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Abstract

The hot carriers generated by plasmon damping hold significant potential for photoelectric con-

version and photocatalysis. Despite numerous experiments and theoretical analyses, the precise

role of plasmonic hot carriers in such dynamical processes has not been well understood. Here we

present a theory of plasmonic photocatalysis based on the microscopic model of electron-vibrational

coupling and the vibrational heating mechanism. The nonthermal hot carrier distribution was de-

rived and treated on equal footing with the thermal Fermi-Dirac distribution. The inelastic rates of

vibrational excitations were calculated including the effect of multiple electronic transitions. As an

example of application, the O2 dissociation on silver nanoparticles was explored with focus on the

temperature- and light-intensity dependences. The dissociation rate evolves from a linear regime

into a superlinear regime due to the onset of vibrational heating induced by hot carriers. In the

nonlinear regime, nonthermal hot carriers greatly promote molecular dissociation. Our findings

provide insight into plasmonic photocatalysis, and paves the way for harnessing light energies in

the nonthermal regime.

I. INTRODUCTION

Optical absorption at plasmon resonance of metal nanostructures offers an efficient path-

way for energy harvesting and chemical conversion, thanks to the excitation of the collective

oscillations of metal conduction electrons [1–6]. These collective oscillations are scattered

rapidly by various mechanisms including the metal surface, which generate hot electron-hole

pairs with pronounced nonequilibrium energy distributions [7–12]. Recent experiments and

simulations suggest that these plasmonic hot carriers can directly couple to semiconductors

and molecules attached to the metal nanoparticles, leading to rapid carrier injections [13–18]

and molecular dissociations [19–28]. Such a direct coupling results from electron tunneling

and has been shown to be more efficient and faster in time scale than the internal relaxation

of the metal systems [14, 17, 18, 29]. In adsorbed molecules, Raman shift of molecular

vibrations has documented mode-specific vibrational temperatures, which are significantly

higher than the surface temperatures on the metal nanoparticles [30, 31]. It indicates that

electron-vibrational coupling under plasmon excitation is inhomogeneous among different
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modes within the same molecules. In the meantime, they are out of equilibrium with the

metal substrate that is in contact with.

At finite temperatures, plasmon induced vibrational heating in admolecules is inevitably

competed by thermal excitations and relaxations [32, 33], both within the molecules and

via the coupling to the substrate. With plasmon excitation, such a competition could be

more complicated and intriguing at the hot spots of the nanoparticle aggregates [34, 35],

where photothermal heating is expected to take place. How the thermal excitation interplays

with the electronic coupling remains elusive and challenging for future experiment [36]. In

order to disentangle the relative contributions between the electronic and thermal reaction

channels [24, 27, 37, 38], it is of paramount importance to develop theoretical models for

the electron-vibrational dynamics of the molecules in coupling with plasmonic hot carriers.

Recently, the Anderson-Newns model [39, 40] with a linear coupling to a harmonic oscilla-

tor has been used to describe plasmon induced vibrational excitation and photocatalysis [28]

by explicitly incorporating the inelastic scattering of a bath of nonthermal hot carriers, which

are generated by Landau damping of surface plasmons of metal nanoparticles [7, 8]. This

model captures the basic physics of electron-vibrational coupling, nonadiabatic reaction dy-

namics, and the effect of hot carrier distributions. It is a versatile model in surface science for

a broad range of phenomena including vibrational damping [41], electron energy loss spec-

troscopy [42], dissociation induced by tunneling electrons [43–45], and femtosecond laser

induced desorption and dissociations [46–50]. In particular, Linic and collaborators had

used this model to analyze the O2 dissociation on silver nanoparticles (AgNP) assuming a

single electron scattering event at the resonance energy [20]. With thermal and nonthermal

carriers treated in the same model, it is now possible to quantify each part and compare the

relative contributions from thermal and nonthermal excitations.

This paper has two objectives: First, it provides a comprehensive theoretical framework

for plasmon induced hot carrier coupling and bond dissociation, which was used in our early

publication at a fixed and high laser intensity [28]. This is a direct generalization of the

theory of vibrational heating induced by femtosecond laser pulses [42, 47–50] with an explicit

inclusion of nonthermal hot carriers. An analytical expression of vibrational transition rates

for coupling with a thermal electron bath has been derived and compared with numerical

evaluation. Second, based on this formulation, we explored the molecular dissociation of

O2 on AgNP, as a function of laser intensity, including the multiple electron scattering
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mechanism (the so called DIMET or vibrational heating mechanism [51]). Reexcitation

from vibrational excited states has been included and analyzed. We found that beyond

a moderate light intensity, local vibrational heating through multiple inelastic scattering

is a dominant mechanism for plasmonic photocatalysis. Our results explain the nonlinear

dependence of dissociation rates at higher light intensities [20, 21] and provide insight into the

mode-dependent vibrational temperatures in admolecules [30, 31, 43]. Vibrational heating by

nonthermal hot carriers is therefore a more likely mechanism than single electron scattering

mechanism. It bridges the gap between the thermal versus nonthermal mechanisms for

photocatalysis, which had been under debate in plasmonic photocatalysis.

The rest of the paper is organized as follows. Section II presents the formulation of our

theoretical model, where different expression and approximation of the vibrational transition

rates are provided and compared with numerical evaluation. The dissociation rates are then

evaluated in both DIET and DIMET mechanisms. In Sec. III, the model is applied to

study O2 dissociation on AgNP with a focus on the laser-intensity dependence. As the light

intensity increases, the transition from DIET to DIMET mechanism has been observed.

This is accompanied with vibrational heating in the molecular bond and the appearance of

nonlinear dependence of the dissociation rate. Section IV summaries the basic conclusions

and discussion.

II. MODEL

A. Hamiltonian and vibrational transition rates

The nanoparticle-molecule system is described by the Anderson-Newns model with a

linear electron-vibration coupling to a truncated harmonic oscillator [41, 42, 45, 47, 52].

The total Hamiltonian is comprised of the following three parts:

H = He +Hv +Hi, (1)
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where

He = εac
†
aca +

∑
k

εkc
†
kck +

∑
k

(vakc
†
ack +H.c.), (2a)

Hv = ℏΩb†b, (2b)

Hi = λc†aca(b
† + b). (2c)

The electronic Hamiltonian He consists of a molecular resonance |a⟩ with energy εa, the

continuum states of the metal nanoparticles |k⟩ with energies εk, and the tunneling coupling

vak between them. The molecular vibration Hv is approximated by a harmonic oscillator

with vibrational frequency Ω.

In the resonance electron-vibration coupling, vibrational excitation is induced by the

temporary occupation of the resonance state (na = c†aca), resulting in vibrational motion on

an excited state, which is described by a shifted harmonic oscillator with reaction coordinate

q. The coupling constant λ for the linear electron-vibration interaction is determined by

λ =

√
ℏ

2µΩ

d

dq
εa(q)

∣∣∣
q=q0

, (3)

where µ is the reduced mass for the oscillator, and q0 corresponds to the equilibrium position

of the ground state. Such a model Hamiltonian has been generally used to describe various

surface dynamical processes in surface sciences [42, 44–49].

To describe plasmon induced photocatalysis under CW laser irradiation, it is important

to consider the nonthermal hot carriers that are constantly generated by plasmonic damping.

These hot carriers can couple to the molecule on a timescale given by the tunneling lifetime

of the resonance state, which is typically a few femtoseconds [14, 17, 18]. It is much shorter

than the thermalization time on the picoseconds for hot carriers in metals and within the

nanoparticles [53–59]. Therefore, the successive and persistent generation of hot carriers by

CW lasers makes it possible to maintain a nonthermal distribution on top of the thermal

distribution background as given by the Fermi-Dirac distribution f0(ε, T ) with an electron

temperature. Neglecting the detailed dynamics of the hot carrier relaxation, the initial

nonthermal distribution function can be defined by [28]

fnth(ε) =
δρ(ε)

ρDOS(ε)
. (4)
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Here δρ(ε) is the density response of hot carriers generated by the Landau damping of

plasmons [7–11]. When normalized by the electron density of state ρDOS(ε), fnth can be in-

tegrated and compared with the equilibrium counterpart, f0 of the Fermi-Dirac distribution.

For an electron bath with a general distribution function f(ε), the inelastic transition rate

from vibrational state |n⟩ to state |n′⟩ of the admolecule can be evaluated as [42, 45, 47]

Wn→n′ =
4∆2

a

πℏ

∫
dεf(ε)[1− f(ε+ δε)]

∣∣∣∣∑
m

⟨n′|m⟩⟨m|n⟩
ε+ εn − ε̃a − εm + i∆a

∣∣∣∣2, (5)

where εn = nℏΩ is the vibrational energy of state n, δε = εn − εn′ is the energy transfer

between electrons and the molecule. ∆a =
∑

k πv
2
akδ(ε− εk) is the broadening of molecular

resonance, which effectively accounts for the tunneling coupling to the electron bath. Its

Hilbert transform Λa =
∑

k

∫
dε

v2ak
ε−εk

yields the energy shift of the resonance state ε̃a =

εa + Λa.

For a hot electron bath whose energy distribution can be characterized by a Fermi-Dirac

distribution with an electron temperature Te, it is not necessarily in equilibrium with the

lattice or environment. The integration over the energy distribution can be carried out, as

shown in the Appendix,

W th
n→n′ =

4∆2
a(n

′ − n)Ω

π
nB(Te, (n

′ − n)ℏΩ)

×
∣∣∣∣∑

m

F (m,n, n′; β)

εF + (n′ + n− 2m)ℏΩ/2− ε̃a + i∆a

∣∣∣∣2, (6)

where nB(Te, ε) = [exp(ε/kBTe)− 1]−1 is the Bose-Einstein distribution at Te, β = λ/(ℏΩ),

and

F (m,n, n′; β) =

√
n!n′!

m!
e−β2

βn+n′+2m

×
min[n′,m]∑

k1=0

min[n,m]∑
k2=0

(
m
k1

)(
m
k2

)
(−β2)k1+k2(n′ − k1)!(n− k2)!

.

(7)

Equation (6) guarantees the detailed balance between vibrational transitions,W th
n→n′/W th

n′→n =

exp[(εn − εn′)/kBTe]. In Appendix, this expression is compared with the exactly numerical

evaluations and a more simplified expression derived earlier [47]. When the lattice and

the electron bath are in equilibrium at the same temperature, equation (6) represents the

vibrational transition rate without laser irradiation, namely the dark condition.
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To incorporate the nonthermal hot carriers generated by the laser irradiation, the electron

distribution function can be generalized to include the nonthermal term as

f(ε, T ) = f0(ε, T ) + fnth(ε), (8)

since these nonthermal hot carriers also participate in the molecular scattering and vi-

brational excitation. In order to separate the thermal and nonthermal contributions, the

product between distribution functions in Eq. (5) is partitioned into four parts,

f(ε)(1− f(ε+ δε)) =(f0(ε) + fnth(ε))[1− (f0(ε+ δε) + fnth(ε+ δε))]

=f0(ε)(1− f0(ε+ δε)) + fnth(ε)(1− f0(ε+ δε))

− f0(ε)fnth(ε+ δε)− fnthfnth(ε+ δε).

(9)

Here the first term corresponds to the contribution from the thermal distributions. Due to

the tiny magnitude of fnth compared to f0, the last term is much smaller and can therefore be

neglected. The second and third terms correspond to the contributions from the nonthermal

hot electrons and hot holes, respectively, namely

W nth
n→n′ = WHE

n→n′ +WHH
n→n′ ,

WHE
n→n′ =

4∆2
a

πℏ

∫
dε fnth(ε)(1− f0(ε+ δε))

∣∣∣∣∑
m

⟨n′|m⟩⟨m|n⟩
ε+ εn − ε̃a − εm + i∆a

∣∣∣∣2,
WHH

n→n′ = −4∆2
a

πℏ

∫
dε f0(ε)fnth(ε+ δε)

∣∣∣∣∑
m

⟨n′|m⟩⟨m|n⟩
ε+ εn − ε̃a − εm + i∆a

∣∣∣∣2.
(10)

Equation (10) can be numerically evaluated. It provides an unambiguous and concise way

to calculate the nonthermal transition rates from hot electrons and holes, which was done

in an ad hoc way by dividing the distributions into three energy regimes [28].

In the truncated harmonic oscillator approximation for the ground state potential energy

surface (PES), molecular dissociation occurs when the vibrational energy surpasses the dis-

sociation barrier. By considering the vibrational transition from all bound states up to the

dissociation level, nd, the dissociation rate under laser excitation is given by:

Rdis =

nd−1∑
n=0

pn(T )Wn→nd
, (11)

where pn(T ) is the thermal population of vibrational state n at temperature T . For reaction

induced by single electronic transition (DIET regime), their vibrational populations follow

exactly the Bose-Einstein statistics at electronic temperature Te, which is assumed to be in

thermal equilibrium with the environment.
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B. Vibrational heating in the DIMET regime

The rate of dissociation in the DIET mechanism accounts only for a single inelastic

scattering from a bound state. It does not include possible modification of vibrational

populations by the multiple inelastic scattering of nonthermal carriers in the DIMET regime.

Experimentally, DIMET can naturally occur under high laser irradiations or in plasmonic

gaps with strong local field enhancement [20, 21, 60]. Vibrational heating can be described

efficiently by introducing a modified vibrational temperature Tv, which in principle should

be determined by solving the master equation [45, 47].

A simple and approximate way to determine the vibrational temperature in DIMET can

be obtained by extracting the temperature from the vibrational transitions between the

ground state n = 0 and the n = 1 excited state, W tot
0→1 = Γtot

↑ and W tot
1→0 = Γtot

↓ ,

Tv =
ℏΩ

kB ln

(
Γtot
↓

Γtot
↑

) =
ℏΩ

kB ln

(
Γth
↓ + Γnth

↓

Γth
↑ + Γnth

↑

) . (12)

With the vibrational temperature, the dissociation rate within the DIMET mechanism can

now be evaluated using the modified vibrational populations pn = nB(Tv, εn). We will

later discuss the effect of the DIMET mechanism and make comparison with the DIET

mechanism.

III. RESULTS AND DISCUSSIONS

Here we apply the model of Sec. II to study the vibrational excitation and dissociation of

O2 AgNP which has been intensively investigated experimentally [19, 20]. Upon adsorption,

the O-O bond lies parallelly to the surface [61–63], suggesting no direct coupling between

molecular dipole and the local field. Hence, direct photodissociation by the electric field

can be ruled out and the hot carrier mechanism is expected to be dominant. To describe

the electronic structure of AgNP, We adopt a jellium sphere model [7, 8, 13] for the ground

state spectrum of spherical nanoparticles with a diameter up to D = 25 nm and the Wigner-

Seitz radius rs/rB = 3.02, where rB is the Bohr radius. The adsorbate-specific parameters

are extracted from first-principle calculations of O2 chemisorbed on the Ag(100) [20], with

∆a = 0.6 eV, εa = 2.4 eV corresponding to the 2π∗ resonance of the O2 on Ag(100) surface,
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and ℏΩ = 0.10 eV being the vibrational energy of the adsorbed O-O stretch mode. The

barrier of dissociation will be investigated as a parameter, as its value should depend on the

specific local geometry of the molecular adsorption on the AgNP surface.

A. Hot carrier distribution

As a first step, the nonthermal distribution defined in Eq. (4) is first evaluated as a

function of wavelength and laser intensity. Figure 1 shows the energy and wavelength de-

pendences of the nonthermal distribution function. When illuminated by light with given

energy hν, the hot carriers generated are essentially distributed within the energy range

(εF, εF + hν) for the electrons and (εF − hν, εF) for the holes, respectively. Both distribu-

tions of electrons and holes are plotted by the absolute magnitude. For a given particle

size D and carrier lifetime τ , the nonthermal carriers are distributed predominantly near

the Fermi level due to the available thermal electron-hole pairs near the Fermi surface. The

hot carriers are therefore affected by the populations of thermal electron-hole pairs during

Landau damping. Apart from this thermal character, there are purely nonthermal distribu-

tions at energies far away from the Fermi level. Increasing the carrier lifetime or reducing

the nanoparticle size favors the hot carrier distribution and thus enhances the nonthermal

distributions [7]. In the dependence of photon energy, a clear resonance enhancement can

be observed at hν ∼ 3.5 eV, which coincides with the calculated plasmon resonance ℏωp

of the AgNP at the given diameter [64]. This resonance effect confirms that the plasmon

excitation is dominant in hot carrier generations.

Figure 2 shows the hot carrier distributions as a function of the light intensity. These

distributions have the same energy profiles. The magnitude of the distributions depends

linearly on the light intensity I0, as expected by the linear response theory. Under near-

resonant excitation, the local field experienced by the conduction electrons is dominated by

the plasmonic field, whose intensity scales linearly with that of the incident light. We have

not considered any nonlinear response of the field.

Figure 3 shows in more detail the total hot carrier distribution function at T = 500 K

including both the Fermi-Dirac distribution and the nonthermal distribution. The overall

distribution is dominated by the thermal distribution, as expected. Nonthermal distributions

are substantially smaller in magnitude for the low-energy electrons and holes near the Fermi
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level. However, away from the Fermi level, the thermal distributions exponentially decay

while the nonthermal distributions do not. It implies that the high-energy distributions

should always be dominated by the nonthermal electron-hole pairs. To help understand the

different contributions from the thermal and nonthermal carriers, we qualitatively divide

the total distribution function into three regions. The thermal (TH) region near the Fermi

level contains both thermal and nonthermal components, but is overwhelmingly dominated

by the thermal carriers. The hot hole (HH) and hot electron (HE) regions predominantly

consist of hot holes and hot electrons, respectively. The insets are close ups of distributions

in the HH and HE regions.

B. Rates of vibrational transitions

To investigate how the nonthermal hot carriers affect the vibrational excitation of the

molecules adsorbed on the nanoparticle surface, we plot in Fig. 4(a) the rate of vibrational

excitation W0→1 as a function of temperature with separate contributions from hot electrons

(red line), hot holes (blue line) and thermal carriers (black line). For vibrational transition

with small inelastic energy transfer, direct thermal activation still dominates with rates 2-4

orders of magnitude higher than those of the hot electrons and hot holes. Thermal contri-

bution shows temperature dependence, those of hot electrons and hot holes are temperature

independent, in accordance with their nonthermal character. Moreover, due to location of

the energy resonance, the vibrational coupling between high-energy hot electrons with the

unoccupied O2 2π∗ orbital is more efficient than the hot holes, leading to larger vibrational

excitation rates for the hot electrons.

The lower panel of Fig. 4(b) further shows the rate of vibrational transition to a higher

n = 6 state, where a larger amount of energy transfer is involved in the inelastic scattering.

The larger energy transfer required is inefficient for thermal excitation, which reaches only

10−11 s−1 even at a high temperature of 500 K. Instead, the rates induced by hot electrons

is much more efficient, while rates of hot holes are higher than the thermal excitations at

low temperatures. From Fig. 4(a) and Fig. 4(b), we can conclude that the nonthermal hot

electrons provide efficient channels in activating vibrational excitation and barrier crossing

of the admolecule, and are dominant for transitions involving larger inelastic energy transfer

in the low temperature regime. This conclusion was demonstrated at a very high CW light
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intensity (1012 W/m2) in the previous publication [28].

Figure 5(a) shows the light intensity dependence of W0→1 at a fixed temperature of

300 K. Contributions from different carriers are presented in the same way as shown in

Fig. 4(b). Here, the nonthermal contributions increase linearly with the light intensity as

expected from the linear response theory. It is clear that the thermal excitation dominates

W0→1 under weak illumination, and is overtaken by hot electrons for light intensities higher

than ∼4×109 W/m2. On the contrary, for W0→6 shown in Fig. 5(b), the hot electrons

remain as the most efficient channel across the entire region of light intensity under study.

The light intensity dependence of the inelastic transition rates suggests that the nonthermal

hot electrons plays an important role in activating molecular bond even at much lower light

intensities.

C. Dissociation rate in the vibrational heating mechanism

We next analyze the dissociation rate of O2 on AgNP. A laser with hν = 3.5 eV is used

for resonance plasmon excitation. Figure 6 shows the dissociation rate as a function of

light intensity in the DIET mechanism. The variation of dissociation barrier is modeled

by different dissociation level nd in the truncated harmonic oscillator model. Overall, the

dissociation rate is very sensitive to nd, and low energy barrier favors dissociation as expected

by the Arrhenius law. This is evidently verified in Fig. 6, where the magnitude of dissociation

rate is much larger at smaller nd. Besides, all the dissociation rates show linear dependence

on the light intensity as expected in the DIET mechanism. Such a linear dependence remains

to even lower intensities, because the dissociation rate involves large inelastic energy transfer

and is dominantly activated by the nonthermal hot carriers.

As light intensity increases, successive inelastic scatterings may induce local vibrational

heating within the molecular bond, which modifies local vibrational distributions and leads

to a vibrational temperature higher than that of the environment [30, 31, 43]. Such a

vibrational heating mechanism was found to dominate the surface desorption and reac-

tions induced by femtosecond laser pulses [46–50, 60]. Recently, it was also discussed that

the DIET mechanism was not sufficient to account for plasmonic photocatalysis [20, 21],

where the superlinear light intensity dependence has been observed at a not-so-high (103-

104 W/m2) laser intensity. Nonlinear intensity dependence is usually a clear signature of
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local vibrational heating due to multiple electronic scatterings [47, 49–51, 60].

Figure 7(a) shows the vibrational temperature, Tv, calculated by Eq. (10) as a function

of light intensity at three environmental temperatures Tenv = Te = 200, 300, and 400 K,

respectively. At low light intensities, vibrational heating is negligible. The vibrational

temperatures (solid lines) can hardly be distinguished from the electronic temperatures

(dashed lines). As the light intensity increases, the inelastic vibrational excitation gradually

populates higher vibrational states, modifying the detailed balance and lifting the vibra-

tional temperatures Tv to a higher value than Te. Indeed, higher vibrational temperature

of admolecule was reported using Raman thermometry [30, 31] as a signature of plasmonic

photocatalysis. The onset of vibrational heating starts at lower intensities when the envi-

ronmental temperature is decreased. At I0 = 1010 W/m2, the temperature increase in Tv

reaches ∼ 180 K at Te = 200 K, but is only ∼ 95 K at Te = 400 K. Figure 7(a) suggests that

the vibrational heating mechanism is the dominant mechanism in plasmonic photocatalysis

in the high intensity regime. Such a local heating in the vibrational mode is much more

efficient for chemical energy transfer and does not necessarily involve much increase in lattice

temperature.

The enhanced vibrational temperature directly affects the rate of dissociation, which

involves contributions from multiple electronic transitions. As shown in Fig. 7(b), the disso-

ciation rate follows similar trend as the vibrational temperature, but shows more sensitive

dependences in magnitude. At low light intensities, the dissociation rate is predominantly

determined by the DIET mechanism and thus follows a linear intensity dependence (dashed

lines). These rates (solid lines) deviate from their DIET curves as the light intensity in-

creases due to vibrational heating (see Fig. 7(a)), and evolve into a superlinear intensity

dependence. In the low temperature regime, where the vibrational heating is more dra-

matic, a more rapid and significant increase of superlinearity can be observed. We can

therefore conclude that the multiple electronic scatterings dominate the dissociation in the

high intensity regime, whereas in low intensity regime, the dissociation is still dominated by

the single electronic transition.

Figure 8 shows the light intensity dependence of the dissociation rate for different disso-

ciation barriers, and the comparison with those in the DIET mechanism (dashed lines) as

shown in Fig. 6. The dissociation rates are superlinear in the DIMET regime and are much

higher in magnitude. At light intensity (1010 W/m2), the superlinear rates correspond to a
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power-law dependence with a nonlinear exponent of n = 3.0, n = 4.2, n = 5.2, and n = 6.2,

for nd = 4, nd = 6, nd = 8 and nd = 10, respectively. From the theory of vibrational

heating [45–47, 49, 51, 60, 65], this nonlinear exponent corresponds to a robust number of

inelastic scatterings that is required for the molecule to reach dissociation.

Figure 9 displays the dissociation rate as a function of temperature in the vibrational

heating mechanism. The black solid line shows the dissociation rate at dark condition,

and essentially follows the Arrhenius law. With light irradiation, nonthermal activation of

molecular dissociation starts to operate and enhances significantly the rate of dissociation.

This effect is more drastic as the temperature decreases. In all these calculations, we used

resonant laser excitation and the dissociation level of nd = 6. At increasing temperature,

which yields population of higher vibrational states, dissociation by the excitation from

the vibrationally excited states becomes more efficient, which equivalently diminishes the

effect of the nonthermal carriers. From Fig. 9, we conclude that plasmonic hot carriers can

promote photodissociation mostly in low temperature and high-light intensity regime, where

multiple inelastic scattering by the nonthermal hot carriers becomes efficient and dominant.

While the model captures essential feature of nonthermal hot carriers in the rate of plas-

monic photodissociation and its transition from linear to superlinear light intensity depen-

dence, the calculated threshold (∼ 108 W/m2) of the transition is considerably higher than

the light intensity measured in the experiment (∼ 103 W/m2) [20]. This difference between

theory and experiment could largely result from the extra local field enhancement present

at the plasmonic gaps in experiment. Typically, the experiment was performed on ensemble

of nanocubes, where the photodissociation mostly take place at hot spots in narrow plas-

monic gaps. The local field therein is substantially higher than the surface field on a single

spherical nanoparticle as treated in our calculations. For instance, the field enhancement at

the hot spot of the nanoparticle dimer can be more than 3 orders of magnitude higher than

that near an individual nanoparticle [20, 66]. This local field argument is also consistent

with the experimental observation that single nanoparticle did not yield photodissociation

at the same experimental conditions [20]. In addition, dynamics beyond one-dimensional

harmonic oscillator, and possible inhomogeneous density distribution of hot carriers, which

are neglected in our model but may present in larger nanoparticles as used in experiment,

may also contribute to the quantitative discrepancy.
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IV. CONCLUSION

Based on the Anderson-Newns model of resonance electron-vibration coupling and an

explicit derivation of nonthermal hot carrier distribution, we have presented a theoretical

description of vibrational heating and dissociation induced by plasmonic hot carriers, with

the focus on the mechanism of plasmon induced photocatalysis. As an application of the

model, we analyzed the photodissociation of O2 adsorbed on AgNP and systematically ex-

amined the dissociation rate as functions of temperature and light intensity. Introduction of

the nonthermal distribution function enables us to quantify the contribution of nonthermal

carriers and compare with that of thermal carriers on equal footing under CW laser illumi-

nation. The results demonstrate that a small fraction of population by energetic nonthermal

carriers is sufficient to greatly enhance the vibrational excitation, thus promoting the cat-

alytic dissociation, especially in the low temperature regime. Furthermore, single electronic

scattering dominates the dissociation under weak excitation, multiple electronic scatterings

start to dominate as the light intensity increases. The transition from linear to superlinear

dependence of dissociation rate has been found, which is in accordance with experimental

observation. Our model captures the essential physics underlying the mechanism of plas-

monic catalysis, and reproduces the features of experimental measurement. It paves the way

to optimize the efficiency of plasmonic light harvesting and energy transformations.
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APPENDIX: EVALUATION OF Wn→n′ INDUCED BY HOT CARRIERS WITH

A THERMAL DISTRIBUTION

Here we evaluate the inelastic transition rate between two vibrational states |n⟩ and |n′⟩

induced by thermal hot carriers. By taking the Fermi-Dirac distribution f0(ε, Te) with an

14



electron temperature Te in Eq. (5), the rate reads

W th
n→n′ =

4∆2
a

πℏ

∫
dεf0(ε, Te)[1− f0(ε+ δε, Te)]

×
∣∣∣∣∑

m

⟨n′|m⟩⟨m|n⟩
ε+ εn − ε̃a − εm + i∆a

∣∣∣∣2. (A1)

Without explicitly calculating the Franck-Condon factors ⟨n′|m⟩ (and ⟨m|n⟩) and based on

the assumption ∆a ≫ ℏΩ, an approximate expression in the limit of weak electron-vibration

coupling was previously derived as [47]

Wn→n′ ≃4∆2
a(εn′ − εn)

πℏ
n>!

n<!

×
λ2(n>−n<)

{[εF + (εn′ + εn)/2− ε̃a]2 +∆2
a}n>−n<+1

× nB(Te, εn′ − εn),

(A2)

where n>=max{n,n′}, n<=min{n,n′}. We go beyond some of these approximations by

taking the Franck-Condon factors analytically, and arrive at an improved expression valid

in more general conditions.

The molecular vibration has been approximated by a harmonic oscillator Hp = ℏΩb†b,

whose ground PES is approximated by a truncated harmonic oscillator. With the linear

electron-vibration coupling mediated by the occupancy of the local resonance, the excited

state is represented by a shifted harmonic oscillator H∗
p = ℏΩb†b + λ(b† + b). The Franck-

Condon factor is the wavefunction overlap between two harmonic oscillators shifted by a

distance δq = |λ
√

2/(µℏΩ3)|, which can be evaluated analytically [67]. In particular, we

further assumed that the PESs of the ground state |n⟩ and the temporarily negative ion state

|m⟩ for O2 adsorbed on AgNP have the same force constant as suggested by first-principal

calculations [19, 20]. The general expression [67] is then reduced to a more compact form as

⟨n|m⟩ =


e−

β2

2 βn−m

√
m!

n!
Ln−m
m (β2), n ≥ m,

(−1)m−ne−
β2

2 βm−n

√
n!

m!
Lm−n
n (β2), n ≤ m,

(A3)

where β = (µΩ/2ℏ)1/2δq = λ/ℏΩ, and

Lα
n =

n∑
l=0

(−1)l
(
n+ α

n− l

)
βl

l!
(A4)
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is the generalized Laguerre polynomial.

Based on the fact that the distribution function f0(ε, Te) is fast varying around the Fermi

level, the product f0(ε, Te)[1 − f0(ε + δε, Te)] has a maximum at εF − δε/2 and dominates

in a range within ∼ kBTe. The energy integration in (A1) can therefore be performed by

moving the square of module, whose variation is small within kBTe, out of the integrand.

Combining with Eq. (A3), the vibrational transition rate mediated by thermal hot carriers

reads

W th
n→n′ ≃

4∆2
a(εn′ − εn)

πℏ

× |
∑
m

Fm,n,n′

εF + (εn′ + εn)/2− εa − εm + i∆a

|2

× nB(Te, εn′ − εn),

(A5)

with

Fm,n,n′ =

√
n!n′!

m!
e−β2

βn+n′+2m

×
min[n′,m]∑

k1=0

min[n,m]∑
k2=0

(
m
k1

)(
m
k2

)
(−β2)k1+k2(n′ − k1)!(n− k2)!

.

(A6)

In Tab. I we compare the results of W th
n→n′ evaluated by three different methods. For

the transition with low energy transfer (W0→1), Eq. (A5) shows good agreement with both

Eq. (A2) derived earlier [47] and that by numerical integration of Eq. (A1). However,

Eq. (A5) is more accurate than Eq. (A2) for vibrational transition involving larger energy

transfer as in (W0→6), it is comparable with the direct numerical evaluation.

W th
0→1 (s

−1) W th
0→6 (s

−1)

Eq. (A1) 9.08× 107 2.05× 10−14

Eq. (A5) 9.04× 107 1.25× 10−14

Eq. (A2) [47] 1.05× 108 8.87× 10−14

TABLE I. W th
n→n′ evaluated by different methods.
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FIG. 1. Wavelength dependence of the nonthermal energy distribution of plasmonic hot carriers. A

significant resonance enhancement appears at hν = 3.5 eV, corresponding to the plasmon resonance

of a silver sphere with diameter D = 25 nm. The calculations are taken at T = 300 K, I0 =

107 W/m2, and τ = 100 fs.
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FIG. 2. The nonthermal energy distribution of plasmonic hot carriers under resonant excitation

hν = 3.5 eV at different light intensities. Based on the linear response framework, the hot carrier

generation depends linearly on light intensity. Other parameters used in the calculations are

T = 300 K and τ = 100 fs.
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FIG. 3. The total electronic energy distribution at T = 500 K and I0 = 107 W/m2. Carriers are

segmented into three regions. The TH region around the Fermi level contains mostly the thermal

carriers, while the HH and HE regions consist of hot holes and hot electrons, respectively. The

nonthermal characters are colored for clarification.
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FIG. 4. Temperature dependence of the vibrational excitation rate with the light intensity fixed

at 107 W/m2. Contributions from hot electrons (red lines), hot holes (blue lines), and thermal

carriers (black lines) to both (a) n = 0 to n = 1 and (b) n = 0 to n = 6 excitations are evaluated.

The nonthermal carriers are efficient in promoting the activation of molecular vibrations.
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FIG. 5. Light intensity dependence of the vibrational excitation rate with the temperature fixed

at 300 K. Contributions from hot electrons (red lines), hot holes (blue lines), and thermal carriers

(black lines) to both (a) n = 0 to n = 1 and (b) n = 0 to n = 6 excitations are evaluated.

Nonthermal carriers remain efficient in activating higher level vibrational excitations, even at low

light intensities.
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FIG. 6. The nonthermal contribution to the dissociation rate within the DIET mechanism as a

function of light intensity at different values of dissociation level. The rate shows linear dependence

and possesses larger magnitude at lower dissociation level. Parameters used in the calculations are

hν = 3.5 eV, T = 300 K, and τ = 100 fs.
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FIG. 7. (a) Light intensity dependence of the vibrational temperature (solid lines) under resonant

illumination. As compared to the electronic temperature (dashed lines), dramatic vibrational heat-

ing of admolecule can be observed especially at high values of light intensity. (b) The dissociation

rates as a function of light intensity in the DIMET regime (solid lines) and are compared to the

corresponding DIET curves (dashed lines).
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FIG. 8. Light intensity dependence of the nonthermal contribution to the dissociation rate

calculated within the DIMET mechanism at different values of dissociation level. The dashed lines

are the linear fit of the rates under weak excitation. Clear superlinearity gradually shows up as

the light intensity increases.
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FIG. 9. Temperature dependence of the total dissociation rate at different light intensities under

resonant excitation. The nonthermal contributions are dominant in the low temperature regime

as compared to the thermal reaction limit (black solid line). All calculations are taken at nd = 6,

and τ = 100 fs.
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