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he use of cylinder nanostructures

have found widespread set of poten-

tial applications, which include
medical, optical, electronic, and magnetic.
In the past few years, ferromagnetic nano-
wires (NW)'~% and carbon nanotubes (CNT)
filled with a ferromagnetic metal or even
monocrystal NW (NW + CNT) has been
widely studied and characterized.””"" In
particular, it has been discussed in the lit-
erature that 1D magnetic nanostructures
can be extensively exploited for their poten-
tial uses in ultrahigh-density magnetic stor-
age devices.>'?7 14 This type of patterned ar-
ray has been suggested to have a large
impact as recording media, because it could
achieve a very large recording density, be-
tween 100 Gbit/in? and 0.4 Thit/in? in the
case of ferromagnetic NWs'>'6 and in the
case of metallic NW + CNTs, it could be up
to 1 Thit/in22 The latter systems have some
advantages over a ferromagnetic metal NW:
their synthesis process allows a higher den-
sity and the carbon coat can prevent them
from oxidation (which can turn the NW into
an antiferro or ferrimagnetic material).2

For magnetic recording media detailed

knowledge of magnetic anisotropy is im-
portant. The presence of the magnetic ani-
sotropy in a crystalline system prevents a
spontaneous change in the magnetization
direction (i.e., bit changes from “0” to “1").
The magnetic anisotropy energies arise
mainly from two sources: the first is the in-
teraction energy between magnetic dipoles
(i.e., the atomic spin), and the second, called
magnetocrystalline anisotropy energy
(MAE), comes from the coupling between
the magnetic moment and the crystal field.
Finally, lattice distortions can change both
anisotropy energies and could also give rise
to some additional anisotropy.
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ABSTRACT In this work, we analyze the magnetic anisotropy energy (MAE) of Fe cylinders embedded within
zigzag carbon nanotubes, by means of ab initio calculations. To see the influence of the confinement, we fix the Fe
cylinder diameter and we follow the changes of the MAE as a function of the diameter of the nanotube, which
contains the Fe cylinder. We find that the easy axis changes from parallel to perpendicular, with respect to the
cylinder axis. The orientation change depends quite strongly on the confinement, which indicates a nontrivial
dependence of the magnetization direction as function of the nanotube diameter. We also find that the MAE is
affected by where the Fe cylinder sits with respect to the carbon nanotube, and the coupling between these two
structures could also dominate the magnetic response. We analyze the thermal stability of the magnetization

orientation of the Fe cylinder close to room temperature.

KEYWORDS: carbon nanotubes - magneto-anisotropy - magnetic
arrangement - encapsulated metal nanowires

The dipolar anisotropy, also called shape
anisotropy, is determined by the system
shape, and it comes from the alignment of
the atomic magnetic moments along the
vector joining them."” In a magnetic NW,
this anisotropy usually is very strong (domi-
nant) and the easy axis corresponds to the
wire symmetry axis.>* As a consequence,
the hysteresis loop of a magnetic NW has a
square-like shape with high coercivity. This
physical observation strengthens the po-
tential to use them in nanodevices, where
having a monodomain is of vital impor-
tance, which is the case when the NW
length scales are smaller than the domain
length.” For a bulk system, such as bcc iron,
this anisotropy term is normally negligible,
compared with other energies present in
the system. On the other hand, when the *Address correspondence to
NW area density is high, the dipolar contri- ~ 2romero@aro.cinvestav.mx.
bution between different wires is no longer  geceived for review December 15, 2009
small and competes with the anisotropy of ~ and accepted April 19, 2010.
a single nanowire. Encinas et al.'® have Published online Xx000000k 00, 6000
shown that in arrays of nickel nanowires, 10.1021/nn901834z
even the easy axis changes from parallel to
perpendicular to the NW when the porosity  © xxxx American Chemical Society
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Figure 1. Fe NW inside zigzag carbon nanotube relaxed structures. From left to right: (6,0), (7,0), (8,0), (9,0), (10,0) (11,0),
(12,0) CNT. The color on Fe atoms indicate its layer position. Bottom figures show corresponding lateral view of the unit

cell.

of the template (in which the NWs have been grown)
reaches a critical value, that is, the dipolar anisotropy is
too small to keep the magnetization along the NW
axis.

The other anisotropy source is the MAE, which arises
from the spin—orbit coupling, that is, the coupling be-
tween the electrons spin and the lattice. In bulk sys-
tems, the MAE tends to be small, the lattice high sym-
metry (usually cubic) cancels the lower order
contributions. The MAE has been the subject of a large
body of studies in bulk and two-dimensional systems
(i.e., interfaces and films)."~28 The MAE becomes quite
competitive, or dominant, when the dipolar interaction
is small, as in dense packed Ni NW (see above), or it
can also be greatly enhanced, when the system symme-
try is decreased. For instance, Hjortstam et al.'® have
studied how the face-centered-tetragonal bulk Ni (i.e.,
modified by an external stress), can yield a MAE even or-
ders of magnitude greater than fcc Ni. Also, very large
MAE has been recently reported in low dimensional sys-
tems such as monatomic Co NWs, where it was found
that the MAE is the main contribution to the magnetic
state.

In the following sections, we present a study of the
MAE of pristine Fe NW and also Fe NWs embedded into
single wall CNTs, by using density functional theory.
We discuss our computational approach and we ana-
lyze the ground-state structures. We then show the
MAE for the lowest energy structures and gives a dis-
cussion of the observed behavior. Finally we show the
behavior of the MAE at room temperature. We conclude
this paper by outlining our conclusions and
perspectives.

RESULTS AND DISCUSSION

Structural Relaxation. To see the effects of confine-
ment on Fe cylinders, we have chosen to study the zig-
zag CNT, because it is a good match with the lattice pa-
rameter of Fe bcc (110),'° which prevents the
appearance of effects coming from local strains. Our
systems are constructed by placing a Fe NW (always the
same NW) inside a CNT, and then letting the system re-
lax until the forces on each ion are negligible. We have
carried out this procedure by considering several non-
equivalent configurations, that is, different azimuthal
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angles between both structures as well as different
translations along the symmetry axis, as seen in Figure
1. Herewith, only the lowest energy configurations are
reported. We found that for most cases, these struc-
tures correspond to the case where the NW and CNT
symmetry axes coincide, except for the CNT (7,0), as can
be observed in Figure 1 and Figure 3.

To study the effect on the structural and energetic
properties of the Fe NW when it is embedded within
the carbon nanotube, we find it useful to define the fol-
lowing energies:

£, = (F

system - Ech - EFeNFe)/(Nc + NFe) (1)

E.

iron

= (E

system

— Ecnr — EpeNpe)/Nee )

where E, is the binding energy, which depends on the
total system energy, the energy of isolated carbon and
Fe atoms (E. and Eg, respectively) and their correspond-
ing number of atoms within the system, while E;,, mea-
sures the binding energy of the Fe NW with respect to
the carbon nanotube (Ecyr is the energy of the pristine
CNT).

Table 1 summarizes the energies obtained from eqs
1 and 2. The binding energy (E;) is always negative,
which demonstrates that all considered structures are
energetically stable, and its value increases as a function
of the N¢/Ng. ratio (which coincides with the first CNT in-
dex). Eiron is just the binding energy of Fe atoms belong-
ing to the Fe NW, when the whole Fe cylinder is embed-
ded within the carbon nanotube. From this energy, it
can be seen that, with CNTs ranging from (8,0) up to

TABLE 1. Binding Energies E, and E;,, (in eV and as
Defined in eqgs 1 and 2), Magnetization by Magnetic Atom
(in pg), Average Nearest C—Fe Distance (in A), and Ratio
between the NW Diameter with Respect to the CNT
Diameter

structure E, Eivon Mag/Fe dese Dyw/Dene

NW isolated —=29 —=29 3.19

NW + (6,0) —6.7 —-1.6 0.88 2.03 0.39
NW + (7,0) —7.0 —25 1.54 224 0.36
NW + (8,0) —7.2 —-29 2.73 2.50 0.34
NW + (9,0) —-73 -3.0 2.87 2.84 0.31
NW -+ (10,0) —74 —-29 2.79 3.25 0.27
NW + (11,0) —74 —29 3.07 3.62 0.25
NW + (12,0) =75 —-29 3.17 3.97 0.23
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Figure 2. Possible adsorption sites for a single Fe atom in-
side a CNT as considered in ref .

(12,0), the system can be energetically regarded as a
confined NW and a free CNT. In the case of smaller
CNTs, the Fe atoms are less bound in the NW+CNT sys-
tem than in the isolated NW, but the lowest energy
structure coincides with the case where the Fe NW and
the carbon nanotube fits the best. Only, when the Fe
NW is embedded within (11,0) and (12,0) CNTs, we ob-
serve that the magnetization is quite similar to the iso-
lated NW case, which indicates that below a diameter
ratio of 0.25 (between the NW and the CNT), the carbon
nanotubes do not have any influence on the electronic
and magnetic properties of the Fe NW.

With respect to the ground state geometries, we
should note that as the CNTs gets thinner, the Fe NW
will have less space to accommodate and it has to find
an optimal configuration. It was already pointed out by
Yagi et al.? that an adsorbed Fe will sit in the middle

of the carbon hexagon (see the “hole” position in Fig-
ure 2). This implies that as the number of Fe atoms is in-
creased, the Fe NW is forced to accommodate within
the carbon nanotube hexagons. Therefore, the optimal
configuration will be when most of Fe atoms are in
those hexagonal positions. On the other hand, for the
NW geometry we have considered, there are only few
cases where there is a maximum number of Fe atoms
sitting in the middle of the carbon hexagons. Those
happen for carbon nanotubes with indices (4n + 2,0),
n=1,2,..(for example the case of NW + (6,0) in Figure
1). Instead, in the case of a NW + (7,0), while one Fe
atom could be facing a carbon hexagon, the opposite
one within the same layer on the NW cylinder can only
be in a bridge type of position (Fe atoms within the
same layer have the same color in Figure 1) and can
be only in front of a C—C bridge due the lack of reflec-
tion symmetry of (7,0) CNT. Therefore, to decrease the
energy of such a configuration, a translation between
the CNT and the Fe NW axes needs to be performed,
such that three Fe atoms are in a hexagonal position
while only one is in a bridge position. This transforma-
tion changes the CNT from cylindrical to elliptical. Simi-
lar reasoning can be applied to other cylinders where
the carbon nanotube does not have the (4n + 2,0)
index.

Figure 3 shows the electronic charge density for
some of the Fe NW + CNTs systems considered here.
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Figure 3. Charge density (top and laterals views), from top left: NW + (6,0), NW + (7,0), NW + (8,0), NW + (9,0), NW + (10,0).
The same color scale (at bottom) is used for all structures. The last picture is the charge density between an Fe and a C atom.

All distances are scaled to fit the same area.
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Figure 4. MAE as a function of magnetization angle. A minimum in 0° means the easy axis parallel to NW axis.

In this figure, all the 2D planes pass through the middle
of a pair of neighbor Fe atoms, where the top view
also is perpendicular to the CNT axis and the lateral
view passes through the NW center. The electronic
charge density demonstrates that NW + (6,0) and

NW + (7,0) systems have a strong interaction between
the two coupled systems, where there is a non-
negligible charge distribution between the NW and
CNTs. Only in the case of NW + (10,0), is the charge
overlap negligible. It is also clear in the NW + (8,0) case
that the belt electronic charge comes from the C
o-bonds. We also note the metallicity of the NWs seen
in all the images. We have completed this analysis by
looking at the electronic localization function (ELF), and
we notice a clear electronic distribution on the Fe at-
oms and C atoms, with greater contribution to the ELF
in the NW + (6,0) and NW + (7,0) cases. This contribu-
tion decreases as the CNT increases its diameter, while
in the space between both substructures the ELF tends
to zero faster when the CNT increase its diameter. The
magnetization is mostly localized on the Fe atom with
a very tiny contribution (less than 2%) from the carbon
atoms.

Magnetocrystalline Anisotropy. Nanowires and nano-
tubes can be regarded as prototypical one-dimensional
structures, so the most interesting questions with re-
spect to the magnetic configuration can be spelled as:
Is the easy axis parallel or perpendicular to the nano-
tube axis? Can the CNT modify the anisotropy value or
orientation? To answer these questions, first we check

) VOL. XXX = NO.XX = MUNOZ ET AL.

how large is the MAE within the plane perpendicular
to the structure axis. It is expected that anisotropies on
the plane are smaller than those along the axial axis,
and hence they should be reflected in the calculations
and used as evaluation of its quality. Our results indicate
that there is no significant change in energy on the per-
pendicular plane to the axial axis. Even though we did
test on selected structures, such as an isolated NW and
a NW + (6,0), we consider this observation general for
the other NW + CNTs. Of course, our calculations do not
discard a small MAE in this plane, but we can safely ig-
nore it, especially if the in-plane anisotropy is compared
to the one obtained by considering the magnetization
along the perpendicular and the axial axis, which hap-
pens to be at least 2 orders of magnitude larger.

Next, we perform calculations of the total energy
while rotating the magnetization angle from parallel
(zero-degrees) to perpendicular (ninety-degree) with re-
spect to the structure axis, within 10 degree intervals
and using the following MAE definition:

MAE(0) = E(0°) — E(0) 3)

where 6 is the magnetization angle measured from
the CNT axis (Bparallel = 0°). MAE(90) is the anisotropy be-
tween the two relevant orientations, which is the value
usually reported in the literature. Figure 4 summarizes
our measured MAE(6), as a function of rotation angle.
Surprisingly the questions stated above are tightly
entangled: the easy axis depends strongly and non-
monotonously on the CNT index. There exist two

www.acsnano.org



TABLE 2. Anisotropy Constant K; per Fe Atom

structure K; (meV)
NW isolated —0.29
NW + (6,0) —0.22
NW + (7,0) 0.07
NW + (8,0) 0.05
NW + (9,0) 0.07
NW + (10,0) —0.10
NW + (11,0) —0.15
NW + (12,0) —0.23

marked trends: On one side the easy axis of an iso-
lated NW is perpendicular to its NW axis, and for the
nanowire embedded into “large” nanotubes, (10,0) or
bigger, the system gradually starts behaving as a free
NW. On the other hand, if the NW is more confined (CNT
(7,0) to (9,0)), the interaction with the carbon nano-
tube induces a different MAE about five times smaller
than that in the free NW, where the easy axis is along
the structure axis. The NW + (6,0) does not follow this
trend mainly because the NW is more confined and
there is a large change on the magnetization value with
respect to the free NW (see table 1). We think that this
particular case can be explained on the basis of symme-
try arguments. Among all the geometries we have con-
sidered, this is the only case where the NW + CNT nano-
structure remains very close to the symmetry of the
isolated NW. The metallic NW is not structurally modi-
fied after confinement. Therefore, the confinement only
affects the electronic states and increases the gap be-
tween them as well as the electronic localization (see
Figure 3).

The results shown in Figure 4 can be used to ob-
tain the anisotropy constant, which in a system with a
given axial symmetry is defined as

=Y Kysin(0) @
N=0

Mainly because of symmetry constraints, the ex-
panded contribution from the MAE in our case re-
duces to K; sin%(0), becoming dominant, while a fitting
procedure shows that higher contributions are vanish-
ing. The anisotropy constants from eq 4 are reported in
Table 2, where a positive value means that the easy
axis is parallel to the structural axis. We can see that
these values are 3 orders of magnitude larger than the
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anisotropy constant of the bulk Fe. It is noteworthy
that the reported value of the MAE for a monatomic
Co chain is an order of magnitude larger (K; = 2.0 meV/
atom)® than that calculated here, and is also 3 orders
of magnitude larger than the bulk Co. In particular,
physical parameters such as MAE or the exchange cou-
pling constant appear naturally in describing magnetic
systems by model Hamiltonians, which implies that
those parameters need to be obtained from more accu-
rate calculations or by relating some observables to ex-
perimental measurements. For instance, ref 30 uses
model Hamiltonians to shown how the magnetic stabil-
ity of magnetic nanotubes depends quite strongly on
the magnetocrystalline anisotropy. Therefore, implica-
tions on the magnetic properties of the confinement
are noticeable also from Hamiltonian models.

In a 1D case, we find that the mechanism respon-
sible for the change of the magnetization direction as
a function of the CNT index is mostly due to NW + CNT
symmetry breaking. To clarify this observation and the
magnetization dependence on the symmetry, we artifi-
cially rotate the NW around its axis by an angle «, where
the CNT structure is kept fixed (see Figure 5). Even
though we recognize that these configurations hap-
pen to be energetically unstable, we should point out
that the aim of this exercise is not the feasibility of other
structures, but learning about the MAE dependences
with respect to changes in symmetry.

As it has been already discussed, the NW + CNT
with the largest magnetic differences with respect to
the Fe NW is the (6,0) (see Figure 4). Hence, we now fo-
cus on this case. This joint system, NW + CNT, has a
plane periodicity of 60°, which indicates that it is only
necessary to measure the MAE within the range 0°—30°.
Figure 5 shows some geometrical configurations used
in our calculations, where now MAE(90°) = Eparaliel —
Eperp is the one reported in Figure 6.

The changes on the MAE as a function of the rota-
tion angle, meaning a change of relative symmetry be-
tween the two systems (Fe NW and CNT), is reported in
Figure 6. The changes in energy are related to how the
Fe atoms sit with respect to the carbon hexagons in the
nanotube. For example, it has been proposed that
changes in MAE (in Fe/ZnSe) are due to anisotropic in-
terfacial bonds; that is, at the interface, two different
types of Fe exist due to a different set of second neigh-
bors.?* It also seems to be the case in the NW + CNT

Figure 5. An imposed rotation on the Fe NW around its axis within a (6,0) carbon NT. The number corresponds to the rota-

tion angle o, measured from the ground-state
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Figure 6. MAE(90°) for Fe NW axially rotated in a fixed (6,0) carbon
nanotube. The rotation angle is measured with respect to the ground
state configuration. The inset shows the total and s, p, d orbital projec-
tions to the magnetization for the considered structures.

system. To take a look at the bonds, we can now refer
to Figure 7, in which the electronic charge density of
some of the considered nanostructures is shown, with
the free atomic density subtracted from the total elec-
tronic density. This is a good guess of the overlap
charge density. Figure 7 shows clear differences be-
tween the charge distributions. We note two remark-
able features: First, in the case of a = 0°, the charge on
each iron atom appears as bright yellow dipoles. The
NW charge difference is less localized near the nuclei
and spreads mostly around the NW, mainly between
the Fe—Fe bonds and the C—C m-orbitals. When the ro-
tation angle takes the values of a = 20°, 30°, the trans-
ferred charge near the Fe atoms has a quadrupole pat-
tern. The density along the carbon NT atoms is mostly
localized with a small contribution from w-orbitals. In
the case of an angle of rotation of « = 10°, both elec-
tronic density distributions are mixed, which balances
all different electronic asymmetries, giving a null MAE.
Second, from the calculations of the different orbital
contributions to the magnetization (inset in Figure 6),
it is clear that My and M, have opposite trends: the
maximum (minimum) of My (Mp) is at o = 30° and its
minimum (maximum) for « is equal to 10°.

In the case of a = 0, we can identify two types of dif-
ferent carbon atoms by how they interact with the Fe

atoms, due to the different distance between the car-
bon atom and the closest Fe atoms. Both are noted in
Figure 8, where we used different colors to identify the
carbon type in the carbon nanotube. After a small rota-
tion of 10° is applied into the Fe NW, the interaction be-
tween Fe and C atoms is modified, and now we can
identify three different types of carbon atoms, which
have different distances between Fe and C (see Figure
8). This geometrical identification can also be observed
from the density of states, where the contribution from
p; orbitals for each nonequivalent type of C atom is re-
ported. As discussed in ref 24, the MAE is mostly due to
this bonding anisotropy.

Thermal Stability. As stated in the introduction, these
1D systems are promising candidates for recording me-
dia, and it is important to know how much the MAE
fluctuates as a function of temperature. These poten-
tial changes arise from the coupling between the elec-
tronic structure and the phonons excited at that given
temperature, especially in those vibrations where there
is a clear change in the symmetry. To simulate the ef-
fect of temperature, we perform ab initio molecular dy-
namics simulations (MD) for three cases: an isolated NW,
NW + (6,0) and NW + (7,0). These systems were se-
lected because each represents a different case: the iso-
lated NW would loose its symmetry with the tempera-
ture but obviously without interacting with a C atom.
The NW + (6,0) would loose its symmetry giving rise to
anisotropic Fe—C bonds, which can affect the MAE
enormously, as discussed above. Finally, NW + (7,0)
has C atoms with different neighborhoods which cre-
ate a diversity of Fe—C bonding distances. Therefore,
temperature can affect not only those C—Fe distances
but also the distribution of the different carbon types
which can modify the magnetic properties of the whole
system. The molecular dynamics simulation was per-
formed by using a spin-polarized calculation to describe
the electronic structure and at ~300 K, using a Nosé
thermostat® (i.e., a thermal bath to simulate the canoni-
cal ensemble) with a time step of 1 fs and a total simu-
lated time of 310 fs. Because of the simplicity of our sys-
tems the relaxation is almost immediate and our
simulation time is enough to take a clear look of what
happens with the MAE. During the time evolution,
frames were obtained every 10 MD steps and calcula-
tions for all extracted configurations were performed.

-0.2

01 0.0

0.1 0.2

Figure 7. Difference between the total and atomic electronic charge densities. From left to right « = 0, 10, 20, 30.
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First of all, for a specific frame, the wave function and
charge density were calculated (spin-polarized and col-
linear) with high accuracy, spins were rotated toward
the desired directions, and the corresponding energies
or the MAE was calculated. An average was obtained
from all MAE calculations for all considered frames.

Shown in Figure 9, are the average MAE(90°) and the
average magnetization with the error bars due to the
standard deviation at the predefined temperature. From
this figure, we can conclude that the MAE for the isolated
NW remains quite close to the zero temperature value,
which means that the anisotropy of the Fe—Fe bonds
plays almost no role in changing the MAE. But when the
NW is embedded into the (6,0) CNT, the situation changes
radically, the MAE dispersion increases by almost two or-
ders of magnitude. This observation confirms our finding
that the anisotropic bonding of Fe atoms with the carbon
atoms on the nanotube is responsible for the intrinsic
changes of the MAE. As expected, the easy axis of
NW + (7,0) is still parallel to the structure axis, but its
MAE increases by about 30% (with respect to the ground
state), and it has little fluctuations around its mean value
at room temperature. This is because the temperature can
enhance the anisotropy of Fe—C bonds by giving the nec-
essary energy to move the Fe atoms from the optimal po-
sition in front of the C hexagons (see Figure 2). Also in this
last case, the average magnetization per atom is 0.1 pg
greater than that in the ground state structure (in all other
cases it is nearly the same). The simulation also shows
that the MAE is weakly related to changes on the total
magnetization, for example, in the case of NW + (6,0),
where there is a large ionic displacement, the change of
the MAE is noticeable which is not the case for the mag-
netization, which remains almost constant.

Finally, Figure 9 also reports the results of our calcu-
lations performed at zero temperature on the
NW + CNT by applying a uniform strain of 2% along
the CNT axis. As expected, it produces rather small
changes in the MAE, but with a clear tendency to lower
its value (i.e., if the easy axis is perpendicular to the
CNT this means an increase in MAE magnitude). There-

www.acsnano.org

fore, changes on the system strain are not able to en-
hance the MAE as it can be obtained by temperature, at
least for well coupled NW + CNT.

Nevertheless, it is important to recall that only a
few CNTs can have symmetric matching with the con-
sidered NW, in our case only (6,0), (10,0), etc. So, in a
general case, arrays of Fe-filled CNTs would have the
easy axis parallel to the structure axis with a large MAE
of ~0.1 meV/Fe atom. The temperature (at least up to
room temperature) would only increase the MAE value.
Hence this expected general case can be useful for lon-
gitudinal magnetic recording media using each CNT as
a monodomain. We should also point out that in thicker
NWs, where the number of Fe atoms without direct in-
teraction with the CNT is larger, the dependence could
be different from the one studied here.

CONCLUSION

We have confirmed the geometrical stability of small
Fe cylinders within carbon nanotubes, as it was dis-
cussed in ref 10. By using these optimized geometries,
we were able to identify the effect of confinement on
magnetoanisotropy energies. We report that the most
stable configurations are obtained when there is a per-
fect matching between a CNT and a Fe NW, which is the

0,5 T 5
O average MD =)
W Strain 2% -
00d © Magnetization -4
— -05-
= -2
Tl o]
< 1,04 ®
= a -1
'155 T T T n
NW NW+(6,0) NW+(7,0)

(woje a4/°) uonezysubepy

Figure 9. Average MAE(90° (left axis) and magnetization (right axis)
at room temperature. The error bars show the standard deviation over

the considered sampling.
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case when a large number of Fe atoms are in front of
carbon hexagons. For this particular case, the effect of
confinement provided by the CNT on the MAE is much
lower than in other cases. Depending on how the NW
sits inside the CNT or more specifically if the CNT + NW
system preserves (or lowers) the symmetry of the iso-
lated NW, the easy axis can be perpendicular (parallel)
to the CNT axis, with a MAE magnitude of around 0.2
meV (0.06 meV) per magnetic atom. The magne-
toanisotropy energy as function of the magnetic mo-
ment direction can be described by a second order ex-
pansion and with an anisotropy constant quite depend-
ent on the Fe NW confinement. We demonstrate that
the physical mechanism that relates the MAE change
and the breaking of symmetry in the Fe NW is the cre-
ation of anisotropic Fe—C bonds (i.e., inequivalents
types of C when they bind to Fe atoms). The direction

METHOD AND COMPUTATIONAL DETAILS

The system here considered has been built from a small Fe
NW embedded within a zigzag CNT (i,0), with the index i =
6,7,8,9,10,11,12. The Fe NW has been created from (011) bcc
iron, which guarantees an almost perfect match between the
two different cell parameters (the mismatch is around 5%). Wave
functions are expanded in plane waves by using the Bloch theo-
rem, which makes the wire infinite along the wire axis. There-
fore, to avoid interaction between neighbor cells perpendicular
to the NW axis, a large vacuum slab (at least 10 A) was considered
to avoid spurious interactions between periodic images. De-
spite our structures being “isolated” from electronic interactions
(short ranged, which are only of few angstroms), our results are
also valid for somewhat dense NW arrays in which the dipolar in-
teraction is small (as the cases discussed on the introduction®’8).
The considered structures within this study are shown in Figure
1, where for completeness, the isolated NW was also simulated
and taken as a reference.

We perform a density functional theory study (DFT) as imple-
mented within the VASP code3?73> with projector augmented
waves (PAW) pseudopotentials®*3” and a generalized gradient
approximation due to Perdew, Burke and Ernzerhof (PBE) for the
exchange correlation.3® From an experimental point of view,
the magnetocrystalline anisotropy is obtained after the demag-
netization energy is subtracted from the measurements (—wM?),
while, from the theoretical point of view, this subtraction is not
necessary because the MAE is obtained directly from the total
energy.

For all structures considered here, we first performed a care-
ful ionic relaxation until forces were negligible, |[F| < 0.01 eV/A.
We tested that a tighter precision on forces would not produce
any noticeable improvement on the total energies. During the
ionic optimization, the cell parameter along the cylinder axis was
kept constant at 4.26 A, while the perpendicular directions were
at least 10.0 A plus the nanotube diameter.

With respect to the magnetic configuration, we only consid-
ered a ferromagnetic orientation, because it is the ground-state
for an isolated Fe NW and it should also be the case for the
NW + CNT.”'° After the total energy minimization, the wave
function and density were minimized under the assumption of
collinearity and without considering the spin—orbit coupling.
These quantities serve as input for the following step. This last
step corresponds to a noncollinear non-self-consistent calcula-
tion, where the spins were oriented toward the desired crystal di-
rection and the spin—orbit coupling correction was included,®
in particular, the ferromagnet NW orientation was given along
the nanowire axis. Under those assumptions, the total energies
were calculated. We used a convergence criterion of 1077 eV in
both self-consistent and non-self-consistent loops. Even though
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of the MAE can be manipulated by different means
and it is dependent on how changes to the interface be-
tween Fe atoms and the CNT are made. We also stud-
ied the possible changes of the MAE as a function of
temperature and strain. For that, we considered three
different cases, where the effect of confinement goes
from no change of the magnetic properties of the Fe
NW up to a large modification (up to 30%).

We find that at room temperature, the MAE fluc-
tuations of pristine NW are small in relation to
atomic vibrations, for CNT + NW with asymmetric
matching, such as NW + (7,0), the MAE not only
keeps favoring a parallel alignment also increases
its value. Finally when the CNT + NW forms symmet-
ric bonds (which give them a perpendicular easy
axis), these bonds are distorted by atomic vibra-
tions greatly lowering the MAE magnitude.

we have obtained the prescribed convergence with only 10
K-points, we have used a larger number to improve the descrip-
tion on the band energies. In particular, we have used 100 points
for the smaller structures, while we have used 30 for the largest
ones ((10,0), (11,0), and (12,0)). To test the aforementioned
method, we have performed fully self-consistent calculations,
for specific cases, where the spin—orbit coupling was consid-
ered from the starting geometrical optimization. The MAE agrees
with both cases, and we decided to proceed with the first
method to avoid time-consuming calculations.

The tight convergence of the total energy is an important re-
quirement to calculate tiny values corresponding to the MAE.
For reference, the MAE is of the order of approximately weV in
bulk systems,?"#*3¢ and for surfaces and thin films its magnitude
increases to approximately meV.'920222427 Tg have a clear con-
vergence on the physical quantities of interest, a very large
k-mesh is also necessary. For example, it has been reported that
for MAE in bulk systems, a huge number of k-points was required
(ca. 10*—10%),2" while for surfaces and 2D systems the conver-
gence in k-space is achieved with only ca. 10* or 10° points.'92024
For our system, which corresponds to a 1D periodicity, the con-
vergence is achieved more easily, and even with 10 k-points the
energy only changes within the fifth digit. But, to ensure the
quality of our results and makes them independent of the mesh
we have used a very dense mesh.
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