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Collective oscillation of loosely bound electrons on a metal surface
can be induced by incident light waves that satisfy the electrons’
resonance condition.1 Specifically, the charge density oscillations of
metals on a nanometer scale are referred to as localized surface
plasmons (LSPs). The control of LSPs is a key feature that dictates
the performance of nanoscale optic and photonics devices, as well as
the fabrication of biosensors.2,3 When the frequency of incident light
meets the resonance condition of nanoparticles, distinctive LSP
absorption bands (i.e., bands of unique color) appear. The resonance
condition depends on the size, shape, composition, and dielectric
constants of the metal and the surrounding medium.3 It is known that
nanorods (NRs) display transverse and longitudinal modes that oscillate
along both the short and long axes, respectively.4 When NRs are
physically larger than a certain limit (L g 250 nm, when D ≈ 80),
higher-order LSP modes can be observed.5,6 Herein, we report
intraparticle surface plasmon coupling in NRs composed of a sequential
array of nanofabricated Au-Ag blocks. We observed two independent
transverse modes from the Au and Ag blocks. Depending on the
relative fraction of Au and Ag blocks, the intensity of the transverse
modes varied without noticeable peak shifts. However, the strong
intraparticle surface plasmon coupling resulted in the collective
appearance of longitudinal LSP modes, including higher-order modes.

Homogeneous and multiblock NRs of Au and Ag with diameters
of 83 ((5) nm and up to ∼560 µm in length were synthesized by
potentiostatic electrochemical deposition in anodized aluminum oxide
templates. The diameter of the NRs was determined by the template
pore size, while the length was tailored by adjusting the total charge
passed through the electrochemical cell.7 After dissolving the templates
and the subsequent release of the NRs into solution, the optical
properties of colloidal suspensions of these nanostructures were
characterized. The lengths of all investigated NRs were fixed to ca.
560 nm to observe higher-order modes of longitudinal LSPs, and the
lengths of Ag blocks were varied systematically from 100, 160, 240,
and 380 nm as shown in panels A-D of Figure 1, respectively. Typical
field-emission scanning electron microscopy (FESEM) images of
Au-Ag multiblock NRs showed that individual NRs had a fairly
homogeneous size and block distribution. The size distributions of the
total length and block length were within 10% of the average length.
A careful inspection of FESEM images allowed us to differentiate the
two bright Au ends from the dark Ag center block due to subtle
differences in the energy of ejected secondary electrons. The corre-
sponding UV-vis-NIR spectra of the NRs are presented in panel E.
The spectrum of pure Au NRs with physical dimensions comparable
to those of Au/Ag NRs is plotted with a red line. The band at ca. 550
nm can be assigned to a transverse LSP mode, and the broad feature
at 1140 nm, to a quadrupole longitudinal LSP mode. The longitudinal
dipole mode shifted beyond the investigated spectrum (∼1800 nm)
window and only showed a trace of a tail around 1800 nm. The

spectrum of Au (230 nm)-Ag (100 nm)-Au (230 nm) multiblock
NRs (Figure 1A) is represented by trace a in panel E. The spectrum
is very similar to that of pure Au NRs. The appearance of a clear
band at 1090 nm as well as the long tail beyond 1600 nm reveals
strong LSP coupling in the long axis between the Au and Ag blocks.
The band at 740 nm can be assigned to a higher-order longitudinal
LSP mode. This clear band emphasizes the effective intraparticle
coupling in a heterogeneous NR. Another noticeable feature was the
appearance of a band at 410 nm. In single-component Au NRs, there
is no band visible at this wavelength; Au NRs have a flat profile (a
red line). The band at 410 nm originates from the Ag center block (L
≈ 100 nm) oscillating along the short axis of NRs (i.e., the transverse
LSP mode of the Ag block). When the length of the inner Ag block
increased (panels B-D) in the context of a fixed total length of
heterogeneous Au-Ag-Au NRs, the band at 410 became more intense
without noticeable peak shifts (spectra b, c, and d, corresponding to
the samples shown in panels B, C, and D of Figure 1, respectively).
The spectrum of Au (200 nm)-Ag (160 nm)-Au (200 nm) multiblock
NRs has a similar profile to that of spectrum a. Again, there is strong
LSP coupling in the long axis direction (i.e., longitudinal mode).
Regardless of their relative compositions, the longitudinal LSP peak
positions were determined entirely by the total length of the NRs. In
our previous report on Au-Ni-Au NRs, the length of the inner
component Ni required to allow longitudinal LSP coupling was
restricted.5b For example, when the length of the inner Ni block was
350 nm giving a total length of 550 nm, there was no longitudinal
LSP coupling between the two Au blocks (L ≈ 100 nm), and the
spectrum profile of the Au-Ni-Au NR was similar to that of single-
component Au NRs with a total length of L ≈ 100 nm. This is because
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Figure 1. FESEM images of multiblock Au/Ag NRs (diameter ∼83 ((5)
nm). Total average lengths are (A) 560 ((56) nm, (B) 560 ((57) nm, (C)
560 ((40), and (D) 550 ((37) nm. The insets show the dimensions of
each block, yellow color for Au and gray for Ag, where the numbers
represent the length in nanometer. (E) Visible-near IR extinction spectra
corresponding to the FESEM images. The spectrum (a) was obtained from
the sample shown in image (A), (b) to (B), (c) to (C), and (d) to (D),
respectively. The red solid line is the experimental spectrum for the single-
component Au NRs with a total length of 580 ((68) nm. All spectra were
unnormalized and measured in D2O.
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the free electrons on the Ni blocks could not oscillate in phase with
the free electrons on the Au blocks, and they therefore acted as an
inert spacer for the two Au blocks.13 However, in Au-Ag-Au NRs,
even when the length (L ≈ 380 nm) of the inner Ag block was much
longer than the length (L ∼ 85 nm) of the two Au blocks, the spectrum
(d) of the Au-Ag-Au NR was very similar to that of Au NRs with
a total length of L ≈ 550 nm. The inner Ag block participates in the
longitudinal charge density oscillation in conjunction with the two Au
ends, allowing the NRs to function as a single entity. At longer
wavelengths, the optical constants of Ag and Au are very similar, and
therefore the peak positions of longitudinal LSP modes are determined
solely by the total length of the NRs. Although the NRs behave as a
single body with longitudinal LSP modes, the appearance of two
transverse SP modes at 410 and 555 nm indicates independent charge
oscillation of each metal block along the short axis due to the lack of
coupling at shorter wavelengths. It is noteworthy that the intensity
variation of higher order modes is somewhat related to the quality
(surface morphology and size distribution) of NR samples rather than
to the relative portion of Au and Ag blocks.

The LSP modes of metal NRs are known to depend on their aspect
ratios and optical constants. To clarify the dependence of the optical
properties on the aspect ratios of each block, we synthesized more
complicated Au/Ag NRs composed of multisegments. The lengths of
all investigated NRs were fixed to ca. 550 nm. As illustrated in Figure
2, NRs (panel A) with aspect ratios >1 for both Au and Ag blocks
(with block length, L ≈ 100 nm) were synthesized. These NRs have
four boundary interfaces between the Au and Ag blocks. In panel B,
Ag blocks with aspect ratios >1 but three Au blocks with an aspect
ratio <1 were synthesized. In panel C, NRs with Au with an aspect
ratio >1 as the major component were synthesized. The two inner Ag
blocks have aspect ratios <1. In panel D, NRs with Au and Ag blocks
with aspect ratios <1 were synthesized. The corresponding UV-vis-
NIR spectra of these various NRs are plotted in panel E. Although
there was little difference in peak intensities, all spectra showed two
transverse LSP modes from the Ag and Au domains at 410 and 555
nm, respectively. When Au was the major block in the overall
nanostructure, the NR spectrum was characterized by an intensive band
at 555 nm and a minor band at 410 nm (spectrum c from sample C).
The opposite trend was evident when Ag was the major block (i.e.,
spectrum b from sample B). More importantly, longitudinal LSP modes
at 740 and 1090 nm indicating higher-order modes were observed, in
addition to the tail of a dipole mode around 1600 nm. This set of
experiments proves that there are effective LSP couplings along the
long axis of NRs and that such couplings are not limited to the aspect
ratios of individual blocks and/or the number of block interfaces. The
NRs shown in panel D and their corresponding spectrum d are
particularly interesting. When the aspect ratios of both Au and Ag
blocks are <1, the transverse LSP modes slightly red-shift and exhibit
very broad features around 550 nm due to band overlap with the
longitudinal LSP mode at 740 nm. In our previous report, we found
that when Ni blocks were used instead of Ag under similar morpho-
logical conditions, no longitudinal LSP mode coupling occurred.5b The
Ni blocks merely played the role of spacers for the Au blocks and
only a single band centered at 690 nm that originated from oscillation
of the Au disks along the short axis was observed, because the aspect
ratio was <1. Longitudinal LSP modes were absent from this system.
However, in the current system of Au-(Ag-Au)9 with a Au length
of L ≈ 29 and a Ag length of L ≈ 29, the spectrum of the sample had
a similar spectral profile to those of the other three examples, with
higher-order longitudinal LSP modes at 740 and 1090 nm clearly

visible, as well as a long tail at 1600 nm for the dipole mode. When
the total length of the NRs was fixed to 340 nm, a dipole longitudinal
mode centered at 1500 nm was clearly observed (Supporting Informa-
tion). These results are consistent with effective LSP coupling along
the long axis of NRs.

In conclusion, we observed transverse and longitudinal LSP
resonances that included higher-order modes in multiblock Au/Ag
NRs. The resulting NRs had independent transverse LSP modes,
but cooperative coupling of LSP modes along the long axis led to
the appearance of longitudinal bands, including higher-order modes,
similar to the spectral profile of single component NRs. The
increased control and understanding of complicated nanostructures
will lead to the design of more sophisticated plasmon waveguides
and chemical and biological sensors.
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Figure 2. Similar to Figure 1, but for the different lengths and repeating
units with Au and Ag blocks. The average total lengths are (A) 553 ((42)
nm, (B) 552 ((37) nm, (C) 570 ((41) nm, and (D) 554 ((27) nm.
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