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ABSTRACT

Chemically synthesized metallic nanostructures can exhibit a strong local optical field enhancement associated with their high degree of
crystallinity and well-defined geometry-dependent surface plasmon resonances. The extension of the plasmon modes into the mid-IR spectral
range (3—30 zm) is shown for micrometer-sized nanowires with high aspect ratios available in the form of pentagonally twinned Ag crystallites
as grown by polyol synthesis. Using scattering-scanning near-field optical microscopy, the associated IR plasmon modes are identified, and
their underlying spatial distribution and enhancement of the optical polarization density is measured via phase, amplitude, and polarization
resolved optical vector-field mapping. The transition from dipolar to multipolar resonances is observed and described by modeling the Ag
wires using a modified cylindrical waveguide theory. For 10.6 #m excitation, dipole antenna resonances are observed at a resonant length of
L = Aenl2 with Aer ~ 10.6 um/(1.8 £ 0.5) ~ 6 & 2 um. This effective wavelength scaling is the result of electronic damping, despite the high
aspect ratios of the wires of order 1:10 to 1:200. With the optical cycle period 7z being comparable to the Drude relaxation time of 7 ~ 40 fs
the mid-IR defines the low-energy limit of the coherent plasmon regime (zir < 7) at the transition to purely geometric antenna resonances (i

> 7).

Introduction. Phenomena and applications involving elec-
tromagnetic surface waves of noble metals encompass a wide
frequency range extending over many orders of magnitude
only limited at high energies by the interband absorption
typically in the blue/UV spectral range as determined by the
electronic band structure of the metal. At optical frequencies,
the resonant surface bound excitation of surface plasmon
polaritons (SPP) of thin metallic films and individual or
coupled metallic nanostructures is associated with a coherent
resonant oscillation of conduction electrons at the interface
of the metal and its dielectric surrounding. This resonance
is size and shape dependent which allows for control of
optical fields on the nanometer scale through the manipula-
tion of the material and geometric parameters of the
particle.'™
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In contrast to the visible spectral region, the intrinsic
properties of surface waves in the mid-IR regime are less
well understood. This is despite the general importance of
mid-IR active nanostructures for surface-enhanced IR ab-
sorption (SEIRA),> !9 as optical antennas for IR emitters,'' ™ !*
IR and THz detectors,'* and thermal sensors.'>!® Due to the
strong damping of the coherent electron oscillation at visible
frequencies, the corresponding SPP propagation length is
limited to several micrometers.'””!” The damping is greatly
reduced in the IR allowing propagation lengths into the
millimeter range.? In addition, studying the mid-IR response
of metal nanostructures provides microscopic insight into the
underlying electron dynamics with the optical cycle period
in that wavelength range being comparable to the Drude
electronic relaxation time 7. This spectral range signifies the
transition regime that links the low-energy Hagen—Rubens
regime describing classical antenna resonances (w < 7~ ')
with the relaxation regime (7' < @ < wy) of the surface
plasmon, with wy, being the plasma frequency of the metal.?'

The ability to tune the optical response of metallic
nanostructures through the manipulation of their geometry*
has greatly improved with the development of chemical
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synthetic methods to produce crystalline metal nanostructures
with structural control down to the nanometer range.??” 20
On that basis, the synthesis of quasi-one-, two-, and three-
dimensional nanoparticles with sizes in the 10s to 100s nm
range provides access to plasmon resonances throughout the
visible and near-IR spectral region.>*"-?

The synthesis of silver nanowires with lengths up to tens
of micrometers allows for the extension of structural
resonances into the mid-IR range. These wires can be grown
with high yield by reducing silver nitrate with ethylene glycol
in the presence of poly(vinyl pyrrolidone).?” A homogeneous
diameter even for high aspect ratios (1:10 to 1:200), an
atomically smooth surface, and reduced electron scattering
with the absence of grain boundaries due to the crystalline
structure enables an improvement of the optical properties
relative to rough, polycrystalline wires made from electro-
thermal deposition thus providing an ideal material for mid-
IR plasmonics.

With previous work having been limited to the study of
the far-field properties of related crystalline structures, little
is yet known as to the nature of the underlying resonant
modes and associated spatial field distribution and local field
enhancements resulting from plasmonic excitations in the
mid-IR range. To address these questions, here, we study
resonant dipole and higher order modes at the low energy
limit of the coherent plasmon polariton regime of these
chemically synthesized crystalline Ag nanowires. Phase
sensitive optical vector near-field mapping at an excitation
wavelength of 4 = 10.6 um by scattering-scanning near-
field optical microscopy (s-SNOM) provides a direct image
of the nanometer scale spatial field distribution of the surface
standing waves and their dependence on microscopic struc-
tural parameters. The scaling of the dipolar resonance with
wavelength could be established as predicted theoretically,
occurring for lengths shorter than the classical 4/2 antenna
resonance. This deviation from the classical prediction is
primarily due to the finite skin depth, wire thickness, and
the surrounding dielectric.’! = In addition, our results provide
the near-field enhancement and its distribution underlying,
e.g., recent SEIRA observations using related geometries
produced lithographically.®!%-34

Experiment. The Ag nanowires were synthesized as
described in detail previously.? Five milliliters of ethylene
glycol (EG) were stirred in a glass vial, suspended in an oil
bath (150 °C). After the EG was heated for 1 h under stirring
at 260 rpm, 40 uL of a 4 mM copper(Il) chloride solution
(CuCly) in EG was added. After an additional 15 min, 1.5
mL of a 0.147 M poly(vinyl-pyrrolidone) (PVP, molecular
weight M,, =~ 55000, concentration expressed in terms of
monomer) solution in EG was added followed immediately
by 1.5 mL of a 0.094 M silver nitrate (AgNOs3) solution in
EG. The reaction was quenched after another 1 h. The
reaction products were washed with acetone, collected by
centrifugation, and subsequently dispersed in water. The
silver nanowires obtained were characterized by scanning
and transmission electron microscopy (SEM/TEM) as shown
in panels b—d of Figure 1. They exhibit a pentagonal cross
section due to 5-fold twinning consistent with silver nano-
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Figure 1. Scattering-scanning near-field optical microscopy (s-
SNOM) (a) with polarization-selective excitation and interferometric
homodyne detection to probe specific near-field vector components
of IR plasmon modes of Ag nanowires. Transmission electron
microscope images (TEM) confirm the crystalline nature and
pentagonal twinning of the nanowires (b, c¢). Solid lines parallel to
the atomic planes have been added as a guide to the eye. Scanning
electron microscope (SEM) image of a representative Ag nanowire
with typical aspect ratio studied (d).

wires grown from decahedral seeds in which the (100)
surfaces of the wire have been stabilized with PVP.2-%

The experimental setup, as shown schematically in Figure
1 a, is based on a modified atomic force microscope (AFM,
CP-Research, Veeco Inc.) with sample scanning and dynamic
force control of the cantilever probe tip.***’ A CO, laser, 1
= 10.6 um, is used as a light source for mid-IR optical
excitation in an epi-illumination and -detection geometry.
A Cassegrain objective (NA = 0.5) at an angle of 70° with
respect to the surface normal is used to focus the light onto
the tip apex region with an elliptical focus size of ~ 30 um
in width with incident power of approximately 5 mW.
Polarizing optics control the incident and detected light
polarizations with s and p defined with respect to the plane
formed by the incidence/emission k-vector and the AFM tip
axis (see Figure 1). Individual Ag wires near the expected
resonant length are located via topographic scans. The tip-
scattered near-field response of a wire is then recorded
simultaneously with the AFM topography using an MCT
detector (Kolmar, model KLD-0.25/DC/11.5). Pt-coated
AFM probes (Veeco OSCM-Pt and Nanosensors ATEC-
NCPt) with forward pointing tips to facilitate illumination
and detection using the external optics are used to perform
the s-SNOM measurements.*

The near-field signal from the Ag nanowires is discrimi-
nated against the tip-scattered far-field background by
demodulation at the second-harmonic of the tip sample dither
frequency 2w4.3*° Optical phase information is obtained by
interferometric homodyne detection using a modified imple-
mentation compared to previous methods**~*? as will be
discussed below. For probing specific vector near-field
components, selective s- and p-polarized excitation and
detection is applied (Figure 1). This polarization selective
detection together with knowledge of the phase information
characterizes the local field distribution associated with the
plasmon modes of the nanowires.
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It should be noted that due to the AFM cantilever
oscillation, the s-SNOM signal represents a map of the
gradient of the optical near-field; however, due to the
evanescent character of the near-field, strong gradients in
general correspond to regions of high field intensity. As the
s-SNOM mapping of the optical field surrounding the Ag
nanowires represents the near-field intensity gradient within
~ 30 nm above the metal surface, it is thus a measure of the
optical surface polarization density of the standing surface
plasmon wave with the related strong spatial field confine-
ment at the ends of the wires.

Optical Vector Near-Field Mapping. Full characteriza-
tion of the spatial near-field distribution surrounding the
metal nanoparticles entails the measurement of both ampli-
tude and phase of the electric field components in all three
Cartesian coordinates.’*3743* Here, we restrict our measure-
ments to the E. field which is the field component predomi-
nately probed under selective p-polarized detection, p,, (see
Figure 1).%-7 Characterization of E. is most valuable for the
identification of the mode behavior of the plasmonic
resonance in Ag wires as it is associated with a phase change
of the induced SPP polarization density at the poles.
Furthermore, for s-polarized excitation and cross-polarized
detection of p-polarized scattered light, s;,pou, the tip—sample
coupling as well as the self-homodyne field are minimized
thus reducing the risk for imaging artifacts.

The amplitude of a signal observed for a given excitation/
detection polarization combination can be understood through
the use of the tip-scattering tensor given by

00 0
=0 Fs Fy (1)
0 Fy F,

with coefficients Fj, representing the tip scattering efficiency,
and the indices j and k the detected and incident s and p
polarizations. Here, the F, and F), tensor elements represent
the scattering efficiencies for the cross-polarized excitation
and detection experimental configurations pi,Soy and SinPouts
respectively. For example, for the case of a nanowire oriented
parallel with respect to the y-axis E, is predominately detected
for the si,pou polarization combination (Figure 1).

In general for pjpou, the far-field background is of the
same polarization as the signal of interest which can lead to
interferometric self-homodyne phase contrast. This contrast
may be utilized to gain useful information under certain
conditions. Depending on the relative (but uncontrolled)
phase of the far-field backscattered signal from the tip and
sample roughness with respect to the phase of the local tip-
scattered near-field plasmon emission, a phase contrast is
observed provided that the far-field contribution is of
comparable magnitude to the near-field strength.

For (controlled) phase-resolved s-SNOM imaging, inter-
ferometric homodyne detection is employed by adjusting the
reference field to a desired phase and amplitude. The near-
field emission from respective poles oscillating out of phase
with respect to one another for a resonant mode is super-
imposed with the reference field of specific phase, leading

Nano Lett,, Vol. 9, No. 7, 2009

EET  J1o0nm/div T 125 pv/div

Figure 2. Topography (a, c, and e) and corresponding nonphase
resolved near-field IR s-SNOM |E.I?> signal (b, d, and f) for si,pou
polarization configuration for crystalline Ag wires of different
lengths. For lengths up to L & 4 um the Ag wires exhibit a dipolar
mode, with multipolar resonances supported for longer wire lengths

®.

to constructive and destructive interference, respectively. This
provides relative phase information between the different
poles of dipole and multipole plasmon excitation.

In contrast to other methods where the amplitude of the
field in the reference arm is much greater than the scattered
near-field signal,***? in our approach of weak interferometric
homodyne amplification the reference amplitude is chosen
to be comparable to that of the near-field signal. For an
appropriately adjusted reference phase this approach results
in fully constructive and destructive interference at respective
out of phase poles of the particle resonance (see Supporting
Information for further details). It further allows for a
representation of both phase and amplitude information in
one data set for a given optical near-field vector component.
Also, in general, the weak homodyne amplification can be
advantageous in determining the optical signal phase using
broad-band excitation; the constructive and destructive
interference in the interferogram yields both spectral and
relative phase information.

Results. Figure 2 displays topography and nonphase-
resolved s-SNOM scans corresponding to |E.|> of different
Ag wires under the s;,poy 1llumination and detection con-
figuration. Lengths of Ag nanowires range from L ~ 1 um
to L ~ 12.3 um. For lengths up to approximately 4 um,
dipolar mode patterns are observed (Figure 2, panels b and
d) with one lobe at either end of the wire. For longer wires,
L ~ 6 um (upper wire in panel f of Figure 2), the wires
exhibit a more complex spatial distribution characteristic of
multipolar excitations.

No contrast is observed for sufficiently off-resonant
excitation as evident by the lack of optical signal, panels b
and d of Figure 2, corresponding to several structural features
seen in the topographies in (a) and (c). For wires oriented
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Figure 3. Topography (a) and corresponding s-SNOM signal (b)
for a typical Ag wire under the influence of a self-homodyne field.
The phase relation between the poles of a Ag wire is demonstrated
by topography (c and d) with corresponding detected s-SNOM
signal under interferometric homodyne amplification (e—h). Con-
trast arises from constructive and destructive interference of the
reference field with out-of-phase field from the respective poles of
the wire. E, s-SNOM scans for discrete reference phase values of
® = 7, 7/2, and O (e, f, and g, respectively). Corresponding
background subtracted s-SNOM line scans for continuous variation
of @ (h).

predominantly along the x direction (wire section visible on
left side of (a), the longitudinal resonance cannot be excited
for s;,. Similarly, negligible contrast is observed for submi-
crometer Ag particles that exhibit plasmon resonance in the
visible spectral region. The bent wire shown in (c) does not
exhibit any s-SNOM contrast although the driving field in
the y-direction still has a component along the upper wire
segment. This may be due to an associated spectral resonance
shift and/or additional damping associated with the bend itself.

Panels a and b of Figure 3 display corresponding AFM
and s-SNOM data taken under the p;p.. configuration
exhibiting self-homodyne interference contrast. The observed
contrast arises from the constructive (left) and destructive
(right) interference of the nanowire signal with the uncon-
trolled self-homodyne field provided by the far-field back-
ground as discussed above. Panels e through h show results
for homodyne detection under controlled interferometric
phase and amplitude reference conditions. Panels ¢ and d
display the topography of a wire of length, [ ~ 1.25 um
exhibiting a dipolar resonance. Corresponding optical s-
SNOM scans representing E, are shown in (e—g) for relative
phases of the homodyne signal of ® = z, 7/2, and 0,
respectively. Figure 3h shows the signal variation for a line
scan along the center of the wire incrementally varying the
phase between ® = 0 and ;. The inversion of the signal
contrast at the two nanowire ends varying the reference phase
is characteristic for the dipole excitation. Further details
describing the nature of the observed signal are discussed
in the Supporting Information.
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Discussion. In the following we discuss several implica-
tions of the results above. On the basis of spectral response
and theory, a large SEIRA effect as observed on structurally
related micrometer sized metal nanowires was attributed to
strong local-field enhancement at the poles.!” The s-SNOM
images in Figures 2 and 3 agree with these predictions with
the highest observed optical intensities occurring near the
ends of the Ag wires as expected. Our measurements only
provide a rough estimate of the local field enhancement with
values of order 10—50 as deduced from comparison with
the detected signal from the unenhanced center of the wire
and the estimate of an enhancement of unity around the noise
level. This enhancement is consistent with a theoretical value
of 45, calculated 1 nm above the surface for Ag wires at
their dipole resonance in the 3.5 um wavelength range.'”

Estimate of Resonant Length. From the study of Ag wires
of different lengths, a dipolar field pattern is observed for
wires between L &~ 1 um and L ~ 4 um. A resonant length
of Lgipole = 3 um could be deduced for the A = 10.6 um
wavelength excitation used. This length is considerably
shorter than the first ideal classical antenna resonance at L
A~ A/2 = 5.3 um. Despite high aspect ratios of 1:10 to 1:200,
an inhomogeneous dielectric environment and still consider-
able damping (even at mid-IR frequencies) give rise to a
departure from the ideal scattering behavior of perfectly
conducting and infinitely thin metal wires in which the
antenna resonances occur at lengths of L ~ nA/2 forn = 1,
2,3,..%

Within the low frequency limit, linear antenna resonances
are dictated by the approximation that the radius r is much
smaller than the wavelength (i.e., r << 1) but is still much
greater than the skin depth O. In this frequency range, the
optical properties of metals are largely frequency independent
and characterized by both a large real conductivity og. and
low absorption coefficient oo = 2/0.

The extension of linear antenna structures to the infrared/
visible spectral range typically results in structure sizes in
which the skin depth is comparable to the radius of the
antenna, i.e., 0 ~ r. This is the case for our chemically
synthesized Ag wires with radii down to » &~ 25 nm and
skin depth 6 ~ 30 nm at A = 10.6 um.*” Here, the electric
field significantly penetrates into the antenna structure
resulting in a deviation of the optical properties from that of
classical antenna theory which is reflected in the modification
of the half-dipole resonance length.?!

Recently, a modified classical waveguide theory for the
TM modes of a cylindrical waveguide*® which accounts for
the reactance of the ends of the antennas was used to predict
the effective wavelength scaling behavior for optical anten-
nas.*® This theory and other models, which incorporate DDA
and boundary element methods,*'*? predict a scaling behavior
that has been confirmed by infrared spectroscopy in litho-
graphically grown structures®** and comparison of s-SNOM
and numerical simulations of optical infrared antenna struc-
tures.’’

Using the modified waveguide theory™ and assigning an
effective real dielectric constant equal to the geometric
average of the dielectric constants for the SiO, substrate and

Nano Lett.,, Vol. 9, No. 7, 2009
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Figure 4. Drude model prediction of the frequency dependence of
the real (solid line) and imaginary (dashed line) conductivity of
silver. Selected data points up to the longest wavelength available
from ref 47, derived from measured optical constants of silver,
illustrate the close correspondence between Drude theory (7 = 40
fs, hwp, = 8.98 eV, and epc = 3.7) and experiment in the mid-IR
and visible spectral ranges.*”4%-%

air, € = (€a€an)’? & 2, we derive an effective wavelength
of Aer A 6.7 um and half wavelength resonance of Lyipole &
3.4 um for a typical Ag wire of radius » = 25 nm for incident
light 2 = 10.6 um. This result is in good agreement with
our experimental findings of Lgpoe = 3 um which corre-
sponds to Aeg ~ 10.6 um/(1.8 + 0.5) =~ 6 + 2 um.

Dephasing Time and Plasmon Properties in the IR.
Planar SPPs in the visible are characterized by both a distinct
dispersion relation with respect to the light line and a high
degree of field localization near the surface resulting from a
nonzero in-plane component of the electric field which
permits the formation of a spatially and temporally varying
charge distribution. These properties reflect the fact that the
visible frequency range corresponds to the upper limit of
the relaxation regime, 1/7 ~ @ < w,.>' Here, unlike the low
frequency limit, the optical properties of metals are marked
by both real and imaginary conductivities og. and Ojp,
respectively, as well as a related large absorption coefficient
o Visible frequencies, in particular, are distinguished by a
low o1, and a negligible og. which is reflected in the heavy
loss and low propagation lengths for visible plasmon
excitations. '8!

While the mid-IR and visible spectral ranges both fall into
what is generally classified as the relaxation regime,?! these
two spectral ranges are distinct in their optical material
responses. Figure 4 illustrates these inherent differences as
manifested in og. and oy, for a simple Drude description of
the optical properties of silver.*’>%4 At lower frequencies
in the relaxation regime (the mid-IR spectral range) metals
exhibit appreciable values of og. and oy,,. While o is expected
to retain a relatively constant high value for frequencies
throughout the entire relaxation regime (o0 &~ 7.7 x 10°, 9.0
x 10°, and 8.5 x 10° cm™!, for A = 0.5, 10, and 30 um,
respectively), the enhanced conductivity relative to visible
frequencies results in a reduction of loss and increase of the
predicted propagation length / in the IR spectral range (I ~
16 umand 55 mm foran Ag/airinterface atA =0.5 and 10 um,
respectively).!®1?
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Of further physical importance for low-frequency plasmon
properties is the relaxation time 7 of the metal which under
the Drude model represents the mean time between electron
scattering events. The relaxation time is of particular interest
at mid-IR frequencies where the optical cycle time 7
becomes comparable to 7. As a result, the mid-IR spectral
range represents the low frequency limit for the coherent
plasmon excitation. This further highlights the interest in the
variation of the carrier density in materials (e.g., semicon-
ductors) to control the plasmon dephasing time 7.5

Summary. As they are associated with enhanced conduc-
tivity, plasmonic metal structures in the infrared are able to
take advantage of a reduced loss compared to visible
frequencies. Furthermore, previous work has indicated that
crystalline nanomaterials exhibit longer scattering times,
extended propagation lengths, and reduced energy loss
compared to their lithographic counterparts.’>** This differ-
ence is primarily attributed to an abatement of the electron
scattering related to polycrystalline grain boundaries and
nanometer surface roughness.

Although infrared surface waves in planar geometries
are characterized by a decrease in near-surface field
localization with increasing wavelength, for localized
surface plasmons the field confinement is determined by
the local geometry. Single crystalline nanowires with
tunable width and length can thus serve as essential
building blocks for the design of IR nanophotonic devices
with functionalities that may exceed the performance of
their visible counterparts in field-enhancement, propaga-
tion distance, tunability, and ease of structural control.
Taking advantage of the underlying enhanced optical
properties of metals in the mid-IR spectral region associ-
ated with the higher conductivity, this opens the door for
the yet under explored field of IR plasmonics.
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