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The niobium oxide dihalide family NbOX2 (X = Cl, Br and I) exhibit strong in-plane anisotropy and hence 
polarization-dependent properties, making them great candidates for electronic, optoelectronic and quantum photonic 
applications.  In this work the dielectric functions of NbOCl2 and NbOI2 nanoflakes were investigated using Mueller 
Matrix spectroscopic ellipsometry.  Despite the monoclinic symmetry of the bulk materials, we propose a biaxial 
orthorhombic optical model and observe an excellent match to the ellipsometry data collected at different azimuth 
orientations.  DFT calculations reveal that the principal axes of the dielectric tensor are indistinguishably close to the 
c and a* axis (the layer normal).  Good agreement is also observed in the principal dielectric tensor obtained from 
DFT calculation and ellipsometry analysis.  Onset of absorptions along the principal polar b-axis occur at higher 
energies compared to the non-polar c-axis, which defines the material bandgap of 1.75 eV for NbOI2 and 2.1 eV for 
NbOCl2 nanoflakes.  The real part of the dielectric function tends to be higher for NbOI2 than for NbOCl2, in every 
principal direction.  Remarkable linear dichroism was observed from UV to visible spectral range.   NbOCl2 remained 
optically stable in ambient storage while the optical properties of NbOI2 changed dramatically over time, indicating 
material degradation under ambient conditions.   

Niobium oxide dihalides NbOX2 (X=Cl, Br or I) are newly emerged two-dimensional van der 
Waals (vdW) materials with both ferroelectric and antiferroelectric phases [1-5].  These transition 
metal compounds possess intrinsically high in-plane anisotropy [6-10], making them very 
promising candidates for high performance compact devices in optoelectronics and photonics.  The 
oxyhalides have monoclinic crystal structure [11] (Figure 1a).  The NbOX2 monolayer sheets stack 
along the crystallographic a-axis in the out-of-plane direction.  Nanoflakes are readily obtainable 
through mechanical exfoliation due to the weak interlayer electronic binding.  The NbO2X4 
octahedra are connected via edge sharing of halogen atoms along the c-axis.  Importantly, the Nb-
Nb dimers are off centered creating a first-order Peierls distortion [11].  Meanwhile, the Nb-O 
bonds align almost linearly along the b-axis with a second-order Peierls distortion [11], in which 
the adjacent Nb-O bonds are not equal in length.  The distorted polar structure leads to ferroelectric 
polarization and remarkably high in-plane anisotropy.  Understanding the polarizability and optical 
selectivity is important in guiding optical design and applications of niobium oxide dihalides, but 
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their dielectric functions, the fundamental material property directly describing the frequency and 
directional dependence of polarizability and loss are yet to be fully explored. 

Several groups have calculated the anisotropic band structure of NbOX2 using density functional 
theory (DFT) [1,4,12].  The approach provides insights into band dispersion, electron distribution 
and intrinsic anisotropic polarization.  Jia et al [4] suggested absorption strength along c-axis is an 
order of magnitude higher relative to b-axis at 3.15eV in NbOI2 monolayer.    Guo et al. [12] 
observed unusually high contrast in the polarization-dependent transmission spectra of a thin 
NbOCl2 nanoflake, with an almost complete extinction along the c-axis but up to 80% transmission 
along the b-axis.   

 
   

                                                             

(a)          (b) 

 

                                  (c) 

Figure 1 (a) Crystal structure of NbOX2 in monoclinic symmetry, with b being the principal axis and van der Waals layers 
along a-axis.  (b) Images of NbOI2 nanoflakes at two orientations, labeled as 0-degree and 90-degree.   The ellipticals 
mark the ellipsometer beam position.   (b) Mueller matrix data of NbOI2 nanoflakes on 2 um thermal oxide on Si.  Pink and 
Blue curves are experimental data at 0-degree and 90-degree, respectively.  The dotted black lines from the biaxial optical 
model agree well with the experimental data.   
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Experimental methodology to reliably extract the complex dielectric functions of NbOX2 
nanoflakes is necessary and critical.    However, very limited progress has been reported on this 
frontline and discrepancies exist between the DFT simulated and experimentally determined 
refractive index and bandgaps [1,4,12].  Optical characterization of these nanoflakes remains 
challenging due to the optical anisotropy, their complex band structure and the physical scale of 
existence. Generalized spectroscopic ellipsometry or Mueller Matrix ellipsometry [14-17] are 
proven optical approaches in characterizing low-symmetry anisotropic materials.  Comprehensive 
characterization of monoclinic anisotropy requires multiple crystal orientations and measurements 
at different azimuth angles to resolve all of the independent dielectric function tensor elements [16, 
18-20].    Considering the difficulties in achieving a 2nd complimentary crystal cut in these thin 2D 
vdW films, a reliable and precise technique that can overcome the availability limitation in facet 
cuts is required to determine the complex dielectric function.  We applied Mueller matrix 
spectroscopic ellipsometry to NbOCl2 and NbOI2 nanoflakes.  Herein an orthorhombic model is 
being proposed to analyze the polarization-dependent complex dielectric functions with discussion 
focusing on the in-plane dielectric functions.  The effects of halogen atoms, film thickness and 
ambient exposure on the optical responses are investigated.   

In order to further aid ellipsometry analysis, we performed DFT calculations in parallel with 
ellipsometry measurements  using a plane-wave code Quantum ESPRESSO [21], generalized 
gradient approximation (GGA) density functional of Perdew, Burke, and Ernzerhof [22], and 
norm-conserving pseudopotentials from the SG15 distribution [23]. All calculations were 
performed with a high electronic wavefunction cutoff of 200 Ry. A dense shifted 8×8×8 
Monkhorst-Pack [24] grid was used for sampling of the Brillouin zone and a convergence 
threshold of 10−12 Ry was used to reach self-consistency.  The starting point of the calculations 
was the structure of NbOI2 accompanying Ref. [1]. The structure was first relaxed to the force 
levels less than 10−5 Ry Bohr−1 and the energy change less than 10-6 Ry. The equilibrium structure 
of NbOI2 was used to model NbOCl2, by replacing iodine atoms in the structure with chlorine 
atoms, and performing the structural relaxation again. The dielectric tensors and Born effective-
charge tensors were calculated at the equilibrium geometries using density functional perturbation 
theory [25] as implemented in the Phonon code of Quantum ESPRESSO distribution.  

Three nanoflakes were mechanically exfoliated from NbOX2 (X=Cl and I) crystals and transferred 
onto a silicon substrate with 2 m thermal oxide.  The thickness of NbOCl2, NbOI2-thin and 
NbOI2-thick are respectively 85nm, 65nm and 500 nm.    Lateral dimensions of the flakes are up 
to a few hundred microns.   The samples were originally sealed in a dry nitrogen filled bag and 
exposed to ambient environment since the initial ellipsometry measurement.  A J.A. Woollam 
small spot RC2 ellipsometer (beam spot of 25um by 40um) was used to acquire the complete 4x4 
Mueller Matrix data from 210 nm to 1500 nm at 65-degree angle of incidence.  Data at two 
different azimuth orientations were collected.  A sample was first measured at an arbitrary 
orientation, and the data was referred to as 0-degree.  The sample was then rotated 90 degrees 
counterclockwise around the sample normal axis (Figure 1b).  The second data acquired was 
referred to as 90-degree.   
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The Mueller Matrix spectroscopic data of the 500 nm NbOI2 flake are shown in Figure 1c.  Each 
plotted component was normalized to M11 element.   The non-vanishing off-diagonal block 
components shaded in Figure 1c (m13, m14, m23, m24, m31, m32, m41 and m42) indicate the 
presence of cross-polarization.   More prominently, the Mueller matrix data shows clear 
differences between 0-degree and 90-degree spectra.   Similar phenomena were observed in the 
other flakes.  The orientation dependence in raw data confirms the in-plane anisotropy [14-17].   

A three-layer optical model (NbOX2/SiO2/Si) was developed to analyze the Mueller Matrix spectra.  
Published refractive index were adopted [26] for the silicon substrate and the underlayer thermal 
oxide.  For very thin films, the optical response is less sensitive in the out-of-plane direction, which 
is in the monoclinic ac plane.  We assumed orthorhombic biaxial anisotropy for the NbOX2 films.  
The in-plane directions are along the principal b-axis and the crystalline c-axis.   We label the out-
of-plane direction perpendicular to the bc plane as a* [27].  The complex dielectric functions along 
three principal axes were each described using Kramers-Kronig consistent Tauc-Lorentzian and 
Gaussian oscillators.  Data collected at 0- and 90-degree orientations were analyzed 
simultaneously in determining the complex dielectric functions and flake thickness.  The 
orientations were differentiated using the in-plane Euler angle Phi.   

We found excellent agreement in Mueller Matrix elements simulated from the orthorhombic 
optical models and the spectroscopic ellipsometry data collected at both orientations (Figure 1c).  
The out-of-plane dielectric functions in a* direction are found to be low compared to b- and c-axis, 
as expected considering the separation between sheets in the general stacking direction.  We further 
investigated the applicability of the orthorhombic approximation by checking the principal 
directions from DFT calculation.   In monoclinic crystals, the principal directions of the dielectric 
tensor generally do not coincide with crystallographic directions within the monoclinic plane (ac) 
due to the low symmetry of the lattice (the symmetry axis b is always a principal direction) [28].  
Diagonalizing the dielectric tensor obtained in DFT calculations reveals that in case of NbOX2, 
the principal directions in the transparent region below bandgap align to within a fraction of a 
degree with the crystallographic axis c and direction perpendicular to the bc plane – the a* axis. 
Thus, due to the highly organized arrangement of atoms within each layer, the dielectric tensor 
aligns almost perfectly with the Cartesian system used in the present work, which explains how 
our optical model can provide such a satisfactory description and underscores the feasibility of 
orthorhombic approximation in the optical analysis of NbOX2 nanoflakes.   

Neglecting phonon absorptions at low frequencies, we determined the principal dielectric tensor 
of 1 as energy approaches 0 eV.   The extrapolated values compared with results obtained from 
DFT calculations are given in Table 1, showing remarkable agreement.    There are small 
differences in experimental principal dielectric tensor values as film thickness changes.    

Sample ID Direction SE DFT (bulk) 
NbOCl2 x (c) 5.58 5.51 

y (b) 4.45 4.34 
NbOI2 65nm / 500nm x (c) 7.33 / 7.81 8.09 

y (b) 5.04 / 5.31 5.93 
Table 1. Principal components of the transparent dielectric tensor. 
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The dielectric functions of the NbOCl2 nanoflake and NbOI2 nanoflakes are plotted in Figure 2a 
and 2b.  The results are encouragingly in good agreement with the refractive index values extracted 
from transfer Matrix method and confirmed with the polarization dependent transmission spectra 
[12].  The imaginary dielectric functions of the two NbOI2 nanoflakes have similar absorption 
profile, with the 500nm film showing better developed fine structure of absorption peaks, likely 
representative of the bulk material.  Similar imaginary dielectric function 2 was reported in Ref 
[1] though we do not detect as strong absorption at ~2.3 eV along c-axis.   In our Kramers-Kronig 
consistent analysis 2 approaches zero at low energies. 

Two trends are evident from the plots of the dielectric functions: for each material studied, the real 
part of the dielectric function on the low-energy end of the spectral range (below the onset of 
absorptions) is higher along the c direction than along the symmetry axis b.  Both values are higher 
for NbOI2 than for NbOCl2.  In general, the level of 1 far below the bandgap reflects the total 
amount of absorptions present in the higher-energy absorbing region of a material (through the 
Kramers-Kronig relations).  Iodide, with a higher atomic number, has more electrons than chlorine, 
and more electronic states producing absorbing optical band to band transitions, including above 
the spectral region studied here.  Indeed, more absorptions in NbOI2 are observed in the analyzed 
spectral range.  The distribution of absorptions between specific directions, on the other hand, is 
determined by the curvature of bands involved in the transitions.  Several broad absorptions are 
determined along the c-axis, while few peaks along the polar b-axis.  The dielectric functions of 
NbOCl2 have similar profile except the absorption peaks blue-shift to higher energies.    
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(a)         (b) 

Figure 2. Dielectric functions of NbOCl2 (red) and NbOI2 (thin-light blue, thick-dark blue) nanoflakes: (a) along the c-axis; 
(b) along the b-axis 

To better understand the differences in optical absorption between the two materials we turn to 
their band structures, but the discussion of the band structure needs to start with the Brillouin zones 
(BZ). NbOX2 have centered monoclinic lattice (space group No. 5) and their BZ is of MCLC1-
type, according to the classification of Setyawan and Curtarolo [29], as it was already reported by 
Jia et al. [4]. As such it is similar to the BZ for -Ga2O3 discussed in detail by Mock et al. [20] 
and we plot the band structures using the high-symmetry path defined in Ref. 20.  Note that the 
variables defining the reciprocal coordinates of some high symmetry points in Table I of Ref. 20 
are structure-dependent and have different values for NbOX2 than what was reported for -Ga2O3. 

The calculations of the band structures were performed using a hybrid density functional Gau-PBE 
[30-31] at the previously described PBE equilibrium geometries. For these calculations we used a 
regular non-shifted 8×8×8 Monkhorst-Pack grid for sampling of the Brillouin zone and 4×4×4 grid 
for sampling of the Fock operator. The kinetic energy cutoffs for the charge density and for the 
Fock operator were both set to 600 Ry The high-resolution interpolated band structure was 
obtained by utilizing the band interpolation method based on the maximally localized Wannier 
functions [32-33] as implemented in the software package WANNIER90 [34]. As the initial 
projections for the Wannier functions we used p-type states on O and halogen X atoms and d-type 
states on Nb atoms. 19 highest occupied (valence) bands and 9 lowest unoccupied (conduction) 
bands were included in the Wanier functions calculations.) 
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Figure 3.  Band structure of NbOCl2 (upper row) and NbOI2 (lower row) calculated using the hybrid Gau-PBE density 
functional. In each row, color-coded plots present the energy bands projected onto localized atom-centered Wannier 

functions. Darker color means higher contribution with 10% increments.  

Figure 3 shows the band structures of both niobates calculated using the hybrid Gau-PBE density 
functional.  The band structures are consistent with the band structures reported by Jia et al. [4] 
[obtained using a different hybrid density functional (HSE)], except that we chose to include more 
high-symmetry lines in our path through the BZ.  We can make several observations here. The 
bandgap for both materials is clearly indirect. While the conduction band has very well-defined 
parabolic shape at the BZ center (), there are several points where the energy of the conduction 
band drops below that of  by 10s of meV.  The top of the valence band, on the other hand is quite 
flat. Therefore, we expect many vertical band-to-band transitions occurring almost everywhere 
within the BZ with the absorption profile being the envelope of groups of such transitions rather 
than individual transitions that will not be distinguishable here.  The lowest conduction bands are 
dominated by d-states on Nb.  The highest single isolated valence band is also Nb-4d, identified 
by Jia et al. [4] as Nb-dz

2. As the optical transitions require a change of angular momentum by ±1, 
we may expect a difference between the electronic bandgap (energy gap between the highest 
occupied and lowest unoccupied states) and the so called optical bandgap (lowest-energy allowed 
optical transition).  However, as the projected bands in Figure 3 indicate a small contribution of 
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halogen (Cl and I) p-states to the top valence band, the optical transitions are allowed between the 
top valence band and the bottom of the conduction band albeit with low magnitudes.  Therefore, 
based on the band structure, we expect to observe the onset of absorption, with a small amplitude, 
right above 2 eV for NbOCl2 and right below 2 eV for NbOI2, with the bulk of optical transitions 
between p-states in the valence band and d-states in the conduction band occurring at a 
significantly higher energy. The bulk of the valence bands formed by p-states on the anions lie 
immediately below the top valence band for NbOI2, but approx. 1.5-2 eV deeper in the case of 
NbOCl2, consistent with the observed shift to higher absorption energies for the latter. The bands 
with high contributions of p-states of iodine show higher curvatures than those of chlorine, thus 
are expected to produce more and stronger optical transitions, increasing the low-energy 1 values 
for NbOI2. From ellipsometry analysis, we determined the bandgap of NbOCl2 and NbOI2 to be 
2.1 eV and 1.75 eV, respectively.  These results qualitatively agree very well with the DFT 
calculation and are comparable to reported values [2, 13].    

    

(a)      (b) 

Figure 4. In-plane refractive index of (a) NbOCl2; and (b) NbOI2; and comparison between NbOCl2 and NbOI2 nanoflakes 
(c) in-plane birefringence; and (d) normalized in-plane dichroism.  

We define in-plane birefringence as:   

∆𝑛 = 𝑛௖ − 𝑛௕ 

where nc and nb are refractive indices in the c and b directions.   

and normalized in-plane linear dichroism (nLD) as:  

𝑛𝐿𝐷 =
௖ − ௕
௖ + ௕

 

 =
4𝜋𝑘

𝜆
 

Where  is absorption coefficient, k is extinction coefficient and  is wavelength. 

We compare the in-plane birefringence and normalized in-plane linear dichroism of these materials 
at similar thickness, NbOCl2 vs NbOI2 thin (Figure 4a).  n of NbOCl2 almost reaches 0.5 in 
regions with no or low absorptions (k less than 0.05).   The birefringence prevails even more in 
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the iodides, approaching 0.8.  The in-plane refractive index difference of NbOI2 remains over 0.5 
while n of NbOCl2 stays close to 0.3 in the visible to near infra-red range.  NbOCl2 is observed 
to have sharp dichroism transition below bandgap.  Below 290 nm, the absorption dominates along 
the b-axis.  It quickly switches to c-axis and reaches near unity linear dichroism above 300 nm.  
These findings are consistent with results in Ref. [12].  NbOI2 presents high dichroism band 
absorptions favoring c-axis in both the visible and UV spectrum with nLD above 0.8 from 440 nm 
to 510 nm.  These unusual anisotropic responses make such materials great candidates for 
polarizing optics or electrooptic devices.   

As-synthesized bulk NbOX2 crystals are reported stable in atmosphere [3].  We monitored the 
ambient stability of these nanoflakes.  Data was collected on samples as obtained and again after 
one year.  The Mueller Matrix spectra of NbOCl2 barely changed (Figure 5a).  Both orientations 
retained the data consistency, indicating ambient stability during the entire test period.   Raw data 
of NbOI2 after one year, however, become drastically different from the initial measurement 
comparing Figure 5b and Figure 1c. The off-diagonal Mueller Matrix elements become zero.  
Meanwhile, no noticeable differences are observed between the data collected at 0-degree and 90-
degree, confirming the loss of in-plane anisotropy after the long ambient exposure. Chemical 
degradation due to moisture attack to the dangling iodine bonds was proposed in Ref. 35. The 
substantial changes in raw data validate ellipsometry as a direct approach monitoring the nanoflake 
stability and draw attention to resolutions in overcoming the stability issues in their long-term 
applications.     

 

  

(a) 
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(b) 

Figure 5. Ambient stability data: (a) Mueller matrix spectra of NbOCl2 nanoflakes collected originally (pink) and after 1 
year (cyan); (b) Mueller matrix spectra of NbOI2 after 1 year 

In summary, the low-symmetry polar structure of NbOCl2 and NbOI2 nanoflakes leads to strong 
in-plane anisotropy along the b and c directions.  We determined their optical properties using 
Mueller Matrix spectroscopic ellipsometry.  The assumed orthorhombic anisotropy focuses the 
analysis on the significant in-plane optical responses and provides a reasonable approximation in 
determining the dielectric functions of these thin 2D films, grounded in their microscopic structure 
and supported by first-principles calculations.  NbOI2 is found to have higher birefringence in the 
visible and near infrared spectral range while NbOCl2 presents near unity dichroism in the UV 
range.  The optical bandgap of NbOCl2 and NbOI2 was determined to be 1.75 eV and 2.1 eV 
respectively along the non-polar c-axis.  The observed indications of chemical degradation of 
NbOI2 under ambient conditions emphasize the importance of long-term stability.  These findings 
in the NbOX2 optical behaviors will provide insights into future exploration of these 2D van der 
Waals materials in high performance optical, energy harvesting and sensing devices. 
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