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ABSTRACT 

Noble metal nanoparticles are characterized by a strong peak in the scattering and absorption spectrum, termed the 

plasmon resonance. Researchers have taken advantage of this to create a new label for biological molecules. A 

disadvantage of techniques based on scattering and absorption is that the detected signal is at the same wavelength 

as the incident light, making it more challenging to discriminate between signal and background. Gold 

nanoparticles also luminesce, suggesting an alternate method for their detection. A tightly focused ultra-short 

pulse laser beam can be used to achieve multiphoton excitation of the particles; the resulting luminescence 

exhibits a peak in the same region of the spectrum as the plasmon resonance. Because excitation is nonlinear, 

significant luminescence is only observed when the particle is in the focus, permitting localization with both high 

lateral and axial resolution. The physical mechanism underlying multiphoton luminescence in gold is still the 

subject of debate. Here, we present a systematic study in single gold nanospheres with diameters between 15 nm 

and 100 nm using peak laser intensities between 10 and 350 GW/cm2. A scattering confocal microscope 

incorporated in the setup was used to distinguish single particles from clusters. We observed that not all gold 

nanospheres have a detectable multiphoton luminescence signal; however, laser intensities above an exposure-

time dependent threshold can alter such particles so that they do. In addition, we found that gold nanoparticles 

exposed to laser intensities above about 150 GW/cm2 can exhibit behavior reminiscent of the bleaching and 

blinking of conventional fluorophores. 

1. INTRODUCTION 

Fluorescence microscopy is one of the most powerful tools employed by biologists to study the function of 

biological molecules, intracellular organelles, cells, and tissues. It enables time-resolved, nondestructive studies of 

living cells and tissues. The fact that fluorescent molecules emit at different wavelengths than they absorb means 

that the excitation light can be effectively filtered out of the detection path, allowing high detection sensitivities 

down to the level of a single fluorophore1. The fluorescent dye molecules that are used to label different biological 

structures, however, also have a number of disadvantages (refer, for instance, to Weiss [1999]2). First, such 

molecules can photobleach. With each excitation-emission cycle, there is a finite probability that the fluorophore 

will be photochemically altered and no longer fluoresce. Fluorescent dye molecules can also “blink”; that is, they 

can enter a long-lived dark state (which can last from milliseconds to hours) in which they do not absorb or emit 

any photons, an important problem when single fluorophores are used as labels. In addition, fluorophores can be 

toxic to the cells they are used to label. Semiconductor quantum dots represent a significantly more photostable 

alternative to fluorescent dye molecules3. However, quantum dots are still prone to blinking and are toxic to cells 

unless they are covered with a surface coating to make them biocompatible4. 

Noble metal nanoparticles have been proposed as an alternative to fluorescent dye molecules and quantum dots, 

and several studies have demonstrated the feasibility of using them in biological studies5,6,7,8,9. The optical 

absorption and scattering spectra of noble metal nanoparticles exhibit a pronounced peak, called the plasmon 

resonance, that is absent from the reflectivity spectrum of bulk gold. The plasmon resonance can be explained by 

the tight confinement of the free conduction electrons of the metal particle: these oscillate in the applied 

electromagnetic field and experience a restoring force at the particle boundaries. Gold nanospheres, for example, 

have a plasmon resonance peak in the middle of the visible spectrum between about 500 nm and 600 nm. Gold 

has the advantage that it is inert and that nanospheres are relatively easy to produce and are commercially 

available. Early studies took advantage of the strong absorption and scattering by gold nanospheres to observe and 

to track them using conventional bright-field microscopes equipped with sensitive cameras5. It has been found 
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that interference between light scattered by the gold particles and transmitted light (or, in reflection-mode 

microscopes, light reflected at the interface where the particles are located) is likely responsible for enhancing the 

signal from the nanospheres to a detectable level10,8. The scattering cross-section of gold nanoparticles is 

proportional to d6, where d is the particle diameter, and the enhanced signal due to the interference is proportional 

to d3. Thus, even with interference enhancement, in media that scatter and absorb light strongly themselves (a 

category into which most biological samples fall), gold nanospheres rapidly become difficult to distinguish from 

the background as their size decreases. Techniques have been developed that address this problem by taking 

advantage of the spectral signature of the plasmon resonance to separate nanoparticles from the background8 or by 

using the large absorption cross-section of gold nanoparticles to distinguish them from surrounding dielectric 

material with low absorption11. 

Recently, a different way to image gold nanoparticles—multiphoton luminescence microscopy—has been 

demonstrated in gold nanospheres12,13. The multiphoton luminescence signal in gold nanorods has also been 

investigated and has even been applied to imaging nanorods in biological samples14,15. Like multiphoton 

fluorescence of fluorescent dye molecules, multiphoton luminescence in gold nanoparticles is typically excited 

using a tightly focused ultra-short pulse laser beam that delivers high intensities to the sample. Early studies 

suggest that, unlike multiphoton fluorescence in fluorescent dye molecules, the luminescence signal is not prone 

to bleaching or to blinking13. Furthermore, multiphoton luminescence is only excited in gold nanoparticles located 

in the focus of the laser beam. Therefore, multiphoton luminescence intrinsically allows precise localization of 

gold nanoparticles in three dimensions. In addition, it has the advantage that the excitation light is at a much 

longer wavelength than the emitted light and can be filtered out efficiently. Although multiphoton luminescence 

represents a very promising technique for imaging gold nanoparticles, the underlying mechanism remains the 

subject of ongoing research: Several studies have investigated the related mechanisms involved in one-photon (as 

opposed to multiphoton) luminescence in gold nanoparticles16,17,18,19,20,21, while other studies have focused on 

multiphoton luminescence12,13,22,23. Beerman and Bozhevolnyi (2005)24, Hohenau et al. (2006)25, and Hohenau et 

al. (2007)26 have investigated multiphoton luminescence in structured arrays of rectangular gold nanoparticles. 

Schuck et al. (2005)27 studied multiphoton luminescence in arrays of gold bowtie nanoantennas, and Wang et al. 

(2007)28 observed avalanche multiphoton luminescence in structured arrays of gold nanowires. 

Here, we present a systematic study of multiphoton luminescence in gold nanospheres of different diameters (< 

100 nm) and in gold nanorods. We measure the multiphoton luminescence cross-section of single gold 

nanoparticles of different sizes. Since gold nanoparticles smaller than 100 nm in diameter are below the resolution 

limit of an optical microscope, it is not possible to distinguish between individual gold nanoparticles and small 

clusters of particles directly. Instead, we turn to scattering confocal microscopy to image the gold nanoparticle 

samples—it has been previously shown that the particle signal to background ratio observed with confocal 

microscopy can be used to distinguish between single particles and clumps of particles10. We then image the same 

particles using multiphoton microscopy. We measure the intensity dependence of the multiphoton luminescence 

signal and observe that less than a third of the gold nanospheres investigated initially generated a signal. However, 

we show that exposing a gold nanosphere to laser fluences above a threshold results in a change in the particle 

that leads to a detectable multiphoton luminescence signal. We also observe phenomena akin to bleaching and 

blinking at higher intensities. 

THEORY 

The single photon luminescence spectrum in bulk noble metal samples was first measured by Mooradian (1969)29 

using a 488 nm argon line for excitation. Mooradian (1969)29 also proposed a simple physical model: Incident 

laser light results in the promotion of upper d-band electrons to states above the Fermi level in the conduction 

band. The holes in the d-band that are created in the process can relax to momentum states that allow direct, 

radiative recombination with electrons near the Fermi level in the conduction band. The measured efficiency of 

the luminescence was found to be only on the order of 10-10. In a more recent study, Boyd et al. (1986)30 expanded 

on this work and measured both single photon luminescence and multiphoton luminescence in noble metal 

samples with smooth and roughened surfaces. They noted that multiphoton luminescence could only be detected 

in samples with roughened surfaces and presented a semi-classical theory to explain this effect as well as the 

observed single photon and multiphoton luminescence spectra. In their model, a roughened surface was described 

as a collection of densely packed hemispheroids of different sizes on a conducting plane. The local field 

enhancement for hemispheroids of different sizes and aspect ratios, which is directly related to the plasmon 

resonance of the particles, was calculated and used to compute the enhancement of luminescence and multiphoton 
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luminescence by a roughened surface. Mohamed et al. (2000)17, Varnavski et al. (2003)18, and Varnavski et al. 

(2005)20 used this theory to model the results of single photon luminescence measurements they performed in gold 

nanospheres and gold nanorods in bulk suspensions; they found good agreement between theory and experiment. 

A competing theory that argues that a quantum mechanical rather than a classical treatment of coupling of the 

luminescence to the plasmon resonance is necessary was presented recently1931, but is the subject of debate, since 

its predictions for the particle size dependence of the single photon luminescence signal do not differ from those 

of the classical theory20. 

 

Figure 1. Plot of the theoretical calculation of the relative multiphoton luminescence cross-section of gold nanospheres as a 

function of the square of the diameter. The dashed line is the result of a calculation making the electrostatic approximation, 

and the solid line shows the result after taking into account radiation damping (refer to the text for details of the calculation). 

 

The simple model for multiphoton luminescence from roughened gold surfaces developed by Boyd et al. (1986) 30 

extended earlier theoretical work on surface-enhanced second harmonic generation and Raman scattering by Chen 

et al., 198332. The model of Boyd et al. (1986)30 simulates roughened surfaces as densely packed arrays of 

hemispheroids of different diameters. The electric field enhancement inside the metal is calculated in the 

electrostatic approximation, but includes a correction term for radiation damping (Wokaun et al., 1982)33. The 

model can readily be extended to single, spheroidal particles. In the case of single photon luminescence, the total 

enhancement is calculated by integrating over the entire volume of the spheroid. Boyd et al. (1986)30 note that in 

the case of multiphoton luminescence, the enhancement comes mainly from the surface of the gold nanospheroids. 

The ratio between the components of the electric field normal to the particle surface outside and inside the 

spheroid is given by the boundary conditions to be au/ med, where au is the complex dielectric constant of the gold 

and med is the dielectric constant of the surrounding medium ( med=nmed
1/2; nmed is the index of refraction of the 

surrounding medium). The field decays from the value outside the particle to the value inside within the skin 

depth distance that defines the thickness of the surface layer. From Boyd et al. (1986)30 we obtain the following 

expression for the total multiphoton luminescence power emitted by a gold nanosphere: 

2 2
2

- 0 0
( ) ( ) ( ) ( ) ( ) sin    

a

lum laser laser lum lum
a t

P L L L L d d d= ,  (1) 

where L’( laser) and L’( lum) are the vectorial field enhancement factors within the surface layer at the excitation 

and emission frequencies, respectively, laser and lum are the excitation and emission frequencies, respectively, 

( lum) is the multiphoton luminescence spectrum of bulk gold, and the volume integral in spherical coordinates is 

over a shell of thickness t at the surface of a spherical particle with radius a. The enhancement factors for the field 

in the surface layer, L’( laser) and L’( lum), can be expressed in terms of the enhancement L( laser) and L( lum) of 

the field well inside the particle. The enhancement of the field components tangential and normal to the surface 

are L||’( ) = L||( ) and L ’( ) = au/ med L ( ), respectively. In the electrostatic approximation (taking into 

account radiation damping; refer, for instance, to Novotny and Hecht [2006]34) the field enhancement inside the 

particle L( ) at frequency  is given by20: 

L( ) =
3 med

2 med + au ( ) + i
12 2V

3 med au ( )( )
,      (2) 
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where V is the volume of the particle and  = 2 nmedc/  is the wavelength in the surrounding medium. Combining 

equations (1) and (2), we can calculate the particle size dependence of the multiphoton luminescence signal. The 

results are shown in Figure 1. The luminescence signal is proportional to the particle surface areas for particles up 

to about 30 nm in diameter. For larger particles, the more accurate calculation of luminescence signal that takes 

into account radiation damping begins to saturate. 

EXPERIMENT 

A schematic diagram of the experimental setup is shown in Figure 2. A Zeiss Axiovert 100TV inverted 

microscope (Carl Zeiss AG, Jena, Germany) was custom-modified to allow both scattered-light confocal 

microscopy and multiphoton microscopy of gold nanoparticle samples. A frequency-doubled continuous wave 

Nd:YAG laser (532 nm wavelength) was coupled into the microscope to perform confocal microscopy. A 

Coherent Mira Ti:Sapphire oscillator (800 nm wavelength, 76 MHz repetition rate, 135 fs full-width at half-

maximum pulse duration, and 10 nJ pulse energy; Coherent Inc., Santa Clara, CA, USA) was used for 

multiphoton microscopy. 

Multiphoton microscopy 

The beam from the Ti:Sapphire oscillator was passed through a power divider consisting of a half-wave plate and 

a Glan-laser beamsplitter to allow adjustment of the laser power at the sample. A beam telescope and spatial filter 

consisting of a 25 m pinhole and a 100 mm and a 150 mm focal length lens was used to expand and clean up the 

beam to ensure optimal focusing. The laser beam then passed through a 50-50 non-polarizing beam-splitter, which 

reflected half of the beam onto a calibrated photodiode used to monitor the laser power. The other half of the 

beam was reflected by a dichroic beamsplitter designed to reflect the laser light (800 nm) and to transmit the 

multiphoton luminescence signal at shorter wavelengths (Omega Optical XF2033, Brattleboro, VT, USA). The 

beam was focused onto the sample from above using a 1.3 NA Zeiss Neofluar oil immersion objective without 

cover-slip correction. The microscope objective was mounted on a translation stage (to allow focusing) attached 

to a custom-built replacement for the microscope’s illumination tower. The multiphoton luminescence light was 

collected by the same objective, transmitted through the XF2033 dichroic mirror, and then passed through a BG39 

color glass filter (Schott AG, Mainz, Germany) and a 3RD430LP long-wave pass filter (Omega Optical) to 

eliminate laser light and second harmonic light generated by the particles, respectively. A Hamamatsu H6780 

photomultiplier tube (Hamamatsu City, Japan) was used to detect the light. The diffraction-limited spot size of the 

focused laser beam was 390 nm (diameter at the 1/e intensity). The laser pulse duration at the focus was measured 

to be 135 fs (full-width at half maximum), using a Carpe auto-correlator (APE, Berlin, Germany) equipped with 

an external detector that could be placed directly in the focus of the microscope objective. The maximum laser 

intensity that could be achieved at the sample was approximately 350 GW/cm2. 

Confocal microscopy of gold nanospheres 

The Nd:YAG laser beam was first attenuated using neutral density filters and then reflected by a 50/50 non-

polarizing beamsplitter. A mirror positioned underneath the microscope reflected the beam into the microscope 

through a port in its base; the beam then passed through the 160 mm focal length tube lens. To ensure a collimated 

beam after the tube lens, the beam was also passed through a 100 mm lens that was placed 260 mm before the 

microscope’s tube lens in the beam path. The microscope’s filter-cube slider was removed for these experiments. 

A Zeiss 1.3 NA 40X plan-neofluar oil immersion objective corrected for standard cover-slips was mounted in the 

objective turret and focused the beam onto the sample. Scattered light was collected in the backscattering 

direction and collimated by the same microscope objective. The light passed through the 50/50 beamsplitter and 

was focused onto a 150 m pinhole using a 300 mm focal length lens. A second Hamamatsu H6780 

photomultiplier tube placed directly behind the pinhole was used to detect the light. A kinematic mount could be 

used to place a mirror in the beam path after the 300 mm lens and before the pinhole to reflect the beam onto a 

CCD camera. The camera allowed focusing of the laser beam and direct visualization of larger gold nanoparticles, 

which aided in finding appropriate regions of the sample to scan. In addition, the Ti:Sapphire laser beam could be 

observed on the camera simultaneously with the Nd:YAG beam, allowing the two beams to be overlapped to 

permit scanning of the same regions of the sample with both confocal and multiphoton microscopy. 
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Figure 2. Sketch of the experimental setup used to obtain combined scattering confocal and multiphoton luminescence images 

of gold nanoparticles. 

Image acquisition and analysis 

The sample was mounted on a three-dimensional piezoelectric translation stage (Physik Instrumente P-562.3CL, 

Karlsruhe, Germany) to allow raster scanning of two-dimensional images and precise focusing. Scanning of the 

translation stage and signal collection were coordinated using a National Instruments NI-DAQ 6259 USB analog-

to-digital and digital-to-analog device  (National Instruments Corp., Austin, TX, USA) and software written in the 

Labview environment. The raw scan data were processed using software written in the Matlab (The Mathworks, 

Natick, MA, USA) environment. 

Measurement of the absolute multiphoton luminescence cross-section 

A separate experimental setup (described in detail in previous work35) was used to determine the absolute 

multiphoton luminescence cross-section of 100 nm gold nanoparticles. Briefly, the output of the Ti:Sapphire laser 

was coupled into a hollow core photonic band gap fiber (Crystal Fibre HC-800-02) to achieve a TEM00 laser 

mode. The beam was then coupled into the beam-scanning unit of a multiphoton microscope (TauMap, JenLab 

GmbH, Jena, Germany), reflected from a dichroic beamsplitter designed for multiphoton microscopy into a 0.65 

NA A-Plan 40X cover-slipped corrected microscope objective. The beam was focused onto gold nanoparticles on 

a glass-bottom dish. A 4-inch calibrated integrating sphere (LPM-040-SF, Labsphere, North Sutton, NH, USA) 

placed directly above the sample was used to measure the incident laser power; corrections were made for light 

reflected at the sample. The generated multiphoton luminescence signal passed through the dichroic beamsplitter 

and was detected using a photon-counting photomultiplier tube. A Becker & Hickl SPC-830 time-correlated 

single photon counting unit was used to count the photons. The system was operated in scanning mode; the laser 

beam was raster-scanned across the sample and the counted photons were each assigned to a pixel. The 

reconstructed images were analyzed using Matlab to determine the absolute signal strength. Both the efficiency of 

the excitation and emission paths of the microscope had previously been carefully calibrated to ensure accurate 

measurements.  

Sample preparations 

The sample consisted of a glass-bottom dish (MatTek, Ashland, MA, USA) onto which gold nanoparticles had 

been spin-coated using a Laurell Technologies Corp (North Wales, PA, USA) WS-400E-6NPP-LITE single-wafer 

spin processor. A drop of immersion oil was placed on top of the gold nanoparticles to ensure an optically 

uniform surrounding medium that avoids surface artifacts and to allow use of an oil-immersion objective from 

above. The glass-bottom dishes were previously allowed to soak overnight in a concentrated deconex solution to 

make them hydrophilic. Gold nanospheres with diameters of 15 nm ± 1 nm, 41 nm ± 3 nm, 60 nm ± 5 nm, and 

102 nm ± 8 nm were purchased from British Biocell. 
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RESULTS 

We measured the multiphoton luminescence signal generated by single gold nanoparticles of different sizes at 

different incident ultra-short pulse laser intensities. We investigated 15 nm, 40 nm, 60 nm and 100 nm gold 

nanospheres. We used peak laser intensities at the sample ranging from about 10 GW/cm2 to about 350 GW/cm2. 

All of the samples were first imaged using scattering confocal microscopy to detect the nanoparticles and clusters. 

Since the gold nanospheres have a peak plasmon resonance wavelength between 530 nm and 600 nm, we used a 

532 nm wavelength Nd:YAG laser to perform confocal scans. Although confocal microscopy is not able to 

resolve individual gold nanoparticles smaller that the diffraction-limited spot size (approximately 260 nm and 390 

nm, respectively, for the Nd:YAG laser and the Ti:Sapphire laser), the ratio of the signal to background depends 

on the size and the number of particles present in the focal spot10,8. The confocal images of spin-coated gold 

nanoparticle samples typically exhibited a large number of spots of approximately the same signal to background 

ratio and a small number of bright spots with varying signal to background ratio. The former correspond to single 

particles, while the latter represent clusters of gold nanoparticles.  

The same regions scanned confocally were then scanned using multiphoton microscopy. We measured the 

multiphoton luminescence signal for different incident laser intensities. We observed that many particles seen 

with confocal microscopy did not give a detectable multiphoton luminescence signal. In some cases, gold 

nanoparticles that did not exhibit a detectable multiphoton luminescence at low laser intensities suddenly began to 

luminesce when the intensity was increased. Figure 3 illustrates this behavior in repeated scans of a sample of 100 

nm particles. Figure 3a is a confocal scan of the particles obtained before any multiphoton scans were made. 

Figure 3b-c illustrate that no multiphoton luminescence signal could be observed in any of the particles at laser 

intensities below 136 GW/cm2. A scan speed of 12.31 m/s was used to obtain all of the images. At the same scan 

rate but at an intensity of 150. GW/cm2 (Figure 3d) the particles suddenly appear in the multiphoton luminescence 

image. A closer look at Figure 3d reveals that the particles begin to luminesce when they are centered in the laser 

focus; scans are performed from top to bottom and then repeated after shifting one step to the right. The scan 

region in which this was observed was scanned again at lower laser intensities to determine if the sudden onset of 

multiphoton luminescence coincided with a lasting change in the structure of the particles. Figure 3e-g clearly 

shows that the particles have been permanently changed and now luminesce at lower incident laser intensities. 

Similar observations were made in gold nanospheres of all of the sizes investigated. For each particle size, the 

number of particles scanned (as determined from the confocal images), the fraction of particles that had a 

detectable multiphoton luminescence signal initially, the fraction of particles that began to luminesce only after 

exposure to higher laser intensities, and the fraction of particles that were destroyed or detached from the glass 

surface (as determined from the confocal images acquired before and after the scan) were determined. The results 

are summarized in Table 1. Note that only a subset of particles was used to determine the fraction destroyed (or 

detached from the glass surface), since a confocal scan was not performed at the end of all measurements. 

 

Table 1. Summary of the multiphoton luminescence scan results for single gold nanospheres. Particles for which it was 

difficult to determine (due to limited measurements) if they always luminesced or the luminescence was “switched on” are 

included in the row labeled “luminescence signal observed”, but not in the first three rows of the table. 

Gold nanospheres 15 nm (131 particles) 40 nm (207 particles) 60 nm (76 particles) 100 nm (22 particles) 

Luminescence signal 

before exposure to high 

laser intensity 

9 % 25 % 18 % 14 % 

Luminescence signal 

after exposure to high 

laser intensity 

15 % 1 % 12 % 18 % 

Luminescence signal 

disappeared after 

exposure to high laser 

intensity 

5 % 5 % 3 % 5 % 

Luminescence signal  

observed 

44 % 46 % 47 % 50 % 

No luminescence detected 56 % 54 % 53 % 50 % 

Particle destroyed 18 % 9 % 5 % 14 % 
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Figure 3. a) Confocal image of 100 nm gold nanospheres illuminated with 532 nm light. b) Multiphoton luminescence image 

using a peak laser intensity of 48 GW/cm2 at the sample. No particles are visible. c) Multiphoton luminescence image using a 

peak laser intensity of 136 GW/cm2 at the sample. No particles are visible. d) Multiphoton luminescence image using a peak 

laser intensity of 150. GW/cm2. The luminescence from the nanoparticles is “switched on” as the laser focus is scanned across 

the particles. e.) Multiphoton luminescence image obtained using a peak laser intensity of 41 GW/cm2, after scanning the 

particles with 150. GW/cm2. f-g) Multiphoton luminescence images obtained using a peak laser intensity of 136 GW/cm2 and 

150. GW/cm2, respectively, after the particles have been “switched on”. 

 

In addition to changing the peak laser intensity focused on the gold nanoparticles, we also changed the scan speed 

while keeping the peak laser intensity constant at a relatively low value of 69 GW/cm2 (a level at which particles 

were not “switched on” at the scan speed of 12.31 m/s used in previous studies). We observed that for a given 

intensity, 100 nm particles can be “switched on” simply by reducing the scan speed. Figure 4 illustrates scans of 

100 nm gold nanoparticles at scan speeds decreasing from 12.31 m/s to 0.77 m/s. At a scan speed of 0.77 m/s 

(Figure 4e), the particles were “switched on” and luminesced even when the scan speed was increased to 12.31 

m/s again (Figure 4f). 

 

Figure 4. Scans of a 2 m x 2 m region containing a single 100 nm particle using a peak laser intensity of 69 GW/cm2. The 

scans are shown in chronological order from a) to f). The particle was “switched on” during the scan shown in panel e). f) The 

particle luminesced even at the highest scan speed after being “switched on”. 
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Table 1 summarizes all of the data obtained for single particles in the confocal and multiphoton scans that were 

performed. In some of these scans, we also detected clusters of particles in the confocal scan; the results of these 

measurements are presented in Table 2 below. All of the data were obtained using scan speeds of 12.3 m/s. 

Unlike in the case of single particles, more than half of the clusters showed a multiphoton luminescence signal at 

relatively low peak laser intensities of 69 GW/cm2 (for the 15 nm, 60 nm, and 100 nm particles) and 138 GW/cm2 

(for the 40 nm particles). 

 

Table 2. Summary of the multiphoton luminescence scan results for clusters of gold nanospheres.  

Gold clusters 15 nm (20 clusters) 40 nm (43 clusters) 60 nm (22 clusters) 100 nm (8 clusters) 

No luminescence signal 0 6 3 0 

Luminescence signal at 

all intensities 

11 17 15 8 

Luminescence signal at 

69 GW/cm2 

11 19 17 8 

Luminescence signal at 

138 GW/cm2 

20 28 17 8 

Luminescence signal at 

207 GW/cm2 

20 37 17 8 

Luminescence signal at 

345 GW/cm2 

20 37 19 8 

 

To obtain an absolute measurement of the multiphoton luminescence excitation cross-section, we relied on a 

previously developed measurement setup35 that allowed us to quantify both the incident laser power and the 

number of luminescent photons generated. We measured the multiphoton luminescence cross-section of 100 nm 

gold nanospheres. Since confocal measurements as described above could not be performed on this experimental 

setup, we used conventional brightfield microscopy to ensure that only single particles and not clusters were 

analyzed. As in the case of confocal microscopy, we used the relative strength of the signals associated with spots 

in the brightfield image to determine if these corresponded to single particles or to clusters (single 100 nm 

particles have a strong enough signal to be visible in brightfield images). The efficiency of the detection path of 

the microscope depends on the spectrum of the emitted luminescence light (refer to Kauert et al., 200635 for 

details). Beversluis et al. (2003)12 previously determined that the shape of the multiphoton luminescence spectrum 

of 100 nm gold nanoparticles does not differ significantly from that of the scattered light spectrum; we used this 

spectrum, calculated using Mie Theory, in determining the efficiency of the detection path. Figure 5 shows a log-

log plot of the signal strength versus the peak laser intensity for three different nanospheres; the multiphoton 

excitation cross-section  and the exponent of the best-fit power law for each particle is given. The cross-section 

is defined by N =  IM, where N is the number of emitted photons per unit time, I is the incident laser intensity in 

photons/(cm2 s), and M is the power-law dependence of the multiphoton luminescence process. Note that the 

dotted black curve and the solid black curve represent two different power law fits to data from the same particle, 

since the power law behavior changes sharply at one point. The power-law exponents range from 1.5 to 2.8 in the 

fits to the data shown. 
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Figure 5. Log-log plot of the multiphoton luminescence signal of 100 nm gold nanoparticles versus the laser intensity 

measured using a calibrated experimental setup. The peak laser intensity is plotted along the x-axis and the number of emitted 

photons is plotted along the y-axis. The dotted black curve and the solid black curve are two different fits to data from the 

same particle. Red curve: power law exponent 2.3,  = 2.7 x 10-57 cm4.6 s1.3 / photon1.3. Blue curve: power law exponent 1.7,  

= 2.5 x 10-38 cm3.4 s0.7 / photon0.7. Green curve: power law exponent 2.4,  = 6.9 x 10-62 cm4.8 s1.4 / photon1.4. Dotted black 

curve: power law exponent 2.8,  = 2.5 x 10-76 cm5.6 s1.8 / photon1.8. Solid black curve: power law exponent 1.5,  = 1.0 x 10-31 

cm3.0 s0.5 / photon0.5. 

 

 

Figure 6. a-c) Plot of the multiphoton luminescence signal from different 100 nm gold nanospheres exposed to a laser 

intensity of 136 GW/cm2 as a function of time, illustrating the different types of time series observed. These plots illustrate that 

the signal from these particles does not exhibit blinking on time-scales of order 10 ms to 100 s. The signal decays smoothly to 

a constant level in a), decays more noisily in b) and disappears completely in c). d-f) Plot of the multiphoton luminescence 

signal from three different 100 nm gold nanosphere exposed to a laser intensity of 204 GW/cm2 as a function of time. These 

panels illustrate that the luminescence signal can fluctuate rapidly at higher incident laser intensities. The luminescence signal 

only disappears completely in e). 
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We also measured the multiphoton luminescence signal of single 100 nm gold nanospheres as a function of time 

(10 ms time resolution for times of several hundreds of seconds) to gain more insight into the photostability of the 

particles and the phenomena observed during the scans described above. We observed two qualitatively different 

behaviors at laser intensities of 146 W/cm2 and 204 W/cm2 (refer to Figure 6). In the former case, the time series 

do not exhibit any blinking (sudden changes in the luminescence signal), while in the latter case they clearly do 

(although the particles often do not blink off completely, but exhibit a weak remaining signal before blinking on 

again). All of the plots in Figure 6 exhibit significant fluctuation of the luminescence signal. At the end of each 

scan, we performed a check to ensure that the particle had not moved out of the focus during data acquisition. We 

simply adjusted the position of the particle with respect to the focused laser beam to optimize the signal. In most 

cases, the particle remained in the center of the focal spot and adjustment of the particle’s position did not result in 

an increase in signal. Data traces where this was not the case were discarded. 

DISCUSSION 

We have measured the multiphoton luminescence signal from gold nanoparticles irradiated with ultra-short pulse 

laser light with a wavelength of 800 nm. By imaging the same samples with confocal microscopy, we are able to 

distinguish between single particles and clusters of particles (clusters scatter significantly more light than single 

particles). This has allowed us to study the luminescence signal from single particles down to a size of 15 nm. 

More importantly, confocal microscopy allows us to detect gold nanoparticles that do not have a detectable 

multiphoton luminescence signal. Such particles would have been missed in previous studies, such as that of 

Farrel et al. (2005)13 and may explain previous reports that no multiphoton luminescence signal could be detected 

from single 40 nm gold nanospheres (Bouhelier et al., 2003)36. 

In fact, we observed that only about half of the nanospheres (for all particle sizes) imaged exhibited a detectable 

multiphoton luminescence signal, even after exposure to higher laser intensities that resulted in other particles 

being “switched on”. Furthermore, about 5 % of the particles (again, for all particle sizes studied) also stopped 

luminescing upon exposure to higher laser intensities; the particles were still visible in confocal scan performed 

subsequently. We suspect that laser-induced changes in the shape of the gold nanoparticle are responsible for the 

sudden enhancement or reduction of the multiphoton luminescence cross-section in gold nanospheres. Single 

photon luminescence is more efficient in prolate spheroidal than in spherical particles due to the stronger field 

enhancement in such particles20. This is very likely to be true for multiphoton luminescence also, since the field 

enhancement plays an even more important role in this case (for two photon luminescence, the enhancement goes 

as the fourth power of the input field strength, as opposed to the second for one photon luminescence). 

Changes in the particles’ luminescence were dependent not only on the incident intensity, but also on the duration 

of the exposure. Scanning across the particles more slowly, for example, resulted in a reduction of the threshold 

intensity needed to change the luminescence. Therefore, it is likely that thermal effects and linear absorption are at 

least partly responsible for the change in the particles. Further studies using continuous wave irradiation at the 

same 800 nm wavelength are planned to confirm this. In addition, spectroscopic and atomic force microscopy 

measurements will be carried out to elucidate the mechanisms involved in the observed changes in luminescence. 

The dependence of the luminescence on the excitation polarization before and after “switching on” a particle may 

also shed light on the how the particles are changed. While multiphoton luminescence in gold nanospheres does 

not depend on the polarization14, that in gold nanorods shows a cos4 dependence13. We note here that Eichelbaum 

et al. (2007)23 have discovered a potentially related effect. They exposed unannealed silicate-titanate films 

containing 20 mol% gold to laser intensities of 1 TW/cm2 and observed that a luminescence signal appeared in 

irradiated parts of the film. Eichelbaum et al. (2007)23 suggest that a multiphoton process is responsible for the 

observed changes in the films, but indicate that further experiments are required to test this hypothesis. 

It was previously observed that the multiphoton luminescence cross-section of gold nanospheres varies 

significantly from particle to particle; the authors of the study attributed this to the dependence of the field 

enhancement on the particle shape13. Although this study did not exclude clusters from the signal strength analysis 

(as is evident from a comparison of the size of the luminescence spots in the 15 nm and 100 nm images), the 

conclusion that the multiphoton luminescence signal varies strongly between single nanospheres of the same size 

is nevertheless correct. The results of our study confirm and extend this observation—we find that many gold 

nanospheres do not generate a detectable luminescence signal at all. 

We have observed a power law dependence of the multiphoton luminescence signal ranging from approximately 

M = 1.5 to 3. We have also observed multiphoton luminescence signals that do not exhibit a simple power law 
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dependence on the incident intensity. This may be due to a laser-induced change in the structure of the particle to 

a form that is more stable under laser irradiation, as previously proposed by Schuck et al. (2005)27. Many previous 

studies have reported on the power law dependence of the multiphoton luminescence signal strength on the 

incident intensity. While Eichelbaum et al. (2007)23 and Farrer et al. (2005)13 observed a cubic dependence in gold 

nanospheres, Hohenau et al. (2006, 2007)25,26 determined a quadratic dependence in arrays of rectangular 

particles, Wang et al. (2007)28 measured cubic and higher dependences in nanowires, and Schuck et al. (2005)27 

saw quadratic dependences in bowtie antennas. Eichelbaum et al. (2007)23 suggest that this variation in the power 

law dependence of the multiphoton signal may be due at least in part to the surrounding material (which can be, 

for instance, air, water, immersion oil, or a silicate matrix). Our studies have been performed at laser intensities of 

order 10 to 100 GW/cm2 where laser-induced changes in the particles’ luminescence clearly play an important 

role. Eichelbaum et al. (2007)23 performed measurements on ensembles of nanoparticles embedded in silicate-

titanate films, but did not directly specify the intensity and exposure time used. They observed a power law 

dependence of the luminescence on the laser intensity with an exponent between 2.4 and 2.9. As noted above, 

they found that luminescence could be “switched on” in their samples at intensities of order 1 TW/cm2. Farrer et 

al. (2005)13 used intensities of up to about 25 GW/cm2 at the sample and scan rates that are about two orders of 

magnitude faster than those we used. Therefore, they likely performed measurements in a regime where the laser 

did not induce changes in the luminescence of the particles. 

Researchers have suggested that the one photon luminescence signal in gold nanoparticles can exhibit blinking, 

similar to conventional fluorophores that enter a long-lived dark state (Geddes et al., 2003)37. At low peak laser 

intensities (below ~ 100 GW/cm2), we do not observe such behavior with multiphoton luminescence. Instead, the 

multiphoton luminescence signal decayed slightly over time before reaching a constant level in some cases, or it 

decayed completely. At higher peak laser intensities, we do observe sharp changes in the multiphoton 

luminescence signal. We suspect that this is due to rearrangement of the particle that results in a change in the 

multiphoton luminescence cross-section. Thus, we suggest that blinking in gold nanoparticles can be avoided by 

reducing the laser intensity. 

Our findings have key implications for using multiphoton luminescence from gold nanospheres as a way to label 

and to three-dimensionally track biological molecules or organelles. First, since not all gold nanospheres 

luminesce, a particle may need to be “switched on” with high laser intensities before it can be tracked. At the 

same time, collateral damage to the sample must of course be avoided. Second, the laser intensity at the sample 

and the exposure time must be limited to avoid blinking or “switching off” of the gold particles. The tracking 

algorithms developed must take these factors into account, for instance by exposing the particle to the laser beam 

only as much as is necessary to track it efficiently. 
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