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First-principles study of optical spectra of single-wall BC,N nanotubes
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First-principles calculations based on the density functional theory and the generalized gradient approxima-
tion were carried out to systematically investigate the optical properties of BC,N nanotubes. Two types of
zigzag nanotubes and two types of armchair nanotubes were considered. It was found that the optical properties
of BC,N nanotubes are closely related to their charility and diameter. Depending on the type of the nanotube,
redshifts or blueshifts in the absorption peaks were observed which are due to the competition of the size effect
and 7 orbital overlapping. Optical anisotropy with different light polarizations was also observed in the
absorption spectra and loss function. The peaks in the loss function are attributed to the collective excitations

of m electrons and the high-frequency 7+ o plasmon.
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I. INTRODUCTION

Since its discovery, carbon nanotubes (CNT) have at-
tracted ever increasing scientific interests. Besides the CNT,
other compound nanotubes such as boron nitride (BN) nano-
tube have also been the focus of intensive theoretical and
experimental studies, due to their potential applications.!
Many works have been carried out to investigate the elec-
tronic and optical properties of carbon and BN nanotubes.?"'#

The electronic properties of carbon nanotubes depend on
their radii and chiralities.'>'® Theoretical studies on optical
and loss spectra of multiwall carbon nanotubes (MWCNTS)
revealed a special structure at w~27y, (y,~2.3-3.0 eV is
the nearest-neighbor overlap integral'”) in the optical prop-
erties of MWCNTs.'® For BN nanotubes, calculations
showed that the energy gap of the zigzag nanotube decreases
rapidly with the decrease in its radius, while that of the arm-
chair BN nanotube remains almost constant.!® It was shown
that the strong electron-hole absorption peak of single-wall
BN nanotubes at w<<41v, comes from the 7 band and the
other peaks above 41y, from the 7+ 0o bands.'!

Recently, B,C,N, nanotubes, with arbitrary x, y, and z
values, have been synthesized.’>?! An important member of
the family BC,N has been studied and its electronic and
elastic properties have been investigated.”>?* In this paper,
we present a first-principles study on the optical properties of
the BC,N nanotubes. Optical characterization is an important
technique for understanding the physical properties of nano-
structures. The aim of the study is to find a mapping between
the electronic and optical properties of nanotubes and their
structural properties.

II. CALCULATION DETAILS

First-principles method based on the density functional
theory (DFT) (Ref. 24) and the generalized gradient approxi-
mation (GGA) (Ref. 25) were used in our study to investi-
gate the optical properties of single-wall achiral BC,N nano-
tubes. In our total-energy calculations, we used the plane-
wave basis DFT pseudopotential method?* and the CASTEP

1098-0121/2006/73(3)/035420(6)/$23.00

035420-1

PACS number(s): 61.48.+c, 68.43.—h, 73.22.—f, 71.15.Mb

code.?® The ionic potentials were described by the ultrasoft
pseudopotential proposed by Vanderbilt.?’” The Monkhorst
and Pack scheme of k-point sampling was used for integra-
tion over the first Brillouin zone.?® The Kohn-Sham energy
functional is directly minimized using the conjugate-gradient
method.?® An energy cut-off of 310 eV and 10 k points along
the axis of the tube in the reciprocal space were used in our
calculation. Good convergence was obtained with these pa-
rameters and the total energy was converged to 2.0
X 107> eV/atom. A large supercell dimension in the plane
perpendicular to the tube axis was used to avoid interaction
between the BC,N nanotube and its images in neighboring
cells. The unit is periodic in the direction of the tube.

The imaginary part of the dielectric constant was calcu-
lated from the self-consistent electron wave-function W and
energy £,
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where # is a unit vector indicates the direction of the electric
field of the incident light. The superscript v(c) in W and Ey
labels the valence bands (conduction bands). Equation (1) is
similar to the Fermi’s golden rule for time dependent pertur-
bation, and &,(w) corresponds to real transitions between oc-
cupied and unoccupied electronic states. The real part &;(w)
of the dielectric constant was obtained from &,(w) by using
the Kramers-Kronig relation. A Gaussian smearing width of
0.5 eV was used in the calculation of the dielectric function.

III. RESULTS AND DISCUSSION
A. Structures of BC,N nanotubes

A number of possible structures for planner BC,N were
considered. Our first-principles total-energy calculations
showed that the geometry given in Fig. 1 is most stable,
which is consistent with previous reported results.”23° The
covalent bond lengths in the fully optimized structures are
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FIG. 1. (Color online) Atomic configuration of an isolated
BC,N sheet. Primitive and translational vectors are indicated.

given in Table I. These and other structure details are in good
agreement with those of Refs. 22 and 30.

As shown in Fig. 1, there are several ways of rolling up
the BC,N sheet into zigzag, or armchair nanotubes compared
to a carbon sheet because of its anisotropic geometry. If the
vector notation of carbon nanotubes?! is followed, two kinds
of zigzag BC,N nanotubes, along a; and a,, respectively,
and two kinds of armchair nanotubes, along R; and R,, re-
spectively, can be obtained. To investigate the chiral depen-
dence of the optical properties of BC,N nanotubes, all four
types of nanotubes were considered. For convenience, they
are referred to as ZZ-1 for the zigzag tube obtained by roll-
ing up the BC,N sheet along a;, ZZ-2 for the zigzag tube
rolled up along a,, AC-1 for the armchair tube rolled up
along Ry, and AC-2 for the armchair tube rolled up along R,
respectively. The corresponding translational lattice vectors
along the tube axes, T,;, T,», Tr;, and Ty,, respectively, are
shown in Fig. 1. To investigate diameter dependence of op-
tical properties of the BC,N nanotubes, different sizes of
each type of tubes, ZZ-1 (n,0) for n=6,...,20, ZZ-2 (0,n),
AC-1 (n,n), and AC-2 (n,n), with n=2-5, were considered.
Structures of all nanotubes were fully optimized. The bond
lengths in the optimized structures are slightly deviated from
those in the planner BC,N structure (See Table I). The cal-
culated band gaps and structures are size- and chirality-
dependent. With the increase in the tube size, the band gap

TABLE I. Bond length in the fully optimized planner BC,N
structure and BC,N nanotube.

Length (A)

Bond BC,N sheet BC,N tube
C-C 1.42 1.42
C-B 1.56 1.51
C-N 1.32 1.39
B-N 1.43 1.45
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FIG. 2. Absorption spectra of AC-1 (n,n): (a) for parallel light
polarization and (b) for perpendicular light polarization. The curves
are displaced vertically for clarity (also applies to other figures).

converges to 1.61 eV which is underestimated due to the
well known problem with GGA.

B. Chirality and size dependence of absorption spectra

Figure 2 shows the absorption spectra of AC-1 type BC,N
nanotubes of different diameters. First of all, optical aniso-
tropy can be clearly seen. The absorption spectra under par-
allel and perpendicular light polarizations show clearly dif-
ferent features. For parallel light polarization, the first peak is
at ~3.1 eV [Fig. 2(a)], which is mainly attributed to the
inter-7r band transitions. This low-energy absorption peak
was not observed in the absorption spectra of boron nitride
nanotubes,'? but was present in the absorption spectra of
carbon nanotubes.'3 With the increase of the tube diameter
(or n from 2-5), the peak is slightly blueshifted (from
2.94to03.31eV). The 7 band to 7 band transition at
~7.5 eV is also blueshifted from 7.11 to 7.71 eV when the
diameter of the tube increases, i.e., n increases from 2—5. The
peaks above 10.0 eV are enhanced in larger tubes, especially
the peak around 18.0 eV. The position of the peak around
14.8 eV remains the same with the change of tube size. But
the peaks around 18.0 and 21.8 eV slightly redshift with the
increase of the tube size. The peaks above 10.0 eV are attrib-
uted to the inter-o band transitions. The range of the o band
transition is wider than that of the 7 band transition. The
situation is different for the perpendicular light polarization
[Fig. 2(b)]. Here the first absorption peak is around 1.5 eV
and it redshifts from 1.66 to 1.16 eV with the increase of the
tube diameter (n from 2-5). There exists another weak peak
around 5.2 eV which gains strength and redshifts with an
increasing tube diameter. The broad o band transitions above
10.0 eV redshift with increasing tube diameter.

The absorption spectra of the AC-2 type nanotubes are
shown in Fig. 3. For light polarization parallel to the tube
axis, the main absorption peak is located near 14.5 eV [Fig.
3(a)]. As the diameter of the tube increases, i.e., n increases
from 2-5, this pronounced o band absorption peak redshifts
from 14.64 to 14.32 eV. There exist other peaks in the low-
energy wavelength. The 7 band transition around 2.3 eV is
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FIG. 3. Absorption spectra of AC-2 (m,m): (a) for parallel light
polarization and (b) for perpendicular light polarization.

blueshifts, suppressed with increasing tube diameter and al-
most disappears in AC-2 (5, 5). The 7 band transition around
5.5 eV redshifts and gains strength as the diameter of the
tube increases. Compared to the AC-1 tube, only one domi-
nant peak for the o band transition exists in the parallel
polarization absorption spectrum of AC-2. In the case of per-
pendicular light polarization, the main absorption peak is lo-
cated around 14.6 eV and is slightly redshifted from
14.69 to 14.43 eV when n increases from 2-5 [Fig. 3(b)]. A
nearby peak, around 12.5 eV, gains strength and redshifts
from 12.76 to 11.94 eV as n varies from 2-5. The peak
around 1.5 eV corresponds to the 7 band transition. It is
slightly redshifted.

Figure 4 shows the absorption spectra of the ZZ-1 type
BC,N nanotubes. For light polarization parallel to the tube
axis, the main absorption peaks are within the range of
10.0 to 20.0 eV, corresponding to o band transitions. Two of
the peaks are prominent and shift in opposite directions with

(a) Parallel polarization (b) Perpendicular polarization
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FIG. 4. Absorption spectra of ZZ-1 (n,0): (a) for parallel light
polarization and (b) for perpendicular light polarization.
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FIG. 5. Absorption spectra of ZZ-2 (0,n): (a) for parallel light
polarization and (b) for perpendicular light polarization.

increasing tube size. The peak around 14.5 eV redshifts from
14.83 to 14.25 eV when n increases from 12-20. The peak
around 16.5 eV blueshifts from 16.35 to 16.55 eV when n
increases from 13-20 [Fig. 4(a)]. The shoulderlike structures
on both sides of the above peaks suggest existence of two
weak peaks, the one at higher energy redshifts and is sup-
pressed, but the one at lower energy essentially remains
where it is as the size of the tube increases. Absorption peaks
are also observed in the low-energy range. The peak around
2.0 eV remains at the same energy, but the peak at 7.0 eV is
blueshifted from 6.32 to 7.24 eV with n increasing from
8-20. Several absorption peaks are observed in the case of
perpendicular light polarization. The first absorption peak
redshifts from 1.53 to 1.18 eV with n increasing from 10-20
[Fig. 4(b)]. The peak around 3.3 eV redshifts slightly and
becomes more intense with the increase of the tube size. The
o band transitions above 9.7 eV blueshifts to certain degrees,
and one of them vanishes gradually with increasing tube di-
ameter.

For the ZZ-2 type BC,N nanotubes (Fig. 5), the pro-
nounced absorption corresponding to the ¢ band transitions
is broad and centers around 15.0 eV, which redshifts from
15.56 to 14.58 eV as the diameter of the tube increases in
the case of parallel light polarization [Fig. 5(a)]. The 7 band
transition below 5.0 eV for ZZ-2 (0, 4) is broad and different
from that of ZZ-2 (0,n) (n+#4). For light polarization per-
pendicular to the tube axis, the o band transitions center
around 15.0 eV, which redshifts from 15.44 to 14.71 eV as
the diameter of the tube increases in the case of parallel light
polarization [Fig. 5(b)]. The first 77 band transition around
2.0 eV redshifts from 2.45 to 1.47 eV as the tube diameter
increases. No noticeable shift was found for the second 7
band transition around 5.0 eV.

The absorption spectra of the four series of BC,N nano-
tubes given above show clear optical anisotropy with respect
to light polarization. This can be attributed to the local field
effect due to depolarization. It is also shown that the absorp-
tion spectra are chirality and size dependent. For a given
chirality, redshifts or blueshifts in the position of the absorp-
tion peak is possible with an increase in the tube diameter,
which is due to the competition between the size effect and 7
orbitals overlapping.3> The optical gap will eventually satu-
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FIG. 6. Loss functions of AC-1 (n,n): (a) for parallel light po-
larization and (b) for perpendicular light polarization.

rate when the tube diameter reaches a certain value, due to
the reduction of curvature induced hybridization effect.3? It is
noted that the first absorption peak, which should correspond
to the optical gap, is above 2.5 eV and is larger than the
calculated energy gap (about 1.6 eV).

C. Chirality and size dependence of loss function

The loss function is a direct probe of collective excitation
of the system under consideration. We have calculated the
loss functions of the BC,N nanotubes using Im(—1/&(w)) at
zero momentum transfer from the macroscopic dielectric
function &(w)=g,(w)+ie,(w). The calculated loss functions
of the AC-1 type BC,N nanotubes are shown in Fig. 6. Sev-
eral peaks are observed, which are related to the one-
dimensional (1D) subbands with divergent density of states.
Under parallel light polarization, the first peak in the loss
function is around 3.5 eV [Fig. 6(a)], which can be attributed
to the inter-7r transition. The peak blueshifts from
3.25 to 3.64 eV with the increase of the tube diameter. An-
other peak is located around 7.5 eV which is contributed to
the collective excitation 7 electrons and becomes apparent
with increasing tube diameters. Three peaks above 12.0 eV
are contributed to 7+ plasmon.® And the peak at 18.6 eV
gains strength with the increase of the tube size. In the case
of perpendicular polarization, the main peak is around
2.0 eV which is attributed to the interband transition'® and
shifts from 2.12 to 1.72 eV as the tube diameter increases
[Fig. 6(b)]. The peak around 5.3 eV is due to the collective
excitation of 7 electrons. Peaks are also observed above
10.0 eV, which are attributed to the higher-frequency m+o
plasmon.® Generally, the higher-frequency 7+ o plasmon is
stronger than the collective excitation 7 electrons because
the density of 7+ 0 electrons is larger than that of 7 elec-
trons.

Figure 7 shows the loss functions of the AC-2 type BC,N
nanotubes under different polarizations. In the case of paral-
lel polarization, the inter-7r transition redshifts slightly from
2.38 to 2.27 eV with the strength suppressed as the diameter
of the tube increases [Fig. 7(a)]. The collective excitation of
ar electrons around 5.8 eV remains there and gains strength
as the diameter of the tube increases. High-frequency m+0o
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FIG. 7. Loss functions of AC-2 (m,m): (a) for parallel light
polarization and (b) for perpendicular light polarization.

plasma is in the range of 12.0 to 22.0 eV and its peak
slightly blueshifts as the diameter of the tube increases. For
perpendicular polarization, the weak 7 plasma excitation oc-
curs around 7.5 eV [Fig. 7(b)]. The interband transition peak
located around 2.0 eV shifts from 2.18 to 1.85 eV with the
increase of the tube diameter. High-frequency 7+ o plasma
with broad band excitation are also observed above 10.0 eV.

The loss functions of the ZZ-1 type BC,N nanotubes un-
der parallel light polarization are showed in Fig. 8(a). The
inter-7r transition redshifts slightly from 2.28 to 2.17 eV as n
increases from 7-20. The weak collective excitation of
electrons is located around 7.1 eV and blueshifts slightly as
the diameter of the tube increases. High-frequency m+ao
plasma is in the range 12.0-22.0 eV and its peak slightly
blueshifts as the diameter of the tube increases. For perpen-
dicular polarization, the weak 7 plasma excitation occurs
around 8.2 eV [Fig. 8(b)]. The interband transition peaks are
located within the range 0—5 eV. The lower-energy inter-
band transition around 1.7 eV gains strength with the in-
crease of the tube diameter. High-frequency m+o plasma
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FIG. 8. Loss functions of ZZ-1 (n,0): (a) for parallel light po-
larization and (b) for perpendicular light polarization.
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FIG. 9. Loss functions of ZZ-2 (0,n): (a) for parallel light po-
larization and (b) for perpendicular light polarization.

with broad band excitation are also observed above 10.0 eV.
Two excitation peaks remain prominent as the diameter in-
creases.

The loss functions of the ZZ-2 type BC,N nanotubes are
shown in Fig. 9. For parallel polarization, the 7+ o plasma is
in the range 12.0—-20.0 eV and blueshift with the increase in
the diameter of the tube [Fig. 9(a)]. The inter-7r-band transi-
tion around 3.7 eV is very strong for ZZ-2 (0, 4). The weak
7 plasma around 7.0 eV blueshifts as the tube diameter in-
creases. Under perpendicular polarization, the the w+o
plasma is within 9.0-20.0 eV [Fig. 9(b)] and blueshifts as
the tube diameter increases. The inter-m-band transition
around 2.0 eV redshifts from 3.06 to 1.89 eV as the tube di-
ameter increases. The = plasma around 5.0 eV redshifts
slightly as the tube diameter increases.

From the above, we can see that the loss functions of the
BC,N nanotubes have anisotropy in the plasma excitation
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with different light polarizations. Generally, the inter-7-band
excitation energy is less than 5.0 eV. The 7 plasmon excita-
tion energy is within the range 5.0 eV-9.0 eV. The high-
frequency 7+ o0 plasmon is observable above 10.0 eV. The
intensity of the 7 plasma is much weaker than that of m+ o
plasma because the density of 7+ ¢ electrons is larger than
that of 7 electrons. The peaks shift slightly with the increase
of the tube diameter.

IV. CONCLUSIONS

In summary, we systematically studied the optical proper-
ties of BC,N nanotubes using a first-principles method. It
was found that the absorption spectra and loss functions of
the BC,N nanotubes are closely related to their diameter and
charility. Optical anisotropy is observed for different light
polarizations. The absorption spectra indicate that the optical
gap can redshift or blueshift with the increase in the tube
diameter, depending on the charility. The observation of low-
energy absorption in BC,N nanotubes indicate that BC,N
nanotubes have similar optical properties as carbon nano-
tubes to some extent due to their similar 7 bonding consist-
ing of carbon p orbitals. The pronounced peaks in the loss
function spectra are mainly induced by the collective excita-
tion of 7 electrons below 10.0 eV and the high-frequency
4+ 0 plasmon above 10.0 eV. The collective excitation of 7
electrons is much weaker than that of the high-frequency =
+ o plasmon. It is noted that due to the well known fact that
DFT/GGA underestimates band gaps of semiconductors, a
systematic shift for the peak positions may be necessary in
the calculated optical spectra. However, the dependence of
the optical properties of BC,N naotubes on their size and
charility are valid.
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