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ABSTRACT: Photoinduced light emission from plasmonic nanoparticles has attracted 

considerable interest within the scientific community because of its potential applications in 

sensing, imaging, and nanothermometry. One of the suggested mechanisms for the light emission 

from plasmonic nanoparticles is the plasmon enhanced radiative recombination of hot carriers 

through inter- and intraband transitions. Here, we investigate the nanoparticle size-dependence on 

the photoluminescence through a systematic analysis of gold nanorods with similar aspect ratios. 

Using single-particle emission and scattering spectroscopy along with correlated scanning electron 

microscopy and electromagnetic simulations, we calculate the emission quantum yields and 

Purcell enhancement factors for individual gold nanorods. Our results show strong size-dependent 

quantum yields in gold nanorods, with higher quantum yields for smaller gold nanorods. 

Furthermore, by determining the relative contributions to the photoluminescence from inter- and 

intraband transitions, we deduce that the observed size-dependence predominantly originates from 

the size-dependence of intraband transitions. Specifically, within the framework of Fermi’s Golden 

rule for radiative recombination of excited charge carriers, we demonstrate that the Purcell factor 

enhancement alone cannot explain the emission size-dependence and that therefore changes in the 

transition matrix elements must also occur. Those changes are due to electric field confinement 

enhancing intraband transitions. These results provide vital insight into the intraband relaxation in 

metallic nanoconfined systems and therefore are of direct importance to the rapidly developing 

field of plasmonic photocatalysis. 
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Plasmonic nanoparticles have attracted significant attention in recent years because of their 

broad range of applications in sensing,1-3 imaging,4, 5 nanothermometry,6-8 photocatalysis,9, 10 and 

photocurrent generation.11, 12 The latter two applications rely on the generation of hot electrons 

and holes following photoexcitation. Distinct properties of hot electrons and holes have enabled 

different chemical processes: high energy hot electrons can induce bond dissociation reactions;13, 

14 and hot holes can lead to oxidation.15-17 Despite the recent progress, an improved understanding 

of how the distributions of hot electrons and holes evolve is still necessary and would enable the 

rational design of more efficient hot carrier based devices.18-21 

 

To date, several theoretical studies have demonstrated the dependence of hot carrier generation 

and distribution on the plasmonic nanoparticle geometry.20, 22-25 Simulations have predicted 

efficient generation of hot holes in gold nanoslabs thicker than 40 nm through interband transitions, 

but size confinement can also increase the probability of hot electron generation via intraband 

transitions.20 However, there are only a limited number of experimental results confirming 

enhanced intraband transitions in plasmonic nanostructures. For dimers of gold nanospheres it has 

been demonstrated that decreasing the gap size leads to stronger electric field confinement, 

allowing direct intraband transitions.26 Similarly, in thin gold films and especially those with 

roughened surfaces giving rise to localized surface plasmon resonances (LSPRs) enhanced 

intraband transitions have been deduced from ultrafast pump-probe measurements and emission 

spectroscopy.27-28 Based on these results, individual plasmonic nanoparticles with varying sizes 

are expected to be great candidates for a detailed investigation of size-dependent intraband 

transitions because the LSPR can be engineered in such a way that its spectral maximum remains 

almost constant while the associated electric field confinement varies strongly with size.  
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Due to the complexity of directly probing hot carriers, indirect methods for characterizing their 

properties have attracted attention.29, 30 The light emission from plasmonic nanoparticles, due to 

the radiative recombination of hot electrons and holes generated through inter- and intraband 

transitions or photoluminescence (PL), presents a unique method for indirect characterization of 

hot carriers.29, 31, 32 Using PL as a probe however requires an understanding of the mechanism and 

the relative contributions of inter- and intraband transitions. Emission from metal films was 

attributed to PL originating from interband transitions between the d-band and the sp-band near 

the L symmetry point of the Brillouin zone for bulk gold.33 Momentum forbidden intraband 

transitions were reported to contribute to the PL as well, if the surfaces were rough and supported 

LSPRs.28, 34 Emission from single AuNRs with well-defined plasmon modes has also been 

assigned to radiative recombinations of hot carriers via inter- or intraband transitions,29, 35, 36 

enhanced by plasmonic modes as quantitatively described with the Purcell effect mechanism.29, 30, 

32 An alternative proposed mechanism argues that emission from metal nanoparticles is the result 

of electronic Raman scattering.37, 38 A thorough study on the size-dependent contributions from 

inter- and intraband transitions to the emission is necessary to help further differentiate between 

these two mechanisms.  

 

In this work, we investigate the PL of AuNRs with different widths but similar aspect ratios to 

determine the size-dependence of inter- and intraband transitions. Within the distribution of single 

AuNRs studied here, similar aspect ratios yield comparable longitudinal LSPR wavelengths and 

hence equivalent interband plasmon damping,39 although retardation effects slightly redshift the 

longitudinal LSPR of the larger AuNRs.40, 41 AuNRs of different sizes but similar aspect ratios 
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have been used to study size effects on surface enhanced Raman scattering42 and chemical interface 

damping,43 but only a limited number of AuNRs with similar aspect ratios have been studied and 

were found to show a slight increase in PL intensity with decreasing size.44 However, the reason 

for the observed intensity increase has remained unclear.44 We therefore prepared three different 

samples of colloidal AuNRs with aspect ratios of ~2 and with average dimensions of 29 ± 2 × 63 

± 3, 45 ± 5 × 87 ± 7, and 77 ± 9 × 153 ± 9. We label single AuNRs by their width ranging from 

25-35 as small, 40-55 nm as medium, and 65-100 nm as the large AuNRs. By combining dark field 

scattering (DFS), PL spectroscopy, and correlated scanning electron microscopy (SEM) we obtain 

a detailed understanding of the size-dependent PL in individual AuNRs. Experimental results are 

supplemented with simulations of PL spectra and absorption cross sections based on the correlated 

SEM images. From the absorption cross sections and PL photon counting we calculate emission 

quantum yields (QYs) of individual AuNRs to directly compare absolute PL intensities for 

different sizes. We find a size-dependent decrease of the PL QY with increasing AuNR size, in 

agreement with the emission mechanism based on Purcell effect enhanced radiative recombination 

of hot carriers. Only a weak size-dependence is seen for the interband component in the PL 

spectrum of AuNRs. Importantly, our results, supported by finite difference time domain (FDTD) 

simulations of electric fields inside the AuNRs, directly demonstrate that intraband transitions are 

enhanced in smaller AuNRs due to strongly confined electric fields.  

 

RESULTS AND DISCUSSION 

Single-particle DFS and PL spectra were recorded for a number of particles from each sample 

and exhibited broadening of the DFS spectra and evolution of the PL lineshape as the size of the 

AuNRs increased. Representative DFS and PL spectra of small, medium, and large AuNRs are 
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presented in Figure 1A-C; the details for the characterization of length, width, and aspect ratio 

distributions of the three samples are presented in Figure S1. As the AuNR size increases, the DFS 

linewidth broadens due to increased radiation damping and, even though the aspect ratios are 

similar, there is a redshift of the longitudinal LSPR due to retardation effects (Figure 1A-C).31, 39, 

45, 46 The long wavelength resonance in the PL spectra follows the longitudinal LSPR seen in DFS, 

but is slightly blueshifted, in agreement with previous studies.29, 36, 44, 47, 48 The blueshift of the PL 

emission spectra increases with increasing AuNR size (Figure 1A-C) and is quantified for all 

AuNRs in Figure S2. This resonance has contributions from both inter- and intraband transitions.29, 

30, 35, 49 

 



 

 

8 

 

Figure 1. Representative correlated single-particle emission (line) and scattering (circles) spectra 

from small, medium, and large AuNR samples with sizes of (A) 29 × 63 nm, (B) 51 × 104 nm, and 

(C) 79 × 150 nm. Red and blue marked areas were used to investigate the polarization and power 

dependence of the emission at wavelengths corresponding to interband transitions and the LSPR 

spectral region, respectively. The corresponding SEM image of each AuNR is shown as insets. 

The spectra are intensity normalized at their corresponding long wavelength emission maximum 

to better illustrate spectral differences. (D–F) Emission polarization dependence for a 

representative small (D), medium (E), and large (F) AuNR for the interband transitions at 510 ± 3 

nm (blue circles) and close to the LSPR at the emission maximum λmax ± 3 nm (red circles). The 

intensities are normalized to the corresponding value of the long wavelength emission maximum 

at 0° for each AuNR. The interband transitions are unpolarized, while emission at the LSPR 

follows that of a dipole emitter as demonstrated by the characteristic cos2 intensity dependence as 

a function of polarizer angle (dotted black line). (G–I) Excitation power dependence of the 

emission for a representative small (G), medium (H), and large (I) AuNR. Excitation power 

dependence of the emission at 510 ± 3 nm (blue squares) and λmax ± 3 nm (red squares). A power-

law dependence of one for the emission intensity as a function of excitation power for all AuNRs 

indicates a one-photon process for both spectral regions.  The error bars shown were obtained by 

measuring the emission spectrum at every excitation power three times in random order. 

 

The short wavelength feature in the PL spectra of the AuNRs, attributed to interband transitions, 

varies significantly relative to the long wavelength resonance. This emission is unpolarized (Figure 

1D-F, blue dots) for all AuNR sizes, consistent with the assignment of interband transitions and a 

weak transverse plasmon mode with a reduced quality factor. In contrast, a strong dipolar emission 
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polarization dependence is observed for the long wavelength resonance, in agreement with 

previous reports.29, 31, 35, 44 This behavior is consistent among the entire range of AuNR sizes as 

illustrated in Figures 1D-F and S3 for an exemplary AuNR from each of three samples. In Figures 

1G-I and S4) we furthermore confirm that the emission for both short and long wavelength peaks 

is due to a one-photon process, as demonstrated by the linear PL intensity dependence on the 

excitation power.35, 50 

 

The relative ratio between the emission intensities of these two peaks reverses as the AuNR size 

increases. The dominant resonance in the emission spectra of small AuNRs is found close to the 

longitudinal LSPR (Figure 1A), while for the large AuNRs, interband transitions dominate (Figure 

1C). Note however that all spectra in Figure 1A-C are normalized at the long wavelength emission 

maximum to allow for a comparison between DFS and PL spectral features. As the PL intensity 

scales with the absorption cross section at the excitation wavelength of 488 nm, and hence with 

the volume of the AuNRs (Figure S5),51-53 the intensities as measured cannot be quantitatively 

compared. However, by calculating the QYs of all individual AuNRs (see methods section) we are 

able to scale the PL spectra for a quantitative assessment of the size-dependence. 
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Figure 2. (A) Emission spectra of five AuNRs with different sizes scaled based on their QYs. 

SEM images of the corresponding AuNRs are given on the right. The sizes are 27× 61 nm, 30 × 

67 nm, 40 × 90 nm, 50 × 104 nm, and 84 × 150 nm. Inset: Integrated intensity of the areas marked 

by the blue and red bars in the main figure for 120 AuNRs with different sizes; blue: centered at 

510 ± 3 nm and corresponding to the region where interband transitions dominate, red: at the 

emission resonance maximum λmax ± 3 nm close to the longitudinal LSPR. (B) PDOS simulations 

carried out for AuNRs with the same sizes.  
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In contrast to what is suggested by the normalized spectra in Figure 1, once corrected by 

individual AuNR QYs a pronounced decrease in the intensity of the long wavelength emission 

peak is observed as the size increases, while the emission intensity for the interband transitions is 

relatively independent of size. Figure 2A shows emission spectra that are scaled by their respective 

QY for 5 different AuNRs chosen to cover the entire range of sizes. Clearly, the emission 

resonance close to the longitudinal LSPR drastically decreases in intensity with increasing AuNR 

size (red circles, inset of Figure 2A). Fermi’s Golden rule states that emission is proportional to 

the photonic density of states (PDOS) and the transition matrix elements between the initial and 

final states.29, 47 For larger particle sizes, the LSPR is broadened due to increased radiation 

damping, resulting in a decrease of the Purcell factor (which is proportional to the PDOS54), thus 

causing a decrease in the emission enhancement.31 On the other hand, the interband emission does 

not follow a similar pronounced size-dependence compared to the emission at the longitudinal 

LSPR. The inset in Figure 2A shows the integrated emission corresponding to interband transitions 

for all AuNRs as a function of their width. Interband transitions are intrinsic properties of gold, 

and thus do not have a size-dependence when accounting for particle volume as done here. 31, 55, 56 

The slight decrease in intensity observed with increasing size is likely the result of a weak 

interband emission enhancement by the transverse surface plasmon that is strongest for the 

smallest AuNRs, consistent with increased plasmon damping for larger AuNRs.40, 57 For a more 

quantitative analysis of the emission enhancement as a function of AuNR size we will next focus 

on only the long wavelength resonance near the longitudinal LSPR.  

 

The calculated PDOS of AuNRs with different sizes follows a similar trend as the experimental 

AuNR emission spectra (Figure 2B). The wavelength dependent PDOS were determined by 
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integrating the radiative PDOS calculated near the boundary of the AuNRs using the finite element 

method (COMSOL Multiphysics 5.4).29, 58 As Figure 2B demonstrates, while the lineshape of the 

PDOS spectra deviates from that of the experimental emission spectra near the short wavelength 

feature, the main resonance peak close the longitudinal LSPR that we focus on here is successfully 

captured and the intensity decreases with increasing AuNR size. However, while the general trend 

is similar, the relative changes of PDOS intensities with increasing size are smaller than those of 

the experimental emission intensities near the longitudinal LSPR wavelength. Specifically, in the 

case of the AuNRs with dimensions of 27× 61 nm and 50 × 104 nm in Figure 2B, the relative ratio 

of emission intensity yields a value of ~ 4.2, while the corresponding ratio for the calculated PDOS 

is only 1.5. Although an excess emission intensity decrease in ensemble measurements has been 

attributed to the re-absorption of emission, this phenomenon is negligible in single-particle 

emission measurements of AuNRs with similar sizes.44, 59  

The excellent agreement between PDOS and the experimental emission spectra achieved for 

smaller AuNRs is furthermore confirmed by simulations of PL spectra. PL spectra were simulated 

using our previously published model based on emission enhancement by the Purcell effect (see 

methods section).29 A simulated PL spectrum is presented in Figure S6 and clearly shows that the 

spectral features of the experimental emission are well reproduced. Based on the simulated PL 

intensities of a total of eight AuNRs with varying sizes and the corresponding theoretical PDOS 

values at the longitudinal LSPR maximum, a linear dependence is established between PL intensity 

and PDOS for the small AuNRs, as illustrated in Figure S7. This linear dependence further 

strengthens our argument that for the entire AuNR size range the experimental PL intensities 

(Figure 2A) decrease more than expected based on PDOS alone (Figure 2B). We will furthermore 
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utilize this linear relationship between simulated PL intensity and PDOS for a more quantitative 

analysis below.  

  

Figure 3. (A) Mode volume (green line and circles) and physical volume (blue circles) as a 

function of AuNR width. Mode volumes were calculated for 23 AuNRs with sizes chosen 

randomly from within the experimental distribution. Pink squares show the 𝑄𝑄– 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 of the same 

individual AuNRs obtained from their respective DFS spectra. (B) QY scaled emission of AuNRs 

at their long wavelength emission maxima wavelengths ± 0.5 nm as a function of Purcell factor. 
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Data points are color coded for the small (green), medium (orange), and large (purple) AuNR 

samples. Gray circles indicate the simulated PL intensities as a function of Purcell Factor after 

appropriately scaling the PDOS calculated at the long wavelength emission maximum, with the 

gray line showing a linear regression to the simulated data and extrapolation to all AuNR sizes. 

The shadowed area indicates the standard deviation. The symbol sizes were chosen to be on the 

order of the error for all data presented, including the Q–factor uncertainties estimated through 

error propagation of Eres and Γ, uncertainties in AuNR widths and volumes as estimated based on 

the resolution of the SEM, and uncertainties in Purcell factor estimated through error propagation 

of the Q–factor and λ (Equation 1). 

 

Further quantifying the different contributions of inter- and intraband transitions to the emission 

spectra of AuNRs confirms that the size-dependent PL arises from changes in the contribution 

from intraband transitions (Figure 3). Based on the Purcell effect PL mechanism, the emission 

enhancement is proportional to the simulated PDOS. Instead of simulating the PDOS as shown in 

Figure 2, the Purcell factor can also be derived experimentally using the following definition: 54, 

60  

Purcell factor = 3 𝑄𝑄–𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
4𝜋𝜋2𝑉𝑉

�𝜆𝜆
𝑛𝑛
�
3
        (1) 

Here the 𝑄𝑄– 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the quality factor of the cavity resonance (i.e., the AuNR), 𝑉𝑉 describes the 

mode volume, 𝜆𝜆 is the emission wavelength, and 𝑛𝑛 is the refractive index of the surrounding 

medium and was set to 1. The 𝑄𝑄–𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is determined from the DFS spectra according to: 39, 61 

𝑄𝑄– 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟
𝛤𝛤

          (2) 
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Here Eres is the resonance energy and Γ is the homogeneous linewidth of the longitudinal LSPR 

both obtained through fitting to a Lorentzian function. 39, 61 Figure S8 shows the details of the 

fitting to a Lorentzian function for three exemplary AuNRs with small, medium, and large sizes. 

The mode volumes were calculated following the approach proposed by Koenderink:54, 62  

𝑉𝑉 = ∫(𝑅𝑅𝑅𝑅𝑅𝑅+2𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔/𝛾𝛾)|𝐸𝐸|2𝑑𝑑𝑓𝑓 
𝑚𝑚𝑓𝑓𝑚𝑚 ((𝑅𝑅𝑅𝑅𝑅𝑅+2𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔/𝛾𝛾)|𝐸𝐸|2)

         (3) 

In this procedure, the energy density is defined as (𝑅𝑅𝑅𝑅𝑅𝑅 + 2𝜔𝜔𝜔𝜔𝜔𝜔𝜔𝜔/𝛾𝛾) |𝐸𝐸|2 for plasmonic 

nanostructures instead of 𝜀𝜀|𝐸𝐸|2 as is the textbook definition of the mode volume.54, 63 The integral 

is calculated over all space, where |𝐸𝐸| is the magnitude of the electric field, ω is the frequency, 𝜀𝜀 

is the complex dielectric function taken from Johnson and Christy, and 𝛾𝛾 is the Drude damping, 

for which we used a value of 0.07eV.64, 65 

 

The measured 𝑄𝑄–𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and calculated mode volumes of the AuNRs are presented in Figure 

3A. Smaller AuNRs have mode volumes (green line and circles) comparable to their physical 

volume (blue circles). However, as the size increases the mode volume significantly differs from 

the physical volume, increasing much more slowly than the actual size because the electric field is 

mainly confined near the metal surface. From these values we calculated the Purcell factors for 

different AuNR sizes using Equation 1. Figure 3B illustrates the resulting QY scaled emission 

intensities at the long wavelength resonance as a function of the Purcell factor for all 120 AuNRs 

investigated.  

 

By increasing the AuNR size, the contribution from intraband transitions to light emission 

decreases. Based on the eight simulated PL spectra for small AuNRs discussed above, the gray 

circles in Figure 3B indicate the simulated PL intensity at the long wavelength resonance versus 
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the calculated and scaled PDOS, recognizing the proportional relationship between PDOS and 

Purcell factor.54  A linear interpolation of the simulated PL intensities and extrapolation to larger 

AuNR sizes predicts PL intensities based only on the enhancement by the PDOS and ignores any 

potential changes to the transition matrix elements, as indicated by the gray line in Figure 3B. This 

predicted trend is clearly not followed by the medium (Figure 3B, orange symbols) and large 

AuNRs (Figure 3B, purple symbols). Those deviations increase with increasing AuNR size, 

leading us to conclude that contributions from intraband transitions to their emission decrease.  

These results indicate that based on Fermi’s Golden rule, the transition matrix elements change as 

a function of size, which we attribute to decreased intraband transitions in larger sizes due to 

momentum conservation rules, similar to the case of smooth gold films where intraband transitions 

are not allowed.28 We next demonstrate that the observed size-dependent increase in the intraband 

contribution to the PL can be related to the stronger confinement of the electric field in the smaller 

AuNRs providing the necessary momentum for intraband transitions. 

 

 

Figure 4. FDTD simulations of the |E|2/|E0|2 distribution in the near field inside the AuNRs 

calculated at the long wavelength resonance. Schematic illustration and |E|2/|E0|2 distributions for 
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inside of the simulated AuNRs with sizes of (A) 27 × 55 nm and (B) 75 × 148 nm representing the 

small and large AuNR samples, respectively. The black lines indicate the outside boundary of the 

AuNRs. White dashed lines indicate the line sections taken along the long AuNR axis (y-axis). 

The confinement of |E|2/|E0|2 is estimated as the distance d over which the electric field varies, 

where d is taken as the full width of the line section at half maximum. 

 

The electric field confinement and its spatial nonuniformity in plasmonic nanoparticles can assist 

in enhancing intraband transitions by providing the necessary momentum. FDTD simulations for 

a small and a large AuNR were performed to obtain the electric field intensity distribution inside 

the AuNRs and to estimate the electric field confinement (Figure 4). The electric field distributions 

calculated for cross sections inside the AuNRs along their main axes at the corresponding long 

wavelength resonance wavelengths are more confined for the smaller AuNR (Figure 4A) 

compared to those of the larger AuNR (Figure 4B), in agreement with previous work.66, 67 The k-

vector of the confined electric field can be decomposed into components perpendicular and parallel 

to the metal surface, 𝑘𝑘⊥ and 𝑘𝑘∥ which can be written as 𝑘𝑘 = �𝑘𝑘∥2 + 𝑘𝑘⊥2 . In confined nanostructures 

|𝑘𝑘⊥|, �𝑘𝑘∥�  ≫ 𝑘𝑘.28 The wave vector with the largest magnitude present in the near field has been 

described using 𝑘𝑘∥ ≈ 𝜋𝜋 /𝑑𝑑, where 𝑑𝑑 corresponds to the distance over which the electric field 

varies.28, 68 Based on our calculations, approximate values for 𝑑𝑑 are 26 nm for the smaller AuNR 

(Figure 4A) and 66 nm for the larger AuNR (Figure 4B). The effective generation of intraband 

transitions reported for rough thin metal films with 𝑑𝑑 ≈ 5-30 nm is comparable to the value 

obtained here for the small AuNR.28 The derived 𝑘𝑘∥ for the smaller AuNR is approximately 12.0 

× 107 cm-1 and 4.8 × 107 cm-1 for the larger AuNR. Using the parabolic approximation for the 

conduction band dispersion and an approximate value of 108 cm-1 for the Fermi wave number in 
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gold,28 the momentum needed for exciting an electron in the sp-band to energy levels 

corresponding to the longitudinal LSPR of AuNRs with aspect ratio of 2 (i.e., 1.96 eV above the 

Fermi level) is ∆𝑘𝑘 ≈ 7 × 107 cm-1. When ∆𝑘𝑘 needed for intraband transitions and 𝑘𝑘∥ provided by 

the electric field distribution are of the same magnitude, direct excitation of electrons within the 

conduction band is possible.28 Comparing ∆𝑘𝑘 and 𝑘𝑘∥ of the two AuNRs supports that the emission 

spectra of the small AuNRs have a larger contribution from intraband transitions compared to the 

large AuNRs. Specifically, the calculated 2.3 times stronger electric field confinement in smaller 

AuNRs provides the necessary momentum mismatch to allow efficient radiative recombinations 

through intraband transitions compared to larger AuNRs with weaker electric field confinement. 

It has also been reported that other factors such as phonon coupling, the Umklapp process, and 

Landau damping can give rise to larger values of 𝑘𝑘|| in small nanoparticles.27 The analysis provided 

here further supports the conclusion that the increased PL intensity in smaller nanoparticles arises 

from an increase of intraband emission transitions that become allowed due to the nonuniformity 

of the internal electric fields. 

 

CONCLUSIONS 

In summary, we conducted a systematic study of the size-dependence of light emission from 

AuNRs. Our approach utilizes AuNRs of different widths but similar aspect ratios and hence 

similar resonance energies for the longitudinal mode in order to have comparable contributions 

from interband damping.31 Our single-particle DFS and PL spectroscopy along with the correlated 

SEM images reveal the importance of AuNR geometry on the emission spectra and QYs as well 

as on the relative contributions of inter- and intraband transitions to the PL. Our results suggest 

that, in small AuNRs, intraband transitions are allowed due to the increased electric field 
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confinement. While interband transitions are the dominant contribution in the emission of large 

AuNRs and are only weakly dependent on size, a noticeable decrease in the long wavelength 

emission of the large AuNRs is attributed to the decrease in the contribution from intraband 

transitions. Within the framework of Fermi’s Golden rule for radiative recombination of excited 

charge carriers, our combined experimental and theoretical results clearly demonstrate that the 

Purcell factor enhancement alone cannot explain the PL size-dependence and that therefore 

changes in the transition matrix elements must also occur. Those changes are due to the increased 

intraband contribution assisted by the electric field confinement. Furthermore, we conclude that 

the observed size-dependence of the emission from AuNRs is consistent with an emission 

mechanism based on photoluminescence from hot carriers. The direct experimental demonstration 

of enhanced intraband transitions in confined metallic nanostructures provides important insight 

that can be used for characterizing and optimizing plasmon-induced hot carrier generation in 

photocatalysis and photocurrent applications. 

 

METHODS 

AuNR Sample Preparation. Chemically synthesized AuNRs were selected from three samples 

with different sizes, but similar aspect ratios of ~2. The average sizes of the AuNRs in the three 

samples were 29 ± 2 × 63 ± 3 nm, 45 ± 5 × 87 ± 7 nm, and 77 ± 9 × 153 ± 9; referred to as small, 

medium, and large respectively. Small and medium AuNRs were synthesized using a modified 

seed-mediated growth process developed by the Murray group.69 The large AuNRs were 

synthesized based on a synthesis method by Ming et al.70 Details of the two synthesis protocols 

are described in a previous publication.29  
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Indexed quartz slides were used as substrates because quartz has a reduced background in 

emission measurements and thus results in increased signal to noise ratios. A dilute base piranha 

solution (1:4:20 NH4OH/H2O2/H2O) was used to clean the quartz slides (AdValue Tech). The 

slides were rinsed twice with Millipore (DI) water and N2 gas was used to dry the quartz substrates 

prior to gold evaporation for indexing. An indexed grid was patterned onto the quartz slides by 

evaporating 35 nm of gold through a TEM grid shadow mask (Ted Pella), enabling correlated 

single-particle measurements. The indexed quartz slides were then O2 plasma-cleaned for 2 

minutes. An appropriate concentration of AuNRs was spin-coated on the indexed quartz slides for 

60 s at 2500 rpm for adequate single-particle coverage.  In order to determine dimensions of the 

AuNRs, correlated SEM images of all individual AuNRs were obtained. SEM imaging was 

performed after all optical measurements using a FEI Quanta 400 ESEM FEG operated at a voltage 

of 30 kV in low-vacuum mode with a resolution of about 1.5 nm.  

Dark Field Scattering and Photoluminescence Measurements. A home-built single-particle 

setup based on an inverted microscope (Zeiss Axio Observer.D1m) was used for all the single-

particle measurements of this work.31 In our correlated configuration, DFS measurements were 

conducted first. A wide field image recorded on a digital single-lens reflex camera was collected 

and the same image was later used to locate the particles in the DFS and PL spectroscopy 

measurements. A halogen lamp (Zeiss HAL 100) provided the excitation light that was focused on 

the sample with an oil immersion dark field condenser. A 50x air objective with a 0.8 numerical 

aperture (Zeiss EC Epiplan-Neofluar) was used to collect the scattered light. The light was passed 

through a pinhole with a 50 µm diameter (Thorlabs P50S) to achieve a confocal geometry by 

spatially filtering the light. A DFS image was constructed by moving the sample with a piezo 

scanning stage (Physik Instrumente P-517.3CL) and detecting the spatially filtered light on an 
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avalanche photodiode (APD, PerkinElmer SPCM-AQRH-15). Single-particle DFS spectra of the 

imaged particles were obtained by redirecting the signal of each particle to a spectrometer 

(Shamrock SR193i-A) connected to a charge-coupled device (CCD) camera (Andor iDus 420 

BEX2-DD). The spectra, recorded with an integration time of 3 seconds, were background 

subtracted with signal from an area near the nanoparticle where no other nanoparticles were 

located. The spectra were furthermore corrected by the white light spectrum from the halogen lamp 

obtained by switching to the transmitted light mode of the condenser and recording the spectrum 

with the same CCD camera.  

Correlated confocal emission images and spectra were collected immediately after measuring 

the corresponding DFS spectra using the same instrument. For emission spectroscopy, a 488 nm 

continuous wave diode laser (Coherent OBIS) was used as the excitation source and was directed 

to the sample with a 50/50 dichroic mirror (Chroma). The pinhole was removed from the detection 

path and a 488 nm notch filter (Semrock) together with a 496 nm long pass filter (Semrock) were 

employed to reject the excitation source and transmit the emission. A depolarizer (Edmund Optics 

Quartz Lyot Depolarizer) was placed before the spectrometer to remove any polarization bias. For 

each nanoparticle three emission spectra with a 20 second exposure time were collected and 

averaged. The background signal for each nanoparticle was then measured on a blank area near 

the nanoparticle. The emission spectra were analyzed after background subtraction and adjustment 

for detection efficiency. The detection efficiency of the setup for different wavelengths was 

corrected by using a calibrated lamp (Ocean Optics LS-1 Cal) as described previously.71 The laser 

powers were measured after the objective at the sample plane. The laser beam size had a full width 

at half-maximum of ~400 nm as obtained from AuNR images. The excitation power density was 

limited to 1.1 × 105 W/cm-2 to prevent damaging the nanoparticles. Larger excitation power 
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densities were used in the power dependence measurements, but we always checked for 

nanoparticle damage by recording a second DFS spectrum after the emission measurements and 

only considering nanoparticles that showed no changes. 

Photoluminescence Simulations. PL spectra were calculated according to a previously 

published model based on the Purcell effect:29  

I(𝜔𝜔)  = ∑ Γ𝑖𝑖→𝑗𝑗(𝜔𝜔)𝑃𝑃𝑖𝑖(1 − 𝑃𝑃𝑗𝑗) 𝜌𝜌E(𝑅𝑅𝑖𝑖)𝜌𝜌E(𝑅𝑅𝑗𝑗)𝜌𝜌P(𝜔𝜔) 𝑅𝑅𝑖𝑖−𝑅𝑅𝑗𝑗=𝜔𝜔      (4)  

Where Γ𝑖𝑖→𝑗𝑗(𝜔𝜔) denotes the transition rate between states i and j given by Fermi’s golden rule. 

The energy dependence of the transition matrix elements was determined by parametrization with 

only one adjustable parameter and its value was fixed to 2.65 for all PL simulations. 𝑃𝑃i indicates 

the probability of electron occupation of state i. The hot carrier excitation was determined by the 

electronic density of states 𝜌𝜌E(𝑅𝑅𝑖𝑖) as well as the transition matrix elements. 𝜌𝜌P(𝜔𝜔) incorporates 

the enhancement effect of the calculated PDOS. A more detailed description of the PL simulation 

model has been published in ref [29]. Note that the simulated values of the PDOS (Figure S7) are 

proportional to the experimental Purcell factor as determined from Equation 1 and were 

appropriately scaled to be shown in Figure 3B.54  

Quantum Yield Calculation. The emission QYs of the individual AuNRs were calculated 

according to a previously published method.71 Here, the QY (Φ) is defined as the ratio of emitted 

photons (Nem) to absorbed photons (Nabs):  

𝛷𝛷 = 𝑁𝑁𝑟𝑟𝑒𝑒
𝑁𝑁𝑎𝑎𝑎𝑎𝑟𝑟

                 (5) 

First, the raw photon counts (Nraw) were determined by measuring photon counts obtained from 

APD images of single AuNRs in a 2 µm by 2 µm scanned area. Nem is then calculated by correcting 

Nraw for the wavelength dependent efficiencies of the optics and filters used (Π) and photon 

detection efficiency of our detector (Det.Eff):  
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Nem = Nraw
Π∙Det.Eff 

            (6) 

A standard dye, rhodamine 6G, excited at 488 nm with a known absorption cross section and 

QY, was used to obtain a 1.6% Det.Eff for our setup.  Nabs is determined using: 

Nabs = σabsIexc
hνexc

           (7) 

The excitation intensity (Iexc) was found by measuring the power of the incident laser at the 

sample plane after the objective and dividing it by the beam waist. FDTD simulations were used 

to calculate the absorption cross section (σabs) of each individual AuNR at the excitation 

wavelength based on the AuNR dimensions from SEM (Figure S5). Details regarding the FDTD 

simulations are discussed in the next section. The energy absorbed was converted into photons 

absorbed by dividing by the energy of the incident photons, hυexc. The calculated QYs of individual 

AuNRs were then employed to scale the experimental emission spectra making it possible to 

directly compare all AuNRs acquired during different measurements. In the scaling procedure, 

integration of the emission spectra over the entire detected spectral region was first carried out. 

Spectral scaling was then performed in such a way that the integrated scaled PL spectrum is equal 

to the QY according to: 

Φ = ∫ scaled PL spectrum         (8) 

Finite Difference Time Domain Simulations. The commercial software package Lumerical 

FDTD Solutions was employed to simulate absorption and scattering cross sections and 

electromagnetic field distributions of AuNRs. Each AuNR’s geometry was approximated as a 

hemisphere capped cylinder, covered with a 3.5 nm cetyltrimethylammonium bromide shell 

accounting for the ligand molecules; the refractive index of this dielectric layer was set to 1.44.72 

The bulk gold dielectric function measured by Johnson and Christy was employed to describe the 

AuNRs,64 sitting on a semi-infinite quartz substrate with a refractive index of 1.52.72 The AuNRs 
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were illuminated using a total field scattered field source with a wave vector normal to the AuNR 

longitudinal axis. A 0.5 nm computational mesh size was chosen and the convergence criteria were 

set to default with perfectly matched layers to avoid errors arising from reflections at the 

boundaries. The absorption and scattering cross sections were determined by setting power 

monitors that allowed for calculation of the net power flow into the total and scattered field 

simulation domains. The electric field distributions at the longitudinal LSPR were assessed using 

the frequency domain field profile monitors.  

For the absorption cross section simulations needed for the QY calculations, the dimensions of 

each AuNR were set equal to the sizes measured by the correlated SEM images and varied within 

± 2 nm for small and medium AuNRs and ± 5 nm for large AuNRs to achieve the best match 

between the simulated scattering cross section maximum and the experimentally measured DFS 

maximum. The tolerable range for a match between simulation and experiment was when the 

maxima deviated by only ± 5 nm. As an example, Figure S9 shows simulated scattering cross 

sections and their acceptable agreement with the experimental DFS spectra for three representative 

AuNRs, one each from the small, medium, and large samples. After achieving such agreement, the 

absorption cross section of the AuNRs was determined at 488 nm and used in the QY calculations. 

Finite Element Method Simulations. The commercial package COMSOL Multiphysics 5.4 RF 

Module was employed to determine the radiative PDOS spectra projected to the far-field for 

AuNRs. The sizes obtained from the correlated SEM images were used to set the dimension of 

each AuNR. To define the boundary conditions, the entire workplace was encompassed by 

perfectly matched layers. In order to compute the PDOS spectra, a dipole source was utilized and 

the medium was assumed to be homogenous. When the dipole source is in resonance with the 

AuNR, the emission from the system can be calculated for different dipole orientations.  
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