100 | o Non-local optics AR =1.586
‘ ‘ 0
0 1 2 3 4 1 2 3 4
Energy (eV) Energy [eV]

Figure S4: wFQ (panel a) and reference (panel b) absorption cross sections for silver nanorods
with different size. Reference ab-initio data (panel b, red curve) taken from Ref.?
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S4.3 Dependence of wFQ absorption cross sections on the choice

of the model parameters

Among the several parameters defining our wFQ model, ng is the one determining the ab-
sorption resonance (see Eq. 5). Thus, because ng is defined as the ratio between the static
conductance oy and the damping 7, such a ratio needs to remain constant in order to guar-
antee the plasmon resonance to stay the same. The results obtained by varying both oy and
7, but keeping their ratio fixed are shown in the left panel of Figure S5l The different curves
were obtained by multiplying og and 7 by the factor shown in the key. As expected, the
curves become thinner and the limit of the stick spectrum is recovered as the ratio doubles
or triplicates. On the other hand, if the values of oy and 7 decrease by a factor 3 or 10, the

curve broadens, thus recovering the artificial broadening usually employed to plot ab-initio

calculations.
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Figure S5: (left): calculated wFQ absorption cross sections as a function of the multiplicative
factor of oy and 7; (right): Gaussian or Lorentzian convolution of wFQ stick compared with
wFQ spectrum obtained with factor=0.1

To further investigate the behavior of our model, wFQ stick values were convoluted with
a Lorentzian or a Gaussian-type function, with Full Width at Half Maximum (FWHM) of
0.1 and 0.2 eV, respectively. It is evident from the inspection of the right panel of Fig/[Sh|
that the Lorentzian function best fits wF(Q values obtained with a factor of 0.1. This is

not surprising, if Eq. 5 is inspected. On the basis of the data shown above, all the spectra
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reported in the paper were obtained by keeping oy and 7 to the literature values and to
convolute each stick spectrum with a Lorentzian function. In this way, wFQ spectra are

coherent with the corresponding ab-initio values.
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Figure S6: Analysis of the plasmon resonances during the nanorod elongation. (a) Energy
maxima and (b) integrated intensity (i.e., the area underlying the curve) of the plasmon
modes as a function of d. The intensities are normalized so that the full spectrum integrates
to the number of valence electrons (261). The line labels correspond to the labeling used in
Fig. 1(b) and labels A—H to the geometries shown in Fig. 1 (main text).
Figure reproduced from Ref.1?
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Figure S7: wFQ MEP maps for plasmon excitations (eV) of selected structures A-H. The
nominal gap distances d are (from A to H): 3.7, 9.7, 14.7, 22.7, 25.9, 32.1, 32.3, 34.1 A. Blue
color indicates a negative charge, whereas red color indicates a positive charge.

S17



Figure S8: wFQ imaginary charges on the junction atoms before (top) and after (bottom)
the a, 8 and = spectral jumps. Blue color indicates a negative charge, whereas red color
indicates a positive charge.
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Figure S9: DFT absolute value of the electric current through the plasmonic nanojunction
as a function of the elongation distance. Colored arrows indicate the direction of the process
(approaching, in red, and retracting, in blue and orange). Black arrows indicate the position
of the a B and v spectral jumps. Data reproduced from Ref.®
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