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The second harmonic generation (SHG) coefficients of the deformed single-walled carbon
nanotubes (SWNTs) have been calculated from the density functional theory in the local density
approximation. The obtained results show that their nonlinear responses are very sensitive to the
deformation degree and the helicity of the SWNTSs, as well as the type of applied strains. More
importantly and interestingly, the SHG can be induced in the armchair or zigzag nanotubes under
torsional strain, making them promising nonlinear optical materials controllable by applied
strains. © 2006 American Institute of Physics. [DOI: 10.1063/1.2218814]

Carbon nanotubes (CNTs) are hollow cylinders rolled up
from graphite sheets with their diameters ranging from sev-
eral to a few tens of angstroms and their lengths from several
micrometers to millimeters. Since their discovery in 1991,1 a
great progress in the researches of their fundamental proper-
ties and potential applications has been made in the last de-
cade. Because of their one-dimensional character, CNTs have
shown many unusual physical properties and great potential
applications in nanotechnology. For example, the CNT can
be metallic or semiconducting, depending only on its diam-
eter and the chirality.

In experiments, the CNTs are usually deposited on a sub-
strate, so their deformation is unavoidable, which will intro-
duce some modifications on their electronic structures and
further their physical properties.z’3 It has been found that in
the deformed single-walled carbon nanotubes (SWNTs) un-
der uniaxial and torsional strains, their 7 orbital electronic
band structures are determined by their chiral symmetries
and strains.*™® Most of the deformed SWNTs show a metal-
semiconductor transition, occurring repeatedly with increase
of the strains. Under a uniaxial strain, the energy gap of a
zigzag tube varies linearly with the strain and is independent
of its diameter, while the armchair tube remains metallic. In
contrast, under a torsional strain, the energy gap changes
most for the armchair tubes, while the metallic zigzag tube
remains metallic. All the changes of electronic structures of
the SWNTs would influence their optical properties sensi-
tively. Then, the studies on the linear and nonlinear optical
properties of the deformed SWNTs could be helpful in de-
termining accurately the geometrical structures of SWNTs in
experiment.

In fact, many theoretical studies on the optical properties
of the SWNTs have been done mainly based on the tight-
binding approximation.L13 For example, Jiang efr al. have
studied the linear optical properties of the deformed SWNTs
using an analytical 7r-band tight-binding calculation.'® How-
ever, there are only a few of the more accurate ab initio
studies on these so far,"*™"" which could be more applicable
to the SWNTs with smaller diameters and deformed SWNTs.
Recently, a systematic ab initio study on the optical proper-
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ties of the SWNTs has been done by Guo et al.'® They cal-
culated the optical dielectric function and second-order opti-
cal susceptibility for a lot of armchair, zigzag, and chiral
SWNTs, and found that the energy position, the shape, and
the number of absorption peaks of small diameter nanotubes
depend rather strongly on their diameters and chiralities. It is
also revealed that the magnitude of the second-order optical
susceptibility of small chiral SWNTs is very large, even
reaching nearly ten times larger than that of GaAs, suggest-
ing that the small chiral SWNTs could be a good nonlinear
optical material.'®

It is well known that the inversion symmetry eliminates
the second harmonic generation (SHG), making the achiral
SWNTs, i.e., the armchair and zigzag ones, have no SHG.
However, an application of a torsional strain can break the
inversion symmetry of achiral SWNTs and will hopefully
induce SHG signals in them. So, in this letter, we will try to
make the first-principles calculations for studying the defor-
mation effects on the optical responses in SWNTs and pay
more attention to the deformation-induced SHG in the
SWNTs.

We use the total energy plane-wave pseudopotential
method in the local density approximation (LDA) with the
Ceperley-Alder exchange correlation. The Vienna ab initio
simulation package'®? (VASP) is employed. The interaction
between the ions and electrons is described by the highly
accurate full-potential projected augmented wave (PAW),21’22
which can give a more accurate and reliable result than the
ultrasoft potential. In our calculations, the 2s and 2p orbitals
of the carbon atom are treated as valence orbitals, and a large
plane-wave cutoff of 450 eV is used throughout.

A supercell geometry is adopted so that the nanotubes
are aligned in a hexagonal array, with the closest distance
between adjacent nanotubes being at least 10 A. The tube
axial is along the z direction, and a uniform grid of
1X1Xn k points is used, and the maximum spacing be-
tween k points is less than 0.01 A~'. The special k point
method plus the Gaussian broadening technique (with a
Gaussian width of 0.05 eV) are used in the Brillouin zone
integration.

We first construct an ideal nanotube from a graphite
sheet. Then, a conjugate gradient method is used to optimize
the positions of atoms and also the supercell height, until the
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FIG. 1. Density of states (left three panels, E;=0) and Im )(81 (right three
panels) of the (4, 2) chiral SWNT under different tensile strains.

forces acting on all the atoms are less than 0.01 eV/A. With
the equilibrium structure, we then use a more dense set of k
points to calculate the electronic structure and the momen-
tum matrix elements.”> And finally we use the same formulas
as in Ref. 18 to obtain the dielectric function and the SHG
susceptibility. The formulas are obtained in the independent
particle approximation, %25 and used also to calculate the di-
electric function of graphite, showing a good agreement with
experiments.18

The SHG of several deformed SWNTs are firstly calcu-
lated. Here, we only present in Fig. 1 the density of states
(DOS) and the imaginary part (Im )(W) of the SHG for the
chiral (4,2) tube under tensile strain. It is seen that the unde-
formed (4,2) tube is a semiconductor with a small gap of
about 0.1 eV, and its highest SHG peak is located at about
2 eV with its absolute value of about 10X 107° esu, which is
consistent with the previous result.'®

The tensile strain shifts the DOS peaks obviously, mak-
ing the DOS gap disappear at 4% tensile strain. And it also
changes the SHG. However, the curve shape and the peaks of
its SHG under different tensile strains are quite similar, ex-
cept for the peak shift and the change of peak height under
the strain. For example, the peaks labeled + in Figs. 1(b),
1(d), and 1(f), are located at 2.07, 2.05, and 1.94 eV under
the 0, 0.02, and 0.04 tensile strains, respectively.

We then pay more attention to the SHG of deformed
achiral SWNTSs under torsional strain because both the per-
fect armchair and zigzag nanotubes do not have SHG due to
their inversion symmetries, and the uniaxial strain does not
break their inversion symmetries. The calculated results for a
(10,0) zigzag SWNT and a (5,5) armchair SWNT are shown
in Figs. 2 and 3, respectively, from which it is clearly seen
that the SHG signal can indeed be observed, and its ampli-
tude is very large too.

The SHG peaks can also be explained by the corre-
sponding DOSs. Since the SHG is a two photon excitation
process, it is more complex than the linear optical response.
For example, the two DOS peaks, labeled by the symbol +
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FIG. 2. (Color online) Density of states (left three panels, £;=0) and Im )(gi
(right three panels) of the (10,0) SWNT under different torsional strains. In
Fig. 2(f), the red dotted line is the calculated SHG for the SWNT (10, 0)
bundle under 4.7159° torsional strain. The main peaks are listed in Table I.

in Fig. 2(a) and located at —1.74 and 2.04 eV, produce the
highest SHG peak 2 in Fig. 2(b), located at 1.89 eV.

The SHG peaks can be shifted by the torsional strains,
which can be explained by the shift of the DOS peaks. For
example, for the (10, 0) zigzag tube when its torsional defor-
mation is increased to 3.6712° as shown in Fig. 2(c), the two
DOS + peaks shift to —1.60 and 2.07 eV, making the corre-
sponding SHG peak 2 in Fig. 2(d) shift to 1.86 eV. Again, in
Fig. 2(e), the two DOS + peaks shift to —1.44 and 2.10 eV
due to more increased torsional strain, and so the corre-
sponding SHG peak 2 in Fig. 2(f) shifts further to 1.81 eV.
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FIG. 3. Density of states (left three panels, E;=0) and Im )(2> (right three
panels) of the (5, 5) SWNT under different torsional strains. The main peaks
are listed in Table II.
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TABLE 1. Calculated positions of three Im )(ﬁl(—Zw;w,w) peaks of the
(10,0) SWNT under torsional deformation. The peak labels are marked in
Fig. 2. The values in the brackets are frequency shifts relative to those under
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TABLE II. The same as Table I except for the (5,5) SWNT. The peak labels
are marked in Fig. 3.

previous torsional strain. The frequency unit is eV. Torsional 2.6802° 3.6705° 4.7150°
Torsional 2.4529° 3.6712° 4.7159° Peak 1 0.75 0.82 (0.07) 0.91 (0.09)
Peak 2 0.92 0.99 (0.07) 1.10 (0.11)
Peak 1 1.74 1.70 (-0.04) 1.65 (=0.05) Peak 3 1.07 1.14 (0.07) 1.29 (0.15)
Peak 2 1.89 1.86 (-0.03) 1.81 (-0.05)
Peak 3 2.05 2.03 (-0.02) 2.00 (-0.03)

Finally, we should emphasize that in our calculations, in
order to obtain a reasonable SHG amplitude of an isolated
SWNT, we have used the effective unit cell volume of the
SWNTs, rather than their supercell volume.'® For identifying
its reliability, we have also calculated the SHG of a SWNT
(10,0) bundle under 4.7159° torsional strain because the tube
bundle is a realistic bulk material and has a well defined unit
cell volume. The obtained SHG result of the bundle is pre-
sented in Fig. 2(f), from which it is clearly seen that except
for the blueshift of the peak position, the peak amplitude of
the SWNT bundle’s SHG is even larger than that of the iso-
lated SWNT, and also than those of GaAs and GaP.?° There-
fore, the effective unit cell volume we used in above calcu-
lations is reliable, and the calculated SHG values for the
deformed SWNTs are meaningful, which could be compa-
rable with those of the bulk nonlinear optical materials.

The main peaks in Figs. 2 and 3 are listed in Tables I and
II, respectively. By a comparison of these, we find that the
main peaks of zigzag (10,0) SWNT shift little under the tor-
sional strain (less than 0.05 eV/deg), while those of the arm-
chair (5,5) SWNT shift more under almost the same torsional
strain (about 0.1 eV/deg). This is because the electronic
structure of the armchair tube is more sensitive to the tor-
sional strain than the zigzag tube. Also, we can see clearly
from Fig. 3 and Table II that the highest SHG peak of SWNT
(5,5) shifts towards the higher energy with increasing tor-
sional strain. So, the shifting of the main peaks in the SHG
of the deformed SWNTs could reflect the strength of the
applied torsional strain on them.

Since it is difficult to observe directly the geometrical
structures of the SWNTs, and probably more difficult to
know if a SWNT is subject to deformation or not, the effects
of the applied strains on the nonlinear optical responses
found in this letter could be quite important for experiments,
based on which the deformation degree of the SWNTs, the
type of applied strains, and the helicity of the SWNTs could
be determined accurately in experiments.

In summary, using the first-principles method, we have
calculated the nonlinear optical responses of the deformed
SWNTs, and more attention has been paid to those of the
achiral SWNTs under the torsional strains. Our ab initio cal-
culations found that the tensile strain can shift the SHG
peaks and change their heights for the chiral SWNTs. More

importantly, it is found that the torsional strain can induce
the nonlinear SHG optical signals in the deformed achiral
SWNTs, which should be exactly zero in the undeformed
SWNTs with an inversion symmetry. And the amplitude of
the torsional-strain-induced SHG signal is larger enough for
experimental measurements, suggesting that it has a potential
application in the future nonlinear optical materials with ad-
vantage of controlling the creation or annihilation of the
SHG signals by switching on or off an applied torsional
strain.
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