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ABSTRACT  Transverse dielectric response of hexagonal cadmium selenide (CdSe) nanowires was investigated 
using first principles quantum mechanical calculations. Scaling behavior of polarizability was found to 
closely follow a simple dielectric cylinder model even for small nanowires with a diameter of a few 
nanometers. The spatial dependence of the dielectric response in the nanowires was analyzed in terms of 
maximally localized Wannier functions in order to elucidate the model behavior. Localized d-electrons at 
cadmium atoms were found responsible for the simple analytic scaling of the polarizability, and the 
dielectric response in the center of nanowire was found converged to that of bulk already for 3 nm 
diameter nanowires.   * To whom correspondence should be addressed ykanai@unc.edu    



   
I. INTRODUCTION  

  
Developing a quantitative understanding of how optical and electronic properties of materials change 

with its size is of paramount importance for a wide range of technological applications1. In particular, 
dielectric properties of semiconductor materials have been studied extensively, and how the dielectric 
response changes with the size for nano-materials is becoming increasingly important not only for 
designing technological devices2 but also for assembling nano-materials using external electric fields3. 
For instance, dielectrophoresis has been used to align various nanowires in experiments4. At a 
fundamental level, it is of interest to understand how the dielectric response changes spatially inside a 
material as its dimension reduces to nano-scale limit in nano-particles and nanowires1, 5, 6. As these 
materials become smaller in size, the surface-to-volume ratio increases dramatically, and the spatial 
dependence of the dielectric response is expected to be highly non-uniform.  

Cadmium selenide (CdSe) nano-materials are of great interest particularly because they are widely 
synthesized experimentally and also used for various technological applications ranging from solar cell7, 8 
to biological imaging9. We have theoretically investigated the dielectric response of small hexagonal 
CdSe nanowires (NWs) using a generalization of the local analysis proposed by Wu, et al10. Using the 
real-space analysis based on representation in maximally localized Wannier functions11, 12, we provide 
spatial analysis of the dielectric response in the NWs. We employed first-principles electronic structure 
calculations based on density functional theory (DFT) to investigate how the electronic polarizability (or 
equivalently static dielectric constant at microscopic scale) scales for small CdSe nanowires. Our results 
show that this quantity converges fast with increasing nanowire size and that the core of the nanowire 
already behaves as bulk CdSe even for a small diameter of ~2 nm.  

 
II. THEORETICAL METHOD  

 
DFT calculations13 are performed with the generalized gradient approximation of Perdew-Burke-

Ernzehof (PBE)14 for the exchange and correlation potential. Ultrasoft pseudopotentials were used to 
describe the valence-core interactions of electrons15, including scalar relativistic effects of the core 
electrons. Wavefunctions and charge densities were expanded in plane waves with kinetic energies up to 
27 and 200 Rydberg, respectively. Periodic boundary conditions and Monkhorst-Pack k-point sampling 
with a (811) grid are used in Brillouin zone integration. External electric fields are applied in the 
nanowire transverse direction using a saw-tooth finite-field. The approach by Kozinsky and Marzari was 
used to remove the depolarization field stemming from the periodic boundary conditions5. Electronic-
enthalpy method16 was used to apply the electric field for bulk CdSe. Maximally Localized Wannier 
Functions (MLWF) are obtained by performing a unitary transformation on the occupied Kohn-Sham 
single-particle orbitals using WANT program17.  

 
III. RESULTS AND DISCUSSION 

 
We investigated CdSe NWs in wurtzite (hexagonal) form with a range of diameter in 0.5~3 nm as 

shown in Figure 1 and Table 1. The geometries of all the NWs were fully optimized with the all residual 
forces being less than 10-5 a.u.. The energy gaps for the NWs are likely to be underestimated due to the 
use of the semi-local exchange-correlation functional in DFT as discussed for bulk CdSe in comparison to 
GW calculations by Yang, et al.18. The NWs have hexagonal cross-section, possessing non-polar (1100) 
facets, and they are periodic along the wire axis. Unlike the case of ZnO19, we did not observe a 
significant change in the lattice constant along the NW axis (i.e. 7.13 Å for NWs compared to 7.12 Å of 
the bulk CdSe value) except for the smallest NW which has a lattice constant of 6.91 Å (Table 1). At the 
atomistic level, the surface Cd-Se dimers buckle slightly by ~5°, resulting in increased charge transfer at 



surface. Figure 2 shows the extent of the charge transfer change in a Cd-Se pair at (1100) surface of bulk 
CdSe as a function of the surface depth. Electron charge displacement is enhanced significantly for the 
top surface, and this is expected to play an important role for nano-materials as the surface-to-volume 
ratio becomes large. 

We begin by discussing what a simple analytical model of electrostatics would predict for the 
transverse polarizability (per unit length) of NWs. The transverse polarizability (α⊥) of a NW can be 
estimated using a dielectric cylinder model 

α⊥ = 1
2

ε −1
ε +1

R2

 
 

where R is the cylinder radius and ε is the bulk dielectric constant. Our calculated transverse dielectric 
constant (high-frequency limit) for bulk CdSe is 6.97, which is close to the value of 7.2 obtained 
previously by Mohr and Thomsen using DFT-LDA20 while the experimental value is 6.321. For the 
atomistic hexagonal NWs we investigated here, we take the largest distance measured in terms of atomic 
positions as the radius R in the dielectric cylinder model. The NW polarizabilities obtained from first-
principles calculations for the structures reported in Figure 1 are compared to the values predicted by this 
model using both the calculated and experimental dielectric constants of bulk CdSe (see Figure 3). For all 
the NW diameters studied here, this simple model underestimates the polarizability, but the relative error 
becomes expectedly smaller with the increasing diameter. At the same time, the underestimation is only 
around 40 % even for the smallest NW. Given the simplicity of the electrostatic model, this order-of-the-
magnitude agreement is quite impressive and the agreement is likely to be better for larger NWs, for 
which first-principles calculations would be prohibitively expensive in terms of computational resources. 
Importantly, we found that the scaling behavior of the transverse polarizability from the first-principles 
calculations shows a linear dependence on the radius squared as in the dielectric cylinder model. Such 
behavior is not intuitive because of the very high surface-to-volume ratio at this small scale and the 
significant charge transfer at the surfaces of CdSe NWs. 

In order to obtain insights into this observation, we now discuss how the spatial dependence of the 
polarizability can be analyzed. We propose here a theoretical approach to quantify the electronic 
polarizability of anisotropic systems such as nanowires at microscopic level. In terms of spatially-
localized maximally Localized Wannier functions (MLWF), “polarizability“ of individual MLWFs can be 
examined as they linearly contribute to the overall polarizability of single NWs. According to the modern 
theory of polarization22, the macroscopic polarization of a crystal can be defined with respect to a 
reference system (Pref) and can be written in terms of MLWFs as 

 

ΔP = P − Pref = 1
Ω
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where Ω is the volume of the unit cell, ri
W are the positions of the individual Wannier centers, and RI are 

the ionic positions. For a periodic system, ΔP is defined modulo 2eRl/Ω, with Rl being the lattice vector 
along the periodic direction. Expressing the polarization in terms of localized MLWF, Cicero and co-
workers19 investigated how the spatially-dependent “local dipole” varies in wurtizte ZnO nanowires. 
Building upon this approach, one could investigate spatially-dependent local polarizability in the 
following way. Macroscopic dielectric constant (ε) is formally related to polarizability (α), and it can be 
expressed in terms of MLWFs, as 
 

 



where ri
W ,0 and ri

W ,E are the Wannier centers in the unperturbed system and under applied electric field 
(E) in the linear regime, respectively. We can then define the individuals αi as “local polarizability”, 
which provides a convenient framework for discussing the spatially-dependent dielectric response of 
materials as done analogously in Ref.19 for polarization. The concept of local polarizability is widely 
employed (although not uniquely defined) in molecular systems23 (for example in constructing model 
potential for classical molecular dynamics), and MLWF transformation provides a natural avenue for 
partitioning the overall polarizability. In the present case of nanowires, we are concerned with 
polarizability per unit length.  

In order to understand the simple analytical scaling behavior observed for the polarizability change 
with the NW diameter, we analyze how each MLWF polarizes individually. We define here density of 
Wannier states (DOWS) as a function of the local polarizability per unit length as 
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where wi (r;α') are the MLWFs with the local polarizability α', which is well defined in the linear 
response regime for individual MLWFs. The calculated D(α) are shown in Fig. 4 for all NWs, averaged 
between the two transverse directions along which the electric field is applied, namely the [1100] and 
[1120]   directions. It is apparent that there is dominant contribution from those MLWF with local 
polarizability less than 0.1 a.u.. The significant peak originates from the completely filled 4d-shell of the 
cadmium atoms, which do not participate in forming chemical bonding with selenium atoms.  Although 
each d-electron does not contribute appreciably to the overall polarizability of the individual NWs 
because of their small local polarizability, the large numbers of the Cd d-electrons make the overall 
contribution substantial. Indeed, the reason that the overall NW polarizability scales as an idealized 
dielectric cylinder model is that its dominant contribution comes from these d-electrons whose local 
polarizability depends only weakly on the local structures and thus weakly on the NW diameter.  

In the DOWS (Fig. 4), a well-defined double-peaked feature appears in the range 0.3~0.5 a.u. with 
increasing NW diameter. This mainly derives from polarized Cd-Se chemical bonds (see Fig. 5). To 
further analyze the spatial dependence of the polarizability, the DOWS is spatially decomposed in terms 
of different concentric hexagonal shells for each studied NW and also as a function of the applied electric 
field direction, namely the [1100]and[1120] directions. The results are reported in Figure 6. Generally, 
the features in the DOWS are more defined for larger NWs and for the shells that are closer to the center 
of the NWs. In the largest NW-IV (~3 nm), the DOWS for the inner most shell (first shell) is visually 
identical to that of bulk CdSe (after normalizing it by the number of electrons). The dielectric response in 
the first shell is essentially converged to the bulk behavior even for NW-III (~2 nm). However, the 
DOWS are still quite different in the first shell for NW-I and NW-II. In both NW-IV and NW-III, the 
second shell shows also similar DOWS as for the first shell, but not in smaller NWs. 

For the largest nanowire (NW-IV), we considered also the effect of molecular passivation at the 
surface due to surfactants present during solution-based synthesis of NWs. Trioctylphosphine oxides 
often passivate the surface of CdSe nano-materials in experiments24, 25. Recent work shows that surface 
ligands can significantly modify the surface polarization of CdSe nano-materials26. Instead of typical 
trioctylphosphine oxides with long alkane chains, for computational convenience, we considered here 
trimethylphosphine oxide molecules as surfactant at 50% coverage as shown in Fig. 7. CdSe-NW surface 
rearrangement and polarizability change are expected to depend mainly on the phosphine anchoring group 
rather than on the chain length of the attached alkyl groups. The overall DOWS profile does not show 
appreciable change for the CdSe NW itself (excluding the contributions from surfactant molecules). 
However, analyzing the dielectric response in terms of individual shell contributions and by the applied 
field direction reveals that the surfactant molecules introduce a significant local field effect in large local 
polarizability ranges as shown in Fig. 8. Except for the dominant d-electron peak with the local 



polarizability less than 0.1 a.u. in the DOWS, all the peaks change significantly in both magnitude and 
location with the surface passivation but in the same manner for all the shells. For instance, for the [1100] 
field direction, the three peaks in the range 0.3~ 0.8 a.u. merge into two peaks in the first to third shells 
when the surface is passivated with the surfactant molecules. The DOWS changes are mainly observed 
for the local polarizability ranges that are associated with Cd-Se chemical bonds due to the additional 
local field effect in the presence of trioctylphosphine oxide molecules (Figure 9). 

 
 
 
 
 
IV. CONCLUSION 

 
In conclusion, the dielectric response of hexagonal cadmium selenide nanowires perpendicular to the 

wire axis was investigated using first principles quantum mechanical calculations. Scaling behavior of the 
transverse polarizability was found to closely follow a simple dielectric cylinder model even for the small 
nanowires with a diameter of a few nanometers. The spatial dependence of the dielectric response in the 
nanowires was investigated using representation of electronic structure in maximally localized Wannier 
functions in order to elucidate the simple analytical behavior. Localized d-electrons at cadmium atoms 
were found responsible for the simple scaling of the polarizability. Our results show that this quantity 
converges fast with increasing nanowire size and that the core of the nanowire already behaves as bulk 
CdSe even for a small diameter of ~2 nm.   
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Figure 1. Ball and stick cross-section representation of the 
four CdSe nanowires with non-polar (1100)  lateral 
surfaces investigated in this work. See Table 1 for the 
structural details. Yellow (grey) spheres represent selenium 
(cadmium) atoms. 

 
 
Figure 2.  Projected charge differences on cadmium (Cd) and 
selenium (Se) atoms as a function of the surface layer at the 
CdSe (1100)  face, calculated with respect to the bulk values. 
Surface relaxation results in significant charge transfer in Cd-Se 
unit at the top most layer.  

 NW-I NW-II NW-III NW-IV d (Å) 5.5 13.0 20.5 28.0N 108 432 972 1728Egap (eV) 2.27 1.75 1.43 1.24c (Å) 6.91 7.13 7.13 7.13
 
Table 1.  Diameter (d), number of electrons (N), Kohn-
Sham energy gap (Egap), and wire axial lattice parameter 
(c) for the four CdSe nanowires considered in this work 
(see Figure 1). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

  
Figure 3. Total transverse polarizability per unit length as a 
function of the nanowire radius squared (R2), evaluated from 
first-principles calculations (black) and by employing a 
dielectric cylinder model. The latter values were calculated by 
using either the DFT-PBE bulk dielectric constant  (blue) or 
the experimental one (green). Percentage errors are shown 
in the right y-axis. 

 
 
Figure 4.  Density of Wannier States (DOWS) as a function of 
the local polarizability (see text) for NW-I (red), NW-II (orange), 
NW-III (green), and NW-IV (blue) as in listed in Table 1. 



 

 
 
 
 
 
 
 

 

 Figure 5. Spatially resolved local polarizability (a.u.) as defined in texts in  direction (top) and  direction (bottom). [1100]
[1120]

  

  
 
Figure 6. Density of Wannier States (DOWS) as a function of the local polarizability (see text), decomposed in terms of the nanowire 
concentric shell (see inset), and of the applied electric field direction, for NW-I (red), NW-II (organge), NW-III (green), and NW-IV 
(blue) as listed in Table 1.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 7.  Density of Wannier States (DOWS) as a function of 
the local polarizability (see text) for NW-IV passivated with 
trimethylphosphine at 50% coverage.   

 
Figure 8. Density of Wannier States (DOWS) as a function of 
the local polarizability (see text) for NW-IV passivated with 
trimethylphosphine at 50% coverage, decomposed in terms of 
the nanowire shell and the electric field direction. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 Figure 9. Spatially resolved local polarizability (a.u.) in  direction (left) and  direction (right) for the largest nanowire with the surfactants.  [1100]
[1120]


