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Abstract 

Surface plasmons respond strongly to electric fields and generate energetic (hot) charge carriers that can 

be used in optoelectronic devices. However, utilization of hot carriers has to outcompete fast carrier 

relaxation in metals. Often, the reported efficiencies of nanoscale devices based on plasmon excitations 

are low, and the mechanisms of device operation remain inconsistent within the field. Further 

developments hinge on fundamental understanding the nature and kinetics of plasmon decay processes. 

We provide an overview of time-domain ab initio modelling of hot carrier dynamics, demonstrating that 

atomistic details of the surface structure of plasmonic materials, and their chemical interaction with 

semiconducting and molecular charge acceptors and substrates play key roles in governing the dynamics 

pathways. Considered case studies represent various dynamics channels and illustrate solar energy and 

optoelectronic applications.  
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Plasmonic Excitations Efficiently Generate Hot Charge Carriers 

Charge transfer across metal/semiconductor interfaces is central to optoelectronic functions of 

many applications, including photovoltaics, detection, catalysis, etc.[1–6] Charge transfer should be fast 

to compete with other photophysical processes, such as carrier thermalization, energy relaxation, charge 

trapping, diffusion, and recombination. Various approaches have been utilized to accelerate the charge 

transfer process. Plasmonic devices, typically based on nanostructures of silver, gold, and copper, have 

attracted strong interest. Surface plasmon resonance (SPR) is the collective oscillation of charges due to 

strong light-matter interaction occurring in metallic structures, Figure 1. Many experiments have focused 

on SPR excitations in plasmonic systems. A plasmonic charge wave can decay radiatively, via emission a 

photon (i.e., photoluminescence) or nonradiatively in a process called Landau damping (dephasing). 

Nonradiative decay of SPR generates the highly energetic plasmonic state, i.e., hot charge carriers. High-

energy hot carriers quickly scatter off each other, creating a Fermi-Dirac energy distribution at an elevated 

temperature. Subsequently, on a slower timescale, the charges relax and recombine by coupling to 

phonons. This timescale separation has given rise to the two-temperature model.[7] Great attention has 

been focused on the utilization of hot carriers for applications, including initiating photochemical reactions 

and increasing the efficiency of solar cells. Transfer of hot carriers from metallic particles to chemically 

attached acceptors provide an efficient route to stabilize and utilize hot carriers, Figure 2. The separated 

charges cannot recombine, and the recombination of charges across forbidden gaps in semiconductor 

acceptors is slow. There has been a tremendous number of experimental works devoted to developing 

materials involving plasmonic hot carriers.[8–11] Nevertheless, most reported energy conversion 

efficiencies have remained low, usually less than 1%,[12] limiting  applications. The underlying physical 

limitations are not fully established. A fundamental understanding of the mechanisms, timescales, and 

efficiencies of plasmon-induced hot-carriers dynamics remains of significant interest, since it can identify 

and rationalize the factors governing optoelectronic performance.  



 

Figure 1. Electron-vibrational dynamics induced by a plasmon excitation. (a) Excitation of a surface 

plasmon resonance (SPR) creates a coherent oscillation of electronic charge density. (b) The charge 

density wave is dampened and loses coherence (dephases) generating uncorrelated charge carriers. (c) 

Charge carriers relax by electron-electron (e-e) and electron-phonon (e-ph) scattering. (d) The excess 

energy is dissipated to environment. (e) Timescale graph for the processes illustrated in parts (a-d).  

 

To date, various ultrafast time-resolved spectroscopic techniques have been the primary tool for 

understanding the behavior of hot carriers, providing huge amounts of data used for phenomenological 

interpretations. While general behavior of hot carriers is established well, detailed mechanisms 

responsible for hot carrier evolution in plasmonic nanostructures remain elusive, because important 

photophysical and photochemical processes lack clear optical fingerprints in experiments. An atomistic 

description of the plasmon-induced hot carriers dynamics is increasingly necessary, while it presents a 

major challenge for current computational methods. Early works involve the development of semi-

phenomenological models capable of describing the relaxations of plasmonic hot charges.[13] Ab initio 

calculations, requiring few assumptions and containing no empirical parameters, have been used to 

account for the mechanisms of plasmon decay and gauge their relative contributions in different 

materials,[14–16] but ab initio calculations are limited to small and simple systems due to the large 

computational cost. Plasmons have also been investigated using jellium-type or noninteracting electron 

models,[17] linear response time-dependent density functional theory (TD-DFT),[18] perturbation 

theories such as Fermi’s golden rule,[19] and nonequilibrium Green function formalism in the framework 

of many-body perturbation theory.[20] Our group has developed an approach combining nonadiabatic 

molecular dynamics (NA-MD) and TD-DFT,[21–24] allowing us to mimic the time-resolved 



experiments directly in the time-domain and at the atomistic level, characterizing explicitly a broad range 

of nonequilibrium processes in a variety of nanoscale materials.[25–29] 

 

Figure 2. Plasmon-induced dynamics of hot carriers at metal and semiconductor interfaces. (a) Excitation 

of plasmons in a metallic system generates hot electrons and holes that relax and recombine rapidly in the 

absence of an energy gap. (b) Hot charge carriers in a semiconductor relax rapidly to the edges of the 

conduction and valence bands but take a long time to recombine. (c) Charge carriers generated in a metal 

by plasmon excitation can transfer to a semiconductor prior to relaxing and recombining. (d) If metal and 

semiconductor are strongly coupled, photoexcitation can create a charge-separated state.  (e) Charges in a 

metal can exchange energy with charges in doped semiconductors, leading to energy rather than charge 

transfer. (f) Plasmon states increase efficiency of charge transfer from a semiconductor to a weakly 

coupled metal.  

 

Ab Initio Quantum Dynamics Simulations Capture Atomistic Details of Plasmon-Driven Processes 



Ab initio quantum dynamics simulations provide a unique perspective on the evolution of plasmonic hot 

carriers by creating an atomistic description and describing the processes in the time domain, most closely 

mimicking time-resolved experiments. The state-of-the-art methodology, developed by the Prezhdo 

group,[21–24] combines real-time TD-DFT for the evolution of the electrons with NA-MD for the 

evolution of ionic cores and electron-ion interactions.  The electrons are treated quantum mechanically by 

solving the time-dependent Schrodinger equation, 𝑖𝑖ℏ 𝜕𝜕𝜕𝜕(𝑟𝑟,𝑅𝑅,𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐻𝐻(𝑟𝑟,𝑅𝑅, 𝑡𝑡)𝛹𝛹(𝑟𝑟,𝑅𝑅, 𝑡𝑡) , which depends 

parametrically on the classical ionic coordinates, 𝑅𝑅. The ion motions are described classically by MD with 

semiclassical corrections.[30] The electron-vibrational coupling matrix elements,  𝑑𝑑𝑘𝑘𝑘𝑘 =

�𝜑𝜑𝑘𝑘�𝑟𝑟,𝑅𝑅(𝑡𝑡)��∇𝑅𝑅�𝜑𝜑𝑗𝑗�𝑟𝑟,𝑅𝑅(𝑡𝑡)��, are computed on-the-fly along the trajectories. Charge-charge scattering is 

described by the screened Coulomb interaction.[31,32] Quantum transitions between electronic states are 

modelled by surface hopping,[24,33] which can be viewed as a master equation with nonperturbative, 

configuration- and time-dependent transition rates. The NA-MD/TD-DFT methodology is complementary 

to the Boltzmann transport equation (BTE) with electron-electron and electron-phonon scattering rates 

obtained by DFT.[34,35] While perturbative and employing the harmonic approximation for atomic 

motions, the BTE allows one to perform longer and larger scale simulations. It also enables fine sampling 

of electron and phonon momenta, and recent NA-MD developments are dedicated to achieving a similar 

goal.[36,37] Machine learning (ML) tools are being used actively to increase the efficiency and scope 

of the NA-MD calculations. Ab initio DFT provides input to train ML force fields and generate long MD 

trajectories,[38–40] and to develop large-scale models of electronic Hamiltonians.[41] ML allows one to 

predict long-time quantities from limited data[42] and to analyze the simulation results.[43] The NA-

MD/TD-DFT methodology has been successfully applied to study excited state dynamics in a broad range 

of nanoscale and condensed matter systems.[25–29] 

.  

Electron Dynamics Following Plasmonic Excitation Occurs on Multiple Timescales 

Excitation of a plasmon resonance leads to a cascade of decay events according to the following 

scenario, Figure 1. Landau damping transforms the collective state into an ensemble of hot electron-hole 

pairs within tens of femtoseconds. Hot carriers lose coherence and exchange energy through electron-

electron scattering within several hundreds of femtoseconds. The non-equilibrium state relaxes to a quasi-

equilibrium Fermi-Dirac distribution corresponding to a high effective carrier temperature.[7] 



Subsequently, the carriers relax by scattering with phonons within several picoseconds, dissipating energy 

to heat. Finally, the energy is transferred to the surrounding matrix within hundreds of picoseconds, 

dissipating heat from the metal to the environment. Prior to the thermalization, hot charge carriers can be 

extracted to an active medium to drive a chemical reaction or an optoelectronic device. The main 

challenges for the efficient charge extraction stem from the weak electronic coupling between metals and 

charge acceptors, and the ultrafast energy dissipation in the metal. Thus, it is particularly important to 

determine the special conditions required for rapid extraction of excited electrons while they are still “hot”. 

The decay dynamics can be strongly influenced by realistic aspects of the systems, including shape, size, 

and composition of nanostructures, temperature, surface and defect states, surface passivation, chemical 

surrounding, etc. Understanding the dynamics and competition of different pathways is crucial for 

utilizing the plasmonic energy.  

 

Figure 3. Plasmon initiated dynamics in metallic particles. Typical charge densities of (a) bulk, (b) surface, 

and (c) plasmon orbitals states in the Ag104 cluster. Reproduced, with permission, from [44].  (d) 

Optimized structure for the Au55 cluster. (e) Evolution of populations of electronic states in the Au55 

cluster. While most states are populated only transiently and are short-lived, there exists a special state 

(red line) that is populated for a relatively long time, which may be sufficient to initiate a photochemical 

reaction. Reproduced, with permission, from [45]. (f) Evolution of the electronic density of states in the 



Ag68 cluster. Decay of (g) lower and (h) higher energy plasmon excitations. No special states are seen in 

the Ag68 example. The population leaves the initial state, spreads over many states, and ultimately 

accumulates at the Fermi energy. Reproduced, with permission, from [46]. 

 

Phonon-Mediated Relaxation of Plasmonic Charge Carriers is Relatively Slow  

 Electron-vibrational interactions produce elastic and inelastic scattering. Inelastic scattering 

involves electronic and vibrational energy exchange, while elastic scattering induces loss of phase 

information and coherence. The decoherence time can be quantified as the pure-dephasing time,[47] 

whose inverse gives the homogenous (single particle) optical linewidth. Classic theories of surface 

plasmons consider plasmon-surface scattering to be the fastest contribution to plasmon dephasing.[48] 

Elastic electron-phonon scattering processes may[49] or may not[50] lead to pure-dephasing of plasmons. 

Phonon-induced pure-dephasing of plasmon, surface and bulk excitations in silver clusters, Figure 3a-c, 

was modelled using ab initio MD.[44] Since plasmon orbitals are localized away from the atoms, the 

electron-phonon coupling is much weaker for plasmons than bulk and surface states. Phonon-induced 

pure-dephasing of plasmons took 30-40 fs and showed modest size-dependence, electron-phonon coupling 

being stronger in smaller clusters. Both plasmon and non-plasmon states coupled primarily to low-

frequency acoustic-phonons that modulated size and shape of the nanoparticles and were sensitive to 

temperature variations, because the frequencies of acoustic phonons in metallic clusters are comparable 

to the thermal energy, kbT.  

Electron-phonon relaxation following plasmon excitation of the Ag68 particle was studied by ab 

initio TD-DFT/NA-MD,[46] Figure 3f-h. The inelastic scattering process took picoseconds, two orders of 

magnitude longer than the elastic plasmon-phonon scattering. The coupling to phonons was weak because 

plasmon orbitals were spatially delocalized away from the particles, Figure 3c. Higher energy plasmon 

orbitals were delocalized farther away from the cores, and hence, exhibited weaker coupling to phonons 

and decayed more slowly than lower energy plasmons, rationalizing the difference in the decay of low- 

and high-energy excitations observed in experiments.[51,52] The picosecond lifetime of hot electrons 

generated by plasmon excitations can be sufficient to allow charge extraction or initiation of elementary 

photochemical events associated with bond breaking, formation or rearrangement.  



Charge-phonon relaxation in metallic films is generally similar to that in clusters. The study on 

gold films[53] showed that, with increasing temperature, both inelastic and elastic electron-phonon 

scattering accelerated and involved broader ranges of phonon modes due to enhanced anharmonicity. The 

inelastic scattering was strongest between states with small energy gaps, because the NA electron-

vibrational coupling is inversely proportional to the energy gap.[22] The elastic scattering was fastest 

between pairs of states that were distant in energy, because it is proportional to the energy gap fluctuation, 

which is generally larger for larger gaps.[54] The electron-phonon interactions exhibited mild dependence 

on excitation energy, in agreement with the experimental linear dependence of the reflectance coefficients 

on electron temperature.[55] 

 

Metallic Particles Support Special, Longer-Lived Electronic States 

Metallic particles contain a variety of structural motifs on the surface, and particular structures can 

give rise to special states that partly decouple from the quasi-continuum of metal states and trap charges 

for relatively long times. The situation is known in catalysis, which often occurs on point or extended 

defects in metals, or at single metal atoms or small metal clusters.[56] The quantum dynamics modeling 

of hot electron relaxation in the Au55 cluster[45] following plasmon excitation found a long, 3.6 ps electron 

relaxation time, which was independent of the initial energy. The slow relaxation originated from a long-

lived intermediate state located 0.8 eV above the Fermi energy, Figure 3d,e. The intermediate state 

facilitated charge and energy transfer from the Au55 nanoparticle into TiO2 due to proper energy alignment 

with the TiO2 conduction band edge. These results ruled out the often assumed molecular-like relaxation 

in metallic clusters, because the relaxation happened via a quasi-continuum manifold of states. 

Interestingly, excited state dynamics in the Ru10/TiO2 system was reported to occur on a 1-2 ps 

timescale,[57] while the Au20/TiO2 system showed a 100 fs relaxation time.[58] The differences can be 

linked to the cluster shape. Both Ru10 and Au55 were spherical particles and generated picosecond 

relaxation times, while the Au20 particle was a pyramid and showed sub-picosecond relaxation.  

Ab initio MD simulations are limited to picoseconds, while metallic clusters can undergo atomic 

rearrangements on longer timescales. ML is a useful tool for developing ab initio level force fields that 

can be used to produce much longer trajectories.[38,39] This approach was used to study excited state 

quantum dynamics in the pyramidal Pt20 cluster adsorbed on the MoS2 substrate,[59] Figure 4a-c. The top 

atom of the pyramid was oscillating between two configurations on a hundred picosecond timescale. The 



perfectly pyramidal Pt20 particle produced rapid electron-phonon relaxation. However, when the top atom 

was partially detached from the rest of the pyramid, it introduced unsaturated chemical bonds that 

supported a localized electron trap state with reduced coupling to the rest of the system. The trap state 

extended the hot electron lifetime 3-fold, creating favorable conditions for a catalytic process. 

Photochemistry of molecules adsorbed on periodic surfaces depends strongly on lifetime of transiently 

populated molecular electronic states, and even short lifetimes can be sufficient.[60] Whether or not the 

trap state on the Pt20 cluster was populated depended on the initial energy of the electron as it was entering 

the Pt20 particle. Higher energy initial states had access to additional relaxation pathways bypassing the 

trap state. The transient structural distortion of Pt20, supporting a longer-lived electron trap, provided an 

example of potentially many analogous scenarios that may play key roles in metal cluster catalysis driven 

by hot electrons.  

 

Figure 4. Charge transfer processes at interfaces between metallic particles and semiconductors. (a) Hot 

electron injection and relaxation in Pt20/MoS2. Electron transferred from the MoS2 conduction band 

minimum (CBM) into Pt20 gets transiently trapped in the state depicted in part (c). However, electron 

transferred from a higher energy in MoS2 bypasses the trap. (b) The top atom of the Pt20 pyramid, shown 

in part (c), fluctuates on a 100 ps timescale, creating the trap state. (c) The initial, trap and final states for 

the electron transfer dynamics in Pt20/MoS2. Reproduced, with permission, from [59]. (d) The 

photoexcited, acceptor and Fermi level states in Au20/TiO2. Because TiO2 is a three-dimensional material, 

its surface has unsaturated chemical bonds that interact strongly with Au20. The strong interaction enables 

plasmonic excitation of a state with a large charge transfer character. The theoretical prediction [58] was 

demonstrated experimentally [10]. (e) Traditional (top) and charge transfer excitation (bottom) 

mechanisms of plasmon-driven charge separation. About 60% of the electron is already transferred from 



Au20 to TiO2 during photoexcitation (right), and the remaining 40% of the electron transfer to TiO2 within 

40 fs by nonadiabatic transitions. Reproduced, with permission, from [58].  (f) The extent of charge 

transfer occurring during photoexcitation of Au55/MoS2 and Ag55/MoS2 depends on light polarization. 

Longitudinal excitation gives more charge transfer than transverse excitation. Reproduced, with 

permission, from [61]. (g) Plasmon (top and middle) and bulk (bottom) excitations in Au100/MoS2. 

Because MoS2 has no unsaturated chemical bonds on the surface, and plasmonic excitations in the Au100 

rods are localized away from MoS2, the photoexcited states exhibit very little charge transfer character. 

Reproduced, with permission, from [62]. 

 

Substrates Can Strongly Influence Charge Carrier Dynamics in Metals 

Substrates and adhesion layers are commonly used to assemble complex nanostructures, to achieve 

advanced optical and electronic functionalities. The electronic response of metal/substrate composites can 

be much different from that of free-standing structures. Interaction between a metal and a conducting 

substrate may give rise to composite plasmon-plasmon resonances.[63] Inclusion of adhesion layers,[64] 

surface adsorbates,[8] and molecules[65] between metal films and semiconducting or dielectric substrates 

help to enhance charge and energy flow across interfaces.  

Thin titanium (Ti) and titanium oxide (TiOx) films have been used as adhesion layers between 

metal films and dielectric substrates to improve thermal transport. Experiments[66] showed that inclusion 

of a Ti layer between Au films and dielectric substrates increased the interfacial bonding and accelerated 

the energy flow. Ab initio quantum dynamics calculations,[67] Figure 5a,b, identified the reasons. The Ti 

layer greatly enhanced the density of states in the relevant energy window. In addition, Ti atoms were 

much lighter than Au atoms, creating strong electron-phonon coupling. By contrast, semiconducting 

substrates, such as Si, SiO2, or Al2O3, had no effect on electron-phonon dynamics, even though they are 

also composed of light atoms. This is because they have almost no contribution to the states near the Fermi 

level. Further calculations[68] demonstrated that the hot electron relaxation was robust to partial alloying 

between Ti adhesion layers and Au films. Similar results were established for holes.[69] The influence of 

the Ti adhesion layer on the hole-phonon relaxation showed strong energy dependence, because the 

electronic density of states exhibited a sharp step below the Fermi energy, due to contributions of different 

atomic orbitals to the electronic energy bands in the metal. 



TiOx layers exhibit a range of stoichiometries, with x ranging from 0 to greater than 2. 

Experiments[70] indicated that TiOx layers with relatively low oxygen content were beneficial for thermal 

boundary conductance.  Kumar et al.[71] found experimentally that incorporation of non-stoichiometric 

TiOx layers improved photocatalytic activity of plasmonic Au nanostructures. Lu et al.[72] demonstrated, 

using NA-MD/TD-DFT simulation, that the chemical composition and stoichiometry of the TiOx layer 

strongly influenced the nonradiative electron-phonon relaxation processes. By changing the oxygen 

content in TiOx, the hot carrier lifetimes can be strongly tuned. The control over a particular charge carrier 

and an energy range is related to the energy level alignment between the Au film and the TiOx substrate, 

and to the strength of interfacial bonding, both factors influenced by the oxygen content. Oxygen-rich and 

oxygen-poor TiO2 modulate the hole and electron relaxations, respectively, while Ti metal controls the 

relaxation of both charge carriers. The predictions obtained from the atomistic quantum dynamics 

simulations have been verified by experiments[73] and apply to other metal/substrate nanocomposites. 

 

Figure 5.  Charge and energy transfer processes between metal and semiconductor films. (a) Thin Ti 

adhesion layers are often placed between Au films and semiconductor substrates. (b) The thin Ti adhesion 

layer accelerates charge-phonon energy exchange nearly five-fold, because Ti atoms are much lighter than 

Au atoms, and the Ti layer has a large density of states near the Fermi energy. Reproduced, with 

permission, from [67]. (c) The charge-phonon energy relaxation rate can be controlled by the TiOx 

substrate stoichiometry, which determines alignment of the Au and TiOx the energy levels. The theoretical 

prediction [72] was later confirmed experimentally [73]. Reproduced, with permission, from [72]. (d) 

Plasmon orbitals (top) extend into the gap between the weakly interacting MoS2 and Au films, facilitating 

charge transfer from MoS2 to Au, as demonstrated by experiment and rationalized by theory [74]. Bulk 

orbitals (bottom) do not exhibit this property. Reproduced, with permission, from [74]. (e) In addition to 



the plasmon-initiated charge transfer from a metal to a semiconductor (top), one can attain energy transfer 

(bottom) by scattering of hot electrons in the metal with conduction band electrons present in a doped 

semiconductor. While Coulomb attraction between the transferred electrons and remaining holes limits 

the charge transfer, the energy transfer does not have such limitation, and large amounts of energy can 

flow rapidly by the charge-charge scattering mechanism. Reproduced, with permission, from [75]. 

 

Sequential vs. Instantaneous Charge Transfer at Metal/Semiconductor Interfaces 

Extraction of hot carriers following plasmonic excitation is a central question in applications. It is 

essential to extract the carriers within about a picosecond before they dissipate most of the excess energy 

to heat. There exists no “rule of thumb” regarding the charge transfer mechanism. Atomistic details of the 

interfacial interaction do matter and can be captured by an atomistic simulation. The conventional view 

involves the indirect plasmon-induced hot-electron transfer (PHET): Hot carriers are generated in the 

metal by plasmon decay and then undergo charge transfer to a chemically attached acceptor. This process 

was verified experimentally in a simple system of Au nanorods coated with monolayer thiol molecules.[76] 

However, according to both experiment and theory, PHET is considered rather inefficient, since 

photoexcited electrons in a metal have short lifetimes due to high density of electronic states all the way 

from the initial excitation energy to the Fermi level, causing rapid charge relaxation and recombination. 

Often, such rapid relaxation contradicts observations, and one may wonder whether there is another 

mechanism that avoids hot carrier losses in the metal while maintaining fast charge transfer to the acceptor.  

Excitation of the Au plasmon resonance in Au/TiO2 heterostructures showed electron injection 

into the TiO2 conduction band within 240 fs.[77] A similar, ultrafast charge transfer was seen in metal 

nanoparticle/CdS heterostructures.[9] To rationalize the sub-picosecond timescales, Long and Prezhdo[58] 

studied theoretically a Au20 nanoparticle absorbed on a TiO2 surface, and observed direct plasmon-

induced charge transfer (PICT) involving electronically excited states with a large fraction of charge 

density delocalized from Au20 onto TiO2, Figure 4d. Upon plasmon photoexcitation, an electron appeared 

immediately inside TiO2 in 60% of the cases, bypassing the intermediate step of charge thermalization 

inside the nanoparticle. In the remaining 40% of the cases, the electron injection into TiO2 occurred on a 

100 fs timescale by the nonadiabatic mechanism, i.e., by hops between electronic states localized in Au20 

to electronic states of TiO2, Figure 4e. The electron-phonon energy relaxation paralleled the electron 

injection but was slower. Following the generation of the charge separated state, the electron overcame 



attraction to the hole and delocalized into TiO2 bulk driven by entropy due to a high number of accessible 

bulk TiO2 states. Presence of structural defects in TiO2 can trap the injected electron, enabling picosecond 

electron-hole recombination.  The unconventional PICT mechanism was demonstrated experimentally a 

year later for an Au nanoparticle grown on a CdSe nanorod by Lian and co-workers.[10] These exciting 

findings called for more thorough understanding of plasmon-induced charge transfer via atomistic 

modeling. 

 Calculations show that plasmon-driven charge separation is strongly influenced by the interfacial 

interaction. Considering the same Au20 pyramid as well as Au100 nanorods interfaced with the MoS2 

substrate, Figure 4g, Long, Prezhdo and co-workers demonstrated that traditional PHET was the dominant 

mechanism.[62] The plasmonic excitation decayed into free-electron states within 30 fs after 

photoexcitation. Electron transfer from Au into MoS2 followed within 100 fs, outcompeting energy 

relaxation within Au, requiring several 100 fs. In contrast to the Au20/TiO2 system, plasmonic charge-

transfer excitations were not formed in Au20/MoS2 because the interfacial interaction was much weaker. 

The TiO2 surface contains under-coordinated atoms that are eager to form chemical bonds with Au. In 

contrast, an intrinsically two-dimensional material, MoS2 contains no under-coordinated atoms, and the 

Au/MoS2 interaction is primarily van der Waals. The authors concluded that PHET dominates if the 

interaction with the metal is week, e.g. van der Waals, while PICT occurs when the interaction is strong, 

e.g. chemical bonding. In the experimental demonstration of PICT, the Au particle was chemically grown 

on the CdSe nanorod.[10] Considering electron injection from the Au55 and Ag55 metallic clusters into a 

MoS2 monolayer, Zhang et al.[61] demonstrated that the PHET and PICT mechanisms can coexist even 

in weakly bound hybrids, both mechanisms leading to faster carrier transfer than carrier cooling. The 

relative contributions of the two mechanisms were sensitive to polarization of the incident light, Figure 

4f. Kumar et al.[78] demonstrated that probabilities of PHET and PICT were also sensitive to other 

external stimuli such as strain. The plasmon excitation delocalized between the metal and the 

semiconductor established a novel concept for plasmonic photosensitization of wide band gap 

semiconductors,[10,58] leading to efficient conversion of photons to charge carriers for solar energy and 

optoelectronic applications. 

 

Electron-Electron Scattering at Metal/Semiconductor Interfaces Rapidly Transfers Hot Electron 

Energy  



 Hot electrons in a metal can transfer energy across metal/semiconductor interfaces without 

transferring charge. Electron-vibrational relaxation heats up phonons, and phonons of a metal scatter with 

phonons in a semiconductor. Phonon-phonon scattering is relatively slow, compared to electron-electron 

scattering, and is harder to control.[79] If the semiconductor is intrinsically or extrinsically doped, hot 

electrons in the metal can scatter with charges in the semiconductor. Given a sufficiently high 

concentration of charge carriers in the semiconductor, significant amounts of energy can be rapidly 

transferred across the interface. The extend of the energy transfer can greatly exceed the amount of charge 

transfer, which is limited by attraction of the transferred electrons with the remaining holes across the 

interface. Charge-charge scattering between metal and semiconductor occurs via Coulomb coupling,[31] 

and ab initio quantum dynamics simulations require consideration of ensembles of electrons.[80] If the 

thickness of the metal layer is less than the electron scattering length for the metal, the energy transfer 

across the metal/semiconductor interface becomes ballistic and extremely fast. 

Focusing on an Au/CdO interface, Tomko et al.[75] reported experimentally that in cases of strong 

non-equilibrium, photoexcited metals can undergo an electron-mediated ballistic energy transfer to a non-

metal substrate, without charge injection. They termed this effect ballistic thermal injection (BTI). BTI 

is different from the interfacial charge transfer caused by hot electrons traversing the Schottky energy 

barrier. Ab initio NA-MD simulation suggested that energy transfer from Au to CdO is mediated by hot 

electron energy coupling. The proposed BTI mechanism offers the possibility of remotely modulating the 

optical and electronic properties of non-metals without specific electronic excitations at the 

metal/semiconductor interfaces.  

 

Plasmon States Can Efficiently Accept Charges over Significant Distances  

The examples discussed above focused on quantum dynamics of hot electrons generated in a metal. 

The opposite process, in which hot electrons generated in a semiconductor transfer charge or energy into 

a metal, is also important from both fundamental and applied points-of-view and can be facilitated by 

plasmon states. Xu et al.[74] carried out joint experimental and theoretical studies of distance dependent 

hot-electron-transfer dynamics at the MoS2/Au interface using a combination of time-resolved 

photoemission electron microscopy and ab initio calculations, Figure 5d. They found that the electron 

injected into MoS2 can undergo ultrafast transfer to the Au substrate within few hundreds of femtoseconds. 

The electron transfer rate was demonstrated to decrease exponentially as a function of the MoS2-Au 



distance. Surprisingly, the attenuation coefficient was very small, 0.06 ± 0.01 Å−1, indicating efficient 

electron injection into the metal over nearly a nanometer of vacuum. The rate decayed much more rapidly 

at larger MoS2-Au separations. The experimental result was rationalized by the ab initio calculations 

showing that the transition from the slow to the rapid decay coincided with the reach of the Au plasmon 

orbitals into the vacuum, top panel of Figure 5d, and that the charge transfer proceeded via these states. 

The weak distance dependence of the interfacial electron transfer process, achieved through participation 

of plasmon states, suggested that the transfer should be robust against surface defects and corrugation – 

an important practical feature of optoelectronic devices.  

 

Concluding Remarks  

We have summarized the recent findings that shed light on the microscopic mechanisms 

underlying the evolution of plasmonic hot carriers in a diverse set of systems, motivated by hot carrier 

utilization in solar energy conversion and optoelectronics. The ab initio TD-DFT/NA-MD calculations 

consider the full set of processes occurring in systems composed of hundreds of atoms and on timescales 

from femto- to nanoseconds. The simulation methodology treats simultaneously the dynamics of coupled 

electronic and atomic systems, allows one to study complex far-from-equilibrium processes in real time 

and at the ab initio level, directly mimicking the time-resolved experiments. Particular focus has been 

given to the atomistic details that are responsible for funneling of plasmon energy into special, chemically 

active electronic states and determine interfacial interactions in nanoscale hybrids. The nature of plasmon-

active electronic excitations, plasmon dephasing, charge-charge and charge-phonon scattering, hot carrier 

charge and energy transfer, and influence of substrates have been illustrated and discussed. The central 

questions explored are how the charge and energy extraction can effectively outcompete the intrinsic 

ultrafast energy relaxation in metals, and how the special features of plasmon electronic states can be 

utilized. Dynamics following plasmonic excitations occur on multiple length and time scales, and a variety 

of theoretical and experimental tools are required for a comprehensive understanding. These tools are 

developed in different scientific communities, and the need to connect the different descriptions into a 

unified picture provides exciting opportunities for future research (See Outstanding Questions). The 

atomistic modeling should be scaled up in size and time, to address more realistic and complex systems 

and processes relevant to the emerging technologies. The conclusions obtained with a few representative 

examples should be generalized to describe existing classes of materials and to predict behavior of novel 



materials. The fundamental understanding of the nature and dynamics of plasmonic charge carriers 

obtained by the ab initio quantum dynamics simulations provides valuable qualitative and quantitative 

insights into charge and energy flow in metallic and hybrid nanostructures, guiding new experiments and 

providing design principles for further improvement of materials and devices.  
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Glossary 

Time-dependent density functional theory (TD-DFT): an accurate and efficient technique to describe 

electronic structure of materials and molecules, and evolution of electrons in time subject to external 

electric fields, coupling to vibrations, etc.  

Nonadiabatic molecular dynamics (NA-MD): an approach for describing evolution of coupled 

electronic and vibrational systems, with electrons treated quantum mechanically, e.g. by TD-DFT, and 

vibrations treated classically or semi-classically. All degrees of freedom are considered explicitly, and no 

other approximations, e.g., harmonic, weak coupling, are made.  

Surface hopping: a commonly used family of NA-MD techniques designed to satisfy the key physical 

conditions, including probabilistic branching, thermal equilibration, and loss of coherence.  

Master equation: a method for evolving ensembles of systems with rates obtained by perturbation 

theories, e.g., Fermi’s golden rule, or surface hopping. 

Plasmon orbital: an electron orbital obtained from DFT calculation; a superposition of the plasmon 

orbitals gives rise to collective plasmonic excitation in TD-DFT calculations. 



Two-temperature model: a phenomenological description for the evolution of energy (temperature) of 

electronic and vibrational degrees of freedom based on time-scale separation of the lighter (electrons) and 

heavier (atoms) particles. 

Pure-dephasing: Loss of coherence within an (electronic) subsystem caused by coupling to an 

environment, e.g. vibrations.  

Machine learning (ML): a family of hierarchical, non-linear fitting techniques that can be used to 

interpolate efficiently complex sets of data, e.g., obtain a force field for atomic evolution NA-MD or an 

electronic density functional for TD-DFT.  

Plasmon-induced hot-electron transfer (PHET): a multi-step processes initiated by a collective 

plasmon excitation, which dephases into independent charge carriers, which transfer to another material 

or molecule. 

Plasmon-induced charge transfer (PICT): a single step process resulting in charge transfer from a 

plasmonic material to another material or molecule already during photoexcitation. 

Ballistic thermal injection (BTI): transport of hot carrier energy across an interface with another material 

by carrier-carrier scattering at the interface; BTI is particularly fast and efficient if electrons travel to the 

interface ballistically, i.e., without scattering with other electrons, phonons or defects. 

Lifetime: the time during which an electronic state remains populated and a charge carrier retains its 

energy, before it loses energy by coupling to other degrees of freedom, e.g. phonons or another charge. 

Landau damping: exponential relaxation of oscillation of the electron density wave (plasmon). 

Schottky energy barrier: a potential energy barrier for motion of electrons across a metal/semiconductor 

interface. 

 

References 

[1] P. Christopher, M. Moskovits, Hot Charge Carrier Transmission from Plasmonic Nanostructures, Annu. 
Rev. Phys. Chem. 68 (2017) 379–398. https://doi.org/10.1146/annurev-physchem-052516-044948. 

[2] P. Singhal, H.N. Ghosh, Hot Charge Carriers in Quantum Dots: Generation, Relaxation, Extraction, and 
Applications, ChemNanoMat. 5 (2019) 985–999. https://doi.org/10.1002/cnma.201900025. 

[3] G.V. Hartland, L.V. Besteiro, P. Johns, A.O. Govorov, What’s so Hot about Electrons in Metal 
Nanoparticles?, ACS Energy Lett. 2 (2017) 1641–1653. https://doi.org/10.1021/acsenergylett.7b00333. 



[4] V. Amendola, R. Pilot, M. Frasconi, O.M. Maragò, M.A. Iatì, Surface plasmon resonance in gold 
nanoparticles: a review, J. Phys. Condens. Matter. 29 (2017) 203002. https://doi.org/10.1088/1361-
648X/aa60f3. 

[5] S. Kumar, A. Habib, R. Sundararaman, Plasmonic hot carriers scratch the surface, Trends Chem. 3 (2021) 
902–910. https://doi.org/10.1016/j.trechm.2021.08.006. 

[6] P.N. Rudd, J. Huang, Metal Ions in Halide Perovskite Materials and Devices, Trends Chem. 1 (2019) 394–
409. https://doi.org/10.1016/j.trechm.2019.04.010. 

[7] E. Carpene, Ultrafast laser irradiation of metals: Beyond the two-temperature model, Phys. Rev. B. 74 
(2006) 024301. https://doi.org/10.1103/PhysRevB.74.024301. 

[8] P.E. Hopkins, M. Baraket, E.V. Barnat, T.E. Beechem, S.P. Kearney, J.C. Duda, J.T. Robinson, S.G. 
Walton, Manipulating Thermal Conductance at Metal–Graphene Contacts via Chemical Functionalization, 
Nano Lett. 12 (2012) 590–595. https://doi.org/10.1021/nl203060j. 

[9] K. Wu, W.E. Rodríguez-Córdoba, Y. Yang, T. Lian, Plasmon-Induced Hot Electron Transfer from the Au 
Tip to CdS Rod in CdS-Au Nanoheterostructures, Nano Lett. 13 (2013) 5255–5263. 
https://doi.org/10.1021/nl402730m. 

[10] K. Wu, J. Chen, J.R. McBride, T. Lian, Efficient hot-electron transfer by a plasmon-induced interfacial 
charge-transfer transition, Science. 349 (2015) 632–635. https://doi.org/10.1126/science.aac5443. 

[11] X. Guo, S. Liu, W. Wang, C. Li, Y. Yang, Q. Tian, Y. Liu, Plasmon-induced ultrafast charge transfer in 
single-particulate Cu1.94S–ZnS nanoheterostructures, Nanoscale Adv. 3 (2021) 3481–3490. 
https://doi.org/10.1039/D1NA00037C. 

[12] M.W. Knight, H. Sobhani, P. Nordlander, N.J. Halas, Photodetection with Active Optical Antennas, 
Science. 332 (2011) 702–704. https://doi.org/10.1126/science.1203056. 

[13] W.E. Lawrence, J.W. Wilkins, Electron-Electron Scattering in the Transport Coefficients of Simple Metals, 
Phys. Rev. B. 7 (1973) 2317–2332. https://doi.org/10.1103/PhysRevB.7.2317. 

[14] P. Narang, R. Sundararaman, H.A. Atwater, Plasmonic hot carrier dynamics in solid-state and chemical 
systems for energy conversion, Nanophotonics. 5 (2016) 96–111. https://doi.org/10.1515/nanoph-2016-
0007. 

[15] L.V. Besteiro, X.-T. Kong, Z. Wang, G. Hartland, A.O. Govorov, Understanding Hot-Electron Generation 
and Plasmon Relaxation in Metal Nanocrystals: Quantum and Classical Mechanisms, ACS Photonics. 4 
(2017) 2759–2781. https://doi.org/10.1021/acsphotonics.7b00751. 

[16] A. Ziashahabi, T. Ghodselahi, M. Heidari saani, Localized Surface Plasmon Resonance properties of copper 
nano-clusters: A theoretical study of size dependence, J. Phys. Chem. Solids. 74 (2013) 929–933. 
https://doi.org/10.1016/j.jpcs.2013.02.009. 

[17]  null Hövel,  null Fritz,  null Hilger,  null Kreibig,  null Vollmer, Width of cluster plasmon resonances: Bulk 
dielectric functions and chemical interface damping, Phys. Rev. B Condens. Matter. 48 (1993) 18178–
18188. https://doi.org/10.1103/physrevb.48.18178. 

[18] K. Conley, N. Nayyar, T.P. Rossi, M. Kuisma, V. Turkowski, M.J. Puska, T.S. Rahman, Plasmon 
excitations in chemically heterogeneous nanoarrays, Phys. Rev. B. 101 (2020) 235132. 
https://doi.org/10.1103/PhysRevB.101.235132. 

[19] R. Sundararaman, P. Narang, A.S. Jermyn, W.A. Goddard Iii, H.A. Atwater, Theoretical predictions for hot-
carrier generation from surface plasmon decay, Nat. Commun. 5 (2014) 5788. 
https://doi.org/10.1038/ncomms6788. 

[20] A.J. White, B.D. Fainberg, M. Galperin, Collective Plasmon-Molecule Excitations in Nanojunctions: 
Quantum Consideration, J. Phys. Chem. Lett. 3 (2012) 2738–2743. https://doi.org/10.1021/jz301139q. 

[21] C.F. Craig, W.R. Duncan, O.V. Prezhdo, Trajectory Surface Hopping in the Time-Dependent Kohn-Sham 
Approach for Electron-Nuclear Dynamics, Phys. Rev. Lett. 95 (2005) 163001. 
https://doi.org/10.1103/PhysRevLett.95.163001. 

[22] O.V. Prezhdo, Modeling Non-adiabatic Dynamics in Nanoscale and Condensed Matter Systems, Acc. 
Chem. Res. 54 (2021) 4239–4249. https://doi.org/10.1021/acs.accounts.1c00525. 

[23] A.V. Akimov, O.V. Prezhdo, The PYXAID Program for Non-Adiabatic Molecular Dynamics in Condensed 
Matter Systems, J. Chem. Theory Comput. 9 (2013) 4959–4972. https://doi.org/10.1021/ct400641n. 



[24] L. Wang, A. Akimov, O.V. Prezhdo, Recent Progress in Surface Hopping: 2011–2015, J. Phys. Chem. Lett. 
7 (2016) 2100–2112. https://doi.org/10.1021/acs.jpclett.6b00710. 

[25] W. Li, Y. She, A.S. Vasenko, O.V. Prezhdo, Ab initio nonadiabatic molecular dynamics of charge carriers 
in metal halide perovskites, Nanoscale. 13 (2021) 10239–10265. https://doi.org/10.1039/D1NR01990B. 

[26] L. Wang, R. Long, O.V. Prezhdo, Time-Domain Ab Initio Modeling of Photoinduced Dynamics at 
Nanoscale Interfaces, Annu. Rev. Phys. Chem. 66 (2015) 549–579. https://doi.org/10.1146/annurev-
physchem-040214-121359. 

[27] R. Long, O.V. Prezhdo, W. Fang, Nonadiabatic charge dynamics in novel solar cell materials, Wiley 
Interdiscip. Rev. Comput. Mol. Sci. 7 (2017) e1305. https://doi.org/10.1002/wcms.1305. 

[28] O.V. Prezhdo, Photoinduced Dynamics in Semiconductor Quantum Dots: Insights from Time-Domain ab 
Initio Studies, Acc. Chem. Res. 42 (2009) 2005–2016. https://doi.org/10.1021/ar900157s. 

[29] W.R. Duncan, O.V. Prezhdo, Theoretical Studies of Photoinduced Electron Transfer in Dye-Sensitized 
TiO2, Annu. Rev. Phys. Chem. 58 (2007) 143–184. 
https://doi.org/10.1146/annurev.physchem.58.052306.144054. 

[30] H.M. Jaeger, S. Fischer, O.V. Prezhdo, Decoherence-induced surface hopping, J. Chem. Phys. 137 (2012) 
22A545. https://doi.org/10.1063/1.4757100. 

[31] G. Zhou, G. Lu, O.V. Prezhdo, Modeling Auger Processes with Nonadiabatic Molecular Dynamics, Nano 
Lett. 21 (2020) 756–761. https://doi.org/10.1021/acs.nanolett.0c04442. 

[32] X. Jiang, Q. Zheng, Z. Lan, W.A. Saidi, X. Ren, J. Zhao, Real-time GW-BSE investigations on spin-valley 
exciton dynamics in monolayer transition metal dichalcogenide, Sci. Adv. 7 (2021) eabf3759. 
https://doi.org/10.1126/sciadv.abf3759. 

[33] J.C. Tully, Molecular dynamics with electronic transitions, J. Chem. Phys. 93 (1990) 1061–1071. 
https://doi.org/10.1063/1.459170. 

[34] M. Bernardi, J. Mustafa, J.B. Neaton, S.G. Louie, Theory and computation of hot carriers generated by 
surface plasmon polaritons in noble metals, Nat. Commun. 6 (2015) 7044. 
https://doi.org/10.1038/ncomms8044. 

[35] X. Tong, M. Bernardi, Toward precise simulations of the coupled ultrafast dynamics of electrons and atomic 
vibrations in materials, Phys. Rev. Res. 3 (2021) 023072. 
https://doi.org/10.1103/PhysRevResearch.3.023072. 

[36] F. Zheng, L. Wang, A multi $k$-point nonadiabatic molecular dynamics for periodic systems, (2022). 
https://doi.org/10.48550/ARXIV.2209.10739. 

[37] Z. Zheng, Y. Shi, J. Zhou, O.V. Prezhdo, Q. Zheng, J. Zhao, Ab initio Real-Time Quantum Dynamics of 
Charge Carriers in Momentum Space, (2022). https://doi.org/10.48550/ARXIV.2210.00529. 

[38] N. Fedik, R. Zubatyuk, M. Kulichenko, N. Lubbers, J.S. Smith, B. Nebgen, R. Messerly, Y.W. Li, A.I. 
Boldyrev, K. Barros, O. Isayev, S. Tretiak, Extending machine learning beyond interatomic potentials for 
predicting molecular properties, Nat. Rev. Chem. 6 (2022) 653–672. https://doi.org/10.1038/s41570-022-
00416-3. 

[39] I. Poltavsky, A. Tkatchenko, Machine Learning Force Fields: Recent Advances and Remaining Challenges, 
J. Phys. Chem. Lett. 12 (2021) 6551–6564. https://doi.org/10.1021/acs.jpclett.1c01204. 

[40] B. Wang, W. Chu, Y. Wu, D. Casanova, W.A. Saidi, O.V. Prezhdo, Electron-Volt Fluctuation of Defect 
Levels in Metal Halide Perovskites on a 100 ps Time Scale, J. Phys. Chem. Lett. 13 (2022) 5946–5952. 
https://doi.org/10.1021/acs.jpclett.2c01452. 

[41] G. Zhou, N. Lubbers, K. Barros, S. Tretiak, B. Nebgen, Deep learning of dynamically responsive chemical 
Hamiltonians with semiempirical quantum mechanics, Proc. Natl. Acad. Sci. U. S. A. 119 (2022) 
e2120333119. https://doi.org/10.1073/pnas.2120333119. 

[42] B. Wang, W. Chu, A. Tkatchenko, O.V. Prezhdo, Interpolating Nonadiabatic Molecular Dynamics 
Hamiltonian with Artificial Neural Networks, J. Phys. Chem. Lett. 12 (2021) 6070–6077. 
https://doi.org/10.1021/acs.jpclett.1c01645. 

[43] G. Zhou, W. Chu, O.V. Prezhdo, Structural Deformation Controls Charge Losses in MAPbI3: Unsupervised 
Machine Learning of Nonadiabatic Molecular Dynamics, ACS Energy Lett. 5 (2020) 1930–1938. 
https://doi.org/10.1021/acsenergylett.0c00899. 



[44] Z. Guo, B.F. Habenicht, W.-Z. Liang, O.V. Prezhdo, Ab initio study of phonon-induced dephasing of 
plasmon excitations in silver quantum dots, Phys. Rev. B. 81 (2010) 125415. 
https://doi.org/10.1103/PhysRevB.81.125415. 

[45] O. Ranasingha, H. Wang, V. Zobač, P. Jelínek, G. Panapitiya, A.J. Neukirch, O.V. Prezhdo, J.P. Lewis, 
Slow Relaxation of Surface Plasmon Excitations in Au55: The Key to Efficient Plasmonic Heating in 
Au/TiO2, J. Phys. Chem. Lett. 7 (2016) 1563–1569. https://doi.org/10.1021/acs.jpclett.6b00283. 

[46] A.J. Neukirch, Z. Guo, O.V. Prezhdo, Time-Domain Ab Initio Study of Phonon-Induced Relaxation of 
Plasmon Excitations in a Silver Quantum Dot, J. Phys. Chem. C. 116 (2012) 15034–15040. 
https://doi.org/10.1021/jp303361y. 

[47] S. Mukamel, Principles of Nonlinear Optical Spectroscopy, Oxford University Press, Oxford, New York, 
1999. 

[48] J. Bosbach, C. Hendrich, F. Stietz, T. Vartanyan, F. Träger, Ultrafast Dephasing of Surface Plasmon 
Excitation in Silver Nanoparticles: Influence of Particle Size, Shape, and Chemical Surrounding, Phys. Rev. 
Lett. 89 (2002) 257404. https://doi.org/10.1103/PhysRevLett.89.257404. 

[49] M. Scharte, R. Porath, T. Ohms, M. Aeschlimann, B. Lamprecht, H. Ditlbacher, F.R. Aussenegg, Lifetime 
and dephasing of plasmons in Ag nanoparticles, in: A. Lewis, H.K. Wickramasinghe, K.H. Al-Shamery 
(Eds.), San Diego, CA, 2001: pp. 14–21. https://doi.org/10.1117/12.449533. 

[50] C. Sönnichsen, T. Franzl, T. Wilk, G. von Plessen, J. Feldmann, O. Wilson, P. Mulvaney, Drastic Reduction 
of Plasmon Damping in Gold Nanorods, Phys. Rev. Lett. 88 (2002). 
https://doi.org/10.1103/PhysRevLett.88.077402. 

[51] S. Link, M.A. El-Sayed, Spectral Properties and Relaxation Dynamics of Surface Plasmon Electronic 
Oscillations in Gold and Silver Nanodots and Nanorods, J. Phys. Chem. B. 103 (1999) 8410–8426. 
https://doi.org/10.1021/jp9917648. 

[52] O.L. Muskens, N. Del Fatti, F. Vallée, Femtosecond Response of a Single Metal Nanoparticle, Nano Lett. 6 
(2006) 552–556. https://doi.org/10.1021/nl0524086. 

[53] X. Zhou, L. Li, H. Dong, A. Giri, P.E. Hopkins, O.V. Prezhdo, Temperature Dependence of Electron–
Phonon Interactions in Gold Films Rationalized by Time-Domain Ab Initio Analysis, J. Phys. Chem. C. 
(2017). https://doi.org/10.1021/acs.jpcc.7b05211. 

[54] A.V. Akimov, O.V. Prezhdo, Persistent Electronic Coherence Despite Rapid Loss of Electron–Nuclear 
Correlation, J. Phys. Chem. Lett. 4 (2013) 3857–3864. https://doi.org/10.1021/jz402035z. 

[55] E.L. Radue, J.A. Tomko, A. Giri, J.L. Braun, X. Zhou, O.V. Prezhdo, E.L. Runnerstrom, J.-P. Maria, P.E. 
Hopkins, Hot Electron Thermoreflectance Coefficient of Gold during Electron–Phonon Nonequilibrium, 
ACS Photonics. 5 (2018) 4880–4887. https://doi.org/10.1021/acsphotonics.8b01045. 

[56] A. Wang, J. Li, T. Zhang, Heterogeneous single-atom catalysis, Nat. Rev. Chem. 2 (2018) 65–81. 
https://doi.org/10.1038/s41570-018-0010-1. 

[57] S. Huang, T.M. Inerbaev, D.S. Kilin, Excited State Dynamics of Ru10 Cluster Interfacing Anatase 
TiO2(101) Surface and Liquid Water, J. Phys. Chem. Lett. 5 (2014) 2823–2829. 
https://doi.org/10.1021/jz501221k. 

[58] R. Long, O.V. Prezhdo, Instantaneous Generation of Charge-Separated State on TiO2 Surface Sensitized 
with Plasmonic Nanoparticles, J. Am. Chem. Soc. 136 (2014) 4343–4354. 
https://doi.org/10.1021/ja5001592. 

[59] W. Chu, W.A. Saidi, O.V. Prezhdo, Long-Lived Hot Electron in a Metallic Particle for Plasmonics and 
Catalysis: Ab Initio Nonadiabatic Molecular Dynamics with Machine Learning, ACS Nano. 14 (2020) 
10608–10615. https://doi.org/10.1021/acsnano.0c04736. 

[60] C. Cheng, O.V. Prezhdo, R. Long, W.-H. Fang, Photolysis versus Photothermolysis of N2O on a 
Semiconductor Surface Revealed by Nonadiabatic Molecular Dynamics, J. Am. Chem. Soc. (2022). 
https://doi.org/10.1021/jacs.2c10643. 

[61] J. Zhang, M. Guan, J. Lischner, S. Meng, O.V. Prezhdo, Coexistence of Different Charge-Transfer 
Mechanisms in the Hot-Carrier Dynamics of Hybrid Plasmonic Nanomaterials, Nano Lett. 19 (2019) 3187–
3193. https://doi.org/10.1021/acs.nanolett.9b00647. 



[62] Z. Zhang, L. Liu, W.-H. Fang, R. Long, M.V. Tokina, O.V. Prezhdo, Plasmon-Mediated Electron Injection 
from Au Nanorods into MoS2: Traditional versus Photoexcitation Mechanism, Chem. 4 (2018) 1112–1127. 
https://doi.org/10.1016/j.chempr.2018.02.025. 

[63] G. Gumbs, A. Iurov, J.-Y. Wu, M.F. Lin, P. Fekete, Plasmon Excitations of Multi-layer Graphene on a 
Conducting Substrate, Sci. Rep. 6 (2016) 21063. https://doi.org/10.1038/srep21063. 

[64] J.C. Duda, C.-Y.P. Yang, B.M. Foley, R. Cheaito, D.L. Medlin, R.E. Jones, P.E. Hopkins, Influence of 
interfacial properties on thermal transport at gold:silicon contacts, Appl. Phys. Lett. 102 (2013) 081902. 
https://doi.org/10.1063/1.4793431. 

[65] M.D. Losego, M.E. Grady, N.R. Sottos, D.G. Cahill, P.V. Braun, Effects of chemical bonding on heat 
transport across interfaces, Nat. Mater. 11 (2012) 502–506. https://doi.org/10.1038/nmat3303. 

[66] A. Giri, J.T. Gaskins, B.F. Donovan, C. Szwejkowski, R.J. Warzoha, M.A. Rodriguez, J. Ihlefeld, P.E. 
Hopkins, Mechanisms of nonequilibrium electron-phonon coupling and thermal conductance at interfaces, J. 
Appl. Phys. 117 (2015) 105105. https://doi.org/10.1063/1.4914867. 

[67] X. Zhou, J. Jankowska, L. Li, A. Giri, P.E. Hopkins, O.V. Prezhdo, Strong Influence of Ti Adhesion Layer 
on Electron-Phonon Relaxation in Thin Gold Films: Ab Initio Nonadiabatic Molecular Dynamics, ACS 
Appl. Mater. Interfaces. (2017). https://doi.org/10.1021/acsami.7b12535. 

[68] Y.-S. Wang, X. Zhou, J.A. Tomko, A. Giri, P.E. Hopkins, O.V. Prezhdo, Electron-Phonon Relaxation at 
Au/Ti Interfaces is Robust to Alloying: Ab Initio Nonadiabatic Molecular Dynamics, J. Phys. Chem. C. 
(2019) acs.jpcc.9b06914. https://doi.org/10.1021/acs.jpcc.9b06914. 

[69] X. Zhou, M.V. Tokina, J.A. Tomko, J.L. Braun, P.E. Hopkins, O.V. Prezhdo, Thin Ti adhesion layer breaks 
bottleneck to hot hole relaxation in Au films, J. Chem. Phys. 150 (2019) 184701. 
https://doi.org/10.1063/1.5096901. 

[70] D.H. Olson, K.M. Freedy, S.J. McDonnell, P.E. Hopkins, The influence of titanium adhesion layer oxygen 
stoichiometry on thermal boundary conductance at gold contacts, Appl. Phys. Lett. 112 (2018) 171602. 
https://doi.org/10.1063/1.5022371. 

[71] A. Kumar, V. Sharma, S. Kumar, A. Kumar, V. Krishnan, Towards utilization of full solar light spectrum 
using green plasmonic Au–TiO x photocatalyst at ambient conditions, Surf. Interfaces. 11 (2018) 98–106. 
https://doi.org/10.1016/j.surfin.2018.03.005. 

[72] T.-F. Lu, Y.-S. Wang, J.A. Tomko, P.E. Hopkins, H.-X. Zhang, O.V. Prezhdo, Control of Charge Carrier 
Dynamics in Plasmonic Au Films by TiOx Substrate Stoichiometry, J. Phys. Chem. Lett. 11 (2020) 1419–
1427. https://doi.org/10.1021/acs.jpclett.9b03884. 

[73] D.H. Olson, M.G. Sales, J.A. Tomko, T.-F. Lu, O.V. Prezhdo, S.J. McDonnell, P.E. Hopkins, Band 
alignment and defects influence the electron–phonon heat transport mechanisms across metal interfaces, 
Appl. Phys. Lett. 118 (2021) 163503. https://doi.org/10.1063/5.0046566. 

[74] C. Xu, H.W. Yong, J. He, R. Long, A.R. Cadore, I. Paradisanos, A.K. Ott, G. Soavi, S. Tongay, G. Cerullo, 
A.C. Ferrari, O.V. Prezhdo, Z.-H. Loh, Weak Distance Dependence of Hot-Electron-Transfer Rates at the 
Interface between Monolayer MoS2 and Gold, ACS Nano. (2020). 
https://doi.org/10.1021/acsnano.0c07350. 

[75] J.A. Tomko, E.L. Runnerstrom, Y.-S. Wang, W. Chu, J.R. Nolen, D.H. Olson, K.P. Kelley, A. Cleri, J. 
Nordlander, J.D. Caldwell, O.V. Prezhdo, J.-P. Maria, P.E. Hopkins, Long-lived modulation of plasmonic 
absorption by ballistic thermal injection, Nat. Nanotechnol. (2020). https://doi.org/10.1038/s41565-020-
00794-z. 

[76] C. Goldmann, R. Lazzari, X. Paquez, C. Boissière, F. Ribot, C. Sanchez, C. Chanéac, D. Portehault, Charge 
Transfer at Hybrid Interfaces: Plasmonics of Aromatic Thiol-Capped Gold Nanoparticles, ACS Nano. 9 
(2015) 7572–7582. https://doi.org/10.1021/acsnano.5b02864. 

[77] A. Furube, L. Du, K. Hara, R. Katoh, M. Tachiya, Ultrafast Plasmon-Induced Electron Transfer from Gold 
Nanodots into TiO 2 Nanoparticles, J. Am. Chem. Soc. 129 (2007) 14852–14853. 
https://doi.org/10.1021/ja076134v. 

[78] P.V. Kumar, T.P. Rossi, D. Marti-Dafcik, D. Reichmuth, M. Kuisma, P. Erhart, M.J. Puska, D.J. Norris, 
Plasmon-Induced Direct Hot-Carrier Transfer at Metal–Acceptor Interfaces, ACS Nano. 13 (2019) 3188–
3195. https://doi.org/10.1021/acsnano.8b08703. 



[79] Y. Zhang, Q. Lv, H. Wang, S. Zhao, Q. Xiong, R. Lv, X. Zhang, Simultaneous electrical and thermal 
rectification in a monolayer lateral heterojunction, Science. 378 (2022) 169–175. 
https://doi.org/10.1126/science.abq0883. 

[80] Y.-S. Wang, P. Nijjar, X. Zhou, D.I. Bondar, O.V. Prezhdo, Combining Lindblad Master Equation and 
Surface Hopping to Evolve Distributions of Quantum Particles, J. Phys. Chem. B. 124 (2020) 4326–4337. 
https://doi.org/10.1021/acs.jpcb.0c03030. 

 


