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Abstract: We report a quantum mechanical study of the plasmonic response of bimetallic
spherical core/shell nanoparticles. The systems comprise up to 10* electrons and their optical
response is addressed with Time Dependent Density Functional Theory calculations. These
quantum results are compared with classical electromagnetic calculations for core/shell systems
formed by Al/Na, Al/Au and Ag/Na, as representative examples of bimetallic systems. We show
that for shell widths in the nanometer range, the system cannot be described as a simple stack
of two metals. The finite size effect and the transition layer formed between the core and the
shell strongly modify the optical properties of the compound nanoparticle. In particular this
configuration leads to a frequency shift of the plasmon resonance with shell character and an
increased plasmon decay into electron-hole pairs which eventually quenches this resonance for
very thin shells. This effect is difficult to capture with a classical theory even upon adjustment of
the parameters of a combination of metallic dielectric functions.
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1. Introduction

The interaction of electromagnetic waves with metal nanoparticles is characterised by strong
plasmon resonances which are a result of the excitation of the collective motion of the conduction
electrons. Nowadays metal nanoparticle plasmonics is an active field of research because of both
the fundamental scientific interest and the potential applications such as in spectroscopy and
sensing [1-6], optical nanoantennas [7-9], photochemistry [10-12], non linear optics [13—-19],
and many others. In this respect, artificially engineered structures such as metal nanoparti-
cle assemblies [6,20-23] and bimetallic hybrid and alloy plasmonic materials [24] offer a
unique opportunity to control light at the nanoscale. Among other systems, bimetallic core-shell
nanoparticles provide a remarkable example of wide tunability of the plasmon response as well
as near-field enhancements achieved in a geometrically simple structure [25-37].

The technological challenges in the synthesis of core-shell nanoparticles invite for deepen-
ing the theoretical understanding of bimetallic structures, so that a particular geometry and
composition can be set to achieve the sought plasmonic response. Moreover, the comparison
between measured and calculated spectra is often used to disentangle between hybrid or alloy
plasmonic nanoparticles obtained as a result of different synthesis procedures [33—37]. So far
a few theoretical approaches based on the solution of classical Maxwell’s equations have been
used to describe the response of bimetallic structures, where the core and the shell are separated
by a sharp boundary and the corresponding macroscopic dielectric functions are used within
each region [25-28,38—43]. While this approach might be justified for thick materials, quantum
effects play a role for shells of thickness in the nanometer range [44,45]. A number of recent
studies have addressed the importance of quantum effects in setting the optical response of plas-
monic structures, demonstrating the importance of tunneling, nonlocal screening, and plasmon
coupling to the electron-hole continuum, in situations where the characteristic size of the system
(for example the vacuum gap in a plasmonic dimer, cluster size, film thickness, etc.) becomes
small [46-50]. In a core-shell system with shells of small thickness one can expect:

(1) Strong broadening of the plasmon resonance because of the decay into electron-hole
pairs via scattering at the metal/metal and metal/vacuum interfaces (the so called Landau
damping) [51-55].

(i1) Nonlocal screening effects, where the induced screening charge density is not sharply
located at the core/shell and shell/vacuum interfaces but has finite extension in the radial co-
ordinate. As shown for metal clusters [56—58] the nonlocal screening leads to the shift of the
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plasmon resonance energy from the classical Mie value.

(>iii)) Smooth change of the electron density at the core/shell contact. At this region, the
difference in the work functions of core and shell should lead to electron transfer between them.
The resulting dipole layer formed at the interface [43] allows the alignment of the Fermi levels
of the core and the shell.

Here we use the time-dependent density functional theory (TDDFT) to study quantum effects
in the optical response of spherical core-shell bimetallic nanoparticles. Particles with a core of
several nanometers in diameter, with a relatively large number of valence electrons are addressed
so that the plasmonic resonances of the core are well defined. We are particularly interested
in revealing the signatures of quantum effects and testing the applicability of the classical
electromagnetic approaches to describe the interaction of light with such systems. The finite
size effect associated to the spherical metal core is expected to be comparable to that intensively
discussed for small metal clusters [S5—58]. Therefore, we focus our study on the evolution of the
spectroscopic signatures of plasmonic modes in core-shell structures upon progressive increase
of the shell thickness, AR. The corresponding experimental situation would be that of the growth
of the shell material. The comparison between optical absorption cross section calculated with
TDDFT and classical electromagnetic theory allows the discussion of the quantum-to-classical
transition with increasing AR. The paper is organised as follows: the details on the quantum
and classical calculations are given in Section 2. Section 3 is devoted to the results and their
discussion. The conclusions are drawn in Section 4.

2. Quantum and classical calculations

In the quantum approach, the valence electron dynamics triggered by the electromagnetic plane
wave incident on the nanoparticle is calculated using the time-dependent density functional
theory (TDDFT). Details of the method are given elsewhere [59]. In brief, the time evolution
of the valence electron density n(r, t) in response to the time dependent external perturbation
is calculated ab initio within the Kohn-Sham (KS) scheme of the TDDFT [60]. We use the
adiabatic local density approximation with the exchange-correlation functional of Gunnarson
and Lundqvist [61]. Retardation effects are neglected due to the small size of the system.
The frequency-dependent dipolar absorption cross section o (w) is then obtained as o (w) =
4”T‘”Im[a(w)], where c is the speed of light in vacuum, and a(w) is the dynamic polarisability.

The bimetallic core-shell nanoparticle is described with a "two step" spherical jellium model
(JM) which has been validated via direct comparison with ab initio quantum chemistry calcula-
tions [45] of small bimetallic systems. Within the JM, the valence band electrons of the core and

. . . . . . -1
shell materials evolve in a uniform spherical positive background charge density n, = (%” rd )

that occupies the region of space 0 < r < R, for the core metal, and R, < r < Ry, for the
shell. Here r is the radial coordinate, and r is the Wigner-Seitz radius. R; and Ry, correspond
the the external radii of the core and shell, respectively. The width of the shell is then given by
AR = Ry, — R.. In what follows we show the results obtained for an aluminum metal core with
rs = 2.07 ag and silver metal core with ry = 3.02 ap (Bohr radius ap=0.053 nm). Two types
of metal shells are considered in this study: sodium (s = 4 ag), and gold (s = 3.02 ap). The
Al core (R. = 1.9 nm) comprises 5108 electrons and its optical response is dominated by the
excitation of a strong dipolar plasmon resonance at wADl = 8.83 eV. The Ag core (R, = 2.5 nm)

comprises 4074 electrons and its dipolar plasmon resonance is at a)ADg =3.62 eV. We vary the
number of electrons in the shell up to 3674 (9000) for Na(Au). All the systems considered
here posses closed electronic shell structure. To ensure that the work function @ of the mas-
sive material reproduces the empirical data (®4; = 4.24 eV, Oy, = 2.9 €V, Oy, = 5.5¢€V,
Dy =4.56 V) [62] we use the stabilised jellium model [63, 64] for aluminum, gold, and silver.
A constant attractive pseudopotential (-3.1 eV for Al, -4.4 eV for Au, and -4.3 eV for Ag) is
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added to the self-consistent Hartree and exchange-correlation potentials inside the metal. For
the case of gold and silver, the contribution of the quasi-bound d-electrons to the total screen-
ing is accounted for via inclusion of a background dielectric [65] described by a permittivity
sﬁ}o“ = 9.5 for Au [66], and s/;g = 4.58 for Ag. Indeed, without the polarisable background,
the dipolar plasmon of e.g. a small gold nanoparticle has an energy J)g“ =wp/ V3 =5.18¢eV,

where w), = % is the bulk plasma frequency (n, e and m are the electron density, electron

charge and electron mass, respectively). Inclusion of the polarisable background lowers the
dipolar plasmon frequency to wg" =wp/V2+ gAY = 2.65 eV, in agreement with experimental
results [67,68]. It is convenient to stress that although the atomistic structure of the metals is not
explicitly considered in our current treatment, the TDDFT calculations within the JM correctly
capture the collective dynamics of the valence electrons allowing for identification and prediction
of quantum effects in plasmonic systems, as corroborated by experiments [47—49, 59, 64,69-72].

Our choice of the core and shell materials is based on the following reasons:

- The free-electron character of Al and Na metals makes them prototypical systems for the
JM description. Moreover, Al structures have recently attracted intense interest for plasmonic
applications [73-76]. Equally important, Au remains being the most widely used material in
plasmonics.

- Within the classical Mie theory, the small isolated nanoparticles of Al are characterised
by a dipolar plasmon resonance close to 9 eV, while the resonances for Na, Au, and Ag have
frequencies at wga = 34 eV, a)AD“ = 2.65 eV, and wlA)g = 3.5 eV, respectively. Thus, the
plasmons of the core-shell Al-Na and Al-Au bimetallic systems show either strong core or shell
character which simplifies the analysis of the results regarding identification of quantum effects.
Additionally, we also consider the Ag-Na core-shell case that allows to consider the situation of
near degenerate plasmon modes.

- Owing to the large difference in the valence electron densities of the core and shell materials
(8 times for Al-Na, 3 times for Al-Au, and 2 times for Ag-Na) it is expectable to have strong
density rearrangements at the interface.

- The differences in work function for different metals allow us to consider the cases of electron
transfer from the shell to the core (Al-Na, Ag-Na) as well as from the core to the shell (Al-Au).

The points above are illustrated in Fig. 1 where we show the ground state electronic densities
n(r) of the core-shell Al-Na (a) and Al-Au (b) systems. The results obtained for different shell
widths AR are presented as a function of the cluster radial coordinate r. The evolution of the
density profile around » = R, allows to observe the formation of a transition layer at the interface
between the two metals. For shell widths larger than approximately 1 nm, the density profile
at the core-shell contact area is converged, as it does not change anymore with increasing the
width of the shell. In the case of the Na shell, the electron transfer from the low work function
shell to the Al core results in the formation of a positively charged layer at » ~ 21 A where
the electron density n(r) is below that of the Na bulk value. On the contrary, for the Al-Au
system, the electrons are transferred from the Al core to the large work function Au shell. This
is manifested in an increase of n(r) above the Au bulk value, up to r = 22.5 A, i.e. within the
layer extending by 3 A from the interface towards inside the shell (see Fig. 1(b)). Because of
the d-electron contribution to the screening in gold, the charge transfer between Al core and
Au shell needed to equilibrate the Fermi levels is much larger than that in the Al-Na case. We
calculate that over 100 electrons are transferred into the shell for Al-Au and about 10 electrons
are transferred into the core for Al-Na. It is worth mentioning that the formation of the transition
layer with the corresponding density rearrangement at the interface between the two metals a
priori modifies the confining potential barrier for the core and shell electrons and therefore also
the plasmon decay into electron-hole pairs via Landau damping [55].

To better identify quantum effects, along with the quantum study of the optical response of the
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Fig. 1. Selfconsistent electron density calculated using density functional theory for the
Al-Na (a) and Al-Au (b) core-shell structures. The dashed vertical line indicates the edge
of the Al core. Results are shown in units of the bulk Al electron density (47” rg’ - asa
function of the cluster radial coordinate for different thickness of the shell AR. The electron
density of the isolated Al sphere (AR = 0) is shown with a black line. The bulk valence
electron densities of the shell metals are shown with thin horizontal lines. In panel a), we
display the results for a width AR = 1 A (0.5 ML) of the Na shell with a dashed black
line. The alternating red and blue lines represent the results obtained for AR = 3.2 Ada
ML), AR =55A (2ML), AR=83A(BML), AR=11.1 A(4ML), AR = 134A (5
ML), AR = 15.8 A (6 ML), correspondingly. For the Au shell in panel b), the alternating
red and blue lines represent the results obtained for AR = 2.3 A (1 ML), AR =4.8 A 2
ML), AR =7 A (3ML), AR = 11.6 A (4 ML), AR = 14.1 A (5 ML), AR = 163 A (6
ML), correspondingly. The number in parenthesis indicates the approximate number of
monolayers (MLs) of the shell material as obtained from previous studies of the surface
structure of Na and Au metals [62].

core-shell nanoparticle system, we have also performed classical calculations in the quasistatic
approximation. This approach allows direct comparison of the classical results with the TDDFT
calculations which also neglect retardation effects. In a core-shell spherical system the absorption
cross section can be obtained from the Aden and Kerker theory [38] in the quasistatic limit
as [77]:

(&sh — D(&c + 2&5n) + g(ec — &sn)(1 + 2&4p)
(&sh +2)(&c + 2&5n) +2g(&sn — D) (&c — &) ’

4w
o(w)=—RIm 1)
C
where g = (R./ Rg,)? is the volume fraction of the core, and &, and &g, are the dielectric functions
of the core and shell materials, respectively. We use the free-electron Drude-like description of
the metal permittivity for this classical calculation, consistent with the free-electron JM used in

the quantum calculations:
2
“p
(W) =0 — ——— (@)
w(w +in)

For Al and Na we use £ = N2 = [, and we use &2 = 9.5 for gold (aﬁog = 4.58 for silver) to

account for the d-electron contribution to the screening [66]. The choice of the damping parameter
n for different materials is discussed below in connection with the computed absorption cross
section. To match the TDDFT results 7 has to account for the effect of Landau damping at the
shell/vacuum interface, as well as at the interface between the two metals.
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3. Results and discussion

The optical properties of the Al-Na core-shell nanoparticle calculated with TDDFT and with
the classical approach are analysed in Fig. 2. Panels a) and b) of the figure show the evolution
of the absorption cross-section for increasing thickness of the Na shell, AR. The successive AR
values roughly correspond to the bulk Na interlayer spacing in the (100) direction (2.1 A) [62] so
that the presentation of the data mimics the monolayer (ML) by ML growth. Two absorption
resonances emerge in the spectra. The low energy resonance at w; mainly involves the collective
electron excitation of the Na shell (Na shell plasmon, NaShP). The high energy resonance at
wy has Al core character (Al core plasmon, AICP). This assignment is supported by the charge
density analysis presented in panels (c) and (d) of the figure where we show the induced charge
densities calculated with TDDFT at the NaShP and AICP frequencies. When the NaShP at wy is
excited the induced charges of opposite sign are located at the Na/vacuum and Al/Na interfaces
[panel (c)] leading to the strong rearrangement of the electron density along the radial coordinate
within the shell. Consistent with the simplified sketch of the induced charges given in panel (c)
we will also denote this mode as w”F plasmon. When the AICP at w; is excited, the induced
charge is located at the surface of the Al core i.e. at the Al/Na interface [panel (d)]. Since w; is
above the bulk plasma frequency of the Na shell, the screening by the shell, and so the electron
density rearrangement within the shell, is very small.

For thin shells quantum and classical results differ qualitatively. Indeed, the classical theory
predicts that the well-resolved plasmon peak with Na shell character, NaShP at wy, is always
present irrespective of the shell thickness. However, in the quantum calculations the low energy
mode is only formed for AR larger than 0.8-1 nm (2-3 ML). Below this shell thickness, the
rearrangement of the electron density within the shell cannot be performed to built the w=7
plasmon mode which breaks into a broad structure with discrete features due to the one-particle
electron-hole pair excitations [48—50, 78]. For shell thickness above 3 ML the NaShP emerges.
With increasing AR, the width I" of the corresponding absorption peak decreases and the mode
becomes better defined. This behaviour is similar to the one generally found in metal nanoparti-
cles [54] and reflects the evolution with size of the collective plasmon resonance decay into one
particle electron-hole pair excitations by scattering at the metal/vacuum and metal/metal inter-
faces (Landau damping) [55]. In the phenomenological picture, the change of I" with AR 2 3 ML
can be described by the dependence I' = Iy + Avp /AR , where vy is the Fermi velocity of the
electrons, and I and A are parameters [51-55].

It is worth noting that there is no clear definition of the threshold shell size at which the NaShP
emerges. Indeed, even a very ill-defined structure obtained from a 2 ML shell can be still viewed
as a plasmon resonance albeit extremely broadened. Here, we use the criterium that the quasi-
stationary state is defined when its decay rate I (width of the resonance) is such that I’ <« w;.
Otherwise the collective mode is not distinguishable from the continuum of electron-hole pair
excitations.

Overall, for a shell thicknesses above 3 ML the agreement between the quantum [panel a)]
and classical [panel b)] results for the optical response of the bimetallic system becomes semi-
quantitative. In this range of shell widths, the intensity of the NaShP excitation (w;) grows with
increasing AR and the energy red shifts. Obviously, for large AR, the limit of the nonretarded
dipolar plasmon of a massive Na nanoparticle is reached. The AICP excitation (w;) blue shifts
with increasing AR and its intensity decreases because of the screening by the shell. All the
classical calculations reported in panel (b) of the figure were performed with a damping parameter
of nne = 0.5 eV which allows to retrieve the TDDFT result at the NaShP resonance for the
largest shell width considered, AR = 15.8 A (6 ML). Because of the presence of two interfaces,
this value of the damping parameter is larger than typical values deduced from experimental
data, and from calculations of the dipole plasmon broadening in isolated Na nanoparticles of
similar size [59,79].
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Fig. 2. Optical response of the Al-Na core-shell bimetallic nanoparticle. Panels (a) and (b):
absorption cross section calculated with TDDFT and classical electromagnetic approaches,
respectively. The results are presented as a function of the frequency of the incoming
radiation for shells of variable thickness AR. The absorption cross section of the isolated
Al sphere (AR = 0) is shown with a black line. The dashed line is used for the results
obtained for AR = 1 A (0.5 ML). The alternating red and blue lines represent the results
obtained for increasingly large shell widths, as indicated in the figure. For the sake of clarity
a vertical offset of 20 nm? is applied upon each 1 ML change of the shell width. The plasmon
resonances with shell and core character are labelled as w1 and wy, respectively. Panels (c)
and (d): snapshots of the charge density induced by a linearly polarised incident plane wave
resonant with wy, NaShP (c) and w,, AICP (d). Results are shown in the plane containing the
nanoparticle centre and the incident electric field vector. The instant of time when the charge
density is calculated corresponds to the maximum dipolar polarization of the nanoparticle.
Dashed lines indicate the outer surfaces of the core and the shell. The simplified sketch of
the distribution of induced charges is also shown.
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Regarding the AICP resonance at w; for the individual Al nanoparticle, the TDDFT results
can be quantitatively reproduced by classical calculations with the use of a damping parameter of
n4; = 0.7 eV which closely matches the empirical data [73,74]. It should be noted though that
the dipolar absorption resonance obtained in quantum calculations is red-shifted with respect
to the classical Mie position w,, / V3 because of the effect of non-local screening [79, 80]. The
damping parameter 174, has been also used for the classical calculations of the absorption cross
section of the Al-Au bimetallic nanoparticle shown in Fig. 2(b). When the Al core is covered
by Na, the TDDFT results predict that the AICP resonance is always present in the absorption
spectra irrespective of the Na coverage. However, the modification of the potential from the
Al/Vacuum to the Al/Na interface leads to an increased Landau damping and the resonance width
increases. Similar results have been obtained in noble metal clusters embedded into a dielectric
matrix [55]. Because of the broadening, discrete features due to electron-hole pair excitations
emerge in the AICP peaks. We have found that for AR = 15.8 A (6 ML), the TDDFT results can
be retrieved with classical calculations assuming ny, = 0.5 eV, and n4; = 1.2 eV (70 % value
increase compared to that of an individual nanoparticle). Note that the independent adjustment
of 4 and 14; is possible in our core/shell system because of the well separated frequencies of
the plasmons with core or shell character.

The plasmon modes of the Al-Au core-shell nanoparticle are analysed in Fig. 3 as a function
of the shell width. The successive AR values addressed in our calculations roughly correspond
to the bulk Al interlayer spacing in the (111) direction (2.4 A). Similar to the Al-Na case, the
TDDFT [panel a)] and classical [panel b)] results reveal absorption resonances with Au shell
(AuShP, w;) and Al core (AICP, w,) character. The assignment of the modes can be done based
on the distribution of the radial component of the induced electric field [panel c), classical
calculation] and on the induced charge density [panel d), TDDFT] extracted at the corresponding
frequencies w; and w;. The induced electric field maps are used here because the assignment of
modes exclusively based on the induced electron density is less straightforward here compared
to the Al-Na case [see Fig. 2 c), d)]. The AuShP excitation is characterized by enhanced fields
inside the shell region, as well as by large induced charges of opposite sign at the inner and outer
surfaces of the shell. The strong rearrangement of the induced charge density along the radial
coordinate within the shell is a signature of the w~} mode introduced earlier. When the AICP
is excited at wy, the induced charges mainly reside at the core-shell interface. In this case the
charge rearrangement along the radial coordinate within the shell is smaller than that for the
AuShP.

We analyse now the similarities and differences between the classical and quantum results
which resemble those discussed for the Al-Na system. In particular, the TDDFT absorption
spectra are only reproduced with the classical calculations for shell widths above 2 ML. Indeed,
in the classical calculations, the well resolved AuShP resonance exists for any shell thickness
AR. However, in the TDDFT results for small AR, only a broad structure with features given
by one-particle electron-hole pair excitations can be observed. The AuShP is well-formed for
shell thickness starting from AR 2> 7 A (3 ML). With further increasing the shell thickness, the
Landau damping by scattering at Au/Vacuum and Al/Au interfaces is progressively reduced, and
the resonance in the absorption spectra narrows. The AICP excitation is also broadened by the
Landau damping at the Al/Au interface, and the features due to electron-hole pair excitations are
clearly visible in the corresponding resonance absorption peak. We found that for the maximum
shell width considered here, the absolute value of the resonant absorption cross section, as well
as the width of the resonances calculated with TDDFT can be reproduced within the classical
theory assuming a damping of 74; = 0.9 eV and 14,, = 0.3 eV. We thus used these parameters
in the classical calculations presented in Fig. 3b). Since these effective parameters incorporate
the decay via the interface scattering, they are larger than the typical empirical values for the
individual materials [67, 68, 73]. We emphasize however that for the case of very thin shells
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Fig. 3. Optical response of the Al-Au core-shell bimetallic nanoparticle. Panels (a) and (b):
absorption cross section calculated with TDDFT and classical electromagnetic approaches,
respectively. Results are presented as a function of the frequency of the incoming radiation
for shells of variable thickness AR. The alternating red and blue lines represent results
obtained for shells that increase their width in 1 ML, as indicated in the figure. For the
sake of clarity a vertical offset of 5 nm? is applied to each curve. The plasmon resonances
with shell and core character are labelled as w; and wj, respectively. The vertical green
line shows the position of the AuShP [w1] as obtained in classical calculations for thick
shells. Panel (c): 2D maps of the radial component of the induced field obtained in classical
calculations for the w; AuShP and w, AICP resonances in the case of the 5 ML thick shell.
Results are shown in the plane containing the nanoparticle centre and the incident electric
field vector. Panel (d): snapshots of the TDDFT charge density induced by an incident plane
wave linearly polarised along the horizontal axis, at the resonance frequencies w;, AuShP,
and wy, AICP, respectively. The instant of time corresponds to the maximum induced dipole.
Results are shown in the plane containing the nanoparticle centre and the incident electric
field vector. Dashed lines indicate the outer surfaces of the core and the 5 ML thick shell.

one can not define effective damping parameters that allow to classically reproduce the TDDFT
results simultaneously for both core and shell resonances in the absorption cross section.
Already for the thinnest Au shell considered here with AR = 2.3 A (1 ML), classical and
quantum calculations predict a strong redshift of the Al core plasmon primarily because of the
screening by the d-electrons of the Au shell. The redshift of the AICP is further increased for in-
creasing shell widths. This is in contrast with Al-Na core-shell system, where the AICP blueshifts
with increasing AR (see Fig. 2). This difference can be understood from the asymptotic value
of w, obtained for an Al nanoparticle inside a metallic (M) shell when neglecting attenuation:

wy — \/(wg(Al) +2w%(M))/(1 + 2e&) Here wy, (Al), and wy, (M) are the corresponding bulk
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plasma frequencies, and €., = 1 for sodium and 9.5 for gold. With increasing shell width, the
AICP looses intensity since the core becomes screened by the Au shell. In such a situation,
the AuShP gains intensity, consistent with the evolution of the system towards the limit of the
pristine Au nanoparticle.

As far as the energy of the AuShP is concerned, we obtain qualitative differences between
quantum and classical results over the entire range of AR considered here. While the classical
theory predicts nearly the same energy of the resonance irrespective of the shell thickness,
the quantum results display a strong blueshift of the AuShP with decreasing shell width. It is
tempting to explain this behaviour as a result of the charge donation from the Al core to the Au
shell so that the shell becomes negatively charged. The smaller the shell width is the larger the
mean increase of the electron density n [see Fig. 1 b)]. As a consequence, the bulk plasmon
frequency w), of the shell increases leading to the blueshift of the AuShP, as has been often
evoked to explain the frequency shift of the dipolar plasmon in charged metal clusters [8§1-83].
We performed classical calculations using a modified Drude model to describe the gold shell,
where the plasma frequency, w,, is determined from the local electron density. These simulations
fail to reproduce the TDDFT results. Indeed, the increased electron density in the shell region,
close to the core, screens the positive charge of the latter. The dipole layer formed in this way in
the transition region allows the Fermi levels of the core and the shell to be aligned. Therefore,
being bound by the positive charge of the Al core, the extra electrons transferred to the Au shell
are not available to participate in the collective density oscillations forming the plasmon.

In clusters research, the blueshift of the dipolar plasmon mode of individual metal clusters
with decreasing cluster size has been consistently explained as due to the effect of non-local
dynamical screening [46, 56-58]. The plasmon frequency shift Aw depends linearly on the
inverse of the cluster radius, and this dependency arises because the induced charges do not
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Fig. 4. Energy of the w; AuShP resonance obtained with TDDFT calculations as a function
of the inverse of the width of the shell for Al-Au core-shell bimetallic nanoparticles. The
red curve shows the line fit to the results with the explicit w (ﬁ) dependence given in the
insert.
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Fig. 5. Optical response of a Na shell in vacuum. The absorption cross section calculated
with TDDFT is presented as a function of the frequency of the incoming radiation for shells
of variable thickness AR. The dashed line represents results obtained for AR = 1 A@©s5
ML). The alternating red and blue lines represent the results obtained for increasingly large
shell widths, as indicated in the figure. For the sake of clarity a vertical offset is applied upon
each 1 ML change of shell width. The plasmon resonances with bonding and antibonding
character are labelled as wpp and wap, respectively. The insert of the figure zooms into the
evolution of the wap resonance. A simplified sketch of the distribution of induced charges
for each plasmon mode is shown to the left.

reside at the geometrical surface of the nanoparticle, but are spatially shifted inside the metal.
Comparing panels (c) of Fig. 2 and (d) of Fig. 3, we can clearly observe that at the resonance
with shell character, w1, the induced free-electron charge density in the Al-Au system is localised
inside the shell for both metal/metal and metal/vacuum interfaces. Interestingly, the blueshift of
the AuShP resonance frequency shows a linear dependence with the inverse of the shell width,
1/AR, as we demonstrate in Fig. 4. For metal clusters, the non-local screening effects can be
captured by the classical theory upon redefinition of an effective dielectric constant [S8] which
becomes explicitly dependent on the cluster radius and the position of the centroid of the induced
plasmon charge density (Feibelman parameter) [57]. Elaboration of a similar approach for a
bimetallic core-shell system is beyond the scope of this work.

From the results reported so far, we have concluded that the main qualitative difference
between quantum and classical calculations concerns the w7} plasmon mode with shell character.
In particular, classical theory predicts that this shell resonance is always present in the absorption
spectra, while TDDFT studies show that a finite threshold width of the shell is required for
this mode to be developed. The origin of this quantum effect can be associated to the strong
rearrangement of the induced charges along the radial coordinate within the shell at the w=7
resonance. The charge configuration with opposite charges at the inner and outer surface of
the shell requires hybridization of several electron orbitals with shell character and different
nodal structure (radial quantization) within the shell. Thus, not too small AR is required so that
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krAR ~ nm can be fulfilled, with n an integer, and k the Fermi wavevector. This interpretation
is further supported by the calculations of the absorption spectra for an individual shell in vacuum
(no core metal). In Fig. 5 we show the TDDFT results for Na shells of various widths spanning
the same variation of AR as that reported in Fig. 2. Thick shells feature two resonances associated
to the bonding wpp and antibonding wap plasmon modes [22,49, 50, 84]. The bonding (BD)
plasmon mode is characterised by a nodal structure of the induced density along the angle ©®,
and it requires angular hybridization of the electronic orbitals. This bonding plasmon is thus
always present in the absorption spectra irrespective of the width of the shell. The antibonding
(AB) plasmon mode has a charge configuration denoted in this work as w-F resonance. The
corresponding induced charge density requires both angular and radial hybridization. The orbitals
with different nodal structure in the radial coordinate need to be localized within the shell. Because
of this quantum confinement, the emergence of this mode is only possible for shell thickness AR
larger than 2-3 ML (6-9 A), as follows from the calculated one-particle Kohn-Sham orbitals.

T T T T T T

Classical 1

;

Normalised cross section

Ag

O o,

Fig. 6. Optical response of a Ag-Na core-shell bimetallic nanoparticle. Panels (a) and (b):
absorption spectra for shells of variable thickness AR calculated with TDDFT and classical
electromagnetic approaches, respectively. The results are normalised to the geometrical
cross section of the shell o (w)/ Rgh' The absorption cross section of the isolated Ag sphere
(AR = 0) is shown with a black line. The dashed line shows the results obtained for AR = 1 A
(0.5 ML). The alternating red and blue lines represent the results obtained for increasingly
large shell widths, as indicated in the figure. For the sake of clarity a vertical offset is applied
upon each change of the shell width. The hybridised plasmon resonance with core-shell
character is labelled as w;. The plasmon resonance with shell character is labelled as w,.
Panels (c) and (d): 2D maps of the radial component of the induced field obtained in classical
calculations for the w{ and w; resonances in the case of the 5 ML thick shell. Results are
shown in the plane containing the nanoparticle centre and the incident electric field vector.
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Thus, the antibonding wap excitation is only formed in the absorption spectra for shells thicker
than this critical value.

The analysis above is further supported by the results of a different type of core-shell nanopar-
ticle formed by Ag-Na, shown in Fig. 6. In this case, and differently to the Al core structures, the
dipolar plasmon resonances of the core and shell metals have similar frequencies and strongly
hybridize. In this situation, as follows from the induced field distribution shown in panel (c) of the
figure, the low-energy w; excitation corresponds to the core-shell nanostructure which responds
nearly as an homogeneous nanoparticle as a whole. Adding shell material to this homogenous
structure has the effect of extending the core, and therefore the w; resonance is always present
in the absorption spectra both in quantum and classical calculations. Note that in the TDDFT
results, because of the finite size effect, the dipolar plasmon resonance of the Ag core is slightly
blue shifted with respect to the classical value [57]. As a result, as AR the w; increases, the
low-energy resonance redshifts evolving from the dipolar plasmon of the Ag core to that of the
Na sphere with radius Rg.

The high-energy resonance, w», is located at an energy slightly below the bulk plasmon of Na.
As follows from the analysis of the induced electric field in panel (d), this resonance has a well
defined shell character with induced charges of opposite signs located at the Na/vacuum and
Ag/Na interfaces. Thus, the induced charge configuration is that of the w-} mode, with electron
density rearrangement along the radial coordinate within the shell. Consistent with all the results
presented above, due to the finite size effect, this mode is only present in the TDDFT calculations
for shell widths above the critical thickness AR = 3 ML. This behaviour is not captured by the
classical theory that features the w; resonance in absorption spectra even for very thin shells.

As a final remark, we would like to point out that the TDDFT study using the jellium model
for silver and gold only accounts for the excitation of quasi-free s-p electrons. The losses in
gold for frequencies above 2.5 eV (4 eV for silver) are underestimated because the d-electron
excitation is not accounted for. The same holds for the classical Drude model used here for
the sake of consistency with TDDFT. Above these critical frequencies one would expect the
experimentally measured resonances, such as for instance the AICP, to be essentially broader
and less intense than the results reported in Fig. 3(a), (b). However, this should not alter the main
conclusions presented here for the low-energy range of the spectra, which are a consequence of
finite size effects, electron rearrangement at the bimetallic interface, and nonlocal screening in
the system, all of them pure quantum effects.

4. Conclusions

In conclusion, using time dependent density functional theory and classical electromagnetic
calculations performed in the quasistatic limit, we have studied the role of quantum effects in
the plasmonic response of core-shell bimetallic nanoparticles. From our results, it follows that
the classical picture of the simple stack of two materials can be applied only for thick enough
shells (typically above 3-5 ML). We showed that the quantum confinement, the formation of a
transition region with electronic density rearrangement at the interface between the two materials,
and the nonlocal screening strongly affect the optical properties of bimetallic nanoparticles with
thin shells (below 3 ML).

In particular, because of the quantum confinement effects, shell widths larger than approxi-
mately 1 nm are needed for the plasmon resonance with shell character to be formed. Classical
calculations, however, miss this effect and predict that the shell mode exists for any arbitrarily
small shell width. For shells with thickness below =1 nm, the plasmon mode with shell character
is strongly broadened because of Landau damping at the metal/metal and metal/vacuum inter-
faces. This broadening decreases with increasing shell width. The resonance with core character
is also broadened by interface effects.

In some cases quantum effects can be accounted for phenomenologically within a classical
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approach by adjustment of the corresponding dielectric function of the core and shell materials
separated by the sharp boundary. However, nonlocal screening and the formation of the transition
layer in the metal/metal interface might lead to the presence of effects that exceed the capacity of
simple classical descriptions.

Despite the fact that we used a jellium model to describe the valence electrons of the shell and
core materials, and that the feasibility of quantum calculations restricts the size of the systems
to be tackled to a few nanometers, we believe that our conclusions hold with generality for
bimetallic nanoparticles currently synthesised for plasmonic applications. Indeed, the jellium
models used in this work have proven their predictive power for isolated nanoparticles and
plasmonic dimers. More importantly, the physics behind our results is based on the presence of
robust quantum phenomena which emerge at the junction between two different materials due to
the electron density rearrangement.
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