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Structures and magnetic properties of Fe and Ni
monoatomic chains encapsulated by an Au nanotube®
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Structures and magnetic properties of transition metal (TM) Fe or Ni monoatomic chains (MACs) encapsulated by
a Au (5, 5) nanotube (Fe@Au and Ni@Au) are investigated using the density functional theory (DFT). The calculated
results show that both Fe@Au and Ni@Au prefer to adopt ferromagnetic (FM) orders as ground states. In particular,

the Fe@Au keeps the magnetic properties of free-standing Fe MAC, indicating that this system may be viewed as a new

candidate in electromagnetic devices.
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1. Introduction

In recent years, transition metal (TM) nanowires,
which exhibit special spin-polarized transport and
magnetic properties, have received much attention due
to their potential applications in high speed and low
power electronic circuits.!'=7 A critical step toward
application is to stabilize the TM nanowires without
significantly changing their unique magnetic proper-
ties. One of the promising methods is to encapsulate
the TM nanowires in different nanotubes and form
TM@nanotube systems.3~1% These TM@nanotube
systems may be more stable and will exhibit excit-
ing properties. For example, when the TM nanowires
(such as Fe and Co) were doped in C nanotube,
the hybrid structures have substantial magnitism and
the boron nitride (BN) nanotube coated Ni nanowire
shows half-metallic behaviour.!%:10]

Au nanotubes have been synthesized in recent
experiments.29) Since Au nanotubes are more chemi-
cally stablel?!] than BN nanotubes and C nanotubes,
they are expected to be more suitable for encapsulat-
ing TM nanowires. Au nanotubes could be regarded
as rolling up a gold sheet at the lattice sites of a two-
The basis lat-
tice vectors a and b are used to define the 2D lattice
(la| = |b] = 2.9 A).20 A vector C (m,n) is defined as
= ma + nb, where mand n are integers, and the Au

dimensional (2D) triangular lattice.
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nanotube is specified as Au (m,n) with C.

A recent density functional theory (DFT)
investigation®?l revealed that the Fe monoatomic
chain (MAC) encapsulated in Au (6, 0) nanotubes has
a large spin polarization at the Fermi level. Another
study showed that for Co and Mn MACs encapsulated
in Au (5, 5) nanotubes, the magnetic phase transition
will happen when the interatomic distance gradually
increases.?®! In order to have a more systematic un-
derstanding of the physical and chemical properties
of TM@Au, in the present work we focus on Fe and
Ni MACs doped in Au (5, 5) nanotubes (see Fig. 1).
In addition, the Co MAC encapsulated by Au (5, 5)
nanotube is also calculated for the sake of verification

and comparison.

2. Theory and calculation

method

The accurate DFT was use to determine the
structure and magnetic properties of TMQAu sys-
tems. In particular, the frozen-core full-potential pro-
jector augmented-wave (PAW) method implemented
in the Vienna ab initio simulation package (VASP)
was employed.?#=26] The exchange and correlation
potentials were treated by spin-polarized generalized
gradient approximation (GGA) with the Perdew—
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Burke Ernzerhof (PBE) functional.?”=2% Spin-orbit
coupling (SOC) was taken into account to calculate
the orbital magnetic moment and magnetocrystalline
anisotropy energy (MAE).

The convergence was achieved when the difference
of the total energies in the last two consecutive steps
was less than 107° eV and the maximum force allowed
on each atom was 0.01 eV /A. The kinetic energy cut-
off was taken as 380 eV. For the purpose of improving
the self consistent field convergence, the Methfessel-

Paxton smearing method was employed.3"!

The TM@Au was placed in a unit cell with the
dimensions of 20x20xc¢ A3, where ¢ was the lattice
constant of the unit cell along the zaxis (the direction
of the Au tube or TM chain). The distance between
adjacent Au tubes was at least 15 A, which should
be large enough to ignore the interaction between the
adjacent tubes. The Brillion zone was meshed by
the gamma-centered Monkhorst-Pack method®) with
1x1x43 grids for TM@Au.

Fig. 1. (a) Side view of the Au (5, 5) tube; (b) top view of TM@Au; (c) side view of TM@Au. The chain is
along the z-axis direction. The white and grey balls correspond to Au and TM atoms, respectively.

3. Results and discussion

3.1. Geometric structure and energy

The optimized unit length and radius of the pure
Au (5, 5) tube are 4.57 and 2.46 A, respectively. The
Co, and Ni
free-standing MACs in the FM state are 2.25, 2.15,

and 2.17 A, respectively. They are all in good agree-
[4,20]

calculated interatomic distances for Fe,

ment with the reported calculations, indicating
that the method used here should be suitable and re-
liable.

Because the calculated results show that the unit
length of the Au (5, 5) tube is about twice the in-
teratomic distances for Fe, Co, and Ni MACs, in our
theoretical model two TM atoms were doped in every
unit cell of the Au tube. The lattice constants along
the z-axis direction of TM@Au and the total energy
differences between TM@Au tubes in the antiferro-
magnetic (AFM) state and in the FM state are shown
in Table 1. The lattice constants of Fe@QAu, Co@QAu,
and Ni@Au in the FM state are 4.79, 4.74, and 4.72 A,
while in the AFM state they are 4.87, 4.79, and 4.75 A,

respectively. The calculated results show that when

the TM atom chains are encapsulated in the Au tube,
the TM interatomic distances are mainly determined
by the lattice parameter of the Au tube, and the lat-
tice constants of TM@Au are all increased compared
with the bare Au tubes. This phenomenon can be ex-
plained by the strong repulsion force between the Au
atom and the TM atom when the MACs are doped
in a Au tube with a very small radius (2.46 A). Ac-
cording to the calculated results, the AFM states are
all higher in energy than the FM states for Fe@QAu,
Co@Au, and Ni@QAu. All the three kinds of TM@Au
are more stable in the FM state, and thus only the
FM state will be discussed in the following.

The formation energy (Ef) of TM@Au in the FM
state was calculated. The formation energy is defined
as

E¢(TM@Au) = 2E(TM) + E(tube)

— E(TM@Au), (1)
where E(+) is the total energy of the TM atom, nan-
otube, or the TM@Au system. As shown in Table 1,
the formation energy is 8.41, 9.23, and 10.65 eV for
Fe@Au, Co@Au, and Ni@QAu, respectively. For com-

parison, the formation energy of the free-standing Fe,
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Co and Ni atomic chains are also calculated to be 1.54,
3.85, and 5.41 eV for Fe, Co and Ni atomic chains, re-
spectively. The formation energy of TM@Au is much
higher than that of the corresponding MAC, indicat-

ing that the Fe, Co and Ni atomic chains encapsu-

lated by the Au nanotube are more stable. In addi-
tion, the stability of the hybrid structures of TM@QAu
can be shown by comparison with the TMQCNT and
TM@BNNT structures, whose formation energies are
all less than 1 eV per TM atom.1%]

Table 1. Lattice constant (c/A) of different TM@Au nanotubes, the total energy difference (Eapn—Fry/eV
per atom) between the AFM phase and the FM phase, and the formation energy of TM@Au (E¢/eV) in the FM

state.
System Magnetic phase c/A Earm — Ernv/eV per atom Eg/eV
FM 4.79 8.41
Fe@Au 0.59
AFM 4.87 -
FM 4.74 9.23
Co@QAu 0.48
AFM 4.79 -
FM 4.72 10.65
Ni@QAu 0.42
AFM 4.75 -
3.2. Magnetic moment and magne- Furthermore, the orbital magnetic moments of

tocrystalline anisotropy energy

The calculated orbital magnetic moments and
spin magnetic moments of the TM atoms in bare
MACs and TM@Au nanotubes in the FM state are
shown in Table 2. Compared with the free Fe chain,
the orbital moments of the Fe atom in the Fe@Au tube
decrease when the magnetic moment is parallel or per-
pendicular to the chain, while for the orbital moments
of the Co atom, the situation is opposite. The orbital
moment of the Ni atom in the Ni@QAu tube decreases
when the magnetic moment is parallel to the chain
direction, and increases when the magnetic moment
is perpendicular to the chain direction compared with
the free Ni chain. In addition, the orbital moments of
Fe, Co, and Ni atoms in the MACs along the chain
are 0.16 ug, 0.20 up, and 0.57 up, respectively. They
are coincident with the previous calculation.

Table 2. Orbital magnetic moment M‘T (in units of up per
atom) and spin magnetic moment Mﬁ (in units of up per
atom) of TM atoms in free-standing MACs and TM@Au
tubes along the chain direction. Orbital magnetic moments
M¢ (in units of up per atom) and spin magnetic moments
M? (in units of up per atom) of TM atoms in free-standing
MACs and TM@QAu tubes perpendicular to the chain di-
rection.

System M M Me el
Fe chain 0.16 3.00 0.12 3.02
Fe@Au -0.05 3.00 0.04 2.98
Co chain 0.20 2.10 0.16 2.08
Co@Au 0.46 1.88 0.51 1.79
Ni chain 0.57 1.10 0.10 1.06
Ni@Au 0.19 0.55 0.23 0.47

the three kinds of TM atoms in the TM@Au tubes
perpendicular to the chain direction are all bigger than
the corresponding orbital magnetic moment along the
chain direction. As is well known, the magnetic direc-
tion with the bigger orbital moment will be lower in
total energy. To further understand the result of the
orbital magnetic moments, the MAEs of the TM@QAu
tubes are also studied.

The MAEs of the TM@Au tubes in the FM state
are calculated with the total energy different approxi-
mation. The MAE is defined as the difference between
the energies perpendicular to and along the z axis, and
its values for Fe@Au, Co@QAu, and Ni@QAu are shown
in Table 3. The MAE of Co@Au coincides with a re-
cent result.?3] It means that all the hybrid systems
of the TM@Au are more stable when the moment is
perpendicular to the chain direction.

The MAEs of the freestanding MACs and the
MACs in TM@Au (2 TM atom per cell) are also dis-
played in Table 3. When the lattice constants trans-
form from the free chains to the MACs in TM@Au, the
easy magnetization axes of the Fe and Co atom chains
all change from being along the z axis to being perpen-
dicular to the z axis, and their MAEs all drop slightly.
After being encapsulated by Au nanotubes, the MAEs
of Fe@Au and Co@Au all increase (from —2.58 to
—4.42 meV for Fe; from —0.21 to —5.53 meV for Co)
due to the overlap of Au electrons and TM electrons.
For the Ni chain, when the lattice constant transforms
from the free chains to the MACs in TM@Au, the easy
magnetization axis remains along the z axis, but its
MAE changes from 6.24 to 4.63 meV. When encapsu-
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lated by a Au nanotube, the easy magnetization axis
of the Ni atom chain changes from being along the z
axis to being perpendicular to the z axis and the MAE
decreases to —2.53 meV. The MAEs for Fe, Co and Ni
MACs encapsulated by a Au nanotube are very large
compared with those of bulk Fe, Co and Ni.32 Given
the high stability of the TM@Au, this makes it pos-
sible for them to be used in practical applications in
ultrahigh density magnetic storages.

Table 3. The MAEs of the free-standing MACs (MAE(®))
(in units of meV), MAEs of the MACs in TM@Au
(MAE®)) (in units of meV), and MAEs of the TMQ@Au
(MAE(®) (in units of meV).

™ MAE(®) MAE®) MAE(©)
Fe 2.89 -2.58 —4.42
Co 0.26 -0.21 -5.53
Ni 6.24 4.63 -2.51

In the magnetic system, the spin magnetic mo-
ment of an atom is caused by the spin polarization.
The spin magnetic moments of the TM atoms in

TM@Au can be understood by analyzing the cal-
culated spin-polarized density of states (DOS) For
Fe@QAu the DOS of the s and p states show that their
contribution to the spin magnetic moment could be ig-
nored. Therefore, only the DOS of d states in Fe and
Au atoms in Fe@QAu are shown in Fig. 2. The mag-
netic moment is mainly determined by Fe 3d states.
For the Fe atom, the DOS of d orbits of spin up (dt)
is mainly localized below the Fermi level, while part
of the DOS of d orbits of spin down (d{) is above the
Fermi level. This means that almost all of the orbits
of d1 are occupied and only a part of the orbits of d|
are occupied.

The integrals over the DOS of df and d| below
the Fermi level are equal to the numbers of electrons
occupying the states of dt and dJ, respectively, and
the calculated values are 4.43 and 1.55. This can ex-
plain the result of the spin magnetic moment of a Fe
atom in Fe@Au (3.00 ug). The detail of the spin occu-
pying distribution in Fe@Au can be seen in the band
structure in Fig. 2.

|
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Fig. 2. (a) DOS of d states in Fe@QAu and (b) band structure of Fe@Au. The Fermi level (the dotted line) is
at zero energy. For the band structure, the straight lines and dot lines are channels of spin up and spin down,

respectively.

Similar to Fe@Au, only the DOS of d states of Ni
and Au atoms in Ni@Au are shown in Fig. 3. We can
see that the spin polarization is slight in Ni@Au, and
the magnetic moment is mainly determined by the Ni
3d states. For the Ni atom, almost all the DOS of
d? is below the Fermi level and a small part of the
DOS of d| is above the Fermi level. The calculated

integrals over the DOS of df and d| states below the
Fermi level are 4.30 and 3.78, respectively, which can
explain the result of the spin magnetic moment of the
Ni atom in Ni@Au (0.55 pup). The band structure in
Ni@Au is also shown in Fig. 3, and the above analysis

can also be understood from the energy band.
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Fig. 3. (a) DOS of d states of Ni@Au; (b) band structure of Ni@Au. The Fermi level (the dotted line) is at
zero energy. For the band structure, the straight lines and dot lines are channels of spin up and spin down,

respectively.

4. Conclusions

The structural and magnetic properties of Fe and
Ni atomic chains doped in Au nanotubes were care-
fully investigated using the DFT method. Our re-
sults show that the ground states of the Fe@QAu and
Ni@Au systems are all ferromagnetic stable, and that
Fe@Au could keep the spin magnetic properties of
In addition,

the magnetic stability of the Fe@QAu system is fur-

a free-standing Fe monoatomic chain.

ther verified by its relatively large magnetocrystalline
anisotropy energy. Thus, this system may be viewed
as a new candidate for use in electronic devices.
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