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Ab initio study of ferromagnetic single-wall nickel nanotubes
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We performed ab initio spin-density functional theory calculations of the magnetic and electronic properties
of ferromagnetic single-wall nickel nanotubes with various chiralities. A (6,3) nanotube was found to have an
energetically favorable “magic” structure and consequently it is expected to be observed experimentally for
both free-standing and tip-suspended conditions, whereas a (5,3) nanotube is expected to be observed only
in the free-standing case. The (6,3) and (5,3) nanotubes, respectively, exhibit enhanced magnetic moments of
0.864 wp and 0.774 wup relative to 0.635 wp in Ni bulk, because of their low coordination numbers. The
dependence of the magnetic moment on the chirality is predominated by the minority-spin d,, and d_, states in
which the out-of-plane d orbitals interact strongly with each other due to the nanotube curvature.
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I. INTRODUCTION

In recent years, nanotubes and nanowires have attracted
considerable attention as one-dimensional nanostrucutres be-
cause their electronic and mechanical properties'™ differ
greatly from those of bulk materials and they are very
promising for use in industrial applications such as in the
fabrication of electronic devices. As technological progress
strongly demands miniaturization of device components,
various fabrication techniques have been developed to syn-
thesize very thin metallic wires that are several nanometers
in diameter.>"'” In particular, Takayanagi and co-workers>°
successfully fabricated a tip-suspended gold nanowire with a
diameter less than 2 nm in an ultrahigh-vacuum transmission
electron microscopy (UHV-TEM). Interestingly, this very thin
nanowire exhibits a helical multishell structure that has a
specific “magic” size, as predicted theoretically.!" Further-
more, they have also synthesized a single-wall helical gold
nanotube with a smaller diameter of 0.4 nm in a UHV-TEM.”
Such single-wall helical nanotubes and helical multishell
nanowires have been intensively fabricated experimentally
and investigated theoretically not just for Au'>~7!-16 byt
also for various metals (e.g., Ag, Pt, Na, Rh, Zr, Ti, Pb,
and ferromagnetic Ni).>3!"2* These studies have reported
that the nanotubes and nanowires possess distinct mechan-
ical and electronic properties originating from their helical
shell structure, including superplasticity,® quantum ballistic
conductance,* and helical conduction channels (which poten-
tially could be used to fabricate nanosolenoid).l’2 However,
to the best of our knowledge, there has been no detailed
study on the magnetism of helical nickel nanotubes or
nanowires.

Nickel is a typical face-centered cubic (fcc) metal that
exhibits ferromagnetism. Single-wall nanotubes of an fcc
metal can be made by rolling a two-dimensional triangular
lattice of a (111) monolayer in a specific chiral direction. Since
nickel nanotubes have extremely low coordination numbers,
the reduced interaction between neighboring atoms is expected
to give rise to distinct magnetic and electronic properties
from that of the counterpart bulk. In addition, the magnetism
is expected to be strongly dependent on the tube chirality,
because the nanotubes with different chiralities have different
electronic states.!>!>!% Thus, studying ferromagnetic nickel
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nanotubes should lead to a deeper understanding of magnetism
in nanostructures.

Theoretical studies based on ab initio (first-principles)
density functional theory (DFT) calculations have successfully
provided comprehensive insight into both the stability of
metallic nanotubes'>!'® and the magnetic properties of
various nanostructures.”>=>® In this study, we perform DFT
calculations to investigate the magnetism as well as structural,
energetic, and electronic properties in nickel single-wall
nanotubes. The remainder of the paper is structured as follows.
Section II describes the simulation procedure in detail. In
Sec. III, the structural, energetic, magnetic, and electronic
properties of the nickel single-wall nanotubes are presented
by focusing on their helical shell structure. Finally, Sec. IV
summarizes the results of this study.

II. COMPUTATIONAL DETAILS

A. Simulation method

Ab initio (first-principles) spin-density-functional theory
calculations are performed using the Vienna Ab-initio Simula-
tion Package (VASP) code.?>3 The electronic wave functions
are expanded in plane waves up to a cutoff energy of 350 eV.
The electron-ion interaction is described by the projector-
augmented-wave (PAW) potential®!-*? that explicitly includes
the Ni 3d and 4s electrons in the valence states. The PAW
approach is essential for obtaining an accurate description
of magnetism in transition-metal nanostructures®® because it
realizes the computational efficiency of the pseudopotential
method and the accuracy of all-electron method, which do
not suffer from problems regarding the linearization of the
core-valence exchange interaction. To evaluate the exchange-
correlation energy, we employ the generalized gradient ap-
proximation (GGA) of the Perdew-Burke-Ernzerhof (PBE)
functional >

B. Simulation models and procedure

Figure 1 shows the chiral vector C, of the two-dimensional
triangular lattice of a nickel (111) monolayer. The chiral vector
uniquely defines the circumferential structure of Ni nanotubes,

C, = ma; + na, = (m,n), (1)
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FIG. 1. (Color online) Schematic illustration depicting the chiral
vector C, on the two-dimensional triangular lattice of the nickel (111)
monolayer. The chiral vector is represented by C, = ma; + na,,
where a; and a, denote the primitive translation vectors. The chiral
angle is denoted by 6.

and it connects two crystallographically equivalent sites on
the (111) monolayer. Here, a; and a, denote the primitive
cell vectors of the (111) monolayer, and the chiral angle 6 is
defined as the ascending angle from the horizontal line of m =
2n. Due to the symmetry of the triangular lattice, all possible
configurations of the single-wall nanotubes can be represented
by chiral vectors within the irreducible area enclosed by the
two lines of symmetry, m = 2n and m = n, in which the chiral
angle @ ranges from 0° to 30°.2

Figure 2 shows simulation models of nickel nanotubes with
different chiralities. In this study, we simulate (3,2) ~ (6,4)
single-wall nanotubes (see also Fig. 1), because single-wall
nanotubes with larger diameters are relatively unstable for a
helical multishell or crystalline nanowire.?® Table I lists the
initial structural parameters of the nickel (m,n) nanotubes. A

diameter of (m,n) nanotube, D, is given by
d
D = —vm?+n? —mn, 2)

T

where d is the Ni-Ni bond length of the flat monolayer, d
= 2.356 A. The axial cell dimension L, of each nanotube is
taken to be the minimum length to ensure helical periodicity.
Since three-dimensional periodic boundary conditions are
applied, a vacuum thickness of /,=15 A is introduced in both
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FIG. 2. (Color online) Simulation models of single-wall nickel
nanotubes with different chiralities (m,n). (a) Side view and (b)
top view of the (6,3) nanotube. The black solid boxes represent the
simulation cell.

the x and y directions to ensure that undesirable interactions
between neighboring nanotubes are sufficiently canceled out.
Thus, the simulation cell dimension in the x and y directions
is set to D+I,. The brillouin zone (BZ) integrations are
carried out using the Monkhorst-Pack k-point mesh®> shown
in Table I. The ferromagnetic (FM) phase is considered® for
all the nanotubes.

To obtain an equilibrium nanotube structure, the atomic
positions and the cell size in the axial z direction are fully
relaxed using the conjugate gradient (CG) method until all the

TABLE I. Initial structural parameters of nickel nanotubes simulated in this study.

Chiral Chiral angle Initial diameter Axial cell length Number of atoms Number of k points
index 6 (degree) D (A) L. (A) N ke x ky x k,
(3,2) 10.9 1.98 10.81 14 2x2x8
(3,3) 30.0 2.25 4.08 6 2x2x16
4,2 0.0 2.60 2.36 4 2x2x24
(4,3) 16.1 2.71 14.78 26 2x2x6
4.4) 30.0 3.00 4.08 8 2x2x16
(5,3) 6.6 3.27 17.82 38 2x2x%x6
5.4 19.1 3.44 6.24 14 2x2x10
(5.5) 30.0 3.75 4.08 10 2x2x16
(6,3) 0.0 3.90 2.36 6 2 x2x20
6,4) 10.9 3.97 10.81 28 2x2x8
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TABLE II. Structural and energetic properties of the single-wall nickel nanotubes. For comparison, those of the atomic sheet of nickel

monolayer are also shown.

Diameter Axial Averaged Total energy Binding String
Ni length bond length per atom energy tension
nanotube D (A) L. (A) due (A) Ewi/N (eV/atom) Ej (eV/atom) f @V/A)
3,2) 247 10.59 2.378 —4.0407 3.304 2.03
(3,3) 2.69 3.99 2.379 —4.1877 3.451 2.16
4,2) 2.90 2.37 2.370 —4.2605 3.524 222
(4.3) 3.00 14.76 2.371 —4.2622 3.526 2.31
4.4) 3.25 4.09 2.372 —4.2918 3.555 251
(5,3) 3.47 17.99 2.365 —4.3308 3.594 2.63
(5.4) 3.64 6.30 2.365 —4.3204 3.584 277
(5.5) 3.95 4.10 2.364 —4.3348 3.598 3.06
(6,3) 4.05 2.37 2.361 —4.3798 3.643 3.02
6,4) 4.13 10.85 2.360 —4.3752 3.639 3.10
Sheet — — 2.356 —4.3994 3.663 —

Hellmann-Feynman forces and the stress component o, are
less than 2.5 x 1073 eV/A and 1.0 x 1072 GPa, respectively.
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FIG. 3. (Color online) (a) Total energy per atom E,/N as a
function of nanotube radius R for the nickel nanotubes. (b) String
tension f as a function of nanotube radius R. The solid symbols
indicate the local minimum along each curve.

III. RESULTS AND DISCUSSION

A. Structural and energetic properties of single-wall
nickel nanotubes

Table II summarizes the structural and energetic properties
of the relaxed nickel nanotubes. Those of a flat nickel mono-
layer (sheet) are also shown for comparison. The optimized
tube diameter D increases from the initial tube diameter that
is simply produced by rolling the nickel monolayer (see also
Table I). This increase is remarkable in thin nanotubes because
such nanotubes deform to relax their high strain energies due to
their large curvature. Consequently, thinner nanotubes have a
longer average bond length d,., whereas the average bond
lengths of the (6,3) and (6,4) nanotubes, which have low
curvatures, are slightly longer than that of the flat sheet.

The total energy per atom E\, /N decreases with increasing
tube radius. The binding energy (a related quantity) Ep =
Esom — Ewot/ N, where Eyon 1S the total energy of an isolated
nickel atom, is positive (exothermic) for all the nanotubes. This
indicates a stable structure corresponding to a local minimum
on the Born-Oppenheimer surface.! The Eg-R relationship
suggests that the nanotubes with larger D are generally more
stable. However, the trend is not always monotonic. Figure 3(a)
shows a plot of the total energy per atom E/N as a function
of the nanotube radius R = D/2 for the nickel nanotubes.
There are local minima at the (5,3) and (6,3) nanotubes. As
discussed by Elizondo and Mintmire,? local energy minima
correspond to a long-lived metastable state of nanotubes in a
free-standing condition. In fact, an experimentally synthesized
silver nanotube!” corresponds to the theoretically predicted
local minimum structure of the (4,2) nanotube.?

We calculated the string tension f of a nanotube, which
is defined by considering the positive work required to
draw a tube out of the bulk material. It is given by f =
(F — uN)/L.."" Here, p is the chemical potential of bulk
nickel and F is the free energy of a nanotube, which equals
the total energy (F = Eyy) at zero temperature (7T = 0 K).
As discussed in a previous study,'! the string tension f is an
important parameter for describing the stability of a nanotube
in a tip-suspended condition which is often experimentally
the case. The string tension f as a function of the radius
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R is shown in Fig. 3(b). The string tension increases with
increasing tube radius, but not monotonically around the (6,3)
nanotube. The (6,3) nanotube has a lower string tension than
its immediate neighboring structures, which indicates that
the (6,3) nanotube is a long-lived “magic” structure of nickel
nanotubes. In fact, a gold (5,3) nanotube that was predicted
to be stable based on string tension consideration'! was
experimentally observed in a tip-suspended condition during
the thinning process of gold nanowires.’

Thus, our DFT calculations predict that the Ni(6,3) nan-
otube will be energetically stable and should be observed
experimentally in both the free-standing and tip-suspended
conditions, whereas the Ni(5,3) nanotube is expected to be
observed only in the free-standing case.

B. Magnetic and electronic properties of stable nickel nanotubes

Table III shows the magnetic moments M of stable (6,3)
and (5,3) nickel nanotubes. For comparison, those of the flat
monolayer and nickel bulk are also shown. The nanotubes
and monolayer exhibit higher magnetic moments than the
bulk because the nanotubes and monolayer possess a lower
coordination number of 6 with respect to that of 12 in the
bulk, which narrows minority-spin bands and reduces the
number of minority-spin electrons.?® The (6,3) nanotube has
approximately the same magnetic moment as the monolayer,
whereas the (5,3) nanotube possesses a magnetic moment that
is lower by 0.12 up, despite having the same coordination
number. This indicates that the magnetism depends sensitively
on the chiral nanotubular structure.

For a more detailed discussion, we calculated the difference
in the number of d electrons (which predominate the mag-
netism of nickel) between the monolayer and the (6,3) or (5,3)
nanotubes (see Fig. 4). A remarkable difference is observed
in the minority-spin state in both the nanotubes, whereas the
majority-spin state is almost insensitive. There is also a strong
angular dependence on each d component in the minority-spin
state: The number of electrons increases for the dy, and d
states, remarkably in the (5,3) nanotube, while it decreases for
the other d,;, d2, and d,>_ > states. Thus, the relatively small
magnetic moment of the (5,3) nanotube originates from the
considerable increase in the minority-spin dy, and d., states.
Note that a similar increase is also found in the (6,3) nanotube,
but is somewhat moderate. Since, in this case, the increase is
comparable to the reduction in the d,;, d>, and d,>_,> states,
the (6,3) nanotube exhibits almost the same magnetic moment
as the monolayer.

Figures 5(a)-5(c) show the total and partial d spin-polarized
electronic local density of states (DOS) of the nickel (111)
monolayer, and the (6,3) and (5,3) nanotubes, respectively.
The majority-spin state distributes below the Fermi level EF,
and is fully occupied in both the monolayer and the nanotubes.

TABLE III. Magnetic moments M of the stable (6,3) and (5,3)
nickel nanotubes. For comparison, those of the flat monolayer and
nickel bulk are also shown.

(6,3) (5,3) Sheet Bulk

M (g) 0.864 0.774 0.894 0.635
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FIG. 4. (Color online) Difference in number of majority-spin and
minority-spin electrons in each d component between the monolayer
and the (6,3) or (5,3) nanotube, AN = Nty — Nyonolayer-

This reasonably explains why these structures have the same
number of majority spins. In contrast, the minority-spin state is
partially occupied. This suggests that the magnetic moment is
sensitively affected by the difference in the minority-spin DOS
between the monolayer and the nanotubes, as discussed below.
In the monolayer, three d,., d, and d,>_,» minority-spin
states are widely distributed between —3 eV and 0.8 eV (the
bandwidth is 3.8 eV). Because these three d states mainly
possess in-plane orbitals [see the schematic illustration of
topology of d orbitals on the monolayer as shown in Fig. 5(d)],
each d orbital directly interacts with the d orbitals of its
neighboring atoms and forms strong ddo bonds. Thus, the
large width of these subbands results from the formation of a
ddo bond. On the other hand, other two d,, and d,, states
have a narrower bandwidth of 2.3 eV relatively localized
with the range from —1.8 to 0.5 eV. These two d orbitals
interact indirectly with each other because of their out-of-plane
topologies [see also Fig. 5(d)] and form a weaker ddm bond
than the ddo bond. This weaker interaction produces the
narrower bandwidth. For the case of the nanotubes, there is
a distinct difference in the minority-spin DOS: The d,, and
d,, states are widely distributed about —2.5~0.8 eV (width
of 3.3 eV). Compared to the monolayer, these two d states
are distributed in lower energy levels in the nanotubes, which
increases the number of minority-spin electrons (see Fig. 4).
This can be explained by considering the nanotubular and
d-orbital geometries: The interactions of d, and d,, orbitals
are strengthened by the tube curvature due to the out-of-plane
topology, as schematically shown in Fig. 6 for the d,, orbital.
The interaction should be stronger in the (5,3) nanotube than
in the (6,3) nanotube because the former has a larger curvature
than the latter. This gives rise to more minority-spin electrons
in the (5,3) nanotube than in the (6,3) nanotube (see Fig. 4).
This also holds for the (4,2) nanotube, which has the same
chiral angle as and a larger curvature than the (6,3) nanotube;
it exhibits higher occupancies in the minority-spin d,, and d_,
states and a resulting smaller magnetic moment of 0.794 wp.
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FIG. 5. (Color online) Total and partial d spin-polarized electronic local density of states (DOS) of the (a) nickel (111) monolayer, and the

(b) Ni(6,3) and (c) Ni(5,3) nanotubes. (d) Schematic illustration of topology of d orbitals on the (111) monolayer. For the nanotubes, the five
d orbitals are taken to be the same direction as those on the monolayer (cf. text).
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(a) Ni(111) monolayer dyorbital

z y

(b) Ni(6,3) nanotube
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FIG. 6. (Color online) Schematic illustration of the spatial con-
figuration of the d,, orbital in the (a) nickel monolayer, and the (b)
Ni(6,3) and (c) Ni(5,3) nanotubes.
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IV. CONCLUSION

In this paper, we investigated structural, energetic, elec-
tronic, and magnetic properties of ferromagnetic single-wall
nickel nanotubes by performing ab initio spin-density func-
tional theory calculations. A (6,3) nanotube was found to be
energetically favorable as a “magic” structure and it is expected
to be observed experimentally in both free-standing and
tip-suspended conditions, whereas a (5,3) nanotube is expected
to be observed experimentally only for the free-standing
case. The (6,3) and (5,3) nanotubes exhibit higher magnetic
moments (0.864 wp and 0.774 wp, respectively) than that of
bulk Ni (0.635 wp), because they have lower coordination
numbers. However, the enhanced magnetic moments of these
nanotubes are slightly lower than that of the flat monolayer.
This is because the chiral dependence of magnetic moment
is predominated by the minority-spin d,, and d, states, in
which the out-of-plane d orbitals interact strongly with each
other due to the curvature.
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