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Abstract: Electronic and spin properties of chiral platinum nanotubes are calculated using the relativistic linear augmented
cylindrical waves method. The spin-orbit coupling induces the strong splitting of nonrelativistic dispersion curves for the Fermi
energy region. The large differences in spin densities of states for spins up and down can be used to create pure spin currents through
the tubules. In the two series Pt (5, n2) and Pt (10, n2), the (5, 3) and (10, 7) nanotubes show the strongest chirality-induced spin
selectivity effects.
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1. Introduction

Noble metals such as Pt, Au, Pd, and Ag nanotubes (NTs) show a variety of applications in nanoscale electronic and spintronic
devices. Various techniques are developed to obtain such materials [1-7]. In particular, the single-walled Pt NTs can be obtained
using an electron beam thinning of the platinum nanowires. The experimental studies show that the noble metal NTs have excellent
electronic properties with ballistic quantum electron transport which finds practical applications [8-14]. Geometrically, the single-
walled Pt NTs have the form of cylindrical surfaces covered with regular hexagons with one metal atom in the center of each
hexagon (Fig. 1). It is convenient to represent their geometry as the result of rolling of platinum tapes into the cylinders. The Pt NTs
can vary greatly in diameter and orientation of the hexagons relative to the z-axis.

(b)

Fig. 1. Construction of the geometry of Pt NT (n1, n2) from the geometry of a monoatomic layer. Let us construct the vector C = niai
+ n2a2 on the monatomic platinum layer (a), then draw two straight lines B and B’ perpendicular to this vector, cut out the strip bounded
by these lines, and roll the strip into a cylinder (b) so that the lines B and B’ coincide. The result is a tubule (n1, n2) with a diameter d
= C/n.
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The electronic properties of the Pt NTs differ sharply from similar properties of metallic platinum [15-18], since the Pt atoms
in nanotubes are surrounded by the three neighboring atoms, while in the bulk Pt with a face-centered cubic lattice, by twelve atoms.
In addition, the electronic properties of the Pt NTs depend on the fine details of their geometry such as the diameters, helicities, and
chiralities, and a wide variety of NT structures leads to the great variations of their electronic properties. There are several
calculations of the Pt NTs. In terms of the projector augmented plane wave method and density functional theory (DFT), the structure,
stability, catalytic activity, and electronic dispersion curves of the two nonchiral Pt (6, 6) and (13, 13) NTs were calculated [19].
Using a similar approach, the electron and vibrational densities of states (DOS), and magnetic moments were calculated for the
nonchiral clusters and the infinite length of Pt NTs consisting of the 5-8 Pt atoms coiling around the NTs axis [20]. The energetics
and vibrational frequencies of the cylindrical multishell Pt structures were studied using a genetic algorithm [21]. Information on
the electron DOS of only two helical Pt (6, 4) and (5, 3) NTs was obtained using cluster calculations and supercell models [22]. It
is noted that the spin-orbit (SO) interactions were neglected in the calculations [19-22], but platinum is a heavy chemical element,
and the SO coupling must be surely taken into account for its compounds. Our previous calculations of the two Pt NTs and a series
of the Au NTs show that the SO coupling leads to the large band structure perturbation that appears as great electron band splitting
and formation of the spin-dependent DOS and conductivity of the noble metal NTs [23,24]. The SO interaction manifests especially
strongly in the case of NTs. Due to their cylindrical geometry, the electronic states of NTs correspond to the semi-classical electron
rotations clockwise and anticlockwise around the tubules axis resulting in large orbital magnetic moments and SO coupling even
for light element compounds such as the carbon or silicon NTs [25-29].

In recent years, the fundamental and applied aspects of the SO interaction in chiral one-dimensional systems have attracted
great interest [30-39]. A fast-moving field of research called chiral spintronics is developing, when, unlike conventional electronics,
the energy and information are transferred through a material not by electric currelnt by the spin flows. A chemical compound is
called chiral if it differs from its mirror image, as one of them has left-handed and the other right-handed helicity. In the one-
dimensional helical chiral objects, the formation of spin currents is possible, and the moving spins become chiral too due to their
mirror reflection asymmetry depending on the relative orientation of the spin and one-dimensional momentum k. The helical
multiatomic systems coupled with moving spins and electrons with spins of certain handedness travel through chiral material with
the same handedness in longer distances leading to spin-dependent currents. On the contrary, the difference between the helicities
of the compound and electron spin reduces the electron mobility. The simplest explanation for this is that the probability 117 of
electrons transmission/tunneling through the helical chiral potential barrier is greater when the barrier and spin helicities are parallel
compared to the probability T when they are antiparallel (117 > 14;) [40—50]. This effect, called chirality-induced spin selectivity
(CISS), can be used for spin-dependent electron transfer and spin-filtering and recording and transmitting information in quantum
computing [31-46]. The search for new materials for chiral spintronics seems to be an urgent task of nanomaterials science.

The purpose of this research is to study the spin and electronic properties of single-walled Pt NTs as promising materials for
spintronics. To this end, the two series of helical chiral NTs were calculated using the symmetrized relativistic linear augmented
cylindrical waves (LACW) method [28], namely, the NTs Pt (5, n2) with 1 <#n; <4 and (10, n2) with 1 <n, <9 with radii between
2.24 and 7.78 A. In previous work, the effects of the torsional, uniaxial, and uniform strains on the Pt (5, 5) and (5, 3) NTs were
studied using this approach [24].

2. Method of Calculation

The LACW technique is an extension to the compounds with cylindrical geometry of the linear augmented plane waves method
(LAPW), which is popular in the crystal’s electron properties studies. The calculations are based on the two-component relativistic
Hamiltonian as follows.

H =-A+V(r)+H1/¢*)e-[(VI(r)xp] @

where the first two terms describe the nonrelativistic Ho component of the Hamiltonian, and the third one is the SO coupling operator
Hs 0. Rydberg atomic units are used, c is the speed of light, and o is the Pauli matrices. For the potential ¥(r), the muffin-tin (MT)
and DFT approximations are used, which is popular in Slater’s LAPW theory of bulk solids. Namely, for the electron potential ¥(r)
in the atomic region, its spherically symmetric part V(r) is taken and the exchange interaction is calculated using the Slater p'3
potential. In the interatomic space, up to the internal and external impenetrable barriers, the potential is constant and is chosen as
the origin of the energy. The nanotube electronic structures are determined by the free movement of electrons in the interspherical
region by scattering of electrons at the atomic (MT) potentials and reflection from the two cylindrical barriers separating the
nanotube’s region from the outer and inner vacuum regions. The radii of MT spheres are equal to half of the Pt—Pt bond length dp.
pe=2.82 A, and the distance between potential barriers 5.8 A was chosen as the arithmetical mean of covalent and van der Waals
diameters of the Pt atoms.
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The geometry of the NTs is used as input information. It is defined by the interatomic distance dpi-p: and by the orientation of
the hexagonal cells relative to the tubule axis and is usually described by the two integer indices (n1, n2), where n;> 0 and 0 < n, <
ni. The (n1, n2) NTs have a rotational symmetry axis C,, where n is the greatest common divisor of the n; and n», and, more
importantly, a screw S(/., ®) symmetry. Here, S(%., ) is the repeated operations of shifting

n\/gdPt—Pt

h =
2(n12 +n; +nn, )”2 @)

z

along the Z axis of the cylinder in combination with simultaneous rotations of

py+ poy +(pony + piny ) /2 ®3)
n' +n; +nn,

o=12rx

about this axis. (The positive integers p; and p» are obtained from the equation pon; — pin2 = n). The values of 4. and o determine
the helicity of the tubes. The positive and negative signs of the ® correspond to the tubules with the right-handed and left-handed
chiralities.

The helical NTs have large translational unit cells. However, in the LACW method, taking into account the rotational C, and
screw S(h., ®) symmetries, it is possible to reduce the minimum cell of any Pt NT to only one atom, which makes it possible to
apply the method to any NT regardless of its geometry. The symmetry properties are used in writing the basis functions and
calculating the matrix elements of the Hamiltonian (Eq. (1)). We first calculate the eigenfunctions and eigenvalues of the HO, then
we double the basis by including the spin functions and calculate the matrix elements of the Hs_o as it is described in detail elsewhere
[28]. As a result of calculations, the electronic eigenstates are determined by the electron spin and by the two quantum numbers,
namely, the rotational quantum number L =0, 1, ..., n — 1 and the wave vector —n/h. < k < n/h. corresponding to helical translations.

3. Results and Discussions

Let's start the discussion with the results of calculations for right-handed helical nanotubes. Figures 2 and 3 show the band
structures of such chiral Pt (5, n2) and Pt (10, n2) NTs. The band structures are given for positive values of the wave vectors k from
the Brillouin zone center I' (k = 0) to its edge K (k = m/h.), since the dispersion curves are antisymmetric with respect to the
replacement of k by —k.

Ea(k, L) = Ep(-k, n - L) 4)

That is, when the sign of the wave vector k changes, the electron energy is conserved, but the spin polarization is reversed. In the
NTs with rotational axis C,, the orbital quantum number L is to be replaced by n — L. The electron momenta for the states Eq(k, L)
and Eg(—k, n — L) coincide in absolute value but are oppositely directed as

dEa(k, L)/dk = -dEg(~k, n — L)/dk. (5)
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Fig. 2. Band structure of right-handed helical Pt (5, n2) NTs. Here and below, the solid and dashed lines correspond to
states with predominant a and B spins. In Fermi energy range, the dispersion curves are also shown on enlarged energy

scale.
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Fig. 3. Band structure of right-handed chiral Pt (10, n2) NTs for Fermi energy region.
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Figure 4 presents an example of band structure calculated for —n/k. <k < n/h. and shows the band structures and DOS of the right-
handed (5, 3) Pt NT calculated for £ > 0 and k& < 0 and demonstrates the validity of Egs. (4)-(6).
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Fig. 4. Band structures (a), (b) and DOS (c), (d) of right-handed helical Pt NT (5, 3), presented for the total Brillouin zone region
with wave vectors k£ < 0 and £ > 0. The solid and dashed lines correspond to states with spins o and 3.

With one atom per hexagonal cell of the tubules and the electronic configuration of the Pt atom 5d°6s!, the results can be
presented in a simple form with the ten spin-dependent dispersion curves of the valence band, above which the conduction band
states are located. The Fermi level separates the valence and conduction band dispersion curves. The boundary curves of these bands
do not intersect, but the valence band top and the conduction band bottom overlap with the Fermi level. The SO coupling manifests
itself as the strong splitting of nonrelativistic dispersion curves, which exceeds 0.5 eV for bands of the Fermi region. The
predominant spin polarizations for the split pairs of bands are opposite. For the £ > 0, the spin up (o) corresponds to the case when
the helicities of the right-handed nanotube and spin coincide, and spin down (), when they are opposite. Upon a transition to the
internal states of the valence band, the SO splitting of the bands weakens to about 0.1 eV. In the (10, n2) NTs, the SO splitting is
somewhat smaller. With increasing the n, index and, as a consequence, the diameter of tubules, the band’s SO splitting decreases
too. Let us note that these results for the Pt NTs are in reasonable agreement with the band structure of crystalline platinum obtained
using the similar relativistic LAPW method with the MT approximation [15]. In particular, the valence bandwidth in both the crystal
and NTs is equal to 10 eV, and the energies of the SO splitting of the dispersion curves near the Fermi level for high symmetry
points of the Brillouin zone in the crystal are equal to the 0.35—-1.1 eV. According to previous ab initio calculations, the bulk Pt, its
low-index surfaces, and the nonchiral Pt NTs are all zero-gap materials too [15—22].

For the right-handed chiral Pt NTs, Figs. 5 and 6 show the spin-dependent DOS in the vicinity of Fermi level for electrons
with spin up N(a)|k >0 and spin down N(B)|k > o for the case of positive values of the wave vector £ > 0 corresponding to the electron
flow in the positive direction of the z-axis. For opposite direction, the N(a)|x <o and N(B)|x <o are found from the relations

N(@<o=N(PB)l>0, NB)lc <o = N(0)li>0 (©6)
according to which the DOS does not change with a simultaneous reversal in the direction of motion of electrons and their spins.
Figure 4 clearly illustrates the validity of these relations.
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The Ne(a)|k >0 and Ne(B)|x >0 values at the Fermi level are different that can be used to create the spin filters and purely spin
currents through the tubules, which are understood as the electron flows with the finite spin polarization, but zero transferred charge
[36, 40]. The NTs with higher total DOS at the Fermi level

Ne = Ne(@li>0 + Ne(B)lk o )
and with greater positive spin polarizability
Pr = (1/Ne)[Ne(@)fic> 0 = Ne(B)|k> o] ®)
are more suitable for this.
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Fig. 5. Densities of spin states N(a)|x >0 and N(B)|x > o for spins up and down calculated per atom for right-handed helical Pt (5, n2)
NTs.
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Fig. 6. Densities of spin states for right-handed chiral Pt (10, n2) NTs.

In the Pt (5, n») series, only one, namely, the (5, 3) NT with the parameters Ne(a)|x >0 = 0.075, Ne(B)lx>0 = 0.04, Nrp = 0.115
states/eV, and Pr = 0.3 satisfy these conditions (Table 1). In this case, for the positive direction of the axis z > 0, the concentration
of mobile electrons with spin a is almost two times higher than with spin B, and according to Eq. (6) for the opposite direction z <
0, the concentration of mobile electrons with spin f is the same times greater than with spin a. The spin currents in the z > 0 direction
for the electrons with spins o and [ are proportional to the product of concentrations of electrons with given spin at the Fermi level
and to the probabilities of electron tunneling/transmission through chiral potential barriers /(a): > o ~ T1NM(@)|k > 0 and I(B)- >0 ~
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11, N(B)Ik > o (the helicities of the tubule and a spin are parallel, and for B spins they are antiparallel). Since N(a)|k>o0 > N(B)|x >0 and
T11 > 115, we have /(). >0 > I(B):> o, that is, for the direction z > 0 of the Pt (5, 3) NT the flow of electrons with spin o will be greater
than with spin . For the opposite z < 0 direction, the helicities of the barrier and of the B spin coincide, so so I():<o ~ T11NV(B)lk <o
and /(a): <o ~ T3 V(o) |k <0. According to Eq. (6), the N(B)[x <o > N(a)|x <o, and hence the I(B). <o > I(a)- <o; the transport of B electrons
will prevail over that of the a electrons.

Table 1. Spin DOS, total DOS, and spin polarizability of states at the Fermi level for the right-handed chiral Pt NTs.

Pt NTs Nr(a)|k> 0, Nr(B)|k> o, NF, Pr
states/eV states/eV states/eV
(5, m2) Pt
5, 1) 0.06 0.07 0.13 —0.08
5,2) 0.025 0.07 0.095 —0.05
5,3) 0.075 0.04 0.115 0.30
5,4) 0.015 0.06 0.075 —0.60
(10, n2) Pt
(10, 1) 0.11 0.11 0.22 0
(10, 2) 0.06 0.03 0.09 0.33
(10, 3) 0.03 0.02 0.05 0.20
(10, 4) 0.06 0.05 0.11 0.09
(10, 5) 0.04 0.09 0.13 —-0.38
(10, 6) 0.02 0.00 0.02 1.0
(10,7) 0.07 0.01 0.08 0.75
(10, 8) 0.06 0.07 0.13 —0.08
(10, 9) 0.045 0.06 0.105 —0.14

These features of the electronic structure of chiral Pt NTs can be used to create pure spin currents. For example, if now this
NT is placed between the two contacts and an alternating voltage U is applied so that under the action of an electric field during the
time t from zero to 7 the electrons move in the z direction, and then for the time between 7 and 2T the voltage is replaced by the
opposite —U, then there will be zero total charge transfer in the system over time 27 [33]. However, during the first time interval,
mainly the electrons with a spin will move in the z direction, and during the second interval, the electrons with B spin in the —z
direction [33]. Thus, with the help of an alternating electric field, it is possible to carry out the transport of electrons with different
spins in opposite directions without the total charge transfer.

In the (5, 1), (5, 2), and (5, 4) NTs, the Ne(B)|x>0 > Nr(a)|k> o, that is, the concentration of mobile electrons with spin f is larger
than with spin a for the positive z direction. On the other hand, for z > 0, the probability of electrons passing through the chiral
barrier is greater for a spins (t41) than for 8 spins (t7}). These two factors (the concentrations of mobile electrons with different spins
and the probabilities of their passage through the helical potential barriers) have the opposite effects on the magnitudes of the spin
currents /(B) and /(a) for both positive and negative directions of the z-axis preventing the creation of large spin flows. Therefore,
these NTs are less suitable for generating spin currents compared to the Pt (5, 3) NT.

For the (10, n2) NTs, similar arguments together with the data in Table 1 indicate that the (10, 6) and (10, 7) NTs with the large
positive values of the spin polarizability at the Fermi level Pr=1 and 0.75 are the most suitable for creating the large spin currents.
However, for the (10, 6) NT, the total DOS at the Fermi level Nr = 0.02 states/eV is the lowest in the entire series of compounds,
and in the (10, 7) tubule Nr = 0.08 states/eV. Therefore, with the large Nr(a)|x>0 = 0.07 states/eV, small Ne(B)|x>0 = 0.01 states/eV,
and the large Nr and Pr values, one can expect the strongest spin transport effect in the (10, 7) NT. For the NTs (10, 1), (10, 2), (10,
3), and (10, 4) of series (10, ), the main requirement Nr(aw)|x>0 > Ne(B)|> o is also met, and for the final choice between these NTs,
it is necessary to know the numerical values of the transmission coefficients 141 and T4, that, however, is beyond the scope of band
structure technique [40]. The results of calculations of the electronic structures of right-handed nanotubes are easily converted into
the band structures and DOS of the left-handed analogs. To do this, it is enough to interchange the solid and dashed lines in Figs.

-< AFM 2023, Vol 3, Issue 1, 1-10, https://doi.org/10.35745/afm2023v03.01.0001 >-




o AFM 3

5—6 as it is shown in Fig. 7 for the band structures of the right-handed and left-handed helical (10, 4) NTs. In particular, it follows
from here that in the positive direction of the z-axis, the electron transport with spins  will dominate compared to a spins for the
left-handed (5, 3) and (10, 7) nanotubes.
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Supplementary File: It is available online at www.iikii.com/afm/xxx/s001. Here, the band structures and DOS of the right- and left-handed helical
chiral Pt (5, 3) and (10, 4) NTs are presented for —m/h. < k < /h..
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