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5 ABSTRACT: Time-dependent density functional theory (TDDFT) simulations are
6 conducted on a series of chiral gold nanowires to explore whether an enhancement of
7 circular dichroism at the plasmon resonance is possible and identify its quantum-
8 mechanical origin. We find that in linear two-dimensional chiral nanowires the
9 dichroic response is suppressed by destructive interference of nearly degenerate
10 components with opposite signs, pointing to this phenomenon as a common and
11 likely origin of the difficulty encountered so far in achieving a plasmonic CD response
12 in experiment and suggesting nevertheless that these opposite components could be
13 “decoupled” by using multiwall arrangements. In contrast, we predict a giant dichroic
14 response for nanowires with three-dimensional helical coiling. We rationalize this
15 finding via an electronic structure analysis of longitudinal and transversal plasmonic
16 excitations and their coupling into chiral components, and we propose a simple
17 formula for the chiral response as a function of structural parameters (nanowire
18 length and coiling number).

19 Plasmons are of paramount importance in nanotechnology
20 due to their ability of focusing the electromagnetic field
21 with a high energy density in a small region of space1−3 and are
22 nowadays routinely employed in enhanced spectroscopic
23 techniques such as surface-enhanced Raman spectroscopy,4

24 allowing detection down to single-molecule spectroscopic
25 signals.5,6 Although the nature of these excitations is well
26 understood for extended systems as a collective motions of
27 conduction band electrons, for finite nanostructured systems
28 such as nanoclusters and nanowires their physics is still
29 debated.7−11

30 When the system is chiral, a nonzero a circular dichroism
31 (CD) signal is expected. The CD response can be exploited to
32 achieve extremely selective chiral sensing.12 However, the CD
33 signal, being governed by an electric-dipole/magnetic-dipole
34 scalar product (the Rosenfeld equation),13 is much weaker
35 than absorption, typically by a factor of ≈10−5. Enhancing CD
36 via plasmonic effects is therefore a very appealing possibility
37 and has been the subject of many studies in the past
38 decade.14−17 Plasmonic CD can be classified into structural
39 and induced CD,17 according to its being based either on
40 systems that are inherently chiral (structural CD)18 or on the
41 chiral arrangement of nonchiral systems (induced CD).
42 Induced plasmonic CD seems more accessible at the
43 experimental level,19 but interest for structural chiral
44 plasmonics is exponentially growing due to the widened
45 synthetic possibilities achieved via new bottom-up advanced
46 techniques. In particular, hot electrons can promote chiral
47 growth mechanisms in nanocrystals, as also supported by

48theoretical modeling.20 Moreover, the interaction of circularly
49polarized light with plasmonic gold nanoresonators can allow
50one to discriminate hot-electron transfer.21 Despite the interest
51arisen by these new developments, the experimentally observed
52plasmonic CD enhancements are so far not striking. We
53believe that this is due to the fact that the principles of both
54structural and induced plasmonic CD, which could guide the
55design of optimal nanostructures, are still scarcely known.
56The goal of this work is to derive building principles of
57structural plasmonic CD in chiral Au gold nanowires from
58quantum-mechanical (QM) modeling so as to arrive at a
59rational design of and full exploitation of the possibilities
60provided by this class of systems. Via predictive time-
61dependent density-functional theory (TDDFT) simula-
62tions,22−24 we show that a huge chiral plasmonic enhancement
63can be achieved in nanowires coiled in 3D arrangements, at the
64same time interpreting it in terms of an electronic structure
65analysis of longitudinal and transversal plasmonic excitations
66and their coupling into chiral components and providing
67simple working estimates. In contrast, we find that an
68analogous potential enhancement in linear systems is likely
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69 to be suppressed by destructive interference among excitations
70 from the different regions of the system, and we suggest that
71 this phenomenon is a probable origin of the difficulty
72 experienced so far in achieving an intense plasmonic CD
73 response. However, we suggest that it is possible to overcome
74 the latter issues and retrieve a strong plasmonic CD response
75 also in linear arrangements by properly tuning the system
76 morphological features so as to avoid destructive interference
77 phenomena.
78 To predict chiro-optical spectra of nanowires, we employ the
79 polTDDFT22−24 approach and analyze its results via individual
80 component map−oscillator strength plots (ICM-OS),25 ICM−
81 rotator strength plots (ICM-RS),26 and a geometrical model to
82 assess plasmonic behavior (computational details can be found
83 in the Supporting Information). The polTDDFT method has
84 proven very efficient for applications on large systems, with
85 deviations of the peak positions within at most 0.2 eV with
86 respect to reference Casida calculations.22

f1 87 Figure 1 illustrates schematic atomistic depictions of the
88 gold nanowires considered in this work; more details about

89 their structures can be found in the Supporting Information.
90 We start our analysis from the linear chiral nanowires in the
91 upper panel, such systems are the most similar to the ones
92 produced experimentally.27 Although these systems are linear,
93 they are still chiral as a result of the arrangement of the external
94 atoms along their longitudinal axis (z direction in Figure 1).
95 The photoabsorption of the three chiral nanotubes is reported

f2 96 in panel a of Figure 2: the profiles display a single sharp
97 plasmon which is blue-shifted as the length of the nanowires
98 decreases. However, in the rotatory strength plots reported in
99 panel b of Figure 2, we do not observe any dichroic peak in
100 correspondence of the plasmons for the Au(5,3) SWNT and
101 for the 7-1 HMS. For the 11-4 HMS a double peak at around
102 1.9−2.0 eV with opposite polarity does appear, although with a
103 maximum rotator strength much weaker than those we could
104 expect and will find below in the helical systems. The ICM-RS
105 plots for the three structures calculated in correspondence of
106 the plasmon peak and reported in panels c−f of Figure 2 allow
107 us to rationalize immediately this behavior. The plots are
108 typically plasmonic, with major off-diagonal contributions.

109Strikingly, however, two spots very close to each other (nearly
110degenerate) with opposite sign and a very high absolute value
111are apparent: for more clarity, in panel f of Figure 2 we
112reproduce as a 3D plot the ICM-RS 2D plot of panel e
113highlighting opposite contributions canceling each other. This
114means that the CD response in these systems is nearly totally
115suppressed as a result of a destructive interference of the
116magnetic dipole moment contributions of the excited
117configurations, mixed as a consequence of the collective
118nature of the plasmon.
119The presence of two opposite peaks suggests the possibility
120of “decoupling” them via an external perturbation and thus
121enhance the resulting CD signal. This possibility is supported
122by the plots reported in Figure S5 where the 11-4 HMS
123photoabsorption and CD spectra are compared with those
124calculated separately for its constituent walls: the inner
125nonchiral (4,2) nanotube (NT) and the outer chiral (11,6)
126NT. Both the single-wall and the multishell NTs display strong
127plasmons, increasing in energy in going from inner to outer
128(empty) and the multishell NTs. The plasmon dichroism is
129naturally absent for the (4,2) NT but is present in both (11,6)
130NT and the 11-4 HMS. What is noteworthy is that the
131plasmon dichroism is increased by a factor of 3 in going from
132the single-wall (11,6) NT to the multishell structure, which is
133surprising since the inner system is not chiral at all. This
134demonstrates that the presence of the inner NT, although
135achiral, plays the role of a “perturbation” able to amplify the
136dichroic signal of a chiral structure and suggests the possibility
137of further enhancing this amplification, for example, going to
138multiwall nanotubes with increasing number of walls. Another
139possibility in this respect could be to use ligands able to
140electronically interact with the plasmonic system. The
141conclusion of this investigation is anyway that the CD signal
142of linear systems is non-negligible only when a perturbing
143effect decoupling the two peaks with opposite sign in the ICM-
144RS plots producing destructive interference in the chiro-optical
145plasmonic response is present in the structure. Could this be
146achieved and the CD signal be plasmonic-enhanced in
147intrinsically chiral single-component Au nanostructures? To
148answer the question, we now turn to the photoabsorption and
149CD spectra of the four helical structures: 1R, 1.5R, 2R, and 3R
150of Figure 1.
151 f3Figure 3 reports the photoabsorption spectra (upper panel)
152of the four helical structures here investigated, all with a length
153of 82 Å. In the helix with the smallest radius (1R) we find two
154weak plasmonic peaks at 0.70 and at 1.24 eV followed by two
155other maxima at 1.92 and 2.60 eV. As the helix/nanowire is
156coiled with increasing radius, the spectral features evolve in
157two ways. (i) The first peak grows exponentially in intensity
158and is blue-shifted, where the progression in energy is 0.70,
1590.82, 0.94, and 1.00 eV, and the oscillator strengths change as f
160= 0.85, 2.8, 9.3, and 23.6. (ii) The second peak displays a
161similar blue-shift behavior, but the trend in intensity is not
162monotonic and a maximum in intensity is reached for the 2R
163system, where the progression in energy is 1.24, 1.60, 1.62, and
1641.70 eV and in the oscillator strength is f = 0.73, 9.7, 15.7, and
1658.4. The plasmonic nature of the peaks is confirmed by ICM-
166OS plots reported in the Supporting Information. The rapidly
167growing intensity with increasing size of the system is indeed
168typical of plasmonic behavior.
169In the lower panel of Figure 3 the CD spectra of the four
170helical structures are reported, expressed as rotation strength
171(R), given by the Rosenfeld equation as the imaginary scalar

Figure 1. Structures of the Au clusters considered in the present work.
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172 product between the electric (μ) and magnetic (m) dipole
173 transition moments:

R mIm μ= ·174 (1)

175 Two spectral features are apparent in Figure 3, counterparts of
176 the photoabsorption peaks at approximately the same
177 excitation energies. Interestingly, for all clusters the dichroism
178 is positive for the lower energy feature whereas the higher
179 energy peak has negative polarity. For the lower energy peak,
180 the trend observed in the CD is different from that observed in
181 absorption, with a similar intensity for 1R and 1.5R nanowires
182 and a decrease for the larger radii. In contrast, the band of
183 negative polarity at higher energy follows approximately the
184 behavior of photoabsorption, growing in intensity with
185 increasing radius up to the 2R helix and then weakening to
186 lower intensity in the 3R structure. It is worth noting that a
187 similar behavior has been predicted by classical electro-
188 dynamics for much larger helices (with pitch up to 70 nm
189 and radius of 20 nm) where two plasmons of opposite sign
190 were found.20 Because the present systems are much smaller,

191the importance of quantum size effects prevents the use of
192classical approaches in favor of TDDFT. Note that the CD
193signal of our coiled nanowires is much stronger than that of
194our linear nanowires, at least by a factor of 30: a giant CD is
195thus found in intrinsically chiral single-component Au
196nanowires.
197Analysis of the physical origin of the CD behavior of the
198helical systems can be achieved via geometrical considerations
199(here we use arguments from the analysis of helicenes28). We
200can imagine that electrons flow following the electromagnetic
201field in plasmon resonances. When a right-handed helix with
202 f4longitudinal plasmon field is considered (upper panel of Figure
203 f44), the current goes from left to right, producing an
204accumulation of charge that generates an electric-dipole
205transition moment from left to right. The current also
206promotes a magnetic dipole transition moment, and since
207the current flows along a right-handed helix, the magnetic-
208dipole transition moment vector also points from left to right,
209thus being parallel to the electric-dipole moment. Because the
210Rosenfeld equation (eq 1) contains a scalar product between

Figure 2. Photoabsorption (a) and CD (b) for the series of linear chiral nanotubes. ICM-RS analysis for the series of linear chiral nanotubes: (c) at
1.04 eV, (d) at 1.44 eV, and (e, f) at 1.86 eV. Oscillator strengths are given in atomic units, while R is given in 10−40 esu2 cm2. In the ICM-RS plots,
εi and εa are the energies of the occupied and virtual molecular orbitals, respectively, in eV. Note that the ICM-RS scale is different in the various
panels.
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211 the electric and magnetic dipole transition moments, the
212 contribution to the dichroism is positive in this case. When a
213 transversal plasmon field (lower panel of Figure 4)
214 perpendicular to the figure emerging form the plane (as the
215 y axis in the figure) is considered, the charge flows following
216 the field and accumulates in the center of the helix creating an
217 electric dipole transition moment along the y direction. Now
218 let us consider the contribution of the two branches of current:
219 if they are observed with respect to the y direction, they appear
220 as two left-handed helices, so the magnetic dipole transition
221 moment will have opposite sign with respect to the electric
222 dipole, giving a negative contribution to the dichroism. In
223 summary, from simple geometric considerations and by
224 viewing a plasmon as a current oscillation along the helix, we
225 expect a positive contribution from longitudinal and a negative
226 one from transversal plasmons.
227 This conclusion is corroborated by looking at the Cartesian
228 components to the CD spectra. We obtain longitudinal and
229 transversal contributions by splitting oscillator and rotator
230 strength spectra according to their Cartesian dipole compo-
231 nent (x, y, and z). Having in mind the orientation of the
232 helices (Figure 1), x and y are the transversal components and
233 z is the longitudinal one. The decomposition of photo-
234 absorption and CD spectra for the four helices is presented in

f5 235 Figure 5. Starting with the dichroism of the 1R helix (upper
236 right panel), the positive plasmonic dichroic signal at 0.7 eV is
237 contributed only by the z-component, while a weaker negative
238 signal at 1.24 eV is found to be associated with the y-

239component, and the x-component gives rise to a broad
240structure around 2 eV. The evolution of the dichroism along
241the series (panels on the right side of Figure 5) allows us to
242provide guiding principles. For the lower-energy band the
243strong contribution of the z-component hardly changes
244intensity along the series. On the contrary, the contribution
245of the transversal components, that is negative, rapidly gains
246strength and gives rise to an increasing cancellation with the
247strong positive z-contribution. The apparent decrease in
248average rotatory strength from 1R to 3R in Figure 3b (where
249we report the isotropic average of Cartesian components) is
250therefore understood simply as the consequence of a
251cancellation between a large, positive, and constant longi-
252tudinal z-component and a progressively increasing negative
253transversal y- or x-component that can be rationalized, as we
254will see in the next paragraph, in terms of the coiling number of
255the nanowire. We conclude that a giant dichroic response can
256be obtained in helical nanowires at low energies, whose
257rotatory strength intensity is approximately proportional to the
258length of the nanowire minus cancellation effects in the average
259response due to limited coiling that can increase the transversal
260components opposing the longitudinal one. Note that the
261physical origin of these cancellation effects is different from
262electronic interference discussed for the linear systems and in
263particular that they disappear when spatial symmetry is broken in
264anisotropic systems.
265We observe in passing that for the 3R helix the observed
266behavior can be rationalized by simple geometric arguments.
267From Figure 1 it is apparent that the size of the system along x

Figure 3. Photoabsorption (upper panel) and CD (lower panel) for
the series of the four helices with increasing radius considered in this
work. Oscillator strengths are given in atomic units, while R is given in
10−40 esu2 cm2.

Figure 4. Scheme of induced current as well as electric and magnetic
dipole for longitudinal (upper panel) and transversal (lower panel)
plasmons. See the text for details.
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268 is roughly twice that along the y direction, and accordingly the
269 plasmon along x is red-shifted and more intense with respect to
270 that found along y, in agreement with calculated profiles of
271 both oscillator f and rotatory R strength (see lower panels of
272 Figure 5). For the other clusters the rationalization is less
273 straightforward and is discussed in section 3 of the Supporting
274 Information.
275 To summarize, in this work we employ accurate TDDFT
276 simulations to predict the chiro-optical spectra of a series of
277 gold chiral nanowires with helical or linear structure. We can
278 answer the question of whether it is possible to achieve an
279 enhanced dichroic response in correspondence with the
280 plasmon resonance. We find that linear chiral nanotubes do

281not exhibit a strong dichroic response. We trace back the
282suppression of chirality in the linear case to a destructive
283interference phenomenon and suggest “decoupling” the
284opposite components, for example, by increasing the thickness
285of multiwall structures or by employing ligands interacting with
286the plasmon as a way to recover a plasmonic CD. In contrast, a
287giant dichroic response is found for nanowires with helical
288structure. Via an analysis of the plasmonic resonance and of the
289origin of dichroism in both linear and helical systems, we
290provide an ab initio theoretical understanding and guiding
291principles of chiral plasmonics in metal nanowires. In
292particular, in helical nanowires we rationalize dichroic response
293as the sum of positive longitudinal and negative transversal

Figure 5. Partial contribution according to dipole components of photoabsorption (left panels) and circular dichroism (right panels) for the series
of the four helices with increasing radius. f is given in atomic units and R in 10−40 esu2 cm2.
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294 components, with the former proportional to the length and
295 the latter function of the winding number of the wires. Such
296 principles represent an operative tool to guide rational design
297 of this class of systems and its applications, for example, in
298 photocatalysis29 for asymmetric synthesis or for sensors
299 targeting a specific enantiomer.
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