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ABSTRACT First-principles and nonequilibrium Green's function

techniques are used to investigate magnetism and spin-polarized
quantum transport in metallic carbon nanotubes (CNT) decorated
with transition metal (Ni;3, Pt;3) magnetic nanoclusters (NC). For <
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small cluster sizes, the strong (NT—NC interaction induces spin-

polarization in the CNT. The adsorption of a benzene molecule is
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found to drastically modify the (NT—NC magnetization. Such a
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magnetization change should be large enough to be detected via magnetic-AFM or SQUID magnetometry, hence suggesting a novel approach for single-

molecule gas detection.
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ince their discovery,’ carbon nano-
tubes (CNTs) have constantly attracted
more interest in the scientific commu-
nity because of their remarkable electronic
and quantum transport properties>> that
make them potentially useful for applica-
tions in nanoelectronics,* spintronics,” and
gas sensing devices.®
Thanks to their high surface-to-volume
ratio and being one-dimensional nano-
systems, CNTs are considered as exceptional
nanodetectors since their properties are ex-
tremely sensitive to external perturbations.®
Hence, CNT-based devices are very pro-
mising for ultrasensitive biological”® and
chemical®~'® sensors. However, the sens-
ing ability of devices based on pristine
CNTs>'° is mostly due to the presence of
defects or impurities which perturb the
intrinsically inert sp? carbon network. To
overcome the limitations of pristine CNTs,
local functionalization of CNT sidewalls
with various chemical groups'""'? or metal
nanoclusters'>~"* has been successfully in-
vestigated both experimentally and theoret-
ically. In these CNT-based devices, both the
chemical group and the metal NC serve as the
sensing unit, as proposed in ref 16. Indeed,
gas detection is achieved by macroscopic
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measurements of the conductivity of modified-
CNT mats 513713

Moreover, CNTs decorated with transition
metal magnetic nanoparticles are also good
candidates for spin-dependent transport
applications. Indeed, spin-polarized cur-
rents can propagate throughout CNTs on
extremely long distances (spin diffusion
length, ~1.5 um'”'8) thanks to the weak
spin—orbit and hyperfine interactions in
carbon-based materials, as well as to the
large carrier velocity in CNTs. When compared
to spin injection by ferromagnetic,'’'9~22
doped magnetic semiconductors,® or semi-
metallic electrodes,'® CNTs filled with transition
metal nanoparticles present the advantage of
making an efficient spin injection compatible
with low-resistance contacts, as discussed both
theoretically***> and experimentally.25?’

Here, a new approach to detect individual
gas molecules based on local magnetic
moment measurements of CNTs decorated
with transition metal NCs is proposed. First-
principles calculations are used to investi-
gate the perturbation of the electronic,
magnetic, and spin-polarized quantum trans-
port properties induced by decorating the
external sidewalls of CNTs with Ni and Pt
nanoparticles. The presence of these magnetic
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Figure 1. Ball-and-stick schematic models illustrating fully ab initio relaxed atomic structures of a (5,5) CNT decorated with a
Ni3 (a,b) or a Pt;3 (c,d) nanoparticle before (a,c) and after (b,d) the absorption of a single benzene molecule. Carbon, nickel,
platinum, and hydrogen atoms are represented by gray, light blue, pink, and white spheres, respectively.

NCs gives rise to a significant magnetization in the CNT,
resulting in a spin-polarized current close to the Fermi
energy (Ef). Such induced magnetization is further
shown to be drastically affected by the subsequent
adsorption of a gas molecule at the NC surface. The
computed variations of magnetization in the hybrid
CNT—NC system could be detected using either mag-
netic-AFM measurements at the nanoscale, or a CNT-
SQUID device® or, even indirectly, exploiting the
magneto-Coulomb effect arising by the coupling of
the CNT with the magnetic NC,* as described in ref 30.
Although this new approach implies difficult measure-
ments at the nanoscale, the CNT—NC hybrid systems
will exhibit an extraordinary sensitivity to gas mol-
ecules with respect to conventional methods based
on the macroscopic conductivity measurement per-
formed on CNT mats.

RESULTS AND DISCUSSION

In the present work, a metallic (5,5) singlewall CNT
decorated with a Niy3 or Pt;3 nanocluster has been
chosen as an ideal model for the CNT—NC system
(Figure 1a—c). Indeed, a cluster of 13 atoms corre-
sponds to the minimal size to present a spherical shape
(closed atomic shell), and both Ni;3 and Pt;3 NCs
exhibit extraordinary energetic stability.3" The icosahe-
dron is known to be the lowest energy structure for
Ni;5>2 and is also favored for larger cluster sizes. In
addition, the magnetic properties of transition metal
nanoparticles are strongly size-dependent: the smaller
the cluster is, the higher is the magnetic moment per
atom. Experimental measurements reported a mag-
netic moment of ~0.96 ug/atom in Ni;3** and up to
~0.65 pg/atom for Pty in a zeolite.3* At last, benzene
has been selected as the target molecule to detect,
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since itis an highly toxic gas and just a few studies have
reported benzene detection in the ppb range' using
conventional techniques.

First, the atomic structures of the two isolated Ni;3
and Pt;3 NCs, with an icosahedral symmetry, have been
fully ab initio optimized, finding Ni—Ni and Pt—Pt bond
lengths and spin magnetization in excellent agree-
ment with previous ab initio calculations: dyi_ni ~
225-229 A and M ~ 80 ug for Nij3,>® dpp ~
2.61—2.75 A and M ~ 2.0 ug for Pt;3.°

Second, the equilibrium atomic structures and the
electronic properties of the CNT—NC systems (before
and after CgHg adsorption) have been computed using
a1 x 1 x 9periodic supercell (2.2 nm in the z direction
along the tube axis), for a total of 193 and 205 atoms,
respectively. The structural, electronic, and magnetic
properties of the CNT—NC systems converge for a real-
space grid cutoff of 400 Ry and a 1 x 1 x 18 k-point
sampling mesh with a Fermi-Dirac smearing of 10 meV.
It is, indeed, necessary to employ a very small elec-
tronic temperature since the CNT—NC systems are
metallic. The supercell has been optimized along the
z direction (maximum stress <0.01 eV/A), while the lat-
eral dimensions are kept fixed ensuring an intertube
separation larger than 18 A. The atomic positions have
been relaxed until the maximum force on each atom is
less than 0.01 eV/A. After relaxation, the atomic struc-
ture of the Ni;3 NC keeps its original icosahedral shape,
while the Pt;3 NC is slightly distorted, as depicted in
Figure 1 panels a and ¢, respectively. Both Ni;3 and Pt;3
interact strongly with the CNT, as indicated by the large
binding energies (Eg) and by the relatively short inter-
distance (dnc), reported in Table 1. Consequently, this
strong interaction between the attached NC and the
tube greatly perturbs the pristine CNT band structure
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TABLE 1. Computed Bond Lengths, Binding Energies, and
Charge Transfer?

Niqs Niy3—GsHe Pty3 Pty3—CeHe

A —4514 —4422 —5.590 —5.748
Epgas —4.304 —5918
de 197 222 217 216
dyas 20 213
Adyc —0.636 —0.662 —0.035 —0.123
Adgs 0316 0.148
M 8.0 6.0 40 26

“ Computed binding energies (Eg, eV) between the pristine CNT and the two NCs
with and without the adsorbed benzene (CgHg) molecule, binding energies (€5 g,
eV) of the CgHs, CNT—NC distance (dyc, ), NC—CgHe distance (dggs, A), electronic
charge transferred to the NC (Agyc, |e]) and to the benzene molecule (Aqg,s, [e]).
Positive (negative) values of Ag denote an acceptor (donor) character. Net spin
polarization (M, ug) is computed for the whole C(NT—NC(+-C¢Hg) hybrid system.

(Figure 3a) and, hence, its quantum conductance
around Eg, as described later. At last, both NCs are
found to exhibit a donor character, with a large elec-
tronic charge transfer from the Ni;3 toward the tube
(0.636 e”) and a smaller one in the case of Pt;3(0.035¢e7).

Third, the adsorption of a single benzene molecule
on the CNT—NC nanosensor is also investigated theo-
retically. To model gas adsorption, first-principles con-
jugate gradient (CG) minimization is performed starting
from a benzene ring lying on the top of the NC and
parallel to the CNT axis. Indeed, benzene essentially
binds thanks to its ring of delocalized 7 orbitals, that is,
with the CgHg ring parallel to the binding surface. The
resulting ab initio fully relaxed atomic structures are
illustrated in Figure Tb—d. Benzene adsorption is
found to slightly alter the electronic and structural
properties of the CNT—NC hybrid system, as indicated
by the almost unchanged CNT—NC distances (dnc) and
binding energies (Eg) reported in Table 1. Computed
binding energies of the CgHg (Eggas) and NC—CgHg
distances (dgas) also suggest that benzene interacts
strongly with both Ni and Pt NCs. Consequently,
benzene is found to accept a significant fraction of
electronic charge from both the CNT—Ni;3 (0.316 ™)
and the CNT—Pt;3 (0.148 ™) hybrid systems. Both the
CNT—NC and the NC—CgHg interactions exhibit the
conventional features of a chemisorption, that is, high
binding energies and relatively short bond lengths. For
each geometry, the computed bond lengths, binding
energies, and charge transfer are summarized in Table 1.

Magnetic properties and spin-polarized conduc-
tances have been calculated using a nonperiodic
open-system consisting of a central scattering region
and two semi-infinite pristine (5,5) CNTs as left and
right electrodes. The scattering region includes the
relaxed CNT—NC hybrid system, either with or without
adsorbed benzene, embedded between four cells of
pristine (5,5) CNT for a total of 17 cells (4.2 nm along the
tube axis) and 353 (before) or 365 (after adsorption)
atoms. The use of long pristine electrodes is mandatory
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Figure 2. Difference between spin up and spin down den-
sities (o1 — p;) on the CNT-Ni;3 hybrid system after C¢Hg
adsorption. Blue and red isocurves correspond to positive
and negative isodensities of p; — p;, respectively.

in order to ensure a good screening of the Hartree
potential.'? In addition, the real-space grid cutoff has
been raised to 600 Ry in order to guarantee a more
accurate description of the electrostatic potential.

The computed magnetization is reported in Table 1
for all the investigated CNT—NC(+CgHg) hybrid systems .’
The net spin polarization of the CNT—Ni;3 system
corresponds exactly to the isolated Ni;3 NC computed
by first-principles (M ~ 8 ug). After benzene adsorption,
the electronic charge is redistributed and new bonds
are created leading to a decrease of the magnetization
to ~6 ug. The difference between spin up and spin
down densities (ot — py) on the CNT-Ni; 5 hybrid system
after C¢Hg adsorption (Figure 2) reveals that the spin
magnetization resides mostly on the Ni;3—CgH¢ part.
However, spin polarization is also induced in the CNT
due to the strong coupling between the carbon 7
states and the Ni d-orbitals. An analogous situation
occurs for a (5,5) CNT decorated with a Pt;3 NC during
benzene adsorption.

Even though 13 is a magic number for both Niand Pt
NCs, the formation of new bonds in the CNT—NC
hybrid system and the resulting charge transfer from
the NC to the CNT drives the NC out of this magic
number. Benzene adsorption induces a further with-
drawal of charge from the NC that, as a consequence,
does not go back to the 13-atoms magic number.
Hence, the change of magnetic moment due to ben-
zene adsorption is not related to a departure from a
magic number state of the NC. Besides, it is worth
noticing that the computed change in magnetization
after CgHg adsorption depends on the NC size and not
only on the adsorbed molecule. Hence, accurate cali-
bration of the experimental setup will be necessary to
detect a specific molecule.

After disclosing the structural, electronic, and mag-
netic properties of two CNT—NC hybrid systems before
and after benzene absorption, the spin-polarized quan-
tum electron transport was addressed using the NEGF
formalism. In the absence of an external potential and
when there is a strong coupling between the scattering
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Figure 3. Band structure of the CNT—Ni;3 hybrid system (a). Conductances in Gy units of the CNT—Ni;3 (b) and
CNT—Ni;3—CgHs (c) hybrid systems. Red and black solid line describe the majority and minority spin channels. Band structure
(a) and conductances per spin channel (b, c) of the pristine (5,5) CNT are depicted with dashed lines. The zero energy

corresponds to the Fermi level of the pristine (5,5) CNT.

region and the leads, the latter approach is equiva-
lent to the Landauer-Biittiker scheme for equilibrium
transport,®® where the energy dependent electron
conductance G(E) and transmission function T(E) satisfy
G(E) = T(E)Go, Go = €*/h being the quantum of con-
ductance per spin channel. According to this model,
the ballistic conductance of the pristine (5,5) CNT at a
given energy is proportional to the number of con-
ducting channels (i.e., the number of bands) at that
energy. For instance, in aideal (5,5) tube, two bands are
crossing the Fermi energy (Eg) (Figure 3a, dashed lines)
resulting in a conductance of 2Gy per spin channel
around Eg (Figure 3b,c, dashed lines). The presence of
defects, impurities, or, as in the present case, metal
decoration and/or gas adsorption perturbs the ideal
CNT structure creating scattering centers at certain
energy values which cause a decrease of the conduc-
tance (from its ideal value) at the corresponding
energy.® In the present CNT—NC hybrid systems, the
very strong interaction between the NC d-orbitals and
the carbon 7 electrons heavily alter the pristine CNT
electronic structure, inducing quasi-nondispersive
energy bands close to £ coming from the NC (Figure 3a,
solid lines) and distorting the 7 electron orbitals in the
proximity of NC. Consequently, the attached transition
metal nanoparticle introduces several scattering cen-
ters, thus leading to the many closely spaced dips
observed in the conductance curve of Ni-decorated
CNTs before (Figure 3b) and after (Figure 3c) benzene
adsorption.

Despite the overall strong electron scattering, the
conductance of the CNT—Ni3 hybrid system is char-
acterized by an energy window of about ~0.5 eV near
Er where the majority spin current (red curve in Figure 3b)
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is almost completely transmitted (G ~ 2G,) and the
minority spin current (black curve in Figure 3b) is highly
backscattered leading to a decrease of the minority
conductance to ~1G,, that is, to the almost complete
suppression of one transmission spin channel. This
spin-dependent conducting behavior can be easily
explained by analyzing the CNT—Ni;3 band structure:
the majority spin bands (Figure 3a, red curve) dif-
fer slightly from the bands of the pristine (5,5) CNT
(Figure 3a, dashed curve), while the minority spin
bands (Figure 3a, black curve) are highly perturbed
due to the CNT—NC interaction. Consequently, CNT—NC
hybrid systems could be used to induce spin polariza-
tion in unpolarized charge carriers injected via low-
resistance nonmagnetic electrodes. Near Eg, the spin
up electrons will not be affected at all by the presence of
the NC, while half of the spin down electrons will be
filtered.

Benzene adsorption on the CNT—NC hybrid system
does not cause remarkable changes in the transmis-
sion function. Despite the fact that CgHg interacts quite
strongly with the CNT—NC system, the CNT and NC are
already so strongly coupled that the additional inter-
action with benzene does not affect much the electronic
properties of the hybrid system. Consequently, the con-
ductance of the CNT—Ni;3—C¢He system (Figure 3c) still
presents many closely spaced dips. Owing to the
similarity in the quantum conductance before and
after CgHg adsorption, it seems difficult to use spin-
transport information to predict gas detection. How-
ever, the net spin polarization of the CNT—Ni,3 system
is drastically modified by ~2 ug after the adsorption of
a single benzene molecule, indicating that a local mea-
surement of the magnetic moment before (M = 8 ug)
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and after (M = 6 ug) adsorption could, instead, be
used to detect tiny quantities of specific gases. Since
the nanoscopic size of the NC is crucial to achieve a
net spin polarization of the hybrid system, the feasi-
bility of such a detection technique depends on the
possibility of decorating CNTs with NCs with diameters
in the nanometer range. This nanotechnology chal-
lenge has recently been achieved®® for Ni and Pt
nanoclusters of 5.16 and 1.63 nm in diameter, respec-
tively. The local measurement of the magnetic mo-
ment of these NCs could then be performed using
an AFM with a magnetic tip before and after exposure
to gas. Alternatively, a CNT-SQUID device?® could be
used to measure changes of magnetic flux or, at last,
an indirect detection of the magnetic moment could
be achieved by measuring the changes in physical
properties (exchange-field interactions, dipolar cou-
plings, or magneto-Coulomb effects) which are di-
rectly induced by the net magnetic moment at the
nanoscale.?*3°

METHODS

Ground-state calculations were performed using the SIESTA
implementation of the ab initio density functional theory (DFT)
formalism.*® Quantum electron transport was modeled within
the nonequilibrium Green's function (NEGF) approach using
the one-particle DFT Hamiltonian of a SIESTA calculation.*’
Local spin density approximation (LSDA) and norm-conserving
pseudopotentials*? have been employed. A double-¢ (DZ) basis
has been chosen for carbon, while a double- polarized (DZP)
basis has been optimized for Ni, Pt, and H.** Binding energies
were computed taking into account the basis set superposition
error (BSSE),** and atomic charges have been obtained using
the Bader decomposition analysis.***® Magnetic moments and
spin-polarized quantum transmission curves have been com-
puted using an open-system scheme in order to avoid spurious
interactions between magnetic impurities attached to a 1D
metallic tube and belonging to nearest-neighbor periodically
repeated supercells.”’ Since magnetic interactions are long-
ranged, periodic boundary conditions are not suitable to de-
scribe the magnetic properties of CNTs***® and graphene®®
containing magnetic impurities. Instead, CNT properties that do
not directly involve magnetism (such as structural relaxations,
binding energies, local charge transfers, bond lengths) are
essentially not affected by long-range interactions and can thus
be computed within a periodic boundary condition scheme.
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