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ABSTRACT Electron emission from individual Au nanorods deposited on indium—
tin—oxide (ITO) following excitation with femtosecond laser pulses near the rod
longitudinal plasmon resonance is studied via scanning photoionization micros-
copy. The measured electron signal is observed to strongly depend on the
excitation laser polarization and wavelength. Correlated secondary electron

microscopy (SEM) and dark-field microscopy (DFM) studies of the same nanorods

unambiguously confirm that maximum electron emission results from (i) laser
polarization aligned with the rod long axis and (i) laser wavelength resonant with the localized surface plasmon resonance. The experimental results are in
good agreement with quantitative predictions for a coherent multiphoton photoelectric effect, which is identified as the predominant electron emission
mechanism for metal nanoparticles under employed excitation conditions. According to this mechanism, the multiphoton photoemission rate is increased
by over 10 orders of magnitude in the vicinity of a localized surface plasmon resonance, due to enhancement of the incident electromagnetic field in the
particle near-field. These findings identify multiphoton photoemission as an extremely sensitive metric of local electric fields (i.e., “hot spots”) in plasmonic

nanoparticles/structures that can potentially be exploited for direct quantitation of local electric field enhancement factors.
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ptical extinction spectra of metallic

nanoparticles often exhibit reso-

nances in spectral regions where
none exist in the bulk metal. These reso-
nances arise due to localized surface plas-
mons (LSPs), which refer to excitations of
a collective oscillation of conduction elec-
trons confined within the nanoparticle
volume.! For nanoparticles of the coinage
metals (Cu, Ag, Au), such a plasmon oscilla-
tion (i.e., resonance) occurs in the visible
wavelength range, making these particles
especially interesting for possible photo-
nic applications. In addition, both size and
shape of the nanoparticle are known to
exert a profound effect on the plasmonic
behavior.>~> Indeed, with the explosion of
synthetic routes now available for genera-
tion of particles with well-defined sizes
and shapes, the optical response of plas-
monic features can be tuned throughout
the visible spectral range and beyond.®~'2
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This in turn has stimulated exciting proposals
for use of metallic nanoparticles in a variety of
novel applications, ranging from (i) solar cell
absorbers,’>~ " (ii) subdiffraction-limited light
guides in plasmonic devices,'” ™ (iii) photo-
thermal anticancer agents in medicine,°~%
(iv) high density storage bits in information
technology,® and (v) ultrasensitive chemical
detectors.?*~>!

In addition to affecting the optical prop-
erties of metallic nanoparticles, localized
surface plasmons critically influence elec-
tron emissive behavior of particles as well.
For example, in early studies of the surface
photoelectric effect, one-photon (linear)
photoemission spectra of metals were often
dominated by a strong plasmon-induced elec-
tron emission peak that arose due to nano-
scale surface roughness.>?~3” With the ad-
vent of ultrafast lasers, access to high laser
intensities allowed plasmonic effects to
also be observed in multiphoton (nonlinear)
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photoelectron emission (MPPE) from metal nanoparti-
cle ensembles®®*? and metallic nanostructures.*>**
However, the inherent sensitivity of nonlinear phe-
nomena on particle morphology leads to measured
multiphoton photoemissivities to be dominated by
contributions from only a few highly active particles/
sites. As a result, ensemble-averaged techniques often
underestimate nonlinear properties of nanoparticle
systems and consequently make it challenging to
investigate the influence of plasmons in multiphoton
processes. This is particularly critical given the rapid
growth of MPPE-based applications, such as (i) bright
low-emittance sources of ultrashort electron pulses,*>*¢
(i) production of THz radiation,*’ (iii) high-harmonic
generation,*® and (iv) coherent control on the nano-
scale,***° to name a few.

To avoid such sample heterogeneity, several recent
studies have focused on multiphoton photoelectron
emission from individual plasmonic nanosystems and
have observed tremendous particle-to-particle (or site-
to-site) variations in photoemissivities.**>' 7% These
investigations established the critical role of plasmons
in electron emission; however, details on how the LSP
facilitates the photoemission process for nanoparticles
remain of considerable interest and debate. Studies on
flat metal surfaces have identified the coherent multi-
photon photoelectric effect as the dominant electron
emission mechanism for ultrafast excitation at photon
energies (E,,) below the metal work function (®).5' ¢’
In MPPE, a conduction electron within the metal co-
herently absorbs multiple photons to overcome the
material work function and thus be emitted. According
to this mechanism, the large plasmon-induced increase
of photoemission yield observed in metal nanoparticles is
attributed to local electric field enhancement arising from
resonant excitation of a plasmon mode. While supporting
evidence for this correspondence stems from beautiful
work on Ag crescents,”® Au nanostars,”®> and most re-
cently Au nanoparticles on a metal plane, direct experi-
mental confirmation has been elusive because of the lack
of independent methods for correlating photoemission
and near-electric field enhancement.

Typically, the role of the electric near-field in photo-
electron emission from metal nanoparticles is explored
via correlations between plasmonic far- and near-field
signatures in scattering and photoemission spectra,
respectively. However, in stark contrast to metal
surfaces, peak photoemission (a near-field phenom-
enon) for nanoparticles may not necessarily coincide
with peak absorption and/or scattering (both far-field
phenomena).?8~7° In fact, the wavelength for maxi-
mum electric near-field enhancement is generally red-
shifted compared to peaks in far-field quantities, pre-
sumably due to plasmon damping.”’ Furthermore,
even far-field absorption and scattering properties
may differ spectrally, since the localized surface plasmon
decoheres via two competing pathways, that is,
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electron—electron scattering (light absorption) and
radiative decay (light scattering), whose relative contri-
butions depend on particle size and shape.”? Such
complications make rigorous comparison between far-
and near-field properties of a single nanoparticle poten-
tially quite challenging.

In this work, we focus on a well-defined nanoparticle
system with well controlled excitation conditions (laser
polarization, wavelength, intensity, pulse duration),
which allows (i) unambiguous correlation between
electric field enhancement and multiphoton photo-
emission yield and (ii) benchmark experimental photo-
emission rates for comparison with theoretical predic-
tions. A wealth of information about the plasmonic
response of Au nanorods makes them an ideal system
in the present study for two reasons. First, they exhibit
a longitudinal LSP resonance along the rod long axis,
excited solely by the collinear electric field component
and tunable from the visible to near-infrared (NIR)
spectral region by rod aspect ratio (AR).”®> Second,
weak longitudinal plasmon damping in Au nanorods
results in nearly coincident absorption, scattering, and
electric near-field enhancement spectra in the relevant
wavelength range.”? Consequently, the near- and far-
field signatures of the longitudinal LSP should overlap,
thus allowing the direct correlation between photo-
emission, light scattering, and E-field enhancement to
be demonstrated at the single-particle level.

To confirm these expectations, correlated (i) scan-
ning photoionization microscopy (SPIM),>'>2 (ii) dark-
field microscopy (DFM), and (iii) secondary electron
microscopy (SEM) are combined to study photo-
emissive, optical, and structural properties of single
nanoparticles. The critical role of LSP in electron emis-
sion is further revealed through comparison of the
experimental results with predictions of a coherent
multiphoton photoemission model recently proposed
by Yalunin et al.”* Combined with numerical simula-
tions of the particle near-electric field, these studies
(i) offer insight into the dominant factor(s) influencing
multiphoton photoemission, as well as (ii) benchmark
theory against experiment for quantitation of electric
near-field enhancements in more complex plasmonic
nanostructures.

RESULTS

For the present study, Fourier-transform limited
laser pulses (tp &~ 40 fs) in the A = 720—890 nm range
(Ep, = 1.39—1.72 eV) are focused to a diffraction limited
spot (full width half-maximum, fwhm =0.515 x A/NA =
634 nm for A = 800 nm and objective numerical aper-
ture NA = 0.65), yielding typical pulse energies of Ep =
0.2 pJ and I = 6 x 10® W/cm? laser intensities. At these
intensity levels, the smaller and larger Au nanorods are
estimated to exhibit maximal peak temperatures of
T ~ 500 and 400 K, respectively.”>”® While previous
studies suggest that elevated temperatures (T~ 500 K)
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for prolonged periods may cause particle melting/
deformation, transient heating to even higher tem-
peratures during an ultrafast pulse has been shown to
induce little to no structural rearrangements.”>”” This
is also confirmed by our experiment; that is, we observe
no change in the electron emission signal from single
nanoparticles on the typical measurement time scale
(i.e., several minutes).

A typical SPIM image can be thought of as a 2D
“map” of local electron emissivity. Sample data for the
smaller Au nanorods (Sample 1) on ITO are shown in
Figure 1a and Figure 1b, where linear and logarithmic
color scales are used, respectively. These images are
recorded with circularly polarized light, in order to
eliminate any potential dependence of photoemission
signal on laser polarization. The regions of enhanced
photoemissivity originate from individual Au nanorods,
as clearly demonstrated via correlated SPIM (Figure 1c)
and SEM (Figure 1d) images of the same sample area.
Under typical excitation conditions, peak photoemission
rates as high as 107 e /s are measured with nearly zero
background signal from ITO (<0.1 e7/s), resulting in a
remarkably high signal-to-background ratio (S/B > 10°)
for a single-particle photoemission technique. Owing to
the multiple photon nature of the excitation, one expects
subdiffraction limited spot sizes governed by w,, ~ w, /v/n,
where w; = 0.515 x A/NA is the fwhm anticipated for
1-photon absorption and n is the order of the photo-
emission process. Specifically, previous SPIM studies
under similar laser excitation conditions support that
photoemission from Au nanorods on ITO is a third
order (n = 3) process.>>*° The experimentally observed
spot size (w3 ~ 280(70) nm) is in reasonable agreement
with the expected value of w; ~ w;/+/3 = 366(10) nm.

Plasmon Directionality. The effect of laser polarization
is indicated in a sequence of SPIM images in Figure 23,
recorded at 4 = 800 nm and as a function of linear
polarization angle, 6. Signals from three nanorods can
be readily distinguished, one exhibiting peak photo-
emissivity at the laser polarization angle 6, ~ 120° and
the other two near 6, ~ 60°. Photoemission from in-
dividual rods can be observed only for laser polarization
within a relatively narrow window (+60°) around 6.
Indeed, the photoemission rate from a Au nanorod at
a laser polarization perpendicular (£90°) to 6, is so
small that it cannot be distinguished from ITO back-
ground, that is, in excess of a 10° contrast ratio. These
observations confirm that Au nanorod photoemission
occurs only for laser polarization aligned with a single
particle direction. Specifically, the photoemission rate
(Npg) is modeled by Npg = Acos?"(6 — 6o), where A
denotes peak photoemissivity, n is the order of the
photoemission process, and 6y is the laser polarization
direction resulting in maximum photoelectron emis-
sion. Measured photoemission rates as a function of
the laser polarization for two marked nanorods in
Figure 2a are shown in polar plots in Figure 2b together
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Figure 1. Multiphoton photoemission map of individual Au
nanorods ({L) = 40(5) nm; (W) = 10(2) nm) on ITO plotted on
a (a) linear and (b) logarithmic color scale. Images are
recorded in a scanning photoionization microscope (SPIM)
using circularly polarized ultrafast laser light (1 = 800 nm; /=6 x
108 W/ecm?; 7p 2 40 fs). (c) SPIM and (d) SEM image of the same
substrate area, indicated by a gray square in panel b, confirm
that the observed photoemission signal originates from single
Au nanorods on ITO.

with the best fit lines. For a sample of N = 21 rods, an
average value of (n) = 3.2(2) is obtained; this implies a
third order photoemission process, in good agreement
with findings of previous studies under similar excita-
tion conditions.>>*® A comparison between SEM images
of two representative nanorods (Figure 2c) and their
corresponding polar plots of photoemissivity versus
6 (Figure 2b) indicate that maximum photoemission
occurs when the laser polarization angle (6,) aligns with
the long rod axis (6,04). The 1:1 correspondence be-
tween 6y and 6,4 is demonstrated more quantitatively
in Figure 2d for a sample of N = 52 nanorods, which
reveals a straight line with the expected slope of ~1.
Since the longitudinal plasmon resonance (along the Au
nanorod long axis) is predominantly excited at 1 ~
800 nm, these results confirm that enhanced photo-
electron emission is observed for laser polarization
spatially aligned with respect to the dipole moment of
the resonant plasmon mode.

Plasmon Resonance. The central role plasmons play
in multiphoton photoemission from metallic nano-
particles is further confirmed by the strong excitation
wavelength dependence of the photoemission for
individual Au nanorods. In the ultrafast excitation
regime, pulse duration and spectral bandwidth are in-
timately related. Thus, to ensure the same temporal pulse
width (zp = 40 fs) at different center wavelengths (1),
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Figure 2. (a) Sequence of images of the same sample area
recorded as a function of laser polarization angle 6, demon-
strating a strong sensitivity in photoemission signal from
Au nanorods. (b) Polar plots of photoemission rate vs 6 and
the corresponding SEM images for the two rods in panel a.
Maximum photoelectron emission from a particular nano-
rod results when the laser polarization aligns with the rod
long axis 6,.4. This observation is quantitatively confirmed
in panel ¢, where the polarization angle resulting in max-
imum photoemission (6,) is plotted vs long axis orientation
(6r0q) for a sample of N = 52 nanorods.

the spectral width A4 must be correspondingly ad-
justed to satisfy the expression AL = 0.441%/(ctp). The
typical spectral profiles for pulses centered at various
optical frequencies used for wavelength-dependent
studies are qualitatively depicted in Figure 3a. In
Figure 3b, a sequence of SPIM images is presented
for a fixed sample area but as a function of laser excita-
tion center wavelength. By plotting the photoemission
rate from individual nanorods as a function of wave-
length, we obtain photoemission spectra such as the
ones shown in Figure 3c for the three rods identified in
Figure 3b. The photoemission spectra clearly reveal
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Figure 3. (a) Typical spectral profiles of the excitation laser
as the center wavelengths is scanned across the avail-
able tuning range of the Ti:Sapphire oscillator (720—890 nm).
(b) Sequence of SPIM images for fixed sample area recorded
using circularly polarized excitation laser light of different
center wavelengths. Photoelectron (PE) emission rates from
individual nanorods depend sensitively on the center laser
excitation wavelength, as shown in photoemission spectra
(c) of the three rods identified in panel b.

optically resonant behavior, with photoemission sig-
nals from a particular nanorod decreasing by more
than 2 orders of magnitude when excited more than
50 nm away from the plasmon resonance.

To unequivocally confirm that the observed photo-
emission resonances result from plasmonic excitation,
corresponding dark-field scattering and photoelectron
emission spectra need to be benchmarked for a sign-
ficant sample of nanoparticles. Particle registration is a
necessary prerequisite for achieving this goal, as de-
monstrated by SPIM and DFM images of the same
sample region shown in Figure 4 panels a and b,
respectively. The larger nanorods (Sample Il) are used
for these correspondence studies due to their greater
(~16x) scattering cross sections compared with the
smaller rods (Sample I). Lineouts through the signal
obtained from the same nanorod are shown for both
techniques in the bottom right corner of each sub-
figure. Note the vanishing ITO substrate background
levels in the SPIM image; this corresponds to a typical
signal-to-background (5/B) contrast ratio of 10°, which
should be compared to only about a 1.4:1 ratio for the
DFM image. Furthermore, spatial resolution in these
SPIM images (w3 &~ 290(10) nm) is additionally reduced
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Figure 4. (a) SPIM and (b) DFM image of Au nanorods ({L) =
63(5) nm; (W) = 20(2) nm) in the same sample area, with a
lineout from a single nanorod in each image (green line)
plotted in the lower right corner. Background-free nature
and subdiffraction limited resolution of the SPIM technique
is apparent. Conceptual depictions of the SPIM and DFM
setups are shown in the top right corner of each subplot.

compared with respect to 1-photon scattering signal in
DFM images (w; =~ 450(5) nm), due to the multiphoton
nature of the photoemission process. Once again, the
observed resolution improvement is in good agree-
ment with w,, ~ w,/+/n = 260(3) nm, where the order of
the photoemission process for Au rods on ITO is n = 3.

Representative photoemission spectra (SPIM) to-
gether with the corresponding Au nanorod scattering
spectra (DFM) are shown in Figure 5a. In all cases, peak
photoemission results at wavelengths where the loca-
lized surface plasmon resonance (LSPR) is observed in
the scattering spectra. This behavior is further quanti-
fied for N = 43 studied rods in Figure 5b, where a one-
to-one correspondence is clearly observed (dashed
line) between photoemission resonances, Aspyy, and
localized surface plasmon resonances, A, spg. The results
unambiguously illustrate the rigorous link between
peak multiphoton photoemission and resonant excita-
tion of the nanoparticle plasmon mode.

By way of additional confirmation, we have ex-
plored the correlation between (i) photoemission spec-
tral properties and (ii) Au nanorod structure. We focus
specifically on aspect ratio (AR) as the dominant
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Figure 5. (a) Photoemission (top) and corresponding scat-
tering (bottom) spectra of three representative Au nanorods
((W) = 20(2) nm), measured in SPIM and DFM, respectively.
Correspondence between the multiphoton photoemission
resonances Aspy and the plasmon resonances A, spy is apparent.
(b) Aspm as a function of 1, spg for N = 43 nanorods, where a
dashed line designates the theoretically predicted 1:1 corre-
spondence between Aspp and A, spg.

structural factor influencing the longitudinal LSPR en-
ergies, with larger AR values leading to increasingly
more red-shifted longitudinal plasmon resonances.
This expectation is confirmed in Figure 6, where photo-
emission spectra are shown alongside the SEM images
of two representative Au nanorods. Specifically, the rod
with larger AR exhibits a clearly red-shifted peak in
photoemission, consistent with an equivalent red-shift
in the longitudinal plasmon resonance.

Plasmon Resonance Width. In addition to resonance
frequencies, resonance widths of the plasmonic nano-
particles are also of interest and contain complementary
information on the plasmon lifetime. In the small-particle
limit, the measured resonance width (Avpjasmon) arises
from three contributions: Avy is due to bulk electron—
phonon and electron—electron scattering, Avgs origi-
nates from electron—surface scattering, and Av,,4 comes
from radiation damping. While the first term is material-
specific (Avpuk = 75 meV for Au in 1—2 eV range),”” the
latter terms do depend sensitively on particle size and
shape. For rods with typical dimensions encountered in
this work, previous single-particle studies have reported
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Figure 6. SEM images (left) and the corresponding photo-
emission spectra (right) of two Au nanorods with different aspect
ratios (AR = L/W = length/width). As expected, an increased rod
aspect ratio results in a red-shifted longitudinal LSP resonance.

AVpiasmon 2 110 meV.”® This is in good agreement with
the mean value of {(AVpjasmony = 106(1) meV measured in
the present work (Sample II, N = 140 rods), indicating a
plasmon lifetime on the order of 7p ~ 6 fs.

Itis less clear what dictates the SPIM photoemission
resonance widths and what information may be in-
ferred for dynamics of the excited electrons. To explore
this issue, we compare natural linewidths of longitu-
dinal plasmon modes Avpjasmon, Measured in DFM,
with photoemission resonance widths Avspy, mea-
sured in SPIM, for a series of Au nanorods. For example,
photoemission and dark-field scattering resonances
for a representative Au rod are shown in Figure 7a.
To extract the natural linewidth of the multiphoton
photoemission resonance, the spectral width of the
ultrafast probe laser (46 meV) is deconvolved from the
measured spectrum to reveal the underlying reso-
nance profile (red line). Interestingly, this photoemission
resonance width, Avsppy = 50(5) meV, is signficantly
smaller than the natural plasmon width, Avpjasmon =
92(2) meV. In fact, the photoemission resonances are
generally ~2-fold narrower than the corresponding
scattering resonances, as shown in Figure 7b for a
sample of N = 18 rods. Specifically, a dashed trendline
with Avspim = AVpjasmon/2 Captures the observed behav-
ior quite well in 15 out of 18 rods (i.e., 83%), with the
remaining three (ie, 17%) exhibiting substantially
broader photoemission resonances. We will address
the reasons for such a trend in the section below.

DISCUSSION

The correlation in Figure 5b between (i) SPIM photo-
emission and (ii) dark-field optical resonances in Au
nanorods clearly underscores the critical role of plas-
mons in multiphoton photoelectron emission from
metallic nanoparticles. This is further corroborated by
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Figure 7. (a) Photoemission (top) and scattering (bottom)
spectra of a representative, isolated Au nanorod (<W> =
20(2) nm) centered at the longitudinal plasmon resonance
(Vprasmon = 1.65 eV). Gaussian nonlinear least-squares fit to
the experimental data points before (black dashed line) and
after (solid red line) deconvolution of the excitation laser
spectral width (AE = 0.046 eV) are indicated. Linewidth
narrowing is observed in SPIM (Avspyy) vs DFM (AVpjasmon)s
consistent with the n = 3 multiphoton nature of the SPIM
signal. (b) Avspm as a function of plasmon natural line width,
AVplasmons fOr a sample of N = 18 Au nanorods. Dashed red
line marks the expected trend for coherent three-photon
photoelectron emission (see text for details).

observation that maximum multiphoton photoemis-
sion occurs when the laser polarization aligns with the
direction of the longitudinal plasmon mode (see Figure 2b),
as also observed previously for epitaxially grown nano-
structures.> To better understand how the plasmon medi-
ates multiphoton photoemission from metallic nano-
particles, we compare our experimental observations
with theoretical predictions from a coherent multi-
photon photoelectron emission model recently pro-
posed by Yalunin et al.”* While a number of descriptions
exist for coherent multiphoton photoelectron emission
from planar, free-electron metal surfaces,”® 8 we focus
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on the aforementioned model for two reasons. First of
all, it accounts for both the high frequency/low intensity
(i.e, multiphoton photoelectric effect) as well as low
frequency/high intensity (i.e, optical field emission) limits
of the same underlying electric-field induced electron
emission mechanism, with a relatively smooth transition
between the two regimes. Second, although the model
was developed for continuous laser field excitation, it
accurately describes photoemission for pulsed light
sources as well, provided that the excitation pulse con-
tains at least ~10 cycles (i.e., 7p > 25 fs for 800 nm).

To empirically include the effect of the localized
surface plasmon (LSP), we simply scale the incident
Eo by the near-field enhancement factor || and use
the resulting total electric field £ = Eox|yiani] in the
calculations. Such a classical treatment is justified
due to a much larger number of plasmons (N, =
(3 x 107" cm?) x (2 x 10" ph/cm?*/pulse) = 6000)
generated per laser pulse under our experimental
conditions compared to the much smaller number
(Npi = 3) annihilated upon photoelectron emission.
All other assumptions inherent to the original model
are preserved, thus neglecting electron-surface scat-
tering and other effects that may need to be consid-
ered due to finite nanoparticle size. To independently
obtain |i7ian| values, we numerically calculate the particle
near-field enhancements (and far-field properties) in
COMSOL software for a representative Au rod (L =
80 nm; W = 20 nm) in vacuum. Such a representative
near-field distribution surrounding the rod at the longi-
tudinal plasmon resonance is shown in Figure 8a with a
large E field enhancement clearly observable at the
nanorod tips. More quantitatively, a lineout along the
major axis (Figure 8b) reveals significantly enhanced
local electric fields with [7M4| ~ 60.

Since the photoemission rate Npe depends sensi-
tively on the magnitude of the incident electric field |E|
in coherent MPPE models, scaling approximately as
|E|2”, where n is the order of the photoemission process,
such sizable electric field enhancement factors can have
an extremely large effect on the photoemission yield.
For example, in case of unenhanced electric fields (i.e.,
E = Ey), predicted photoelectron intensities are approxi-
mately 10'° fold Jower than experimentally measured.
Conversely, due to the exceptionally rapid power de-
pendence on |E|,° inclusion of electric near-field en-
hancement (|| = 60 at rod tips) in the calculations
generates a potential additional factor of 60° ~ 4 x 10'°,
which nicely makes up for the low initial photoemission
predictions. Indeed, this simple model now even over-
estimates the observed photoemission rate by approxi-
mately an order of magnitude (see Figure 9a). How-
ever, as |eny| decays with distance from the nanorod,
the predicted photoemission rates should be taken as
upper limit estimates in excellent semiquantitative
agreement with the experimental results. In these cal-
culations, the emitter area is assumed to be the surface
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Figure 8. (a) The electric near-field enhancement upon
resonant excitation of the longitudinal plasmon resonance
(A = 680 nm) for a Au nanorod (L = 80 nm x W =20 nm) in
vacuum. (b) Enhancement factor |17gnu| @s a function of
distance along the rod long axis, with a maximum value
of [7MX| = 60 observed at the rod tip and decreasing to 1/e
at a distance d ~ "/, from the rod surface. (c) Calculated
|72 and oags, revealing a nearly identical dependence
on laser excitation wavelength.

of the rod tips, which exhibit strongest electric field
enhancements (see Figure 8a). Of special importance,
the |E[° (ie, P) dependence of the photoemission rates is
reproduced quantitatively, signaling that a coherent,
multiphoton photoelectric effect is indeed responsible
for the experimentally observed photoemission rates.
To model the laser polarization dependence of the
photoemission current, the near-field enhancement fac-
tor is further modified with the following expression:

|77'EANA:|(‘(6) = |7I,EANA+>|(‘0 cos(0 — 6o) (1)

where 6 is the laser polarization angle, 6, is the rod
long axis orientation, and |;7Eai]o & 60 is the maximum
near-field enhancement factor value. The predicted
behavior is plotted in Figure 9b and is well described
by Npg o< cos®™(@ — 6), where n is the order of the
photoemission process and is in quantitative agree-
ment with experimental observations.

Similarly, the enhancement factor [yNii|* can be
modified based on a presumed Lorentzian line shape
(see Figure 8c) to model the photoelectron emission
rate as a function of optical laser frequency:

2
MAX |2 AVPIasmon

TTen lo A

I P ) = |

(2

2 2
V — Vplasmon) +AVPIasmon

where |78iX|o is the peak electric field enhancement
factor at the resonant frequency vpjasmon- The resonance
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Figure 9. (a) Photoemission rate vs laser intensity (1 =
740 nm) for polarization parallel to the rod long axis:
(black squares) experimental data for a resonantly excited
representative Au nanorod in Sample Il (Apjasmon =~ 740 Nm);
(black line) nonlinear least-squares fit to the experimental
data; (red shaded area) range of experimentally observed
photoemission rates for different rods in the Sample; (blue
line) coherent multiphoton photoelectron emission model
(MPPE) from reference 74 in the absence (solid) and pre-
sence (dashed) of typical electric near-field enhancements
[780Y| = 60 encountered near the rod tips on plasmon
resonance (see the near-field map in the inset). Note that
the peak photoemission rates (left y axis) should be multi-
plied with the duty cycle 7p X V,ep =5 x 107° to yield exper-
imentally measured rate values. (b) Predicted, near-field
enhanced, coherent multiphoton photoemission rate at 1 =
740 nm as a function of the laser polarization angle 0 relative
to the rod long axis orientation 6. (c) Analogously calculated
photoemission rate as a function of the photon energy with
respect to the longitudinal plasmon resonance, 1p; = 740 nm
(vp = 1.68 eV, Avp = 0.10 meV). The following typical
experimental conditions are employed in the calculations:
laser intensity / = 5 x 108 W/cm?, pulse duration 7p = 50 fs,
near-field enhancement factor |;7Exi| = 60.

width AvVpjasmon &~ 100 meV is chosen to conform to
typical experimental values for Au nanorods, as in
Figure 7. The calculated photoemission spectrum, shown
as a dashed line in Figure 9c¢, captures the experimentally
observed behavior, with peak photoemission nicely co-
inciding with the longitudinal plasmon resonance (see
Figure 5). Interestingly, the theoretically predicted photo-
emission resonance line shape exhibits a fwhm approxi-
mately one-half of the plasmon resonance width (ie.,
AvVspm X AVpiasmon/2), also consistent with the data in
Figure 7.

It is worth noting that these calculations pre-
dict photoemission peaks to be slightly blue-shifted
(Av ~ +9 meV) compared to the frequency of the
electric near-field enhancement maximum. This is a
consequence of the increased share of conduction

GRUBISIC ET AL.

electrons that can be promoted to the vacuum level by
the more energetic photons, thus resulting in peak-
pulling of photoemission resonances toward the blue
end of the spectrum. This effect counteracts the well-
known red-shift of the absorption/scattering reso-
nances relative to the electric near-field enhancement
maxima due to plasmon damping.?®~”" The magni-
tude of the red-shift Av ~ —8 meV, inferred from data
in Figure 7¢, indicates that the two effects effectively
cancel in the case of the longitudinal LSP. This in turn
results in nearly coincident photoemission and scatter-
ing resonances for Au nanorods, in excellent agree-
ment with experimental observations.

Since excitation conditions resulting in efficient
multiphoton photoemission from Au nanorods also
lead to strongly enhanced light absorption by the
particles (see Figure 7c), it is important to consider
possible thermal contributions to photoemissivity due
to particle heating. For example, the incident laser may
transiently heat the metal to very high temperatures,
raising a fraction of conduction electrons to the
vacuum level, where electron emission becomes
possible. Such thermionic emission, generally described
by the Richardson—Dushman equation,®* % turns out to
be relevant only for electron temperatures exceeding
several thousand degrees Kelvin. Under our most intense
experimental conditions (7p = 50 fs, I = 10° W/cm?), a
back-of-the-envelope calculation for a typical Au nano-
rod (L =60 nm x W =20 nm) with a calculated oags =3 x
107" cm? yields a maximum temperature rise of
ATuax ~ 400 K with essentially complete cooling be-
tween laser pulses. At Tyax ~ 700 K, any contributions
due to transient heating and resulting thermionic emis-
sion from the bulk can be safely neglected.

While such temperatures suggest a negligible role
for bulk thermionic emission, it is important to also
consider the effect of femtosecond laser radiation
on electronic temperature. It is well-known that upon
ultrafast excitation the conduction electrons in a
metal thermalize within a few hundred femtoseconds
(Te-therm = 200—500 fs),%” but remain uncoupled from
the lattice, due to the relatively slow electron—Ilattice
thermalization (ca. 1—10 ps).28 Combined with their
order of magnitude lower specific heat capacities, this
results in an electron gas momentarily becoming sig-
nificantly hotter than the bulk, leading to a phenom-
enon called “anomalous heating”. As a rough estimate
of this electron temperature jump Ty, We consider
the Sommerfeld model for which the heat capacity of
conduction electrons in metals increases linearly with
temperature. Separation of variables yields a simple
differential equation for the temperature rise, which
when integrated with all cooling to the lattice and/or
substrate neglected yields

5, 20n8sltpTE

Toux = \|Te+ s P F 3
0 +JT2NeVNpkB 3)

max

VOL.7 = NO.1 = 87-99 = 2013 ACS

WL

N

Na

WWW.acsnano.org

94



where N, is conduction electron density (for Au, 5.9 x
10%? cm™3), T; is the Fermi temperature (for Au, 6.4 x
10* K), Vyp is the nanorod volume, kg is the Boltzmann
constant, T, is the initial temperature (298 K), and all
other quantities as defined previously. At the highest
employed laser intensity / = 10° W/cm?, eq 3 predicts
Tmax ~ 4000 K, implying sufficiently high transient
electronic temperatures to promote contributions
from anomalous thermionic emission. However, the
rate of such a thermally activated process is predicted
to depend exponentially on laser intensity, which differs
quite fundamentally from the experimentally observed
power law dependence more consistent with the co-
herent multiphoton model predictions (see Figure 9a).
Thus, we can safely rule out anomalous thermionic
emission as a significant contributor to the measured
photoemission current even under the most intense
laser excitation conditions.

With experimental evidence strongly underscoring
the role of plasmon-induced electric near-field en-
hancement in mediating electron emission, it is inter-
esting to consider some alternative E-field driven
electron emission mechanisms as well. In particular,
the large near-field enhancement factors for plasmonic
nanoparticles lead to an intriguing possibility of optical
field emission (OFE), whereby strong electric fields
facilitate tunneling of conduction through the work
function barrier into vacuum. To determine whether
the excitation conditions favor a multiphoton photo-
electric effect (perturbative regime) or optical field
emission (nonperturbative regime), the so-called Keldysh
parameter is generally employed:”®

2Mew?d
= /== 4
4 eE? @)

where me (ep) is the electron mass (charge), w is the
angular frequency of light, E the electric field ampli-
tude and @ is the material work function. For y < 1, the
tunneling mechanism is more applicable, whereas for
y > 1, electron emission is dominated by coherent
multiphoton photoelectron emission. At our typical
electric field intensities of £ = 0.1 V/nm (I ~ 10° W/cm?),
near-field enhancement factor [yMii|o ~ 60, and fre-
quencies w = 2.5 x 10" s7' (A = 740 nm), yields y ~ 3,
suggesting borderline operation in the mulitphoton
photoelectric regime. This conclusion is further sup-
ported by the clear power law intensity dependence of
the photoemission current, which would be exponen-
tial if the tunneling mechanism were dominant.
However, the mere implication that plasmon-
resonant ultrafast excitation of supported Au nanorods
may result in optical field emission at relatively modest
laser intensities (/ ~ 10'° W/cm?) is quite remarkable,
especially in light of 10° fold higher intensities typically
required in traditional optical field emitters, such as
metallic tips.*>*® While it remains to be determined
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whether rods can withstand a 10-fold increase in
incident laser intensity without melting, first hints of
an impending transition point (y &~ 1) may be obser-
vable at the present intensity levels already. Near the
transition, some electrons may absorb more than the
minimum number of photons required for ionization
(i.e., n > 3 in the present case), thus resulting in above-
threshold ionization, where electrons of relatively high
kinetic energy (i.e., KE > 5 eV) can be emitted. In studies
of electron emission from roughened metal surfaces
and nanoparticles, even more highly energetic elec-
trons (KE ~ 0.5 keV) have been observed due to pon-
deromotive acceleration of emitted charges in the
plasmonically enhanced local electric field.>>#°~®"
Energy-analysis of the emitted electrons from Au nano-
rods and observation of high KE electrons could thus
provide clear evidence for a transition point into the
optical field emission regime. Toward this end, we are
currently adding velocity map imaging (VMI) capability
to our existing experimental setup, which will not only
provide information on the KE of photoemitted elec-
trons, but also on their angular distribution.

SUMMARY

Multiphoton photoelectron emission from indivi-
dual, supported Au nanorods on ITO was studied
following excitation with ultrafast laser pulses (tp ~
50 fs) in the longitudinal plasmon resonance spectral
region near 700—900 nm. Photoemission rates are
found to depend strongly on the laser polarization,
specifically peaking when the laser polarization aligns
with the longitudinal plasmon mode (i.e., rod long axis).
As a function of excitation laser wavelength, (i) three-
photon photoemission rates and (ii) one-photon optical
scattering are shown to peak at the same resonance
frequencies. Both findings identify the critical role of
plasmons in mediating multiphoton photoelectron
emission from metallic nanoparticles and quite likely
nanoscopically rough surfaces as well. The dramatic
increase in photoemission yield can be thought to arise
from the plasmon enhancing the incident electromag-
netic field in the particle near-field, thus facilitating
conduction electrons to overcome the material work
function and be emitted. In the MPPE regime, the near-
field enhancement is more properly considered part of
the multiphoton photoemission cross-section instead of
the excitation conditions (i.e., electric field amplitude),
thereby manifesting itself in the increased rate of the
multiphoton process. This simple physical picture is cor-
roborated by agreement between the experiment and
theory proposed by Yalunin et al. for coherent (direct)
multiphoton photoemission,”* modified simply by
use of an enhanced near-electric field predicted from
numerical COMSOL calculations. These results again
support coherent multiphoton photoemission as the
predominant mechanism for photoelectron emis-
sion from metallic nanoparticles upon femtosecond
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(tp & 50 fs), medium-intensity (<10'° W/cm?) excitation
near the surface plasmon resonance. According to the
model, n-photon photoelectron emission rate should
scale as the near-field enhancement factor |i7gn|*".
Thus, for typical values encountered near rod tips (i.e.,
|7enu| = 60), such three-photon photoelectron emis-
sion rates are predicted to be ~10'° stronger than in

MATERIALS AND METHODS

Sample Preparation. Commercially available ageuous solu-
tions of two samples of bare Au nanorods (Nanorodz; Nano-
partz, Inc.) are used for the present studies: (Sample 1) Smaller
gold nanorods with nominally 45 nm (length, L) x 10 nm (width,
W) dimension (Nanopartz P/N: 30-10-850) and (Sample II) larger
ones with specified dimensions 86 nm (L) x 25 nm (W)
(Nanopartz P/N: 30-25-750). Dimensional analysis using SEM
and TEM on the obtained samples yields the following, actual
ensemble-averaged values for rod dimensions and aspect ratios
(AR) with standard deviation reported in parentheses: (i) Sample
1(N=72):{L)=40(5) nm, (W)= 10(2) nm,{AR) = 3.9(6). (ii) Sample Il
(N = 385):{L) = 63(5) nm, (W) = 20(2) nm, (AR) = 3.2(3). In both
solutions, cetyl-trimethyl-ammonium-bromide (CTAB) is added
by the supplier to stabilize the colloidal solution. The UV—vis
spectrum of the stock ageuous solution of the smaller Au nano-
rods (Sample 1) exhibits a strong peak due to the longitudinal
plasmon resonance at (1p)). = 820(2) nm with a 10 width, o, =
60 nm, and a weaker one due to the transverse plasmon resonance
at (Appr = 510(1) nm and a width o7 = 13 nm. For the sample of
larger Au nanorods (Sample Il) the peaks are observed at (Ap). =
725(2) nm and {ppr = 512(1) nm with the corresponding 10
widths oy = 35 nm and o1 = 14 nm, respectively. Unless noted
otherwise, the values in parentheses throughout this paper report
the standard error of the mean.

The nanoparticles are deposited on a standard glass cover-
slip (Corning 1 %) coated with a thin, nominally 10 nm thick,
indium—tin oxide (ITO) layer (Thin Film Devices, Inc.) by spin-
casting 40 uL of aqueous stock solution of Au nanorods onto a
rotating (1500 rpm) coverslip until solvent evaporates (5 min).
The sample is then sequentially rinsed with deionized water,
methanol, and acetone to remove any noncolloidal solute (i.e.,
cetyl-trimethyl-ammonium bromide (CTAB)). To allow particle
registration, a Au pattern from an indexed TEM grid template is
deposited on the coverslip before the sample is spin-cast. The
slides are prepared by first vapor-depositing a 70 nm Au film on
ITO slides, which have been previously cleaned in an oxygen
plasma source and rinsed with methanol. Positive photoresist
(Shipley; Microposit S1813) is spin-cast at 3000 rpm on top of
the Au film. The slide is then heated for 2 min on a hot plate
maintained at 115 °C. An uncoated indexed TEM grid (Electron
Microscopy Sciences; LF400-Cu) is used as a mask during 10 s
exposure to 436 nm line from a mercury lamp for a total dose of
150 mJ/cm?. The irradiated photoresist is removed by a 30 s dip
in a developer solution (Shipley; Microposit MF CD-26) to
expose the underlying Au layer. A 60 s dip in etchant solution
(Transene, Inc.; Gold Etch Type TFA) removes the Au film from
those areas, leaving a “positive” image of the initial mask on the
ITO. The coverslip is thoroughly rinsed with acetone and methanol
to remove the remaining photoresist and is, prior to use, exposed
to ozone for 15 min to remove any built-up hydrocarbons.

Scanning Photoionization Microscopy. Tunable fundamental out-
put (1 = 720—890 nm; Ep,, = 1.72—1.39 eV) of a high-repetition
rate (vep = 90 MHz), ultrafast Ti:Sapphire laser system is guided
into a vacuum chamber maintained at ~5 x 10~ Torr, where a
reflective-type microscope objective (Numerical Aperture, NA =
0.65) focuses the beam to a diffraction limited spot on the
sample. High laser intensity at the focus promotes a fraction of
the electrons within the probed material to the vacuum level,
where they are detected by a channeltron electron multiplier
located ~1 cm above the sample. At typical material work

GRUBISIC ET AL.

the absence of any plasmonic near-field enhancement.
This dramatic sensitivity to local electric fields show-
cases the potential for such photoemission-based
SPIM imaging methods to complement optical tech-
niques and thereby offer additional insight into the
near-field properties of plasmonic nanostructures/
nanoparticles.

functions (P, = 46—5.1 eV,*2 O;o = 4.4—4.7 eV depending
on the crystal facet™), n = 3—4 photons with 1 in the 700—
900 nm range (n > ®/E,,) are energetically required to emit a
single photoelectron. The region of interest is raster scanned in
vacuo by applying voltages to the three piezoelectric cylinders
that kinematically support the sample stage. For a more de-
tailed description of the technique, the reader is referred to
previously published work.>"*

Dark-Field Microscopy. A commercial inverted microscope
(Olympus 1X-71) with a dark-field illuminator operating in
transmission mode is employed. Unpolarized, white light from
a tungsten/halogen lightsource is focused onto the sample
coverslip by a dry dark-field condenser (Olympus U-DCD, NA =
0.80—0.92). Scattered light is collected by a 40x Plan Fluorite
infinity-corrected air objective (Olympus UPLFLN40X, NA = 0.75)
and sent to a side-port where the wide-field image is first
magnified 3.4x by an achromatic lens pair (f; = 200 mm, f, =
60 mm) and finally focused by an achromatic lens (f; = 200 mm)
onto the front slits of the spectrometer (Acton SpectraPro 150,
150 grooves/mm diffraction grating). The diffracted light (1st
order) from individual nanoparticles is 1:1 imaged onto an
EMCCD camera (Princeton Instruments, Cascade Il), which is in
present studies operated without multiplication. When imaged
directly (diffraction grating set to zeroth order) the nanorods
appear as diffraction-limited Airy discs of size dﬁﬁ? =9.5 px x
16 um/px = 152 um. Given the total system magnification (134 )
the apparent spot size, dair, = 1130 nm is in good agreement
with the expected diffraction-limited value (dp,. = 1.21 x A/NA =
1210 nm for A = 750 nm). To ensure complete integration of the
scattered light collected from a particular scatterer and mini-
mize the noise contributions to the integrated signal, ~20 px
wide horizontal strips at particle positions are hardware binned
to acquire the single-particle scattering spectra. To reduce back-
ground, the signal is subtracted for a horizontal strip of identical
thickness in a region without nanoparticles. To correct for spectral
nonuniformity, the background-subtracted signals are scaled by
lightsource spectral response. The spectrum of the lightsource
itself is collected by scattering from a bare coverslip under slightly
out-of-focus dark-field illumination conditions, with all other set-
tings identical to those employed during collection of the single-
particle spectra.

Scattering spectra of Au nanorods are recorded immedi-
ately after preparing the samples as well as following the SPIM
studies. No differences between spectra obtained before and
after SPIM are observed, suggesting that at typical SPIM condi-
tions little to no damage due to heating or potentially electron-
induced chemical modifications occurs. Owing to prohibitively
low scattering intensities from the smaller Au rods (Sample I),
dark-field scattering studies are only feasbile and therefore
performed on the larger Au rods (Sample II).

Secondary Electron Microscopy. All SEM images are acquired on
FEI Nova NanoSEM 630 system with the through-lens detector
(TLD) in immersion mode. The front grid of the detector is
biased to ~ +150 V to improve collection of secondary elec-
trons. With 10 kV electrons, 1.5 spot size, and 90 us integration
times, a signal-to-noise ratio S/N ~ 20 and spatial resolution of
ca. 1—2 nm are routinely achieved. In all correlated SPIM/DFM/
SEM studies, the SEM characterization of the Au nanorod
samples is performed last, due to the known degradative effect
of electron microscopies.”®

Theoretical Methods. The near-field distribution of electric
fields as well as far-field properties (i.e., absorption, scattering,
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and extinction spectra) of Au nanorods are numerically calcu-
lated with a finite element method (FEM) implemented in
COMSOL (v4.2). The plasmonic response of the nanoparticle
depends rather sensitively on the exact particle shape, with
significant distinctions in the far-field properties noted be-
tween, say, ellipsoidal versus lozenge structures.’®®” Hence, in
agreement with characteristic SEM shape distributions observed
for chemically synthesized Au nanoparticles, the nanorods in the
current study are most appropriately modeled as hemispherically
capped cylinders (i.e., lozenges), with bulk dielectric properties for
Au as previously reported in the literature.”®

The coherent multiphoton photoemission predictions are
based on the proposed model by Yalunin et al. with all im-
plemented adjustments described in the Discussion section.”*
In place of material specific parameters in the model, the
following material properties of Au are used: metal work func-
tion ®p, = 4.8 eV (average of reported values 4.6—5.1 eV),>?
Fermi energy Er = 5.5 eV. For estimates of particle temperature
rise, the gold specific heat capacity ca, = 0.129 J/g-K and
density pa, = 19.3 g/cm?® are employed. Nanoparticle volume
is calculated based on the lozenge model for the rod Vyp =
(AW?/4) (L — W/3), where L and W are rod length and width,
respectively.
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