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Abstract. Results of the numerical simulation of the electronic structure of ultra—short single-
walled carbon nanotubes (0, 9) of Ds,, D3q and D; symmetries at the singlet and triplet spin
states were presented. The dependencies of the energy gap, ionization potential, electron
affinity and work function on the length of nanotubes at the singlet and triplet spin states were
obtained. The analysis of the dimensionally dependent change of the electron density of states
and energy gap for electrons with spin up and down allowed to establish the dependence of the
spin polarization value on the length and symmetry of nanotubes. It was revealed that the
energy required to turn from singlet to triplet is in the IR range that makes ultra-short single-
walled carbon nanotubes (0, 9) a promising material for the design of the element base for
spintronics and optoelectronics.

1. Introduction

In recent years a signigificant success was achieved in the field of theoretical and experimental studies
aimed at the nanosystems characterization. The magnetic properties can be obtained at the nanoscale
in materials which are nonmagnetic at the macroscale [1]. The present-day thin metal film
ferromagnetic structures are characterized by a high Curie temperature and radiation tolerance.
Otherwise, the principal limitation of melal spintronics is the impossibility to design amplifiers. That
is why there is a great number of studies devoted to the semiconductor spintronics which is able to
combine non-volatility, low leakage currents and rather high operation rates. The main actual task of
semiconductor spintronics is a search for new materials which demonstrate a fairly high spin
polarization of charge carriers and the construction of devices with a pretty easy registration of the
magnetoresistance difference [2]. The relatively low spin-orbit interaction and ballistic transport of
charge carriers in carbon nanotubes (CNTs) cause a long spin coherence time [3]. Catalyst particles
which are used in CVD- synthesis can act as spin polarizers, however, the technology of doped CNTs
controlled synthesis is rather complicated. The theoretical and experimental study of undoped CNTs
observes the probability of the intrinsic magnetic moment occurrence [4—7].

The particular emphasis is deserved by the magnetic properties of ultra-short single-walled carbon
nanotubes (us-SWCNTs) [5]. The distinctive consideration of us-SWCNTs is caused by a significant
achievement in the field of synthesis methods with a narrow distribution in the chirality and length
control up to angstroms [8, 9]. Lots of theoretical studies of carbon nanotubes demonstrate that the
decrease in their length less than 10 nm causes great changes in the electronic structure and
fundamental parameters such as the energy gap (E;y) between the lowest unoccupied (LUMO) and the
highest occupied (HOMO) molecular orbitals, ionization potential (/P), electron affinity (EA), work
function (W) [10-17]. It is expected that the properties and fundamental parameters of us-SWCNTs
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strongly depend on their spin states. Thus, the intrinsic magnetic moment in pure carbon nanotubes
makes possible their application as functional nanomaterials for spintronics and optoelectronics.

Literature data describing the origin of intrinsic magnetism in nanotubes are not complete and do
not contain the dependencies of main spin-dependent parameters on the tube length. The aim of this
work is the theoretical study of the electronic structure of us-SWCNTs (0, 9) at the singlet and triplet
states.

2. Computational details

The numerical simulations of the electronic structure of the capped zigzag us-SWCNT (0, 9) were
carried out using the DFT (density functional theory) method in the local spin density approximation
(LSDA) with 3-21G basis set by means of the Gaussian 09 program package in the Supercomputing
center of Voronezh State University.
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Figure 1. Structural images of capped us—SWCNTs (0, 9) (a). The mutual orientation of two Cg
hemisphere caps of D3,/D34 and D; symmetries (b).

A stoichiometric formula of capped us—SWCNT (0, 9) is Cgo+1s,. Caps are obtained by the
dissection of the fullerene molecule perpendicularly to the Cs, axis (figure 1). Regardless of number i
there may be two orientations of the caps, corresponding to: 1) D3, (when i = 2p + 1) and D34 (when
i = 2p), (where p is an integer) and 2) D; symmetries. The nanotube length varied from 1 to 3 nm.
According to the Coopmans theorem, the ionization potential /P and electron affinity £4 equal to the
HOMO and LUMO energy with opposite sign. In case of zero number of segments, the capped us-
SWCNT (0, 9) represents fullerene Cqp. Therefore, fullerene is used as a test object which has been
well studied both theoretically and experimentally [18-20]. Our calculated values for fullerene Cg
IP = 6.69 eV and EA = 4.86 eV differ from the average experimental values IP = 7.56 £ 0.06 eV
[21-24] and EA = 2.68 + 0.02 eV [25, 26]. Using the assumption of Cioslowski et al. [11], the
differences between average experimental data and calculated values for fullerene Cg and us-
SWCNTs (0, 9) are equal. In our research we used the following corrections: AIP = 0.87 eV u AEA = -
2.18 eV.

3. Results and discussion

3.1. The electronic structure of the capped us-SWCNT (0, 9) at the singlet state

The analysis of the all-electron total energy showed that us-SWCNTs with D; symmetry are more
stable than Ds, and D34 ones in all the investigated length range. The exception is the nanotube Csg that
is in agreement with the calculations of the standard enthalpy formation of us-SWCNT (0, 9), which
were carried out in paper [11]. It was found out that the length increase causes the monotonic decrease
of the energy gap. The range of the gap E;; energies is from 1.58 eV to 0.59 eV and from 0.81 eV to
0.29 eV for nanotubes of D3;/D3q and D5 symmetries, respectively. The energy gap is non-zero just in
rather close length ranges and seeks to zero at the sizes more than 3 nm. This non-zero gap energy is
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caused by the restriction of the electrons motion along the nanotube axis and by the impact of two
caps.

This fact together with thermodynamical stability of us-SWCNTs (0, 9) makes it possible to
classify them as a whole family of semiconductor nanomaterials. The dependencies of the ionization
potential, electron affinity and work function on the tube length are monotonically decreasing. The
values belong to the ranges /P = 6.49 — 7.30 eV, EA = 4.67 — 497 eV, W =2.65 — 2.84 eV for us-
SWCNTs with Ds3y/Dsg symmetry and IP = 6.37 — 7.29 eV, EA=4.69-5.37 eV, W =3.02 — 3.44 eV for
nanotubes with D; symmetry. It is remarkably that in the approximation of the infinite length and flat
elementary cell zigzag, CNT (0, 9) has a zero energy gap or Eg = 100 — 140 meV if curvature effects
are taken into account [27-30].

3.2. The electronic structure of the capped us-SWCNT (0, 9) at the triplet state

The dependencies of the energy gap between the frontier orbitals on the number of segments for us-
SWCNTs (0, 9) at the singlet and triplet states are shown in figure 2. It was found that at the singlet-
triplet transition the conductivity of us-SWCNTs (0, 9) of D; symmetry decreases that is determined
by the increase of the energy gap between frontier orbitals, so £, (1) u E;5(]) changes to 0.1 — 0.5 eV
in relation to the energy E;y at the singlet state. In its turn, the decrease of spin-dependent gaps
between frontier orbitals to 0.4 — 1.5 eV with respect to the energy E;y of the singlet state of us-
SWCNTs of Djw/Dsq symmetry points out to the significant increase of their conductivity. The
relations between spin-dependent transport properties and the length are qualitatively different for
nanotubes of D3,/D3q and D; symmetries. The value of the electron spin polarization of the nanotubes
D; harshly decreases with the increase of the tube length, that is due to the decrease of the difference
of energy gaps E;x(1) — Erg(]) from 0.231 to 0.011 eV in the range of segments number i = 2 — 8.
For us-SWCNTs (0, 9) of D3p/D3g symmetry with the number of segments i > 4, the value of the spin
polarization increases almost linearly with the rise of the nanotubes length. Thus, the difference of
gaps between frontier orbitals E£;,(1) — Erx(]) is 0.056 eV and 0.107 eV ati =4 and i = 11. The wide
length range of the spin polarization existence and the increase of the difference of electron
conductivities for two spin channels at the length increase of us-SWCNTs of D3y /D3y symmetry
determine the interest in their application in spintronic devices.

At the triplet state of us-SWCNTs (0, 9) the number of electrons with spin up is two more than the
number of electrons with spin down. The energies of molecular orbitals with the majority and minority
spin for the triplet state of us-SWCNT (0, 9) are shifted up and down relative to energies of the singlet
state. This shift of orbital energies is determined by the us-SWCNT symmetry.
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Figure 2. Dependencies of energy gaps E;y at the singlet state (solid lines) and spin-dependent
E (1) (dotted line), E£74(|) (dash-dot line) at the triplet state on the number of segments of the
capped us—SWCNTs (0, 9) of D;,/Dsq (circles) and D; (triangles) symmetries.
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In the triplet state of the nanotube of D; symmetry, the energies of the LUMO and HOMO for
electrons with majority and minority spins are quantitatively shifted almost symmetrically relative to
the energies of frontier orbitals at the singlet state. Thus, the dependencies of energy gaps E (1) and
E;y(]) converge to similar values (see figure 2). It follows from the analysis of the electron density of
states, that the symmetrical shift of energies of molecular orbitals leads to the intersection of the
DOS(1) and DOS(]) at the Fermi level. That results in a loss of spin polarization for long us-SWCNTs
(0, 9) of D3 symmetry.

The gaps between frontier orbitals of us-SWCNTs of D;y/Dsq symmetries decrease during the
singlet-triplet transition that is caused by the unsymmetrical changes of orbital energies. As a result,
the energies of the HOMO(]) and LUMO(?) are close to HOMO and LUMO levels of the singlet
state. That points out to the destabilization of the HOMO and stabilization of the LUMO. As follows
from the DOS-spectrum, the asymmetric shift of the electron energies at the singlet-triplet transition
defines the spin noncompensation at the Fermi level and, hence, leads to a possibility of spin-
dependent transport of charge carriers.

According to the aim of the investigation, the difference of total energies at the singlet and triplet
states was analyzed in the relation to the nanotube length. It is remarkably that the singlet-triplet
transition energy (the difference A = E,,(S = 0) — E,,(S = 1), where E,,, and § are the total energy and
total electron spin of the nanotube) is positive in value and inversely proportional to the number of
segments (figure 3). The ground state corresponds to the singlet state. The energy of the transition to
the triplet state corresponds to the IR — range of spectrum. Since the probability of a direct transition
from the singlet to the triplet state is low, switching can be practically realized by a laser radiation

through intermediaries or an additional influence on the system, for example, by an external electric
field.
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Figure 3. The singlet-triplet transition energy versus the number of segments of the capped
us—SWCNTs (0, 9) of D;;/D34 (circles) and Ds (triangles) symmetries (a) and the visualization of
the electron spin density distribution (b)

The electron spin density is localized on the carbon atom segments which form the us-SWCNTs
(0, 9) body (figure 1 (a), figure 3 (b)). The segment addition does not lead to the qualitative change of
the electron density distribution. Therefore, the ionization potential, electron affinity, energy gap,
work function, energy of the singlet-triplet transition and value of the spin polarization depend
monotonically on the length of us-SWCNTs (0, 9).

4. Conclusions

The size confinement in the capped zigzag us-SWCNTs (0, 9) causes the size-dependent restructuring
of the electronic structure. All main us-SWCNT parameters at the singlet and triplet spin states, such
as the energy gap, ionization potential, electron affinity and work function, monotonically decrease
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with the increase of the nanotube length. The thermodynamic stability, non-zero energy gap, the
energy of the singlet-triplet transition energy lying in the IR-range, the wide length range of the spin
polarization existence and the increase of the difference of electroconductivities for two spin channels
with the increase of the length of us-SWCNTs (0, 9) of D3u/D3q symmetry determine the promise for
their application as materials for design of the element base for spintronics and optoelectronics.

Acknowledgments

The work was supported by the Federal Target Program "Research and development on priority area
of scientific-technological complex of Russia for 2014 - 2020 years", the agreement Ne
14.574.21.0112 from 10.21.2014, the unique identifier of the project is RFMEFI57414X0112.

References

[1] Bhaattacharya S, Akande A and Sanvito S 2014 Chemical Communications 50 6626

[2] Awschalom D D, Flatte M E 2007 Nature Communications 3 153

[3] Murat A, Rungger I, Jin C, Sanvito S and Schwingenschlogl U 2014 Journal of Physical
Chemistry C 118 3319

[4] Sun L, Weil P, Wei J, Sanvito S and Houl S 2011 Journal of Physics: Condensed Matter 23
425301

[5] Wul, and Hagelberg F 2010 Physical Review B 81 155407

[6] Kamil L, Ritschel M, Albrecht L, Krupskaya Y, Buchner B, Klingeler R 2010 Journal of
Physics: Conference Series 200 072061

[71 MinotE D, Yaish Y, Sazonova V, McEuen P 2004 Nature 428 536

[8] Sanchez-Valencia J R, Dienel T, Groning O, Shorubalko I, Mueller A, Jansen M, Amsharov K,
Ruffieux P, Fasel R 2014 Nature 512 61

[9] Kato T, Hatakeyama R 2010 ACS Nano 4 7395

[10] Tuchin A V, Nestrugina A V, Bityutskaya L. A, Bormontov E N 2014 Journal of Physics:
Conference Series 541 012008

[11] Cioslowski J, Rao N and Moncrieff D 2002 Journal of the American Chemical Society 124
8485

[12] Rocherfort A, Salahub D R and Avouris 1999 Journal of Physical Chemistry B 103 641

[13] Buonocore F, Trani F, Ninno D, Matteo A Di, Cantele G and Iadonisi G 2008 Nanotechnology
19 025711

[14] Wang B-C, Wang H-W, Lin I-C, Lin Y-S, Chou Y-M and Chiu H-L 2002 Journal of the
Chinese Chemical Society 50 939

[15] Tuchin A V, Ganin A A, Zhukalin D A, Bitytskaya L. A and Bormontov E N 2014 Recent
Advances in Biomedical & Chemical Engineering and Materials Science 1 40

[16] LuD, LiY, Rotkin S V, Ravaioli U, Schulten K 2004 Nano Letters 4 2383

[17] Yumura T, Hirahara K, Bandow S, Yoshizava, lijima S 2004 Chemical Physics Letters 386 38

[18] Parker S F, Bennington S M, Taylor J] W, Herman H, Silverwood I, Albers P, Refson K 2011
Physical Chemistry Chemical Physics 13 11192

[19] Tuchin A V, Bityutskaya L A, Bormontov E N 2015 European Physical Journal D 69 1

[20] Schettino V, Pagliai M., and Cardini G. 2002 Journal of Physical Chemistry A 106 1815

[21] Hertel I V, Steger H, de Vries J, Weisser B, Menzel C, Kamke W 1992 Physical Review Letters
68 784

[22] Yoo R K, Ruscic B, Berkowitz J 1992 Journal of Chemical Physics 96 911

[23] de Vries J, Steger H, Kamke B, Menzel C, Weisser B, Kamke W, Hertel I V 1992 Chemical
Physics Letters 188 159

[24] H. Steger, J. Holzapfel, A. Hielscher, W. Kamke, 1. V. Hertel 1995 Chemical Physics Letters
234 455

[25] Brink C, Andersen L H, Hvelplund P, Mathur D, Voldstad J D 1995 Chemical Physics Letters
233 52



RYCPS 2015 IOP Publishing

Journal of Physics: Conference Series 690 (2016) 012026 doi:10.1088/1742-6596/690/1/012026

[26]
[27]
[28]
[29]
[30]

Wang X B, Ding C F and Wang L S 1999 Journal of Chemical Physics. 110 8217
Dresselhaus M S, Dresselhaus G and Saito R 1995 Carbon 33 883

Saito R, Fujita M, Dresselhaus G and Dresselhaus M 1992 Physical Review B 46 1804
Odom T W, HuangJ L, Kim P and Lieber C M 1998 Nature 391 62

Ouyang M, Huang J L and Lieber C M 2002 Accounts of Chemical Research 35 1018



