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ABSTRACT: A systematic study is presented of the intensity-
dependent nonlinear light scattering spectra of gold nanorods
under resonant excitation of the longitudinal surface plasmon
resonance (SPR). The spectra exhibit features due to coherent
second and third harmonic generation as well as a broadband feature
that has been previously attributed to multiphoton photolumines-
cence arising primarily from interband optical transitions in the gold.
A detailed study of the spectral dependence of the scaling of the
scattered light with excitation intensity shows unexpected scaling
behavior of the coherent signals, which is quantitatively accounted for
by optically induced damping of the SPR mode through a Fermi
liquid model of the electronic scattering. The broadband feature is
shown to arise not from luminescence, but from scattering of the
second-order longitudinal SPR mode with the electron gas, where

efficient excitation of the second order mode arises from an optical asymmetry of the nanorod. The electronic-temperature-
dependent plasmon damping and the Fermi—Dirac distribution together determine the intensity dependence of the
broadband emission, and the structure-dependent absorption spectrum determines the spectral shape through the
fluctuation—dissipation theorem. Hence a complete self-consistent picture of both coherent and incoherent light scattering

is obtained with a single set of physical parameters.

KEYWORDS: plasmonics, nonlinear optics, nanophotonics, condensed matter science, gold nanorods

anoscale noble metal structures, such as gold and

| \ | silver nanoparticles, exhibit optical and electronic
properties that are not observed in their bulk
counterparts. The electromagnetic modes of these systems,
known as surface plasmon resonances (SPRs), lead to strong
interaction with light, and an enhancement of the optical field
enabling nonlinear effects to be observed with low incident
light intensity.”” The plasmon resonances and the field
enhancement can be tailored through the choice of metal, the
specific size and shape, the dielectric environment, and their
mutual spatial arrangement.’™> In fact, the sensitivity of the
resonances to the local dielectric and charge environment
enables the SPR to serve as an optical interrogation of the
environment and thus as an optical sensor. The attachment of

-4 ACS Publications  © 2017 American Chemical Society

chemical ligands enables selective sensing of chemical or
biomedical targets. As a result, metal nanoparticles serve as
important building blocks in the fields of modern chemical
engineering,’ biosensors,” and advanced microscopy.’”'’ A
fundamental understanding of the nonlinear optical response of
metal nanostructures is thus essential for the development of
optical applications of plasmonics.

The two principal nonlinear optical responses that can be
observed on direct far-field excitation are multiphoton
luminescence (PL) and harmonic generation (HG). Both
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Figure 1. Nonlinear optical response on resonant excitation with 800 nm, 50 fs ultrashort pulses (a) the spectral components include SHG,
THG (inset), and a broadband PL. The red curve is the calculated spectrum with the proposed model (b) the unconventional intensity scaling
of SHG (with the background PL subtracted) and (c) THG (background free). The blue dashed lines are the exponential fittings of the data
and the red curves are the calculated SHG and THG with optically induced damping of the longitudinal SPR model. Notice the red curves fit

the data better than the exponential fitting.
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Figure 2. (a) Atomic-resolution high-angle annular dark-field (HAADF) images of a single AuNR used in the optical experiment and (b)
convergent beam electron diffraction (CBED) pattern collected with beam positioned at various locations (orange markers) in the AuNR.
Results indicated consistent structure in all areas of the rod and showed the high degree of structural symmetry of the AuNRs. (c) False-color
reconstructed phase shift image and (d) its line profile along the long axis (white dashed line in d) of the AuNR.

phenomena have been investigated extensively. Early observa-
tions of two-photon luminescence (TPL) were reported by
Boyd et al,'' and interpreted as the generation and
recombination of electron—hole pairs involving the d-band
and the conduction (sp) band. The luminescence efficiency of
gold nanoparticles can be remarkably high,'> suggesting
applications to biological labeling and imaging."* More recently,
harmonic generation from metal nanoparticles has received
considerable attention. Lippitz et al. reported the first
observation of third-harmonic generation (THG) from
individual gold colloidal particles down to 40 nm diameter,"*
and third harmonic imaging experiments with gold nanorods
was demonstrated;'® SHG from gold nanorods was also
investigated in ref 16. A phenomenological theory of second
harmonic generation (SHG) from centrosymmetric spherical
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metallic particles was developed by J. I. Dadap et al.'”'®

Starting with the second order nonlinear surface susceptibilities,
they presented a general electro-magnetic theory of SH
Rayleigh scattering (SHRS) for spheres within the small
particle limit, including the contribution from the bulk
nonlinear response compatible with isotropic symmetry. They
predicted a quadrupolar-type radiation pattern, as the second
order process is in principle dipole-forbidden in centrosym-
metric material with centrosymmetric geometry, consistent
with experimental results on hyper-Rayleigh scattering from
silver nanospheres reported by Hao et al.'” and a series of
pozlgrizzzation analysis experiments performed by Brevet et
al.”™”

On optical excitation with ultrashort optical pulses, gold
nanorods (AuNRs) exhibit hyper-Rayleigh scattering (SHG and
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Figure 3. Experimental setup for the spectral and intensity dependence study on the nonlinear light scattering from AuNRs.

THG) as well as a broadband feature attributed to PL. An
example of the scattered light spectrum under 800 nm 50 fs
excitation in our experiments (discussed in detail below)
displays these features as shown in Figure la. These responses
have been respectively interpreted in terms of conventional
nonlinear optical processes'>** and multiphoton interband
luminescence processes.12'24_26 There are, however, features of
the data whose interpretation is problematic with these physical
models. The SHG signal, for example, is surprisingly strong,
whereas in contrast to the prediction that, in the small particle
limit, SHG should be forbidden given the assumed
centrosymmetry of the system; the observed SHG has rather
been attributed to the effects of either the metal-media interface
or retardation.’"** Additionally, the SHG and THG signals
from AuNRs show saturation-like characteristics in the power
scaling (see Figure 1b,c), which have been either overlooked
due the contribution from the background PL** or ambiguously
attributed to damage of the nanoparticles.”” The broadband
spectral feature that has been attributed to PL in gold
nanoantennas has recently been shown to depend primarily
on the nanoscale geometry, and does not in fact arise from the
electronic band structure.”’ Finally, the nonlinear response has
been theoretically predicted to exhibit unusual scaling with
excitation intensity due to surface confinement effects on the
electrons undergoing collective oscillation in the SPR.**
Among the most common forms of structure used for studies
of nanoplasmonics are chemically synthesized AuNRs, grown in
aqueous solution guided by the surfactant cetyltrimethylammo-
nium bromide (CTAB).” These structures exhibit a high
degree of structural symmetry and crystallinity, as can be seen
from the atomic-resolution high-angle annular dark-field images
and convergent beam electron diffraction pattern of a single
AuNR of the sample used in these experiments in Figure 2a,b.
A spatial analysis of the electrostatic potential around AuNRs
was recently performed using off-axis electron holography.”® In
the absence of magnetic field, the phase shift ¢(x, y) in an
electron wave after passing through a specimen is proportional
to a line integral of the electrostatic potential along the
propagation direction.”’ The reconstructed phase shift ¢(x, y)
map obtained for a AuNR shows a considerable asymmetry and
a distinctive slope along the long axis of the rod as seen in
Figure 2¢,d, indicating the presence of a static dipole moment.
In a recent companion study,’” we have found that nonuniform
coverage of the surfactant CTAB induces a static dipole
moment, which breaks the inversion symmetry and leads to an
optical asymmetry. This has far-reaching consequences, since
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for an optically symmetric nanoparticle, SHG is forbidden to
lowest order, and can arise only through the effect of
retardation and quadrupole radiation. We show in this article
that the optical symmetry breaking by the static dipole in
AuNRs enables a quantitative and self-consistent explanation of
all the major features of nonlinear light scattering.

RESULTS AND DISCUSSION

Figure la displays a typical light scattering spectrum from a
dilute colloidal AuNR sample under excitation from ultrashort
laser pulses at 800 nm; the spectra exhibit resonant features at
the second and third harmonic wavelengths, as well as a
broadband component. We present here the experimental
details and physical model that can simultaneously, self-
consistently, and quantitatively explain these features.

The experimental setup is shown in Figure 3. The excitation
source is a Ti:sapphire mode-locked laser, which provides 800
nm, 50 fs pulses at a repetition rate of 76 MHz. The excitation
power is controlled by a variable attenuator consisting of a half-
wave plate mounted on a programmable rotator and a Glan-
Thompson polarizer. The laser pulses pass through a prism
compressor so that the pulses are transform-limited at the focal
point. A small fraction of the beam is sampled by a photodiode
in order to measure the incident power and its fluctuations. In
addition, a 780 nm high-pass filter is placed before the focusing
lens to ensure there is no residual SHG or THG in the
excitation beam. The beam is focused in the center of a cuvette
containing an aqueous solution of AuNRs with a longitudinal
plasmon resonance at 808 nm. Light scattered at 90° from the
excitation direction is collected by an f*=1 uv-coated lens and
filtered through either BG filters (BG-39, BG-40 color filters)
or 267 nm band-pass filters to remove the linear 800 nm
scattering. The collected signal is focused on the entrance slit of
a monochromator and detected by a single photon counting
photomultiplier. A chopper is placed in the excitation beam
path to modulate the excitation beam in order to subtract
background dark counts from the signal in gated photon
counting mode.

A typical spectrum of the nonlinearly scattered light is shown
in Figure la, showing clearly three main components: THG
and SHG peaks (hyper-Rayleigh scattering) located at 267 and
400 nm, respectively, and a broadband feature ranging from
350 to 600 nm that is generally referred to as PL. We note that
the SHG peak overlaps with the broadband photolumines-
cence. A key experiment to revealing the physical processes
underlying the light scattering is the scaling of the various
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Figure 4. (a) The spectra of nonlinear optical responses measured at different excitation intensities. (b) The spectrally resolved intensity
dependent scaling. Notice the scaling at 400 nm is close to 2. The red dash curve is generated from the proposed model.

spectral components with excitation intensity (or fluence in the
case of fixed pulse duration). Figure 1b,c shows the measured
scaling of the SHG and THG peaks. On the basis of the
standard perturbation theory of nonlinear optics,”® the SHG
should scale exactly as the square of the intensity, and the THG
as the cube.

The THG signal has a well-defined spectral peak at 267 nm
and is background-free (Figure 1 inset). A fit to a scaling curve
of the form [, = a(I,,)" yields an exponent of 2.46 (+0.022),
quite different from the expected value of 3. The SHG peak at
400 nm sits on top of the broad PL background. To determine
the SHG scaling, we subtract the PL before integrating the area
under the 400 nm peak (the assumption that the PL spectrum
is smooth is fully justified by the model below). The
background-subtracted SHG scales with an exponent of 1.49
+ 0.03, far from its conventional expected value of 2.

Nonlinear optical processes are often described using an
expansion of the nonlinear susceptibility in powers of the
optical field.”” In the strict limits of 2% and ¥, the SHG and
THG signals must respectively scale quadratically and cubically
with the intensity. The unexpected scaling of the SHG and
THG signals at even the lowest fluence can be seen as a
breakdown of this approximation. Nevertheless, the exper-
imental scaling can be explained quantitatively within this
framework by optically induced damping of the longitudinal
SPR by hot electrons.””* In a model of the SPR mode of the
AuNR as a classical anharmonic oscillator, the second and third
order nonlinear susceptibilities 7? and y® are related to the
linear susceptibility ) by

1P(@) « xY o) (@) Pand yP(0) 4 Gw) P (o)

where

N(e*/m)

2 .
—_— W’ — 2iw
cD(@) ' 4

() = D(w) = w; —

and @, is the material resonance frequency.

The factor D(w) contains the resonance frequency of the
system (corresponding to 808 nm wavelength for the
longitudinal plasmon mode of the AuNR) and the damping
rate y. It has been shown that scattering of the nanoparticle
plasmon from single-particle excitations of the electron gas is
the dominant nonlinearity in the optical response, as y depends
on the electron temperature.”® Following the Fermi liquid
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model of ref 35, we find the intensity scaling will be modified
by the pump-induced electron heating according to

I % ¥ (@)1 o [1/7,Fand Ipyg & ¢ (@)1 o [1/7]
where

el o J fen (e)de

P T T e
is the total electron-temperature-dependent scattering rate and

K(nksT.)* + (¢ — &)
1+ exp[—(e — &)/kyT.]

rle, T) =y +

The model has only two fitting parameters, namely y,, the
electronic-temperature-independent part of 7., and U,,, the
absorbed pulse energy per AuNR that results in heating the
conduction band electrons.*® The SHG and THG scaling fit the
model very well (data fits are 1.49, 2.46 and the model
predictions are 1.47, 2.41 for SHG and THG, respectively) for a
single value of y, = 0.067 (fs™") and Uy, ~ 0.267Uy, where Uy,
is the absorbed energy estimated from the estimated incident
intensity and a classical model of the absorption cross section of
a AuNR.* In fact, it can be seen in Figure 1c,d that the Fermi
liquid model fits the scaling data better than an assumed power
law scaling. We conclude that the SPR damping induced by a
hot thermal distribution of single-particle excitations quantita-
tively accounts for the unexpected scaling of the nonlinear
optical response of the AuNR longitudinal plasmon resonance.

We now discuss the broadband scattered light, which has
generally been attributed to PL arising from the recombination
of d-band holes with conduction band electrons excited by
multiphoton absorption in prior work. Our key experiment is
the measurement of the complete spectral dependence of the
intensity scaling of the broadband emission, as shown in Figure
4b. The scattered light scales with an exponent of
approximately 3.6 at 375 nm to 2.5 above 550 nmy; ie., the
shorter wavelength emission exhibits a more highly nonlinear
behavior. Interestingly, the total signal at 400 nm (i.e., the sum
of the coherent SHG and the broadband signal) does not
follow the general trend, but scales with an exponent of 1.92.
While multiphoton PL from interband transitions can account
for some features of the spectrum,”'>*” others are inconsistent
with PL as the source of the broadband emission. In particular,
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Figure S. (a) Energy diagram of the PL nonlinear light scattering process and (inset) a physical illustration of the 2nd order plasmon
excitation and the PL generation. (b) Calculated scattered light spectrum using the values of y,, and U, obtained from the SHG and THG
experiments. The spectral line shape is determined by the (structure dependent) absorption spectrum of AuNRs, i.e., the measured UV—vis

spectrum.

the spectral features of the broadband spectrum from AuNRs
do not really match well with those from their bulk counterpart,
though some previous work has attempted to attribute these
features to recombination processes between conduction band
electrons and d-band holes near the X and L symmetry points
in the Brillouin zone.***~*° Recent experiments comparing PL
from gold nanoantennas fabricated from single crystals and
polycrystalline films, however, have suggested that it is the
nanoscale geometry of the plasmonic structures that determines
the shape of the emission spectra,”” and not the band structure.
Other recent work on PL from plasmonic metals also suggests
that scattering from electronic excitations rather than traditional
luminescence is responsible for light emission.”® We therefore
performed an additional set of experiments in which the AuNRs
were excited directly with 400 nm S0 fs pulses (generated by
frequency doubling the Ti:sapphire laser), which should induce
one-photon absorption energetically equivalent to 2-photon
absorption at 800 nm. The threshold for absorption from the d
bands in Au is 1.8 eV; hence 800 nm excitation from the d-band
requires two- or three-photon absorption, while linear
absorption of 400 nm light can excite d-band holes. We
found there was only negligible emission from the AuNRs
under 400 nm excitation even at the highest accessible
excitation intensity; this indicates unequivocally that the
broadband emission under 800 nm excitation does not arise
from interband transitions as is usually thought.

Given that the broadband emission is not in fact interband
PL, we propose a model in which the nonlinear light scattering
arises from an interplay of the plasmon damping and the optical
anisotropy due to the presence of a static dipole on the AuNRs.
On illumination with 800 nm pulses, the gold nanorod’s
longitudinal plasmon mode, corresponding to a collective
oscillation of the electrons along the long axis of the particle, is
resonantly excited. The charge asymmetry associated with the
static dipole along the nanorod axis gives rise to a nonzero y®;
the second-order nonlinear polarization along the nanorod axis
excites the asymmetric second-order longitudinal plasmon
mode, which can efficiently scatter with the background free
electron gas just as the fundamental plasmon mode scatters, as
described above.

The process is illustrated in Figure Sa, indicating how two
longitudinal plasmons excited by the pump give rise to a
fluctuating polarization P, due to scattering from the free
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electron gas. Electrons oscillating in opposite directions in the
asymmetric second-order longitudinal mode scatter with free
carriers, producing dipole fluctuations along the transverse
nanorod axis, see Figure Sa inset. The emission arises as
radiation from P, and the coupling of these dipole fluctuations
to free-space electromagnetic modes is enhanced by the
transverse plasmon mode of the AuNRs. As illustrated in
Figure Sa, a continuum of radiation is produced since the
scattering of an electron with initial energy € — A/2 to a final
state with energy € + A/2 results in a shift A of the emission
relative to the second harmonic of the 800 nm excitation; the
broadband spectrum arises from an integral over all possible
initial and final free-carrier states with occupations f; and f;
determined by the Fermi function for a carrier gas with electron
temperature T, which is well-known from the scaling
experiments on SHG and THG discussed above. Since the
nonlinear light scattering is driven by scattering of plasmons
from free carriers, the total emission should be proportional to
the plasmonic damping rate, y, o .. Finally, the spectrum of
scattered light is generally determined by the Fourier transform
of the dipole—dipole correlation function.” By the fluctuation—
dissipation theorem, this correlation function is proportional to
the imaginary part of the susceptibility, ie., the absorption
spectrum.” "' Physically, the scattering-induced fluctuations in
the polarization radiate with a strength proportional to the
absorption spectrum. This effect is included by incorporating a
line shape factor L(®w) which is obtained from the actual
experimental absorption spectrum of the AuNR sample. Putting
all these elements together, the broadband scattered light will
be given by the expression

I(4, U) = (o, T.) « /f(e - A/2)[1 = f(e + A/2)]de-y, (T)-L(w)

where

A = 2hwgp, — hw and f(g) = 1
+ exp

(e —ep)
kT,

is the Fermi function with electron temperature T,(U).
Figure Sb shows the calculated scattered light spectrum using
the values of y,.. and Uy, obtained from the SHG and THG
experiments; Figure la shows the close match of the theory
(red line) and experimental (blue dots) line shapes. Note that
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the spectral smoothness around the SHG position justifies the
interpolation and subtraction of the background from the SHG
peak around 400 nm discussed above. Most critically, we can
also generate from the calculation the intensity scaling as a
function of wavelength; the result shown as the red curve in
Figure 4b, and shows excellent agreement with the data. This is
a strong confirmation of the model, indicating that interband
PL processes do not play a significant role in the multiphoton
broadband emission, but that second-order nonlinear light
scattering mediated by damping of the second-order longi-
tudinal plasmon resonance is mainly responsible for the
scattered light. It should be noted the only fitting parameter
in the calculation is the value of the Fermi level; the fitting leads
to &g = 5.4 (eV), which is very close to the bulk value of 5.5
(eV), and the slight difference may be due to pump-induced
heating. A final confirmation that the second-order light
scattering mechanism described above is correct is the
observation that excitation at 400 nm only leads to negligible
broadband emission; excitation at 400 nm does not induce an
excitation of the second order plasmon mode which could then
scatter into a fluctuating dipole transverse to the nanorod.

CONCLUSION

In summary, we have systematically investigated nonlinear light
scattering from AuNRs under resonant excitation of the
longitudinal plasmon mode, with detailed measurements of
the spectral dependence of the intensity scaling across the
SHG, THG, and broadband components. From our recent
electron holography study (reported elsewhere), we know that
the structurally symmetric gold nanorods are in fact electrically
and optically anisotropic due to asymmetric charge distribu-
tions induced by the ligands used to guide their self-assembly.
This optical asymmetry leads to strong second-order polar-
izability 7% and hence the significant SHG signal. The SHG
and THG nonlinear susceptibilities are intensity dependent,
through the optically induced damping of the SPR linear
susceptibility, corresponding to scattering of the plasmon with
hot electrons; this damping is quantitatively understood
through the electron temperature dependence in the Fermi
liquid model. Because of the nonzero 7?, the second-order
longitudinal mode is excited. Scattering of this mode from the
electron gas results in a fluctuating polarization along the
transverse direction of the nanorod, which radiates a broadband
spectrum. The spectrum as well as the intensity scaling are
understood through a self-consistent model of light scattering.
Interband transition processes apparently play no significant
role in the light emission. We note finally that the model
incorporates the actual SPR spectrum through the fluctuation—
dissipation theorem and assumes scattering from a perfectly
thermalized electron gas, and hence does not account for the
individual microscopic scattering processes responsible for the
radiation. It thus cannot account for the possible role of
coherence in the scattering process, which may be important
for the complete interpretation of the emission around 400 nm;
the nearly quadratic scaling of the total signal at 400 nm (SHG
+ broadband component) is highly suggestive, and remains the
subject for additional study.

METHODS

GNR Sample and the Damage Testing. The data presented in
this article are from samples consisting of aqueous solutions of AuNRs
purchased from Nanopartz. The solution concentration is approx-
imately 1 nM, sufficiently low that particle interaction effects are
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negligible. The AuNRs have diameter 25 nm and an average length
102 nm, leading to a transverse plasmon resonance at 517 nm and
longitudinal plasmon resonance at 808 nm. The longitudinal plasmon
resonance is typically inhomogeneously broadened due to residual
fluctuations in the nanorod length, but it should be noted that the
excitation light only interacts with nanorods having plasmon
resonances close to the excitation wavelength; this was verified by
control experiments showing that the signals disappeared when using
samples with longitudinal plasmon energies away from resonance. The
solution sample is placed in a UV transparent cuvette during the
optical excitation to avoid the absorption of the scattered nonlinear
optical signal.

Structural characterization of nanoparticles was carried out using
scanning transmission electron microscopy (STEM). High-angle
annular dark-field (HAADF) images using a primary electron beam
energy of 300 keV. In addition, convergent beam electron diffraction
(CBED) patterns were collected at various positions within the
nanorods using a convergence angle of approximately 3.5 mrads.

In the optical experiments, we ruled out the possibility of rod
melting by monitoring the difference between the initial and final UV—
vis spectra of the gold nanorod solution sample. Gold nanorods in
solution can be melted into spherical nanoparticles by excitation with
intense femtosecond laser pulses of sufficient energy. If the energy
absorbed by the rods are strong enough such that the rods are partially
melted before diffusing out of the focal volume, the longitudinal
absorption band would blue-shift, as the aspect ratio of the rods would
decrease. If the absorbed energy is even larger such that the rods
completely melt into spheres before diffusing out of the focal volume,
the intensity of the longitudinal absorption band would decrease, while
the intensity of the transverse absorption band would increase,
suggesting the depletion of the gold nanorods and the formation of
spherical nanoparticles. This phenomenon has previously been
observed and reported as a valid method to monitor the rod shape
change.42 Indeed, even with the most intense excitation in our
experiment, no blue-shift or the decrement of the longitudinal
absorption intensity in the final UV—vis spectrum was observed,
indicating that no rod melting occurred.

Intensity Dependence Measurement. The measurement of the
intensity scaling corresponds to the determination of y from y = ax”
where y represents the optical signal and x represents the excitation
intensity. The task is essentially the extraction of the fitted linear slope
from the data points in a log—log plot, which must be performed in
such a way as to obtain a well-defined error in the determined scaling
coefficient. Consider several data points measured with increasing
incident intensities. The integration time at each incident intensity is
varied to control the error bar on each of the data points, such that the
error bars on the log—log plot have equal width. This can be achieved
by making the signal-noise-ratio (SNR) the same at every data point
via the number of measurements at each data point. Let y be the
population mean, ¥ be the sample mean, 6> be population variance,
and s> be sample variance. With n samples, we have
HW=X£t,_ 1% = X + Ax for 95% confidence under t-distribution,

and we define SNR = K = ¥/ Ax. Now X and s can be obtained through
measurements and the estimated number of samplings n to reach the
, 2
desired SNR = K is n = [%] . With these definitions, we
developed the following procedure to reach a desired SNR = K:
1. Take ny, = 10 measurements and calculate ¥, and s,,. In our
case we collect photon counts in S s segments for 10 times.
. Compare K, = %,/ t10—1% to the desired SNR, K, where t, =
2.262. If K, > K, we conclude that the desired SNR is reached
and take %), as the signal count rate.

2
3. If Ky < K, we enlarge n; by n; = [M]

B

4. Take additional n, — n, points. Calculate %, , s, and K, . Note
%, and s, will converge as n — oo.
S. Repeat 2—4.
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The procedure ensures that on each data point, the error bars on

the log—log plot are with equal width log %, hence minimizing the

variance of the extracted fitted linear slope on the log—log plot.
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