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The third-order optical nonlinearity of a nitrogen doped car-
bon nanotube is studied. It is found that carbon nitride nano-
tubes are potentially important in photonics owing to their large
nonlinear optical response.
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Molecules with large third-order optical nonlinear-
ities, characterized by large second-order hyperpolariz-
abilities (7), are required for photonic applications [1].
However, the y magnitudes of most third-order materi-
als are usually smaller than those needed for photonic de-
vices. Hence, finding third-order materials with large y
magnitudes has been a hot topic in physics and chemis-
try. Theoretical and experimental studies have shown that
conjugated m-electron organic systems, fullerenes and
carbon nanotubes, are potentially important in photonics
owing to their large nonlinear optical (NLO) response
[1-5].

Theoretical studies [6, 7] demonstrated that the lattice
and electronic structures of fullerenes change with sub-
stituted doping; the band gaps and electronic polariza-
tion of the substituted fullerenes vary greatly with differ-
ent substituted doping; the distribution of 7 electrons on
the surface of the fullerene is changed due to the sub-
stituted doping effect, the originally delocalized 7 elec-
trons in a pure fullerene becoming more localized around
the substituted atoms. Obviously, these factors have a
large etfect on the NLO properties of fullerene-related
nanotubes [5]. Recently, nitrogen or boron doped carbon
nanotubes have successfully been synthesized [8]. There-
fore it is interesting and useful to investigate theoretical-
ly the NLO properties of doped carbon nanotubes. In this
paper we perform a calculation of the second-order hy-
perpolarizabilities of a single substituted zigzag nano-
tube (SSZN) doped by nitrogen.

The previous model [2—4] has successfully been used
to describe a small zigzag nanotube: Cg, x5, Where i is
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a positive integer. Here the model is modified to include
the effect of the dopant ions in order to describe the small
SSZN, Csg,ix18X, 1.€.,
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where the sum (i) is taken over the nearest neighbors for
both the c—c and X—c bonds; ¢, and ¢, represent the hop-
ping integrals for the c—c and X—c bonds, respectively;
oy and o are the electron-phonon coupling constants re-
lated to the c—c and X—c bonds, respectively; K, and K,
are the spring constants corresponding to the c—c and
X—c bond, respectively; y;; is the change of the bond
length between the ith and jth atom; the operatorc; (c: s)
annihilates (creates) a 7 electron at the ith atom with spin
s (szT, &% Uy or U is the usual on-site Coulomb repul-
sion strength; V,, or V; is the Coulomb interaction
between the nearest and next-nearest atoms. Since there
is only one substituted atom (i.e., X) in the zigzag nano-
tube, H g(l ol . Plays a perturbational role, and as an approx-
imation the original empirical parameters (t,, 0, Ky, Uy,
Vo) in H iojc are assumed not to change due to the substi-
tuted doping (taken to be the same in this numerical cal-
culation as those [4] in the pure zigzag nanotube),
U,=Uy, and V,=V,). The choice of the three parameters
(t,, 04, Ky) for the X—c bonds is of course important. Us-
ing the self-consistent-field molecular-orbital (SCFMO)
method, Kurita et al. [8] have calculated the molecular
structure and electronic properties for C59X (X=B, N).
Also we investigated the structural and electronic prop-
erties of the same substituted doped fullerenes by care-
fully adjusting the values of the three parameters ¢, o,
and K, and we found that our numerical calculations
can accurately reproduce the results [8] obtained from

0932-0784 /99 / 0500-0348 $ 06.00 © Verlag der Zeitschrift fiir Naturforschung, Tiibingen - www.znaturforsch.com

@NOIS)

Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher

Nutzungsformen zu erméglichen.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der

) Wissenschaften e.V. digitalisiert und unter folgender Lizenz veréffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



Notes

the SCFMO method if 7,=1.17¢V, a;=6.04eV/A,
and K,;=51.1eV/A?> for CsoB, and 1,=1.05eV,
o,=6.13eV/A, and K,=49.6eV/A? for CsoN. There-
fore, in this numerical calculation, we adopt the same
values of all the parameters for C5oB and CsoN.

Within the independent electron approximation and
sum-over-state approach, the second-order hyperpolariz-
ability y can be written as y=3Y._, 7, (-3®; 0, @, o),
where ¥, is given in detail in [4].

Based upon the electronic structure obtained in the
above model, we calculate the static second-order hy-
perpolarizabilities (Vimpuriey) Of the SSZN Csg,ix18X.
Here the z axis is taken along the direction from the bot-
tom hexagon to the top one, and the x axis is directed to
the impurity ion X. Since the ratio between the different
components of y are not known, a spatial average of y is
given by [2-4] Y=[Yeou+ Vovyy T Yezzz + 2 (Ym\ + Yyt
Y.-x)]/5. In order to see the substituted doping effect
on the NLO response of the zigzag nanotubes, we calcu-
late the ratio Q between ¥mpuriy aNd Ypuriye Where
Ypurity 18 the static y value of the corresponding pure nano-
tube, which is given by the empirical formula ¥,y =
(1+ix18/60)>*® ¥, for the zigzag nanotube [4], and
Yeo=S5.6x 107 esu is the static ¥ value of Cg. Fori=1,
4,8,12,0=31.1,34.3,38.6,41.5, respectively. Itis seen
that the static y value of the doped zigzag nanotube is
more than 30 times larger than that of the corresponding
pure one. This means that the substituted doping greatly
increases the nonlinear optical polarizability of the car-
bon nanotube.

The dynamical nonlinear optical response of
Cso.5x18N has also been investigated by calculating the
THG spectrum, and the results are shown in Figure 1.
The first peak is located at 3w=0.131¢eV, and the corre-
sponding y magnitude is 32.6 X 107*2 esu, which is about
three times larger than that (=11.4X 107*2 esu [4]) of the
pure zigzag nanotube. As in the pure case, the first peak
in the y spectrum of the SSZN is caused by a three-pho-
ton resonance between two energy levels near Fermi lev-
els with one in the conduction band and the other in the
valence band.

Moreover, it is seen that the highest peak in the y spec-
trum is located at 3w=0.451 eV, and the corresponding
Yimax Magnitude is about 337.14x 107 esu, which are
more than 50 times larger than that (=6.66x107*% esu
[4]) of the highest peak of the pure zigzag nanotube. This
peak is caused by one-, two-, and three-photon resonance
enhancement (OTTPRE) [4]. The other peaks with larg-
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Fig. 1. The second-order hyperpolarizability ¥ spectra of
Csy, 551N, where R=y/10" esu and W=3 weV.

er Y magnitudes are produced by two- or three-photon
resonance. For example, the three-photon peaks with
larger y magnitudes are located at 3w=0.415, 0.437,
0.471 eV, and the two-photon peaks with large y magni-
tudes are located at 3w=0.401, 0.493 eV. Furthermore,
we notice that the major response peaks with large y mag-
nitudes concentrate in a narrow region, where the opti-
cal frequency is near the energy gap, ie., 30=3E,,
where E,=0.135 eV. The reason is the same as that for
the pure case [4], i.e., many OTTPRE processes are ob-
served in a doped zigzag nanotube, but only those tran-
sition processes, which occur between the energy levels
near Fermi levels, are able to contribute large y magni-
tudes.

In conclusion, our numerical calculations indicate that
the nitrogen doped zigzag nanotube is potentially impor-
tant in photonics owing to the large nonlinear optical re-
sponse. Very recently, the generation of nitrogen doped
carbon nanotubes has been reported [8]. In the light of
this experimental progress, the above theoretical studies
are significant in the photonic application of carbon ni-
tride nanotubes. Surely, it would be interesting to see
what would happen if heavier substituted doping of car-
bon nanotubes were done. Based on the results in this
paper, most probably this process would raise the y mag-
nitude further. Work along this direction is in progress.

This work is supported by Alexander von Humboldt
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