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Computation modeling of nanomaterials is a powerful theoretical method to explore their fundamental properties.
In particular, the practical applications of nanostructured
materials rely on the comprehensive understanding of their
physical chemistry properties. The computational modeling
of nanomaterials has attracted tremendous attention due to
its high efficiency on accurate prediction of fundamental
properties of nanomaterials, which is crucial to various
potential applications such as structural engineering, functionalization of nanomaterials, and computational design.
Recently, the development of cluster parallel computer offers
powerful computational capabilities to calculate the fundamental properties of complex nanostructured systems and to
simulate the physiochemical processes. Recent advances in
computational modeling of physical chemistry properties of
nanomaterials not only could give us better insight into the
underlying mechanisms of physical and chemical reaction
processes, but also facilitate the practical applications of
nanostructured systems.
As Guest Editors, we have successfully organized this
special issue in the past year, which is devoted to conducting
current development of computational modeling of physical
chemistry properties of nanomaterials. At present, it is our
great pleasure to announce the release of this special issue.
This special issue covers various aspects relevant to the
computational modeling of formation, stability, evolution

for the nanostructured system, and accurate prediction of
physical chemistry properties. This special issue consists of
eight research articles that are contributed from Asian and
European scientists.
The work from J. Chuen et al. studied the responses
of a quantum wire (QW) connected with wide reservoirs
to time-dependent external voltages by using self-consistent
manner. Many physical quantities, that is, the distributions
of internal potential, the induced charge density, capacitance, and conductance, are computed and their analysis
demonstrated that the above physical quantities are mainly
dependent on the Fermi energy of systems and the frequency
of external voltages. They have shown some resonant peaks in
the calculated results of capacitance and conductance versus
Fermi energy, and they are originated from the opening
of the next higher quantum channels and the oscillations
related to the longitudinal resonant electron states of the
quantum wires (QW). In addition, the frequency-dependent
conductance exhibits two different responses to the external
voltages: (a) inductive-like and (b) capacitive-like. Hence, the
peaks structure of capacitance is related to the plasmon-like
excitation in mesoscopic conductor.
B. Li et al. reported their simulation study on the atomic
and electronic structures of single Co atom incorporated
with divacancy in armchair graphene nanoribbon (AGNR).
The calculated results showed that the Co atom embedded
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in AGNR gives rise to significant impacts on the electronic
structures. The presence of the Co doping could introduce
magnetic properties. More importantly, their results revealed
the arising of spin gapless semiconductor characteristics
in both ferromagnetic (FM) and antiferromagnetic (AFM)
configurations with doping near the edge, suggesting the
robustness for potential application of spintronic. The article by C. Cao et al. has investigated the spin-dependent
electronic transport properties of zigzag-edged germanium
nanoribbons (ZGeNRs). Their calculations revealed that the
even 6-ZGeNR has a dual spin-filter effect in antiparallel
(AP) magnetism configuration, while the odd 5-ZGeNR
behaves as conventional conductor with linear currentvoltage dependence. The magnetoresistance of the 6-ZGeNR
can be efficiently modulated by means of tuning the spin configurations (namely, the parallel and antiparallel) of the two
electrodes, and the magnetoresistance efficiency is expected
to achieve 270% by switching the magnetic configurations of
the electrodes.
Y. Xiao and colleagues have theoretically and numerically
studied the effects of dielectric environment on phase resonance in compound grating. They have demonstrated that
the transmission characteristics can be tailored by changing
the dielectric environment. In addition, the electric field
for the peak at the shorter wavelength of the dip is mainly
concentrated on the slit filled with smaller dielectric constant,
while the electric field is located on the slit filled with larger
dielectric constant for the peak at the longer wavelength of the
dip. By selecting a proper dielectric environment, the channel
selecting device can be constructed by using the dielectric
compound grating.
A. Greco and A. Maffezzoli reported an finite element
(FE) analysis on the diffusion in 3D nanocomposites obtained
with stacks of lamellar nanofillers characterized by the presence of permeable galleries. Their developed model is able
to account for diffusion between stacks (interstack diffusion)
as well as diffusion inside stacks (intrastack diffusion). Simulation results showed that intrastack diffusion, related to
flow inside galleries, can be quite relevant, particularly at
high values of gallery thickness. They have shown that the
diffusion behavior in intercalated nanocomposites is not well
predicted without the consideration of intrastack diffusion
effect. The intrastack diffusivity is shown to depend on the
morphological features of the nanofiller requiring the development of a proper mathematical model. M. Yang et al. proposed a comprehensive model that incorporates the essential
mechanisms of pyrolysis based on the phase field framework,
which aimed at better understanding of the morphological
evolution in pyrolysis. The pyrolysis is recently proposed as
an efficient fabrication technique of micro/nanoscale carbon
structures. Their computational analysis with the developed
model provides information about the effect of interface
energy and kinetic rate on the morphological evolution in
pyrolysis. The calculated results could be helpful to design the
final shape of carbon structure.
Q. Xiong and X. Tian’s work studied the mechanical properties of carbon nanotube (CNT) reinforced polyethylenes
(PE) with interfacial covalent bonded interaction by using
molecular dynamics simulations. The Young modulus and
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the interfacial shear stress of the nanoreinforced polyethylene are obtained through a series of the tensile and pullout tests of carbon nanotube reinforced polyethylene. The
comparisons between the MD results of their work with the
relevant experimental data have shown that the interfacial
covalent bonded interaction between CNTs and the polymer
matrix is indispensable. The bond interaction plays the main
role in the load transfer of nanocomposites. Accurate stressstrain curves have been derived for single- and multiwalled
carbon nanotubes enabling future applicative developments
of CNTs as nanoreinforcements. In addition, the influences
of carbon nanotube embedded length and diameter on the
interfacial mechanical properties are also evaluated. V. K.
Pustovalov and L. G. Astafyeva conducted an investigation on
the core-shell nanoparticles with oxide shell from core metal.
The formation of oxide shell on metallic nanoparticles can be
achieved by different chemical and physical methods including also natural oxidation of pure metallic nanoparticles
in gaseous or liquid media, containing oxygen components
(air, water, etc.). We numerically calculated efficiency factors
of absorption 𝐾abs , scattering 𝐾sca , and extinction 𝐾ext of
radiation with wavelength 𝜆 in the spectral interval 150–
1000 nm by spherical homogeneous metallic and two-layered
(metal core oxide metal shell) nanoparticles: Al, Al-Al2 O3 ;
Zn, Zn-ZnO with core radii in the range 5–50 nm and shell
thickness 5 nm.
We sincerely hope that this special issue can provide a
valuable reference to the recent advances and future perspective of computational modeling of physical and chemical
properties of nanomaterials. In the end, we also hope that
the collection of these articles will inspire both scientific
and technological researchers and stimulate innovations for
material sciences and related fields.
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Effects of dielectric environment on phase resonance in compound grating are investigated theoretically and numerically.
Transmission characteristics can be effectively tailored by changing the dielectric environment. When the dielectric constants
between the two slits are slightly different, the transmission spectra show obvious dips for all modes, and values of the dips
are near to zero, and photon forbidden band gaps emerge with larger difference of dielectric environment. The corresponding
physical mechanisms are discussed by means of effective refractive index and effective length based on F-P-like and phase resonant
mechanisms. In addition, the electric field for the peak at the shorter wavelength of the dip is mainly concentrated on the slit filled
with smaller dielectric constant, while the electric field located on the slit filled with larger dielectric constant for the peak at the
longer wavelength of the dip. By selecting a proper dielectric environment, the channel selecting device can be constructed by using
the dielectric compound grating.

1. Introduction
Extraordinary optical transmission (EOT) has attracted great
interest since the observation of EOT through a thick
metal film perforated with a subwavelength holes array by
Ebbesen et al. in 1998 [1]. Recently, the phase resonances
in compound metallic nanostructures have aroused much
attention, which result from phase difference and interference
between adjacent slits or structures. The phase resonant
dips in the transmission peak were demonstrated by theoretical calculation based on modal expansion theory [2–
4]. Skigin experimentally confirmed the phase resonances
in the millimeter-wave range by studying metallic periodic
structures which comprised several subwavelength slits in
each period [5, 6]. Rance explored the phase resonances on
metal gratings of identical, equally spaced, and alternately
tapered slits in microwave regime [7].
Very recently, some methods have been presented to
construct compound structure in order to achieve the phase
resonances. For example, some authors built the compound
metallic nanostructures from the perspective of different
structure or the particularity of structure. Wang et al. [8]

set symmetrical perpendicular cut in subwavelength metallic
slits; He et al. [9] put a bar into the metallic slit; Zhai et al.
[10] also introduced perpendicular cuts into the compound
metallic grating; Fu et al. [11] investigated the effects of a bar
on optical transmission through Z-shaped metallic slit arrays;
Wu et al. [12] discussed the reflection and absorption spectra
in compound metallic grating. In our previous paper [13], we
proposed a compound metallic grating with perpendicular
bumps and cuts in the slit. In addition, compound metallic
nanostructures also have been achieved by compound gold
surface relief slit arrays [14] and a gold grating with semicircle
bumps [15]. The results of above papers showed that the
influences of cuts or bars and bumps in the slit on odd and
even modes of slit are different, which lead to the change of
the effective length of the slits and phase difference, so the
dips in transmission spectrum (namely, the phase resonances) will arise.
Actually, the transmission behaviors and phase resonance
can be effectively tailored by changing the geometrical parameters and dielectric materials filled in the holes [16, 17].
Another way to achieve compound metallic nanostructures
has been used by adjusting dielectric environment [17].
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2. Model and Method
A unit cell of a compound metallic grating with different
dielectric environment in two slits is shown in Figure 1. The
length, slit width of the grating, period, and the distance
between the two slits are fixed in the whole paper: 𝐿 =
1500 nm, 𝑤 = 100 nm, 𝑝 = 700 nm, and 𝐷 = 350 nm.
The dielectric constants are denoted by 𝜀1 and 𝜀2 , respectively.
And the metals are chosen to be gold (Au). The optical properties of the gold nanostructure are approximated by the
Drude model and the dispersive permittivity of the frequency
is defined as
𝜀 (𝜔) = 1 −

𝜔𝑝2
𝜔2 + 𝛾𝑝2

+𝑖

𝜔𝑝2 𝛾𝑝2
𝜔 (𝜔2 + 𝛾𝑝2 )

,

(1)

where 𝜔 is the frequency of the incident light, 𝜔𝑝 = 1.37 ×
1016 s−1 , and 𝛾𝑝 = 4.08 × 1013 s−1 represents the bulk plasmon frequency and the damping rate which characters the
absorption loss [19].
We use two-dimensional FDTD [20, 21] method to calculate the transmission spectra and the time-dependent fields;
the size of FDTD lattice is 𝐿 𝑥 × 𝐿 𝑦 = 700 nm × 2800 nm;
Δ 𝑥 = Δ 𝑦 = 1 nm and Δ𝑡 = Δ𝑥/2𝑐 are the spatial and
temporal steps. Boundary condition on the top and bottom
boundaries of the unit cell along 𝑦 direction is truncated
by perfectly matched layer absorbing boundary conditions
which is treated by periodic boundary conditions on the left
and right boundaries along 𝑥 direction which are shown in
Figure 1. The incident light spreads through 𝑦 direction with
TM polarization.

PML
D
w

Periodic boundary

Metal

L

𝜀2

𝜀1

p

y

z

Periodic boundary

w

x

PML

Figure 1: Scheme of a unit cell of the grating with different dielectric
environment in two slits.

T.R.A.

Xiang et al. [18] investigated the transmission resonances
of compound metallic gratings with two subwavelength slits
filled with different dielectrics inside each period, and they
discussed the phase resonance from the different orders of
F-P-like modes and found that when suitable dielectrics are
chosen one is the 𝑁th-order FP-like mode and the other is
the (𝑁 + 1)th-order FP-like mode inside the two kinds of slits
at a certain resonant frequency.
However, the phase resonances achieved by dielectric
environment have not been studied comprehensively. In
addition, the formation and evolution mechanisms of phase
resonant dips and transmission spectra for all F-P-like modes
are not investigated so far. In this paper, we try to comprehensively consider the effects of dielectric environment
on the phase resonances which were investigated comprehensively in metallic gratings with two slits. Transmission
characteristics are obviously tuned by changing the dielectric
environment; all modes show sharp dips in transmission
spectrum, which can be effectively tailored by changing
slightly difference of dielectric constants between the two
slits. Values of the dips are near to zero, and photon forbidden
band gaps arise on transmission spectra with larger difference of dielectric environment between the two slits. The
corresponding physical mechanisms are presented by the use
of electric field distributions, F-P-like resonance, and phase
resonance mechanisms.

1
N=5 N=4 N=3
N=2
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
1000 1200 1400 1600 1800 2000 2200
700
Wavelength (nm)

2500

Transmission
Reflection
Absorption

Figure 2: Transmission, reflection, and absorption spectra for two
slits with same dielectric constants.

3. Results and Discussion
Firstly, in order to better understand the effects of dielectric
environment, the transmission, reflection, and absorption
spectra of the grating with same dielectric constants (𝜀1 =
𝜀2 = 1) in two slits are shown in Figure 2. The probe location
of transmission spectra is set at 300 nm away from the rear
surface of the export, and the probe location of reflection
spectra is set at 160 nm away from the front of surface. The
calculated spectra are normalized by the calculation without
a metallic structure. And the absorption spectra can be
obtained by A = 1 − T − R, where T, R, and A represent the
transmittance, reflectance, and absorbance, respectively.
The transmission spectrum in Figure 2 (blue line) shows
that the wavelengths of Fabry-Pérot-like modes resonant

1
0.8

N=5 N=4

3
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0.6
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0.4
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Figure 3: Transmission spectra as a function of wavelength for different dielectric constants in the two slits. The value of insets shows the
dielectric constants.

peaks are 1929 nm, 1287 nm, 974 nm, and 778 nm, respectively, according to previously reported results [8, 13], which
are labeled as 𝑁 = 2, 𝑁 = 3, 𝑁 = 4, and 𝑁 = 5,
respectively. The resonant modes are associated with different
standing wave modes in the slit. For example, if the resonant
peak is labeled as 𝑁 = 2, two nodes (antinodes) of the
electric (magnetic) field appear in the slit. We know that
the Fabry-Pérot-like modes are characterized by constructive
interference between all transmitted waves along the slit [22],
and the condition of the F-P can be expressed as [23]
𝑘0 Re (𝑛eff ) 𝐿 FP + arg (𝜌) = 𝑛𝜋,

(2)

where 𝑘0 = 2𝜋/𝜆 is the wave vector in free space, 𝑛eff is the
effective refractive index in the slit, which strongly depends
on the slit width, 𝜌 stands for the reflection coefficient of the
fundamental mode, 𝐿 FP represents the slit length, and 𝑛 is
integer.
In addition, red line in Figure 2 shows that there is strong
reflection at the bottom of transmission. In other words,
the largest transmission indicates the lowest reflectance; on

the contrary, the strongest reflectance represents the weakest
transmission. Next, purple line in Figure 2 presents very little
absorption rate; the absorption spectra are obtained by A =
1 − T − R; this is obviously related to the absorption loss of
light energy by metal gold.
In the previous section, we have presented the transmission, reflection, and absorption spectra of the grating with
the same dielectric constant (𝜀1 = 𝜀2 = 1) in two slits.
Next, we study the effects of dielectric environment on the
phase resonances and simulate the transmission spectrum for
metallic grating with different dielectric environment in two
slits, namely, the asymmetric case. In order to well understand
effects of dielectric environment on the phase resonances,
the dielectric constant in one of the slits is fixed as 𝜀1 = 1;
the dielectric constant 𝜀2 of the other slit changes from 1 to
1.15 with increment 0.05 in Figures 3(a)–3(d) and to 1.23,
1.46, 1.6, and 1.8 in Figures 3(e)–3(h). We can find that all
Fabry-Pérot-like mode peaks exhibit dips when 𝜀2 changes
to 1.05, which are shown in Figure 3(b), but the dips for
modes 𝑁 = 2, 𝑁 = 3, 𝑁 = 4, and 𝑁 = 5 are smaller.

4

Journal of Nanomaterials

With the increase of 𝜀2 , the dips are further deepened. In
our previous paper [13], we studied a compound metallic
grating with perpendicular bumps and cuts in the slit; the
results showed that the phase resonant dips can be tuned by
shifting the position or changing the size of bumps and cuts.
Now, let us make a comparison between the above results and
previously reported results [13]. Perpendicular bumps and
cuts only affect one or several modes when the bumps or cuts
locate at the center of modes, which brings the most influence
on those modes and the effective length of the F-P cavity.
However, the bumps or cuts are not located at the center
of modes, which affect modes slightly. In contrast, dielectric
environment affects all modes because the dielectric medium
is filled in the whole slits. So we can see that all Fabry-Pérotlike mode peaks exhibit dips.
When the dielectric constant changes to 1.23 and 1.46, the
dips are further deepened and almost all the values of the
dips are near to zero. As the dielectric constant further varies
to 1.6 and 1.8, forbidden band gaps appear on transmission
spectra; in this case the propagation of the incident light will
be stopped. Actually, the field can still be distributed in the
two slits if we reduce the relative value of intensity in drawing
the figures, but the wave cannot propagate over the two slits.
The number of the forbidden gap increases and the forbidden
gaps get broaden when difference between dielectric values in
two slits becomes further larger. The reason for such behavior
is that when difference between dielectric values in two slits
becomes larger difference between the wavelengths of same
order resonant peak in the two cases gets further larger, which
results in the fact that the dips are further deepened and the
forbidden gaps get broadened.
Based on above analysis, we can say that phase resonance is more sensitive to dielectric environment than other
adjustable factors, such as bumps and cuts. The results show
that an optical filter or frequency selector can be designed
according to the adjustment of the dielectric constant.
The physical origin of the dips can be explained in terms
of the theory as follows. The resonant wavelength of F-P mode
in a bare slit array can be obtained by (2). In previous results
[13], the bump and cut affect the surface charge and surface
current flow on the slit, and then the total effective length of
the F-P cavity is determined by
𝐿 eff = 𝐿 FP + Δ;

(3)

if Δ > 0, the effective length 𝐿 eff increases and the resonant
wavelength gets larger. When Δ < 0, the effective length
𝐿 eff decreases, and then the resonant wavelength becomes
smaller. From (2), we know that the resonant wavelength also
can be adjusted by 𝑛eff , and 𝑛eff is the effective refractive index
which can be obtained by solving the dispersion equation
[23]:
2 − 𝜀 tanh (
𝜀𝑚 √𝑛eff
𝑑

2 −𝜀
𝑤𝜋√𝑛eff
𝑑

𝜆

2 −𝜀
) + 𝜀𝑑 √𝑛eff
𝑑

(4)

= 0,
where 𝑤 is the width of metal-dielectric-metal waveguide
and 𝜀𝑑 and 𝜀𝑚 are permittivities for dielectric and metal,

respectively. We notice that, for not too small gaps, 𝑛eff can
be approximated as follows:
𝑛eff =

2𝜀 √𝜀 − 𝜀
𝑘MDM
≈ √ 𝜀𝑑 − 𝑑 𝑑 𝑚 ,
𝑘0
𝑘0 𝑤𝜀𝑚

(5)

where 𝑘0 = 2𝜋/𝜆 and 𝑘MDM are the wave vector in free space
and metal-dielectric-metal waveguide.
Based on (5), Figure 4(a) plots the variation of the real
parts of 𝑛eff for the metallic slit filled with different dielectric
𝜀𝑑 = 1, 1.23 and 1.46, respectively. The results show that
effective refractive index 𝑛eff of the metal-dielectric-metal
waveguide is always greater than that of the metal-air-metal
waveguide for the same wavelength and slit width 𝑤, which
can be seen more clearly from Figure 4(a); the corresponding
wavelength is fixed 𝜆 = 1550 nm. According to Figure 4(a),
we could obtain 𝑛eff equaling to 1.222, 1.315, and 1.402 for
𝜀𝑑 = 1, 1.23 and 1.46, respectively. Other parameters are set
as follows: slit width is 𝑤 = 100 nm, and the wavelength
for the dip labeled as 𝑁 = 2 is 2104 nm, which is labeled
in Figure 3(e). When the dielectric constant increases, 𝑛eff
gets larger, and then the resonant wavelength shifts to longer
region. In contrast, the resonant wavelength becomes smaller
with decreasing of the dielectric constant. In the case where
a light is normally incident when the dielectrics in two slits
are the same 𝜀1 = 𝜀2 the translation invariance can reduce the
field degrees of freedom to just like a single periodic slit array.
Therefore, the fields in all slits are equal. While the dielectrics
in two slits are different 𝜀1 ≠ 𝜀2 the fields of two slits are
not identical, which shows that there exists phase difference;
it can also be understood that the field phases in two slits
are unequal [4, 10, 24]. When the phase difference between
adjacent slits reaches a certain value, an obvious dip appears
which results from destructive interference between two slits.
Figure 4(b) testifies our above explanation. All the mode
peaks in the transmission spectrum show red-shift when the
refractive index of dielectric increases and the numbers of
the resonant mode increase. For example, considering wave
range from visible light to near infrared band, six, seven, and
eight mode peaks in the transmission spectrum appear for the
case where 𝜀𝑑 = 1, 1.23 and 1.46, respectively. The effective
refractive index 𝑛eff of the metal-dielectric-metal increases
with the increase of dielectric constant; it is equal to the
increase of effective length of the metal-air-metal.
Then we analyze quantitatively the above behavior. When
the dielectric constants in two slits are equal (𝜀1 = 𝜀2 = 1),
the corresponding wavelength of resonant peak for 𝑁 = 2
mode is 1929 nm; and when the dielectric constants in two
slits are equal to (𝜀1 = 𝜀2 = 1.23), the corresponding
wavelength is 2143 nm, which is shown in Figure 4(b). While
the dielectrics filling the two slits are different, for example,
one is 𝜀1 = 1 and the other is 1.23, an obvious dip appears
due to phase resonance. The corresponding wavelengths of
the two resonance peaks at both sides of dip are 1962 nm and
2183 nm, which are close to 1929 nm (for 𝜀1 = 𝜀2 = 1) and
2143 nm (for 𝜀1 = 𝜀2 = 1.23), respectively. This phenomenon
can be quite acceptable and understood as a superposition of
two resonant modes.
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Figure 4: (a) Real part of the effective refractive index 𝑛eff as a function of wavelength for different 𝜀𝑑 . (b) Transmission spectra as a function
of wavelength for different 𝜀𝑑 for the same dielectric environment in two slits (namely, single slit). (c) Real part of 𝑛eff as slit width 𝑤. (d)
Transmission spectra as a function of wavelength for different slit width 𝑤 for single slit.

Figure 4(c) displays the dependence of 𝑛eff on the slit
width at 𝜆 = 1.55 𝜇m. It is clear that the real parts of 𝑛eff
decrease with the increase of slit widths; different slit widths
lead to the difference of effective refractive indices. The
conclusions are also confirmed by Figure 4(d), which shows
the transmission spectra as a function of wavelength for
different slit width 𝑤 for single slit. With the decrease of slit
width 𝑤, all the transmission mode peaks in the transmission
spectrum have red-shift; the numbers of transmission mode
peaks also increase in the same wavelength range.
Now, let us make a comparison with the dependence of
dielectric environment and slit width on effective refractive
index and effective length. Both of them affect effective
refractive index or effective length, but it should be noted
that increase of the dielectric constant results in an increase
of the effective refractive index or the effective length, while
increase of slit width leads to a decrease of the effective
refractive index or the effective length. Furthermore, it is

obviously sensitive to the dielectric environment; it can be
seen from Figures 4(b)–4(d).
To understand the effects of dielectric environment on the
phase resonances well, in Figure 5, we draw the electric field
distributions for different wavelength: (a) 𝜆 1 = 1929 nm, (b)
𝜆 2 = 1962 nm, (c) 𝜆 3 = 2104 nm, (d) 𝜆 4 = 2183 nm, and (e)
𝜆 5 = 1125 nm, which are labeled in Figure 3, respectively. We
can see that Fabry-Pérot-like modes distribute inside each slit
(the same as single slit) along the longitudinal direction for
the resonance mode peak 𝑁 = 2 in Figure 5(a). Meanwhile,
in Figure 5(b), we find that the electric field for the resonant
peak at the shorter wavelength 𝜆 2 = 1962 nm near the left of
dip is mainly concentrated on the right slit filled with smaller
dielectric constant and the electric field located on the left
slit filled with larger dielectric constant for the resonant peak
at the longer wavelength 𝜆 4 = 2183 nm near the right of
dip; the results are shown in Figure 5(d); the corresponding
wavelength of the dip is 𝜆 3 = 2104 nm. The reasons of
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Figure 5: The magnitudes of electric field |𝐸𝑥 | of compound gratings for different wavelength, (a) 𝜆 1 = 1929 nm, (b) 𝜆 2 = 1962 nm, (c)
𝜆 3 = 2104 nm, (d) 𝜆 4 = 2183 nm, and (e) 𝜆 5 = 1125 nm, which are labeled in Figure 3.

the phenomenon can be explained as follows. The shorter
wavelength 𝜆 2 = 1962 nm near the left of dip (labeled
in Figure 3) for the case of different dielectric constants is
close to the wavelength of F-P mode resonant peaks 1929 nm,
which is the case of the equal and smaller dielectric constants
(𝜀1 = 𝜀2 = 1) in two slits (marked in Figure 2). Then the
electric field for the resonant peak at the shorter wavelength
𝜆 2 = 1962 nm is mainly concentrated on the right slit. In
other words, the resonant transmission mainly depends on
right slit filled with smaller dielectric constant. On the other
hand, when the dielectric constants in two slits are equal to
𝜀1 = 𝜀2 = 1.23, the wavelength of Fabry-Pérot-like mode
resonant peaks is 2143 nm (marked in Figure 4(c)), which is
close to the larger wavelength 𝜆 2 = 2183 nm near the right
of dip (labeled in Figure 3) for the case of different dielectric
constants, and then the electric field for the peak at the larger
wavelength 𝜆 2 = 2183 nm is mainly concentrated on the left
slit filled with larger dielectric constant.
Compared with Figures 5(a), 5(b), and 5(d), the electric
field distribution is very weak for wavelength 𝜆 3 = 2104 nm
of the dip when we draw the figures in the same standard of
intensity; the result is shown in Figure 5(c), which proves that
the dip is low transmission. In addition, in Figure 5(e), we
choose the wavelength 𝜆 5 = 1125 nm in forbidden band gaps
on transmission spectra; the result shows that the electric
field distribution is weaker. Actually the electric field can
still be distributed in the two slits if we reduce the relative
value intensity in drawing the figures, but the wave cannot
propagate over the two slits; the result also presents strongly
the reflection feature.
The above results confirm that the interference behavior
of phase resonances between adjacent slits can be modulated
by dielectric environment of compound grating; an optical
filter and channel selecting devices can be constructed by

selecting appropriate dielectric environment based on a compound metallic grating.

4. Conclusion
In this paper, we have theoretically investigated the phase
resonances of compound metallic gratings with two subwavelength slits filled with different dielectric environments.
For comparison, the transmission, reflection, and absorption
spectra of the slits with the same dielectric constants are
presented and discussed. In addition, we find that phase
resonant characteristics can be more effectively tailored by
changing the dielectric environment than by other adjustable
factors. Slight difference of dielectric constants between the
two slits may bring obvious dips; almost all the values of
the dips are near to zero, and photon forbidden band gaps
appear on transmission spectra with larger difference of
dielectric environment. The corresponding physical mechanisms for above phenomenon are discussed by use of electric
field distributions, F-P-like resonance, and phase resonance
mechanisms. Based on the electric field distributions, we
can find that the electric field for the peak at the shorter
wavelength is mainly concentrated on the slit filled with
smaller dielectric constant, while the electric field located
on the slit filled with larger dielectric constant for the peak
at the longer wavelength. By selecting appropriate dielectric
environment, an optical filter and channel selecting devices
can be constructed based on a compound metallic grating.
These results are useful for the design of the nanooptic devices
and may contribute to more real applications in the future.
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The mechanical properties of carbon nanotube- (CNT-) reinforced polyethylenes (PE) with interfacial covalent bonded interaction
are investigated using molecular dynamics simulations. A reactive force field for hydrocarbons (ReaxFF) is used in the
nanocomposite system. Through a series of the tensile and pullout tests of carbon nanotube-reinforced polyethylene, Young’s
modulus and the interfacial shear stress of the nano-reinforced polyethylene are obtained. The comparisons between the MD
results of this work and the relevant experimental data of the existing literature are made and the results show that the interfacial
covalent bonded interaction between CNTs and the polymer matrix is indispensable. The bond interaction plays the main role in the
load transfer of nanocomposites. In addition, the influences of carbon nanotube embedded length and diameter on the interfacial
mechanical properties also are studied.

1. Introduction
Carbon nanotubes- (CNTs-) reinforced various nanocomposites are attracting more and more attention due to their
superior mechanical, thermal, and electrical properties, making them distinguishable from bulk materials [1–5]. It is well
known that load transfer efficiency from the polymer matrix
to the reinforcement plays an important role in the mechanical properties of the reinforced nanocomposite. To enhance
the mechanical properties of the reinforced nanocomposite,
the improvement of load transfer efficiency is indispensable.
And the main issue of effectively improving the interfacial
load transfer of nanocomposites is the interfacial bonding
between the individual CNTs and the polymeric matrix. The
significant number of methods in the literature to improve
the interfacial load transfer of nanocomposites mainly is
categorized into the following two types: noncovalent and
covalent. But the covalent improvement methods always give
the nano-reinforced composites the better results [6].
The pullout experiments of individual carbon nanotubes from polymer matrices have been done to evaluate

the interfacial shear strength of the nano-reinforced composite system by Cooper et al. [7]. Koval’chuk et al. [8] studied the
effect of carbon nanotube functionalization on the structural
and mechanical properties of polypropylene/MWCNT composites and found that a better dispersion of the nanotube
reinforcements within the polymer matrix can be achieved
with covalent interaction. Frankland et al. [9] investigated the
influence of chemical cross-links on the shear strength of carbon nanotube-polymer interfaces by using molecular simulations; the conclusion showed that the chemical functionalization of the nanotube surface can improve and enhance
the interfacial adhesion. Lachman and Wagner [10] studied
the effect of the molecular nature of the interface between an
epoxy matrix and multiwalled carbon nanotubes (CNTs) on
the mechanical properties of the resultant nanocomposites
and found that the nanocomposite toughness is found to
increase with enhanced interfacial adhesion, which is opposite to what is usually observed in traditional fiber-based composites. Buffa et al. [11] studied the effect of nanotube functionalization on the properties of single-walled carbon
nanotube/polyurethane composites by experiments, and
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the results show that the functionalization of the tubes results
in increases in Young’s modulus, tensile strength, and strain at
failure and also destroys the inherent electrical conductivity
of the tubes as well. Zheng et al. [12, 13] investigated the
influence of sidewall modification on the interfacial bonding
between the SWNTs and polymer and the influence of
chemical functionalization on the interfacial bonding characteristics of single-walled nanotubes- (SWNTs-) reinforced
polymer composites using molecular mechanics (MM) and
molecular dynamics (MD) simulations. The results show that
appropriate functionalization of nanotubes at low densities
of functionalized carbon atoms drastically increases their
interfacial bonding and shear stress between the nanotubes
and the polymer matrix. But the association of single-walled
nanotube (SWNT) with polyethylene (PE) molecule is still
noncovalent.
Barber et al. [14] performed reproducible nano-pullout
experiments of separating a carbon nanotube from a solid
polymer matrix to measure the force by using atomic force
microscopy and found the separation force is remarkably
high and the experimental interfacial strength is much higher
than the interfacial strength of a CNT-polyethylene system
predicted using van der Waals interactions by computer modeling. The results infer that covalent bonding exists between
the polymer matrix and CNT; that is, the bonding model
should consider chemical as well as physical interactions.
Recently, the various implement approaches of improving
the covalent bonding between CNTs with polymers through
chemical modification are reported [15–20]. Recently, Xiong
and Tian investigated the interfacial mechanical properties of
carbon nanotube- (CNT-) reinforced silicon nanocomposites
by using molecular dynamics simulation method [21]. But
the computationally modeling study of the covalent bonding
between CNTs with polymers has been rarely reported.
In the present work, we apply molecular dynamics simulation and account for the covalent bonded interaction,
van der Waals interaction, and the electrostatic interaction
in the interface of nanocomposite by employing the reactive force field (ReaxFF) to investigate the effect of the
interfacial covalent bond on the mechanical properties of
carbon nanotube-reinforced polyethylene. Through a series
of the tensile and pullout tests of nano-reinforced composite,
Young’s modulus and the interfacial shear stress of the nanoreinforced polyethylene are obtained.

2. Process of Simulation
2.1. Force Field (ReaxFF [22]). ReaxFF uses a general relationship between bond distance and bond order on one hand
and between bond order and bond energy on the other hand
that leads to proper dissociation of bonds to separated atoms.
Other valence terms present in the force field (angle and torsion) are defined in terms of the same bond orders so that all
these terms go to zero smoothly as bonds break. In addition,
ReaxFF has Coulomb and Morse (van der Waals) potentials
to describe nonbond interactions between all atoms (no
exclusions). The parameters were derived from quantum
chemical calculations on bond dissociation and reactions of
small molecules plus heat of formation and geometry data
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for a number of stable hydrocarbon compounds. ReaxFF
provides a good description of these data.
In general, the reactive force field divides the system total
energy up into various partial energy contributions, as shown
in the following [22]:
𝐸system = 𝐸bond + 𝐸over + 𝐸under + 𝐸val + 𝐸pen
+ 𝐸tors + 𝐸conj + 𝐸vdWaals + 𝐸Coulomb ,

(1)

where 𝐸bond is the bond energy of nanosystem, 𝐸over and
𝐸under are the bond energy penalty of the atom over coordination and under coordination, 𝐸val denotes the valence angle
energy of nanosystem, 𝐸pen is the angle penalty energy of the
atom over coordination and under coordination, 𝐸tors is the
torsion angles energy of nanosystem, 𝐸conj is the contribution of conjugation effects to the molecular energy, 𝐸vdWaals
denotes nonbonded van der Waals interactions energy of
nanosystem, and 𝐸Coulomb is the coulomb interactions energy
of nanosystem.
The detailed forms of expression for every energy contribution and all the parameters in the above formulas can be
obtained from [22]. The detailed values for the hydrocarbon
parameters of the MD simulations in the present work are
taken from [22].
To validate ReaxFF force field used in the present
study, the two experiments of the tensile test of a singlewalled carbon nanotube from [23] and a multiwalled carbon
nanotube from [24] were simulated. Figures 1(a) and 1(b)
compare the MD predicted stress-strain curve profiles of
a two-walled carbon nanotube and a single-walled carbon
nanotube with those measured data from the published documents. Except for the difference between the MD simulation
and the experimental data at large strain for multiwalled
carbon nanotubes, the agreement between MD predictions
and experimental measurements is good, demonstrating the
effectiveness and accuracy of ReaxFF force field. And the
discrepancies between the MD simulation and the experimental data can be attributed to differences in the different
multiwalled CNTs investigated and the presence of some
defects in the experimental samples.
2.2. Molecular Model and Molecular Dynamics Simulations.
A schematic diagram of the steps involved in the MD
modelling of the pullout model is illustrated in Figure 2.
We have generated the single polymer molecular chain and
CNT by using VMD [26]. Subsequently, Packmol software
[27] is utilized to create a targeted molecular model for
MD simulations. Large-Scale Atomic Molecular Massively
Parallel Simulator (LAMMPS) [28] is used to perform all
MD simulations and postprocessing of the simulations was
performed using VMD.
Each polyethylene chain consists of 20 repeating units of
–CH2 ; finally adding hydrogen atoms at both two ends of each
polyethylene chain makes the polymer neutral. The length
and diameter of this fragment SWNTs (6, 6) are 4.92 nm and
0.815 nm, which are selected for the simulations of SWNT/PE
composites. SWNTs (6, 6) are placed in the center of model
box of 2.7 nm × 2.7 nm × 5.0 nm and then 36 PE chains
are paced into the model box randomly to obtain the initial
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Figure 1: (a) The comparison of stress-strain curve of the (6, 6) single-walled carbon nanotube of a length = 4.92 nm and a diameter = 0.68 nm
predicted by ReaxFF force field with the experimental data [23]. (b) The comparison of stress-strain curve of the (6, 6) (11, 11) two-walled
carbon nanotube of a length = 4.92 nm and an outer diameter = 1.5 nm predicted by ReaxFF force field with the experimental data [24].

VMD software to generate the single polymer
molecular chain and CNT

Packmol software to create a targeted molecular model
for molecular dynamics simulations

LAMMPS software to perform the molecular dynamics

Output results, pull force, and energy change

Figure 2: Flowchart of the simulation procedure for molecular
simulation process.

nanocomposite structure with the density of 1.2 g/cm3 . The
model of MD is shown in Figure 3.
The interfacial C–C covalent bonding is controlled by the
interfacial intermolecular distance; in the present work, the
CNT/polyethylene nanocomposite with interfacial covalent
bond can be achieved as shown in Figure 3 by setting the
intermolecular distance vanish.
In the MD simulations, the periodic boundary condition
is applied in 𝑥-𝑦 plane and the free boundary condition is
assigned to 𝑧 direction. The time steps selected are 0.1 fs
for all the MD simulations in this present study. Before the
displacement load is applied, the MD systems are equilibrated
to 298 K and traction free by relaxing the system for 500 000

steps with the use of Nose-Hoover style thermostat (NVT)
and barostat (NPT) [29, 30] with holding the SWCNT as a
rigid. And then the nanocomposite system is further putted
into Nose-Hoover style thermostat (NVT) and equilibrated
for 50 000 steps with releasing the rigid constraints on the
SWCNT.
The applying load processes in simulation are as follows:
in uniaxial tension simulation, the bottom region atoms of
the CNT/polyethylene nanocomposite are held fixed and the
top region atoms of the nanocomposite are applied with axial
displacement loads of 𝑥 = 0.1 × 10−4 nm every MD time
step in the axial (𝑧) direction. In the pullout simulation, the
polymer matrix is held fixed in the axial (𝑧) direction (pullout
direction) and is unconstrained in 𝑥 and 𝑦 directions,
applying axial displacement loads of 𝑥 = 0.1 × 10−4 nm every
MD time step to all the atoms of carbon nanotube.

3. Results and Discussion
To test the effect of the interfacial covalent bonded interaction
on the mechanical characteristics of nanocomposite, first of
all, the tensile tests of the CNT/polyethylene nanocomposite
of a 2.7 nm × 2.7 nm × 5.0 nm size under two different
situations of with and without interfacial covalent bonded
interaction were performed and the results are shown in
Figure 3. In the condition of without any reinforcement
Young’s modulus of the polyethylene with the same density
is 0.5–1.0 Gpa and the tensile strength is about 100 Mpa;
the values are too small in comparison with the results of
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Figure 3: The MD model of CNT/polyethylene nanocomposite, (a) front view (0∘ view), (b) lateral views (45∘ view), and (c) side view (90∘
view) (carbon, grey; hydrogen, white).

the nano-reinforced composites, which is the reason why
there are no results of pristine polyethylene in Figure 4.
For the condition of without interfacial covalent bonded
interaction, that is, only considering interfacial van der Waals
interaction, estimated Young’s modulus of the nanocomposite is about 13.3 Gpa by calculating the slope ratios of the
elastic stage in stress-strain curve simply. The tensile strength
and the fracture strain in this condition are 1.6 Gpa and
0.12, respectively. Therefore, Young’s modulus and the tensile
strength are enhanced significantly, which are 10 times of the
pristine polyethylene.
When the interfacial covalent bonded interaction is considered, that is, not only considering interfacial van der Waals
interaction but also counting for the chemically bonded
interaction, Young’s modulus and the tensile strength of the
nanocomposite are about 56.5 Gpa and 4.6 Gpa, respectively.
In addition, it is evident that for the nanocomposite there is
a transition from brittle to ductile fracture with accounting
for the interfacial covalent bonded interaction, which is
attributed to the superior load-bearing ability of the interfacial covalent bonded interaction. And the toughness of the
nanocomposite is increased dramatically. These phenomena
demonstrate that the effect of interfacial covalent bonded
interaction has a great influence on the mechanical characteristics of the nano-reinforced composite.

To investigate the interfacial mechanical properties of
the CNTs-reinforced nanocomposite, a series of the pullout tests of CNTs from the nano-reinforced composite are
carried out by using molecular dynamics method. First, a
(6, 6) single-walled carbon nanotube is pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm ×
5.0 nm size with interfacial covalent bonded interaction; the
results of the pullout force versus the pullout displacement
and the comparison with the experimental data from the
existing literature [25] are given in Figure 5. The MD
simulation results of this present work agree well with
the experimental data curve of the published paper, which
implies that the results of this present work are credible. In
the beginning stage of the pullout test, the pullout force which
makes the CNT sliding in the polymer matrix is the largest
part of the whole pullout process. The pullout force increases
up to the maximum value promptly in a very short time
(pullout distance), and with the pullout of CNTs from the
polymer matrix, the area of interaction between CNTs and
the polymer matrix reduces gradually, and then the pullout
force decreases slowly, until it becomes zero when the CNT is
pulled out from the polymer matrix completely.
The pullout force versus the pullout displacement under
bonded interaction without interfacial covalent is shown in
Figure 6. Obviously, the order of magnitudes of the pullout
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Figure 4: The stress-strain curves of the CNT/polyethylene
nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm size predicted under
two different situations of with and without interfacial covalent
bonded interaction.

Figure 6: The pullout force versus pullout displacement curve of
the (6, 6) single-walled carbon nanotube of a length = 4.92 nm
and a diameter = 0.81 nm pulled out from the CNT/polyethylene
nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm size under bonded
interaction without interfacial covalent.
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Figure 5: The comparison of pullout force versus pullout displacement curve of the (6, 6) single-walled carbon nanotube of a
length = 4.92 nm and a diameter = 0.81 nm pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm
size with the experimental data [25].

force value is in the order of 100 nN (10−9 N), while the order
of experimental data of the existing literature mostly is in the
order of 102 nN (10−9 N) [7, 8, 25]. This difference indicates
that the condition of without interfacial covalent bonded
interaction is very undesirable. Besides this, the effect of the
CNT embedded length in the polymer has no influence on
the interfacial mechanical characteristics of nanocomposite,

0
0
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6

Pullout force (nm)
With interfacial covalent bonded interaction

Figure 7: The average interfacial shear stress versus pullout displacement curve of the (6, 6) single-walled carbon nanotube of a
length = 4.92 nm and a diameter = 0.81 nm pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm
size under bonded interaction with interfacial covalent.

and this phenomenon does not conform to the physical
reality.
The average interfacial shear stress is estimated simply
through the pullout force divided by the area of the interface
(the surface area of the embedded CNT). Figure 7 shows
the average interfacial shear stress for the CNT/polyethylene
nanocomposite with interfacial covalent bonded interaction
as a function of pullout displacement. The maximum value
of interfacial shear stress appears in the beginning stage of
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the pullout test, corresponding to the pullout force of this
stage. With the pullout of CNTs from the polymer matrix,
the interfacial shear stress reduces gradually. The estimated
interfacial shear stress is in the order of a few Gpas, much
greater than the modeling results of the nano-reinforced
composite without interfacial covalent bonded interaction
[12, 31–33] but is close to the results of the nanocomposites
involving cross-linking using chemically bonded chains [34–
37]. This agreement further justifies the validity of our present
MD simulation in this work.
The pullout behavior of CNTs from the polymer matrix
can also be illustrated by tracking the total potential energy
of the CNT/polyethylene nanocomposite system. Figure 8
shows that the total potential energy of the nanocomposite system increases as the CNT is pulled out from the
polyethylene matrix, which implies the interaction between
polyethylene matrix and CNT results in the variation of the
total potential energy. The total potential energy ascends
rapidly in the beginning stage of the pullout test and after that
increases nearly linearly and slowly, which is corresponding
to the pullout force in the pullout process. Due to the integrity
of interface of nanocomposite in the pullout starting part, the
variation of the potential energy in this stage is very large.
And after this stage, because of the stable interfacial binding
interaction and the steady increase of new surface area during
the pullout process, the total potential energy increases nearly
linearly and slowly.
The total potential energy of the nanocomposite system
can be roughly divided into four terms as follows:
(2)

The bond energy, the angle energy, the torsion energy, and
van der Waals interaction energy (i.e., nonbond energy) of

Figure 9: The bond energy of nanosystem versus pullout displacement curve of the (6, 6) single-walled carbon nanotube of a
length = 4.92 nm and a diameter = 0.81 nm pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm
size under bonded interaction with interfacial covalent.

Angle energy of nanosystem (103 kcal/mol)

Figure 8: The potential energy of nanosystem versus pullout
displacement curve of the (6, 6) single-walled carbon nanotube of
a length = 4.92 nm and a diameter = 0.81 nm pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm
size under bonded interaction with interfacial covalent.

𝐸potential = 𝐸bond + 𝐸angle + 𝐸torsion + 𝐸vanderWalls .
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Figure 10: The angle energy of nanosystem versus pullout displacement curve of the (6, 6) single-walled carbon nanotube of a
length = 4.92 nm and a diameter = 0.81 nm pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm
size under bonded interaction with interfacial covalent.

nanosystem during the pullout process are shown in Figures
9–12, respectively. Evidently in the several energy contributions of potential energy of nanosystem, the bond energy
plays a significantly important role in the variation of the
total potential energy, which implies that the bond interaction
plays the main role in the load transfer of nanocomposites.
As shown in Figure 9, the bond energy of nanosystem always
increases with the pullout of CNTs from the polymer matrix;
this is attributed to the bond stretch and the decrease of
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Figure 11: The torsion energy of nanosystem versus pullout displacement curve of the (6, 6) single-walled carbon nanotube of a
length = 4.92 nm and a diameter = 0.81 nm pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm
size under bonded interaction with interfacial covalent.
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Figure 13: The pullout force versus pullout displacement curve of
the three single-walled carbon nanotubes of a length = 4.92 nm
and diameters = 0.81 nm, 1.62 nm, and 3.25 nm pulled out from the
CNT/polyethylene nanocomposites of 2.7 nm × 2.7 nm × 5.0 nm
and 5.4 nm × 5.4 nm × 5.0 nm sizes under bonded interaction with
interfacial covalent.
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Figure 12: Van der Waals energy of nanosystem versus pullout
displacement curve of the (6, 6) single-walled carbon nanotube of
a length = 4.92 nm and a diameter = 0.81 nm pulled out from the
CNT/polyethylene nanocomposite of a 2.7 nm × 2.7 nm × 5.0 nm
size under bonded interaction with interfacial covalent.

the interface area. The angle energy, the torsion energy, and
van der Waals interaction energy (i.e., nonbond energy) of
nanosystem decrease during the pullout of CNTs as shown in
Figures 10–12, and these energy terms will not vary after the
CNTs were completely pulled out from the polymer matrix
because there is no interaction between the CNTs and the
polymer matrix.

To illustrate the effect of diameter of a CNT on the interfacial mechanical properties of nanocomposite, the pullout
tests for CNTs of three different diameters, 0.814 nm, 1.62 nm,
and 3.25 nm, with a length of 4.92 nm embedded in the
three different polymer matrices, 2.7 nm × 2.7 nm × 4.92 nm,
5.4 nm × 5.4 nm × 4.92 nm, and 10.8 nm × 10.8 nm × 4.92 nm,
with the same density are simulated; the pull force versus the
pullout displacement is shown in Figure 13. In the beginning
stage of the pullout tests, the diameter of CNTs has a great
influence on the pullout force. But in the following pullout
progress, there seems to be no distinguished difference in the
results of three different models. These results indicate that
the diameter of CNTs in the nano-reinforced composite only
affects the starting pullout force of CNTs and has a slight
influence on the pullout force of the following pullout stage.
To demonstrate the effect of length of a CNT on the interfacial mechanical properties of nanocomposite, the pullout
tests for CNTs of three different lengths, 4.92 nm, 9.85 nm,
and 12.31 nm, with a diameter of 0.81 nm embedded in the
three different polymer matrices, 2.7 nm × 2.7 nm × 5.0 nm,
2.7 nm × 2.7 nm × 10 nm, and 2.7 nm × 2.7 nm × 15 nm,
with the same density are simulated; the pull force versus
the pullout displacement is shown in Figure 14. In the whole
process of the pullout tests, the length of CNTs has a great
influence on the pullout force. With the pullout of CNTs from
the polymer matrix, the difference reduces gradually. These
results show that the length of CNTs in the nano-reinforced
composite has a great influence on the pullout force of the
whole pullout stage.
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Figure 14: The pullout force versus pullout displacement curve of
the three single-walled carbon nanotube of a diameter = 0.81 nm
and lengths = 4.92 nm, 9.85 nm, and 12.31 nm pulled out from the
CNT/polyethylene nanocomposites of 2.7 nm × 2.7 nm × 5.0 nm,
2.7 nm × 2.7 nm × 10.0 nm, and 2.7 nm × 2.7 nm × 15.0 nm sizes
under bonded interaction with interfacial covalent.

4. Concluding Remarks
With accounting for interfacial covalent bonded interaction,
the mechanical properties of carbon nanotube- (CNT-) reinforced polyethylenes (PE) are investigated using molecular
dynamics simulations. The results show that the interfacial
covalent bonded interaction between CNTs and the polymer
matrix is indispensable. The bond interaction plays the main
role in the load transfer of nanocomposites. In addition, the
effects of carbon nanotube embedded length and diameter
have great influences on the interfacial mechanical properties
of nano-reinforced composite.
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Pyrolysis is recently proposed as an efficient fabrication technique of micro/nanoscale carbon structures. In order to understand the
morphological evolution in pyrolysis and design the final shape of carbon structure, this study proposes a comprehensive model that
incorporates the essential mechanisms of pyrolysis based on the phase field framework. Computational analysis with the developed
model provides information about the effect of interface energy and kinetic rate on the morphological evolution in pyrolysis.

1. Introduction
During the pyrolysis process, various intermediate materials
are generated from carbonaceous precursor, and a carbon
structure remains after sufficient process time. This characteristic of pyrolysis has been applied to biofuel production [1, 2].
Pyrolysis has been also suggested as an efficient manufacturing technique for micro/nanostructures with glassy carbon.
As an electrode material, glassy carbon is widely used due
to its remarkable mechanical and electronic properties with
chemical stability at low cost. However, due to the high brittleness of glassy carbon, it is very difficult to utilize glassy
carbon for micro/nanodevices even with a simple geometry.
Recently, a fabrication of carbon-microelectromechanical
system (C-MEMS) is suggested as a plausible technique that
can overcome the limit of brittle glassy carbon by pyrolyzing
prepatterned precursors using UV-lithography [3], e-beam
lithography [4], nanotemplate [5], or electrospinning [6]. In
order to develop a solid technique for micro/nanofabrication
with pyrolysis, an efficient and reliable computational model
needs to be developed.
Since the theoretical analysis of the pyrolysis of wood
was conducted, theoretical studies of the pyrolysis have been

performed [7–11]. The pyrolysis process of biomass such as
cellulose was analyzed by an approach based on a chemical
kinetic reaction [7, 12]. Although the early models considered
a simplified one-step reaction, the multistep reaction process
was recently incorporated into a kinetic model [9, 10]. The
kinetic model described the successive reaction and the mass
of reactants and products were quantitatively estimated in the
reaction [10, 13, 14]. However, the morphological evolution
such as a shrinking process in the pyrolysis is difficult to be
described by kinetic model because the model did not incorporate any interfacial effects, interface, and surface energies of
each component, which significantly affect the morphological
evolution of micro- and nanostructures [15]. In utilizing the
pyrolysis for the carbon nanofabrication, the dimensional
analysis of morphological evolution in the pyrolysis is an important prerequisite.
Therefore, we propose a three-dimensional dynamic
model for pyrolysis. The evolution of each component such as
polymer precursor and carbon, which is driven by multiple
mechanisms, is systematically modeled. The model incorporates thermal decomposition, diffusion of components, interfacial energies between components, and surface energies of
components. To efficiently simulate the dynamic evolution of
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Figure 1: (a) Schematic drawing of pyrolysis process for generation of a carbon nanostructure from polymer precursor. (b) Model for pyrolysis
process describing the decomposition and generation of components.

decomposed materials in pyrolysis, a diffusive interface approach is employed with the kinetic model. The diffusive interface approach has demonstrated high reliability in simulating
complicated morphological evolutions such as the phase separation, solidification, and self-assembly of various microand nanoscale structures [16–18]. With the developed model,
simulations are performed analyzing the characteristics of
pyrolysis with respect to the morphology of carbon structure.

2. Computational Methods

the local free energy to consist of the linear combination of
double well potentials of components, which have the local
minimum points at 𝑐𝑖 = 1 and 𝑐𝑖 = 0:
2

2

𝑓 (𝑐1 , 𝑐2 , 𝑐3 ) = 𝑓0 𝑐12 (1 − 𝑐1 ) + 𝑓0 𝑐22 (1 − 𝑐2 ) + 𝑓0 𝑐32 (1
𝑎1 2
2
𝑐1 [15 (1 − 𝑐1 ) {1 + 𝑐1 − (𝑐3 − 𝑐2 ) }
4
𝑎
2
+ 𝑐1 (9𝑐1 − 5)] + 2
4
2

− 𝑐3 ) +

2

In the pyrolysis process, biomaterials at high temperature are
transferred to volatile organic compound, gas, and carbon by
thermal energy, and eventually a carbon structure remains.
We develop a multiphysics and multicomponent model based
on the phase field approach. As shown in Figure 1, we define
a volume faction 𝑐1 (𝑥, 𝑦, 𝑧, 𝑡) by polymer and 𝑐2 (𝑥, 𝑦, 𝑧, 𝑡) by
carbon. The volatile and gas are defined by 𝑐3 (𝑥, 𝑦, 𝑧, 𝑡), that is,
1−𝑐1 (𝑥, 𝑦, 𝑧, 𝑡)−𝑐2 (𝑥, 𝑦, 𝑧, 𝑡). In the pyrolysis process, an oven
is heated until the pyrolysis temperature and the temperature
are maintained. Thus, we consider an isothermal model.
2.1. Morphological Evolution. The evolution of each component is induced by the minimizing process of the total free
energy of the system. We define free energy F as quoted by
the Cahn-Hilliard model [19]:
2

F = ∫ 𝑓 (𝑐1 , 𝑐2 , 𝑐3 ) + ℎ11 (∇𝑐1 ) + ℎ22 (∇𝑐2 )

2

(1)

+ ℎ12 (∇𝑐1 ⋅ ∇𝑐2 ) 𝑑𝑉.
Because 𝑐3 is volatile or gas, the interactions of 𝑐3 and
other materials can be ignored. The first term, 𝑓(𝑐1 , 𝑐2 , 𝑐3 ), is
the volumetric local free energy of materials. All of gradient
terms are the interfacial energies between materials. Each interfacial energy coefficient is ℎ11 , ℎ22 , and ℎ12 . The local free
energy generally represents a double well potential. The local
free energy of three components has been derived from the
studies of two-phase solidification [20]. Here, we assume

⋅ 𝑐22 [15 (1 − 𝑐2 ) {1 + 𝑐2 − (𝑐1 − 𝑐3 ) }
+ 𝑐2 (9𝑐22 − 5)] +

(2)

𝑎3
4
2

⋅ 𝑐32 [15 (1 − 𝑐3 ) {1 + 𝑐3 − (𝑐2 − 𝑐1 ) }
+ 𝑐3 (9𝑐32 − 5)] .
The higher order terms of 𝑎𝑖 are reduced by taking 𝑎1 =
𝑎2 = 𝑎3 . Then, local free energy 𝑓(𝑐1 , 𝑐2 , 𝑐3 ) is simplified by
2

2

𝑓 (𝑐1 , 𝑐2 , 𝑐3 ) = 𝑓0 𝑐12 (1 − 𝑐1 ) + 𝑓0 𝑐22 (1 − 𝑐2 )
2

+ 𝑓0 𝑐32 (1 − 𝑐3 ) + 1.

(3)

The evolution of a free energy system is driven by chemical potential that can be expressed in the model by 𝜇𝑖 =
𝑑F/𝑑𝑐𝑖 . It is related to the driving forces that could be represented by F𝑑 = −∇⋅𝜇𝑖 . The flux is represented as 𝐽𝑖 = −𝑀𝑖 ∇𝜇𝑖 ,
where 𝑀𝑖 is mobility of material. The diffusive interface is
described by 𝑃(𝑥) = 𝑥3 (6𝑥3 − 15𝑥2 + 10). With the mass
conservation relation, 𝜕𝑐1 /𝜕𝑡 = ∇ ⋅ 𝐽1 , and 𝜕𝑐2 /𝜕𝑡 = ∇ ⋅ 𝐽2 ,
the expressions of 𝑐1 and 𝑐2 are obtained as follows:
𝜕𝑐1
= ∇ ⋅ [𝑀1 𝑃 (𝑐1 ) ∇𝜇1 ] ,
𝜕𝑡
𝜕𝑐2
= ∇ ⋅ [𝑀2 𝑃 (𝑐2 ) ∇𝜇2 ] ,
𝜕𝑡

(4)
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where
𝜇1 (𝑇) =

3

𝜕
2
{∑ 𝑓 𝑐 2 (1 − 𝑐𝑖 ) } − 2ℎ11 ∇2 𝑐1
𝜕𝑐1 𝑖=1 0 𝑖
− ℎ12 ∇2 𝑐2 ,

3
𝜕
2
𝜇2 (𝑇) =
{∑ 𝑓0 𝑐𝑖 2 (1 − 𝑐𝑖 ) } − 2ℎ22 ∇2 𝑐2
𝜕𝑐2 𝑖=1

(5)

− ℎ12 ∇2 𝑐1 .
The chemical potentials indicate the dynamic evolution
of structure to minimize the bulk and interfacial energies.
2.2. Thermal Decomposition. In the pyrolysis process, the
polymer is gradually decomposed by thermal energy, which
has been described with a kinetic model [10, 13, 15, 21]. Incorporating the kinetic model, the thermal decomposed polymer, 𝑐1 , and transferred carbon, 𝑐2 , are described by
𝜕𝑐1
= − ]𝑐1 ,
𝜕𝑡
𝜕𝑐2
= ]𝜃𝑐1 ,
𝜕𝑡

(6)

where ] is the reaction rate at isothermal and 𝜃 is the generation rate of 𝑐2 from the decomposed 𝑐1 . By combining (4) and
(6), the expression of 𝑐1 and 𝑐2 is obtained as follows:
𝜕𝑐1
= ∇ ⋅ [𝑀1 𝑃 (𝑐1 ) ∇𝜇1 ] − ]𝑐1 ,
𝜕𝑡
𝜕𝑐2
= ∇ ⋅ [𝑀2 𝑃 (𝑐2 ) ∇𝜇2 ] + ]𝜃𝑐1 .
𝜕𝑡

(7)

In this pyrolysis process, the decomposed polymer generates amorphous carbon. All these materials dynamically change their component ratio to minimize the total free energy
and evolve into nanoscale structures.
2.3. Numerical Computation. By employing the characteristic
time 𝜏 and length 𝐿, we obtain dimensionless numbers; 𝜏 =
𝐿2 /𝑀1 𝑓0 , ℎ11 = 2ℎ11 /𝐿2 𝑓0 , ℎ22 = 2ℎ22 /𝐿2 𝑓0 , ℎ12 = 2ℎ12 /𝐿2 𝑓0 ,
and 𝜂 = 𝑀2 /𝑀1 . From normalization, the dimensionless
equations are derived as follows:
𝜕𝑐1
= ∇ ⋅ [𝑃 (𝑐1 ) ∇𝜇1 ] − ]𝜏𝑐1 ,
𝜕𝑡
𝜕𝑐2
= ∇ ⋅ [𝜂𝑃 (𝑐2 ) ∇𝜇2 ] + ]𝜏𝜃𝑐1 ,
𝜕𝑡
𝜇1 =

3
ℎ
𝜕
2
{∑ 𝑓0 𝑐𝑖 2 (1 − 𝑐𝑖 ) } − ℎ11 ∇2 𝑐1 − 12 ∇2 𝑐2 ,
𝜕𝑐1 𝑖=1
2

𝜇2 =

3
ℎ
𝜕
2
{∑ 𝑓0 𝑐𝑖 2 (1 − 𝑐𝑖 ) } − ℎ22 ∇2 𝑐2 − 12 ∇2 𝑐1 .
𝜕𝑐2 𝑖=1
2

(8)

𝑐1 and 𝑐2 represent the change of polymer and carbon volume fraction, respectively.

In order to understand the morphological evolution of pyrolysis process, a series of simulations have been performed. A
microscale bar with dimension of 2.0 𝜇m × 6.6 𝜇m is considered. The ratio of mobility between polymer and carbon is
assumed to be 0.5. The generation rate of carbon from the
decomposed polymer, 𝜃, is set to 0.2.
3.1. Evolution of Polymer and Carbon in Pyrolysis. During the
pyrolysis process, a polymer precursor is gradually decomposed by heat and eventually carbon remained. The volatiles
are vaporized and the total volume is decreased. As shown in
Figure 2(a), the simulation result describes the morphological evolution during the pyrolysis, which cannot be observed
in experiments. The polymer and generated carbon diffuse
and agglomerate to minimize the surface energy. Eventually, a
microscale polymer bar decomposes and becomes a reduced
carbon structure whose diameter is 1.5 𝜇m. The volume of
polymer is reduced below 10% after 4,000∼5,000 steps. About
90% of polymer precursors are decomposed into carbon
and volatiles within 5,000 steps. The reaction rate decreases
as time passes since the polymer reactant is diminished
by reaction. When the remaining polymer becomes about
10%, the reaction rate is significantly decreased as shown in
Figure 2(b).
3.2. Effect of Surface Interaction. In order to investigate the
effect of the surface energy and interface energy of polymer
and carbon on the morphological evolution during the pyrolysis, simulations with different combination of ℎ11 , ℎ22 , and
ℎ12 are performed as shown in Figure 3. When the interface
energy between polymer and carbon is the same as or smaller
than the surface energy of polymer and carbon, a well-defined
single bar of carbon is generated at the final stage. There are,
however, different morphological evolutions during pyrolysis. When the surface energy of polymer is twice larger than
the interface energy and the surface energy of carbon, the
polymer has strong self-interaction and shows more spherical
cross section than that of case when it is the same as other
energies at 5,000 steps as shown in Figure 3(b). When the
surface energy of carbon is twice larger than the interface
energy and the surface energy of polymer, the carbon already
forms linkage at 5,000 steps rather than forming four bars
surrounding the polymer structure as shown in Figure 3(c).
The effect of the interface energy between polymer and
carbon is presented in Figures 3(d) and 3(e). Case with the
interface energy being smaller than other surface energies
shows similar evolutions with cases with the interface energy
being the same as other surface energies as shown in
Figure 3(d). However, when the interface energy is larger than
other surface energies, a discrete assembly in the longer direction of cross section is generated. According to the free energy
minimization, the driving force to minimize the interface
energy reduces the interface area between polymer and
carbon. It leads to a rapid separation of two components. As
a result, the separation of polymer and carbon is faster than
other cases and discrete multiple carbon structures can be
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blue, respectively.
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Figure 3: Morphological evolutions in pyrolysis with different interfacial interactions at the beginning, 5,000, and 10,000 steps: (a) ℎ11 =
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Figure 5: Morphological evolutions in pyrolysis with different reaction rates at the beginning, 5,000, and 10,000 steps: (a) ] = 0.0003, (b)
] = 0.0005, and (c) ] = 0.0007. All simulations are conducted with ℎ11 = ℎ22 = ℎ12 .

generated as shown in Figure 3(e). When the interface energy
between polymer and carbon is similar or less than the surface energies, a well-defined single structure can be obtained.
3.3. Effect of Reaction Rate. The morphological evolution
proceeds with reducing the free energy of system on the diffusional time scale. In pyrolysis, the decomposition process is
also related with the kinetic process. To investigate the effect
of decomposition process on the morphological evolution, a
series simulation is performed with different reaction rates
as shown in Figures 4 and 5. The remaining polymer during

pyrolysis with respect to the different reaction rates is presented in Figure 5. When the reaction rate of decomposition is
very slow compared to diffusion as shown in Figure 5(a), it is
difficult to obtain a well-defined structure while the diffusion
process is comparable to the decomposition process. When
the reaction rate of decomposition is faster than the diffusion
process, multiple structures with relatively abundant carbon
are generated as shown in Figure 5(c). If the balance between
the decomposition rate and the diffusion process is not
manipulated, the undecomposed polymer can remain inside
of the generated carbon structure as shown in Figures 5(a)
and 5(c) in the middle of the pyrolysis process.
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4. Conclusions
In this study, we developed a three-dimensional dynamic
model that can simulate the morphological evolution of the
decomposed polymer and generated carbon in pyrolysis. We
investigated the effect of the relation of interface energies
between materials and the reaction rate of decomposition on
the morphological evolution during pyrolysis. Not only the
structure at the early stage but also the final structures can be
variously generated with manipulating the interface energies
and reaction rate. The high reaction rate that may be obtained
by processing conditions such as the operating temperature
induces a fast decomposition process, but it may induce scattered structures rather than well-defined structures. When
the interface energy between polymer and carbon is smaller
than the surface energies of polymer and carbon, which
can be manipulated by the different materials and preprocessing, the multiple structures also can be generated. The
developed model increases the versatility of pyrolysis as a
reliable nanofabrication technique by providing the structure
information during the pyrolysis process.
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Responses of a quantum wire (QW) connected with wide reservoirs to time-dependent external voltages are investigated in
self-consistent manner. Distributions of the internal potential and the induced charge density, capacitance, and conductance are
calculated. Results indicate that these physical quantities depend strongly on the Fermi energy of systems and the frequency of
external voltages. With the increase of the Fermi energy, capacitance and conductance show some resonant peaks due to the open
of the next higher quantum channels and the oscillations related to the longitudinal resonant electron states. Frequency-dependent
conductance shows two different responses to the external voltages, inductive-like and capacitive-like; and the peaks structure of
capacitance is related to the plasmon-like excitation in mesoscopic conductor.

1. Introduction
With the development of nanotechnology, it is possible
to define constrictions with geometrical dimension which
is smaller than the elastic, inelastic mean free paths and
with various forms, for example, quantum wires (QWs).
Therefore, electrons transport in these constriction structures
has attracted great research interest in recent years, both
experimentally and theoretically, because of its fundamental
importance and potential microelectronic applications [1–6].
Studies of the responses of the QWs to external voltages have
been frequently reported in the literatures. An important
issue is the effect of the Coulomb interaction between electrons on the conductance of the QWs. For a time-dependent
case, the interaction plays a key role in ensuring the charge
conservation and the gauge invariance under a potential shift
[1–3]. Gasparian et al. had used the linear response theory
(LRT) and the scattering matrix theory (SMT) to develop a
theoretical formalism to analyze the responses of mesoscopic
conductors to external disturbance [7]. This is an important
advance in the theory of mesoscopic physics: the first step in
this theory is to consider the system responses to external perturbation; the second step is to consider the internal potential
formed by the interaction. The effect of the interaction on
the ac conductance of a QW with reservoirs was studied in

[8] by using the random phase approximation (RPA). Based
on the Hartree-Fock approximation (HFA), the distributions
of the internal potential and electron density in the system
were investigated [9]. Also, Sablikov and Shchamkhalova
studied the time-dependent electron transport in the QW
with Coulomb interaction and gave the distributions of the
internal potential and electron density [10]. Furthermore,
the ac response in QWs with infinite length had been
discussed [11]. Hence, the responses to the external voltages,
for instance, the ac conductance, the distributions of the
internal potential, and electron density in the QWs, have
been investigated. But the interacting current response and
internal potential were determined by some experiential
approaches [2] or by Thomas-Fermi approximation (TFA)
in the low-frequency limit [12]. However, the mesoscopic
devices in future all work on the higher frequencies conditions; so some detailed knowledge of the time-dependent
transport properties of mesoscopic structures are required.
In our previous work [13], we have developed a general selfconsistent electrons dynamic transport theory for multiprobe
mesoscopic conductor, in which 𝑒-𝑒 interaction is fully
considered. In our theory, since the local current response,
the charge induced by external voltages, and the Lindhard
function are generally formulated, in principle, the internal
potential and interacting conductance of any systems can
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Figure 1: Schematic view of a quantum wire (QW) connected with
two wide reservoirs. 𝑥𝐿 = −𝑥𝑅 .

be calculated by self-consistent manner. In this paper, we
will briefly review the self-consistent theory and calculate
the internal characteristic potential and the induced charge
density in a QW including the transition regions and present
the numerical verification of the mesoscopic capacitance and
conductance.

2. Theory and Model
In presence of time-dependent external voltages with frequency 𝜔, as a response of multiprobe mesoscopic conductor
in shielding area Ω to the voltages, the internal characteristic
potential function in 𝛼-electrode (reservoir) can be obtained
via Poisson equation [13]
1
Δ𝑢𝛼 (r, 𝜔) + ∫ Π (r, r , 𝜔) 𝑢𝛼 (r , 𝜔) dr
𝜀0 Ω
=−

1 ext
𝜌 (r, 𝜔)
𝜀0 𝛼



longitudinal wave number 𝑘𝛿𝑙 = 𝑘𝛿𝑙 (𝐸) = √2𝑚𝑒∗ (𝐸 − 𝜀𝑙 )/ℏ in
𝛼-reservoir read

2d
xL

(2)

𝑙

𝛿

with
𝜒̃𝑘𝑙 (𝑥) =
𝛿

𝛿𝑙𝑙 𝛿𝛼𝛿 𝜒𝑘+𝑙
𝛿

(𝑥) + (

V𝛼𝑙


V𝛿𝑙

1/2

)

𝑠𝛼𝛿,𝑙𝑙 𝜒𝑘−𝑙 (𝑥) ,
𝛿

(4)

𝑙

𝜒𝑘𝜎𝑙 (𝑥) = 𝑒𝑖𝜎𝑘𝛿 𝑥 ,
𝛿

𝜎 = ±1, 𝛼, 𝛿 = 𝐿, 𝑅,
where 𝑠𝛼𝛿,𝑙𝑙 denotes the transmission amplitude for going
from mode 𝑙 in lead 𝛼 to mode 𝑙 in lead 𝛿. V𝛼𝑙 = ℏ𝑘𝛼𝑙 /𝑚𝑒∗ is the
incident velocity of the electrons in the transport direction.
𝜎 = ±1 and indexes the incoming (𝜎 = +1) or outgoing
(𝜎 = −1) waves from the left or right reservoir, respectively.
In the QW, the wave functions of electron may be
expanded as
𝜓𝑙𝐶 (𝑥, 𝑦) = ∑𝜒̃𝑘𝐶𝑚 (𝑥) 𝜑𝑚 (𝑦)
𝑚

(1)

with Π(r, r , 𝜔) representing the Lindhard function, and the
term on the right hand side describes the charge density due
to the voltages. 𝜀0 is the dielectric constant in a vacuum.
Below we consider a model that includes a narrow
ballistic QW with width 2𝑎, that is, QC (𝐶: |𝑥| ≤ 𝑑 and
|𝑦| ≤ 2𝑎), and two large electrons reservoirs with width 2𝐷,
that is, the left (𝐿: 𝑥 < −𝑑 and |𝑦| ≤ 2𝐷) and right (𝑅: 𝑥 > 𝑑
and |𝑦| ≤ 2𝐷) reservoirs, as shown in Figure 1. The dashed
line box labeled by Ω in Figure 1 includes the whole QW and
parts of the reservoirs, and it is large enough to cover all the
regions with varying distributions of potential and charge.
This means that all the electric-field lines come from and end
at the charge inside Ω.
To proceed, we assume that the electrons with effective
mass 𝑚𝑒∗ in the system are confined by hard-wall boundaries
along 𝑦-direction but allowed to move along the 𝑥-direction;
then the transverse eigenstates 𝜑𝑙 (𝑦) with eigenvalues 𝜀𝑙 given
|𝑥|≥𝑑
by 𝜀𝑙 = 𝑙2 𝜋2 ℏ2 /2𝑚𝑒∗ 𝑤2 , 𝑙 = 1, 2, 3, . . ., with 𝑤 = { 2𝐷
2𝑎 |𝑥|≤𝑑

(3)

(5)

with
𝜒̃𝑘𝐶𝑚 (𝑥) = ∑𝐴𝜎𝑚𝑙 𝜒𝑘𝜎𝑚 (𝑥) ,
𝜎

𝜎 = ±1,

(6)

where 𝐴𝜎𝑚𝑙 are the probability amplitudes of the waves.
The unknown coefficients in the above wave functions
can be determined by using the boundary conditions of
the wave functions. In general, 𝜓𝑙𝐶(𝑥, 𝑦) is now matched to
𝜓𝑙𝛼 (𝑥, 𝑦) at 𝑥 = ±𝑑 with the requirement that amplitudes
and derivatives with respect to 𝑥 are equal; then the scattering
states wave functions of electrons in transition region may be
eliminated.
2.1. Internal Characteristic Potential and Charge Density.
Ignoring the fringe field effect and using the fact
∫ |𝜑𝑙(𝑚) (𝑦)|2 d𝑦 d𝑧 = 1, (1) can be casted into
Δ𝑢𝛼 (𝑥, 𝜔) +
=−

1
∫ Π (𝑥, 𝑥 , 𝜔) 𝑢𝛼 (𝑥 , 𝜔) d𝑥
𝑆𝜀0 Ω

1 ext
𝜌 (𝑥, 𝜔) ,
𝑆𝜀0 𝛼

(7)
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where 𝑆 (𝑆 = 𝑤 × ℎ), ℎ are the cross-sectional area and
thickness of the QW, respectively; and

Substituting (13) into (14), we have
0

𝑥𝑅

𝑥𝐿

0

𝐶 (𝜔) = 𝑆 ∫ 𝜌𝐿 (𝑥, 𝜔) d𝑥 = − 𝑆 ∫ 𝜌𝑅 (𝑥, 𝜔) d𝑥.



Im [Π (𝑥, 𝑥 , 𝜔)]
𝑙𝑙
𝜑𝛼𝛽
(𝑥) 𝜑𝛽𝑙𝑙 𝛼 (𝑥 )
𝑒2
=
(𝑓𝑙 − 𝑓̃𝑙 ) d𝐸
∑∫
2ℏ 𝛼,𝛽,𝑙
V𝑙 ̃V𝑙

With Poisson equation,
(8)
𝜌𝛼 (𝑥, 𝜔) = − 𝜀0 𝑆

𝛼, 𝛽 = 𝐿, 𝑅, 𝐶

𝐶 (𝜔) = −𝜀0 𝑆

2 (𝐸 − 𝜀𝑙 )
,
𝑚𝑒∗
∗

(9)

Im [𝜌𝛼ext (𝑥, 𝜔)]
𝑙𝑙
𝜑𝛼𝛽
(𝑥) 𝐼𝛽𝛼 (𝐸, 𝜔, 𝑥𝐿 ) 𝑓𝑙 − 𝑓̃𝑙
𝑒2
d𝐸
= 2∑∫
2ℏ 𝛽,𝑙
V𝑙 ̃V𝑙
ℏ𝜔

=

ℏ
†
−−
=
[𝛿 𝐼++ (𝑥 ) + 𝑆𝛼𝛽,𝑙𝑙
(𝑥𝐿 )] ,
(𝐸) 𝑆𝛼𝛽,𝑙𝑙 (𝐸) 𝐼𝛼𝛽
2𝑖𝑚𝑒∗ 𝛼𝛽 𝛼𝛽 𝐿

(10)
ext
Im [𝐺𝛼𝛽
(𝜔)] = −

𝜎1 , 𝜎2 = ±1, 𝜎1 ⋅ 𝜎2 = 1,
where 𝑓𝑙 = 𝑓𝑙 (𝐸) is the Fermi-Dirac distribution functions
and 𝑓̃ = 𝑓(𝐸 + ℏ𝜔) and ̃V𝑙 = V(𝐸 + ℏ𝜔). Then, the real parts
of 𝜌𝛼ext (𝑥, 𝜔) and Π(𝑥, 𝑥 , 𝜔) can be obtained by applying the
Kramers-Kronig relation
VIm [𝐹 (𝑥, 𝜔)]
2
dV.
𝑃∫
𝜋
V2 − 𝜔2

(11)

Hence, the total dynamic response of the induced charge
density to the external voltages in the QW can be read [13]:
𝜌𝛼 (𝑥, 𝜔) =

𝜌𝛼ext







(𝑥, 𝜔) + ∫ Π (𝑥, 𝑥 , 𝜔) 𝑢𝛼 (𝑥 , 𝜔) d𝑥 . (12)

2.2. Mesoscopic Capacitance and Conductance. According to
(12), when a small voltage 𝛿𝑉𝛼 (𝜔) is applied to the 𝛼-reservoir,
the total charge 𝛿𝑄𝛼 (𝜔) in the half portion of Ω is given by
𝛿𝑄𝛼 (𝜔) = 𝑆 ∫ 𝜌𝛼 (𝑥, 𝜔) 𝛿𝑉𝛼 (𝜔) d𝑥.

(13)

𝛿𝑄𝛼 (𝜔)
.
𝛿𝑉𝛼 (𝜔)

(18)

ext
Re [𝐺𝛼𝛽
(𝜔)]
2𝜔
dV.
𝑃∫
2
𝜋
V − 𝜔2

As pointed above all, in order to current conserve, the
current due to the charge accumulation in the scattering
region has to be taken into account. This implies that, for
each lead 𝛼, the sum of the current coming from all leads
equals zero; that is, ∑𝛼 𝐼𝛼 = 0. Now we rewrite the current
conservation equation as a Kirchhoff rule: ∑𝛼 𝐼𝛼ext + 𝐼int =
0, where 𝐼𝛼ext and 𝐼int are the currents due to the external
fields (voltages) and the internal self-consistent potential 𝑈,
respectively. After due consideration of the external fields and
the self-consistent internal potential in the frequency domain
we have [1]
ext
𝐼𝛼 (𝜔) = ∑𝐺𝛼𝛽
(𝜔) 𝛿𝑉𝛽 (𝜔) + 𝐺𝛼int (𝜔) 𝑈 (𝜔)
𝛽

= ∑𝐺𝛼𝛽 (𝜔) 𝛿𝑉𝛽 (𝜔) ,

(14)

(19)

𝛽

where 𝐺𝛼𝛽 is the total conductance matrix of the mesoscopic
conductor. To proceed, we assume that the ratio of the current
(𝐼𝛼int ) in lead 𝛼 to 𝐼int is 𝑃𝛼 , which obeys ∑𝛼 𝑃𝛼 = 1. Then the
total conductance can be given by [14]
ext
𝐺𝛼𝛽 (𝜔) = 𝐺𝛼𝛽
(𝜔) + 𝑃𝛼 𝐺𝛽int (𝜔) ,

The capacitance of the system can be defined as
𝐶 (𝜔) =

𝐼𝛼𝛽 (𝐸, 𝜔, 𝑥𝐿 ) 𝐼𝛽𝛼 (𝐸, 𝜔, 𝑥𝐿 ) 𝑓𝑙 − 𝑓𝑙+
𝑒2
d𝐸
∑∫
2ℏ 𝑙
V𝑙 ̃V𝑙
𝜔
𝛼, 𝛽 = 𝐿, 𝑅,

𝑙
𝑙
+ 𝜎2 𝑘𝛽𝑙 ) 𝑒𝑖(𝜎2 𝑘𝛼 −𝜎1 𝑘𝛽 )𝑥𝐿 ,

Re [𝐹 (𝑥, 𝜔)] =

(17)

ext
Re [𝐺𝛼𝛽
(𝜔)]

𝐼𝛼𝛽 (𝐸, 𝜔, 𝑥𝐿 )

=

(16)

For the mesoscopic devices, the contribution to the total
conductance consists of the flow of charged particles through
the terminal and the current due to the interaction. Also, the
particles conductance can be read directly from [13]

with

𝑖 (𝜎1 𝑘𝛼𝑙


𝜕

𝑢𝐿 (𝑥, 𝜔)
𝑥=𝑥𝐿
𝜕𝑥


𝜕

= 𝜀0 𝑆 𝑢𝑅 (𝑥, 𝜔)
.
𝑥=𝑥𝑅
𝜕𝑥

𝑙𝑙
𝜑𝛼𝛽
(𝑥) = [𝜒̃𝑘𝛼𝑙 (𝑥)] 𝜒̃𝑘𝛽𝑙 (𝑥) ,

𝜎𝜎
𝐼𝛼𝛽1 2

𝜕2
𝑢 (𝑥, 𝜔)
𝜕𝑥2 𝛼

we may then write, instead of (14),

with
V𝑙 = V𝑙 (𝐸) = √

(15)

(20)

where the second term on the right hand side is the internal
conductance.
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Current conservation implies ∑𝛼 𝐼𝛼 (𝜔) = 0; we obtain
𝑈 (𝜔) = −

ext
∑𝛼𝛽 𝐺𝛼𝛽

(𝜔) 𝑉𝛽 (𝜔)

∑𝛼 𝐺𝛼int (𝜔)

1.00

,

0.75

(21)
uL (x)

ext
𝐺𝛽int (𝜔) = − ∑𝐺𝛼𝛽
(𝜔) .
𝛼

0.50

Substituting (21) back into (19), we have again that
ext
𝐺𝛼𝛽 (𝜔) = 𝐺𝛼𝛽
(𝜔) −

ext
ext
∑𝛾 𝐺𝛼𝛾
(𝜔) ∑𝛿 𝐺𝛿𝛽
(𝜔)
ext
∑𝛿𝛾 𝐺𝛿𝛾
(𝜔)

0.25

.

(22)
0.00
−30

3. Results and Discussions

−10

0

10

20

30

x

In numerical calculation, the length, energy, and conductance
are measured in units of 𝑎, Δ = 𝜋2 ℏ2 /2𝑚𝑒∗ 𝑎2 , and 𝑒2 /2ℏ,
respectively; 𝑎 = 50 nm, 𝐷 = 50, and 𝑑 = 5. The frequency
𝜔 of voltage in the normalized value, that is, 𝜔 → ℏ𝜔/Δ.
Moreover, to solve (7) for 𝑢𝛼 (𝑥, 𝜔), the following boundary
condition to determine 𝑢𝛼 (𝑥, 𝜔) is adopted:
𝛼=𝛽
𝛼 ≠ 𝛽.

SC, 𝜔 = 2.8
SC, 𝜔 = 1.0

SC, 𝜔 = 0
TFA, 𝜔 = 0

Figure 2: Distributions of the internal characteristic potential by
setting 𝜔 = 1, 2.8.

1.0

(23)

In Figures 2–4 we present the distributions of the internal
characteristic potential function 𝑢𝐿 (𝑥) and charge density
𝜌𝐿 (𝑥) for two values of external frequency 𝜔 = 1, 2.8
by setting the Fermi energy 𝐸𝐹 = 0.8, which is smaller
than transverse ground energy of the QW. In this case, the
transverse ground energy plays a key role of a potential
barrier for the incident electrons, so the electrons show the
behavior of single barrier tunneling; it is equivalent to a
barrier capacitor. From the profiles of 𝑢𝐿 (𝑥), one can find
that 𝑢𝐿 (𝑥) is a smooth curve and almost linear inside the
transition region of the QW. Also, the potential drop is
uniform between the two ends of the shielding area Ω.
Under the zero frequency, in comparison with the results
given by the self-consistent manner (SC) with results of the
Thomas-Fermi approximation (TFA), one can find that in
this case our results agree well with that of the TFA, but,
with the increase of the frequency, 𝑢𝐿 (𝑥) shows some notable
differences between them and the potential drop occurs not
only in the two ends of reservoirs but also in the reservoirs.
The induced charge is considerable only around the left
and right ends of the QW, and some small oscillation can be
observed, as shown in Figures 3 and 4. Moreover, the charge
otherwise is almost zero, but the variation of the characteristic
potential does not vanish; this is because the one-dimensional
charge distribution is given by integrating over the crosssectional area of the system, and the cross-sectional area of
reservoir is much larger than that of the QW. Importantly,
in comparison with results given by preceding researches,
𝑢𝐿 (𝑥) and 𝜌𝐿 (𝑥) are complex with extremely small imaginary
part (here, the imaginary part of 𝑢𝐿 (𝑥) is too small, so it isn’t
presented in Figure 2) and the imaginary part of them should
not be ignored because it gives rise to a real admittance, which
actually corresponds to the charge-relaxation resistance.

0.5
Re[𝜌L (x)]

{1
𝑢𝛼 (𝑥, 𝜔) = {
0
{

−20

0.0

−0.5

−1.0
−30

−20

−10

0
x

10

20

30

𝜔 = 1.0
𝜔 = 2.8

Figure 3: Distributions of the induced charge density (real part) by
setting 𝜔 = 1, 2.8.

At zero temperature, the diagonal matrix elements of
conductance 𝐺11 in Figure 5 show some positive and negative
resonant peaks around the integral values of Δ with the
increase of the Fermi energy; this corresponds to the step
jump of the dc conductance of the QW, which is caused by
the opening of additional quantum channels in the QW. This
is a resonance related to the transverse energy levels of the
QW. Moreover, there are other types of resonance related to
the longitudinal motion of electrons in the QW. 𝐺11 and 𝐶 (in
Figure 6) show step-like and oscillatory behaviors between
the two neighboring resonances, which corresponds to the
opening of the next higher channel. Also the strength and
frequency of oscillation increase with the frequency of the
external field increasing. This oscillation may be caused by
longitudinal resonant electron states that occur when the
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Figure 4: Distributions of the induced charge density (imaginary
part) by setting 𝜔 = 1, 2.8.

Figure 7: 𝐺11 as the function of the frequency of the external field.
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Figure 5: 𝐺11 as the function of the Fermi energy for different
frequencies, 𝜔 = 1, 2.8.
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Figure 8: 𝐶 as the function of the frequency of the external field.
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Figure 6: 𝐶 as the function of the Fermi energy for different
frequencies, 𝜔 = 1, 2.8.

length of the QW is approximately equal to integer multiples
of half longitudinal Fermi wavelength [15].
Figures 7 and 8 show 𝐺11 (𝜔) and 𝐶(𝜔) as functions
of the frequency of external voltages by setting 𝐸𝐹 = 2.4,
respectively, which is two times more than the ground energy.
Towards this case, electrons through the second channel, the
real part of 𝐺11 (𝜔) begins to decrease from two times conductance unit, and the real and imaginary parts 𝐺11 (𝜔) show
irregular oscillatory behaviors. These indicate 𝑒-𝑒 interaction
leads to the nonuniform distribution of current in transport
system. Moreover, another important property is current
phase. It should be pointed that the conductance is complex,
in which the imaginary part refers to the phase difference
between the current and voltage; this means that there are
two different responses to the external voltage, inductivelike and capacitive-like, which depend on the plus sign and
minus sign of the conductance matrix elements, respectively.

6
As is well known, the plasmon excitations exist for interacting
electron gas of bulk. It is significant to ask whether there is
some quasiparticle excitation related to the collective motion
of the electrons in the mesoscopic conductor. Reference [16]
had indicated that there existed some excitations, such as
plasmons, in mesoscopic conductor, and they had effect on
the ac transport properties. Here, some peaks structure in
curve of the real part of 𝐶(𝜔) are observed; we believe that
these peaks are related to the plasmon excitation in the
mesoscopic conductor.

4. Conclusion
In conclusion, we have presented the calculation of various
physics quantities, such as the distributions of the internal
potential and the induced charge density, the frequencydependent capacitance, and conductance of the QW. The
induced charge is mainly distributed in the transition regions
between the reservoirs. For the results of capacitance and
conductance versus Fermi energy, some resonant peaks due
to the opening of the next higher quantum channels and
the oscillations related to the longitudinal resonant electron
states of the QW are observed. The frequency-dependent
conductance shows two different responses to the external
voltage, inductive-like and capacitive-like, which depend on
the plus sign and minus sign of the conductance matrix
elements. The peaks structure of frequency-dependent capacitance is related to the plasmon-like excitation in mesoscopic
conductor.
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Using the first principles calculations, we have studied the atomic and electronic structures of single Co atom incorporated with
divacancy in armchair graphene nanoribbon (AGNR). Our calculated results show that the Co atom embedded in AGNR gives
rise to significant impacts on the band structures and the FM spin configuration is the ground state. The presence of the Co doping
could introduce magnetic properties. The calculated results revealed the arising of spin gapless semiconductor characteristics with
doping near the edge in both ferromagnetic (FM) and antiferromagnetic (AFM) magnetic configurations, suggesting the robustness
for potential application of spintronics. Moreover, the electronic structures of the Co-doped AGNRs are strongly dependent on the
doping sites and the edge configurations.

1. Introduction
Graphene is a hexagonal lattice which consists of single
atomic layer of sp2 hybridized carbon atoms. Owing to
its novel properties arising from the truly two-dimensional
nanostructure, graphene has attracted extensive theoretical
and experimental investigations since its fabrication in 2004
[1]. The unique electronic and transport properties make the
graphene nanomaterial the most promising candidate to be
served as the next generation nanodevices to replace siliconbased devices [2]. However, its gapless band structure is a
major obstacle for the practical application of graphene in
the semiconductor area. As a result, considerable efforts are
devoted to opening a moderate band gap for the graphenebased nanomaterials, and many approaches have been proposed in the last decade. More specifically, it has been shown
that graphene can be lithographically patterned into quasi
one-dimensional graphene nanoribbons (GNRs), and the gap
opening can be achieved by the quantum confinement effect
in GNRs. The atomic configurations at graphene edge can
be characterized by transmission electron microscopy (TEM)

and scanning tunneling microscopy (STM) [3]. According
to the morphology of graphene edges, the GNRs are conventionally classified into two kinds, namely, armchair edge
and zigzag edge [4]. Previous reports have demonstrated
that the electronic properties of the GNRs are fundamentally
dominated by the atomic arrangement pattern of their edges
[5, 6].
Application of GNRs for spintronic devices has been
limited by their nonmagnetic (NM) characteristics [7]. The
introducing of magnetic properties has become one of the
most important issues to be investigated. The theoretical
research reported previously has shown that the achievement
of magnetic properties in graphene nanomaterial can be
realized by means of transition metal (TM) atom doping [8].
Correspondingly, experimental fabrication of Fe [9, 10] and
Co [11, 12] in graphene nanomaterials and the characterization of their magnetic properties have been implemented. In
general, there are two routes to introduce TM in graphene
and GNRs: adsorption of the TM atom on graphene sheets
directly [13–18] and embedment of the TM atom in vacancy
defects [19–22]. Although the adsorption of TM atoms on
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Figure 1: (a) Atomic structures of the 11-AGNR and the Co doping sites in the defective AGNRs. Symbols B to E represent different doping
sites under consideration. (b) The ball-and-stick structural model of the Co-D-AGNR. The white, gray, and yellow spheres represent hydrogen,
carbon, and cobalt atoms, respectively.

the surface of graphene has large binding energy [17], the
doping atom cannot be tightly trapped at room temperature
as a result of low migration barrier [19]. Therefore, the
migration of the TM in graphene nanostructures limits their
application in spintronic devices. In sharp contrast, the TM
atoms could incorporate with graphene vacancy, such as
single vacancy (SV) [23] and double vacancy (DV) [7].
Hence, TM atoms embedded in vacancy defects have larger
binding energy than those adsorbed on graphene surface
[19]. Previous studies have shown that TM DV complex has
larger magnetic moments than that of the TM-monovacancy
composite [19].
Recently, many investigations about TM incorporated
with AGNRs have been conducted, such as Mn [24], Fe [25],
and Ni [26]. Previous computational calculations are devoted
to the evaluation of electric properties of ZGNRs influenced
by the TM doping, such as the doping of Co [7, 21] and Au
[27]. In this communication, we report an ab initio study of
atomic and electronic structure of Co atoms incorporated
in GNR with armchair-shaped edges. The C-C dimer was
replaced by Co atoms. We have accessed the influences of
Co-DV on the stability and electronic properties associated
with various spin configurations of AGNR by using density
functional theory calculations. It is found that the presence of
the Co doping could introduce magnetic properties and the
ferromagnetic coupled spin configuration is the ground state
of the Co-doped AGNRs. Moreover, the electronic structures
of the Co-doped AGNRs are dependent on the doping sites
and the edge configurations.

2. Method
The atomic geometry optimizations are implemented by
using the density functional theory (DFT) utilized in the code

of the Spanish initiative for electronic simulations with
thousands of atoms (SIESTA) [28, 29]. Following the previous
convention [5], the width of GNRs with armchair-shaped
edges is defined on the basis of the number of dimmer lines
(𝑁), for example, N-AGNRs. We choose 11-AGNR consisting
of 4 unit cells as supercell to perform computational calculations of electronic and magnetic properties. The standard
norm-conserving Troullier-Martins pseudopotential [30] is
used to calculate the interaction between valence electrons
and the atomic core. The numerical double-𝜁 polarized (DZP)
basis set and 200 Ry for plane cutoff energy are chosen in the
simulation. The generalized gradient approximation (GGA)
in the form of Perdew and Burke and Ernzerhof (PBE) is used
to calculate exchange correction term [31]. The relaxation of
the structures is converged until the force on each atom is less
than 0.01 eV/Å.

3. Results and Discussion
In order to obtain preferential doping positions of Co atom at
room temperature, we have calculated various doping sites at
electronic temperature 300 K, which are shown in Figure 1.
The carbon atoms at the edge are passivated by hydrogen
atoms in the pristine model. The Co atom is embedded in the
AGNR nanostructure by replacing two adjacent C atoms. The
different doping sites, from middle to the edge of the AGNRs,
are denoted by symbols B to E. The doped nanostructures are
referred to as Co-B-AGNR, Co-C-AGNR, Co-D-AGNR, and
Co-E-AGNR in this content.
In the nonmagnetic (NM) states, the structure model
is optimized. The optimized results are shown in Figure 2.
Figure 2(a) is the optimized pristine model. All the atoms
are found to be in plane. Figure 2(b) is the optimized CoD-AGNR model. It is found that the in-plane structure is
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Figure 2: (a) The optimized pristine AGNR nanostructure. (b) The optimized nanostructure of the D site doping configuration.

(a)

(b)

Figure 3: Atomic structures (a) and their simulated STM image (b) of the Co-D-AGNR doping configuration.

destroyed, which is similar to the case in the Au doping in
ZGNRs [27]. The carbon atoms on the edge tend to move
toward the doping atom. Compared to the adjacent C atoms,
the height of Co atom has been changed after structural
reconstruction. With the Co atoms moving from middle to
edge, the edge which is close to the Co atom experiences
larger distortion than the other side. The curving structure of
the Co-doped GNRs is associated with the presence of the Co
atom due to its larger mass in comparison to the carbon atom.

In addition, the simulated scanning tunneling microscopy
(STM) images are also presented in Figure 3 [32–34], which
could be helpful in identifying the Co doping nanostructure
in experiments in future.
In order to identify the ground state of the Co-AGNR
influenced by different sites, we have also calculated the
total energy of the nanostructures with different magnetic
configurations, including the antiferromagnetic (AFM) and
the ferromagnetic (FM) coupled states. The spin-related
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Figure 4: (a) The reconstructed nanostructure of the Co-D-AGNR at AFM state. (b) The reconstructed nanostructure of the Co-D-AGNR
at FM state. The blue and red colors denote opposite spin states.

Table 1: The total spin magnetic moments of different Co-doped
AGNRs nanostructures at different spin configurations.

0.0

Total energy (eV)

B

AFM
FM

Magnetic
moment (𝜇𝐵 )
0
1.988

C

AFM
FM

1.979
−1.979

D

AFM
FM

2.852
1.976

E

AFM
FM

−1.924
1.924

Co position

−0.4
−0.8
−1.2
−1.6

Magnetic
state

−2.0
Co-B

Co-C
Co-D
Doping sites

Co-E

NM
AFM
FM

Figure 5: The total energy of different Co-doped AGNRs nanostructures at different spin configurations.

magnetic configurations are shown in Figure 4, and the
nanostructures imposed to AFM and FM states are fully
relaxed. The calculated results indicate that all atoms are
basically in plane under AFM and FM states. The longest
Co-C bond length is 1.93 Å, which is presented in the CoD-AGNR configuration, and the lowest Co-C bond length is

1.87 Å emerging in the Co-E-AFM configuration. This is in
a good agreement with previous calculations carried out in
the ZGNRs [7, 21]. The magnetic moments are shown in
Table 1.
The total energies of various doping configurations are
shown in Figure 5. To analyze the stability of the various
magnetic configurations, we thus have calculated the binding
energy (BE) by the following equation:
𝐸𝑏 = 𝐸 (Co-AGNR) + 𝐸 (C-C) − 𝐸 (Co) − 𝐸 (AGNR) , (1)
where 𝐸(Co-AGNR) is the total energy of Co-AGNR,
𝐸(AGNR) is the total energy of the pristine AGNR, 𝐸(C-C) is
the total energy of C-C dimer in graphene, and 𝐸(Co) is the
total energy of an isolated Co atom. The BE is summarized in
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Figure 6: Electronic band structures of Co embedded in AGNRs at different doping sites. (a) and (b) are the spin-polarized results associated
with AFM and FM magnetic configurations, respectively. The solid red (dotted blue) line corresponds to spin-up (spin-down) states. The
Fermi level is set to zero.

Table 2. Clearly, the Co-D-AGNR configuration has the lowest total energy and the lowest binding energy. Therefore, D
site is the most energetically favorable doping configuration.
For the D and E doping sites, it is noted that the total energy is
almost equal under FM and AFM states. Compared with NM
and AFM spin configurations, the total energy in the FM state
is the lowest one. The FM state configuration is found to be
their ground state of these nanostructures.

The spin-polarized band structures of Co-AGNR in AFM
state are exhibited in Figure 6(a). Pristine AGNR is fully
degenerate with a band gap of 0.31 eV, which is in excellent
agreement with previous study [35]. The band structure
of the Co-B-AGNR is degenerate in sharp contrast to the
splitting band structures of C–E site doping configuration.
The presence of the TM atom in the nanostructure is generally
favorable for electron transport by narrowing the electronic
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Table 2: The binding energy of different Co-doped AGNRs nanostructures at different spin configurations.

B

AFM
FM

Binding energy
(eV)
2.438
1.482

C

AFM
FM

1.495
1.484

D

AFM
FM

1.053
1.047

E

AFM
FM

2.594
1.649

Co position

Magnetic
states

band gap. For instance, the gap between valence band maximum and conduction band minimum is reduced to 0.08 eV
for the Co-D-AGNR configuration. Moreover, the band gap
of the doped AGNRs can even be closed, for example, B
and C and E site doping. It also suggests that the electronic
structures of the doped AGNRs significantly depend on the
doping sites. Interestingly, E doping configuration can lead
to the transition of normal semiconductors to spin gapless
semiconductor [36], featuring by gapless electronic structure
for one spin channel and gapped electronic structure for
opposite spin channel. Therefore, our calculations indicate
that doping TM atom near the edge of AGNRs in device
fabrication may be beneficial to the real application of
spintronics.
The spin-polarized electronic band structures of CoAGNR in FM coupled state are shown in Figure 6(b). Similar
to the AFM coupled state, the electronic structures of pristine
AGNR in FM state are also degenerate and a band gap of
0.31 eV is observed. All band structures are splitting owing to
the presence of Co atom embedded in AGNR, and the Fermi
level is found to be substantially downward shifted compared
to the pristine case, which resembles the electronic structures
under AFM state. For the Co-B-AGNR, the gap between the
valence band maximum and conduction band minimum is
0.23 and 0.29 eV for spin-up and spin-down states, respectively. The band structures of Co-C-AGNR and Co-E-AGNR
are similar to their corresponding AFM state. The calculated
results revealed that the Co-D-AGNR configuration is a spin
gapless semiconductor material in the FM state, while it
is a fully gapped material in the AFM state. As a result,
the electronic transport properties of this nanostructure can
be modulated via tuning the magnetic states. On the other
hand, the Co-E-AGNR keeps spin gapless semiconductor
characteristics in both FM and AFM state, exhibiting the
robustness for potential application of spintronics. Overall,
our results show that doping site and edge configuration
have influences on the electronic structure of Co-doped
AGNRs.
The calculated total and projected density of states (TDOS
and PDOS, resp.) of these doped nanostructures are shown in
Figure 7. In accordance with the electronic band structures

described above, the PDOS and the TDOS of the Co-BAGNR are degenerate for opposite spin states. There occurs
a peak at −1 eV both in the TDOS and PDOS, which is
consistent with the presence of flat band at this location in
the electronic band structure, as shown in Figure 6(a). Here,
the localized states in this vicinity thus can be attributed to
the Co atom and its contributions to the opposite spin states
are almost equivalent. For the Co-C-AGNR under AFM state,
the opposite spin states at −0.38 eV are observed to have
distinct differences. And the localized state in the electronic
band structure can be recognized to the spin-down state
influenced by the Co doping. Hence, for the Co-E-AGNR
under AFM state, the presence of the TM doping gives rise
to the two flat bands at −0.5 eV and −0.9 eV in the spinup band structure. For the FM magnetic configurations, the
PDOS are splitting for the Co-B-AGNR nanostructure, which
is consistent with the nondegenerate bands around the Fermi
level. For the C, D, and E doping sites, it is interesting to
find that the opposite states in PDOS are flipped. In brief,
our calculations of TDOS and PDOS indicate that the Co
atom could have pronounced influences on the electronic
structures around the Fermi level that are favorable for
electronic transport, which are dependent on the doping
sites.

4. Conclusions
We have performed computational calculations to study
the influences of single Co atom doping on the electronic
structures of the 11-AGNRs. The FM spin configuration is
the ground state for all doped sites. Our calculated results
revealed that the Co-D-AGNR is the most stable doping
configuration, and the electronic transport properties of
this nanostructure can be tuned between spin gapless semiconductor and gapped nanomaterial by changing magnetic
states. In addition, the Co-E-AGNR keeps spin gapless
semiconductor characteristics in both FM and AFM states,
exhibiting the robustness for potential application of spintronics. The embedding of Co atoms in the AGNRs leads to
the downward shift of Fermi level and gives rise to significant
impacts on their electronic band structures. The electronic
structures of Co-doped AGNRs are strongly dependent on
the doping sites and the edge configurations.
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We performed the first-principles calculations to investigate the spin-dependent electronic transport properties of zigzag-edged
germanium nanoribbons (ZGeNRs). We choose of ZGeNRs with odd and even widths of 5 and 6, and the symmetry-dependent
transport properties have been found, although the 𝜎 mirror plane is absent in ZGeNRs. Furthermore, even-𝑁 and odd-𝑁 ZGeNRs
have very different current-voltage relationships. We find that the even 6-ZGeNR shows a dual spin-filter effect in antiparallel (AP)
magnetism configuration, but the odd 5-ZGeNR behaves as conventional conductors with linear current-voltage dependence. It
is found that when the two electrodes are in parallel configuration, the 6-ZGeNR system is in a low resistance state, while it can
switch to a much higher resistance state when the electrodes are in AP configuration, and the magnetoresistance of 270% can be
observed.

1. Introduction
Graphene and graphene nanoribbons (GNRs) have attracted
broad academic and industrial interests owing to their amazing properties [1, 2] and potential applications in nanodevices
[3–5]. In particular, their applications in spintronics field
[6–8] offer the most promising solutions for future high
operating speed and energy-saving electronic devices. For
instance, the zigzag graphene nanoribbon (ZGNR) is an antiferromagnetic insulator with considerable magnetic moment
located at edge sites, which give rise to many unusual
properties, such as half metallic [9], magnetoelectric effect
[10, 11], and spin-filter effect [11, 12].
These interesting behaviors of graphene motivate the
further exploration of honeycomb lattice with higher group
IV elements. Walking down the periodic table from carbon
to silicon (Si) to germanium (Ge) enhances the 𝑑-orbital
participation in their electronic behavior and thus develops
strong electronic correlation. And there are many interesting
magnetic and charge excitations behaviors that would
be introduced. Theory predicts free standing silicene or
germanene sheets and ribbons to be stable in a low puckered
configuration [13–16]. Different from graphene, in silicene

or germanene, two adjacent atoms belonging to the same
sublattice are not in the same plane owing to the buckled
structure of silicene or germanene. Thus, the buckled
structural feature would give rise to tunable spin-valley
coupled band structures, which accounts for many exotic
transport [17, 18] and superconducting phenomena [19]
and makes silicene and germanene good candidates for the
spintronics [20–23]. The first-principle calculations show
that the intrinsic carrier mobility of germanene sheet can
even reach ∼6 × 105 cm2 V−1 s−1 , which is larger than that of
graphene [24]. In particular, compared with Si, Ge has longer
spin-diffusion length and the relative strong spin-orbit
coupling would be helpful to the spin injection and the
manipulation of spin [25, 26]. Thus, the developments of
multifunctional germanene-based spintronics components
and the corresponding nanodevices design are more
worth studying thoroughly. A feasible approach to realize
germanene-based spintronics is to construct the device
junctions of germanium nanoribbons (ZGeNRs) and then
systematically study the transport properties as fundamental
and crucial components of germanene-based circuits.
Recently, intriguing transport phenomena have been found
in zigzag graphene nanoribbons (ZGNRs) [27], zigzag
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Figure 1: Two-probe system of 6-ZGeNR device: (a) top view and (b) cross section view. White and green balls represent H and Ge atoms,
respectively. The green arrow corresponds to 𝑦- and 𝑧-axis.

𝛼-graphyne nanoribbons [28], and silicene nanoribbons
(ZSiNRs) with buckled structure [21], where symmetric and
asymmetric zigzag ribbons are found to have completely different 𝐼-𝑉 characteristics despite the similarity of their band
structure. More interestingly, bipolar spin diode behavior
was observed in symmetry devices. Spin polarization and
direction of the current through the device can be controlled
through either the voltage or magnetic configuration of the
electrodes. Such freedom in controlling the spin-polarized
current is useful in design of spin devices such as rectification
and amplification for spintronics. However, until now, no
one is working on the spin transport property of symmetric
and asymmetric ZGeNRs. Developments of multifunctional
germanium-based spintronics devices that offer effective
manipulation of spin-polarized current are an important
supplement of exploration of spintronics.
So, in this work, we investigate the spin-dependent transport properties of ZGeNRs by first-principles calculations.
Our results show that although the 𝜎 plane is absent in
ZGeNRs due to the low puckered configuration, the ZGeNRs
still exhibit symmetry-dependent transport properties. And
the magnetoresistance effect is also observed in ZGeNRs. Our
works suggest a route to manipulate spin-polarized current
and to design the germanene-based spintronic devices.

the magnetization of the left and right electrodes; that is,
(𝐿 𝑀, 𝑅𝑀) = (1, 1) shows that the left and right electrodes
are parallel (P) in spin orientation, while (𝐿 𝑀, 𝑅𝑀) = (1, −1)
shows that the left and right electrodes are antiparallel (AP)
in spin orientation. The geometric optimization and spinresolved electronic transport properties are calculated by a
developed ab initio software package Atomistix ToolKit [29,
30], which is based on the spin-polarized density-functional
theory combined with the nonequilibrium Green functions.
In the calculation, the Troullier-Martins norm-conserving
pseudopotential, the local spin density approximation
(LSDA) for exchange-correlation potential, and 𝑘-point
grid 1 × 1 × 100 are used. The real space grid techniques are
used with the energy cutoff of 150 Ry as a required cutoff
energy in numerical integrations and the solution of Poisson
equation using fast Fourier transform (FFT). The geometry
optimization is performed using quasi-Newton method until
the absolute value of force acting on each atom is <0.05 eV/Å.
The wave functions of Ge and H atoms are expanded by
single-zeta polarized (SZP) basis set. The spin-resolved
current is calculated using the Landauer formula:

2. Models and Theoretical Method

where 𝜎 =↑ (spin up) and ↓ (spin down), 𝜇𝐿/𝑅 is the
electrochemical potential of the left/right electrode, and the
difference of them is 𝜇𝐿 − 𝜇𝑅 = 𝑒𝑉𝑏 , and 𝑇𝜎 (𝐸, 𝑉𝜎 ) is the
spin-resolved transmission defined as

ZGeNRs can be classified by the number of Ge atoms along
the width of the ribbon. We choose ZGeNRs with odd and
even widths of 5 and 6, which are denoted here as 5-ZGeNR
and 6-ZGeNR, respectively. The geometric structures from
top view and cross section view of 6-ZGeNR are shown in
Figures 1(a) and 1(b), respectively. The system is divided
into three regions: left electrode, right electrode, and the
central scattering region. Each electrode is described by a
supercell with two repeated ZGeNR unit cells along transport
direction, and the scattering region is ZGeNR with length
of 6 unit cells. An external magnetic field controlling the
magnetization of the left (right) ZGeNR electrode can be set
to be 1 or −1, corresponding to magnetization along the +𝑥 or
−𝑥 direction. In this paper, we use 𝐿 𝑀 and 𝑅𝑀 to represent

𝐼𝜎 (𝑉𝑏 )
=

(1)
𝑒 𝜇𝑅 (𝑉𝑏 )
𝑇𝜎 (𝐸, 𝑉𝜎 ) [𝑓𝐿 (𝐸, 𝑉𝜎 ) − 𝑓𝑅 (𝐸, 𝑉𝜎 )] 𝑑𝐸,
∫
ℏ 𝜇𝐿 (𝑉𝑏 )

𝑇𝜎 (𝐸, 𝑉𝑏 ) = Tr [Γ𝐿 (𝐸, 𝑉𝑏 ) 𝐺𝑅 (𝐸) Γ𝑅 (𝐸, 𝑉𝑏 ) 𝐺𝐴 (𝐸)] ,

(2)

where 𝐺𝑅(𝐴) is the retarded (advanced) Green functions of the
central region and Γ𝐿(𝑅) is the contact broadening functions.

3. Results and Discussions
The spin configuration is crucial for the spin-filter effect,
and many researchers have found that ZGNR, Z𝛼GNRs,
and ZSiNR can show perfect spin-filter effect with AP
configuration [12, 21, 27, 28]. So, in here, as shown in
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Figure 2: Spin-dependent 𝐼-𝑉 curves and transmission spectra as a function of electron energy 𝐸 and bias 𝑉𝑏 . (a, b) Spin-up state of 5-ZGeNR;
(c, d) Spin-down state of 5-ZGeNR; (e, f) Spin-up state of 6-ZGeNR; (g, h) Spin-down state of 6-ZGeNR. The region between the solid lines
is referred to as bias window, which sets boundaries for transmission that contributes to the current at a given bias voltage. The Fermi level is
set to zero.

Figure 2, we consider firstly that the current-voltage (𝐼-𝑉)
curves come with the spin-dependent transmission spectrum
as a function of the electron energy and bias of 5-ZGeNR
and 6-ZGeNR under the AP magnetic configuration. From
the Landauer formula (1), we know that the spin-resolved
current through central scattering region is decided by the
transmission within the considered bias window. Therefore,
the properties of 𝐼-𝑉 curves can be understood based on the
transmission spectrum. In Figure 2(b), for spin-up state of 5ZGeNR, the area within the bias window increases linearly
under the whole bias window; thus a linear 𝐼-𝑉 curve can
be observed in Figure 2(a). The spin-down state of 5-ZGeNR
presents a similar property, as shown in Figures 2(c) and 2(d).
Interestingly, as shown in Figures 2(e)–2(h), the 𝐼-𝑉 curves
of 6-ZGeNR can be modulated by the spin orientation of the
electrodes and the direction of external 𝑉bias . It is clearly seen
in Figure 2(f) that the spin-up transmission within the bias
window is always zero in the positive bias range, which leads
to full suppression of spin-up current (𝐼up ) under the positive

bias as shown in Figure 2(e). Nevertheless, in the negative bias
range, the variation of the current with the bias voltage goes
through two different stages. When bias is less than 0.20 V, as
shown in Figure 2(e), there are more and more transmission
coefficients entering into the bias window with the increase of
bias voltage, leading to a quick increase of current. When the
bias voltage is above 0.2 V, the rate of the increase of transmission in the bias window is slower owing to the presence
of regions with smaller transmission coefficient, which lower
down the increase of the current as shown in Figure 2(e). The
spin-down state of the AF configuration shows a completely
opposite property. That is to say, in the positive bias range,
only the spin-down current (𝐼dn ) is allowed to pass through
the central scattering region, while in the negative bias range,
only the spin-up current is possible. A device with such
property is referred to as a bipolar spin diode [6] or a dual
spin filter [9, 12] due to the unidirectional nature of the spindependent current, which is different from the traditional
bipolar devices based on the polarization of the electron or
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Figure 3: (a) Spin polarization (SP) dependent on the applied bias. (b) Rectifying ratio (𝑅) of spin-up current changes with the applied bias.

hole carriers. In contrast, the current for 5-ZGeNR with the
AP configuration is almost independent of spin and shows a
linear metallic behavior. This interesting phenomenon is very
similar to those of [21, 27, 28], which is possible because of a
symmetry selection rule that was first proposed by Li et al.
[27]. And, for symmetry one, the flexible control over spin
current makes it possible to use the two-terminal device as
a basic component for building multifunctional spintronic
devices. Compared with other 2D materials nanoribbons
such as ZGNR, Z𝛼GNRs, and ZSiNR spin devices, ZGeNRbased spin devices possess several unique features besides the
common point that the spin polarization of the current can
be simply tuned by switching either the magnetization of the
electrodes or the 𝑉bias direction. First, the intrinsic carrier
mobility of germanene is much larger than that of graphene,
making it a good candidate of ultrafast devices. Second,
germanene is a much better spin transport medium because
the spin-diffusion length in germanene is much longer than
that in graphene and silicene.
The above results also illuminate high spin polarization
and rectifying ratio (𝑅) for 6-ZGeNR in the AP configuration. As shown in Figures 3(a) and 3(b), we calculate the
corresponding spin polarization (SP) and rectifying ratio (𝑅),
defined by the formulas SP = (𝐼up − 𝐼dn )/(𝐼up + 𝐼dn ) and
𝑅 = 𝐼(−𝑉)/𝐼(𝑉), respectively. And we can clearly see that the
maximum values of SP can reach 92%, and the maximum of
rectifying ratio is 22 for the spin-up current of 6-ZGeNR.
These interesting spin transport properties can be understood from the transmission spectra and band structures of
the left and right electrodes for the 5-ZGeNR and 6-ZGeNR
at zero bias, as shown in Figure 4. From the band structures
panels, we can find that the bands of spin-up and spin-down
states around FL are split in each system. And also, owing to
the different spin orientation, we can find that the subbands
of spin-up and spin-down states are opposite on the left and
right electrodes. In the central panel of Figure 4(a), we can

see the broad transmission platforms for both spin-up and
spin-down states in the 5-ZGeNR at zero bias. As the bias
increases, the transmission probability remains to be one 𝐺0
(𝐺0 = 𝑒2 /ℎ is the quantum conductance) around the Fermi
level (𝐸𝑓 ) for both spin states. Thus, the 𝐼-𝑉 curves are linear
and display metallic behaviors in Figures 2(a) and 2(c). For 6ZGeNR, the transmission spectra of spin-up and spin-down
states are degenerate at zero bias, and a transmission gap (TG)
appears around 𝐸𝑓 in central panel of Figure 4(b). And there
is a large continuous transmission platform when energy is
beyond the TG.
As we know, the transmission spectrum can be driven
by spin matching of the left and right electrodes in a spin
transport device [31]. Transmission is allowed only when both
the spin and orbital symmetry of the energy bands on the two
electrodes are matched; otherwise, it would be forbidden. To
understand the origin of the different transmission behaviors
around FL in 5-ZGeNR and 6-ZGeNR devices, as shown in
Figures 4(c) and 4(d), we give the isosurface plots of the
wave functions of 𝜋 and 𝜋∗ subbands for spin-up states of 5ZGeNR and 6-ZGeNR at the Γ-point, respectively. It is known
that ZGeNRs have no definite parity with respect to the 𝜎
operation because of the buckled structure. From Figure 4(c),
we cannot find any definite parity for the wave functions of
𝜋 and 𝜋∗ subbands in 5-ZGeNR. However, it is noted that
the center axis of 6-ZGeNR (dashed line in Figure 4(d)) is a
twofold axis, and 6-ZGeNR has 𝑐2 symmetry with respect to
this axis. From Figure 4(d), we can find that the orbitals of
the 𝜋∗ and 𝜋 subbands have odd and even parity, respectively.
Therefore, the TG is equal to the energy area with the parity
mismatching of the orbitals with respect to the 𝑐2 operation.
Thus, although the 𝜎 plane is absent in ZGeNR, symmetry
still plays an important role in the transport properties.
To understand the nature of the observed dual spin-filter
effect, we plot the band structures of left and right electrodes
and transmission spectra for 6-ZGeNR at bias of ±0.5 V, as

Journal of Nanomaterials

5
1
5-ZGeNRs

Energy (eV)

𝜋∗

𝜋∗

0

𝜋

𝜋
−1

X −2

Γ

−1

0

1

X

2 Γ

T(E)
(a)
1

6-ZGeNRs

𝜋∗

Energy (eV)

𝜋∗
0

X
𝜋

−1

Γ

𝜋
X −2 −1

1
0
T(E)

X

2Γ

(b)

𝜋

∗

𝜋

Y

𝜋∗

𝜋

c2

(c)

c2

X

(d)

Figure 4: (a, b) Band structure for the left electrode (left panels), transmission curve (middle panels), and band structure for the right
electrode (right panels) with AP configuration for 5-ZGeNR and 6-ZGeNR at zero bias, respectively. The Fermi level is set at zero. (c, d)
Isosurface plots of wave functions of 𝜋 and 𝜋∗ subbands for spin-up states of 5-ZGeNR and 6-ZGeNR at the Γ-point, respectively.

shown in Figures 5(a) and 5(b). When the positive bias is
applied, the energy bands are shifted downward (upward)
for the left (right) electrode. Within the bias window, for
6-ZGeNR, as shown in Figure 5(a), the 𝜋∗ subband of left
electrode overlaps with the 𝜋 subband of right electrode for
spin-down state, since the 𝜋 and 𝜋∗ subbands have opposite
parities (as in Figure 4(d)) with respect to the midplane
mirror operation, the electron transmission from the 𝜋
subband of left electrode to the 𝜋∗ subband of right electrode
is forbidden, and no electron transmission contributes to the
current in Figure 2(g). Nevertheless, for the spin-up state,
there is a wide spin-up transmission peak entering into the
bias windows, which mainly originates from the coupling
between the 𝜋 (𝜋∗ ) subband of left electrode and the 𝜋 (𝜋∗ )
subband of right electrode; thus a large spin-up current can

be observed in Figure 2(e). When bias is 0.5 V, the shifting of
energy bands of the left and right electrodes and transmission
matching of different spin states are just opposite to the case
of −0.5 V, which leads to zero current for spin-up and larger
current for spin-down states. As a result, the dual spin-filter
effect can be observed on the 𝐼-𝑉 curves of 6-ZGeNR device.
Moreover, in order to further understand the transport
properties, we also show the transmission pathway at 0.24 eV
for the spin-up and spin-down currents of 6-ZGeNR under
the bias of ±0.5 V. The transmission pathways 𝑇𝑖𝑗 can show us
the local bond contributions to the transmission coefficient.
The pathways 𝑇𝑖𝑗 have the property that if the system is
divided into 2 parts (𝐴, 𝐵), then the pathways across the
boundary between 𝐴 and 𝐵 sum up to the total transmission
coefficient 𝑇(𝐸) = ∑𝑖∈𝐴,𝑗∈𝐵 𝑇𝑖𝑗 (𝐸). From Figures 5(c) and
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Figure 5: Band structure for the left electrode, transmission spectrum, and band structure for the right electrode for model 6-ZGeNR in AP
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5(d), it is shown that the spin-up electrons can transfer
through the whole scattering region at −0.5 V and reach
the other electrode, corresponding to a high transmission
peak in middle panel of Figure 5(b), while for the spindown electrons, the transmission channel is forbidden, and
electrons cannot reach the right electrode, corresponding
to the transmission coefficient which is zero at 0.24 eV
in middle panel of Figure 5(b). At 0.5 V, the transmission
pathways demonstrate that the current channels for the
spin-up state are blocked. In contrast, the current channels
of the spin-down states are unblocked, and electrons can
transfer through the whole scattering region. Interestingly,
we can clearly find in the GeNR-based devices that there are
also two different current channels like GNR-based devices:
bond current (current via a chemical bond) and hopping
current (current through hopping between atoms of the same
symmetry sublattice) [12, 32]. From Figures 5(c)–5(f), we can
clearly find that the hopping current is obviously weaker than
the bond one under the same bias voltage.
By modulating the direction of spin polarization orientations of the left and right electrodes, giant magnetoresistance
has been found in the ZGNRs and ZSiNRs [8, 21]. Thus, we
wonder whether the same magnetoresistance behavior would
also appear in ZGeNRs. Figure 6(a) shows the 𝐼-𝑉 curves for
6-ZGeNR in P and AP spin configurations, and Figure 6(b)
presents the corresponding magnetoresistance ratio (MR) as
a function of applied bias. We can see that the current of 6ZGeNR in P configuration is much bigger than that in AP
configuration at low bias voltages, and the magnetoresistance
behavior appears. The magnetoresistance ratio at a certain
bias is defined by MR = (𝐼P − 𝐼AP )/𝐼AP , where 𝐼P and 𝐼AP are
the currents in the P and AP configurations related to the
same bias voltage, respectively. As shown in Figure 6(b), MR

is gained at the bias voltage range from 0.01 to 0.1 V and its
maximum reaches about 270%.
Moreover, since the width effect is always important in
nanoribbons [33–35], we also considered the dependence
of the transport property on the width of the ZGNRs. In
Figure 7(a), we show the 𝐼-𝑉 curves for 𝑁-ZGeNRs (𝑁 = 5, 7,
and 9). As can be seen, the current for odd ZGeNRs with AP
spin configuration is almost independent of spin and linearly
increases under low 𝑉bias , leading to 𝐼up /𝐼dn of nearly one. But
for even 𝑁-ZGeNRs (𝑁 = 6, 8, and 10), shown in Figure 7(b),
the current-voltage (𝐼-𝑉) characteristics depend on interestingly not only spin, but also the direction of 𝑉bias , and the upspin electron substantially flows only in the negative regime of
𝑉bias , while the down-spin electron flows only in the positive
regime. Thus, it can be concluded that the width of ZGeNRs
does not affect the qualitative transport properties and the
dual spin-filter effects can also be observed in all widths of
even ZGeNRs. The major reason is that the electronic transport properties for ZGeNRs are mainly determined by the
parity of the 𝜋 and 𝜋∗ subbands of left and right electrodes;
the parity of ZGeNRs is always maintained even when the
width of the nanoribbon is changed. Meanwhile, it is interesting to note that both the spin polarization and rectifying ratio
are increased with the increasing of the width as shown in
Figures 7(c) and 7(d). For 10-ZGeNR, the spin splitting effect
can reach 93%, and rectifying ratio is 23. This means that the
performance of the GeNRs-based spin filter and spin rectifier
would be modulated by controlling the ribbon width.

4. Summary
In conclusion, we have investigated the electronic transport
properties of 5-ZGeNR and 6-ZGeNRs devices. Our results
show that the symmetry-dependent transport characteristics
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Figure 7: (a) 𝐼-𝑉 curves for the odd ZGeNRs with different widths in AP configuration. (b) 𝐼-𝑉 curves for the even ZGeNRs with different
widths in AP configuration. (c) Spin polarization (SP) of the even ZGeNRs. (d) Rectifying ratio of spin-up current of the even ZGeNRs with
the increase of applied bias.

are observed in ZGeNRs, although the 𝜎 mirror plane is
absent, and the different symmetry of the wave functions
of 𝜋 and 𝜋∗ subbands at the Γ-point would determine the
spin-dependent transport behavior of ZGeNRs. We also find
that the even 6-ZGeNR shows a dual spin-filter effect in AP
magnetism configuration, but the odd 5-ZGeNR behaves as
conventional conductors with linear current-voltage dependence. Moreover, it is found that when the two electrodes are

in P configuration, the 6-ZGeNR system is in a low resistance
state, while it can switch to a much higher resistance when
the electrodes are in AP configuration. And the order of the
corresponding magnetoresistance ratio can reach 270%. We
also find that the spin polarization and rectifying ratio are
increased with the increasing of width in even ZGeNRs. These
results may be useful in designing of high performance spin
filter and spin rectifier based on GeNRs.
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This work is aimed to study the diffusion in 3D nanocomposites obtained with stacks of lamellar nanofillers characterized by the
presence of permeable galleries, by finite element (FE) analysis. To this purpose, a geometric model, based on a random distribution
of noninterpenetrating stacks, with each one being made of regularly spaced lamellae, was developed. The developed model is able to
account for diffusion between stacks (interstack diffusion) as well as diffusion inside stacks (intrastack diffusion). Simulation results
showed that intrastack diffusion, related to flow inside galleries, can be quite relevant, particularly at high values of gallery thickness.
Comparison of the simulation results with literature models shows that when intrastack diffusion is not taken into account, the
diffusion behavior in intercalated nanocomposites is not well predicted. Therefore, intrastack permeability of nanofillers such as
organic modified clays cannot be neglected. Such intrastack diffusivity is shown to depend on the morphological features of the
nanofiller requiring the development of a proper mathematical model.

1. Introduction
The substantial decrease of permeability to mass transport
brought about by the addition of nanofiller is a major advantage of polymer matrix nanocomposites. The improvement of
the barrier properties is mainly attributed to the increase of
the tortuous path that diffusing molecules must travel inside
the diffusing medium [1, 2]. On the other hand, it is generally
accepted that such increase depends on different parameters,
among which are volume fraction, orientation, and aspect
ratio of the nanofiller [3, 4].
The mass diffusion process in polymer nanocomposites is
very often studied by finite elements simulation and/or mathematical modeling accounting for the effects of different factors, some of which are very difficult to quantify and measure
(i.e., orientation of nanofiller). Due to the difficulties in characterizing the structure of polymer nanocomposites by wide
angle X-ray diffraction (WAXD) [5] and transmission electron microscopy (TEM), [6], simulation and modeling are
very often used, together with experimental data, to obtain
indirect measurements of the morphologic features of nanocomposites.

Some mathematical models developed in the literature
are aimed to predict the tortuous path of diffusing particles in
polymer nanocomposites. Different models were developed,
which are able to account for the high aspect ratio of the
nanofillers and are valid in 2D or in 3D problems [1, 7]. All
the developed models assume that the nanofiller is perfectly
impermeable to the diffusing species. Only recently, the effect
of increased volume of impermeable phase, strictly correlated
to this assumption, has been introduced [8]. Consequently,
2D [9] and 3D [10] analytical models have been developed,
which are able to account for diffusion inside the galleries.
Alternatively and, in some cases, complementarily, the
diffusion process in polymer nanocomposites has been studied by finite element analysis. In many cases, simulations were
run on perfectly aligned particles, perpendicular or parallel
to the direction of diffusion, modeling the nanofiller as discs
[11, 12] or prisms [13]. However, perfect alignment of nanoparticles is an ideal situation not commonly found in real
nanocomposites system. Only recently, the effect of random
distribution of particles [14], or of particles oriented with a
certain degree with respect to the direction of diffusion [15],
has been introduced. In addition, 2D [9] and 3D [10] FEM
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Figure 1: Sketches for modeling of diffusion in multiphase systems: (a) permeable spherical particles and (b) impermeable high aspect ratio
platelets.

models, able to account for diffusion inside the galleries, have
been recently developed.
Accounting for diffusion inside stacks is of primary
importance in order to simulate and model the mass transport behavior in intercalated nanocomposite, which retain
the basal order of the nanofiller. The structure of the nanocomposite is characterized by the presence of lamellar stacks,
whose aspect ratio depends on both the number of platelets
which are, on the average, present in each stack and the distance between individual platelets. The two different morphological features of the nanofiller are defined as degree of dispersion and degree of intercalation, respectively. A strongly
intercalated, weakly dispersed nanocomposite is characterized by the presence of thick galleries, with each stack being
composed of many platelets; in contrast, a strongly dispersed, weakly intercalated nanocomposite is characterized
by thin lamellar galleries, but the stacks are composed of a
few number of platelets.
In such situation, diffusion should be considered at two
different scales; the first one associated with diffusion among
stacks (interstack diffusion), and the second one associated
with diffusion inside stacks (intrastack diffusion) [16]. The
dual scale approach has been recently introduced in order to
model the mechanical behavior of polymer nanocomposites
[17, 18]. The reported results show the relevance of the degree
of dispersion on the mechanical behavior of polymer nanocomposites. The dual scale diffusion problem is similar to
the problem of polymer flow during fiber impregnation in
infusion processes used in composite materials fabrication.
In this case, two mechanisms of impregnation have been
clearly identified: the first one, occurring at lower time scales,
characterized by a higher value of permeability, as defined by
the Darcy law, is associated with interbundle flow, whereas
the second one, occurring at higher time scale, and therefore
characterized by a lower value of permeability, is associated
with intrabundle flow [19]. The first mechanism involves flow

of the molten polymer between fiber bundles (macroimpregnation), whereas the second one involves polymer flow inside
each bundle (microimpregnation).
The aim of this paper is to study the 3D diffusion behavior
of nanocomposites in the presence of permeable lamellar
stacks by finite elements (FE) analysis. To this purpose, a geometric model, made of randomly and uniformly distributed
stacks, was developed by the use of a Matlab routine. To
the best of our knowledge, this is the first time that such a
multiscale approach is introduced to study 3D diffusion in
polymer nanocomposites. The results from simulation are
compared with different analytical models, showing the relevance of intrastack diffusion. Finally, a proper model, which
is able to predict the intrastack diffusion coefficient, is developed.

2. Modeling of Diffusion in Nanocomposite
The first paper about modeling of diffusion in multiphase
systems, most commonly quoted, is by Maxwell, who solved
the problem of a suspension of spheres sparsely distributed in
the continuum and therefore characterized by a reasonably
small volume fraction, V𝑓 . The model accounts for the
presence of permeable particles, as reported in the scheme
of Figure 1(a), characterized by a diffusivity 𝐷𝑠 , dispersed in
a permeable matrix, characterized by a diffusivity 𝐷𝑚 [20]:
𝐷norm = 𝐷𝑚

(𝐷𝑠 /𝐷𝑚 ) (1 + 2V𝑓 ) + 2 − 2V𝑓
(𝐷𝑠 /𝐷𝑚 ) (1 − V𝑓 ) + 2 + V𝑓

,

(1)

in which 𝐷norm , the diffusivity of the multiphase system,
is defined as the diffusion coefficient of a homogeneous
medium, exhibiting the same steady-state behavior as the
two-phase composite. Different modifications of the Maxwell
model have been proposed in order to account for the shape
of dispersed particles. Among these, the model developed by
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in each stack, 𝑁𝑃 , the thickness of platelets 𝑇𝑃 , the number
of galleries 𝑁𝐺 = 𝑁𝑃 − 1, and the thickness of galleries, 𝑇𝐺.
The number of platelets in each stack defines the degree of
dispersion, whereas the gallery thickness defines the degree
of intercalation. The total thickness of the stack 𝑇𝑆 is given by

W
TP

1
2

TG

TS

3

𝑇𝑆 = 𝑇𝑃 [𝑁𝑃 + (𝑁𝑃 − 1)

4
5

Fricke [21] is valid for oblate spheroids, characterized by two
axes, 𝑎 and 𝑏, with 𝑏 > 𝑎 and 𝑎 being the rotation axis of the
ellipse:
(𝐷𝑠 /𝐷𝑚 ) (1 + 𝜌V𝑓 ) + 𝜌 − 𝜌V𝑓
(𝐷𝑠 /𝐷𝑚 ) (1 − V𝑓 ) + 𝜌 + V𝑓

,

(2)

where
𝜌=
𝛽=
+

(𝐷𝑓 /𝐷𝑚 ) (𝛽 − 1) + 1
(𝐷𝑓 /𝐷𝑚 ) − 1 − 𝛽

,

1
4
[
3 2 + ((𝜙 − (1/2) sin 2𝜙) /sin3 𝜙) cos 𝜙 (𝐷𝑠 /𝐷𝑚 − 1)
1
(3)
]
1 + (1 − ((𝜙 − (1/2) sin 2𝜙) /sin3 𝜙) cos 𝜙) (𝐷𝑠 /𝐷𝑚 − 1)

⋅(

AR𝑃 =

AR𝑆 = AR𝑃

with AR the aspect ratio of the nanofiller, 𝑏/𝑎.
On the other hand, modeling the diffusion in polymer
nanocomposites must be able to account for the high aspect
ratio of the nanofiller. The most commonly quoted approach
was developed by Bharadwaj [1], whose model is able to
account for the orientation angle of the nanofiller and, in the
case of a random distribution, can be written as
1
.
1 + (AR/6) V𝑓

(4)

The Bharadwaj model assumes that nanofiller is perfectly
impermeable to the diffusing gas, as reported in the scheme
of Figure 1(b).
Nevertheless, a perfect dispersion of the nanofiller is very
difficult to attain. Single platelets of nanofiller can only be
found in perfectly exfoliated nanocomposites. In most cases,
corresponding to intercalated nanocomposites, stacks of
platelets characterize the structure of the nanocomposite, as
reported in the scheme of Figure 2, which represents a 2D
scheme of the nanofiller. In 3D, the rectangle becomes a cylinder of diameter 𝑊.
The morphological features of the stacks are the width or
diameter of the platelets 𝑊, the average number of platelets

(6)

1
.
𝑁𝑃 + (𝑁𝑃 − 1) (𝑇𝐺/𝑇𝑃 )

(7)

This equation highlights that the aspect ratio of the stack is
dependent on both the degree of intercalation, through the
parameter 𝑇𝐺/𝑇𝑃 , and the degree of dispersion, through the
parameter 𝑁𝑃 [9].
Further, two different values of volume fraction can be
defined. The first one, V𝑓 , is defined as the ratio between the
volume of the nanofiller and the total volume of the nanocomposite. If 𝑛𝑠 is the number of stacks per unit volume of the
nanocomposite, then the volume fraction V𝑓 is
V𝑓 = 𝑛𝑠

1
𝜙 = cos−1 (
),
AR

𝑊
,
𝑇𝑃

whereas the second one is the aspect ratio of a stack, AR𝑆 =
𝑊/𝑇𝑆 , which, also accounting for (5), is

𝐷𝑠
− 1) ,
𝐷𝑚

𝐷norm =

(5)

According to the scheme of Figure 2, it is possible to define
two different values for the aspect ratio. The first one is the
aspect ratio of platelets, AR𝑃 , defined as

Figure 2: Scheme of lamellasr stack morphology.

𝐷norm = 𝐷𝑚

𝑇𝐺
].
𝑇𝑃

𝜋𝑊2
𝑁𝑃 𝑇𝑃 .
4

(8)

The second one, V𝑆 , is defined as the ratio between the total
volume of lamellar stacks, including the galleries volume, and
the total volume of the nanocomposite, which is
V𝑆 = 𝑛𝑠

𝜋𝑊2
(𝑁𝑃 𝑇𝑃 + (𝑁𝑃 − 1) 𝑇𝐺) .
4

(9)

Taking the ratio between (8) and (9), the following correlation
can be obtained between V𝑆 and V𝑓 :
V𝑆 =

V𝑓
𝑁𝑃

(𝑁𝑃 + (𝑁𝑃 − 1)

𝑇𝐺
).
𝑇𝑃

(10)

Recently, Nazarenko et al. [22] recognized that, in assuming
impermeability of the nanofiller, the volume fraction of inorganic phase must be substituted by the total volume fraction
of impermeable phase, also including lamellar galleries. In
such case, the Bharadwaj model is corrected to
𝐷norm =

1
,
1 + (1/6) V𝑓 (AR𝑃 /𝑁𝑃 )

(11)

where, according to (7)–(10),
V𝑓

AR𝑃
= V𝑆 AR𝑆 .
𝑁𝑃

(12)
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Figure 3: Scheme for modeling of diffusion in intercalated polymer nanocomposites: (a) impermeable stacks and (b) permeable stacks.

Therefore, the Nazarenko model can be considered an extension of the Bharadwaj model, in which the volume fraction
and aspect ratio of impermeable phase are considered, as
reported in the scheme of Figure 3(a). Nazarenko model is
based on the assumption that, at relatively low values of
𝑇𝐺/𝑇𝑃 , diffusion inside the nanofiller can be neglected. Nevertheless, as reported in the scheme of Figure 3(b), diffusion

𝐷norm =

can occur either between stacks (interstack diffusion) or
inside stacks (intrastack diffusion). This is a typical dual scale
problem, which has been solved to yield the following model
for the diffusivity [10]:

1 − V𝑓
[1 + (4/3𝜋) (1/√3) (1 − √2/3) (V𝑓 AR𝑃 /𝑁𝑃 ) (1 + (6√2/𝜋) (1/AR𝑆 ))]

Comparison between (11) and (13) shows that the latter
model allows to account for the interstack diffusion (through
the term V𝑓 AR𝑃 /𝑁𝑃 , homologous to that found in the
Nazarenko model) and intrastack diffusion (through the term
(V𝑓 AR𝑃 /𝑁𝑃 )(6√2/𝜋)(1/AR𝑆 )).

3. Simulation of Dual Scale Diffusion
Finite element analysis Comsol Multiphysics software (version 3.5, Comsol AB, Sweden) was used to study the 3D
diffusion in nanocomposites, characterized by the presence of
intercalated lamellar nanofillers characterized by permeable
stacks. The nanocomposite was modeled as an array of stacks
of impermeable lamellae uniformly and randomly dispersed
in the integration domain. The position and orientation of
stacks inside the cubic domain were randomized by means
of a properly developed subroutine of Matlab 6.5, which
is based on a Monte Carlo stochastic approach and includes
noninterpenetrating conditions between stacks [9]. As
reported in a previous work [10], the average distance between the centers of the stacks is in the range of 0.5–1 times
the diameter of the stacks, depending on volume fraction,
number of platelets in each stack, and aspect ratio of the
platelets.

4

.

(13)

Each stack is composed of a regular arrangement of parallel and equidistant platelets, represented as cylinders. A
sketch of the domains obtained is reported in Figure 4. Each
stack can intercept the domain boundary surfaces parallel to
the direction of diffusion. In such case, the actual volume of
the stack which falls inside the domain is considered.
The problem is solved by means of the mass transport module, diffusion submodule, in stationary conditions,
assuming that the diffusivity inside the galleries is equal to the
diffusivity of the matrix.
This assumption does not take into account the anomalous effects which could arise at low values of 𝑇𝐺. At least two
factors can contribute to such anomalous diffusion:
(a) The existence of a rigid amorphous fraction [23] at the
lamellar sheet interface, which can drastically reduce
the diffusivity inside galleries.
(b) The presence of low molecular weight organic modifier inside galleries, which can increase the diffusivity.
However, changes of diffusivities inside the galleries can be
readily implemented in the simulation, as will be discussed
in the following section.
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Figure 4: FEM simulation domain in 3D for modeling of diffusion in intercalated nanocomposites.

The software solves the mass balance equation:
∇2 𝑐 = 0,

(14)

coupled with the proper boundary conditions
𝜕𝑐
=0
𝜕𝑛 ⃗

(15)

at each platelet surface with normal 𝑛⃗ (impermeability),
𝜕𝑐
=0
𝜕𝑛

(16)

at the boundaries of the domain (transparent boundaries in
Figure 4) parallel to the direction of diffusion (𝑧 axis),
𝑐 = 𝑐1

(17)

at the upper boundary of the domain perpendicular to the
direction of diffusion (upper gray boundary 𝐴 1 in Figure 4),
and
𝑐=0

(18)

at the lower boundary of the domain perpendicular to the
direction of diffusion (lower gray boundary 𝐴 2 in Figure 4).
The concentration 𝑐1 was chosen in order to have,
for all the simulations, a concentration gradient 𝑐1 /𝐿 0 =
103 mol/m4 , with 𝐿 0 being the length of the integration
domain along the direction of diffusion (𝑧 axis in Figure 4).
Some simulations were also run using 2D geometry. In
such case, each platelet was represented as rectangle 𝑏 ∗ 𝑎

𝑁

2

dimensions. Randomization of the position was obtained
using the same procedure described for 3D simulations.
The Matlab routine also includes a subroutine for the calculation of the average path length of massless particles diffusing due to concentration gradient. The subroutine is based
on the scheme reported in Figure 5 for a two-dimensional
problem.
The diffusion path is made by a series of points (𝑥𝑝 , 𝑦𝑝 ,
𝑧𝑝 ), and its slope can be calculated, according to Fick’s law
according to the scheme of Figure 5, as
𝑑𝑥𝑝
𝜕𝑐
{
=𝑐
𝐽𝑥 = −𝐷𝑚
{
{
{
𝜕𝑥
𝑑𝑡
{
{
{
{
𝑑𝑦𝑝
𝜕𝑐
𝐽𝑦 = −𝐷𝑚
=𝑐
{
{
𝜕𝑦
𝑑𝑡
{
{
{
{
{
𝑑𝑧
𝜕𝑐
𝑝
{
𝐽 = −𝐷𝑚
=𝑐
{ 𝑧
𝜕𝑧
𝑑𝑡

𝑑𝑥𝑝 𝜕𝑐/𝜕𝑥
{
=
{
{
{ 𝑑𝑧𝑝
𝜕𝑐/𝜕𝑧
⇒ {
𝑑𝑦
{
𝜕𝑐/𝜕𝑦
{
{ 𝑝 =
,
{ 𝑑𝑧𝑝 𝜕𝑐/𝜕𝑧

where 𝐽 is the flux and 𝑐 is concentration. Therefore, the
position of each point can be calculated as
𝑧𝑝 (𝑖) = 𝑧𝑝 (𝑖 − 1) + Δ𝑧,
𝑥𝑝 (𝑖) = 𝑥𝑝 (𝑖 − 1) +
𝑦𝑝 (𝑖) = 𝑦𝑝 (𝑖 − 1) +

𝑑𝑥𝑝
𝑑𝑧𝑝
𝑑𝑦𝑝
𝑑𝑧𝑝

Δ𝑧 = 𝑥𝑝 (𝑖 − 1) +

𝜕𝑐/𝜕𝑥
Δ𝑧,
𝜕𝑐/𝜕𝑧

Δ𝑧 = 𝑦𝑝 (𝑖 − 1) +

𝜕𝑐/𝜕𝑦
Δ𝑧.
𝜕𝑐/𝜕𝑧

(20)

Finally, the diffusion path length is calculated as

2

2

𝐿 nano = ∑ √ [𝑥𝑝 (𝑖) − 𝑥𝑝 (𝑖 − 1)] + [𝑦𝑝 (𝑖) − 𝑦𝑝 (𝑖 − 1)] + [𝑧𝑝 (𝑖) − 𝑧𝑝 (𝑖 − 1)] .
𝑖=2

(19)

(21)
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i−1
𝜕c/𝜕x
tan 𝛼 =
𝜕c/𝜕z

Δz
i

Δx

Figure 5: Procedure used for calculation of the path length of
diffusing particles.

The normalized path length, 𝐿 norm , was obtained as the ratio
between the average path length of diffusing particles inside
the nanocomposite and 𝐿 0 , which corresponds to the diffusion length in the absence of lamellae:
𝐿 norm =

𝐿 nano
.
𝐿0

(22)

The normalized diffusion coefficient, 𝐷norm , was obtained as
the ratio between the normal flow rate on the two boundaries
perpendicular to the direction of diffusion (𝐴 1 and 𝐴 2 ) and
the flow rate in the neat matrix:
𝐷nano
𝐷mat
(23)
 


 


1 (∫𝐴 1 𝐷 (𝜕𝑐/𝜕𝑧) 𝑑𝐴 1  + ∫𝐴 2 𝐷 (𝜕𝑐/𝜕𝑧) 𝑑𝐴 2 )
=
.
2
𝐷 (Δ𝑐/𝐿 𝑧 ) 𝐴 1

𝐷norm =

Being in stationary conditions, ∫𝐴 𝐷(𝜕𝑐/𝜕𝑧)𝑑𝐴 1
1

=

− ∫𝐴 𝐷(𝜕𝑐/𝜕𝑧)𝑑𝐴 2 . The set of equations used in (19)–(23)
2
were also used for 2D simulations.
In order to account for the morphology of the nanofiller,
simulations were run adopting three different nanofiller
volume fractions (0.015, 0.0225, and 0.03), a number of lamellae in each stack changing from 3 to 5, and three different
gallery thicknesses (1.5, 2.5 and 3.5 times the lamellar thickness). The aspect ratio of platelets was held at a constant value
of 50. The values chosen for simulation are in the typical
range of montmorillonite nanofilled polymers, which are
characterized by a lamellar thickness of about 0.883 nm [24]
and separated by lamellar galleries of thickness between 1.5
and 4 nm [25]. Each result reported is obtained as the average
of 15 simulations; each one runs in a domain comprising 10
stacks.

4. Results of Numerical Analysis
The results of 2D simulations are reported in Figure 6,
showing the diffusion paths calculated according to (20).

Figure 6: Results from 2D simulation highlighting the intrastack
diffusion.

The blue ellipses evidence some of the intrastack diffusion
zones, characterized by the fact that the diffusing particle
travels inside the lamellar galleries.
The normalized coefficient of diffusion obtained by 3D
FE simulation at different values of gallery thickness and
V𝑓 = 0.015 and 𝑁𝑃 = 3 is reported in Figure 7. The two sets
of data are relative to simulation with impermeable stacks and
simulation with permeable stacks (diffusion inside galleries).
For comparison purposes, the coefficient of diffusion corresponding to null gallery thickness, 𝑇𝐺 = 0, is also reported.
Both models (either accounting or neglecting intrastack
diffusion) converge at the same value when 𝑇𝐺 = 0, that
is, impermeable galleries. On the other hand, neglecting
intrastack diffusion yields a significant underestimation of
the coefficient of diffusion. The error associated with the
impermeable stack approximation increases with increasing
gallery thickness.
Initially, a sensitivity analysis was performed, running
simulations using a variable intrastack diffusivity. The plot of
Figure 8 reports the coefficient of diffusion of the nanocomposite as a function of the ratio between intrastack and interstack diffusivity, for V𝑓 = 0.015, 𝑇𝐺/𝑇𝑃 = 1.5, and 𝑁𝑃 = 3.
One-way analysis of variance (ANOVA) was performed using
the intrastack diffusivity as the factor level. Considering the
set of 9 data ranging between 𝐷intrastack /𝐷interstack = 0.6 and
𝐷intrastack /𝐷interstack = 1.4, an 𝐹 value equal to 1.84 was calculated. This value was compared with the critical 𝐹CV (8, 126)
= 2.01, with 8 being the degree of freedom of the factor level
and 126 = 9 ∗ 14 the degree of freedom associated to the
error. The estimated 𝐹 value is lower than the critical 𝐹 value,
indicating that the different simulations provide an almost
constant value of the coefficient of diffusion. On the other
hand, when the ANOVA is performed on the set or 11
data ranging between 𝐷intrastack /𝐷interstack = 0.5 and 𝐷intrastack /
𝐷interstack = 1.5, the calculated 𝐹 = 2.63 is higher than the
critical 𝐹CV (10, 154) = 1.89, which indicates that the intrastack
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Figure 7: Normalized coefficient of diffusion as a function of gallery
thickness at V𝑓 = 0.015 and 𝑁𝑃 = 3 calculated form 3D simulations.
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Figure 9: Normalized coefficient of diffusion as a function of gallery
thickness at different V𝑓 and 𝑁𝑃 = 3.

0.96

0.95

Dnorm

0.94

0.93

0.92

0.91
0.2

0.4

0.6

0.8
1.0
1.2
1.4
Dintrastack /Dinterstack

1.6

1.8

Figure 8: Coefficient of diffusion as a function of intrastack diffusivity.

diffusivity has a significant influence on the simulated coefficient of diffusion. Therefore, the ANOVA analysis indicates
that the assumption of intrastack diffusivity equal to interstack diffusivity can be considered valid in the range 0.6 ≤
𝐷intrastack /𝐷interstack ≤ 1.4.
The normalized coefficient of diffusion is reported as a
function of the gallery thickness for different values of the
nanofiller volume fraction, at constant value of 𝑁𝑃 = 3,
in Figure 9. For comparison purposes, the normalized coefficient of diffusion is also reported for a null gallery thickness;
that is, 𝑇𝐺 = 0.
Due to the quite high error bars, one-way analysis of
variance (ANOVA) was initially performed on the simulated
coefficient of diffusion. Considering 3 different gallery thicknesses as factor levels and 15 simulations on each level, a
critical value of the 𝐹 ratio (𝐹CV (2, 42)) equal to 3.22 at a

significance level 𝛼 = 0.05 is obtained. The 𝐹 ratio values
calculated for the coefficient of diffusion simulated at V𝑓 =
0.015, V𝑓 = 0.0225, and V𝑓 = 0.03 are 6.85, 7.35, and 5.67,
respectively. Therefore, in any case, 𝐹 ratio is much higher
than 𝐹CV , which indicates that the differences between the
results of the simulations obtained at different gallery thickness are relevant at the 5% significance level.
For comparison purposes, the simulated normalized
diffusion coefficient is reported for a gallery thickness equal
to 0 (corresponding to impermeable stack with aspect ratio
equal to 16.7 according to (7)). The normalized coefficient of
diffusion decreases with increasing lamellar spacing, which
is in agreement with the generally accepted concept and
many experimental results indicating that improved barrier
properties are achieved when a higher amount of polymer
chain segments is intercalated. As expected, for each value of
gallery thickness, the coefficient of diffusion decreases with
increasing volume fraction of the nanofiller. The predictions
according to the Nazarenko model, (11), also reported in
Figure 9, are not able to capture the dependence of the
coefficient of diffusion on the gallery thickness. In contrast,
model prediction according to (13), accounting for intrastack
diffusion, shows an excellent agreement with FE simulation
results, as confirmed by the coefficient of determination, 𝑅2 =
0.972.
The normalized coefficient of diffusion is reported in
Figure 10 as a function of the number of platelets in each
stack, at different values of the volume fractions, keeping
constant 𝑇𝐺/𝑇𝑃 = 2.5.
Even in this case, in order to account for the effect
of the wide error bars, ANOVA analysis was performed,
considering the number of lamellae in the stacks as the analysis factor. An 𝐹 value equal to 130, 56, and 32 was found for
the three different volume fractions, which again indicates
that the differences between simulations run at different

8

Journal of Nanomaterials
1.00

0.96

0.98

0.93

0.96

0.90
Dnorm

Dnorm

0.94
0.92
0.90

0.87
0.84
0.81

0.88

0.78

0.86
0.84

0.75
3

f = 0.015
Simulation
Model eq. (11)
Model eq. (9)

4
NP
f = 0.0225
Simulation
Model eq. (11)
Model eq. (9)

0.03

5
f = 0.03
Simulation
Model eq. (11)
Model eq. (9)

Figure 10: Normalized coefficient of diffusion as a function of the
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Figure 11: Normalized coefficient of diffusion as a function of
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the stacks and Fricke model fitting.
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number of lamellae in each stack are relevant at the 5%
significance level. The simulation results are in good agreement with the expected behavior of nanocomposites, since
a decrease of the number of lamellae in each stack, which is
equivalent to an increase in the aspect ratio and hence to an
improvement of the degree of dispersion, involves a decrease
of the diffusion coefficient of nanocomposite. In this case, the
model of (11), despite being able to capture the dependence
of the coefficient of diffusion on the number of platelets,
provides a very poor fitting of the simulation data. In contrast,
model of (13) provides an excellent fitting of simulation data,
being 𝑅2 = 0.988.
The data in Figure 11 show the normalized coefficient of
diffusion as a function of the volume fraction of the stacks,
given by (10), for constant values of the aspect ratio of the
stacks, given by (7). Therefore, the Fricke model, (2)-(3),
was used in order to calculate the normalized intrastack
diffusivity, 𝐷𝑠 /𝐷𝑚 . According to the Fricke model, 𝐷𝑠 represents the diffusivity of the stacks, or, more correctly, the
equivalent coefficient of diffusion of a homogeneous medium
exhibiting the same transport properties of the stack. The
excellent fitting reported in Figure 11 by the continuous line
is evidenced by the value of 𝑅2 = 0.961.
The values calculated for 𝐷𝑠 /𝐷𝑚 is reported in Figure 12
as a function of the aspect ratio of the stacks. As it can be
observed, the intrastack diffusivity increases with decreasing
aspect ratio of the stacks. In order to explain this behavior,
the domain surrounding each stack can be considered, as
that reported in Figure 13(a). The elliptic cylinder is tangent
to the stack and is therefore characterized by the dimensions reported in Figure 13(a). The angle 𝜃 is the angle
formed between the direction normal to stack surface and

0.08
0.06
0.04
0.02
3

4

5

6

7

8

9

ARS

Figure 12: Coefficient of diffusion of the stacks as a function of the
stack aspect ratio.

the direction of diffusion. For a random orientation of stacks,
as that investigated in this work, in 3D 𝜃 = cos−1 (1/√3) and
in 2D 𝜃 = 𝜋/4.
The 2D visualization of the domain is reported in
Figure 13(b). In the domains of Figures 13(a) and 13(b), diffusion can only occur inside the stacks. Therefore, due to the
impermeability of the single platelets, it can be assumed that,
in 𝑉1 and 𝑉2 ,
𝜕𝑐
= 0,
𝜕𝑧

(24)

whereas in the volume 𝑉3 , the average path length of a diffusing particle is [10]
𝐿 diff =

2
𝑊 + 𝑇𝑆 cos 𝜃.
𝜋

(25)
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Figure 13: Schemes for prediction of diffusive flow rate in the presence of stack with permeable galleries (a) 3D and (b) 2D.

Therefore, due to a concentration difference between the two
horizontal surfaces Δ𝑐, the average gradient in the direction
parallel to the platelet surface, 𝑡, is given as
𝜕𝑐
Δ𝑐
=
𝜕𝑡 (2/𝜋) 𝑊 + 𝑇𝑆 cos 𝜃

(27)

The flow rate is given by the concentration gradient multiplied by diffusivity and by the area crossed by diffusing
particles, which is (𝑁𝑃 − 1)𝑊𝑇𝐺:
𝐹𝑧 = 𝐷𝑚

Δ𝑐
sin 𝜃 (𝑁𝑃 − 1) 𝑊𝑇𝐺.
(2/𝜋) 𝑊 + 𝑇𝑆 cos 𝜃

𝜕𝑐 Δ𝑐
.
=
𝜕𝑛 𝑇𝑆

(26)

and, with 𝜃 being the angle between the 𝑡 and the 𝑧 direction,
the concentration gradient in the 𝑧 direction is
𝜕𝑐
Δ𝑐
=
sin 𝜃.
𝜕𝑧 (2/𝜋) 𝑊 + 𝑇𝑆 cos 𝜃

the direction 𝑛 (perpendicular to lamellar stack surface) and
is given as

(28)

The same domain of Figure 13(a), made of stacks of impermeable platelets, can be schematized as reported in Figure 14(a),
which is made of a single permeable inclusion, which has the
same geometric characteristic (diameter and total thickness)
of the stack and has a diffusivity equal to 𝐷𝑠 . In such situation,
for 𝐷𝑠 ≪ 𝐷𝑚 , the diffusion paths follow parallel to the stack
thickness. Further, the concentration gradient in the matrix
is negligible compared to the concentration gradient in the
stack. This is shown in Figure 14(b), where the concentration
gradient and the diffusion path are shown in the corresponding 2D simulation. Therefore, the upper surface of the stack
can be assumed to be at a constant concentration, equal
to that of the upper boundary of the domain, whereas the
lower surface of the stack can be assumed to be at a constant concentration, equal to the concentration of the lower
boundary of the domain. Therefore, for a 3D problem,
the concentration gradient inside the stack is parallel to

(29)

The gradient in the 𝑧 direction is therefore given as
𝜕𝑐 Δ𝑐
cos 𝜃.
=
𝜕𝑧 𝑇𝑆

(30)

And the total flow rate in the 𝑧 direction can be obtained by
multiplying the gradient by the diffusivity of the stack and the
flow passage, 𝜋𝑊2 /4:
𝐹𝑧 = 𝐷𝑠

Δ𝑐 𝜋𝑊2
cos 𝜃.
𝑇𝑆 4

(31)

By combining (28) and (31),
4 (𝑁𝑃 − 1) (𝑇𝐺/𝑇𝑆 ) sin 𝜃
𝐷𝑠
=
.
𝐷𝑚 𝜋AR𝑆 cos 𝜃 ((2/𝜋) AR𝑆 + cos 𝜃)

(32)

The values of stack diffusivity calculated according to (32) are
also reported in Figure 12, showing a very good agreement
with the data calculated from FE simulation. According to
(32), the diffusivity of the stack is mainly dependent on the
aspect ratio of the stack itself. For a fixed value of the aspect
ratio of the stack, the diffusivity also depends on the number
of platelets and the thickness of the galleries.

5. Conclusions
In this work, a finite elements’ model was developed, in order
to simulate the 3D diffusion into polymer nanocomposites
with nanofillers made of lamellar stacks characterized by
permeable galleries, as can occur when organic modified
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Figure 14: Schemes for prediction of diffusive flow rate in the presence of stacks regarded as homogenous inclusions and diffusivity 𝐷𝑠 (a)
3D and (b) 2D solution.

montmorillonites are dispersed in a polymer matrix. The
developed method is able to introduce a random distribution of nonoverlapping stacks. Each stack is composed of
an arbitrary number of platelets, separated by galleries of
arbitrary thickness. To the best of our knowledge, this is the
first time that this dual scale approach has been used to
simulate the diffusion in polymer nanocomposites, occurring
either between lamellar stacks or within lamellar stacks.
The results obtained from numerical simulation show
that intrastack diffusion, that is, diffusion inside galleries,
can be quite relevant, particularly at the higher thickness
of the galleries. Therefore, the assumption usually made in
modeling and simulating diffusion in polymer nanocomposites, based on the impermeability of the nanofiller, cannot be
considered valid.
As a consequence of this, the literature models, which
do not account for the intrastack diffusivity, are not able to
correctly predict the coefficient of diffusion of intercalated
nanocomposites. In contrast, literature models (the proposed
one), which account for intrastack diffusion, show an excellent agreement with the simulation data.
The dependence of the coefficient of diffusion on the
volume fraction of the stack has been used to estimate
an equivalent coefficient of diffusion of a homogeneous
medium exhibiting the same transport properties of the stack.
This equivalent diffusivity was shown to be significantly
dependent on the aspect ratio of the stack. An analytical
model which is able to represent such property of the stack
was proposed. This model shows a very good agreement with
the data obtained from simulation.
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Different metal homogeneous nanoparticles have been extensively studied in recent years due to their wide range of potential
applications. It is very interesting to investigate core-shell nanoparticles with oxide shell from core metal. The formation of oxide
shell on metallic nanoparticles can be achieved by different chemical and physical methods including also natural oxidation of
pure metallic nanoparticles in gaseous or liquid media, containing oxygen components (air, water, etc.). We numerically calculated
efficiency factors of absorption K abs , scattering K sca , and extinction K ext of radiation with wavelength 𝜆 in the spectral interval
150–1000 nm by spherical homogeneous metallic and two-layered (metal core – oxide metal shell) nanoparticles: Al, Al-Al2 O3 and
Zn, Zn-ZnO with core radii in the range 5–50 nm and shell thickness 5 nm. Analysis of presented results has been carried out.

1. Introduction
Recent advances in photothermal nanotechnology based on
the use of nanoparticles (NPs) and optical (laser) radiation
have been demonstrated their great potential. In recent years
the absorption and scattering of radiation energy by NP
have become a great interest and an increasingly important
topic in photothermal nanotechnology [1–27] (also see the
references in these papers). There are many reasons for this
interest in nanophotonics including applications of NPs in
different fields, such as catalysis [1, 2], nanoelectronics [3, 4],
nanooptics and nonlinear optics [5, 6], and energetic nanotechnology (e.g., photovoltaics [7] and light-to-heat conversion [8, 9]). Laser applications in nanotechnology include
laser nanobiomedicine [10–15] with determination of selected
properties of NPs [16, 17] and laser processing of metallic
NPs in nanotechnology [18–23]. Metallic NPs are mostly
interesting for different nanotechnologies among other NPs.
In recent years, the optical properties of metal NPs have
been under extensive research mainly due to their unique
optical properties arising from the localized surface plasmon
resonance (LSPR) [25–30]. The LSPR causes a relatively narrow absorption peak, which leads to high optical selectivity.

Most of the abovementioned technologies rely on the position
and strength of the surface plasmon on a nanosphere and
successful applications of NPs in nanophotonics are based on
appropriate plasmonic and optical properties of NPs. High
absorption of radiation by NPs can be used for conversion of
absorbed energy into NP thermal energy, heating of NP itself
and ambient medium, and following photothermal phenomena in laser and optical nanotechnology and nanomedicine.
High scattering of radiation is used as a powerful tool in
optical diagnostics and biological and molecular imaging.
Different metal (gold, silver, platinum, zinc, etc.) NPs
have been extensively studied in recent years due to their wide
range of potential applications [1–30]. Thermooptical analysis
and selection of the properties of metal NPs for laser applications in nanotechnology were carried out in [9, 16, 17, 25–
30]. Metal NPs have their LSPR in the ultraviolet and visible
spectral intervals of optical radiation. The possibility of controllably tuning the LSPR wavelength through the visible to
near infrared region is very important and promising for the
technological applications. Possible effective way of adjusting
NP optical properties and shifting the LSPR peak position
to near-infrared wavelength is to combine the metal NPs
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with dielectric material and by changing the NP geometrical
parameters.
Recently, in addition to pure metal NPs also metaldielectric (dielectric-metal) core-shell NPs are studied for the
improvement and manipulation of the plasmon resonances of
NP properties. For example, SiO2 -gold and gold-SiO2 coreshell NPs are widely investigated and applied in experiments
[10, 16, 31–33]. The position of the LSPR for such core-shell
NPs is strongly influenced by the presence of the geometrical
characteristics: the core radius, the thickness of the oxide
layer, and the ratio between them [10, 16, 31–33].
But in many cases oxide (dielectric) shells are formed on
the surface of metal NPs and we investigate core-shell NPs
with oxide shell from core metal. The formation of oxide shell
on metallic NP can be achieved by different chemical [33, 34]
and physical [35] methods. The formation of thick oxide shell
promotes the use of core-shell metal-oxide NPs in chemical
nanotechnology. The presence of oxide shell on metallic NP
surface can prevent the origination of chemical reaction on
NP surface in chemical reactive atmosphere and further
consequences that can be used in some technologies.
Natural oxidation of pure metallic NPs in gaseous or
liquid media, containing oxygen components (air, water, etc.),
leads to the formation of thin oxide shell with thicknesses
of about 3–5 nm on metallic NPs and core-shell two-layered
metallic-oxide NPs during short period of time. The action of
intensive optical (laser) radiation and NP heating can cause
oxidation of surface layer of metallic NP and the formation of
oxide shell on NP. The laser processing of metallic NPs in air
atmosphere can cause simultaneously increasing of oxide
shell thickness on particle surface and its evaporation [35].
The fabrication and investigation of core-shell NPs
formed by a metal core and its own oxide shell were carried
out in [36–46]. For example, Ag-Ag2 O NPs were investigated
by physical and chemical methods in [36–39] and Al-Al2 O3
NPs were experimentally investigated in [40–42]. Determination of the oxide layer thickness in core-shell zerovalent iron
NPs was made in [43]. Investigation of microstructure control
of Zn-ZnO core-shell NPs was carried out in [44]; the surface
plasmon resonance of Cu-Cu2 O core-shell NPs was studied
in [45].
On the other side, a comparative analysis of the optical
parameters of different metal-oxide NPs for using them as
agents in laser nanotechnology is still missing. In this paper,
we study systematically influence of shell parameters on
optical properties of spherical metallic core-oxide shell AlAl2 O3 , Zn-ZnO NPs using a computational method.

2. Numerical Results and Discussions
We numerically calculated the efficiency factors of absorption
𝐾abs , scattering 𝐾sca , and extinction 𝐾ext of radiation with
wavelength 𝜆 by spherical homogeneous and two-layered
NPs on the base of Mie theory [26]. Numerical results are
presented for cases of homogeneous metallic and two-layered
(metal core, oxide metal shell) NPs: Al, Al-Al2 O3 , and Zn, ZnZnO. Values of optical indexes of refraction and absorption
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of metals, oxides, and surrounding media were used from
[46–49]. Figures 1–4 presented below describe the dependencies of efficiency factors of absorption 𝐾abs , scattering
𝐾sca , and extinction 𝐾ext for homogeneous (Figures 1(a)–1(c),
2(a)–2(c), 3(a)–3(c), and 4(a)–4(c)) and two-layered NPs
(Figures 1(e)–1(l), 2(e)–2(l), 3(e)–3(l), and 4(e)–4(l)) on radiation wavelength, NP core radii, and shell thickness. The
max
max
positions 𝜆max
abs , 𝜆 sca , and 𝜆 ext of maximum values of effimax
max
max
, 𝐾sca
, and 𝐾ext
on 𝜆 axis are denoted
ciency factors of 𝐾abs
in Figures 1–4 by different vertical lines; locations 𝜆max
abs of
max
on axis 𝜆 are
maximum value of absorption factor 𝐾abs
max
denoted by solid lines, 𝜆max
sca , dashed lines and 𝜆 ext , dashedmax
dotted lines in the case of different values of 𝜆max
abs , 𝜆 sca ,
max
and 𝜆 ext . In some cases solid lines denote the simultaneous
locations of all maximums of efficiency factors. We investigated two situations, when NPs were placed into two different
surrounding media, air and water.
The parameter 𝑃1 is used for the description of the optical
properties of NPs:
𝑃1 =

𝐾abs
.
𝐾sca

(1)

The parameter 𝑃1 describes the correlation between absorption and scattering of radiation by NP.
Figure 1 presents the dependencies of the efficiency factors of absorption 𝐾abs , scattering 𝐾sca , and extinction 𝐾ext of
radiation and the parameter 𝑃1 on wavelength 𝜆 for spherical
homogeneous Al NPs with radii 𝑟0 = 10, 25, and 50 nm;
for two-layered core-shell Al-Al2 O3 NPs with shell thicknesses Δ𝑟1 = 5 nm and core radii 𝑟0 = 5, 20, and 45 nm and 𝑃1
for core-shell NP radii 𝑟1 = 10, 25, and 50; for Al-Al2 O3 NPs
with Δ𝑟1 = 5 nm, 𝑟0 = 10, 25, and 50 nm, and 𝑃1 for 𝑟1 = 15,
30, and 55 nm. NPs are placed in air.
The formation of oxide shell on NP with substitution of
surface metal layer by oxide layer with approximately equal
thickness because of natural oxidation in air atmosphere is
presented in Figures 1(e)–1(h). The influence of the formation
of oxide shell on metal NP with equal radii 𝑟0 = 10 nm =
𝑟0 + Δ𝑟1 = 10 nm leads to next consequences. The plasmon
maxima are created and shifted to bigger values of the wavelength. Figures 1(i)–1(l) present the influence of the increasing
oxide shell thickness on metal core with 𝑟0 = const in
chemical gaseous atmosphere. It leads to a decrease of factors
max
for 𝑟0 = 10 nm and small influence for all optical factors
𝐾abs
for 𝑟0 = 25, 50 nm. The values of the parameter 𝑃1 decrease
with increasing 𝑟0 (𝑟1 ) and increase with increasing wavelength bigger than 300 nm. The formation of oxide shell on
metal NP leads to decreasing 𝑃1 in the spectral interval 150–
300 nm for all values of 𝑟0 . The formation of oxide shell on
metal core with 𝑟0 = 10 nm leads to significant decreasing
of the values of 𝑃1 for all spectral interval 150–1000 nm
(Figure 1(l)). The increase of 𝑟0 for homogeneous and coreshell NPs and increase of oxide shell thickness leads to
increase of 𝐾sca , 𝐾ext in comparison with 𝐾abs .
The dependencies of efficiency factors of 𝐾abs , 𝐾sca , and
𝐾ext on 𝜆 for fixed values of homogeneous radii and core radii
𝑟0 and shell thickness Δ𝑟 have complicated forms (Figures 1–
4). In the case of homogeneous NPs of Al with 𝑟0 = 10 nm
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Figure 1: Dependencies of the efficiency factors of absorption 𝐾abs (solid), scattering 𝐾sca (dashed), and extinction 𝐾ext (dashed-dotted) of
radiation and parameter 𝑃1 (solid) on wavelength 𝜆 for spherical homogeneous Al NPs with radii 𝑟0 = 10 (a), 25 (b), and 50 (c) nm, 𝑃1 for
𝑟0 = 10 (1), 25 (2), and 50 (3) nm (d), for two-layered core-shell Al-Al2 O3 NPs with shell thicknesses Δ𝑟1 = 5 nm, 𝑟0 = 5 (e), 20 (f), and 45 (g)
nm, 𝑃1 for core-shell NP radii 𝑟1 = 10 (1), 25 (2), and 50 (3) nm (h); for Al-Al2 O3 NPs with Δ𝑟1 = 5 nm and 𝑟0 = 10 (i), 25 (j), and 50 (k) nm,
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Figure 2: Dependencies of the efficiency factors of absorption 𝐾abs (solid), scattering 𝐾sca (dashed), and extinction 𝐾ext (dashed-dotted) of
radiation and parameter 𝑃1 (solid) on wavelength 𝜆 for spherical homogeneous Al NPs with radii 𝑟0 = 10 (a), 25 (b), and 50 (c) nm, 𝑃1 for
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(Figure 1(a)) there are no maxima in dependencies 𝐾abs (𝜆),
𝐾sca (𝜆), and 𝐾ext (𝜆) in the considered region of wavelengths
max
are
150–1000 nm. Formally the maximal values of 𝐾abs
max
placed at 𝜆 abs < 150 nm. However, for two-layered NP
Al+Al2 O3 (Figure 1(e)) with equal total NP size of 𝑟1 = 10 nm,
consisting of the aluminum core 𝑟0 = 5 nm and aluminum
max
,
oxide shell with thickness Δ𝑟1 = 5 nm, maximums of 𝐾abs
max
max
max
max
max
𝐾sca , and 𝐾ext arise. Values of 𝐾abs , 𝐾sca , and 𝐾ext are
∼ 215 nm. It follows that thin
placed at the same 𝜆max
abs
oxide shell influences optical properties of two-layered NP. As
for homogeneous aluminum NPs with larger radii 𝑟0 = 25
(Figure 1(b)) and 50 nm (Figure 1(c)) appearance of aluminum oxide shell thickness (Δ𝑟1 = 5 nm) on the NP surface
(Figures 1(f) and 1(g)) leads to small shift of location of
max
max
max
, 𝐾sca
, and 𝐾ext
in the direction of bigger (increasing)
𝐾abs
wavelengths up to (no more than) 10 ÷ 25 nm. The values of
max
for two-layered NPs increase with ∼50 ÷ 75%, and the
𝐾abs
max
increase with ∼5 ÷ 10%.
values of 𝐾ext
The formation of oxide shell thickness for 𝑟0 = 45, 50 nm
leads to formation of sharp peak oscillated dependencies with
“plato” from wavelength value 150 nm till 400–450 nm.
Figure 2 presents the dependencies of the efficiency
factors of absorption 𝐾abs , scattering 𝐾sca , and extinction
𝐾ext of radiation and the parameter 𝑃1 on wavelength 𝜆 for
spherical homogeneous Al NPs with radii 𝑟0 = 10, 25, and
50 nm [30]; for two-layered core-shell Al-Al2 O3 NPs with
shell thicknesses Δ𝑟1 = 5 nm, core radii 𝑟0 = 5, 20, and 45 nm,
and 𝑃1 for core-shell NP radii 𝑟1 = 10, 25, and 50; for AlAl2 O3 NPs with Δ𝑟1 = 5 nm, 𝑟0 = 10, 25, and 50 nm, and 𝑃1
for 𝑟1 = 15, 30, and 55 nm. NPs are placed in water. The data
concerning spherical homogeneous Al NPs with radii 𝑟0 =
10, 25, and 50 nm, published in [30], are presented here for
direct comparison with the results for core-shell Al-Al2 O3
NPs and determination of the changes contributed by the
formation of oxide shells on the surface of metal cores.
The substitution of surrounding medium (air to water)
leads to formation of plasmon peaks for homogeneous metal
NP at wavelength ∼200 nm and more pronounced peaks for
core-shell NPs with oxide shell. We have to note the shifting
of the placements of all optical factors to bigger values of
max
decreases for 𝑟0 = 10 nm, but
wavelength. The factor of 𝐾abs
max
with
for 𝑟0 = 25 and 50 nm there is no decrease in 𝐾abs
formation of oxide shell thickness.
Figures 3 and 4 present dependencies of efficiency factors
of absorption 𝐾abs , scattering 𝐾sca , and extinction 𝐾ext of
radiation by spherical homogeneous Zn NPs with radii 𝑟0 =
10, 25, and 50 nm [30], two-layered core-shell NPs Zn+ZnO
with Δ𝑟1 = 5 nm, 𝑟0 = 5, 20, and 45 nm, and 𝑃1 for 𝑟0 = 5, 20,
45 (h); Zn+ZnO NPs with Δ𝑟1 = 5 nm and 𝑟0 = 10, 25, and
50 nm and 𝑃1 for 𝑟0 = 10, 25, and 50 (l) on wavelength 𝜆. NPs
are placed in air (Figure 3) and in water (Figure 4). The data
concerning spherical homogeneous Zn NPs with radii 𝑟0 =
10, 25, and 50 nm, published in [30], are presented here for
direct comparison with the results for core-shell Zn+ZnO
NPs and determination of the changes contributed by the
formation of oxide shells on the surface of metal cores.
The formation of oxide shell with thickness Δ𝑟1 = 5 nm
on core with radius 𝑟0 = 5 nm leads to significant decrease
of the values of 𝐾abs , 𝐾sca , and 𝐾ext in comparison with
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homogeneous metal NP with 𝑟0 = 10 nm and core-shell NP
with 𝑟0 = 10 nm and Δ𝑟1 = 5 nm.
In Figures 3(a)–3(l) the dependencies of efficiency factors
of 𝐾abs , 𝐾sca , and 𝐾ext on 𝜆 are shown for homogeneous NPs
of Zn and two-layered NP Zn+ZnO, placed in air. As in the
case of homogeneous aluminum NP with radius 10 nm, there
are no maxima in dependencies 𝐾abs (𝜆), 𝐾sca (𝜆), and 𝐾ext (𝜆)
in the considered region of wavelengths for homogeneous
Zn NP with radius 10 nm (Figure 3(a)). But for two-layered
NP Zn+ZnO (Figure 3(e)) with equal total NP size of 10 nm,
consisting of the Zn core (𝑟0 = 5 nm) and Zn oxide shell
with thickness (Δ𝑟 = 5 nm), maxima in the dependencies
of absorption, scattering, and extinction on 𝜆 arise. Values
max
max
max
, 𝐾sca
, and 𝐾ext
are placed at the same 𝜆max
∼
of 𝐾abs
abs
415 nm. As for homogeneous Zn NPs with larger radii 𝑟0 = 25
(Figure 3(b)) and 50 nm (Figure 3(c)) appearance of Zn oxide
shell thickness (Δ𝑟1 = 5 nm) on the NP surface (Figures 3(f)
max
max
max
, 𝐾sca
, and 𝐾ext
and 3(g)) leads to shift of location of 𝐾abs
in the direction of increasing wavelength by 80 nm for 𝑟0 =
max
for Zn
25 nm and by 30 nm for 𝑟0 = 50 nm. The values of 𝐾abs
homogeneous and two-layered NPs Zn+ZnO for 𝑟0 = 25 nm
max
max
and 𝐾ext
increase
decrease by ∼20%, and the values of 𝐾sca
by ∼30 ÷ 100%. In the case of Zn homogeneous and twomax
max
and 𝐾sca
are
layered NPs Zn+ZnO for 𝑟0 = 50 nm 𝐾abs
max
practically the same, and 𝐾ext increases no more than 5 ÷
10%.
In Figures 3(a)–3(l) the dependencies of efficiency factors
of 𝐾abs , 𝐾sca , and 𝐾ext on 𝜆 are shown for homogeneous NPs
of Zn and two-layered NP Zn+ZnO, placed in air. As in the
case of homogeneous aluminum NP with radius 10 nm, there
are no maxima in dependencies 𝐾abs (𝜆), 𝐾sca (𝜆), and 𝐾ext (𝜆)
in the considered region of wavelengths for homogeneous
Zn NP with radius 10 nm (Figure 3(a)). But for two-layered
NP Zn+ZnO (Figure 3(e)) with equal total NP size of 10 nm,
consisting of the Zn core (𝑟0 = 5 nm) and Zn oxide shell
with thickness (Δ𝑟1 = 5 nm), maxima in the dependencies
of absorption, scattering, and extinction on 𝜆 arise. Values of
max
max
max
, 𝐾sca
, and 𝐾ext
are placed at the same 𝜆max
𝐾abs
abs ∼ 415 nm.
As for homogeneous Zn NPs with larger radii 𝑟0 = 25
(Figure 3(b)) and 50 nm (Figure 3(c)) appearance of Zn oxide
shell thickness (Δ𝑟1 = 5 nm) on the NP surface (Figures
max
max
, 𝐾sca
, and
3(f) and 3(g)) leads to shift of location of 𝐾abs
max
𝐾ext in the direction of increasing wavelength by 80 nm for
𝑟0 = 25 nm and by 30 nm for 𝑟0 = 50 nm. The values of
max
for Zn homogeneous and two-layered NPs Zn+ZnO for
𝐾abs
max
and
𝑟0 = 25 nm decrease by ∼20%, and the values of 𝐾sca
max
increase by ∼30 ÷ 100%. In the case of Zn homogeneous
𝐾ext
max
max
and 𝐾sca
and two-layered NPs Zn+ZnO for 𝑟0 = 50 nm 𝐾abs
max
are practically the same, and 𝐾ext increase no more than 5 ÷
10%.
The dependencies of efficiency factors of 𝐾abs , 𝐾sca , and
𝐾ext on 𝜆 for homogeneous NPs of Zn and two-layered NP
Zn+ZnO, placed in water are shown in Figures 4(a)–4(l).
As in the case of homogeneous aluminum NP in water
with radius 10 ÷ 50 nm, there are maxima in dependencies
𝐾abs (𝜆), 𝐾sca (𝜆), and 𝐾ext (𝜆) in the considered region of
wavelengths for homogeneous Zn NP. For two-layered NP
Zn+ZnO (Figure 4(e)) with equal total NP size of 10 nm,
consisting of the Zn core (𝑟0 = 5 nm) and Zn oxide shell
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with thickness (Δ𝑟1 = 5 nm), maxima in the dependencies of
absorption, scattering, and extinction on 𝜆 are shifted more
max
max
than 100 nm to increase wavelength. Values of 𝐾abs
, 𝐾sca
,
max
max
and 𝐾ext are placed at the same 𝜆 abs ∼ 425 nm. As for homogeneous Zn NPs with larger radii 𝑟0 = 25 (Figure 4(b)) and
50 nm (Figure 4(c)) appearance of Zn oxide shell thickness
(Δ𝑟 = 5 nm) on the NP surface (Figures 3(f) and 3(g)) leads
max
max
max
, 𝐾sca
, and 𝐾ext
in the direction
to shift of location of 𝐾abs
of increasing wavelength by ∼50 nm for 𝑟0 = 25 nm and by
max
∼30 ÷ 50 nm for 𝑟0 = 50 nm. The values of 𝐾abs
for Zn
homogeneous and two-layered NPs Zn+ZnO for 𝑟0 = 25 nm
max
max
and 𝐾ext
decrease
increase by ∼10%, and the values of 𝐾sca
by ∼20 ÷ 100%. In the case of Zn homogeneous and twomax
max
layered NPs Zn+ZnO for 𝑟0 = 50 nm 𝐾abs
and 𝐾sca
are
max
practically the same, and 𝐾ext decreases no more than 10 ÷
40%.
The substitution of surrounding medium air to water
leads to formation of plasmon peaks for homogeneous metal
NP at wavelength ∼300 nm and more pronounced peaks for
core-shell NPs with oxide shell. We have to note the shifting
of the placements of all maxima of optical factors to bigger
max
increases for 𝑟0 =
values of wavelength. The factor of 𝐾abs
10 nm, but for 𝑟0 = 25 and 50 nm there are no essential
max
changes of 𝐾abs
with formation of oxide shell thickness.
It is seen from Figures 1–4 that the changes contributed
by the appearance and the presence of thin metallic oxide
shells on the surface of metallic NPs are essential for small
aluminum NPs and all zinc NPs from considered metallic
ones. Our results allow estimating the influence of oxide
shells appearing on the surface of metallic nanoparticles on
absorption, scattering, and extinction of radiation by NPs
and influence of ambient properties for their photonic and
technological applications.
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A. Guerrero-Martı́nez, J. Pérez-Juste, and L. M. Liz-Marzán,
“Recent progress on silica coating of nanoparticles and related
nanomaterials,” Advanced Materials, vol. 22, no. 11, pp. 1182–
1195, 2010.
M. B. Cortie and A. M. McDonagh, “Synthesis and optical properties of hybrid and alloy plasmonic nanoparticles,” Chemical
Reviews, vol. 111, no. 6, pp. 3713–3735, 2011.
M. R. Jones, K. D. Osberg, R. J. MacFarlane, M. R. Langille,
and C. A. Mirkin, “Templated techniques for the synthesis and
assembly of plasmonic nanostructures,” Chemical Reviews, vol.
111, no. 6, pp. 3736–3827, 2011.
V. K. Pustovalov and D. S. Bobuchenko, “Heating, evaporation
and combustion of a solid aerosol particle in a gas exposed
to optical radiation,” International Journal of Heat and Mass
Transfer, vol. 32, no. 1, pp. 3–17, 1989.
F. Ruffino, G. Piccitto, and M. G. Grimaldi, “Simulations of
the light scattering properties of metal/oxide/core/shell nanospheres,” Journal of Nanoscience, vol. 2014, Article ID 407670, 11
pages, 2014.
K. Laaksonen, S. Suomela, S. R. Puisto, N. K. J. Rostedt, T.
Ala-Nissila, and R. M. Nieminen, “Influence of high-refractiveindex oxide coating on optical properties of metal nanoparticles,” Journal of the Optical Society of America B: Optical Physics,
vol. 30, no. 2, pp. 338–348, 2013.
G. Valverde-Aguilar, J. A. Garcı́a-Macedo, and V. Renterı́aTapia, “Silver core-silver oxide shell nanoparticles embedded on
mesostructured silica films,” Journal of Nano Research, no. 3, pp.
103–114, 2008.
J. M. J. Santillán, L. B. Scaffardi, and D. C. Schinca, “Quantitative
optical extinction-based parametric method for sizing a single
core-shell Ag-Ag2 O nanoparticle,” Journal of Physics D: Applied
Physics, vol. 44, no. 10, Article ID 105104, 2011.
Z. Yang, L. He, J. Chen, H. Cong, and H. Ye, “Microstructure and
thermal stability of an ultrafine Al-Al2 O3 composite,” Journal of
Materials Research, vol. 18, no. 2, pp. 272–278, 2003.

9
[41] Y.-J. Peng, S.-P. Zhang, Y.-H. Wang, and Y.-Q. Yang, “Theoretical investigation on near-infrared and visible absorption spectra
of nanometallic aluminium with oxide coating in nanoenergetic
materials: Size and shape effects,” Chinese Physics B, vol. 17, no.
9, pp. 3505–3511, 2008.
[42] S. Das, S. Datta, A. K. Mukhopadhyay, K. S. Pal, and D.
Basu, “Al-Al2 O3 core-shell composite by microwave induced
oxidation of aluminium powder,” Materials Chemistry and
Physics, vol. 122, no. 2-3, pp. 574–581, 2010.
[43] J. E. Martin, A. A. Herzing, W. Yan et al., “Determination of the
oxide layer thickness in core-shell zerovalent iron nanoparticles,” Langmuir, vol. 24, no. 8, pp. 4329–4334, 2008.
[44] H. Zeng, Z. Li, W. Cai, B. Cao, P. Liu, and S. Yang, “Microstructure control of Zn-ZnO core/shell nanoparticles and their
temperature-dependent blue emissions,” Journal of Physical
Chemistry B, vol. 111, no. 51, pp. 14311–14317, 2007.
[45] T. Ghodselahi, M. A. Vesaghi, and A. Shafiekhani, “Study of surface plasmon resonance of Cu@Cu2 O core-shell nanoparticles
by Mie theory,” Journal of Physics D: Applied Physics, vol. 42, no.
1, Article ID 015308, 2009.
[46] E. Grigor’ev and E. Meilikhov, Physical Quantities, Atomizdat,
Moscow, Russia, 1991, (Russian).
[47] P. B. Johnson and R. W. Christy, “Optical constants of the noble
metals,” Physical Review B, vol. 6, no. 12, pp. 4370–4379, 1972.
[48] E. D. Palik, Handbook of Optical Constants of Solids, Academic
Press, New York, NY, USA, 1998.
[49] SOPRA N&K Database, http://refractiveindex.info.

