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Abstract: Performing chiral photodetection, photocatalysis or photochemical reactions at the molecular level has always been 

a nearly impossible task, due to the very low efficiency of the generated optical circular dichroism signals. On the contrary, chiral 

colloidal nanocrystals have been shown recently to offer a very large differential response to circularly polarized light. Such a 

response is able to generate hot-electrons with a very strong asymmetry, thus potentially able to perform the aforementioned 

tasks. In this paper, an intermediate picture is chosen, for which an achiral small assembly of identical particles triggered by a 

chiral molecule is able to generate large plasmon-induced circular dichroism (PICD), in turn able to generate the required 

asymmetry in the generation rates of hot-electrons. By performing Finite Difference Time Domain simulations based on the 

combination of a classical model of PICD generation and a quantum-based model of hot-electrons generation, the simple design of 

an achiral gold NPs’ dimer triggered by a chiral molecule located in the center and oriented with its transition electric dipole 

moment parallel to the dimer axis is shown to be able to generate a strong asymmetry in its HEs’ generation response. The PICDs 

and related hot-electrons generation rates increase as a function of volume, surface, respectively, of the considered systems, 

thereby providing a way to trigger chemical reactions. 
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1. Introduction 

Owing notably to the concept of plasmon-induced / 

plasmon-coupled circular dichroism [1-7], plasmonic 

nanostructures have been recently designed in a wide variety 

of ways in order to promote the use of photovoltaic devices 

[8-9], solar energy conversion [10], optical sensing [11], chiral 

growth [12], drive photocatalytic processes [13–17] and allow 

efficient photodetection [17] or heat on the nanoscale [18]. 

Such variate applications are driven by different physical 

processes, which all find their roots in the electric field 

enhancement occurring in close proximity of the plasmonic 

elements. In the realm of current environmental problems, it is 

worth mentioning that the use of plasmonic nanostructures as 

photocatalytic platforms for water splitting [19], H2 

dissociation [20–23], or CO2 reduction [24] is particularly 

relevant. These reactions can actually be performed by virtue 

of the plasmonic nanoparticles (NPs) either providing 

additional energy by heating their immediate surrounding [18] 

or generating and donating excited (hot) electrons and holes to 

the reacting species [13–16, 25–28]. In this respect, the 

injection of hot electrons (HEs) is a very efficient energetic 

process which allows to directly transfer an electron from the 

metal Fermi sea to the molecular excited state with an 

excitation energy lower than that required for a direct optical 

transition in the molecule. Such a process thus clearly extends 

the usable spectral range of solar radiation. 

Chirality is pervasive in nature, from galactic to 

sub-molecular scale, going through small metabolites and 

amino acids to macromolecules such as proteins and DNA 

[29], The field of optics offers valuable tools to probe the 

chirality of nanosystems, including the measurement of 

circular dichroism (CD), the differential interaction strength 

between matter and circularly polarized light with opposite 
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helicity. Strong chiroptical responses are highly desirable 

capabilities for the realization of a wide range of applications, 

including circular polarizers, circular converters, polarization- 

encoded optical communication, polarization- selective 

chemical reactions, and localized heating [29]. 

According to recent studies [30–33], plasmonic chirality, as 

measured by CD, may be due to either structural chirality 

induced during the assembly of metallic nanoparticles (NPs) 

or plasmon-induced circular dichroism (PICD) of a chiral 

species [4–11]. In the former case, differences in circular 

dichroism can be observed as due to polydispersity in size or 

shape of the particles and presence of dihedral angles between 

the NPs in the assembly. In the case where particles are 

identical, spherical and perfectly monodisperse, CD signals 

can still originate from an achiral behavior based on the 

positional arrangement of the NPs, as found in Archimedean 

spirals. Recently, chiral plasmonic nanocrystals exhibiting 

large asymmetry factors in optical circular dichroism (CD), 

allowing for the generation of hot-electrons showing a very 

strong asymmetry, have been shown to provide mechanisms 

for chiral growth [12] and polarization-sensitive 

photochemistry [12, 21]. In the latter case, involving PICD of 

chiral molecules spatially and orientationally 

well-functionalized in the NPs’ assembly, the presence of 

electromagnetic hotspots, generated by the proximity of 

metallic particles, constitutes the small chiral species’ 

amplification mechanism [1, 2, 31]. 

In this paper, the large differential response to circularly 

polarized light created in the PICD process is shown to lead to 

a large asymmetric generation of hot electrons in the system, 

thereby being potentially able to induce a given chemical 

reaction. The model we will consider in order to describe the 

plasmon-induced chiral generation of hot electrons consists of 

two parts, naturally following the formal distinction between 

molecular plasmon-induced chiral effects [1, 2, 31] and 

injection of hot-electrons [22, 25]. In the first part, following 

Govorov et al. [1, 2, 31], we will distinguish between the 

optical response of a chiral plasmonic assembly, which is 

based on classical electrodynamics and the concept of 

plasmon-induced chirality. As the system we will further 

consider, chosen to be a dimer of "identical" gold NPs, is 

structurally achiral, a chirality being solely induced by the 

presence of a chiral molecule in the hotspot of the system, we 

will then consider the fields generated by the presence of this 

chiral molecule to calculate the asymmetric HEs injection 

rates according to the fundamental quantum-mechanical 

phenomenon of HE generation in plasmonic particles [21, 22, 

25]. 

2. Results and Discussion 

2.1. Chiroptical Response of a Plasmonic System 

The extinction cross section σext of an assembly of NPs 

quantifies the strength of its coupling with incident light. It is 

usually separated into the absorption σabs and scattering σscat 

components which pertain to two different types of 

light-matter interaction. While illuminated at their resonant 

frequencies, the interaction cross sections of noble metals (e.g., 

Au, Ag) nanostructures are much larger than their actual 

geometrical equivalents. Also, in case their dimensions are 

significantly smaller than the excitation wavelength 

(quasi-static approximation), σscat can generally be neglected, 

yielding 

���� = ���� +  ����� ≈ ���� 

Such a cross-section σabs (m
2
) is defined as the ratio of 

the power absorbed by the system Qabs (W) to the incident 

energy flux I0 (W/m
2
): 

���� = 
���
��
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where εm and εs are the dielectric constants of the metal and the 

surrounding environment, respectively, ω is the angular 

frequency of the incident light, and c0 is the speed of light in 

vacuum. The vector �
→

��� is the complex electric field inside 

the metal and !�
→

�! denotes the field amplitude of the incident 

light. 

The chiral optical activity, or circular dichroism, CD, is then 

determined from the optical cross sections of the system 

owing to the relation "# ≈ ∆���� = ����% − ����' , where 

the subscripts - and + stand for Left Circularly Polarized and 

Right Circularly Polarized (RCP) light, respectively. 

The formalism introduced so far is valid as long as the 

optical activity is generated by the structural chirality of a 

system. The LCP and RCP lights would then provide different 

excitations of the system, resulting in an observable CD signal. 

In this paper however, we aim to consider the case of a 

structurally achiral nanostructure and investigate the effect of 

a chiral molecule on the plasmon-induced circular dichroism 

(PICD) [1, 2, 31]. The simplest situation providing a 

significant amplification (plasmon-induced) process is the 

case of a dimer of gold NPs. In order to be sufficiently close to 

experimental situation, the Au cores are surrounded by a 1 nm 

shell of a dielectric medium with a relative permittivity (2.25) 

embedding the considered chiral molecule, L-Phe, and 

deposited on a substrate of AAO with an effective permittivity 

of 2.89. The whole system is then immerged in water. In order 

to clearly distinguish the effect of orientation of the molecule 

with respect to the gold surface, a single L-Phe molecule will 

be considered to be chirally active in the dielectric layer, with 

its electric dipole moment either normal or tangential to the 

Au surface, in the middle of the dimer axis. Figure 1 provides 

a scheme of the considered system. 
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According to the general quantum theory of optical activity, 

the strength of a molecular dipole’s CD signal is given by 

"#� ~ ���)
�

*�. �
�

�*�  [34], where )
�

*�  and �
�

�*  are 

respectively the quantum matrix elements of the electric and 

magnetic dipole operators. The indices 1 and 2 denote the 

ground and excited states of the molecule. According to this 

equation, a molecule’s CD signal arises from the joint reaction 

of its electric and magnetic dipoles to light. 

Remarkably, in PICD [1, 2, 31], the chiral property (usually 

exhibited in the UV range) of a molecule can be both strongly 

enhanced and transferred to the visible wavelength range by 

using a plasmonic hot spot, here located in the middle of a 

nanoparticle dimer (Figure 1). By writing the total field as 

����

�
� �,

�

	 �-

�
, where �,

�

 is mainly the field induced by the 

NPs in the absence of the molecule and �-

�
 the field induced 

by the surface charge of the NPs, in turn induced by the 

molecule itself, Govorov et al. showed that the molecular 

circular dichroism of the molecular part could be written as 

"#��. � 2��/�*����*|'
� & ���*|%

� �, in the quasi-static limit, 

rotating wave approximation and using a perturbative 

approach for the quantum master equation of the molecule [1, 

2, 31]. In this equation, ω0 is the molecular transition 

frequency, γ12 is the damping from level 2 to level 1 and 
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position of the molecule. 

In case a dimer of NPs is investigated, they further showed 

that the circular dichroism originating from the NPs could be 

separated into three parts "#>? � "#>?,AA 	  "#>?,-A 	
 "#>?,--, where the three terms originate from the interaction 

of the �,
�

 and �-

�
 vector fields in the following way: 
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� . In all cases, the integration is 

performed on the volume of both NPs and QNP,ff, QNP,df and 

QNP,dd are thus the powers absorbed by the system, which have 

to be calculated in the - and + situations, e.g. for Left 

Circularly Polarized (LCP) and Right Circularly Polarized 

(RCP) excitation lights and then be subtracted. As a matter of 

fact, CDNP,ff will provide us with a zero contribution since the 

NP dimer system itself is non-chiral, so that two contributions 

remain for the NPs: CDNPs=CDNP,df + CDNP,dd. In turn, the total 

circular dichroism potentially observable is CDtot=CDNP,df + 

CDNP,dd + CDmol. 

In order to calculate the optical signals for this system, we 

performed Finite Difference Time Domain (FDTD) 

simulations [35]. We investigated 5 different configurations, e. 

g. gold spherical dimers with diameters ranging from 20 nm to 

50 nm and surrounded by a 1 nm-thick shell of the L-Phe 

amino-acid (dielectric permittivity of 2.25), deposited on an 

AAO substrate (effective dielectric permittivity of 2.89), the 

whole system being immerged into water (dielectric 

permittivity of 1.8). In all simulations (Figure 1), an auto 

non-uniform mesh type with accuracy 6 has been used and the 

(Lumerical) Conformal Mesh Technology (CMT) was chosen, 

(the so-called conformal variant 0). To increase the accuracy 

and insure convergence, a sub-mesh with a step size of 1 nm 

was added in and immediately around the NPs. For the 

dielectric function of Au, Johnson and Christy’s data have 

been chosen. Perfectly Matched Layers were implemented in 

all directions. For each configuration, two simulations have 

been performed, using either an electric dipole located in the 

middle of the dimer axis or a plane wave propagating 

backward while launched from the top of the structure, 

providing us with the �-

�
 and �,

�

 fields required for the 

volume integrations. 

 

Figure 1. Schematic of a chiral molecule in the hotspot of a gold spherical 

dimer. the NPs are surrounded by a 1 nm thick dielectric shell, deposited on an 

AAO substrate and the whole system is immerged in water. 

For the molecular dipole, we choose numbers typical for the 

experiments. The electric transition dipole moment is defined 

as: µ12=|e| r12 and the magnetic one through the relation 

µ12·m21/µ12=i |e| r0 ω0 r21 /2. In our calculations, we use r12=0.2 

nm, r0=5.10
-3

 nm and γ12=0.3 eV. The molecule (chosen to be 

L-Phe) has a resonance wavelength of 220 nm. The key chiral 

parameter r0 determines the CD strength of the molecule 

CDmol,0 ∼ Im(µ12.m12) ∼ r0. This parameter is small since 

chirality of a molecule is usually weak. The above parameters 

of a chiral molecule yield typical numbers for the molecular 

extinction and CD [1, 2, 31]. Finally, for each configuration, 

we also have considered the molecular dipole to be oriented 

either parallel or perpendicular to the dimer axis. 

2.1.1. Molecule’s Electric Transition Dipole Moment 

Parallel to the Dimer Axis 

Figure 2 shows the plasmon-induced circular dichroisms 

(PICDs) for the various investigated cases as one locate the 

chiral molecule in the center of the dimer axis, with its electric 

dipole moment parallel to the axis (e.g. perpendicular to the 

surfaces of the spheres). For each configuration, we show the 

dipole-field (CDNP,df), dipole-dipole (CDNP,dd), molecular 

(CDmol) and total (CDtot) contributions. The field-field 

contribution (CDNP,ff) reduces to nullity because of structural 

symmetry. 

By inspection of Figure 2, one obviously sees that, at the 

plasmon resonance, the dipole-field contribution gives the 

largest contribution to the observed PICD. Let us note here 

that the molecule itself does not absorb at the plasmon 

resonance. In such an off-resonant regime �� & �G.�  H
 /*�, |=|, the CD signal in the plasmonic band is proportional 

to the optical rotatory dispersion (ORD) 
�32.132

89% 8IJK
of the 

molecule [23]. The enhanced CD then originates from energy 
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dissipation inside metal NPs due to the joint action of the 

dipolar field of the chiral molecule (ORD response) and the 

external field. Since both dipolar and external fields are 

greatly enhanced in the vicinity of the hot spot, this 

dipole-field term shows a very strong enhancement. 

Concerning the molecular term, the function G(ω) and, 

accordingly, CDNP,dd play an essential role only for small 

distance d between the NPs, when the molecule-surface 

distance is small. G(ω) generates a broadening of the 

molecular resonance. As a consequence, the molecular CD 

band at 220 nm is transformed into an asymmetric profile (not 

shown) and the plasmonic CD profile becomes very strong 

and broad. The last effect, observable around and above 600 

nm originates from the large enhancement of the electric field 

at the location of the chiral molecule and from Coulomb 

interaction between the chiral molecule and the achiral 

plasmonic nanostructure. Finally, the dipole-dipole term 

CDNP,dd appears due to the dissipation inside the metal cause 

by the molecular dipolar field. 

 

Figure 2. Circular dichroism calculated for gold spherical dimers with core 

diameters ranging from 20 nm to 50 nm and comprising a molecule located in 

the middle of the dimer axis with its electric transition dipole moment oriented 

along the dimer axis. 

Figure 2 also shows that CD signals exhibit positive and 

negative contributions, which depend both on the direct 

environment and frequency. If one concentrates on the 

frequency giving the largest hot-spot enhancement, around a 

wavelength of 650 nm, one clearly observes that CDtot 

increases, as a function of the spheres’ diameters, up to 36 nm 

where it starts to saturate or even decrease if one goes further. 

This observation, which is best shown in Figure 5b, clearly is 

physically meaningful, since the leading dipole-field term, 

which describes the energy dissipation inside metal NPs due 

to the joint action of the dipolar field of a chiral molecule and 

the external field, increases as a function of volume up to a 

point where the combined action of the fields starts to vanish. 

2.1.2. Molecule’s Electric Transition Dipole Moment 

Perpendicular to the Dimer Axis 

In case we locate the chiral molecule with its electric 

transition dipole moment oriented perpendicular to the dimer 

axis, e.g. tangentially to the surface of the NPs, as is often the 

case for an aromatic molecule simply adsorbed on a gold 

surface, one would assist to a completely different behavior 

(Figure 3). 

All CD contributions exhibit a drastic decrease, by 3 orders 

of magnitude, as compared to the previous situation. As a 

matter of fact, this decrease originates, for each contribution, 

to a destructive interference between the fields involved in the 

volume integration. This configuration exemplifies the role of 

the environment, and in particular the simple and drastic effect 

of a change in molecular orientation of the chiral molecule. 

The maxima of the various CD signals do not appear clearly 

around 650 nm anymore. Furthermore, at this wavelength, 

CDtot exhibits rather small magnitudes oscillating between 

positive and negative values as a function of the spheres’ 

diameters as best observed in Figure 6b. 

 

Figure 3. Circular dichroism calculated for gold spherical dimers with core 

diameters ranging from 20 nm to 50 nm and comprising a molecule located in 

the middle of the dimer axis with its electric transition dipole moment oriented 

along the dimer axis. 

Based on these results, and leveraging on the clearly 

observed PICD effects, we now aim to investigate the 

potential strongly enhanced asymmetric generation and 

injection of HEs in the immediate surrounding of the NPs. 

2.2. Generation of Hot Electrons in Chiral Systems 

The photoexcitation process entails the absorption of a 

photon and the subsequent transition of an electron from the 

ground state to an excited state (Figure 4). During this process, 

two different types of excited electrons appear in the system 

[21, 36]. One is labeled “thermalized”, the other 

“non-thermalized”. The population of the latter cannot be 

described by the Fermi Dirac distribution since its distribution 

of electrons extends to energies well above the Fermi energy 

EF, up to EF + 7�. These so-called hot electrons (HEs) can 

directly be transferred to correctly aligned electronic states of 

molecules which would otherwise not be reachable by an 

internal transition of energy 7�, as Figure 4 schematically 

depicts. In such a case, the energy threshold is set so that the 

excited electron can overcome the energy barrier ∆Eb between 

the Fermi level EF of the metal and the energy of the lowest 

unoccupied molecular orbital (LUMO). 

The generation of nonthermal hot carriers being an ultrafast 

(100 fs) and nonequilibrium process, most HEs generated near 

the surface of a plasmonic nanostructure will be injected into 

its immediate surrounding, being able to perform chemical 
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reactions. In order to drive such reactions on time scales much 

larger than the typical lifetime of hot carriers inside the metal, 

a constant illumination might be used. Let us note that we set 

∆Eb=0 in this paper, which has the effect to maximize the hot 

electron injection rates and allows us to draw conclusions with 

no particular consideration of a specific chemical reaction. 

The solutions of the quantum master equation [8, 13–15, 

17–21, 30, 36] treated in a perturbative approach provide a 

convenient way to quantify the rates of HE generation. Here is 

the final expression derived for these generation rates: 

CLMDN4 �
�

O2

�24P
2

7

*

�78�Q � |�R|�
S

�T , where �R � �8. U
^

 is the 

electric field outgoing normally from a 1 nm distance of the 

inner surface (Figure 1) and S is the surface of the metal 

structure. 

 

Figure 4. Scheme of the energy diagram depicting optical excitation of 

electrons and holes inside the metal and their transfer to a neighboring 

molecule. 

Very importantly, this equation highlights that the excitation 

of HEs is a surface quantum effect, and it originates from the 

nonconservation of the electron’s linear momentum due to its 

scattering by the surface. 

Since we are interested in asymmetry of the HEs’ generation, 

we will consider the difference between the LCP and RCP 

lights on the HE injection rates as ∆� CLMDN4 ' &  CLMDN4 %, 

for which �R W

�
� �,W

�

	 �- W

�
, with the fields �,W

�

 and �- W

�
 

being exactly the ones determined in the previous section, while 

the integration is now performed on the surface of the spheres. 

Figure 5 shows the HEs injection rates difference (∆) for the 

various systems of investigation consisting of dimers of gold 

NPs with 5 different diameters ranging from 20 to 50 nm. Here, 

the chiral molecule responsible for the chiral nature of the 

system is placed as usual in the middle of the dimer axis, with 

its electric transition dipole moment along the axis. HEs 

injected in the shell of the dimer system after + or – 

photoexcitation exhibit ∆ which basically follows the trend of 

CDtot (Figure 2) with a frequency modulation provided by the 

integrating quantum prefactor �7��%X. 

Figure 5a indeed shows wavelength-dependent HE rates’ 

differences ∆ with an increase of the generation rates as the 

size of the considered system increases. Again, if one follows 

the trend at a resonance wavelength of 650 nm, one observes 

clearly (Figure 5c) an increase of ∆ followed by a saturation 

as one approaches a NP’s size of 50 nm. The explanation of 

this behavior is multiple. Firstly, the integration on the surface 

area to release the generated HEs to the immediate 

surrounding medium plays a major role, increasing 

quadratically with the size of the NPs dimer. Secondly, the 

rates depend of course on the presence of plasmonic hot spots, 

which are especially strong in the gap region. Thirdly and 

finally, the HE generation rates include the quantum factor 

�7��%X. This factor favors plasmon resonances in the red and 

IR. This is why the dimers with strong gap plasmons, which 

are typically in the near IR, are able to generate HEs so 

efficiently. When the size of the NPs increases, the 

gap-plasmon resonance shifts towards longer wavelength, 

which also involves a stronger quantum factor. 

 

Figure 5. Differences in HE injection rates between LCP and RCP 

photoexcited systems as a function of wavelength (a) and total CD signals (b) 

and rates’ differences (c) observed as a function of the NPs’ sizes. The chiral 

molecule has a transition dipole parallel to the dimer axis. 

In case the electric transition dipole moment of the chiral 

molecule lies parallel, tangential to the NPs’ surfaces instead 

of perpendicular, one again assists to a completely different 

behavior with a drastic decrease, by 3 orders of magnitude, of 

the HE injections rates as shown in Figure 6. 

 

Figure 6. Differences in HE injection rates between LCP and RCP 

photoexcited systems as a function of wavelength (a) and total CD signals (b) 

and rates’ differences (c) observed as a function of the NPs’ sizes. The chiral 

molecule has a transition dipole parallel to the dimer axis. 

This result highlights that, in order to provide strong as- 

symmetric HEs injection in the immediate surrounding of the 

plasmonic NPs, as triggered by a chiral molecule, the latter 

must be oriented perpendicularly to the NPs’ surfaces. This 

result closely follows the one obtained here above in the case of 

the plasmon-induced circular dichroism triggered by the very 

same chiral molecule. It also follows the usual trend of a 

maximum Raman scattering or maximum fluorescence 
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enhancement factor when the molecular species have their 

dipole moments oriented in a direction perpendicular to the NPs’ 

surfaces. This trend, which is valid in the case of our NPs’ 

dimers and also for a single plasmonic NP [31], might reveal 

more cumbersome to determine in complex NP assemblies [1]. 

On the experimental side, the situation is very challenging 

to accomplish, since fixing the location and orientation of a 

molecular species by functionalizing it close enough to a NP is 

a daunting task, even with the help of DNA technology [26–28, 

37]. Furthermore, in order to obtain measurable signals, at 

least single layers of chiral molecules must be functionalized 

on the gold cores, with the orientation of the constituting 

dipoles fixed perpendicularly to the surface. Also, for the 

system to work as a "chiral" HEs’ photoinjector able to 

perform chemical reactions, the reactive species must also lie 

in very close proximity of the NPs (order of 1 nm). All that set, 

our results clearly show that the PICDs (∆) will scale up with 

the volume (surface) of the NPs, as far as the leading 

dipole-field term increases, e.g. as far as the combined action 

of the dipolar field of a chiral molecule and the external field 

starts to vanish (Figure 5 b, c), which corresponds to particle 

sizes of about 40 nm in the configuration here described. 

3. Conclusion 

In conclusion, by performing Finite Difference Time Domain 

simulations based on the combination of two models 

well-described in the literature, the simple design of an achiral 

gold NPs’ dimer triggered by a chiral molecule located in the 

center and oriented with its transition electric dipole moment 

parallel to the dimer axis could is shown to be able to generate a 

strong asymmetry in its HEs’ generation response. This 

asymmetry follows the general trend displayed by the 

plasmon-induced circular dichroism of the system triggered by 

the very same molecule. Both the asymmetric HEs’ generation 

rate and the PICD are shown to be increasing functions of the 

NPs size, in volume and in surface respectively, up to a saturation 

level determined by the combined action of the dipole and 

external fields, keeping the separation between the NPs constant. 

Such calculations might prove very useful to initiate 

experimental studies of polarization-dependent surface reactions 

with bottom-up engineering techniques which might prove easier 

and produced at larger scales as compared to the synthesis of 

chiral structures. 
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