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Abstract

Time-dependent density functional theory (TDDFT) simulations are conducted on a
series of chiral gold/silver alloy nanowires to explore whether silver doping can pro-
duce an enhancement of circular dichroism at the plasmon resonance in these sys-
tems, and to identify the quantum-mechanical origin of the observed effects. We
find a strong plasmonic dichroism when one or two helixes of gold atoms are
substituted by silver in a linear chiral nanotube, whose pure gold counterpart does
not display any plasmonic dichroism, and we rationalize this finding in terms of
“decoupling” the destructive interference of excitations in the pure gold nanotube
via alloying. However, further attempts to increase the plasmonic dichroism by con-
sidering multi-shell gold nanowires in which one entire shell is doped with silver did
not produce the desired effect, but rather a decrease in circular dichroism. We show
that this latter result is due to a more severe destructive interference in the dipole
excitation contributions, and suggest that further amplification should be possible in

principle by properly tuning simultaneously the nanowire structure and chemical

ordering.
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1 | INTRODUCTION

Plasmons play a major role in nanotechnology since they can focus
the electromagnetic field within a small region of space thus obtaining
a high electromagnetic energy density.>™® This effect can potentially
amplify the local field intensity by many orders of magnitude and is
routinely exploited in enhanced spectroscopies like Surface Enhanced
Raman spectroscopy,* allowing the study of even single-molecules.>®
Although the nature of the plasmon phenomenon is well established
for extended systems as an electronic collective oscillation mode, for
finite nano-sized systems such as nanoclusters and nanowires their
physical nature is still discussed and not yet completely assessed.”**
Besides photoabsorption, when the system is chiral (absence of
symmetry planes and inversion symmetry), an Electronic Circular
Dichroism (ECD) signal is expected, that is, the absorption coefficient
is different when right or left circularly polarized light is employed in

the experiment. The ECD response can be exploited in practice for

chiral metal clusters, plasmonic dichroism

extremely selective chiral sensing.'? However, the ECD signal is gov-
erned by the electric-dipole/magnetic-dipole scalar product, according

to the Rosenfeld equation (Equation 1)*3:

Ron = Im((Ol[n) (n|m[0}), (1)

so ECD is much weaker than absorption, typically by a factor of about
~107°. Therefore the ability of amplifying the ECD exploiting plasmo-
nic effects is a very promising strategy to improve the efficiency of
chiral sensing and has been the topic of active research in the last
decades.’*"*” Plasmonic ECD can be conveniently classified into
structural and induced'”: structural plasmonic ECD is related to sys-
tems which are intrinsically chiral,*® while induced plasmonic ECD is
generated by a chiral arrangement of non-chiral subsystems. Induced
plasmonic ECD is more accessible at the experimental level,'? but the
growing interest for structural chiral plasmonics is justified by its

potential larger enhancing efficiency and to the availability of new
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synthetic strategies based on new bottom-up advanced techniques.
From the theoretical point of view, it is important to identify which is
the most suitable method to computationally describe the plasmon.
When the system size is below 2 nm, such as gold clusters, quantum
confinement effects are important?® and a quantum mechanical
approach is necessary. Moreover, being the plasmon a collective reso-
nance, it is necessary to employ a method which allows configuration
mixing like Time Dependent Density Functional Theory (TDDFT)
while simpler DFT is not suitable.?? In the present work we are inter-
ested in alloy nanosystems, whose relative small size still allows for a
TDDFT treatment. In a previous work?® some of us have shown that
linear chiral gold nanowires exhibit very intense plasmonic absorption
but almost negligible ECD despite being chiral. Additionally, it was
shown that if the nanowires are coiled around the lateral surface of a
cylinder the ECD is dramatically more intense than in linear nano-
wires. An analysis based on Individual Component Map of Rotatory
Strength (ICM-RS)?** demonstrated that in linear nanowires the plas-
monic ECD is drastically quenched by an almost perfect totally
destructive interference among iso-energetic configurations present
in the collective plasmonic excitation. Hence, it was suggested that a
small “perturbation” of the nanowire may be able to remove this
almost perfect destructive interference and produce an intense plas-
monic ECD. Coiling the nanowires indeed represents a kind of pertur-
bation of the system shape. In the present paper we further elaborate
this line of research, investigate a different route, and demonstrate
that alloying may also be a practical way to avoid destructive interfer-
ence and achieve a plasmonic ECD signal even in strictly linear
nanowires.

The article is organized as follows. In Section 2, we give a brief
description of the computational method. In Section 3, we report the
results and their discussion for two kinds of linear nanoalloys which
differ by their chemical ordering. In the first class of linear nanoalloys
one or more chains of coiling atoms are doped, whereas in the second
class of linear nanowires one entire wall (or shell) is doped within a
multiwall systems. Interestingly, we obtain a strong plasmonic ECD
only for the former class of doped systems, and we rationalize our
finding via an analysis of ICM plots and induced densities. Finally,
Section 4 summarizes the conclusions of the present study.

2 | THEORETICAL METHOD AND
COMPUTATIONAL DETAILS

The geometries of the systems considered in the present study were
taken from our previous work on gold nanowires,?® by only changing
the nature of the element, that is, replacing gold atoms with silver
ones while keeping the original coordinates, not allowing for geomet-
rical relaxation. This choice is justified since gold and silver have an
almost identical atomic radius, of 1.46 and 1.44 A, respectively, and
we are interested in fundamental phenomena in pure form, without
complications due to structural effects.

Photoabsorption as well as ECD calculations were carried out
with the complex polarizability TDDFT (pol-TDDFT) algorithm,2>%¢

using the ADF engine of the AMS software.?” Such method consists
in a linear-response TDDFT formalism in the frequency domain.
The algorithm calculates the oscillator strength and the rotatory

strength as:

2we, Swe

—

where, Im[a] and Im m represent respectively the imaginary part of
the polarizability and rotatory strength tensor averaged over all the
orientations, w is the photon energy, c is the speed of the light, and ¢
is the imaginary part of the photon energy chosen as 0.06eV. We
have chosen this value since it has been already employed in the pre-
vious works on gold nanowires,?>?% this allows to compare consis-
tently the present results with those ones. The calculations were done
with the asymptotically corrected LB94 xc functional,?® the TZP
basis-set (with density fitting set appropriately optimized to be used
with the pol-TDDFT??), and the scalar ZORA® approach. Such choice
has proven as a convenient compromise between accuracy and com-
putational economy: in particular both xc functional®* and basis set
performances2’ have been assessed in previous work.

Besides the calculation of photoabsorption and ECD, we also ana-
lyze the results using tools specifically developed to study plasmonic
systems in previous work: the Individual Component Map of Oscilla-
tor Strength plots (ICM-0S)*? and the Individual Component Map of
Rotatory Strength plots (ICM-RS).2*

21 | Nanoalloys structures and chemical ordering

The structures of the alloy nanowires considered in this work are
reported in Figure 1.22 Such structures were inspired by linear chi-
ral nanowires produced experimentally.33 In the present work, we
used identical geometrical structures, but introducing a chemical
substitution of a subset of gold atoms with silver ones. Note that
we did not re-optimize the structures, this assumption being justi-
fied by the almost identical atomic radius of gold and silver, as well
as their almost identical interatomic distance in the bulk. Starting
from above and using the nomenclature adopted in the previous
work,2® Figure 1A (Aui20Ags0) and Figure 1B (AugoAge,) corre-
spond to the (5,3)NT (NanoTube) where one or two gold wires
were substituted by silver atoms respectively. The substitution
were introduced in one or two of the five wires which, coiling
around the longitudinal axis, constitute the (5,3)NT. In the case of
Figure 1B (AugoAgs,) the two silver wires are chosen in order not
to be adjacent, in fact there are only two possibilities to choose
the two wires from five: adjacent or not adjacent. We took the
non-adjacent chemical ordering in order to maximize the “perturb-
ing” effects of alloying on destructive interference. In the other
structures we explored the effect of alloying from a different per-
spective: instead of generating a coiling pattern on the exposed
surface of the system, we alloyed different shells of a multi-shell

system. For this reason we have taken the 7-1 Helical Multi Shell



length 8.63 nm diameter 0.39 nm

(A) Auy,,Agy, (5,3)

diameter 0.56 nm

(C) AuysAg;, (7,1) length 6.04 nm

(E) Au,g,Ag (11,4) length 4.75 nm diameter 0.87 nm

FIGURE 1  Structures of the nanoalloys considered in the present
work. (5,3)NT: (A) Au122Ag30 and (B) AugoAgeo. 7-1 HMS

(C) Au148Ag22 and (D) Au22Ag148. 11-4 HMS (E) Au182Ag68 and

(F) AugsAgiso.

(HMS) and the 11-4 HMS. These systems consist of two shells: in
7-1 HMS seven nanowires are coiling around one linear chain of
metal atoms which lies along the longitudinal axis of the system. In
the 11-4 nanowire 11 wires are coiling around an achiral nanotube
consisting of four linear wires. In present work, Figure 1C
(Auq48Ags,) and Figure 1D (Au,Agi4g) correspond to the 7-1
HMS structure where the inner wire consists of silver and gold
atoms respectively, and the atomic nature of the outer shell is
opposite to the inner one. Figure 1E (AuqgoAgeg) and Figure 1F
(AuggAgig,) instead correspond to the 11-4 HMS structure where
the inner nanotube consists of silver and gold atoms, respectively,
and the outer shell atomic nature is opposite to the inner one.
Note that in this study we do not investigate the dependence of
plasmonic phenomena upon the size of the wires, which was the topic

of a previous work.??
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FIGURE 2 Photoabsorption for the series of linear chiral

nanoalloys. (A) (5,3)NT Au122Ag30 and AugoAge,. (B) 7-1 HMS
AU148Ag22 and AU22Ag148. (C) 11-4 HMS Aulnggég and AU63A8132.

3 | RESULTS AND DISCUSSION

3.1 | Nanoalloys plasmonic photoabsorption

In Figure 2, the calculated TDDFT photoabsorption spectra of all
the systems defined in Section 2.1 are reported. All the calculated
profiles display a very sharp and intense plasmonic peak whose
energy is almost independent by the chemical ordering but

changes with the structure. More precisely, the peak of (53)NT
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the peak is at 1.58 and 1.80 eV for Aui4sAgs5 and Auz,Agia4s,
finally in 11-4 HMS the plasmon lies at 2.14 and 2.10 eV for
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FIGURE 3 ICM-OS analysis of the
longitudinal electric dipole component
at plasmon energies for the
nanoalloys: (A) Auj,,Ag30 at 1.06 eV,
B) AugoAgs, at 1.08 eV,

C) Auq4gAgs, at 1.58 eV,

D) Auy,Agq4g at 1.80 eV,

E) AuqgoAges at 2.10 eV, and

(F) AuggAgigo at 2.14 eV. The straight
line corresponds to virtual-occupied
pair energy difference equal to the
excitation energy.
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Auq1goAgss and AuggAgiss, respectively. The energies and the
photoabsorption intensities of the plasmon resonances of the

nanoalloys are quite close to those of the corresponding gold
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FIGURE 4 ECD for the linear chiral nanoalloys (5,3)NT Au12,Ag30

and AuspAge,. Rotator strength (R) is given in 1074° esu? cm?.

FIGURE 5 On the left panel
are shown the ICM-RS analysis of
the longitudinal magnetic dipole
component at plasmon energies
for the (5,3)NT nanoalloys:

(A) Aulngggo at 1.06 eV and

(B) AugoAge, at 1.08 eV. In right
panel the same plots are shown in
3D to better appreciate the
destructive interference effect.
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nanowires,?® indicating that alloying has a negligible effect on the
plasmonic resonance in absorption. Up to now we have ascribed
the spectral features to plasmon resonances due to their sharp and
intense peak. It is however desirable to confirm the plasmonic
nature of such features via a more rigorous argument. To this end
we employed the ICM-OS analysis, whose results are reported in
Figure 3. In these plots, calculated at the energies corresponding
to the maximum absorption and for the longitudinal dipole compo-
nent, we report the energy of the occupied orbitals on the x-axis
and the energy of the virtual ones on the y-axis. The “spots” corre-
spond to the dipole contribution arising from the occupied-virtual
pair excited configurations with orbital energies corresponding to
the values of the x and y coordinates. The straight line corresponds
to a virtual-occupied pair energy difference equal to the excitation
energy. As it can be easily seen, all the spots are remarkably far
(at least 1 eV) from the straight line, indicating a strong coupling
between different configurations, confirming the plasmonic collec-

tive behavior of the peak.

Au122Ag30

. -2e+8
. -2e+8
. -1e+8
s -5e+7
0

S5e+7
1e+8

hv=

1.06 eV‘

ICM-RS

-12

-1

-10

-9

E occupied (eV)

Au90Ag62

-12

-11

-10

hv=1.08 eV

ICM-RS

-9 -8

E occupied (eV)



Au,,,Ag5, (5,3)

(B) -

Aug.Ag., (5,3)

(€)

(D)

FIGURE 6 The induced density of the longitudinal component at
plasmon energies for the (5,3)NT nanoalloys: (A, B) Auq2,Ags30 at
1.06 eV and (C, D) AugpAge, at 1.08 eV. The isosurface value is

0.03 electrons/Bohr® for (A and C) and 0.00003 electrons/Bohr? for
(B and D).

3.2 | Nanoalloys plasmonic electronic circular
dichroism of (5,3)NT

In Figure 4, we report the calculated TDDFT ECD of the two (5,3)
NT nanoalloys. Surprisingly, it is immediately evident that a very
intense ECD is calculated at the plasmon energy. It is worth noting
that this finding is a genuine effect of alloying. Indeed, the pure gold
(5,3)NT gave no ECD features at the plasmon resonance.>®> Morever
the effect is quite strong, with a Rotator strength (R) amplified by a
factor of about 20 as a consequence of alloying: from R around
+100 cgs 107“° units of the background without plasmon enhance-
ment of the pure gold nanowire?® to R around #2000 for the nanoal-
loys. Besides its intensity, it is apparent that such plasmonic ECD is
also sensitive to the chemical ordering, as the spectral features are
appreciably different in the two nanowires: the typical Cotton profile
of Au1,2Ag30 is less positive than AugoAges, just below the plasmon
energy, but is more negative above the plasmon. Moreover, also the
curvature of the R profile is different just beyond the plasmon:
Auio,Agso displays a convex shape (corresponding to a negative
second derivative) while AugpAge, gives a concave shape (positive
second derivative), such behavior extending roughly from 1.0 to
1.5 eV. We believe that this finding is quite new and very promising in
terms of potential applications and exploitations in the field of
nanoscience. Indeed, the possibility to enhance ECD by alloying could
be exploited to trigger ECD on presently inactive systems. Of course,
taking complete control over the chemical ordering in such systems is
challenging, but the potential chances it offers are so significant to

trigger pursuing it. To the best of our knowledge, this is the first time
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FIGURE 7 ECD for the linear chiral nanoalloys (A) 7-1 HMS

Auy48Ag2, and AuzAgass, (B) AuigaAgss and AuggAgss,. Rotator
strength (R) is given in 1074° esu? cm?.

in which a chiral chemical ordered alloying is predicted to have such a
dramatic effect on the ECD. It is clearly important from a scientific
point of view to investigate the physical origin of this new effect, to
understand better the mechanism lying behind it so as to suggest
even more effective enhancements and finally reach a rational design
of dichroic plasmonic nanoalloys. We have thus performed an ICM-RS
analysis at the plasmon energies to better describe what happens in
terms of electronic structure. The ICM-RS analysis is analogue to the
ICM-OS one, but now the contributions of the excited configurations
are weighted by the magnetic dipole transition moment, in order to
split the total R in contributions from each one-electron excited pair.
In the ICM-RS the electric dipole is used as an external field perturba-
tion, the induced magnetic dipole is calculated by linear response. The
ICM-RS analysis at the plasmon energies of Au1,,Ag30 and AugoAgeo
are reported in Figure 5. It is well apparent that both systems display

a strong dichroism which is the sum of two contributions of opposite
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sign, so a partially destructive interference is taking place. It is inter-
esting to compare this finding to the pure gold (5,3)NT considered
previously,?® also in that case two very strong contributions were pre-
sent at the plasmon energies, but a totally destructive interference
was observed, in fact there was basically no appreciable ECD at the
plasmon energy. So, we have been able to find out that a proper
chemical ordered alloying is effective to “decouple” the totally
destructive interference by means of alloying the system with silver
atoms. It is worth noting, especially in the 3D plots in the right panel
of Figure 5, that a large amount of destructive interference is still pre-
sent, so there is still room to increase the plasmon dichroism, at least
in principle. For this reason, it would be important to design or explore
additional strategies (besides alloying) to further reduce the amount
of destructive interference. Another useful analysis in this context is
the inspection of the induced density, as an effect of the external
time-dependent perturbation. This analysis is somehow complemen-
tary to the ICM-RS, since it is in real-space and therefore more suit-

able to be visualized and suggest structural changes to improve

plasmonic dichroism. In Figure 6, we have considered two different
isosurface values, where the larger value of 0.03 electrons/Bohr®
(Figure 6A,C) shows the localization of the density while the smaller
value of 0.00003 electrons/Bohr® (Figure 6B,D) is useful to identify a
more regular shape. From an inspection of Figure 6, we find the usual
dipolar shape, typical of plasmon resonance, but also a curling of the
density, especially in the plots with the smaller isosurface value. This
finding suggests that, for example, a chiral disposition of protecting
ligands around the nanowires should improve the dichroism, favoring
a curly induced density. Such a procedure, however, could also
quench the plasmon since protective ligands favor the oxidation of
the metallic atoms, excluding their active role in the plasmon, so this
mechanism might be more promising for larger multiwall nanotubes,
which can maintain their plasmonic behavior even in the presence of
a ligand shell. It is important to observe that, due to the Cotton profile
of the plasmonic dichroism, a fast change in the induced density can
be expected for small energy changes near the resonance. We have

therefore analyzed the induced density at three very close energy



points: at the maximum positive R, at the plasmon energy, at the maxi-
mum negative R. The relative density plots are reported in Figure S1
for Auq20Ag30 and S2 for AugoAge, of the Supporting Information.
Also in this case two isosurfaces are considered, to facilitate the shape
assessment with the small isosurface. The induced density displays
actually a phase inversion going through the plasmon, in line with the
Cotton profile of the dichroism. Moreover, while the plots with larger
isosurface value display a helicity, when the smaller isosurface is con-
sidered a very clear-cut helicity is found mainly in the higher energy
tail of the plasmon.

A further helpful tool is the fragment analysis, as described in
detail in Reference 34. This tool allows one to split the total photo-
absorption in partial contributions according to the definition of
fragments within the system under study. In practice, for present
nanowires it is natural to consider them as built by two fragments:
the gold fragment and the silver one. In this case the fragment analy-
sis will assign four partial contributions rising from the four possible
transitions: Au — Au, Au — Ag, Ag — Au, and Ag — Ag. Such analy-
sis performed on the two (53)NT Aui,Ag830 and AugoAge, are
reported in Figures S3 and S4 of the Supporting information. Inter-
estingly for Auq,,Agsg it is evident (Figure S3) that the first plasmo-
nic positive peak of dichoroism can be ascribed to a transition
starting and arriving to gold (Au — Au), while the plasmonic negative
peak is ascribed to a transition starting from gold and arriving to sil-
ver (Au — Ag). Apparently, contributions starting from the silver
moiety do not play an important role. For the other nanowire
AugoAgs, the analysis (Figure S4) is not helpful since it seems that
there is no specific fragment role, it is apparent that the ECD profile
is dominated by the Au — Au partial contribution on both side of
the plasmonic structure.

We can conclude this subsection saying that, for the first time,
we predict theoretically that a dichroic plasmon can be triggered by

means of proper alloying.

3.3 | Nanoalloys plasmonic electronic circular
dichroism of 7-1 and 11-4 HMS

In Figure 7, the ECD of the 7-1 and 11-4 HMS nanoalloys are
reported. In this case, at variance with the (5,3)NT, we observe a sig-
nificantly smaller amplification of the ECD at the plasmon energy with
respect to the pure nanowire considered in Reference 23. In detail,
while the profiles for the 7-1 HMS is rather flat, a small effect can be
found for the 11-4 HMS around 2 eV, although in any case it can
be observed that the feature around 2.6 eV is larger than the plasmo-
nic one. Moreover the 11-4 HMS response seems to be more sensi-
tive to the chemical ordering than the 7-1 one. To rationalize this
somewhat disappointing results, we produced the ICM-RS for the 7-1
HMS Auq48Ag22, AusoAgqag and 11-4 HMS AuqgoAgss, AuggAgigo in
Figure 8. Once more, we found an almost total destructive interfer-
ence, so in this case the alloying has not been effective in decoupling
the contributions and giving rise to a significant plasmonic ECD. If we

inspect the induced densities (reported in Figure 9) only for the

(A) Auy,Ag,, (7,1)

(B) Au,,Ag,5 (7,1)

(C) Au,g,A85 (11,4)

(D) AugAg,s, (11,4)

FIGURE 9 The induced density of the longitudinal component at
plasmon energies for the 7-1 HMS (A) Au148Ag2, and (B) AuxsAg148
and the 11-4 HMS (C) Au4g,Aggs and (D) AuggAg1g,. The isosurface
value is 0.00003 electrons/Bohr®.

smaller isosurface value, we find that for the gold exposed systems,
Figure 9A,C, the induced density looks rather “granular,” while for the
silver exposed systems, Figure 9B,D, the density looks much more
uniform. This is an effect of the different dynamical behavior of silver
with respect to gold: for gold the localized 5d manifolds tends to
quench the plasmon, while in silver the behavior is much more typical
of a free-electron gas, less sensitive to the fine details of the atomic
geometry. In Figures S5 and Sé6 of the S| we also report the plots
obtained with a larger value of the isosurface. An interesting finding is
that the curling shape of the induced density, although less evident
than in the more active (5,3)NT, shows a kind of “breaking” or “inter-
ruption” in the middle of the nanoallys, while when strong plasmonic
ECD is calculated (see Figure 6 for comparison) we do not have any
“breaking” in the induced density plots. Finally it is important to com-
ment why for (5,3)NT the alloying is efficient in triggering plasmonic
dichroism, whereas for 7-1 and 11-4 HMS the alloying strategy fails.



In this respect it is worth noting that in (5,3)NT the alloying consists in
doping by Ag one or two strings of atoms which are curling around
the longitudinal axis of the system. In contrast, alloying in 7-1 and
11-4 HMS it consists in doping one or four linear strings of atoms (not
curling) along the longitudinal direction. This suggests that, for doping
to be effective in enhancing plasmonic dichroism, it must follow a heli-
cal arrangement. This requirement can be rationalized as follows: in
pure linear chiral gold nanowires we do not observe plasmonic dichro-
ism because the induced current does not follows the chiral atomic
pattern, but rather it moves back and forth following a straight line
path. Helical doping forces the induced current to follow a curling
path, but this does not happen in 7-1 and 11-4 HMS because in these
systems the doping arrangement is linear.

4 | CONCLUSIONS

Here, we have investigated the chiro-optical response of a series of
chiral gold/silver alloy nanowires via time-dependent density func-
tional theory (TDDFT) simulations. These systems are promising for
chiro-optical sensor applications since they display strong plasmonic
optical absorption peaks in a relatively small size. The main conclusion
of our study is that by properly alloying silver into chiral gold nano-
wires, it is possible to trigger a strong plasmonic Electronic Circular
Dichroism (ECD) signal, at variance with pure gold nanowire in which
a total destructive interference results in a negligible ECD signal at
the plasmon energy. A chiro-optically effective alloying is achieved by
replacing one or two chains of gold atoms which curl around the axis
of the (5,3)NT system. In contrast, alloying an entire single wall (shell)
of even larger systems, such as the multiwall 7-1 and 11-4 HMS, is
not effective in enhancing the ECD at the plasmon energy, producing
less intense ECD peaks. An analysis based on the Individual Compo-
nent Map of Rotatory Strength (ICM-RS) tool indicates that, whereas
in the (5,3)NT system a partial decoupling of destructive contributions
from iso-energetic excitations is induced by alloying, in the multiwall
case a more significant destructive interference remains. Plots of the
induced density further suggest that the plasmon ECD is strong when
a curling shape of the density is achieved exhibiting no interruptions
along the wire. Further possibilities to remove the phenomenon of
destructive interference can then be envisaged from the present anal-
ysis, for example by properly adding ligand adsorbates along the heli-
cal patterns so as to obtain the desired decoupling of interfering

excitations.
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