Magnetic polarization of finite zigzag single walled carbon nanotubes by Fe clusters
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Nanotubes filled with Fe have potential uses in medicine, in spintronic devices, or as probes for
magnetic force microscopy [1]. Recent reviews on the preparation of filled carbon nanotubes [2] indicate
the activity in the field. In this work we present a theoretical study of the electronic and magnetic
properties of iron clusters encapsulated in carbon nanotubes, using density functional theory (DFT). We
use the ADF code [3] with the revPBE generalized gradient approximation (GGA) for exchange and
correlation. Slater-like atomic orbitals are employed to construct the molecular orbitals. All the electrons
are included in the calculations, with a frozen core approximation. The atomic positions are optimized
using a conjugate gradient method. The magnetic structure will be analyzed using the Mulliken atomic
charges, ny, and ng, for majority (a) and minority (B) spin electrons. The atomic magnetic moments is
M=(HatHp)=(Ng-Ng) Mg, in units of the Bohr magneton pg. The total spin is S=(NqNg)/2, and the total
magnetic moment ur=(Nq-Ng) Hs, Wwhere Ng and N are the total numbers of majority and minority spin
electrons.

We focus on the Fey, cluster encapsulated inside finite pieces of single walled zigzag nanotubes (ZNTs)
of indexes (11,0) and (10,0). Finite zigzag nanotubes have a peculiar magnetic structure: the ground
state is an antiferromagnetic (AFM) spin singlet, S=0, like the one given in Figure 1. Other states are
close in energy to the ground state: magnetic states (M) with net total magnetic moment p;#0, and a
nonmagnetic (NM) state with local spin compensation alon% the nanotube [4]. The energy difference
E(uTO)—E(AFM) between the lowest-lying magnetic state (ur’) and the ground state (AFM) decreases
monotonically when the length of the nanotube increases. Our aim is to analyze the interplay between
the singular magnetic properties of ZNTs and the large magnetization of the encapsulated Fe clusters.

The finite nanotubes studied in previous works are different from those considered here. Now the two
ends of the ZNTs are opened and H atoms saturate the dangling bonds of the C atoms at the ends. We
have selected the systems Fe;,@CgH,, and Fe;,@Ci3,H,, for the (11,0) and Fe;,@CgyHs and
Fe,@C129H5o for the (10,0) ZNT to discuss both the radius and length dependence of the properties.
First we describe the properties of the Fe;, cluster, of some other smaller clusters Fe, (n=1, 2, 4 and 8)
and of the H-terminated finite (11,0) and (10,0) nanotubes. Then we turn to Fe, encapsulated in the
ZNTs with especial emphasis in the larger aggregate Fes.

The main conclusion is that there is a reduction of the total magnetic moments of the encapsulated
aggregates, with respect to those of the free iron clusters. However, the reduction of the magnetic
moment of the inner ferromagnetic iron aggregate is combined with a noticeable positive magnetization
of the carbon structure, a magnetization which is accumulated at the edges of the nanotubes.

The reduction of the total magnetic moment of the combined system, when compared with the
corresponding to isolated ones, is due to the increment in the Fe-C coordination. This reduction is -2 pg
for the Fe;,@(m,0). The total spin magnetic moment in Fe,,@(10,0) is 4 =36 pg, decomposed in
MU(Fe1»)=33.2 ug, and U(ZNT)=2.8 ug. The atomic magnetic moments of the iron atoms which are closer
to the carbon atoms are smaller than in the free cluster. However, there is net magnetic moment
injected in the ZNTs, which amounts to 2.8/120=0.023 pg per carbon atom. This magnetic moment
results spatially localized mostly at the edges of the nanotube thus producing the distortion of the AFM
structure of the pristine ZNTs, as is given in Figure 2. In the binding process charge is conserved but
not the total magnetic moment. The iron structure losses magnetic moment and the ZNT result with
positive magnetization, but the two changes do not compensate. There is charge transfer from the iron
aggregate to the carbon tube in the binding process (between 0.3 and 0.8 electrons in total). This
transfer is dominated by the depletion of the s iron states and the population of d-f iron states. The
changes on the magnetic moments are due mostly to the charge reorganization inside each subsystem
and to a lower extent to the charge transfer. The magnetization of the ZNT is larger for those systems
with a larger Fe-C coordination.

With respect to the electronic DOS, we have obtained a low p-d hybridization between the carbon states
and those of the iron cluster. However, the Fe-C interaction is able to produce a large distortion on the
DOS projected on the ZNT. Comparatively the distortion in the DOS of the iron structure is smaller,
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preserving the strong ferromagnetic character determined by a completely filled d-a band and a partially
filed d-B. The DOS projected on the external carbon envelope shows energy dependent spin
polarization. This means that in certain energy intervals the majority and minority spins are unbalanced.
In the region around the Fermi level, the majority spin dominates the DOS of the ZNT, while at the iron
structure the dominant states correspond to the minority spin (like in the free iron aggregates). This
means that on the surface of the nanotube our calculations predict an inversion of the spin polarization
at the Fermi level with respect to the inner ferromagnetic cluster, which can be understood as the result
of spin injection. This effect has been detected in a combined first-principles and experimental work in
an organic-ferromagnetic interface [5].
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Figure 1 Atomic magnetic moments for a (10,0) ZNT as a
function of the coordinate z. Circles correspond to C
atoms, and squares to H atoms. The leftmost C atoms
are dominated by a-spin and the rightmost C atoms by [3-
spin. The inset gives the isosurfaces for the spin
densities where pq(r)=0.025 a.u. (red) or pg(r)=0.025 a.u.
(blue). A red (blue) color indicates that the atoms have
excess a () population.

L L L
4 7 6 5 4 3 2 4 0 1 2 3 4 5 6 1 8
z coordinate (A)

Figure 2 Atomic magnetic moments u for Fe;,@(10,0) as
a function of the z coordinate. Triangles for Fe, circles for
C (red, C with dominant a character; blue, C with
dominant B character), and squares on the two ends for
H atoms. The atomic spin charges of the free Fe,, cluster
(crosses) are shown. Note the different vertical scales for
Fe (right) and for C and H (left).



