
© 2017. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 3.0 License.

(http://creativecommons.org/licenses/by-nc-nd/3.0/)

Materials Science-Poland, 35(2), 2017, pp. 283-290
http://www.materialsscience.pwr.wroc.pl/
DOI: 10.1515/msp-2017-0045

Structural, electronic and magnetic properties
of Fe, Co, Ni monatomic nanochains

encapsulated in armchair LiF nanotubes

B. ARGHAVANI NIA1 , R. MORADIAN1,2∗, M. SHAHROKHI3

1Physics Department, Faculty of Science, Razi University, Kermanshah, Iran
2Nano-Science and Nano-Technology Research Center, Razi University, Kermanshah, Iran

3Young Researchers and Elite Club, Kermanshah Branch, Islamic Azad University, P.O. Box 67149-67346, Kermanshah, Iran

Structural, electronic and magnetic properties of transition metal TM (TM = Fe, Co and Ni) atomic chains wrapped in
single walled LiF armchair nanotubes have been investigated by the first-principles calculations in the framework of the density
functional theory. The generalized gradient approximation (GGA) with Hubbard repulsion potential and without Hubbard
repulsion was employed to describe the exchange-correlation potential. It is found that all these TM chains @LiFNTs systems
have negative formation energy so they are stable and exothermic. Total density of states and partial densities of states analyses
show that the spin polarization and the magnetic moment of TM chains @LiFNTs(n,n) systems come mostly from the TM
atom chains. All these nanocomposites are ferromagnetic (FM) and spin splitting between spin up and down is observed.
The high magnetic moment and spin polarization of the TM chains @LiFNT(n,n) systems show that they can be used as
magnetic nanostructures possessing potential current and future applications in permanent magnetism, magnetic recording, and
spintronics.
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1. Introduction

Quasi-one-dimensional (1D) nanostruc-
tures, such as nanotubes, nanowires and atomic
nanochains, have been proved to be promising
materials for applications in nanodevices, na-
noelectronics, nanolithography, photocatalysis,
spintronics and other fields of modern nanotech-
nologies [1–4]. Transition metal monatomic chains
have the ability to be magnetized much more
easily than their bulk phase [5, 6], so they are
important in the spin-dependent electronic devices,
namely, spintronic devices [7]. Due to oxidation
it is difficult to fabricate low dimensional homo-
geneous systems such as ferromagnetic nanowires
and nanochains [8]. To avoid this, the electromag-
netic nanowires and nanochains are encapsulated
inside nanotubes. Fe, Co, Ni and Fe–Ni alloy
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nanorods/nanowires encapsulated into carbon
nanotubes (CNTs) and boron nitride nanotubes
(BNNTs) have been fabricated [9–11]. It has been
revealed that encapsulated Fe chain in a single
walled CNT is more stable than freestanding Fe
nanochain [12]. CNTs are totally impermeable to
protect electromagnetic nanowires and nanochains
from corrosion, and at the same time they are so
thin that keep unaltered chemical properties of
the protected material. After discovery of carbon
nanotubes by Iijima [13] a considerable number of
different composite nanoscale tubular structures
have been fabricated and investigated, based
on crystals, such as SiC [14, 15], BN [16, 17],
ZnO [18–23] and BeO [24, 25]. All these nano-
tubes can be an alternative to carbon nanotubes in
encapsulation of electromagnetic nanowires
and nanochains. The structural, electronic
and magnetic properties of transition metals
(TM) nanowires/nanochains encapsulated into
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BNNTs, BeONTs and ZnONTs have been investi-
gated by first principles study [3, 5, 9, 26–28]. It is
found that all those nanocomposites are ferromag-
netic (FM) and spin splitting between spin up and
down is observed. The structural and electronic
properties of the pristine zigzag (n,0) and armchair
(n,n) LiFNTs (3 6 n 6 10) have been investigated
recently [29]. It is found that both zigzag and
armchair LiFNTs can exist stably because of their
large negative binding energies that are slightly
smaller than that of their bulk. Also, density func-
tional theory (DFT) and coupled-cluster (CCSD)
calculations have been performed on a series of
(LiF)n=2.36 neutral clusters by Fernandez Lima et
al. [30]. Their results show that nanotube structures
with hexagonal and octagonal transversal cross
sections show more stability than that of the typical
cubic form of large LiF crystals. Furthermore, the
insulating character was observed in them [29].
Since the band gap of LiFNTs is larger than in
BNNTs, BeONTs and ZnONTs, so the LiFNT is
especially suitable for protecting a ferromagnetic
nanowire inside its cavity to resist the oxidization
of the encapsulated content. Up to now, TM
nanochains, such as Fe, Co and Ni encapsulated
in the LiFNTs, have not been investigated. In this
paper, by density functional theory calculations,
we investigated the stable geometries, electronic
and magnetic properties of a single TM atomic
chain encapsulated in single walled (SW) LiFNTs.
The paper is organized as follows: Section 1 is
introduction; the computational details are given in
Section 2. In Section 3 we presented our calculated
results stability, electronic and magnetic properties
of pristine SWLiFNTs, freestanding TM chains
and TM chains wrapped in the armchair LiFNTs.
The last section is conclusions.

2. Computational method

All calculations presented in this work are
performed via first principles full potential
linearized augmented plane-wave (FP-LAPW)
method in the framework of the density func-
tion theory (DFT) [31], as implemented in the
WIEN2K code [32]. For the exchange-correlation

energy functional, we used the generalized
gradient approximation (GGA) in the form
of Perdew-Burke-Ernzerhof (PBE) [33] with
Hubbard repulsion potential and without Hubbard
repulsion. The details for the GGA + U can be
found in [34, 35]. In GGA + U calculations,
we use Ueffn = U – J = 2.5 eV, 1.8 eV, and
2.4 eV for Fe, Co, and Ni [9, 35–37]. In this
method, the parameters U and J represent on-
site Coulomb interaction energy and exchange
energy, respectively. The Brillouin zone integra-
tion is performed within the Gamma centered
Monkhorst-Pack scheme [38] using 1 × 1 × 14
k-points. The maximum angular momentum of the
atomic orbital basis functions is set to lmax = 10. In
order to achieve energy eigenvalues convergence,
the wave functionals in the interstitial region are
expanded in terms of plane waves with a cut-off
parameter of RMT·Kmax = 7.5, where RMT de-
notes the smallest atomic sphere radius and Kmax
the largest k vector in the plane wave expansion.
The Fourier expansion charge density is truncated
at Gmax = 14 Ry1/2. The Muffin-tin radii are set
to RMT = 1.4 a.u. for Li, RMT = 1.6 a.u. for F,
RMT = 1.9 a.u. for Fe, RMT = 1.8 a.u. for Co and
RMT = 1.7 a.u. for Ni.

3. Result and discussions

3.1. Pristine single-walled LiF nanotubes

To investigate structural and electronic prop-
erties of LiFNTs, we choose armchair tubes with
four different diameters. The smallest tube studied
here is (5,5), and the largest structure is (13,13).
All LiFNTs studied here have been fully relaxed
to minimize their energies. In relaxation, all atomic
positions are relaxed accurately down to the forces
of about 1 mRy/a.u. We found Li–F bond length
for all different diameters is about 1.79 Å which
is in a good agreement with previous results [29].
After relaxation, the anions (F) move slightly out-
ward the tube axis, whereas the cations (Li) move
inward with respect to their initial positions; this is
due to less atomic radius of fluorine with respect
to lithium, hence, higher electronic charge density
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of fluorine with respect to lithium atoms. There-
fore, the tube surface becomes buckled. After re-
laxation, the radial geometry of the tubular struc-
ture is characterized by two concentric cylindrical
tubes, with an outer anionic and an inner cationic
cylinders. All the Li atoms form the inner cylinder
while all of the F atoms form the outer cylinder.
The radial buckling, which indicates the strength
of the buckling, is defined by [5, 21]:

β = rF − rLi (1)

where rF and rLi are the mean radii of the anion and
cation cylinders, respectively. The calculated val-
ues of buckling of SWLiFNTs are 0.07 Å, 0.05 Å,
0.035 Å and 0.03 Å for (5,5), (7,7), (11,11) and
(13,13) LiFNTs, respectively. Our results are in
a very good agreement with previous theoretical
data [29]. Obviously, the amount of radial buckling,
β, decreases with increasing diameter of LiFNTs.
It is predicted that for very large tubes diame-
ters β disappears [29]. This result is similar to the
calculated result for SiC, BN, and BeONTs [39].
The radial buckling of LiFNTs is smaller than the
corresponding values obtained for SiC, BN, and
BeONTs, due to the fact that the Li–F bond length
is larger than that of the corresponding NTs. To
investigate the electronic properties, we have cal-
culated the density of states (DOS) and electronic
band structures for pristine LiFNTs. Fig. 1 shows
the band structure along the high symmetry line R-
Γ of the 1D NT Brillouin zone and DOS for the
(5,5) and (11,11) LiFNTs. The results of Fig. 1
show that the pristine armchair SWLiFNTs have
large band gap, which means they are insulators.
For all armchair SWLiFNTs, the bottom of the con-
duction band generally appears at the Γ point of the
one-dimensional Brillouin zone, while the top of
the valence band occurs at the K point of R-Γ line.
It can be seen that the band gap of SWLiFNTs in-
creases with diameter. The calculated energy gaps
are 6.5 eV, 6.6 eV, 6.7 eV and 6.72 eV for (5,5),
(7,7), (11,11) and (13,13) SWLiFNTs, respectively.
Less gap of (5,5) with respect to (13,13) is due to
more curvature and hybridization of p orbitals of Li
and F. Our results of electronic properties of pris-
tine SWLiFNTs are in a good agreement with pre-
vious theoretical results [29].

Fig. 1. The electronic band structure along the high
symmetry line R-Γ of the 1D NT Brillouin zone
and total DOS calculated for pristine (5,5), and
(11,11) SWLiFNTs.

3.2. TM nanochains @LiFNTs

3.2.1. Freestanding TM nanochains
In this section, we discuss the structural, elec-

tronic and magnetic properties of Fe, Co and Ni
linear chains encapsulated in the SWLiFNTs but
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Table 1. The calculated values of total magnetic mo-
ment per unit cell (in Bohr magnetons µB) and
the spin polarization for the linear structures
of Fe, Co, and Ni nanochains for GGA and
GGA + U.

Type µ P [%]
GGA GGA + U GGA GGA + U

Fe 3.45 3.53 94 82
Co 2.28 2.45 95.5 86
Ni 1.25 1.39 97 92

before encapsulation process we investigate elec-
tronic and magnetic properties of freestanding TM
nanochains. TM nanochains have linear and planar
zig-zag structures [40]. Since linear chains lattice
constant just match with the quasi-one-dimensional
unit cell length of armchair SWLiFNTs, we con-
sidered linear chains encapsulated on armchair
LiFNTs. Fig. 2 shows density of states (DOS)
for isolated TM linear atomic chains in GGA and
GGA + U, respectively. The spin splitting between
spin up and down leads to spin polarization which
is defined as follows [27]:

P =
N↑EF −N↓EF

N↑EF +N↓EF

(2)

where N↑EF and N↓EF represent the density of states
of majority spin (spin up) and minority spin (spin
down) at the Fermi level, respectively. The magne-
tization, M, is defined as follows:

M = (N↑−N↓)×µB (3)

where N↑ and N↓ represent the total number of
electrons of majority spin and minority spin, re-
spectively. The calculated spin polarization and
magnetic moments of Fe, Co and Ni nanochains
for GGA and GGA + U are presented in Table 1.
The maximum polarization and minimum mag-
netic moment belong to Ni nanochain while mini-
mum polarization and maximum magnetic moment
belong to Fe nanochain. It can be seen that for all
TM nanochains, magnetic moments for GGA + U
are greater than those found for GGA.

3.2.2. Stability of TM nanochains @LiFNTs
In the next step we calculate electronic and

magnetic properties of Fe, Co and Ni chains

Fig. 2. The majority (up) and minority (down) electrons
DOS for isolated Fe, Co and Ni linear atomic
chains in GGA and GGA + U.

encapsulated in SWLiFNTs. Theoretical calcula-
tions predicted that for carbon and beryllium oxy-
gen nanotubes, when the linear chain is at the nan-
otube axes, the system in this position is much
more stable than in other positions of linear chain
deviated from nanotube axes [9, 41]. Furthermore,
it has been revealed that TM nanochains encap-
sulated in single-wall nanotubes are more stable
than those in multi-wall nanotubes [9], hence, in
present work we only consider TM nanochains en-
capsulated in single-wall LiFNTs. Fig. 3 shows
the structure of (5,5), (7,7), (11,11) and (13,13)
SWLiFNTs where encapsulated Fe nanochain is on
the nanotubes axes. In order to investigate stability
of encapsulated linear TM nanochains inside single
walled LiFNTs systems, we have calculated forma-
tion energy per unit cell, Ef, for TM@SWLiFNTs
system using:

E f =
ELiFNT+Chain− (ELiFNT +EChain)

n
(4)

where ELiFNT+Chain, ELiFNT and EChain are the to-
tal energy of TM atomic chains @SWLiFNTs,
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pristine LiFNTs and the isolated linear TM atomic
chains, respectively. The n is the number of TM
atoms per unit cell. For all the systems, the cal-
culations are done for both ferromagnetic (FM)
and antiferromagnetic (AFM) cases. We found that
all systems in the FM phase are more stable than
in AFM case. Calculated values of formation en-
ergy for Fe, Co and Ni atomic chains @LiFNTs
are listed in Table 2. Our calculated Ef of tran-
sition metal chains encapsulated in the LiFNTs
systems show that these systems are more sta-
ble than individual LiFNTs and TM chain sys-
tems. These results show that the interaction be-
tween TM chains and LiFNTs is attractive. From
Table 2 it is evident that by increasing the di-
ameter of SWLiFNTs, the formation energy of
TM@SWLiFNTs moves to the lower energies,
hence the larger diameter TM@SWLiFNTs sys-
tems are more stable than those with smaller di-
ameters. Our results are in a good agreement with
previous results for TM@BeONTs [9]. This can be
explained by plotting charge density contour plots.
Fig. 4 shows charge density contour plots for Fe
chains encapsulated in (5,5) and (11,11) LiFNTs.
This figure illustrates that there is a charge trans-
fer from Fe atoms of the chains to F atom and a
slight charge transfer from Li atoms to F atoms of
LiFNTs. So, the binding between Fe nanochains
and LiFNTs has ionic character. By decreasing
LiFNTs diameter, the distance between LiFNT and
Fe chain is reduced and more electrons transfer
from Fe chain to the LiFNTs, hence increasing re-
pulsion between these electrons which leads to in-
creasing the formation energy.

3.2.3. Electronic and magnetic properties of
TM nanochains @LiFNTs

To reveal the electrical features of these
nanocomposites, the DOS of these systems are cal-
culated. Fig. 5 shows total DOS and atomic par-
tial DOS of TM nanochains encapsulated in the
(5,5), (7,7), (11,11) and (13,13) ) SWLiFNTs for
GGA + U, respectively. Since most transport of
electron spin and charge occurs at the Fermi level,
we pay more attention on DOS and partial DOS
at the Fermi level (vertical dashed line). For all
these systems it is found that spin splitting of DOS

Fig. 3. Cross-sectional views of the optimized struc-
tures of Fe linear chain wrapped in (a) (5, 5),
(b) (7, 7), (c) (11, 11) and (13, 13) SWLiFNTs.
Big green, small blue and medium red balls in
the geometrical models represent Li, F and Fe
atoms, respectively.

Fig. 4. Contour plots of the charge density distribu-
tion on the plane perpendicular to the system
axis and through Fe atom located on the axis for
(a) Fe@LiFNT(5,5) and (b) Fe@LiFNT(11,11)
systems.

around Fermi energy is observed due to strong hy-
bridization of TM 3d orbital with 2s and 2p or-
bitals of nanotubes atoms. In other words, both
the magnetic moment and spin polarization come
mostly from TM atoms chain. For energies more
than 3 eV and less than –4 eV, the spin splitting
disappears and the DOS becomes LiFNTs DOS.
The spin splitting leads to spin polarization in all
the TM@LiFNTS systems which are shown in Ta-
ble 2. It is found that by increasing the LiFNT di-
ameter, spin polarization of the nanocomposites is
increased for both GGA and GGA + U because
for larger diameters the charge transfer from TM
nanochain to LiFNT is reduced.

Due to exchange interaction of d orbital elec-
trons, isolated transition metal atoms have a large
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Table 2. Calculated values of total magnetic moment µtot per unit cell (in Bohr magnetons µB), partial magnetic
moment µx per unit cell (in Bohr magnetons µB, x = Fe, Co and Ni), formation energy Ef (in eV) and spin
polarization for Fe, Co and Ni monoatomic chains @LiFNTs (the values inside the parenthesis belong to
GGA + U).

Type µtot µx Ef Polarization [%]
Fe@(5,5)
Fe@(7,7)
Fe@(11,11)
Fe@(13,13)

3.4 (3.45)
3.41 (3.47)
3.45 (3.53)
3.46 (3.53)

2.98 (2.97)
3.14 (3.25)
3.18 (3.27)
3.2 (3.29)

–2.12 (–1.9)
–2.33 (–2.00)
–2.7 (–2.44)

–2.82 (–2.50)

83 (71)
85 (74)
90 (80)

92.5 (82)
Co@(5,5)
Co@(7,7)
Co@(11,11)
Co@(13,13)

2.20 (2.41)
2.22 (2.41)
2.28 (2.45)
2.29 (2.46)

2.17 (2.20)
2.20 (2.23)
2.22 (2.25)
2.22 (2.28)

–1.30 (–1.10)
–1.54 (–1.25)
–1.88 (–1.65)
–1.97 (–1.70)

86 (74)
88 (78)
94 (85)

95.5 (86)
Ni@(5,5)
Ni@(7,7)
Ni@(11,11)
Ni@(13,13)

1.19 (1.27)
1.20 (1.32)
1.23 (1.36)
1.25 (1.38)

1.15 (1.23)
1.15 (1.24)
1.18 (1.26)
1.20 (1.27)

–1.17 (–0.91)
–1.25 (–0.95)
–1.74 (–1.44)
–1.81 (–1.50)

88 (78)
90 (80)
96 (90)

97.3 (93)

magnetic moment but when these atoms create a
crystal, some of electrons are bounded to other
atoms, hence, the magnetic moment is reduced.
Furthermore, LiFNTs has non-magnetic structure,
but it may have magnetic properties by encapsu-
lating the magnetic nanochains. Our calculated re-
sults of magnetic moment per unit cell and partial
atomic transition metal magnetic moment for iso-
lated Fe, Co and Ni nanochains @LiFNTs are pre-
sented in Table 2. It can be seen from this table
that in TM@SWLiFNTs both magnetic moment
and spin polarization increase by increasing the
tube diameter but they do not exceed those of in-
dividual TM atoms chain. For all these systems, to-
tal and partial magnetic moments are reduced with
respect to isolated TM chains what is due to hy-
bridization of 3d orbital of TM chains with 2s and
2p orbitals of LiFNTs. The magnetic moments for
larger diameters are equal to the magnetic moments
of individual TM chains due to weak hybridiza-
tion between TM chains and LiFNTs. For exam-
ple, the magnetic moment of TM atoms of TM
chains @LiFNT(13,13) system attains the maxi-
mum compared with those for other TM chains
@LiFNTs (n,n) systems. Magnetic moment of Fe
chain @LiFNTs is much larger than that of Co and
Ni chains @LiFNTs. Also for all TM nanochains
@LiFNTs, magnetic moments for GGA + U are
greater than those found for GGA.

To get more insight about the effects of TM
encapsulation on electronic properties of LiFNTs,

the orbital partial DOS (PDOS) have been calcu-
lated from the GGA + U for individual LiFNTs
and Fe@LiFNTs and the obtained results have been
compared. The GGA + U partial electronic DOS
of (5,5) and (13,13) LiFNTs before and after Fe
chain encapsulation are shown in Fig. 6. As can be
seen from Fig. 6, the Fe chain encapsulation has
led to a constant shift of the pristine LiFNT bands,
where both occupied and unoccupied bands are
moved to lower energies. Furthermore, it creates
some spin polarized states in the band gap of pris-
tine LiFNTs. These changes for Fe@(5,5)LiFNT
are more remarkable than for Fe@(13,13)LiFNT
because of strong hybridization between Fe chain
and LiFNTs with smaller diameters.

4. Conclusions
In this paper, for the first time, we have re-

ported first-principles calculations details of struc-
tural, electronic and magnetic properties of the Fe,
Co and Ni atomic chains wrapped in the single
walled armchair LiFNTs. First of all, by comparing
the structural properties of individual SWLiFNTs,
we have found that due to higher electronic charge
density of fluorine with respect to lithium atoms
the tube surface of LiFNTs becomes buckled. Af-
ter relaxation, the anions (F) move slightly outward
with respect to the tube axis, whereas the cations
(Li) move inward with respect to their initial po-
sitions. Electronic band structures and total DOS
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Fig. 5. Total and partial DOS for (a) Fe, (b) Co and (c) Ni atomic chains @LiFNTs using GGA + U, respectively.
The Fermi energy is aligned to zero.

Fig. 6. The orbital partial DOS calculated for (5,5), and (13,13) SWLiFNTs before (blue line) and after (red line)
Fe chain encapsulation using GGA + U. The Fermi energy is aligned to zero.

of these systems show that the individual armchair
SWLiFNTs have large indirect band gap (about
6.5 eV), which means that they are insulators while
the total density of states of TM chains @LiFNTs
reveals their half metallic character with spin polar-
ization and a net magnetic moment. Calculated for-
mation energies for all TM chains @LiFNTs sys-
tems are negative which implies that formation pro-
cesses of these systems are exothermic. The larger
diameter TM@SWLiFNTs systems are more sta-
ble than the ones with smaller diameters because

by decreasing LiFNTs diameter the distance be-
tween LiFNT and Fe chain is reduced and more
electrons transfer from Fe chain to the LiFNTs,
hence increasing repulsion between these electrons
which leads to increasing formation energy. It is
found that in TM@SWLiFNTs by increasing nano-
tubes diameter, the formation energy is decreased
while local magnetic moments, total magnetic mo-
ments and spin polarization are increased. For all
TM atomic chains @LiFNTs with smaller diame-
ters the magnetic moment is strongly reduced with
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respect to individual chains which is due to hy-
bridization of 3d orbital of transition metal chains
with 2s and 2p orbitals of LiFNTs. Our results show
that the electronic and magnetic properties of these
nanocomposites are similar to TM@BeONTs [9],
however, they are less stable than TM@BeONTs.
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[39] BAUMEIER B., KRÜGER P., POLLMANN J., Phys. Rev.
B, 76 (2007), 085407.

[40] ATACA C., CAHANGIROV S., DURGUN E., JANG Y.R.,
CIRACI S., Phys. Rev. B, 77 (2008), 214413.

[41] WANG S.F., CHEN LI Y., ZHANG Y., ZHANG J.M.,
XU K.W., J. Mol. Struc. THEOCHEM., 962 (2010),
108.

Received 2016-06-08
Accepted 2017-03-18


