
 
 

 

 
Photonics 2023, 10, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/photonics 

Supplementary Materials 

Extinction and Independent Scattering Criterion for Clusters 
Of Spherical Particles Embedded in Absorbing Host Media 
Jinan Zhai 1, Shangyu Zhang 1,2,*, and Linhua Liu 1,2 

1 School of Energy and Power Engineering, Shandong University, Jinan, China 
2 Optics & Thermal Radiation Research Center, Shandong University, Qingdao, China 
* Correspondence: sy_zhang@sdu.edu.cn 

Abstract: In practical applications, the independent scattering approximation (ISA) is widely used 
to analyze light transfer in nanoparticle systems. However, the traditional independent scattering 
criterion is obtained under the assumption that the host medium surrounding particles is nonab-
sorbing, and thus may be invalid in certain circumstances. In this work, to explore the applicability 
of the ISA for small particles in absorbing host media, we calculate the extinction efficiency of par-
ticle clusters by direct solutions of macroscopic Maxwell equations. Using the far-field and distance-
independent definitions of extinction, the computational efficiency multi-sphere method is applied 
for particle clusters in absorbing host, and its accuracy is verified with the discrete dipole approxi-
mation method. It is well known that for small particles, the dependent scattering in transparent 
host always enhances the extinction of the cluster and the criterion for the ISA is nearly independent 
of the particle refractive index and particle size. We show, however, that when the host medium is 
absorbing, the dependent scattering between particles can lead to a decreased or even negative ex-
tinction, and thus the ISA criterion depends on the particle refractive index, size, and host medium 
absorption index. In this result, the generalized criteria for absorbing host media may differ signif-
icantly from the conventional ones for transparent host media. The results can provide guidance in 
solving problems related to light transfer in nanoparticle systems, particularly in the presence of 
absorption in the host medium. 
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Figure S1 illustrates the nondimensional extinction cross section 𝜂ext as a function of 
the ratio of average interparticle clearance to wavelength 𝑐∗ for 𝑎 = 500, 750 and 1000 
nm, 𝑚 , = 1.38, 2.1216 and 3.0308 (𝑚 , /𝑚 = 0.911, 1.4 and 2.0), and 𝑚 = 0.0 and 
0.001, respectively. The incident wavelength is λ = 4.0 μm. The blue region indicates that 
the ISA is satisfied for all the three 𝑚 , /𝑚  considered. Two dashed lines corresponding 
to 𝜂ext = 0.95 and 1.05, respectively, are also plotted for comparison. As shown, when 𝑎 = 500, 750 and 1000 nm, even in the nonabsorbing host medium (𝑚 = 0.0), the values 
of 𝜂ext are affected by the particle refractive index. Moreover, it is found in Figures S1c 
and Figures S1f that the dependent scattering can lead to decreased extinction. Further-
more, the host medium absorption has a limited impact on the dependent scattering be-
tween particles for 𝑎 = 750 and 1000 nm. On the other hand, compared to the small par-
ticles, it needs larger 𝑐∗ to ensure the accuracy of the ISA for large particles. 

 

Figure S1. The nondimensional extinction cross section 𝜂ext of 27-sphere cluster versus the ratio of 
average interparticle clearance to wavelength 𝑐∗ with incident wavelength of λ = 4.0 μm, particle 
radius of 𝑎 = 500, 750 and 1000 nm, and particle refractive index of 𝑚 , = 1.38, 2.1216 and 3.0308 
(𝑚 , /𝑚 = 0.911, 1.4, and 2.0). The complex refractive index of the host medium is 𝑚 = 1.5154 +𝑖𝑚  with 𝑚 = 0.0, and 0.001. (a) 𝑎 = 500 nm, 𝑚 = 0.0, (b) 𝑎 = 500 nm, 𝑚 = 0.001, (c) 𝑎 = 
750 nm, 𝑚 = 0.0, (d) 𝑎 = 750 nm, 𝑚 = 0.001, (e) 𝑎 = 1000 nm, 𝑚 = 0.0, and (f) 𝑎 = 1000 
nm, 𝑚 = 0.001. The blue region indicates that the ISA is satisfied for all the three 𝑚 , /𝑚  consid-
ered. The results are averaged over 132 different orientations and 10 different configurations. 
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