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Hot electrons generated from the decay of localized surface plasmons in metallic nanostructures have
the potential to transform photocatalysis, photodetection, and other optoelectronic applications. However,
the understanding of hot-carrier generation in realistic nanostructures, in particular the relative impor-
tance of interband and intraband transitions, remains incomplete. Here we report theoretical predictions
of hot-carrier generation rates in spherical nanoparticles of the noble metals silver, gold, and copper with
diameters up to 30 nm consisting of more than one million atoms obtained from an atomistic linear-scaling
approach. As the nanoparticle size increases, the relative importance of interband transitions from d bands
to sp bands relative to surface-enabled sp-band to sp-band transitions increases. We find that the hot-hole
generation rate is characterized by a peak at the onset of the d bands, while the position of the corre-
sponding peak in the hot-electron distribution can be controlled through the illumination frequency. In
contrast, intraband transitions give rise to hot electrons, but relatively cold holes. Importantly, increasing
the dielectric constant of the environment removes hot carriers generated from interband transitions, while
increasing the number of hot carriers from intraband transitions. The insights resulting from our work
enable the design of nanoparticles for specific hot-carrier applications through their material composition,

size, and dielectric environment.

DOI: 10.1103/PRXEnergy.1.013006

I. INTRODUCTION

Metallic nanoparticles are highly efficient light
absorbers when the light frequency matches the frequency
of the localized surface plasmon (LSP) [1,2]. The LSP
is a collective oscillation of the conduction electrons and
gives rise to a large time-dependent dipole moment that
couples strongly to the electric field of the light wave [3].
Importantly, the LSP is a strongly damped oscillation that
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decays on femtosecond time scales [4,5]. Several decay
channels are possible: a radiative decay resulting in the
emission of light, a decay into one or more electron-hole
pairs, or decay mechanisms involving phonons [6]. The
decay into one electron-hole pair is known as Landau
damping and is considered to be the most relevant for the
generation of energetic or “hot” carriers at the surface of
the nanoparticle [7,8]. Such hot carriers can be harnessed
to drive chemical reactions [9—13] or for photodetection
[14-20], for example.

Despite the promise of hot-carrier devices for novel
energy conversion and optoelectronic devices, many fun-
damental questions about the behavior of hot carriers
remain unsolved. For example, the question whether
plasmonic photocatalysis is primarily facilitated by hot-
carrier-induced heating of the nanoparticle or hot-carrier
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transfer to the reactant has been the subject of much debate
[21-25]. Addressing these questions is crucial for the
development and optimization of hot-carrier devices. To
understand and identify the key driving force of plasmonic
photocatalysis, a detailed microscopic understanding of
hot-carrier processes in realistic nanostructures is required.
This is very challenging to achieve, however, because
quantum-mechanical first-principles approaches—while
being highly accurate—can currently only be applied to
periodic systems [4,26—29] or small nanoparticles [30,31].
For example, Rossi and coworkers used ab initio time-
dependent density functional theory to study hot-carrier
generation in silver nanoparticles consisting of up to 561
atoms [31]. However, the radius of such a nanoparticle is
only a few nanometers, much smaller than typical nanopar-
ticles that are used in devices. To model larger nanopar-
ticles, simplified electronic structure methods, such as the
jellium [32,33] or spherical-well approaches [33—35], have
been widely adopted. However, these methods only cap-
ture intraband transitions and lack a description of d bands.
As a consequence, they cannot describe the evolution of
interband and intraband contributions to hot-carrier gener-
ation as a function of nanoparticle size, nor do they shed
light on the role played by d electrons in photocatalysis
[36,37].

In this paper, we use an atomistic electronic structure
techniques based on an accurate tight-binding Hamiltonian
that includes d states and reproduces the band structure
of ab initio calculations [38—42] to study hot-carrier gen-
eration rates in large nanoparticles of silver, gold, and
copper with diameters up to 30 nm as such nanopar-
ticles are widely used in experimental studies and hot-
carrier devices. We find that hot-carrier generation rates
in small nanoparticles with diameters of a few nanometers
exhibit a moleculelike behavior with discrete peaks that
evolve into a continuous distribution for larger nanopar-
ticles. The hot-hole generation rates are characterized by
a large peak at the onset of the d bands stemming from
interband d-to-sp band transitions [43]. The correspond-
ing peak in the hot-electron generation rate is closer to
the Fermi level, but its position can be controlled through
the light frequency. Moreover, intraband transitions are
shown to yield a second peak in the hot-hole generation
rate that lies close to the Fermi level and a correspond-
ing peak in the hot-electron rate at high energies. As
the nanoparticle size increases, the interband transitions
dominate increasingly over surface-enabled intraband tran-
sitions. Embedding the nanoparticle in an environment
with a sufficiently large dielectric constant removes the
contribution from interband hot carriers and enhances the
one from intraband hot carriers. These insights from our
work pave the way towards a mechanistic understanding of
hot-carrier devices. For example, they enable experimen-
talists to design nanoparticles for specific oxidation and
reduction reactions in photocatalysis.

II. FORMALISM FOR HOT-CARRIER
GENERATION RATES

When the nanoparticle is illuminated by light with fre-
quency w, the rate of excited hot electrons with energy £
per unit volume can be obtained from Fermi’s golden rule
according to [33,34]

2
NeE,0) = 2.3 Ty @)8(E = Eg;0), (1)
if

where i and f denote the initial and final states (with ener-
gies E; and Ey ) of the light-induced electronic transition, V'
is the nanoparticle volume, and the factor of 2 accounts for
spin degeneracy. Also, we defined the Gaussian broadened
spectral function 8(x;0) = (1/4/2m02) exp(—x?/202),
which becomes a delta function in the limit of o — 0.
Here, o is a broadening parameter reflecting the finite
quasiparticle linewidth. Finally, I';r is given by

2 N
Ly (w) = %I (f | Peot(@) i) P8(Ef — Ei — hoo; y)
x f(E) —f(Ep)). 2

Here, f(E) denotes the Fermi-Dirac distribution function
that we evaluated at room temperature in this work, but
calculations for other temperatures and even nonequilib-
rium distribution functions are straightforward within our
formalism. Also, QADtot(a)) is the total potential operator
that consists of two contributions: the field arising from
the external illumination and the induced field caused
by the electronic response of the nanoparticle. Moreover,
y denotes the typical linewidth of electronic transitions.
In previous work [33,34] §(E; — E; — hw; y) was often
approximated by a Lorentzian function. However, we have
found that this choice introduces artificial peaks near the
Fermi level as a consequence of the slow decay of the
Lorentzians. A similar expression for the rate of photoex-
cited hot holes can be obtained by swapping the indices of
final and initial states in Eq. (1). We note that our formal-
ism does not capture effects related to light scattering by
the nanoparticle.

To numerically evaluate the hot-carrier generation rates
in nanoparticles, we employ the tight-binding approach to
calculate the electronic states and their energies. Specifi-
cally, we assume that all nanoparticle wavefunctions can
be expressed as linear combinations of the 3d, 4s, and
4p atomic orbitals for Cu, 4d, 5s, and 5p atomic orbitals
for Ag, and the 5d, 6s, and 6p atomic orbitals for Au.
The tight-binding Hamiltonian is based on an orthogonal
two-center parametrization of ab initio density-functional
theory calculations [42] and the resulting band struc-
tures are in good agreement with ab initio results using
the augmented plane-wave method with the local density
approximation [42]. The total potential is evaluated in the
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quasistatic approximation using experimentally measured
bulk dielectric functions and the resulting matrix elements
are calculated following the approach of Pedersen et al.
[44]; see Sec. V for details.

The evaluation of Eq. (1) via exact diagonalization
methods becomes impractical for large nanoparticles. To
overcome this challenge, we exploit the observation that
the hot-carrier generation rate, Eq. (1), is a spectral quan-
tity similar to the density of states p(E) = ) 8(E — E,).
For such quantities, highly efficient numerical approaches
have recently been developed that avoid the need to diag-
onalize large Hamiltonian matrices [38—41]. To harness
these spectral methods, we write the hot-carrier rate as

N(E,w) = ;;—JIT// dE'S(E —E';0)

“ /OO AED(E.E.0)S(E — E — hari y)
SEA=f(E, 3)

where ¢(E,E,w) = 3, [{f | ot (@) [1)*8(E — ENS(E" —
Er) can be conveniently expressed as the trace of
the operator 8(€ — H )Pt ()8 (E — H)Pio(w). In order
to apply the full machinery of spectral methods, we
rescale and shift the energy variables E(E) — &(¢’)
and the Hamiltonian A +> / so that the spectral weight
is mapped into the interval [—1: 1], where first-kind
Chebyshev polynomials, 7),(¢) = cos(narccose) (with n
being a non-negative integer), form a complete set of
orthogonal functions [45]. The spectral operator §(e —
it) can now be formally expressed as an infinite series
of Chebyshev polynomials according to &(e — iAz) =
2/(mV1 =&)Y 2 (1+ 8,0) " T, (W) T, (). In practical

calculations, this series is truncated after N — 1 terms,
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FIG. 1.

which induces unphysical Gibbs oscillations. These can
be removed by multiplying each term in the series with a
coefficient of Jackson’s kernel given by J (n, N) = [(N —
n) cos(wn/N) + sin(zwn/N) cot(w/N)]/N [41,46], which
effectively replaces each delta function by a Gaussian (note
that the width of these Gaussians is much smaller than the
physical broadening parameters o and y). Inserting these
series into ¢ (¢, €', w) gives

—1N-1

ZZ 4an(w)Tm(8)Tn(8/)
==t/ - e)(1—e?)
o J(m,N)J(m,N)
(1 +8n0)(1 +8m0)’

p(e, ', 0) ~

“)

where we have defined w,,,(w) = Tr[Tm(l;)Ci)tot(w)Tn(fz)
@y (w)] that can be computed efficiently exploiting
the recurrence relation of Chebyshev polynomials and
stochastic trace evaluation techniques [41]; see Sec. V for
details.

ITII. HOT-CARRIER GENERATION RATES

We have calculated hot-carrier generation rates for
spherical nanoparticles of Ag, Au, and Cu containing up to
1072241 atoms [corresponding to diameters up to 32 nm
(Ag), 33 nm (Au), and 28 nm (Cu)].

Figure 1(a) shows the evolution of the hot-electron and
hot-hole generation rates in Ag nanoparticles as a func-
tion of the diameter when the nanoparticle is illuminated
at the LSP frequency (3.5 eV in vacuum). For the small-
est nanoparticle (D = 2 nm), the hot-electron and hot-hole
rates exhibit a series of discrete peaks characteristic of a
moleculelike behavior. At a diameter of 4 nm, we find
that the hot-electron and hot-hole rates have evolved into
smooth curves. The hot-hole rate has a sharp peak near

(b)
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Hot-carrier generation rates for spherical silver nanoparticles. (a) Dependence of the hot-hole (blue) and hot-electron (red)

rates on the nanoparticle diameter D at the LSP frequency. (b) Dependence of hot-carrier rates on the illumination frequency for a
D = 32 nm nanoparticle. Yellow arrows indicate peaks arising from d-to-sp band transitions and green arrows indicate peaks arising
from sp-to-sp band transitions. The zero of energy is set to the Fermi level.
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FIG. 2. Electronic band structures of (a) silver, (b) gold, and (c) copper. The zero of energy is set to the Fermi level. (d) The power
(for an illumination intensity of 1 mW pm~2) absorbed by the spherical nanoparticles as a function of photon energy.

—3.5 eV (indicated by the yellow arrow) and a second
broader peak closer to the Fermi level (indicated by the
green arrow). Because of energy conservation, the hot-
electron rate also exhibits a sharp peak (indicated by the
yellow arrow) that is shifted from the sharp peak in the
hot-hole rate by the LSP energy and lies close to the Fermi
level. The second peak in the hot-electron rate (which cor-
responds to the broad peak in the hot-hole rate near the
Fermi level and is indicated by a green arrow) is centered
near 2.9 eV. The energy of the sharp peak (indicated by the
yellow arrow) in the hot-hole rate corresponds to the onset
of the flat d bands in Ag; see Fig. 2. When the nanoparticle
is illuminated with light at the LSP frequency, interband
transitions from the d band to the sp band that cross the
Fermi level can be induced. The broad peaks in the hot-
electron and hot-hole rates (indicated by green arrows),
on the other hand, originate from transitions from sp-band
states into other sp-band states. In contrast to the d-to-sp
transitions, such transitions are forbidden in the bulk mate-
rial and are only enabled by the presence of the surface. As
the size of the nanoparticle increases, we expect the con-
tribution of the surface-enabled transitions to decrease in
comparison to the bulk transitions. Indeed, it can be seen
that the size of the broad peak is significantly reduced for
a diameter of 8.1 nm in comparison to the size of the sharp
peak.

Next, we study the dependence of the hot-carrier gen-
eration rates on the light frequency. Figure 1(b) shows the
hot-electron and hot-hole rates of a Ag nanoparticle with
a diameter of 32 nm (corresponding to 1072241 atoms)
at illumination frequencies of 3.5 eV, 4.0 eV, and 5.0 eV.
Again, it can be seen that the hot-electron and hot-hole
rates exhibit two peaks. The strongest peak is in the hot-
hole rate at around —3.5 eV (which is indicated by a yellow
arrow and corresponds to the onset of the d bands). The
corresponding peak in the hot-electron rate is shifted by
the illumination frequency, i.e., it moves to higher ener-
gies as the illumination frequency is increased. A second
smaller peak in the hot-hole rate (indicated by the green
arrow) occurs just below the Fermi level where the density
of occupied sp-band states is highest. This peak moves to
lower energies as the illumination frequency is increased.
The corresponding peak in the hot-electron rate is located
near 4.0 eV and moves to slightly higher energies as
the light frequency is increased. These results show that
hot holes are predominantly produced in the d band (as
a result of d-to-sp transitions), but also near the Fermi
level. In contrast, the energy of hot electrons generated
by bulk transitions can be controlled through the illumi-
nation frequency, while the energy of surface-enabled hot
electrons is very high. It can also be seen that the highest
number of hot carriers is produced at the LSP frequency
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Hot-carrier generation rates for spherical gold nanoparticles. (a) Dependence of the hot-hole (blue) and hot-electron (rate)

rates on the nanoparticle diameter D at the LSP frequency. (b) Dependence of hot-carrier rates on the illumination frequency for the
D = 33 nm nanoparticle. Yellow arrows indicate peaks arising from d-to-sp band transitions and green arrows indicate peaks arising
from sp-to-sp band transitions. The zero of energy is set to the Fermi level.

as a consequence of the large enhancement of the field
intensity. At the LSP frequency, bulk transitions are much
more frequent than surface-enabled transitions. In contrast,
the relative contribution of surface-enabled hot carriers
increases for higher illumination frequencies.

Figure 3 shows the hot-carrier rates for Au nanopar-
ticles. At the LSP frequency (2.4 eV in vacuum), the
hot-carrier rates again exhibit discrete peaks for small
nanoparticles, which evolve into continuous distributions
as the diameter increases; see Fig. 3(a). The main peak
in the hot-hole rate (indicated by the yellow arrow) for
the larger nanoparticles is located at —2.0 eV, correspond-
ing to the onset of d bands in the material; see Fig. 2(b).
A corresponding peak in the hot-electron rate is located
just above the Fermi level (also indicated by a yellow

(a)
a0 T
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T /\\/\
g 0
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arrow). Both rates also exhibit a second smaller peak (indi-
cated by green arrows) caused by surface-enabled sp-to-sp
transitions. This second peak is just below the Fermi level
in the hot-hole rate and near +2.3 eV in the hot-electron
rate.

Considering next the evolution as a function of light fre-
quency for a nanoparticle of 33 nm diameter [see Fig. 3(b)]
reveals that the main peak (indicated by a yellow arrow)
in the hot-hole generation rate remains at —2.0 eV while
the corresponding peak in the hot-electron rate moves to
higher energies. In contrast to Ag, an additional hot-hole
peak emerges at lower energies (near —4.5 eV for a light
frequency of 5 eV, also indicated by a yellow arrow) with
a corresponding hot-electron peak just above the Fermi
level. These peaks result from transitions from deeper

(b)
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FIG. 4. Hot-carrier generation rates for spherical copper nanoparticles. (a) Dependence of the hot-hole (blue) and hot-electron (rate)
rates on the nanoparticle diameter D at the LSP frequency. (b) Dependence of hot-carrier rates on the illumination frequency for the
D = 28.2 nm nanoparticle. Yellow arrows indicate peaks arising from d-to-sp band transitions and green arrows indicate peaks arising
from sp-to-sp band transitions. The zero of energy is set to the Fermi level.
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lying d bands to sp bands. The hot-hole peak just below
the Fermi level disappears as the light frequency increases.

After that, we consider Cu nanoparticles. In this sys-
tem, the LSP peak at 2.2 eV is much less pronounced,
see Figs. 2(c) and 2(d). As a consequence, the hot-carrier
peaks at the LSP frequency are much lower than in Ag and
Au; see Fig. 4(a). Similarly to the case of Ag, we find a
peak in the hot-hole rate (indicated by the yellow arrow)
at —1.8 eV, corresponding to bulk d-to-sp transitions with
a corresponding hot-electron peak just above the Fermi
level. A second smaller peak in the hot hole rate (indicated
by the green arrow) arising from the surface-enabled sp-
to-sp transition is found just below the Fermi level and
a corresponding hot-electron peak near 2 eV. At higher
frequencies, additional peaks at lower energies (indicated
by yellow arrows) emerge in the hot-hole rate as a conse-
quence of transitions from low-lying d states. In particular,
at a light frequency of 4.8 eV the strongest peak is located
at —4.5 eV and a corresponding peak in the hot-electron
rate is located at +0.4 eV.

Finally, we study the dependence of the hot-carrier gen-
eration rates on the dielectric constant of the surrounding
medium. Figure 5 shows results for a silver nanoparticle
with a diameter of 4 nm. As discussed above, in vacuum
(em = 1), the hot-hole generation rate has a large peak at
—3.5 eV due to interband transitions with a corresponding
hot-electron peak near the Fermi level (indicated by yel-
low arrows). For €, = 4, the LSP frequency has reduced
to 3.15 eV. This is no longer sufficient to excite interband
transitions and the hot-hole rate is characterized by a broad
peak near the Fermi level, while the hot-hole rate exhibits a
corresponding peak near 3 eV (indicated by green arrows).
Interestingly, the height of the intraband peak is increased
compared to the case of vacuum. This increase is caused

o 25 T

lm hw = 3.50 eV 1 em =1

< LA : ;
® 0.0 T

E 10{ hw=315eV 41 em =41
- M,f’/\

> 0 T
f 25 1 hw = 2.80 eV : em =17 .

IE? 0 —"/\}\t "\
~ []

2 25 hw = 2.46 eV il : em = 10

o

= 0 T T T

—4 -2 0 2 4
E (eV)
FIG. 5. Hot-carrier distribution of a spherical silver nanopar-

ticle with a diameter of 4 nm in various dielectric environments
evaluated at the corresponding LSP frequencies. Yellow arrows
indicate peaks arising from d-to-sp band transitions and green
arrows indicate peaks arising from sp-to-sp band transitions.

by an increase in the matrix elements [43,47] that are pro-
portional to 1/w? [43]. As the medium dielectric constant
increases, the main peak of the hot-hole generation rate
remains close to the Fermi level, while the energy of the
hot electrons is reduced. These findings demonstrate that
hot-carrier generation rates can be controlled by a care-
ful choice of the dielectric properties of the nanoparticle
environment.

IV. CONCLUSION

We have reported atomistic quantum-mechanical cal-
culations of plasmon-induced hot-carrier generation rates
in large nanoparticles containing more than one million
atoms. Accessing this size regime that is relevant for prac-
tical devices is possible through the use of highly efficient
spectral methods based on an expansion of the hot-carrier
generation rate in terms of Chebyshev polynomials. These
advances allow us to study the evolution of the hot-carrier
generation rate as a function of nanoparticle diameter from
a moleculelike regime characterized by discrete peaks to a
continuous curve for diameters exceeding 4 nm. Moreover,
the relative importance of bulk d band to sp-band tran-
sitions compared to surface-enabled sp-band to sp-band
transitions increases with increasing diameter. Interband
transitions give rise to a large peak in the hot-hole gen-
eration rate located at the onset of d-band states. Such
holes have energies of several electron volts relative to the
Fermi level. The corresponding peak in the hot-electron
rate lies closer to the Fermi level, but is tunable through the
illumination frequency. In contrast, intraband transitions
induce holes near the Fermi level and hot electrons with
energies of several electron volts. Finally, the contribu-
tion to the hot-carrier distributions arising from interband
transitions can be removed by increasing the dielectric con-
stant of the surrounding medium that also enhances the
matrix elements for intraband transitions. These insights
are crucial for fabricating nanoparticles for inducing and
optimizing specific chemical reactions. They also form
the starting point for studying the thermalization of hot
electrons, which is the subject of future work.

V. METHODS

A. Atomic structure of nanoparticles

Spherical nanoparticles of different sizes are carved
from the bulk material. Specifically, we first choose an
atom as the centre of the nanoparticle and remove all atoms
whose distance from the central atom is greater than the
nanoparticle radius.

B. Quasistatic approximation

We use the quasistatic approximation to evaluate the
total electric potential experienced by electrons in the
nanoparticle. If the electric field is parallel to the z axis,
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the total potential inside the nanoparticle is given by

3¢,
Dii(z, = —eFkjy————z, 5
tot (2, ) € Oe(w)+2€mz (5)

where E is the electric field strength of the external illu-
mination, €, denotes the dielectric constant of the medium
in which the nanoparticle is embedded, and €(w) denotes
the bulk dielectric function of the material [3,33,48]. Here,
we use experimental bulk dielectric functions [49] to eval-
uate P (z, w). In our calculations, we use Ey = 8.7 x
10° V/m, corresponding to an illumination intensity of
1 mW/um?. We note that the quasistatic approximation
is only accurate for nanoparticles with sizes that are much
smaller than the wavelength of light. On the other hand,
the use of a bulk dielectric function becomes unreliable
for very small nanoparticles where quantum size effects
become important.

C. Matrix elements

To calculate the hot-carrier rates, we need to evaluate
the matrix element of &y (z, w) between two nanoparti-
cle states. Within the tight-binding method, these states are
expressed as linear combinations of atomic orbitals |7, «),
where the index i labels the atom of the nanoparticle and
the index « labels the orbitals on the atom. Following Ped-
erson and workers [44], the matrix element of the total
potential between two atomic orbitals is evaluated as

(G, Bl®(@)i,a) = (zj + dup)bij, (6)

3e,

"e(w )+ I
where z; denotes the z coordinate of atom j and d, g is
the intra-atomic dipole matrix element between orbitals
|y and |B). We calculate the intra-atomic matrix ele-
ment using ab initio density-functional theory for isolated
atoms as implemented in the electronic structure program
FHI-aims [50]. In these calculations, the Perdew-Burke-
Ernzerhof exchange-correlation functional [51] is used.
Non-spin-polarized calculations are performed in all cases,
resulting in an (n — 1)d'%ns' valence electron configura-
tion for Cu, Ag, and Au. Scalar relativistic effects are
included via the atomic ZORA formalism, and the FHI-
aims default “tight” numerical basis sets are employed
[50,52]. In order to ensure that the calculated Kohn-Sham
orbitals and the corresponding matrix elements match the
canonical atomic orbital basis functions used in the tight-
binding calculations, a small external potential that lifts the
degeneracies of the metal d and p orbitals is introduced
in the DFT calculations. It is verified that the external
potential does not affect the energies of the Kohn-Sham
eigenstates by more than 0.01 eV. The nonvanishing matrix
elements are shown in Table 1.

TABLE 1. Nonvanishing intra-atomic dipole matrix elements
obtained from first-principles calculations; see the text.

du g (1072 nm)

o B Ag Au Cu
dzx Px 2.73 3.27 2.31
d,. p- 2.73 3.27 2.31
da P 3.15 3.75 2.63
s P 9.36 8.95 8.55

D. Spectral approach

To expand the spectral operator 8(E — H) in terms
of Chebyshev polynomials, the energy variable and the
Hamiltonian must be rescaled and shifted such that their
spectral weight lies in the interval [—1; 1]. This is achieved
by the following transformation: ¢ = (£ — E,)/E_ and
],’\l = (IA‘I —E+)/E, with Ei = (EL :|:E5)/2 and EL(S) the
largest (smallest) energy level of the nanoparticle, which
is approximated by the largest (smallest) energy of the
bulk band structure. Truncating the series expansion of
the spectral operator and multiplying each term with the
coefficients of Jackson’s kernel, effectively replaces the
delta function by a Gaussian with an energy-dependent
width. The chosen value of N = 5000 gives rise to a
maximum broadening of 12 meV for Ag, 9.5 meV for
Au, and 12 meV for Cu. These numerical broadenings are
significantly smaller than the physical broadening param-
eters (0 = 50meV and y = 60 meV) that we use in our
calculations.

Finally, evaluating ¢(e,€¢’,w) requires computation
of the Chebyshev moments defined as wu,(w) =
Tr[T, m(iz) &Jtot(w)T ,,(}At)dsmt(a))]. This is achieved by using
the recurrence relation of the Chebyshev polynomials and
a stochastic trace evaluation technique that scales linearly
with system size. In particular, we approximate

2

K
Y kI T(ET, ()2|k),

k=1
(7

Mn (@) &

e( )+2

where {|k)} denotes a set of random vectors. As the sys-
tem size increases, the number K of vectors in this set
required for converged results decreases. In our calcula-
tions, we have used 100—10 000 random vectors depending
on the diameter of the nanoparticle that results in highly
converged results.
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