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ABSTRACT: While direct hot-carrier transfer can increase
photocatalytic activity, it is difficult to discern experimentally and
competes with several other mechanisms. To shed light on these [
aspects, here, we model from first-principles hot-carrier generation
across the interface between plasmonic nanoparticles and a CO
molecule. The hot-electron transfer probability depends non-
monotonically on the nanoparticle—molecule distance and can be
effective at long distances, even before a strong chemical bond can
form; hot-hole transfer on the other hand is limited to shorter
distances. These observations can be explained by the energetic
alignment between molecular and nanoparticle states as well as the ‘
excitation frequency. The hybridization of the molecular orbitals is
the key predictor for hot-carrier transfer in these systems,
emphasizing the necessity of ground state hybridization for accurate predictions. Finally, we show a nontrivial dependence of the
hot-carrier distribution on the excitation energy, which could be exploited when optimizing photocatalytic systems.
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lasmonic metal nanoparticles (NPs) are fundamental still a matter of intense debate."®**™*° The direct HC transfer
components in several emerging technologies, including process is promising in terms of efficiency and selectivity'
sensing,l’2 light-harvesting,3 solar-to-chemical energy conver- and has been studied experimentally,36 in theory,3] and by
sion,*® and catalysis.””'" The properties that set these computational ab initio models.”>*"*” Typically the focus lies
materials apart for these applications are their high surface- in understanding HC generation at surfaces,*®*® but there has
to-volume ratios and high optical absorption cross sections at not yet been a detailed account of the dependence of HC
visible frequencies,'"'” the latter being due to the presence of a transfer on molecular position and orientation and whether
localized surface plasmon (LSP) resonance.”” In particular there are handles for tuning HC devices to particular molecules
plasmonically driven catalysis is an active research field, in all probable states of thermal motion. Yet these aspects are
addressing important chemical reactions such as ethylene crucial for direct HC transfer processes, which exhibit an
epoxidation, CO oxidation, or NH; oxidation that are intricate dependence on the hybridization of molecular and
catalyzed by illuminating NPs, e.g, of the noble metals surface states as also shown in this work.
Ag'"* Au, " or Cu” In this work, we study plasmon decay and carrier generation
The LSP, which is a collective electronic excitation, is across a NP—molecule junction, which is the initial step in the
excited by abscé)rption of light and decays within tens of direct HC transfer process. We consider plasmonic Ag, Au, and
femtoseconds®'*™'*"*™** into a highly nonthermal (usually Cu NPs in combination with a CO molecule, the excitations of

referred to as “hot”) distribution of electrons and holes.*™*’

Chemical reactions can then be catalyzed by hot carriers
(HCs) transiently populating orbitals of nearby molecules,**°
which can lower reaction barriers.'”® Two variants of this
process can be distinguished. In the direct HC transfer
process’’ (also known as chemical interface damping) the
LSP decays into an electron—hole pair, where one of the
carriers is localized on the reactant molecule and the other on
the NP. In the indirect HC transfer process both carriers are
generated in the NP and at a later time scattered into
molecular orbitals. The efficiency and importance of these
processes as well as their competition with thermal effects are

which are energetically much higher than the plasmon
resonance of any of the NPs considered here. In a real-time
time-dependent density functional theory (RT-TDDFT)*
framework, we drive the system with an ultrafast laser pulse
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Figure 1. Geometry dependence of HC generation in Ag,,; NP + CO. (a) Optical spectrum of the bare NP. The frequency 3.8 eV of the driving
laser is marked by an arrow above the spectrum. (b) Model of the NP with the axes along which the NP—molecule distance is varied. (c, d)
Fractions of generated electrons (c) and holes (d) on the molecule (eq S20) averaged in the span 25—30 fs and binding energies (eq S1) as a

function of distance and site.

to induce a plasmon. We simulate the electron dynamics in the
system until the plasmon has decayed and then analyze the
distribution of carriers over the ground state Kohn—Sham
(KS) states. To this end, we employ and extend our analysis
methods,"” ™" mapping out the HC transfer efficiency as a
function of the NP—molecule geometry (adsorption site,
distance, molecular bond length), excitation energy, and
material (Ag, Au, Cu).

We consider the CO molecule in the energetically relevant
(111) on-top, (111) face-centered cubic (fcc), (100) hollow
and corner sites at a range of distances from the Ag,, NP,
which has an effective diameter of 15 A (Supplementary Note
S1*97%). The plasmon (3.8 eV, Figure 1a) and first optical
excitation of CO (14.5 eV, Figure S1) are not resonant, and
the optical response of the combined NP+CO system is not
strongly dependent on geometry (Figure S2).

We drive the Ag NP + CO system with a Gaussian laser
pulse with frequency Aw = 3.8 eV. Within the first tens of
femtoseconds a plasmon forms in the NP and decays into
resonant excitations, for which the electron—hole energy
difference equals 7iw. The plasmon formation and decay
process in similar systems have previously been studied in
detail by our group'”'” and are not covered here.

Varying the NP—CO distance (Figure 1b), we measure the
fraction of generated electrons in the molecule after plasmon
decay (Figure lc). Interestingly while the total number of
carriers is stabilized already after about 20fs, for some
configurations the fraction of generated electrons in the
molecule can exhibit an oscillatory component (Figure S3).
This time dependence is deserving of more detailed future
studies. Here, we show the average value between 25 and 30 fs
which is motivated by the fact that the plasmon has already
decayed as the total number of hot carriers has reached a
steady value (Figure S3).

While one could expect the fraction of hot electrons on the
molecule to decrease monotonically with decreasing wave
function overlap at increasing distances, we find this quantity
to vary nonmonotonically between 0.5 and 2% over a wide
range of distances with several site-specific features. A smooth
decay to zero only occurs beyond 4—5 A. Below this threshold
several of the sites feature one or two peaks, including near 2.1
A and 3.3 A for the (111) on-top site, 2.7 A for the (100)

hollow site, and 2.7 A and 3.9 A for the corner site. Only the
(111) fcc site appears relatively featureless.

By contrast, the binding energies depend smoothly on
distance and approach zero already at 3—4 A. The landscape of
electron generation on the molecule thus extends further than
the features in the potential energy surface and is more
sensitive to the underlying shifts in eigenenergies and wave
function overlaps. Our findings imply that across-interface HC
generation can be effective even at quite long distances (up to
S A) from the NP and does not require molecular adsorption.

The fraction of holes generated on the molecule (eq S19),
on the other hand, decays smoothly with distance (Figure 1d)
reaching a maximum of 0.2—0.8%.

The molecular projected density of states (PDOS) (Figure
2a,d) is a key factor in explaining the rich distance dependence
of the across-interface electron generation (Figure 2c,f). The
energetic distribution of electrons generated on the molecule
(eq S22, Figure 2be) clearly mirrors the shape of the
molecular PDOS: a single lowest unoccupied molecular orbital
(LUMO) level at 2.8V at long distances, shifting to lower
energies with decreasing distance, eventually splitting into
several branches. The mirrored shape is a necessity, as
electrons are generated in the unoccupied molecular levels
(i.e, where the molecular PDOS is finite); however, two
additional factors determine the intensity of the branches. As
the transitions (¢; = ¢,) induced by the plasmon decay are
resonant with the pulse frequency (e, — & = Ay, = 3.8 eV),
the NP PDOS must align with the molecular PDOS by a
constant shift of 7w, (Figure 2, inset). Finally, the strength
of the coupling of each electron and hole (via the plasmon
decay) is specific to the pair of states (Figure S4). Summarizing
the recipe for high across-interface electron generation of
energy &, (1) the molecular PDOS must be large at ¢, (2) the
NP PDOS must be large at € — 7w, and (3) the transition
dipole moment between the corresponding NP and molecular
states must be sizable.

The energetic level alignment is a good descriptor for
predicting across-interface HC generation, while surface HC
distributions in bare NPs are insufficient for the direct transfer
pathway (Supplementary Note S2). PDOSs are usually much
simpler to obtain than the transition matrix elements, and we
may assess the basic possibility for HC transfer already using
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Figure 2. Level alignment between molecular and NP PDOS for
(111) on-top (a—c) and corner (d—f) sites. (a, d) Molecular PDOS as
a function of distance. The NP PDOS is distance-independent due to
the large size of the NP. As the molecule approaches the NP, the
LUMO shifts to lower energies, eventually splitting into several
branches. The PDOS for the NP and molecule at far separation are
indicated above the plot, where the NP PDOS has been shifted by the
pulse frequency. Shaded regions correspond to (a selection of) large
values in the shifted NP PDOS. (b, e) Electron distribution as a
function of distance. (c, f) The fraction of electrons generated in the
molecule.

the former. The latter (being affected by factors such as wave
function overlap and the orbital momentum character of
states) is unnecessary for a qualitative description.

Due to the finite line width of the excitation pulse (here the
half-width at half-maximum is 0.37 eV), alignment does not
have to be exact. In fact, scrutinizing the decomposition of the
electrons distribution in terms of the underlying single-particle
excitations (Figure S4) shows that the states with the strongest
coupling are slightly misaligned with respect to 2@, In the
following, we will find that a slight reduction in the excitation

frequency leads to a notable increase in the HC transfer
probability, as this improves the alignment.

In a similar manner to that of electrons, we can understand
the across-interface generation of holes, with the rule that an
occupied state € in the molecule must align with a peak in the
NP PDOS at € + Aiw. As the CO highest occupied molecular
orbital (HOMO) level is at —4.8 eV in the free molecule (long
distance limit), hole generation is not possible with the pulse
frequency 3.8 eV. Transfer is only possible at close distances
where hybridized branches of the HOMO and LUMO appear
in the region —3.8 eV < & < 0 eV, beginning at distances
around 2.5 A (Figure SS).

We now extend our study to also include Au and Cu. The s-
electrons have nearly identical densities of state (DOSs) in the
Ag,o1, Auyg;, and Cu,g; NPs but the d-band onsets differ (Ag,
3.7eV; Ay, 2.1eV; Cu, 2.3 eV below the Fermi level; Figure
S6). As a consequence of the earlier d-band onset, Au,y; and
Cuyg; lack the well-defined LSP peak of Ag20144 (Figure 3a).
The binding energy curves are also similar to Ag, with the main
difference that the molecule binds more strongly and closer to
Cu (Figure S7).

We drive the NP + CO with a Gaussian laser pulse (Ag,
frequency 3.8 eV; Au, 2.5eV; Cu, 2.7eV) and measure the
fraction of electrons generated on the molecule (Figure 3b—e).
We observe similar trends in Ag and Cu, both exhibiting peaks
near 2.1 A for the (111) on-top site, 2.7 A for the (100) hollow
site, and 2.7 A and 3.9 A for the corner site. Only the 3.3A
peak in the (111) on-top site of Ag lacks a counterpart in Cu.
In contrast to Ag and Cu, the Au NP shows smooth trends,
without pronounced peaks, of decreasing electron generation
on the molecule with increasing distance.

The similarity in electron generation for Ag and Cu can be
explained by a similar distance dependence of the molecular
orbital hybridization (Figure SS). While the resonance
condition is not the same for Ag and Cu (%@ = 3.8 and 2.7
eV, respectively), the similar energy-spacing between hybri-
dized molecular levels is enough to yield similar electron
generation curves. The 3.3 A peak is the only clear feature that
is missing in Cu, the reason being that the molecular orbital is
too far from the Fermi level (2.8 €V, to be compared to fiw =
2.7 eV). The hybridization behavior in Au differs from the
behavior in Ag and Cu. At long distances the CO LUMO is
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Figure 3. Geometry dependence of electron generation in Ag,;, Auyg;, and Cu,g; NPs + CO. (a) Optical spectra of the bare NPs. (b—e) Fractions
of generated electrons on the molecule (eq S20) after plasmon decay as a function of distance and site with pulse frequency 3.8 eV (Ag), 2.5 eV

(Au), and 2.7 eV (Cu).
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Figure 4. Pulse-frequency dependence of the electron generation in CO. Fraction of generated electrons (a—c) and holes (d—f) on the molecule as
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mark the distance corresponding to the adsorption minimum, and the pulse frequency used in Figure 3.

further from the Fermi level in Au than in Ag or Cu (due to Au
having a higher work function and us considering different
bond length of the molecule for each metal), preventing
electron generation. As the distance decreases, the orbital
hybridizes more strongly, splitting into more branches. As a
consequence, at small distances there are more PDOS
branches in which electron generation occurs, leading to a
smoother distance dependence.

Based on our observations, we should expect the pulse
frequency A to act as a handle for tuning the electron
generation through the approximate (barring electron—hole
coupling) resonance condition &, — & = hw. Indeed, the
electron generation depends nonmonotonically on both
distance and pulse frequency (Figure 4a—c). For example, by
lowering the pulse frequency we can avoid the dip in electron
generation at 2.9 A for the Ag (111) on-top site; using iw =
3.1 eV, the feature at the same distance instead becomes a
maximum. Choosing the pulse frequency appropriately, the
fraction of electrons generated on the molecule can be as high
as 8.9% for Ag (distance 2.7 A, fiw = 3.1 V), 1.1% for Au
(distance 1.9 A, iw = 2.2 €V), and 2.3% for Cu (distance 2.1
A, hw = 2.2 V). While the electron generation in the Ag and
Cu systems shows a complex dependence on pulse frequency
and distance, in the case of Auy, it is almost monotonic in both
dimensions. However, in both end points of the considered
pulse frequencies the behavior for Au becomes more
interesting; at low frequencies the distance dependence
becomes very sharp, as fewer PDOS branches fall into the
relevant energy range, and at high frequencies there is electron
generation at long distances, due to the free-molecule LUMO
falling into the relevant energy range.

In the case of Ag (Figure 4d) and Cu (Figure 4f), holes are
generated at small distances (where hybridized branches of the
LUMO orbital are below the Fermi energy; Figure SS) with a
weak dependence on pulse frequency. For Au (Figure 4¢) hole

generation becomes relatively strong at intermediate distances
(3—5 A) and large pulse frequencies. This behavior originates
from the HOMO orbital, which in the long-distance limit
resides 3.9 eV below the Fermi energy but shifts to lower
energies with decreasing distance (i.e., out of the range ¢, — ¢
= hw, &, > 0, thus limiting hole generation).

The frequency of the exciting light is thus an excellent
handle for tuning the fraction of carriers generated on the
molecule, which is especially interesting in applications where
selectivity is important. In molecules with several orbitals close
enough to the Fermi energy to be optically accessible, the
generation of electrons in one orbital could be favored over the
other. It is, however, important at this stage to remember that
changing the pulse frequency also changes the total optical
absorption and thus the total number of generated carriers. We
therefore also consider the total, pulse-frequency and distance-
dependent, amount of electrons generated on the molecule
(Figure S8, that is, contrary to before, without expressing it as a
fraction of electrons generated in the entire NP + CO system).
In particular for the Ag NP, which has a very sharp absorption
spectrum, the pulse dependence is affected, with a maximum in
total electron generation on the molecule occurring using a
pulse frequency of 3.6 eV (to be compared to a maximum in
the fraction of electrons generated on the molecule at 3.1 €V).
As a final note, we point out that it should be possible to
simultaneously tune the pulse frequency to the desired
resonance condition &, — & = Aw, and the LSP resonance of
the NP (thus the optical absorption) to the pulse frequency, by
taking advantage of the fact that the LSP is more sensitive to
the size and shape of the NP than, for example, the DOS.

In this study we have investigated the geometry dependence
of HC generation across noble metal—molecule interfaces due
to plasmon absorption and decay. We have found that typically
up to 0.5—3% of all electrons generated in the system end up
on the molecule after plasmon decay, even up to distances of 5
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A, which is well before a strong chemical bond can form. By
tuning the excitation frequency, we are able to achieve up to
8.9% electrons generated in the molecule, at the expense of a
lower absolute amount of electrons generated. These findings
suggest that direct HC transfer is a relevant process in plasmon
decay and that the process does not require the formation of a
strong chemical bond between the molecule and the absorbing
medium.

We have also shown that the fraction of generated electrons
on the molecule depends on the geometry of the molecule and
NP in rather intricate fashion. This geometry dependence can
be understood in terms of the energy landscape of hybridized
molecular orbitals; as an orbital shifts so it is resonant with
certain peaks in the NP PDOS, an increase in the probability
for HC transfer can be expected. The distance-dependent
behavior of the hybridization differs enough for the various
sites so that the carrier generation also differs. For larger NPs,
where the DOS between d-band onset and Fermi level is more
smeared out, these effects could be less important.

In HC transfer processes the rate of charge carrier
generation across the metal-molecule interface is in
competition with various loss channels, such as the rates of
reemission and scattering and subsequent thermalization of
excited carriers with phonons, surfaces, and other carriers.'%°
The most important mechanisms in this context are electron—
electron and (to a lesser degree) electron—phonon scattering,
which are necessary for the HC distribution to thermalize to a
Fermi—Dirac distribution. As these loss channels are currently
beyond the reach of our calculations, we can view our results as
an upper bound on the efficiency of HC transfer, i.e., out of all
photon absorption events that occur, up to 0.5-3% (or 8.9%
when tuning the excitation frequency) result in electron
transfer to the molecule. It is worthwhile to point out that HC
generation is a quantized process, where it is very unlikely that
there is at one time more than one excited plasmon at a time,
under illumination conditions that are realistic for energy-
harvesting applications.”**” Each plasmon decays into one
electron—hole pair where one carrier can be either in the
molecule or in the metal, and we should thus consider our
computed fractions as probabilities. We also emphasize that
the numbers we report are specific for the NP size and
adsorbate coverage considered here.

For the purpose of a quantitative comparison to
experimental realizations, it is crucial to consider that while
metal states are accurately described with our level of theory, "
molecular states are not. We should thus expect transfer
maxima to occur for different geometrical configurations, due
to slightly shifted (hybridized) molecular orbitals; however,
our general conclusions are still valid.

The importance of ground state hybridization for HC
transfer implies that theoretical modeling should not be
restricted to considering bare metal surfaces, without taking
interactions with molecules into account. The distance-
dependent hybridization of molecular orbitals should be
explicitly taken into account for meaningful predictions. Our
results suggest that since already the ground state of the
hybridized system is a good descriptor for prediction of HC
generation on molecules, rapid screening of candidates of good
systems can be performed without conducting expensive real-
time simulations.

We close by commenting on the possibilities for tuning HC
transfer suggested by the results of this study. HC devices can
be designed by tuning the resonance condition to achieve a

desired purpose; handles for tuning to a certain molecular
orbital are the NP DOS, surface substitutions that affect the
hybridization of the orbital, and the frequency of the incoming
light. As we have demonstrated, the tuning of the last
influences the absorption cross section so that there is a trade-
off between high fraction of carriers transferred and high
amount of carriers generated in total. It is possible, however, to
shift the absorption maximum with a rather small impact on
level alignment by modifying the NP shape and size so that
there is a maximum in both absorption and transfer. In this
way one ought to be able to maximize HC transfer.
Furthermore, the sharp LSP resonances of Ag NPs could
possibly be utilized in the design of highly selective catalysts
that work with broadband (solar) light; if the NP PDOS
consists of one particularly strong peak and that peak is
resonant with one specific molecular orbital with the frequency
of the LSP resonance, then transfer to that specific orbital will
be preferred over transfer to other orbitals.

B SOFTWARE USED

The VASP**™* suite with the projector augmented wave
(PAW)*° method and the vdW-df-cx’' ~>* exchange correla-
tion (XC) functional was used for the total energy calculations
and structure relaxations. The GPAW package®° with linear
combination of atomic orbitals (LCAO) basis sets’” and the
LCAO-RT-TDDFT implementation®® was used for the RT-
TDDFT calculations. The Gritsenko—van Leeuwen—van
Lenthe—Baerends solid correlation (GLLB-sc)**° XC-func-
tional, utilizing the Libxc® library, was used in GPAW. The
ASE library® was used for constructin% and manipulatin%
atomic structures. The NumPy,”* SciPy,”* and Matplotlib®
Python packages and the VMD software®>*® were used for
processing and plotting data. The Snakemake®” package was
used for managing the calculation workflow.
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