
Far-field midinfrared superresolution imaging
and spectroscopy of single high aspect ratio
gold nanowires
Kyle Aleshirea, Ilia M. Pavlovetca, Robyn Colletteb, Xiang-Tian Kongc

, Philip D. Rackb,d, Shubin Zhange,
David J. Masielloc

, Jon P. Camdena
, Gregory V. Hartlanda,1

, and Masaru Kunoa,e,1


aDepartment of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556; bDepartment of Materials Science and Engineering,
University of Tennessee, Knoxville, TN 37996; cDepartment of Chemistry, University of Washington, Seattle, WA 98195; dCenter for Nanophase Materials
Science, Oak Ridge National Laboratory, Oak Ridge, TN 37831; and eDepartment of Physics, University of Notre Dame, Notre Dame, IN 46556

Edited by Stephan Link, Rice University, Houston, TX, and accepted by Editorial Board Member Catherine J. Murphy December 19, 2019 (received for review
September 29, 2019)

Limited approaches exist for imaging and recording spectra of
individual nanostructures in the midinfrared region. Here we use
infrared photothermal heterodyne imaging (IR-PHI) to interrogate
single, high aspect ratio Au nanowires (NWs). Spectra recorded
between 2,800 and 4,000 cm−1 for 2.5–3.9-μm-long NWs reveal a
series of resonances due to the Fabry–Pérot modes of the NWs.
Crucially, IR-PHI images show structure that reflects the spatial
distribution of the NW absorption, and allow the resonances to
be assigned to the m = 3 and m = 4 Fabry–Pérot modes. This far-
field optical measurement has been used to image the mode struc-
ture of plasmon resonances in metal nanostructures, and is made
possible by the superresolution capabilities of IR-PHI. The line-
widths in the NW spectra range from 35 to 75 meV and, in several
cases, are significantly below the limiting values predicted by
the bulk Au Drude damping parameter. These linewidths imply
long dephasing times, and are attributed to reduction in both
radiation damping and resistive heating effects in the NWs. Com-
pared to previous imaging studies of NW Fabry–Pérot modes us-
ing electron microscopy or near-field optical scanning techniques,
IR-PHI experiments are performed under ambient conditions,
enabling detailed studies of how the environment affects mid-IR
plasmons.

plasmons | Fabry–Pérot modes | photothermal imaging | single-particle
spectroscopy

Plasmonic materials have uses in a wide range of applications,
such as photovoltaics, the generation of solar fuels, and chemical

sensing (1–4). Key properties of plasmonic structures are the
ability to confine light to subwavelength dimensions, along with
related enhancements of local electromagnetic fields (2). Con-
ventional plasmonic materials have resonances in the near-infrared
(near-IR) to visible regions of the spectrum (5, 6). While this is
useful for solar energy conversion, there are important applica-
tions in other parts of the spectrum as well. Thus, realization of
the full potential of plasmonics requires exploring new materials
and geometries, which enable access to unexplored spectral re-
gions such as the midinfrared (mid-IR) (7–10) or the near-UV
(11, 12). In particular, mid-IR plasmonic materials open the door
to ultrasensitive, label-free chemical sensing via surface-enhanced
IR absorption (SEIRA) spectroscopy (9).
A variety of different systems have been developed for mid-IR

plasmonics, including metal nanostructures (7–10), and doped
metal-oxide and metal-chalcogenide semiconductor nanocrystals
(13–17). Single-particle spectroscopy measurements have shown
that mid-IR plasmonic materials possess narrow linewidths,
which implies long plasmon lifetimes (18–20). This is surprising,
as the structures for mid-IR plasmonics are usually large, with
sizes where conventional near-IR/visible plasmonic resonators
suffer severe radiation damping (21–23). Here we examine the
“Fabry–Pérot”-type resonances of single noble-metal nanowires

(NWs) (24–32). The frequencies of these resonances have been
extensively studied by ensemble measurement (24–26, 28, 29).
However, ensemble measurements do not provide reliable line-
width information (21–23). Studies of individual NWs in the mid-IR
have been performed with electron energy loss spectroscopy
(EELS) and cathodoluminescence experiments (10, 19, 31–34), as
well as through direct optical extinction (18). However, there is
still a need for systematic studies of the size- and environmental
dependencies of mid-IR NW plasmon linewidths.
The lack of linewidth information for mid-IR plasmonic mate-

rials is due, in part, to the difficulty of performing single-particle
experiments in this spectral region. Techniques in addition to
EELS and cathodoluminescence capable of imaging and detecting
single nanostructures in the mid-IR include near-field optical
microscopy measurements (20, 35–40) and atomic force microscopy-
detected IR absorption (41, 42). However, these techniques are
experimentally complex and difficult to perform in different envi-
ronments. In this paper, the mid-IR Fabry–Pérot resonances of
single gold NWs are examined using IR photothermal heterodyne
imaging (IR-PHI)––a superresolution, far-field optical imaging and
spectroscopy technique (43–45). Compared to the methods listed
above, IR-PHI is a simple tabletop approach for characterizing the
mid-IR properties of individual nanostructures, that can operate
under ambient conditions. The spectral resolution of IR-PHI is also
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much better than that of EELS measurements––a few cm−1

compared to tens of cm−1 (46–48). The mid-IR spectra of in-
dividual gold NWs are measured for NW lengths between 2.5
and 3.8 μm. Spatial maps of the mid-IR plasmon modes are also
recorded. These maps, which are only possible due to the
superresolution capabilities of IR-PHI (43–45), allow an un-
ambiguous assignment of the mode order of the Fabry–Pérot
resonances probed in the measurements. The results of the
experiments are compared to finite-element simulations that
describe both the absorption spectra and the IR-PHI images.

Results and Discussion
IR absorption spectra for single NWs with lengths (L) between
2.50 and 3.80 μm are presented in Fig. 1. The NWs in this study
were created by nanofabrication, and were designed to be 50 nm
high and 100 nm wide, with lengths ranging from 1.00 to 9.95 μm
in 0.05-μm steps. Fig. 1A shows spectra for L = 2.50–3.10-μm
NWs, and Fig. 1B shows spectra for L = 3.50–3.80-μm NWs. The
resonance frequencies red-shift with increasing length from
3,670 to 2,880 cm−1 in Fig. 1A, and from 3,650 to 3,360 cm−1 in
Fig. 1B. The shift in the resonances to progressively lower fre-
quencies as L increases is expected for NW Fabry–Pérot modes

(24–32). Specifically, a simple expression for NW Fabry–Pérot
resonance frequencies νres is (26, 30, 31, 49, 50)

νres =
c0

2neff

m
L
, [1]

where neff is an effective index for the mode, c0 is the speed of
light, and m is the mode order. Eq. 1 is derived by considering
the interference between forward and backward propagating
SPPs in the NW (26, 30, 49). In this picture neff is related to
the phase velocity of the surface plasmon polariton (SPP) modes:
cSPP = c0=neff. For metal NWs on a surface neff can be estimated
from finite-element method (FEM) simulations using a two-
dimension mode analysis calculation. These calculations yield a
value of neff of 1.63 for NWs excited by light with a free-space
wavelength of 3 μm (the middle of the spectral range investigated
in this paper). The observation of two resonances in the L =
3.10-μm and L = 3.50-μm spectra suggests that two Fabry–Pérot
modes are present with different mode orders, with the higher-
frequency mode being the one tracked in Fig. 1B (26, 51).
To investigate the order of the modes excited in Fig. 1 A and

B, IR absorption images are acquired. Because the spatial res-
olution of IR-PHI is dictated by the visible probe wavelength (43,
44), this technique can in principle resolve the mode structure of
mid-IR Fabry–Pérot resonances. Representative IR absorption
images of the Fabry–Pérot modes corresponding to the reso-
nances in Fig. 1 A and B are presented in Fig. 1 C and D, re-
spectively. Fig. 1C shows an image of an L = 2.90-μm NW that
exhibits three lobes across the nanostructure. Fig. 1D is an image
for an L = 3.75-μm NW that has a more complex structure,
consistent with this resonance arising from a higher-order Fabry–
Pérot mode. The IR-PHI images reflect the spatial distribution
of the absorbed IR light and, thus, report on the interference
pattern of the Fabry–Pérot mode excited in the experiments (43,
44). Finite-element simulations (vide infra) show that m = 3
Fabry–Pérot absorption maps have a three-lobe structure that is
similar to that observed in Fig. 1C. Therefore, this resonance,
and the resonances tracked in Fig. 1A for the L = 2.50–3.10-μm
NWs, are assigned to m = 3 Fabry–Pérot modes.
Fig. 2A shows the resonance frequencies for the NWs versus

m=L, which is proportional to the plasmon wavevector. In Fig.
2B the linewidths ðΓÞ determined from Lorentzian fits to the
spectra (solid red lines in Fig. 1 A and B) are plotted versus
resonance frequency. Error bars represent SDs from at least
three measurements on nominally identical NWs. The dashed
black line in Fig. 2A is a fit to the m = 3 Fabry–Pérot mode data
using Eq. 1. This fit gives a value of neff = 1.64. This value is
consistent with the estimate of neff from the mode analysis cal-
culations, and also with previous studies of the dispersion of
Fabry–Pérot modes of metal NWs (25, 26, 31, 49). The good
agreement between calculated and measured frequencies shows
that Eq. 1 is a reasonable description of the mid-IR plasmon
resonances of the Au NWs. Using the value of neff determined
from the m = 3 Fabry–Pérot mode data allows us to assign the
resonances tracked in Fig. 1B to the m = 4 Fabry–Pérot modes.
Note that under normal incidence excitation only odd-order
modes (m = 1, 3, 5, . . .) are expected to be observed in ab-
sorption due to parity (26, 30, 49). However, even-order modes
can be detected when the NWs are excited using nonnormal
incident light (26, 30, 49). In our experiments, the 0.65-numerical
aperture (N.A.) Cassegrain objective used to focus the IR pump
beam creates a range of excitation angles, allowing the excitation
of both the odd- and even-order modes (26, 30, 49).
Three-dimensional FEM simulations were used to calculate Au

NW IR absorption spectra. In these simulations the NWs were
modeled as having rectangular cross-sections with a 100-nm width
and 50-nm height on a glass substrate. Calculated spectra are
presented in Fig. 2C and are dominated by them = 1 Fabry–Pérot

Fig. 1. (A and B) IR-PHI spectra of individual Au NWs with lengths L =
2.50–3.80 μm. Asterisks denote positions of the (A) m = 3 and (B) m = 4
resonances from Eq. 1. Solid red lines are Lorentzian fits to the data.
(C and D) False-color IR absorption maps obtained at 3,074 and 3,393 cm−1

for Au NWs with lengths of L = 2.90 and 3.75 μm, respectively. Averaged
line profiles are presented above each IR absorption map. (Scale bars,
0.5 μm.)
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mode. Fig. 2C (Inset) shows an expanded view of the higher-
frequency region, where the m = 2, 3, and 4 resonances are more
clearly observed. The calculated resonance frequencies for the m =
3 and m = 4 Fabry–Pérot modes are plotted versus m=L in Fig. 2A
as the solid blue and red lines, respectively. In the simulations the
dielectric constant of the substrate esub was adjusted so that the
calculated and measured frequencies match for the m = 3 mode of
the L = 2.50-μm NWs. Simulations were then performed for a
range of NW lengths using this value of esub. The calculated fre-
quencies are in excellent agreement with the experimental mea-
surements for both the m = 3 and m = 4 modes over the full range
of lengths, confirming our assignment of the mode order and vali-
dating the calculations. The value of the substrate dielectric con-
stant obtained from the fitting procedure ðesub = 2.45Þ is slightly
larger than the experimental dielectric constants of glass in the mid-
IR. This is attributed to differences in the exact shape of the NWs in
the experiments and simulations (the mode frequencies are sensi-
tive to the aspect ratio of the NWs).

A major attribute of the single-particle spectra in Fig. 1 is that
they provide meaningful information about plasmon linewidths
ðΓÞ. Γ-values in Fig. 2B range from 35 to 70 meV, which corre-
spond to plasmon dephasing times T2 = 2�h=Γ between 40 and 20
fs, respectively (52). In the absence of radiation damping, the
linewidths for the localized surface plasmon resonances of metal
nanostructures can be estimated using (53, 54)

Γ=
2e2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð∂e1=∂ωÞ2 + ð∂e2=∂ωÞ2
q , [2]

where e1 and e2 are the real and imaginary parts of the metal
bulk dielectric constant, respectively. In the mid-IR, the dielec-
tric constants of noble metals are well described by the Drude
model, and in this case Γ is simply given by the Drude relaxation
parameter (53, 54). Literature values for the Drude relaxation
parameter for Au vary from 73 meV in ref. 55 to 48 meV in ref.
56, and are shown as the shaded area in Fig. 2B. The majority of
the measured linewidths fall within the range of the literature
values. However, longer NWs (lower resonance frequencies)
have significantly smaller linewidths than expected from Eq. 2
for both them = 3 andm = 4 modes. The colored lines in Fig. 2B
show the linewidths from the FEM simulations. The simulations
show the same trend as the experimental data: the linewidths
decrease as the NWs get longer.
The linewidths in Fig. 2B are among the narrowest reported to

date for Au nanostructures. In the near-IR to visible spectral
region, the smallest linewidths reported are ∼70 meV for the
longitudinal plasmon resonance of gold nanorods (the m = 1
Fabry–Pérot mode) (57). Resonance linewidths of ∼65 meV
were observed in mid-IR absorption spectroscopy studies of the
m = 1 mode of smaller aspect ratio Au NWs (18). Narrow linewidths
are expected for Au NWs in mid-IR experiments for two reasons:
First, because of their large dimensions the NWs do not suffer
from electron-surface scattering (21, 23, 53, 54). Second, radiation
damping is suppressed in the mid-IR because of the low resonance
frequencies and consequent diminished electromagnetic density of
states (58, 59). However, it is still surprising that the measured
dephasing times are longer than the bulk gold Drude relaxation
time (32). We believe that the reduced linewidths for the Fabry–
Pérot modes relative to the Drude limit are due to decreased
confinement of the electric field in the mid-IR (60), leading to
reduced resistive heating losses. Note that the linewidths esti-
mated from the FEM simulations are slightly larger than the
experimental linewidths (Fig. 2B). This is attributed to the choice of
dielectric functions used in the simulations––the Drude damping
parameter for the dielectric constant data in ref. 55. overestimates
the damping for Au (56). Using the dielectric constant data from
Olmon et al. (56) would reduce the calculated linewidths and bring
them into better agreement with experiment.
It is important to note that them = 4 mode structure in Fig. 1D

is not as well defined as that for the m = 3 mode in Fig. 1C.
Several parameters determine the fidelity of the IR-PHI images.
The IR-PHI contrast mechanism relies on local, heat-induced
changes to the optical properties of the sample (43, 44). The
images are, however, affected by heat diffusion, which naturally
smears out the mode structure in the experiments. The effects of
heat diffusion are expected to be more severe for the higher-
order modes, as they have smaller length-scale features. To un-
derstand the effects of heat diffusion, FEM simulations are used
to model light absorption and thermal transport in the nanowires.
Fig. 3 shows maps of the spatially dependent absorption for

the m = 3 and m = 4 Fabry–Pérot modes of an L = 3.1-μm NW,
along with images of the time-dependent temperature changes in
the system. Absorption maps are generated by setting the angle
of incidence for the excitation beam to ±15° off normal to ac-
count for the effect of the focusing objective (see SI Appendix for

Fig. 2. (A) Resonance frequencies as a function of inverse length times
mode order ðm=LÞ and (B) average linewidths ðΓÞ versus frequency for the
m = 3 (blue circles) and m = 4 (red squares) Fabry–Pérot resonances of the
gold NWs. Data collected from at least three NWs with error bars repre-
senting SDs. The dashed black line in A shows the frequencies calculated
from Eq. 1. The shaded area in B shows the range of values for the Drude
relaxation parameter for Au (55, 56). The solid red and blue lines in A and B
are the results from the 3D FEM simulations. (C) Spectra for different length
NWs calculated from FEM simulations. The lowest-frequency features are the
m = 1 Fabry–Pérot resonances. (Inset) An expanded view of the higher-
energy m = 2, 3, and 4 resonances (the spectra have been offset for clarity).
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details). The time-dependent temperature is calculated assuming
a 10-ns square-pulse excitation with an integrated energy equiva-
lent to the energy per pulse of the pump beam (the start of the
pulse is at 0 ns). During the pulse the spatial distribution of the
temperature increase reflects the structure of the NW Fabry–
Pérot modes. However, as time progresses thermal diffusion
smears out this structure, creating a homogeneous temperature
distribution within the NW. This occurs before there is any
significant heat transfer to the surroundings.
The fact that the structure from the Fabry–Pérot modes in the

simulations is quickly washed out after the pump pulse implies
that the signal in these experiments does not arise from the con-
ventional PHI contrast mechanism, that is, change in the refractive
index of the surroundings induced by absorption of the pump
beam (61). One possibility is that we are actually detecting a
transient absorption signal in these experiments. The probe laser
in our measurements is resonant to the transverse plasmon band
of the NWs (SI Appendix, Fig. S2), which will be modified by pump
laser excitation. Transient absorption signals in metal nanostructures
decay rapidly in time due to electron–phonon coupling (54, 62).

Because of this the associated images are not sensitive to thermal
diffusion (63). Further experiments and simulations are being
performed to understand the contrast mechanism in IR-PHI
measurements of metal nanostructures, with the goal of improv-
ing the quality of associated images.
The last point addressed here is the angle of incidence dependence

of the absorption maps. The images in Fig. 3 were generated
using a symmetrical excitation scheme (the images are an aver-
age of ±15° incident-angle simulations). Simulations performed
with unsymmetrical excitation produce absorption maps that are
also unsymmetrical, similar to what is observed in Fig. 1D (see SI
Appendix for details). Unsymmetrical excitation could arise from
misalignment through the Cassegrain objective used to focus the
IR beam, and we believe that this is the primary reason for the
differences between the experimental and simulated mages for
the m = 4 modes in Figs. 1 and 3.

Summary and Conclusions
We have demonstrated an all-optical, far-field, tabletop tech-
nique with the spatial resolution and sensitivity to image and
spectrally characterize the mid-IR Fabry–Pérot modes of single-
metal NWs. The obtained spectra show two resonances that are
assigned to the NW m = 3 and m = 4 Fabry–Pérot modes from
analysis of the IR absorption images. Comparison of the mea-
sured frequencies to the results of FEM simulations validate the
experimental mode order assignment. Average linewidths as low
as 35 meV are measured for the Fabry–Pérot modes, which are
among the smallest values reported to date for any plasmonic
system, in either the visible or IR regions of the electromagnetic
spectrum. Narrow linewidths correspond to long dephasing times
and imply that long-lived enhancements to local electromagnetic
fields can be achieved in the mid-IR. This is an important issue
for SEIRA applications of the metal nanostructures, as the
SEIRA enhancement factor depends on the quality factor for the
plasmon resonance, which is directly related to the lifetime.

Materials and Methods
Nanostructure Synthesis. Gold NWs are fabricated on 0.17-mm-thick glass
substrates via electron-beam lithography (JEOL 9300FS) using a lift-off pro-
cess. To mitigate charging, a thin (10 nm) chromium layer is deposited on top
of the resist layer. Following electron-beam exposure the chromium layer is
wet chemical etched and the poly (methyl methacrylate) resist is then de-
veloped using methyl isobutyl ketone:isopropyl alcohol (IPA) (1:3) for 60 s.
Finally, 50 nm of Au is sputter deposited onto the substrates followed by
soaking in acetone, rinsing with IPA and deionized water, and then drying
under nitrogen. Resulting samples consist of eight identical arrays of gold
NWs with each array containing NWs with lengths ranging from 1.00 to
9.95 μm in 0.05-μm steps. In all cases, NWs are 100 nm wide and 50 nm thick.
The NWs are spaced by 50 μm to prevent any optical coupling between
structures. Representative scanning electron microscope (SEM) images of the
NWs can be found in SI Appendix.

IR-PHI Measurements. A tunable, pulsed infrared pump source (M-Squared,
2,670–4,010-cm−1 frequency range, 150-kHz repetition rate, 10-ns pulsewidth)
is focused onto individual Au NWs using a reflective Cassegrain objective
(0.65 N.A., Edmund Optics) with the output linearly polarized along the
NW long axis. A counterpropagating continuous-wave, visible probe laser
(640 nm, Coherent OBIS) is simultaneously focused onto the NW using a
conventional, high-N.A. refractive objective (0.9 NA, Plan Apo, Nikon). The
probe is linearly polarized along the NW length using a half-wave plate
(Thorlabs). The average intensity of the pump beam at the sample is 10–20
mW/cm2. Reflected probe light is collected with the refractive objective and
is directed onto an avalanche photodiode (Thorlabs, APD110A).

The IR pump laser induces heating in the NW, which changes its dielectric
constant as well as the dielectric constant of the immediate environment. This
produces a small change in probe-beam reflectivity, which is detected using a
high-frequency lock-in amplifier (Stanford Research, SR 844) referenced to
the IR pump laser repetition rate. Tuning the IR laser while recording the PHI
signal yields IR absorption spectra of individual Au NWs. Corresponding
absorption images are obtained by raster scanning the sample through the
pump and probe focus using a piezostage (Physik Instruments, P-517.3CL).

Fig. 3. FEM simulation maps of the resistive heating and time-dependent
temperature changes for an L = 3.1-μm-long Au NW on a glass substrate for
the (A) m = 3 and (B) m = 4 Fabry–Pérot modes. (Top) Images in each panel
shows maps of the IR absorption of the NWs. (Bottom) Images show the
time-dependent temperature changes in the system. The excitation wave-
length for the simulations is chosen to be at the maximum for each reso-
nance. Note that the temperature profiles in the right-hand panels in A and
B have been offset for clarity.
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The spatial resolution of the IR-PHI images is determined by the probe laser,
and is ∼0.3 μm for the current experiments.

FEM Simulations. Three-dimensional FEM simulations (performed using COMSOL
Multiphysics) are used to calculate the IR absorption of the NWs, as well as
the time dependence of the heat transfer process. The light source profile is
taken to be a plane wave since the spot size of the pump beam in the ex-
periment is much greater than the NW dimensions. Oblique incidence (±15°
incident angle) is used to excite both the bright and dark optical modes of
the NW. In the light-absorption calculations the permittivity of Au is taken
from ref. 55, and the permittivity of the glass substrate is set as 2.45. In the
conductive heat transfer calculations, the following parameters are used for
the thermal conductivity (κ), mass density (ρ), and specific heat capacities (cp)
of air, Au, and glass: κair = 0.024 W·m−1·K−1, ρair = 1.2 × 10−3·g·cm−3, cp,Air =
1.012 J·g−1·K−1; κAu = 310W·m−1·K−1, ρAu = 19.32 g·cm−3, cp,Au = 0.129 J·g−1·K−1;
κglass = 1.4 W·m−1·K−1, ρglass = 2.65 g·cm−3, cp,glass = 0.840 J·g−1·K−1. Two-
dimensional FEM mode analysis calculations are also used to determine the
effective index for the propagating SPP modes of the NWs in the mid-IR (64,
65). More details about the FEM simulations are presented in SI Appendix.

Data Availability Statement.All data discussed in the paper (IR-PHI spectra and
images, SEM images of the samples, computer assisted design drawings for
nanofabrication processes, and FEM simulations programs) will be made
available to readers upon request.

ACKNOWLEDGMENTS. G.V.H. and M.K. thank the U.S. National Science
Foundation for financial support of this study through Grants CHE-1502848
and CHE-1902403 (G.V.H) and CHE-1563528 (M.K.), and from the University
of Notre Dame Faculty Research Program. P.D.R. and R.C. acknowledge the
U.S. National Science Foundation Grant DMR-1709275 for the nanomaterials
synthesis. D.J.M. thanks the U.S. National Science Foundation (NSF) for
financial support through Grants NSF CHE-1727092 for the photothermal
imaging theory and simulations and NSF CHE-1664684 for the photothermal
spectroscopy theory and simulations. Work at the University of Notre Dame by
J.P.C. was supported by the U.S. Department of Energy (DOE), Office of
Science, Office of Basic Energy Sciences, Materials Sciences and Engineering
Division under Award DE-SC0018169. Any opinions, findings, and conclusions
or recommendations expressed in this material are those of the authors and do
not necessarily reflect the views of the NSF. The authors also acknowledge that
the NWs were synthesized at the Center for Nanophase Materials Sciences,
which is a DOE Office of Science User Facility.

1. S. A. Maier et al., Local detection of electromagnetic energy transport below the
diffraction limit in metal nanoparticle plasmon waveguides. Nat. Mater. 2, 229–232
(2003).

2. S. Lal, S. Link, N. J. Halas, Nano-optics from sensing to waveguiding. Nat. Photonics 1,
641–648 (2007).

3. S. Linic, P. Christopher, D. B. Ingram, Plasmonic-metal nanostructures for efficient
conversion of solar to chemical energy. Nat. Mater. 10, 911–921 (2011).

4. C. Clavero, Plasmon-induced hot-electron generation at nanoparticle/metal-oxide
interfaces for photovoltaic and photocatalytic devices. Nat. Photonics 8, 95–103
(2014).

5. K. A. Willets, R. P. Van Duyne, Localized surface plasmon resonance spectroscopy and
sensing. Annu. Rev. Phys. Chem. 58, 267–297 (2007).

6. K. M. Mayer, J. H. Hafner, Localized surface plasmon resonance sensors. Chem. Rev.
111, 3828–3857 (2011).

7. R. Bukasov, J. S. Shumaker-Parry, Highly tunable infrared extinction properties of gold
nanocrescents. Nano Lett. 7, 1113–1118 (2007).

8. F. Le et al., Metallic nanoparticle arrays: A common substrate for both surface-
enhanced Raman scattering and surface-enhanced infrared absorption. ACS Nano
2, 707–718 (2008).

9. F. Neubrech, C. Huck, K. Weber, A. Pucci, H. Giessen, Surface-enhanced infrared
spectroscopy using resonant nanoantennas. Chem. Rev. 117, 5110–5145 (2017).

10. W. T. Hsieh et al., Comparative analysis of metals and alternative infrared plasmonic
materials. ACS Photonics 5, 2541–2548 (2018).

11. M. W. Knight et al., Aluminum plasmonic nanoantennas. Nano Lett. 12, 6000–6004
(2012).

12. J. M. McMahon, G. C. Schatz, S. K. Gray, Plasmonics in the ultraviolet with the poor
metals Al, Ga, In, Sn, Tl, Pb, and Bi. Phys. Chem. Chem. Phys. 15, 5415–5423 (2013).

13. M. Shim, P. Guyot-Sionnest, Organic-capped ZnO nanocrystals: Synthesis and n-type
character. J. Am. Chem. Soc. 123, 11651–11654 (2001).

14. X. Liu, M. T. Swihart, Heavily-doped colloidal semiconductor and metal oxide nano-
crystals: An emerging new class of plasmonic nanomaterials. Chem. Soc. Rev. 43,
3908–3920 (2014).

15. S. W. Hsu, C. Ngo, A. R. Tao, Tunable and directional plasmonic coupling within
semiconductor nanodisk assemblies. Nano Lett. 14, 2372–2380 (2014).

16. H. Khamh, E. Sachet, K. Kelly, J. P. Maria, S. Franzen, As good as gold and better:
Conducting metal oxide materials for mid-infrared plasmonic applications. J. Mater.
Chem. C 6, 8326–8342 (2018).

17. A. Agrawal et al., Localized surface plasmon resonance in semiconductor nano-
crystals. Chem. Rev. 118, 3121–3207 (2018).

18. F. Neubrech et al., Resonant plasmonic and vibrational coupling in a tailored nano-
antenna for infrared detection. Phys. Rev. Lett. 101, 157403 (2008).

19. M. Bosman et al., Surface plasmon damping quantified with an electron nanoprobe.
Sci. Rep. 3, 1312 (2013).

20. R. W. Johns et al., Direct observation of narrow mid-infrared plasmon linewidths of
single metal oxide nanocrystals. Nat. Commun. 7, 11583 (2016).

21. M. Hu et al., Dark-field microscopy studies of single metal nanoparticles: Un-
derstanding the factors that influence the linewidth of the localized surface plasmon
resonance. J. Mater. Chem. 18, 1949–1960 (2008).

22. A. Crut, P. Maioli, N. Del Fatti, F. Vallée, Optical absorption and scattering spectros-
copies of single nano-objects. Chem. Soc. Rev. 43, 3921–3956 (2014).

23. J. Olson et al., Optical characterization of single plasmonic nanoparticles. Chem. Soc.
Rev. 44, 40–57 (2015).

24. J. R. Krenn et al., Design of multipolar plasmon excitations in silver nanoparticles.
Appl. Phys. Lett. 77, 3379–3381 (2000).

25. G. Schider et al., Plasmon dispersion relation of Au and Ag nanowires. Phys. Rev. B 68,
155427 (2003).

26. W. L. Schaich et al., Optical resonances in periodic surface arrays of metallic patches.
Appl. Opt. 42, 5714–5721 (2003).

27. H. Ditlbacher et al., Silver nanowires as surface plasmon resonators. Phys. Rev. Lett.
95, 257403 (2005).

28. A. Hohenau et al., Optical near-field of multipolar plasmons of rod-shaped gold
nanoparticles. Europhys. Lett. 69, 538–543 (2005).

29. D. P. Lyvers, J. M. Moon, A. V. Kildishev, V. M. Shalaev, A. Wei, Gold nanorod arrays as
plasmonic cavity resonators. ACS Nano 2, 2569–2576 (2008).

30. J. Dorfmüller et al., Fabry-Pérot resonances in one-dimensional plasmonic nano-
structures. Nano Lett. 9, 2372–2377 (2009).

31. D. Rossouw, M. Couillard, J. Vickery, E. Kumacheva, G. A. Botton, Multipolar plas-
monic resonances in silver nanowire antennas imaged with a subnanometer electron
probe. Nano Lett. 11, 1499–1504 (2011).

32. D. Rossouw, G. A. Botton, Plasmonic response of bent silver nanowires for nano-
photonic subwavelength waveguiding. Phys. Rev. Lett. 110, 066801 (2013).

33. E. J. R. Vesseur, R. de Waele, M. Kuttge, A. Polman, Direct observation of plasmonic
modes in au nanowires using high-resolution cathodoluminescence spectroscopy.
Nano Lett. 7, 2843–2846 (2007).

34. Y. Wu, G. Li, J. P. Camden, Probing nanoparticle plasmons with electron energy loss
spectroscopy. Chem. Rev. 118, 2994–3031 (2018).

35. R. L. Olmon, P. M. Krenz, A. C. Jones, G. D. Boreman, M. B. Raschke, Near-field im-
aging of optical antenna modes in the mid-infrared. Opt. Express 16, 20295–20305
(2008).

36. A. C. Jones, S. Berweger, J. Wei, D. Cobden, M. B. Raschke, Nano-optical investigations
of the metal-insulator phase behavior of individual VO(2) microcrystals. Nano Lett. 10,
1574–1581 (2010).

37. I. Amenabar et al., Structural analysis and mapping of individual protein complexes
by infrared nanospectroscopy. Nat. Commun. 4, 2890 (2013).

38. H. A. Bechtel, E. A. Muller, R. L. Olmon, M. C. Martin, M. B. Raschke, Ultrabroadband
infrared nanospectroscopic imaging. Proc. Natl. Acad. Sci. U.S.A. 111, 7191–7196
(2014).

39. E. L. Runnerstrom et al., Defect engineering in plasmonic metal oxide nanocrystals.
Nano Lett. 16, 3390–3398 (2016).

40. I. Amenabar et al., Hyperspectral infrared nanoimaging of organic samples based on
Fourier transform infrared nanospectroscopy. Nat. Commun. 8, 14402 (2017).

41. B. Lahiri, G. Holland, V. Aksyuk, A. Centrone, Nanoscale imaging of plasmonic hot
spots and dark modes with the photothermal-induced resonance technique. Nano
Lett. 13, 3218–3224 (2013).

42. A. Dazzi, C. B. Prater, AFM-IR: Technology and applications in nanoscale infrared
spectroscopy and chemical imaging. Chem. Rev. 117, 5146–5173 (2017).

43. D. Zhang et al., Depth-resolved mid-infrared photothermal imaging of living cells and
organisms with submicrometer spatial resolution. Sci. Adv. 2, e1600521 (2016).

44. Z. Li, K. Aleshire, M. Kuno, G. V. Hartland, Super-resolution far-field infrared imaging
by photothermal heterodyne imaging. J. Phys. Chem. B 121, 8838–8846 (2017).

45. Y. Bai, D. Zhang, C. Li, C. Liu, J. X. Cheng, Bond-selective imaging of cells by mid-
infrared photothermal microscopy in high wavenumber region. J. Phys. Chem. B 121,
10249–10255 (2017).

46. O. L. Krivanek et al., Vibrational spectroscopy in the electron microscope. Nature 514,
209–212 (2014).

47. J. A. Hachtel, A. R. Lupini, J. C. Idrobo, Exploring the capabilities of monochromated
electron energy loss spectroscopy in the infrared regime. Sci. Rep. 8, 5637 (2018).

48. J. A. Hachtel et al., Identification of site-specific isotopic labels by vibrational spec-
troscopy in the electron microscope. Science 363, 525–528 (2019).

49. E. Cubukcu, F. Capasso, Optical nanorod antennas as dispersive one-dimensional
Fabry-Perot resonators for surface plasmons. Appl. Phys. Lett. 95, 201101 (2009).

50. O. Nicoletti et al., Surface plasmon modes of a single silver nanorod: An electron
energy loss study. Opt. Express 19, 15371–15379 (2011).

51. E. K. Payne, K. L. Shuford, S. Park, G. C. Schatz, C. A. Mirkin, Multipole plasmon res-
onances in gold nanorods. J. Phys. Chem. B 110, 2150–2154 (2006).

52. C. Sönnichsen et al., Drastic reduction of plasmon damping in gold nanorods. Phys.
Rev. Lett. 88, 077402 (2002).

53. U. Kreibig, M. Vollmer, Optical Properties of Metal Clusters (Springer Series in Ma-
terials Science, Springer-Verlag, Berlin, 1995), vol. 25.

54. G. V. Hartland, Optical studies of dynamics in noble metal nanostructures. Chem. Rev.
111, 3858–3887 (2011).

2292 | www.pnas.org/cgi/doi/10.1073/pnas.1916433117 Aleshire et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916433117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1916433117


55. P. B. Johnson, R. W. Christy, Optical constants of the noble metals. Phys. Rev. B 6,
4370–4379 (1972).

56. R. L. Olmon et al., Optical dielectric function of gold. Phys. Rev. B 86, 235147 (2012).
57. V. Juvé et al., Size-dependent surface plasmon resonance broadening in nonspherical

nanoparticles: Single gold nanorods. Nano Lett. 13, 2234–2240 (2013).
58. J. Gersten, A. Nitzan, Spectroscopic properties of molecules interacting with small

dielectric particles. J. Chem. Phys. 75, 1139–1152 (1981).
59. A. Wokaun, J. P. Gordon, P. F. Liao, Radiation damping in surface-enhanced Raman-

scattering. Phys. Rev. Lett. 48, 957–960 (1982).
60. Y. J. Zhong, S. D. Malagari, T. Hamilton, D. Wasserman, Review of mid-infrared

plasmonic materials. J. Nanophotonics 9, 093791 (2015).

61. A. Gaiduk, P. V. Ruijgrok, M. Yorulmaz, M. Orrit, Detection limits in photothermal
microscopy. Chem. Sci. 1, 343–350 (2010).

62. C. Voisin, N. Del Fatti, D. Christofilos, F. Vallee, Ultrafast electron dynamics and
optical nonlinearities in metal nanoparticles. J. Phys. Chem. B 105, 2264–2280
(2001).

63. P. Johns, G. Beane, K. Yu, G. V. Hartland, Dynamics of surface plasmon polaritons in
metal nanowires. J. Phys. Chem. C 121, 5445–5459 (2017).

64. M. Song et al., Imaging symmetry-selected corner plasmon modes in penta-twinned
crystalline Ag nanowires. ACS Nano 5, 5874–5880 (2011).

65. H. Wei et al., Plasmon waveguiding in nanowires. Chem. Rev. 118, 2882–2926
(2018).

Aleshire et al. PNAS | February 4, 2020 | vol. 117 | no. 5 | 2293

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S


