
                                                
 
 
 
 
 
 

 
 
 

Final Draft  
of the original manuscript 
 
 
 
 
Khurgin, J.B.; Petrov, A.; Eich, M.; Uskov, A.V.:  
Direct Plasmonic Excitation of the Hybridized Surface States in 
Metal Nanoparticles.  
In: ACS Photonics. Vol. 8 (2021) 7, 2041 - 2049.  
 
 
First published online by ACS: 12.06.2021 
 
https://dx.doi.org/10.1021/acsphotonics.1c00167  

https://dx.doi.org/10.1021/acsphotonics.1c00167








where A = E/iω is a vector potential, p = −iℏ∇ is momentum,
and m0 is a free electron mass. We employ A·p rather than E·r
Hamiltonian50 because the states |k⟩ and |mo⟩ are not
orthogonal, hence, using A·p Hamiltonian in place of dipole
Hamiltonian assures that the result does not depend on the
choice of the origin of coordinates. Let us evaluate the
momentum matrix elements for two orthogonal polarizations
of the electric field. For the polarization normal to the surface
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The transition rate to a given molecular orbital can be found
using the Fermi Golden rule
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since integrating over k with a delta function is equivalent to
averaging over the direction of k and multiplying by the
density of states ρ(Emo − ℏω) ≈ ρF = kFm0/πℏ

2, where
Heaviside step function H and volume L3 are used. Averaging
over the direction means ⟨kx

2⟩ = ⟨ky
2⟩ = ⟨kz

2⟩ = kF
2/3, and

therefore, the transition rate for the normal and parallel
polarization is
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where the spatial overlap factors (which are proportional to the
square of the transition momentum and thus related to the
collective oscillator strength of all the transitions between the
continuum states in the metal and a discrete adsorbate state)
are
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α = akF, β = bkF, and for gold, kF = 1.2 Å−1.
Typically, molecular orbital dimensions a and b are of the

same order, so we assume a = b and plot the factors (eq 11) in
Figure 3. For realistic values of molecular orbital radii of 1−2
Å, the overlap factors are similar for both polarizations and are
on the scale of 0.1. Essentially, the results in Figure 3 indicate
that, in order to have a viable direct transition from the
extended states in the metal to localized surface states, the
spatial Fourier spectrum of the surface state wave function
should have a considerable magnitude around the Fermi
wavevector. The actual shape of the wave function is not nearly
as important as the size of it.
Next, we estimate the CID damping rate if the optical field

E(r) is confined, then the total rate of energy loss due to
absorption into adsorbate states is
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where Nss is the density of surface states and integration is over
the metal surface. Note that ℏ cancels out, which is a good sign
as other than overlap factor (“oscillator strength”) the result
should be classical. At the same time, using the classical Drude
formula for the case when the damping rate γ ≪ ω, we can
write the equation for energy loss in the metal particle as
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where Ne is the density of electrons, the integral is taken over
the field spread inside the metal, and γ is the total damping rate
that is the sum of the bulk damping rate γbulk and the surface
scattering induced damping rate (Landau damping) γLD. It is
only natural to add CID rate due to direct absorption γCID

d to
these processes, that is, set γ = γbulk + γLD + γCID

d + γCID
sr , where

γCID
sr is a CID contribution due to added surface roughness
estimated in SM, so that comparison of eqs 12 and 13
immediately yields a CID rate due to direct absorption
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Note that the last term in eq 14 is an effective surface to
volume ratio; hence, the damping rate depends on the ratio of
the total number of surface states to the total number of free
electron states inside the optical mode volume. To gain further

Figure 3. Overlap factors F⊥, F⊥′ for normal and F∥, F∥′ in plane polarizations.



insight, note that the electron density in the metal is Ne = kF/
3π2, and one can also introduce the fraction of the surface
covered by the adsorbate states fss = πa2Nss, the one can rewrite
eq 14 as
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where the modified overlap factors are defined as
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and are plotted in Figure 3b, while effective surface to volume
ratios for two polarizations are
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Then, what amounts to be “effective sizes” of elliptical
nanoparticles with axes d and md, deff,⊥(∥) can be plotted
relative to diameter d as a function of aspect ratio m, as shown
in Figure 4a, where also the effective size under the assumption
that F⊥′ ≈ F∥′ , deff = 1/(deff,⊥

−1 + deff,∥
−1 ) is shown with a dashed

line. As one can see, for more or less prolate ellipsoids with m
> 2, deff,∥ ≪ deff,⊥, most of CID occurs due to the in plane
polarized field, which is precisely the opposite from the LD
where it is the normal field that is responsible for hot carrier
excitation. Thus, studying samples with oriented prolate
nanoparticles, LD and CID can be differentiated by varying
the aspect ratio m.

■ RESULTS
To ascertain the order of magnitude of γCID, we first assume a
spherical nanoparticle, so that the integration (eq 17) gives
deff,⊥
−1 = 6d−1⟨cos2θ⟩θ,φ = 2d−3 and deff,∥

−1 = 6d−1⟨sin2θ⟩θ,φ = 4d−3,
leading to deff,∥ = 1/2deff,⊥ = 0.25d. Thus, we obtain
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If we assume realistically F⊥′ ≈ F∥′ = 0.05, Cp = 0.05, fs = 0.1,
and d = 10 nm; then, for λ = 700 nm, we obtain γCID ∼ 8 ×
1012 s−1, which is of course quite small compared to typical
damping rates of γbulk ∼ 1014 s−1, as well as18

γ = =⊥
−v d(3/8) / 10 sLD F eff,

14 1
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It is also important to the consider the frequency dependence
of the CID effect. As we can see, the CID damping rate is

proportional to the frequency of light ω in contrast to the
frequency independent LD. Also, CID damping should drop to
zero for ℏω < Emo − EF, which would be a foremost criterion to
confirm CID by charge transfer.
To compare with the available experimental data, we

consider the results in ref 38, where CID of 15−25 meV has
been observed for 66 nm long Au nanorods with 22 nm
diameter, 100% covered by thiol adsorbate. We assume that
the sulfur atom forms the interface state of radius 1 Å.
Approximating the particle shape by an ellipsoid with aspect
ratio m = 3, increasing fss to 1 and keeping the same overlap
and penetration factors as before, we obtain from eq 15, γCID ∼
3.0 × 1013 s−1 or ℏγCID ∼ 20 meV, that is, indeed very close to
the results of ref 38.
Comparing eq 15 with eq 19, we can obtain the relationship

between the rates for CID and LD
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where the same λ = 700 nm has been assumed, and the “form
factor” G∥ = (kFb/3)deff,∥/deff,⊥ is plotted as a function of the
aspect ratio for different adsorbate molecular orbital radius b =
a in Figure 4b. Once again, for Cp = 0.05, fss = 0.1, γCID/γLD ≈
0.5F⊥′ (1 + G∥), the relation is shown in Figure 4c. One can see
that, as long as the aspect ratio exceeds 2, the CID rate reaches
10% of the LD rate, and if the surface of the nanoparticle is
densely covered ( fss approaching 1), the CID may become the
dominant damping mechanism. Of course, at 100% coverage,
the state in orbitals will couple into 2D extended states on the
surface in which the orbitals will play the role of the periodic
part of the Bloch states. The extended states will have
somewhat reduced responsivity to electric fields parallel to the
surface, but R∥ will still be distinct from zero, since the Bloch
states have spatial Fourier components on the scale of kF
required for the direct transition. In fact, one can consider
extended states in energy bands of the semiconductor as the
ultimate case of adsorbates with 100% coverage; no wonder
then that high efficiencies of direct transfer have been observed
on metal−semiconductor interfaces40,51 for normal fields. But,
the adsorbates with dense but not complete coverage might
still bare the potential for elongated particles due to additional
response to in plane electric fields. One should note that the
curve for a = 0.5 Å looks different from the curves for larger
sizes because, according to Figure 3b, it has large F⊥′ but a very
small F∥′, which means that the absorption rate does not
increase much for the prolate nanoparticles with large aspect
ratios.

Figure 4. (a) Effective size of the ellipsoid for normal and in plane fields. (b) Form factor and (c) ratio of CID to LD rates as a function of aspect
ratio of ellipsoidal nanoparticle.



While comparing the different damping rates it is important
to appreciate the fact that while all the absorbed carriers
directly end up on the adsorbate and can cause chemical
reactions, only a small fraction of hot carriers excited by the
Landau damping (and even less by other mechanisms19) end
up on the adsorbate states, let alone participating in chemical
reactions. First of all, only the hot carriers excited close to the
attached molecule can tunnel onto it. Second, the excited hot
carriers must have their energy close to Emo. We can therefore
introduce a factor Cinj to describe the fraction of the carriers
that have energies ensuring the transfer into the surface state as
well as the efficiency of tunneling (i.e., including probability of
reflection back into the metal). Then we can obtain the
expression for the injection rate via LD as γinj,LD = fssCinjγLD and
therefore
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The injection factor Cinj is relatively easy to calculate for the
case of injection from the metal into semiconductor, as in
photodetectors, where all the hot electron has to do is to have
energy exceeding the potential barrier, and depending on
whether the lateral momentum is conserved or not at the
boundary, it should have the direction of propagation with a
certain solid angle.19 Depending on the height of the barrier
and excess energy this efficiency can be as high as 10−15%.
But when it comes to injection into the surface states, the
situation is different, as only the carriers with kinetic energies
in a relatively narrow range of energies Emo ± ΔE/2 can
transfer to the surface state and Cinj ∼ ΔE/ℏω. Of course,
there exists a possibility that the injection will occur into the
higher states of the adsorbate state with the subsequent
relaxation to the ground level or to higher states in metal that
relax by collision with another electron, but even with that
possibility, one cannot expect Cinj to exceed 10%. What is also
obvious is that the increase in penetration depth Cp and
probability of injection Cinj occur concurrently, and it is not
unreasonable to set their ratio to unity. With that, we can plot
the ratio (eq 21) for the aforementioned 700 nm wavelength
and for various aspect ratios and adsorbate orbital sizes. We
plot for two values of the ratio: Cp/Cinj = 1 in Figure 5a and
Cp/Cinj = 0.1 in Figure 5b. The second case is probably
absolutely the worst case scenario, as it assumes, let us say Cp =

0.01, and the latter being highly unrealistic since small Cp
implies a very weak hybridization coupling, thus, a narrow
resonance for tunneling ΔE, which also brings Cinj down. But
even for this scenario, there exists a very wide range of
parameters within which direct excitation via CID exceeds the
excitation via injection of hot carrier, while for a more realistic
case of Figure 5a, direct excitation dominates for aspect ratios
exceeding 1 and orbital radii a,b < 2.5 Å. The situation
becomes more dramatic for the elongated geometries, in which
such cylindrical nanowires excited by the light polarized along
the axis where the normal component of field is very small
compared to the in plane one.

■ DISCUSSION
So, what is the useful lesson that can be extracted from this
relatively straightforward exercise? While the results obtained
here are based on a number of assumptions, these assumptions
(such as molecular orbital dimension and overlap with metal)
look very reasonable to us, and thus, we believe that our results
provide a right order of magnitude estimate of the direct
absorption of carriers (electrons or holes) from the extended
states in the metal to the molecules attached to the surface.
What seems to be beyond the doubt to us is that since 100% of
the carriers excited by direct absorption may contribute to
chemical reaction, the rate of this process is easily comparable
or exceeds the rate of the indirect injection of photoexcited
carriers, where most of the carriers end up on the Fermi level
within tens of femtoseconds. Our results are corresponding
quantitatively to the experimental observations of CID from
thiol adsorbates,38,41,46 especially the strong effect on
elongated particles.
And what is the actual charge transfer efficiency? Though

several attempts exist to characterize direct charge trans
fer,30,33,40,42,51 the quantum efficiency of this process had only
been determined for the cases of semiconductors only.29,40,51

From our theory, we can estimate the efficiency of charge
transfer by comparison to all possible excitations:

η
γ γ γ
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Now, for the elongated nanoparticles γinj,LD ≪ γCID
d in

accordance with eq 21 and following SM γCID
sr ≪ γCID

d . The
latter is a consequence of direct absorption being a first order

Figure 5. Ratio of the direct absorption and carrier injection into the adsorbate states: (a) Cp/Cinj = 1; (b) Cp/Cinj = 0.1.
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