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ABSTRACT 

 

Chiral photochemistry remains a challenge because of the very small asymmetry in the chiro-

optical absorption of molecular species. However, we think that the rapidly developing fields of 

plasmonic chirality and plasmon-induced circular dichroism demonstrate very strong chiro-

optical effects and have the potential to facilitate the development of chiral photochemistry and 

other related applications such as chiral separation and sensing. In this study, we propose a new 

type of chiral spectroscopy – photothermal circular dichroism. It is already known that the planar 

plasmonic superabsorbers can be designed to exhibit giant circular dichroism signals in the 

reflection. Therefore, upon illumination with chiral light, such planar metastructures should be 

able to generate a strong asymmetry in their local temperatures. Indeed, we demonstrate this 

chiral photothermal effect using a chiral plasmonic absorber. Calculated temperature maps show 

very strong photothermal circular dichroism. One of the structures computed in this paper could 

serve as a chiral bolometer sensitive to circularly polarized light. Overall, this chiro-optical effect 

in plasmonic metamaterials is much greater than the equivalent effect in any chiral molecular 

system or plasmonic bio-assembly. Potential applications of this effect are in polarization-

sensitive surface photochemistry and chiral bolometers.  
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Since life is chiral, the topic of manipulation and separation of chiral species will always remain 

relevant for research and technology.1 Chiral light is a very handy tool, therefore, for 

technologies related to the life sciences. Light beams with opposite handedness interact 

differently with chiral matter and cause different dissipation and reaction. Circular dichroism 

(CD) spectroscopy is one of the most powerful methods to probe the chirality of biomolecules.2 

However, it is a challenging task to make chiral light-matter interactions sufficiently strong to be 

suitable for practical applications. Recent developments in this direction include: (1) 

Observations of strong CD signals in plasmonic bio-assemblies;3,4,5 (2) fabrication of metal and 

semiconductor nanocrystals with chiral shapes;6,7,8,9,10 (3) reports on chiral interactions between 

quantum dots and biomolecules;11 (4) plasmon-induced CD in biomolecular-plasmonic 

complexes;12,13,14,15,16,17 (5) investigation of chiral planar nanostructures with and without 

biomolecular coatings;18,19,20,21,22,23 (6) realization of a chiral photodetector based on 

metamaterials;24 (7) measurement of asymmetric optical forces between a chiral plasmonic tip 

and a substrate.25  

Here we describe a new type of chiro-optical effect that involves a combination of 

plasmonics and thermal physics. Photothermal circular dichroism (photothermal-CD), described 

in this paper, is an effect of strong asymmetry in the photogenerated temperature in a chiral 

metastructure. It is well established that plasmonic nanocrystals are excellent photoheaters.26,27 

This property enables many photothermal applications of plasmonic nanoparticles in the 

biomedical field28,29,30,31,32,33 and in physical chemistry.34,35,36,37 The geometry of a plasmonic 

heater is an important factor to achieve the desired temperature distributions.38,39,40 

Simultaneously, plasmonic nanostructures and metamaterials enable interesting possibilities to 

manipulate light.41 One well recognized effect in plasmonic planar metamaterials is that of a 
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strong optical absorption in an optically-thin system.42,43,44,45 Such nearly-perfect absorbers 

consist of a top layer of plasmonic resonators and a back reflector.43,44,45,46 The spacing between 

two layers in a superabsorber can be made much smaller than the wavelength of incident light. A 

superabsorber nanostructure may have an absorption coefficient close to unity at a few 

wavelengths. Correspondingly, chiral absorbers with asymmetric top-layer plasmonic resonators 

can demonstrate very strong CD signals.24 Chiral elements in metamaterials can be asymmetric 

nanowires,24 S- or L-shaped nanocrystals,19,22 as well as having many other shapes.18,20 Here we 

use the idea of a perfect absorber42 and combine it with the photothermal effect in a plasmonic 

nanostructure.27,38 As a physical system to demonstrate the photothermal CD effect, we choose 

the geometry of the perfect absorber with Γ-shaped nanocrystals. Our study shows that large 

optical CD is translated to strong chiral photothermal signals. The photothermal-CD effect 

mostly scales with the optical CD signal. Our numerical simulations yield local maps for the 

photothermal-CD effect in the chiral metastructure absorber.  

CD and g-factor are the commonly-used observable parameters characterizing a chiral 

nanostructure: 
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where ALCP and ARCP are the absorptances of the chiral nanostructure illuminated by the left and 

right circularly polarized beams, respectively. In a similar fashion, we define the parameters for 

the photothermal-CD effect. Photothermal CD is defined as a difference of photoinduced 

temperatures,  

 LCP RCP( ) ( ) ( ) ( ),δ= = ∆ −∆TCD T T Tr r r r  (2) 

where LCP ( )∆T r  and RCP ( )∆T r  are the local temperature increases created by the left and right 
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circularly polarized beams, respectively. Correspondingly, a chiral g-factor for the photothermal 

CD effect is defined as  
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The above photothermal chiral properties are local and depend on the position. Overall, since 

temperature is induced via the optical absorption process, the optical and thermal CD effects 

should produce similar g-factors, i.e., ~T CDg g . This property can be illustrated using the 

simplest case of a small spherical nanocrystal. The temperature increase on the surface of a 

single plasmonic nanoparticle of small size under CW illumination is given by38,47 

 tot
surface

NP

1
4π

∆ =
t

QT
k R

 (4) 

where totQ  is the total rate of heat dissipation, NPR  is the nanoparticle radius and tk  is the thermal 

conductivity of a surrounding medium; the heat conductivity of the metal can be considered as 

infinite. From Eq. 4, we see that the local increase in temperature is directly proportional to the 

absorption rate and, therefore, we can assume for an arbitrary chiral system the correspondence 

between the g-factors, ~T CDg g . We will see this property in our computational results obtained 

for complex chiral metastructures.  

However, one can also see a qualitative difference between the optical and thermal g-factors: 

the factor CDg  describes a whole nanostructure, whereas the factor ( )Tg r  is local and depends 

on the position where the photoinduced temperature is measured. For applications related to 

surface photochemistry, the average temperature on the surface can be a useful parameter. A 

related photochemical experiment with photoinduced melting of molecules adsorbed on a metal 

nanostructure was reported recently in Ref. 48. Another application lies in designing 
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metastructure bolometers.45 In this case, one should compute a temperature increase averaged 

over a slab of a temperature-sensitive crystal located near the absorbing metastructure. In this 

scheme, the electric resistance of the temperature-sensitive slab (doped silicon layer embedded 

inside silicon nitride) is used to determine the local temperature. In turn, the measured local 

temperature in the bolometric slab tells us about the absorption rate and intensity of an incident 

circularly polarized beam.  

 

1. Model and photothermal formalism. 

Figure 1a shows the geometry of our Γ-shaped metamaterial. It consists of the asymmetric 

top-layer nanostructures made of silver and the back reflector made of gold. Such combination of 

plasmonic metals (silver and gold) was used recently in Ref. 49. We note that the back reflector 

can also be made of silver and the final results for the photothermal effects in such a case will 

remain overall similar to the results reported in this paper. The spacing between the plasmonic 

layers is made of polymer with a low thermal conductivity. In this case, the photoinduced 

temperature under the pulse excitation becomes strongly localized in the top plasmonic layer. 

The medium above the metastructure was chosen to be water or air. In the main design used in 

this paper, the substrate is made of glass, which has a low thermal conductivity. In the case of the 

bolometric structure, the substrate material was taken to be silicon nitride, like in Ref. 45.  

Our plasmonic absorber is under pulsed optical excitation (Figure 1a) and the central 

function to be calculated is the local increase of temperature, 0( , ) ( , )T t T t T∆ = −r r , where 0T  is 

the ambient temperature and r  and t  are the coordinate and time, respectively. The heat transfer 

equation for our photoexcited system reads  
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 ( , )( ) ( ) ( ) ( , ) ( , )ρ ∂∆  = ∇ ∇∆ + ∂

 T tc k T t Q t
t
rr r r r r  (5) 

In this equation, )(),( rr cρ  and )(rk  are the mass density, specific heat and thermal 

conductivity, respectively. The local heat intensity ),( tQ r  comes from the light dissipation in 

the plasmonic components of the system:  

 

 2( , ) ( , ) ( , ) ( ) Im ( ) ( )
8 ω
ω ε
π

= ⋅ = ⋅ ⋅
t

Q t t t Pulse tr j r E r E r r   (6) 

where ),( trj  is the electric current density, ( , )tE r  is the electric field inside the system and 

)(rε  is the local dielectric constant of the system. The function ( )ωE r  is the complex field 

amplitude. The excitation is via an optical pulse with the duration of 8 ns. Correspondingly, the 

pulse function has the form: ( ) 1Pulse t =  for 0 8t ns< <  and ( ) 0Pulse t =  otherwise. Since the 

plasmonic reaction time is very short, this local field in Eq. 6 can be calculated as a reaction to 

the external monochromatic excitation. The incident beam is normal to the metamaterial and has 

the standard form: 0 0( , ) Re i t it e ω− + ⋅ = ⋅  
k rE r E , where 0E  is the amplitude of the incident field. 

The incident flux and the field amplitude of light are related through 
2

0 0 0 0 / 8ε π=I c E , where 

c0 is the speed of light in vacuum. The optical and thermal parameters of the components of our 

system are summarized in Table 1. The dielectric constants of the plasmonic metals (Au and Ag) 

were taken from Ref. 50. The electromagnetic fields and local temperature distributions were 

computed for the models of interest using the COMSOL software package.  
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Table 1. Thermal and optical parameters of the materials used in our metastructures.  

 
Thermal 

conductivity, k 
[W·m–1·K–1] 

Mass density, 
ρ [g·cm–3] 

Specific heat 
capacity, c 
[J·g–1·K–1] 

Heat diffusivity, 
Kdiff = k·ρ–1·c–1 

[m2·s–1] 

Dielectric 
constant, ε0 

Water 0.6 1 4.181 1.43 × 10–7 1.8 
Glass (SiO2) 1.4 2.65 0.840 6.29 × 10–7 2.13 

Polymer (PMMA) 0.2 1.18 1.27 1.33 × 10–7 2.25 
Ag 407 10.50 0.233 1.66 × 10–4 ref 50 
Au 318 19.32 0.129 1.27 × 10–4 ref 50 
Air 0.024 1.2 × 10–3 1.012 1.98 × 10–5 1 

Si3N4 30 3.25 1 9.23 × 10–6 4.08 
 

2. Results for the photothermal CD effect.  

Computational results in Figures 1 and 2 provide us with an overview of the optothermal effects 

in the metastructure. As expected, the electromagnetic fields become localized in the gap 

between the plasmonic Γ-nanocrystal and the back contact (Figure 1b). Simultaneously, optical 

absorption and heat generation mainly take place in the metal nanostructures as one can see from 

the maps of the photoinduced temperature (Figure 1c). The system exhibits two main plasmonic 

resonances in the near-infrared spectral range (Figure 2a,b). These plasmonic resonances 

correspond to the two coupled modes of the two arms of the Γ-nanocrystal. Figure 2e shows the 

surface charge distributions of the system at the two plasmonic absorption peaks with linearly 

polarized light. Since the geometry of the nanostructure is complex, the character of optical 

excitation in the system is multipolar. Due to the strong plasmonic resonances and the 

geometrical chirality of the Γ-shape, the system shows a strong CD effect and large g-factors 

near the plasmonic resonances (Figure 2c,d).  

 The main result of this study is a strong photothermal CD effect (Figures 3 and 4). Such a 

strong asymmetry of generation of phototemperature is a peculiar property of a plasmonic 

metamaterials. So far, only specially-designed asymmetric metamaterials were able to show g-
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factors close to unity for the visible and near-infrared spectral intervals. Correspondingly, such 

structures become ideal for demonstration of the strong photothermal CD effect. Figure 3 shows 

spatial maps of the photoinduced temperature and the related photothermal CD. The maps are 

shown at different vertical positions; the positions z = 0 and 40 nm correspond to the bottom and 

top surfaces of the Γ-nanostructure, respectively (Figure 1a). We observe strong local 

photothermal CD in the vicinity of the top plasmonic layer where the major process of light 

dissipation takes place. The local photothermal effect, of course, decays as we move away from 

the absorber in the vertical (+z) and lateral directions. The photoinduced temperature increase is 

nearly uniform inside the Γ-nanostructure at t = 8 ns because of the large heat diffusivity of the 

metal. Figure 4 presents the spectra of the photothermal effects in our chiral system at one 

selected position, point P1. Supporting Information has data for two more spatial positions, P2 

and P3. From Figure 4, we see that the photothermal g-factor is ~ 0.5 and is similar in magnitude 

to the optical g-factor in Figure 2. This agrees with our qualitative arguments given above in the 

introduction section.  

Finally, we look at the spatial-temporal distributions of temperature. Figure 5a,b 

describes the metamaterial device for surface photochemistry, whereas Figure 5c is related to the 

case of a chiral bolometer. During and after the pulse, the temperate distribution within the metal 

nanostructure is nearly flat (Figure 5a) since the thermal conductivity of the metal is high. With 

time, heat generated in the metastructure absorber diffuses into the surrounding media and, 

accordingly, the photoinduced temperature decays (Figure 5b, on the left). During the pulse, the 

temperature distribution is strongly peaked at the top nanocrystal and, as time goes on, we 

observe the typical effect of diffusive spreading of the local heat (Figure 5b, on the right). In the 

structure for photochemistry, both bulk media (water and glass) have similar heat conductivities 
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and, therefore, the photoinduced heat diffuses in both media. In the case of the bolometric 

structure, heat mostly diffuses into the solid substrate since it has a much higher thermal 

conductivity as compared to air. However, the temperature of air near the nanostructure rapidly 

increases during the optical pulse since air has a high thermal diffusivity and a low heat capacity. 

Since the density of air is so low, the total amount of heat in air remains small despite the large 

temperature increase in the air region. In the bolometric structure exposed to air, most of the 

photoinduced heat diffuses into the device and the temperature increase in the silicon nitride 

causes a change in the electrical resistance of the substrate.45  

 

3. Discussion 

It is interesting to compare the magnitudes of photothermal CD in our metastructures and 

in the other chiral systems, such as biomolecules and plasmonic nanocrystal assemblies. First, we 

note here that the g-factors vary in the following limits: 0 2CDg< <  and 0 2Tg< < . Second, as 

it was mentioned in the introduction, the photothermal and optical g-factors should be of the 

same order of magnitude, i.e., ~CD Tg g . Indeed, we see this correspondence in Figures 2 and 4. 

In chiral biomolecules (proteins, DNAs, etc), the typical asymmetry factor is 3~ 10CDg − .2 

Plasmonic nanocrystal assemblies with chiral geometries can show much larger g-factors, ~

22 10−⋅ .4,51 In the metastructure absorbers with the two-layer geometry, the g-factor can be as 

high as 1.1.24 So high g-factor for the perfect absorber realized in Ref. 24 comes from its design 

in which the metal nanostructures (chiral nanowires) are embedded into a medium with a high 

refractive index (silicon). In the systems studied in this paper, we used the media with smaller 

refractive indices (water and polymer) and, therefore, the magnitudes of absorption coefficients 
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and the maximum asymmetry parameters were somewhat smaller, ~ ~ 0.5CD Tg g . Yet, these g-

factors are much higher than those in biomolecules and plasmonic bio-assemblies. The choice of 

the materials in our models was dictated by potential applications, which are in surface 

photochemistry and in chiral photodetectors and bolometers.  

Finally, we comment on potential applications of the proposed nanostructures. In a chiral 

device for photochemistry, rates of thermally-activated reactions on the surface of an absorber 

will depend on the handedness of incident light beam. A chiral bolometer proposed here can be 

used to measure the degree of circular polarization of the incident light. For this, the device 

should have two metamaterial absorber panels with the different chiralities and both panels 

should be illuminated with the same incident beam. Then, the difference in the bolometric 

response of the two absorbers will tell us about the presence of circular polarization in the 

incident beam.  

 

 

4. Conclusions  

In this computational study, we have described the effect of photothermal plasmonic CD. This 

effect is unique for plasmonic metamaterial absorbers since it requires two conditions: (1) 

Efficient absorption of light resulting in strong and localized heating 52 and (2) a strong CD effect. 

On the one hand, plasmonic nanocrystals are excellent absorbers and heaters. On the other hand, 

chiral plasmonic metamaterials can generate a giant CD effect with g-factors close to unity. The 

combination of the above two factors can enable a strong photothermal CD effect. Indeed, the 

chiral plasmonic absorber designed in this study has shown very large photothermal g-factors, ~ 
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0.6. Chiral metamaterial heaters can be potentially used for surface photochemistry and to create 

bolometers sensitive to the circular polarization of incident light.  
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Figure 1. (a) Geometry of the chiral absorber with the coordinate system and definitions of 
incident circularly polarized beams. The top surface of the Γ-nanostructure is rounded by a 
radius of 7 nm. (b) Spatial maps of the electromagnetic field inside the metastructure at the two 
plasmonic wavelengths for the vertical cross section coming through Line 2 shown in (a); the 
system is under CW excitation. We see that the system is strongly chiral since the patterns for 
LCP and RCP beams are very different. (c) The photothermal maps of the chiral absorber. The 
data are given at the time t = 8 ns for the incident light flux of I0 = 105 W/cm2. We see now a 
strong difference in the magnitude of photoinduced temperature for the LCP and RCP beams. 
Since the optical CD signals are negative in our structure, the phototemperature for RCP light is 
higher. In (b, c), the polymer spacer thickness is 30 nm.  
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Figure 2. Optical and chiro-optical properties of the metastructure absorber. The graphs show the 
spectra of reflection (a), absorption (b), CD (c) and gCD factor (d) of the metastructures with 
three different polymer thicknesses (tpolymer = 30, 50, 100 nm). In (a, b), solid and dashed lines 
show the spectra with incidence of LCP and RCP beams, respectively. (e) Surface change 
distributions for the two main plasmonic modes with the linear polarizations. We see from the 
amplitudes of surface charges that the plasmonic absorption at Peak 1 comes mostly from the 
excitation with E||x; whereas the long-wavelength plasmonic absorption at Peak 2 is associated 
mainly with the polarization of E||y. In (e), the polymer thickness is 30 nm.  
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Figure 3. Photoinduced temperature increase, ∆T, with LCP (a, b) and RCP (c, d) incident beams 
and photothermal CD distributions (e, f) at the two plasmonic resonance wavelengths in the 
horizontal cross sections (z = 0, 20, 40, 80 nm). The polymer thickness is tpolymer = 30 nm. The 
incident light flux is I0 = 105 W/cm2. The data are given at the time of t = 8 ns. The free space 
wavelength of the incident light is λ0 = 980 nm in (a, c, e) and λ0 = 1370 nm in (b, d, f). 
 

 

  



19 
 

 

Figure 4. The position-dependent photothermal and photoinduced chiro-thermal properties of the 
metastructures with three different polymer thicknesses (tpolymer = 30, 50, 100 nm). The incident 
light flux is I0 = 105 W/cm2. The data are given at the time of t = 8 ns. (a, b) Spectra of 
temperature increase, ∆T(λ0). The solid and dashed lines show the spectra with the incidence of 
LCP and RCP beams, respectively. (c, d) Photothermal CD spectra, CDT(λ0). (e, f) Spectra of the 
thermal g-factor, gT(λ0). In (a, c, e), these local properties are given for a specific position, Point 
P1. In (b, d, f), the data are averaged over the top surface of the Γ-structure.  
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Figure 5. Spatial-temporal temperature distributions in the chiral metastructures. (a, b) The 
temperature distributions of the metastructure with polymer thickness of tpolymer = 100 nm for 
excitation of LCP and RCP beams with the incident flux I0 = 105 W/cm2. (a) Horizontal spatial 
temperature distributions at time t = 8 ns at the two plasmonic resonance wavelengths of λ0 = 860 
and 1260 nm along Line 1 (left) and Line 2 (right). (b) Temporal and vertical spatial temperature 
distributions at the first plasmonic resonance wavelength (λ0 = 860 nm). Left: over time, the 
temperature exponentially accumulates during the optical pulse excitation and exponentially 
decreases after the pulse. The pulse duration is highlighted with red background. The data are 
given at Point P1 on the top surface of the Γ-shape. Right: temperature distribution after the pulse 
excitation at t = 8, 20, 40, 80 ns along the vertical line across P1. (c) The spatial temperature 
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distribution in the chiral bolometer consisting of Air/Ag Γ-nanostructure/100nm-polymer/Au 
slab/Si3N4 substrate at t = 8, 20, 40, 80 ns along the vertical line across P1. The data are given at 
the first plasmonic resonance wavelength, which shifts to λ0 = 800 nm. The incident light flux is 
I0 = 106 W/cm2. Right: zoomed-in region showing the propagation of heat into the bolometric 
substrate.  
 


