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 Multipolar Plasmonic Resonances in Silver Nanowire Antennas Imaged with a Subnanometer Electron Probe D. Rossouw,† M. Couillard,† J. Vickery,‡ E. Kumacheva,‡ and G. A. Botton*,† † ‡
 
 Department of Materials Science and Engineering, McMaster University, 1280 Main Street W. Hamilton ON, L8S 4L7, Canada Department of Chemistry, University of Toronto, 80 St. George Street, Toronto ON, M5S 3H6, Canada
 
 bS Supporting Information ABSTRACT: We detect short-range surface plasmon-polariton (SR-SPP) resonances setup in individual silver nanoantenna structures at high-spatial resolution with a scanning, subnanometer electron probe. Both even and odd multipolar resonant modes are resolved up to sixth order, and we measure their spatial distribution in relation to nanoantenna structures at energies down to 0.55 eV. FabryPerot type SR-SPP reﬂection phase shifts are calculated from direct measurements of antinode spacings in high-resolution plasmonic ﬁeld maps. We observe resonant SR-SPP antinode bunching at nanoantenna terminals in high-order resonant modes, and antinode shifts in nonhomogeneous local environments. Finally, we achieve good agreement of our experimental SR-SPP maps with numerical calculations of photon excited near ﬁelds, using a novel integrated photon excitation geometry. KEYWORDS: Plasmon, plasmonics, nanoantenna, nanowire, EELS
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 anoantennas enhance the conversion of optical radiation into electromagnetic (EM) energy localized at the nanoscale.1,2 Through optical near-ﬁeld enhancement, nanoantennas can raise the eﬃciency of optical-electronic devices, such as solar cells3 and light-emitting diodes,4 and are promising candidates for application in cancer treatment,5 enhanced ﬂuorescence spectroscopy,6 Raman spectroscopy,7 and biosensors.8 Metallic nanostructures support surface plasmons; the collective oscillations of free electrons at a metal-dielectric interface.9 In a one-dimensional nanorod geometry, far ﬁeld radiation can excite counter propagating short-range surface plasmon-polariton (SR-SPP) waves which, through interference, setup FabryPerot type resonances.10 The challenge in understanding the behavior of these plasmonic resonances lies in correlating the nanoantenna structure to both the spatial distribution of the evanescent EM ﬁelds and the oscillation energy. In our experiment, we simultaneously collect high-angle elastic electron scattering intensity and low-angle inelastic scattering spectra from individual silver nanoantennas with a scanning, subnanometer electron probe, providing structural information and excitation spectra over the near-infrared to the ultraviolet EM range. Our results extend the preceding limits of electron excited plasmonic resonance detection with the measurement of resonant SR-SPP modes down to 0.55 eV in energy, and the detection of up to sixth order resonances. Resonant plasmonic wavelengths are measured directly from high-resolution near-ﬁeld intensity line proﬁles, from which we calculate FabryPerot reﬂection phase shifts in multiple nanoantennas. In high-resolution plasmonic ﬁeld intensity maps, we observe SR-SPP antinode bunching at r 2011 American Chemical Society
 
 nanoantenna terminals in high-order resonant modes, and antinode displacement relative to a supporting nanoantenna structure in a nonhomogeneous local environment. Finally, we ﬁnd good agreement of our experimental SR-SPP maps with numerical calculations of photon excited near ﬁelds using a novel integrated photon excitation geometry. Performing optical spectroscopy at the nanometer length scale places demanding requirements on the probing technique. Two complementary approaches in the study of plasmonics, namely optical and electron probe, exhibit contrasting inherent limitations in spatial and energy resolution. Photon absorption spectroscopy11 techniques have good energy resolution but poor spatial resolution. Near-ﬁeld scanning optical microscopy12 can exceed the light diﬀraction limit, however the spatial resolution is rapidly limited by the loss of signal associated with the reduction in probe size. Alternatively, electron probe techniques, collecting cathodoluminescence13 or electron energy-loss spectroscopy signals,14 are capable of much higher spatial resolution and are therefore ideal for resolving excitations on the nanoscale.15 Electron energy-loss spectroscopy (EELS) experiments, performed in a scanning transmission electron microscope (STEM), enable the simultaneous collection of a high-resolution image and energy loss spectra over a broad EM range. Spectral data can be directly compared to the structure of the probed system. Energy-selected imaging has previously been applied successfully to map plasmon resonances in individual nanoparticles.1619 Received: December 5, 2010 Revised: March 14, 2011 Published: March 29, 2011 1499
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 Figure 1. A region of interest enclosing a single silver nanoantenna on a thin amorphous carbon support is selected for spectrum imaging. (a) ADF imaging provides detailed structural information, revealing a hemispherical-capped cylindrical nanoantenna geometry. (b) The summed electron energy loss spectrum from the enclosed region after zero-loss peak alignment and subtraction features strong peaks in the near-infrared, visible, and ultraviolet region of the electromagnetic spectrum. (Insert) The dispersion of SR-SPP resonant modes from three nanoantennas of similar radii are compared to the dispersion calculated for an inﬁnite silver nanowire cylinder (gray curve, r = 14 nm) and light in vacuum (orange line).
 
 In this work, we collect STEM-EELS data at a lower energy threshold (down to 500 meV) and improved energy resolution (100 meV) than recorded previously using a monochromated electron source, and we extract high-resolution images and energy-ﬁltered maps of multipolar SR-SPP resonant modes in individual nanoantennas. Experimental data were acquired by scanning a focused, 300 keV subnanometer electron probe in a raster over two-dimensional regions of interest enclosing individual, high aspect ratio silver rods of similar radii. Simultaneously acquired annular dark ﬁeld (ADF) intensity and electron energy loss spectra, recorded at each pixel in a scan, resulted in the collection of a threedimensional data set, or spectrum image, over a selected region. Scans were typically collected over regions several hundred nanometers in length with greater than 100 pixel sampling along the long scan axis, resulting in a pixel size of typically 12 nm in the spectrum image. ADF image contrast is localized at the subnanometer probe, providing high-resolution nanoantenna structural detail. For a chosen nanoantenna, small deviations from an ideal hemispherical-capped cylinder geometry are visible (Figure 1a). Five distinct energy loss peaks are resolved in the spectra obtained from a region enclosing the nanoantenna at 0.55, 1.05, 1.45, 1.78, and 3.55 eV with two further peaks visible upon closer inspection at 2.04 and 2.29 eV after subtraction of the zero-loss peak tail using the power law method (Figure 1b). The position of the energy loss peaks from three analyzed nanoantennas are plotted against the SR-SPP wavevector (q) in the dispersion plot (Figure 1b (insert)), where q is measured directly from antinode distances in experimental plasmonic line proﬁles (Figure 4). The experimental dispersion data from the three structures are compared to the dispersion of an inﬁnite silver cylinder,20,21 calculated using the full dielectric response of silver with a cylinder radius of 14 nm. The experimental data lie below the calculated dispersion curve, which may be due to any combination of surface ligand eﬀects, supporting substrate eﬀects and small deviations in antenna geometry not accounted for in the model. The location of the data points on the dispersion plot is consistent with that of a propagating SR-SPP wave.
 
 The spatial origin of energy loss events originate from distinct positions along the nanoantenna axis. We interpret the spatial intensity for a given electron energy loss as a measure of the enhanced near-ﬁeld across the nanoantenna resulting from electron-SR-SPP inelastic scattering. Multiple SR-SPP resonance modes at discrete electron energy losses are resolved in two nanoantennas of similar radii (Figure 2) in addition to the surface plasmon at 3.55 eV energy loss in each. The enhanced ﬁeld intensity is observed to extend appreciably beyond the nanoantenna terminals, particularly for low order resonance modes. Energy-selected EELS maps, extracted from windows centered on energy loss peaks, reveal the two-dimensional spatial variation of excited odd (m = 1, 3, 5) and even (m = 2, 4, 6) FabryPerot type resonator modes (Figure 3a) in a single nanoantenna and are in good agreement with photonic nearﬁeld calculations. It has been shown that the electron energy loss probability is directly related to the photonic local density of states, along the direction of the electron velocity, in arbitrary systems.22 Accordingly, we compare modeled photonic nearﬁeld distributions |Ez|2 at resonance to experimental EELS maps, where z is the direction of the incident electron velocity (Figure 3b). In order to model both even and odd order nearﬁeld resonances, a novel, modiﬁed integrated excitation geometry was implemented using the discrete dipole approximation (DDA) method; a modeling method based on a photon excitation source and a description of the full frequency-dependent refractive index of the material. The modiﬁed excitation geometry also resulted in the amplitude modulation of antinode maxima across the length of the antenna, which is in good agreement with experiment. More speciﬁcally, the calculated DDA maps were integrated over multiple incident photon polarizations E relative to the nanoantenna (see Supporting Information). We justify this E integration approach by consideration of our experimental setup. We use a large convergence angle, setting up a cone of incident electrons, as we detect electrons arriving though a circular EELS entrance aperture. The EELS aperture is centered on the unscattered electron beam, forming a comparatively large EELS collection angle with respect to the characteristic scattering angle for very low 1500
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 Figure 2. The variation of plasmon-enhanced ﬁeld with electron energy loss across individual nanoantennas of radius 15 nm (a) and 13 nm (b). Plasmon-ﬁeld amplitude measurements with respect to nanoantenna structures are accessible with the simultaneous acquisition of the ADF signal (top). Multiple resonance modes at discrete electron energy losses are imaged in one dimension along the length of the nanoantenna (bottom). High-order resonance modes are resolved in both nanoantennas. The surface plasmon is also detected at 3.55 eV for both nanoantennas.
 
 Figure 3. Energy-ﬁltered plasmon maps extracted at resonance energies and their comparison to photon-excited near-ﬁeld calculations. (a) Experimental maps extracted at local energy loss maxima (0.15 eV wide windows, normalized) resolve FabryPerot type resonant modes from m = 1 to 6. (b) Simulated near-ﬁeld distributions, calculated at resonant energies, are in good agreement with experiment. (c) Energy loss events are conﬁned to the surface of the nanoantenna for the surface plasmon mode at 3.55 eV (0.3 eV wide window, not-normalized). (d) A simultaneously acquired high-resolution ADF image (scale bar = 100 nm). (e) A schematic of the geometry used for near-ﬁeld calculations. Photon-excited near-ﬁeld intensities were integrated over multiple in-plane E vectors (six shown) to achieve good agreement with experimental electron energy loss maps.
 
 energy loss. By collecting all electron scattering vector orientations, we eﬀectively average over all E vectors perpendicular to the incident electron beam in the EELS aperture plane. The calculated resonance energies in the DDA model deviated slightly from experimental resonance energies; this diﬀerence may be attributed
 
 to factors not accounted for in the model, including surface ligand eﬀects, supporting substrate eﬀects, and deviations in the nanoantenna structure from a hemispherical capped cylindrical geometry. Overall, we observe good agreement between the DDA-simulated photonic ﬁelds and the measured energy loss probability maps. 1501
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 Figure 4. Experimental line proﬁles of multiple SR-SPP modes from two nanoantennas of radii 15 nm (a) and 13 nm (b). The location of resonant SRSPP maxima can be compared directly to the geometry of the supporting nanoantenna, recorded on the ADF detector (black). The SR-SPP wavevector (q) can be extracted from antinode distance measurements, where q = 2π/λ. Bunching of the antinode maxima at the rod terminals is observed in both nanoantennas, where the highlighted distances a < b and c < d. The antinode maxima are symmetric about the center of the nanoantenna structure in (a), but are displaced to the right by (17 ( 3) nm in (b).
 
 Experimental line proﬁles of plasmon resonance modes provide a direct spatial correlation between the local enhanced ﬁeld across the nanoantenna and the underlying structure of the nanoantenna (Figure 4). Because of high spatial sampling, we observe two new phenomena, antinode bunching and mode displacement. Distances measured between antinodes were shorter at the extremities of the antenna compared to the center (Figure 4a). This antinode end bunching was observed in three antennas of diﬀerent lengths but is not predicted by the FabryPerot model. The cause of this bunching is unclear. In one of the analyzed nanoantennas, the resonant SR-SPP symmetry is displaced by (17 ( 3) nm for all mode orders with respect to the antenna’s center (Figure 4b). We attribute this resonance shift to the inﬂuence of the local environment, namely, to the presence of a lacey carbon support structure to the right of the antenna (see Figure 1a). However, further investigation of resonant SR-SPP displacement in controlled local environments is required for more quantitative analysis. Nevertheless, the applicability of the technique for such measurements is demonstrated. The constructive interference condition for a FabryPerot resonator requires that at resonance, the round trip SR-SPP phase must equal an integer multiple of 2π.23,24 This condition leads to eq 1, where q and φ represent the wavevector and phase shift of the plasmon upon reﬂection respectively, and m represents the resonance mode order. qL ¼ mπ  φ
 
 ð1Þ
 
 From experimental line proﬁles, we measure antinode spacings between central resonance peaks. We observe larger spacings than those expected for a generic resonator, where λ = 2L/m, implying the presence of a positive phase shift. The phase shifts of resonant modes (m > 1) in all three analyzed nanoantennas, calculated using eq 1, are displayed in Figure 5. Because of the observed bunching of antinodes at nanoantenna terminals at high-order resonances, we measure antinode distances from the center of the antenna structures. We do not measure the ﬁrst mode antinode distance as we are unable to discern the SR-SPP wavelength from the end antinode bunching eﬀect assumed to be present. We attribute the acquired phase
 
 Figure 5. Experimental measurements of phase shifts for multiorder SR-SPP FabryPerot type resonant modes in three nanoantennas of similar radii. Low-order modes experience an appreciable phase shift, while high-order modes approach the conventional λ = 2L/m resonator criterion, where the phase shift approaches zero as expected.
 
 shift of the SR-SPP at resonance to eﬀects associated with the nanoantenna terminals, such as charge accumulation or ﬁeld extension into the vacuum, aﬀecting diﬀerently modes of diﬀerent orders. For high-order modes in which the antinode spacing approaches the conventional λ = 2L/m criterion, the phase shift approaches zero as expected. In summary, using a focused monochromated subnanometer electron beam in a scanning transmission electron microscope, we have simultaneously imaged multiple, high-order, odd and even SR-SPP resonance modes in individual silver nanowire antennas into the infrared region (0.55 eV). The STEM-EELS technique allows the direct spatial and energy correlation of these multiorder resonances with the nanowire antenna structure. The experimental EELS maps are closely reproduced by DDA calculations of photon excited near-ﬁeld distributions, integrated over all in plane polarization vector orientations. SR-SPP phase shifts are calculated from the direct measurement of antinode 1502
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 Nano Letters distances at resonance, assuming a FabryPerot type resonance condition. An appreciable phase shift is measured in multiple antennas, particularly for low-order modes. With the capability of imaging plasmon resonances in the infrared regime at high-spatial resolution demonstrated here, a broader range of plasmonic structures can be engineered to achieve a desired optical response for new applications in the nanophotonics ﬁeld. Materials and Methods. Silver nanorods were synthesized using a seed-mediated growth approach as reported previously.25 In a typical reaction, a seed solution was initially prepared by adding ice-cold sodium borohydride (0.6 mL, 10 mM) to an aqueous solution-containing silver nitrate (10 mL, 0.5 mM) and sodium citrate (10 mL, 0.5 mM) with vigorous stirring at room temperature. The solution was continuously stirred for a further 1 min after the addition of sodium borohydride and incubated for 1 h at room temperature. A specific volume of seed solution (0.4 mL) was subsequently added to a growth solution, containing CTAB (10 mL, 0.08 M), silver nitrate (0.25 mL, 10 mM) and ascorbic acid (0.5 mL, 100 mM), followed by the addition of sodium hydroxide (0.1 mL, 0.1 M). During this process, the color of the solution changed from red-brown to blue or green, depending on the volume of seed solution added. The solutions were incubated overnight at room temperature before isolating and washing the nanorods with deionized water using centrifugation at 8500 rpm for 20 min. A variety of particle morphologies were observed at low magnification dispersed on an amorphous, ultrathin carbon film TEM support grid (Ted Pella). High-aspect ratio nanoantennas were singled out and analyzed. EELS measurements were obtained on an FEI Titan 80-300 Cubed TEM equipped with a high-brightness Schottky electron source, aberration corrector of the probe-forming lens and of the image-forming lens, a monochromator, and a high-resolution electron energy loss spectrometer. The energy width of the monochromated zero loss peak was measured at 100 meV (fwhm). The spectrometer was set to a dispersion of 0.01 eV/ pixel, spectra were recorded on a CCD camera (2048  128 pixels), with 32 binning in the nonenergy dispersive direction and an exposure time of 2 ms per spectrum. A spectrometer entrance aperture of 1 mm was used at a camera length of 58.4 mm. The convergence semiangle and EELS collection semiangle were approximately 21 and 4.3 mrad respectively. The TEM was operated at 300 keV in scanning probe mode. Multiple energy loss spectra were aligned using a maximum intensity alignment algorithm, and the zero-loss peak tail was removed from summed spectra with a power law subtraction method. The maps are normalized over the full integrated energy loss window with the exception of the bulk plasmon (Figure 3c). Near-field calculations were performed using the discrete dipole approximation (DDA) method.26 DDA images display the square of the resulting near-field (|Ez|2) distribution in a plane 60 nm above the nanoantenna. The model nanoantenna dimensions were measured from the acquired high resolution ADF image; a hemispherical-capped cylinder model geometry, enclosing 3336 dipoles, of length 481 nm and diameter 24 nm was used. The dielectric function of silver was obtained from optical measurements27 and the refractive index of the surrounding medium was fixed at 1. Chemicals. Hexadecyltrimethylammonium bromide (CTAB, Ultra, g99%) and sodium borohydride (g99%) were purchased from Fluka; L-ascorbic acid (BioXtra, g99%) was purchased from Sigma; silver nitrate (ACS reagent, 99þ %) and sodium citrate were purchased from Sigma-Aldrich Canada.
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