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Quantum corrections to optical conductivity
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Highly disordered NbN thin films exhibit promising superconducting and optical properties. Despite extensive study, discrepancies in its basic electronic properties persist. 
Analysis of the optical conductivity of disordered ultra-thin NbN films, obtained from spectroscopic ellipsometry by standard Drude-Lorentz model, provides inconsistent 
parameters. We argue that this discrepancy arise from neglecting the presence of quantum corrections to conductivity in the IR range. To resolve this matter, we propose a 
modification to the Drude-Lorentz model, incorporating quantum corrections. The parameters obtained from the modified model are consistent not only with transport and
superconducting measurements but also with ab initio calculations. The revisited values describing conduction electrons, which differ significantly from commonly adopted 
ones, are the electron relaxation rate Γ ≈ 1.8 eV/ℏ, the Fermi velocity vF ≈ 0.7 × 106 ms−1 and the electron density of states N(EF ) = 2 states of both spins/eV/NbN.

Model for optical properties of thin NbN films

• NbN - highly disordered metal approaching MIT [1]
o Highly disordered metals exhibit

𝑘𝐹𝑙 ~ 1

o alternativelly

ℏΓ ~ 𝐸𝐹

• Thus, the relaxation rate Γ of highly disordered
metals is [4]

ℏΓ ~ 1 eV

• For 𝜔 < Γ the real part of optical conductivity 𝜎𝑟

exhibits square-root corrections, (which should
dissapear at Γ [4,5])
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• NbN can not be analysed as ordinary (clean) metal 
with ℏΓ ~ 0.1 eV!

• High Γ and the squre-root corrections affects the
plasma frequency and create new frequency where
𝜀𝑟 = 0 (double epsilon-near-zero [6])

Fig. 2: a) optical conductivity of a clean metal 
as described by the Drude model (Γ ≈

0.1 eV). Clean metals exhibit 𝜀𝑟 = 0 at the
plasma frequency 𝜔𝑝. b) optical conductivity

of disordered metal – exhibits high scattering 
rate Γ ≈ 1 eV and the square-root corrections.  

Plasma frequency is shifted and another
plasma frequency appears!

• Quantum corrections to optical conductivity due to the disorder and the el-el

interaction effects – alternative picture for the IR spectra in NbN.
• Large ℏΓ ~ 1 eV smears the bandstructure (confirmed in ARPES results [7]) → the 1 eV 

interband transition disappears.
• The peaks is the fade out of the square root quantum corrections.
• NbN optical conductivity from SE was analyzed by the quantumn-corrected Drude

Lorenzt model (see Fig. 3)
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• Obtained relaxation rate: ℏΓ ~ 1.8 eV.

• Interband transition at 5 - 7 eV matches the simulations [3]. 

• ℏΓ ~ 2 eV predicted also from bandsrtucture-smearing necessary to stabilize the crystaline

structure in DFT [8].

Fig. 4 The real part of the 
dielectric function 𝜀 𝜔  
corresponding to the 
conductivities in Fig. 3. The 
inset shows the lower plasma 
frequencies (frequencies at 
which 𝜀 𝜔  = 0) dependent on 
quantumness 𝑄. 

Magnetoresistance at low temperatures was measured yealding 𝐵𝑐2 𝑇 curves.
• Estimated diffusivity 𝐷𝐵𝑐2

is comparable to the difusivity calculated from the

optical model 𝐷𝑜𝑝𝑡 (see Table. 1).

• Opposite trend of the thickness dependance of  𝐷𝐵𝑐2
!.

Fig. 5 The solid lines are linear 
fits to the 𝐵𝑐2(𝑇) data (dots). 

The color-coding is same as in 
Fig. 3. The inset shows a

comparison of the diffusivity 
obtained from the slope of 𝐵𝑐2

(green) and that estimated 
from the proposed optical 

model 𝐷𝑜𝑝𝑡 (blue).

Common approach to opical properties of NbN
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Fig. 3 Thick lines: real and imaginary part of optical conductivity for NbN films of various 
thickness, determined by SE. Thin lines are fitted to Eq. (1). Data at 𝜔 = 0: room-temperature 

DC conductivities measured by van der Pauw method.

Results

• Drude-Lorentz model

o scattering rate Γ~0.3 eV [1,2] (typical for clean metals)

o two Lorentz oscillators (at 1 eV and 6 eV) describing interband transitions

• The interband transitions largely supported by JDOS from ab-inio simulations (see Fig. 1) [3]

𝑛 = 𝜎0𝑚𝑒Γ/𝑒2~1027m−3 𝑣𝐹 = 𝑙Γ~104 m/s

• The parameters produce inconsistent picture of conducting electrons!

Fig. 1 Left: real part of optical conductivity of NbN obtained from SE measurement (blue 
dots) and fitted to Drude-Lorentz model (black solid line) with individual contributions 
shown as dashed lines [1]. Right: Real part of optical conductivity given by JDOS obtained 
from DFT simulations [3].

The real part of 𝜀 𝜔 is zero at two frequencies belov the UV range

The ordinary plasma frequency 

ℏ𝜔𝑝 ≈ 3 eV

Second „plasma“ frequency 𝜔𝑝2 explained 

by quantum corrections 𝜔𝑝2 ≈ 𝛤𝑄4

Table 1: Comparison of 
diffusivities obtained 
from optical and 
magnetoresistance 
measurements. Estimated 
Fermi velocity and 
density of carriers. 
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